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ABSTRACT

RNA-binding proteins are instrumental for post-
transcriptional gene regulation, controlling all as-
pects throughout the lifecycle of RNA molecules.
However, transcriptome-wide methods to profile
RNA-protein interactions in vivo remain technically
challenging and require large amounts of starting
material. Herein, we present an improved library
preparation strategy for crosslinking and immuno-
precipitation (CLIP) that is based on tailing and lig-
ation of cDNA molecules (TLC). TLC involves the
generation of solid-phase cDNA, followed by ribo-
tailing to significantly enhance the efficiency of sub-
sequent adapter ligation. These modifications result
in a streamlined, fully bead-based library preparation
strategy, which eliminates time-consuming purifica-
tion procedures and drastically reduces sample loss.
As aresult, TLC-CLIP displays unparalleled sensitiv-
ity, enabling the profiling of RNA—protein interactions
from as few as 1000 cells. To demonstrate the effec-
tiveness of TLC-CLIP, we profiled four endogenous
RNA-binding proteins, showcasing its reproducibil-
ity and improved precision resulting from a higher
occurrence of crosslinking-induced deletions. These
deletions serve as an intrinsic quality metric and in-
crease both specificity and nucleotide-resolution.

GRAPHICAL ABSTRACT

Cross-Linking & TLC Library Preparation

Immuno-Precipitation Co-precipitated [ Reverse
RNA transcription
uvC ATP
. Solid-phase
RNA—bmvdmg —-— Tailing ArAmee— @ CDNA
protein \ -
—_— & = Adapter
Ligation e {ATA e )
RNA
of Amplification
CLIP cDNA = ArA ———)

Crosslinking Signature RNA target identification

' Peak calling
—
—O _-‘—-_
/ \ Deletion |=—S——
Truncation Deletion reads ——| Truncation
= reads
Filter and centre
—_—
on deletions

s Binding sites

Crosslink
= Deletion position

Crosslink

= Read start Nucleotide resolution of RNA binding site

INTRODUCTION

RNA-binding proteins (RBPs) are crucial in regulating gene
expression by controlling all aspects of RNA metabolism.
This includes co-transcriptional processes, such as splicing
and editing, as well as post-transcriptional regulation, such
as localisation, translation, and degradation of RNA. Be-
ing involved in such a variety of molecular processes, RBPs
are essential for maintaining tissue homeostasis, and their
deregulation is frequently associated with human patholo-
gies, including neurodegenerative diseases and cancer (1,2).

The recognition and binding to RNA molecules often
involves only short, relatively information-poor nucleotide
sequences that occur with high frequency throughout the
transcriptome, and are further influenced by secondary
structures and nucleotide-independent interactions with the
phosphodiester backbone (3.,4). These characteristics make
in silico predictions of RNA-protein interactions difficult,
thus requiring methodologies that allow the transcriptome-
wide identification of RNA targets and of their RBP-
recruiting motifs.
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The most commonly used protein-centric approach to
study RNA-protein interactions relies on crosslinking and
immunoprecipitation (CLIP) of the RBP of interest, fol-
lowed by high-throughput sequencing of the co-precipitated
RNA (5-9). Over the years, several variations of this tech-
nique have been developed, most prominently iCLIP (10,11)
and derivations thereof such as infrared CLIP (irCLIP)
(12), enhanced CLIP (eCLIP) (13-15) and more recent im-
provements including iCLIP2 (16) and improved iCLIP
(1iCLIP) (17). These techniques enable the mapping of
RNA binding sites at nucleotide resolution, and while indi-
vidual steps differ between protocols, they follow the same
overall strategy: cells are exposed to short wavelength ultra-
violet radiation (UVC) as a crosslinking agent, lysed, and
the extracts subjected to immunoprecipitation targeting the
RBP of interest after partial RNA digestion. Co-purified
RNA is then 3’ adapter-ligated prior to SDS polyacry-
lamide gel electrophoresis (SDS-PAGE) and transferred
onto nitrocellulose from where RNA is liberated, puri-
fied and reverse transcribed into cDNA prior to second
adapter ligation and amplification to generate sequencing-
compatible libraries.

Apart from finding suitable antibodies that allow strin-
gent purification of the RBP of interest, current CLIP pro-
tocols suffer from technical challenges during the gener-
ation of sequencing libraries from co-precipitated RNA.
These challenges include low efficiency of RNA recovery
after IP, time-consuming and inefficient purification proce-
dures that are prone to sample loss, as well as suboptimal
enzymatic reactions. As a consequence, current CLIP pro-
cedures require considerable amounts of starting material
and are prone to experimental failure. In addition, the cost
of CLIP experiments is often prohibitive due to large quan-
tities of specialised reagents and high sequencing depth re-
quirements due to low-complexity libraries that result from
concatemerization and amplification of adapter dimers.

Here we present a streamlined library preparation strat-
egy that allows time-efficient generation of CLIP libraries
from low input material. Our approach relies on tailing and
ligation of cDNA molecules (TLC), which enhances enzy-
matic reactions and employs a fully bead-based, single-tube
strategy minimising sample loss prior to amplification. This
novel design makes purification of RNA—protein complexes
via SDS-PAGE optional, thus providing the potential for
a fully automated CLIP workflow for high-throughput
settings.

MATERIALS AND METHODS

A step-by-step protocol is available on proto-
cols.io: https://www.protocols.io/view/tlc-clip-cfmetk3e
(dx.doi.org/10.17504 /protocols.io.rm7vzywrdlx1/v1).

TLC-CLIP adapter generation

All adapters and oligos used throughout the protocol were
ordered from Integrated DNA Technologies (IDT) and in-
formation regarding sequences, scale and purification can
be found in Supplementary Table S1.

The TLC-L3 oligo for the first adapter ligation was syn-
thesised at 250 nmol scale, carrying a 5 phosphorylation

and 3’ IRDye®) 800CW (NHS Ester) (v3) modification and
was purified using RNase-free HPLC with a total yield of
21.1 nmol.

Pre-adenylation was performed on 5 nmoles using the 5’
DNA Adenylation Kit (NEB, E2610L) as follows: 50 w1 of
100 wM TLC-L3 adapter were set up with 25 pl 10 x 5
DNA Adenylation Reaction Buffer, 25 pl 1 mM ATP and
50 wl Mth RNA Ligase (2.5nmol) in a total volume of 200
pl. Reaction was incubated at 65°C for 2 h followed by inac-
tivation at 85°C for 10 min, during which it turns cloudy. Re-
action was then cleaned up using the Nucleotide Removal
Kit (Qiagen, Cat #28304) as follows: 200 .l were mixed with
4.8 ml of PNI buffer, distributed over 10 columns and spun
down at 6000 rpm for 30 s. Columns were washed once in
750 wl PE buffer, spun for 1 min at 6000 rpm, followed by
an empty spin at full speed before transferring columns to a
new collection tube. 50 wl H,O were added per column and
incubated at RT for 2 min before centrifugation at 6000 rpm
for 1 min. Eluates were combined with an approximate fi-
nal concentration of 10 wM and 1 wM working stocks were
prepared and frozen at —20°C.

Cell culture and generation of CLIP lysates

Adherent 293T cells (ATCC®) CRL-1573™) were grown to
~80% confluency in Dulbecco’s modified Eagle’s medium
(Gibco, #41966-029) supplemented with 10% FCS (Sigma-
Aldrich, #F9665-500ML, Lot #19A124) and 1% penicillin—
streptomycin-L-glutamine (MED30-009-CI). Cells were
rinsed in ice-cold PBS and crosslinked on ice with 254 nm
UVClightat 0.3 J/cm? in a CL-3000 Ultraviolet Crosslinker
(UVPA849-95-0615-02). Cells were collected into PBS by
scraping, counted and desired cell number was aliquoted
and spun down. Cell pellets were resuspended in iCLIP Ly-
sis buffer (50 mM Tris—=HCI pH 7.4, 100 mM NacCl, 1%
Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate) us-
ing 50 pl per 50 000 cells. Lysates were incubated on ice for
5 min followed by sonication for 5-10sat0.5s ON and 0.5 s
OFF at 10% amplitude using a tip sonicator (Branson LPe
40:0.50:4T). Protein concentration was measured using the
Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Sci-
entific, A53225) and lysates were either processed directly
or stored at —80°C.

RNase treatment, immunoprecipitation and first adapter lig-
ation

Protein-G beads (Thermo Fisher, 10004D) were washed
twice in 1ml iCLIP Lysis buffer and resuspended in 100
pl iICLIP Lysis buffer per condition (100 pl of protein-G
beads bind 20-30 wg of antibody and were scaled accord-
ingly). Per IP, 1 pg of antibody against hnRNPc (Santa
Cruz Biotechnology, sc-32308), RBM9 (Bethyl Laborato-
ries, A300-864A, referred to as RBFOX2 throughout the
manuscript), hnRNPA1 (4B10) (Santa Cruz Biotechnol-
ogy, sc-32301), or hnRNPI (Santa Cruz Biotechnology, sc-
56701) were added, and antibody-bead mixture was incu-
bated at room temperature (RT) for 30-60 min on a rotating
wheel.

Meanwhile, cell lysates at a concentration of ~0.5 pg/ul
were treated with different RNase concentrations using
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0.25, 0.025 and 0.005 U of RNase I (Thermo Fisher,
ENO0602) for high, medium and low conditions. RNase di-
lution was added to cell lysates together with 2 pl Turbo
DNase (Thermo Fisher, #AM2238) and lysates were incu-
bated at 37°C for exactly 3 min at 1100 rpm, followed by 3
min on ice. Cell lysates were spun down for 10 min at 4°C at
full speed and supernatant was transferred to a new tube.

Antibody-bead mixture was washed twice in iCLIP lysis
buffer to remove unbound antibody and R Nase-treated cell
lysates were added alongside cOmplete EDTA-free Protease
Inhibitor Cocktail (Merck, #11836170001) in PCR tubes
and incubated for 2 h at 4°C on a rotating wheel. After IP,
beads were washed twice in 200 wl High Salt Buffer (50 mM
Tris-HCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1% Igepal CA-
630, 0.1% SDS, 0.5% sodium-deoxycholate), with the sec-
ond wash at 4°C for 3 min on a rotating wheel, followed by
two washes in 200 wl PNK Wash Buffer (20 mM Tris—-HCI,
pH 7.4, 10 mM MgCl,, 0.2% Tween-20).

The volume of all washing steps has been adjusted to 200
w1 to be compatible with the use of PCR tubes throughout
the protocol. When using larger amounts of starting mate-
rial, the volume of wash buffer should be scaled up to ensure
stringency of wash steps.

Dephosphorylation of 3’ ends was performed in 20 pl
of PNK reaction (70 mM Tris—HCI, pH 6.5, 10 mM
MgCly, 1 mM DTT, 10 U SUPERaseIN RNase Inhibitor
(ThermoFisher, #AM2696), 5 U T4 Polynucleotide Kinase
(NEB, #M0201L) for 20 min at 37°C. Beads were washed
once in PNK Wash Buffer and resuspended in 20 .l of lig-
ation mix for overnight incubation at 16°C and 1200 rpm
(50 mM Tris-HCI, pH 7.8, 10 mM MgCl,, | mM DTT, 10
U SUPERaseIN RNase Inhibitor, 10 U T4 RNA Ligase
(NEB, #M0204), 1 wlof 1 wM L3 adapter and 20% PEG400
(Sigma-Aldrich, #91893)).

TLC-CLIP library preparation with PAGE purification

Following the first adapter ligation, beads were washed
twice in 200 pl High Salt Buffer, twice in 200 pl PNK
Wash buffer and then resuspended in 20 pl 1 x LDS sam-
ple buffer (Thermo Fisher, #NP0008) containing 5% beta-
mercaptoethanol (Sigma-Aldrich, #M6250). Samples were
denatured for I minute at 70°C and RNA-protein com-
plexes were resolved on NuPAGE 4-12% Bis-Tris Gels
(Thermo Fisher, #WG1402A) at 180 V for 1 h. Transfer
was performed onto nitrocellulose (BioRad, #1620115) in
1x NuPAGE transfer buffer (Thermo Fisher, #NP00061)
with 10% methanol at 30 V for 2 h at RT.

Nitrocellulose membranes were scanned on Odyssey®)
CLx Infrared Imager (LI-COR, 9141) with 169 pm reso-
lution to visualise RNA localisation and then placed on fil-
ter paper soaked in PBS. Regions of interest were cut out
from nitrocellulose membrane corresponding to ~20-100
kDa above the molecular weight of the RBP of interest due
to the ligation of TLC-L3 adapter (~15.9 kDa) and asso-
ciated RNA (with 70 nucleotides of RNA averaging ~20
kDa). Nitrocellulose pieces were placed in LoBind Eppen-
dorf tubes and 200 wl Proteinase K buffer (100 mM Tris—
HCI, pH 7.4, 50 mM LiCl, 1 mM EDTA, 0.2% LiDS) con-
taining 100 pg Proteinase K (Thermo Fisher, #AM2546)
were added and incubated at 50°C for 45 min at 800 rpm.
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Meanwhile, 10 pl of Oligo(dT),s Dynabeads™ (Thermo
Fisher, #61005) per sample were washed in 1 ml of oligo(dT)
Binding Buffer (20 mM Tris—-HCI, pH 7.4, 1 M LiCl, 2
mM EDTA) and resuspended in 50 pl of oligo(dT) Bind-
ing Buffer per sample. Following Proteinase K treatment,
supernatant was transferred to fresh tubes containing 50
wl of washed oligo(dT) beads and incubated for 10 min
at RT on a rotating wheel. Following RNA capture, beads
were washed twice in 125 pl oligo(dT) Wash Buffer (10
mM Tris-HCI, pH 7.4, 150 mM LiCl, 0.1 mM EDTA) and
once in 20 pl 1 x First-Strand Buffer (50 mM Tris—-HCI, pH
8.3, 75 mM KCIl, 3 mM MgCl,). Beads were resuspended
in 10 pl of Reverse Transcription Mix (1x First-Strand
Buffer, 0.5 mM dNTPs, 1 mM DTT, 6 U SUPERase IN
RNase Inhibitor, 20 U SuperScript™ IV Reverse Transcrip-
tase (Thermo Fisher, #18090050)) and incubated for 15 min
at 50°C followed by 10 min heating up to 96°C in an Ep-
pendorf Thermomixer C. Samples were vortexed for 30 s
at 96°C and then immediately placed on a magnet on ice.
Supernatant containing adapter-ligated RNA was removed
and efficiency of elution can be confirmed by dot-blotting
on nitrocellulose membrane.

Solid-phase cDNA was washed once in 60 wl oligo(dT)
Wash Buffer and once in 20 .l 1x T4 RNA Ligase Buffer
(50 mM Tris—HCI, 10 mM MgCl,, ImM DTT, pH 7.5).
Beads were resuspended in 5 pl of 5 Adapter mix (2 pl
10x T4 RNA Ligase Buffer, 2 pul of 10 uM TLC_L## oligo
(see Supplementary Table S1 — ensure balanced nucleotide
composition between barcodes), 1 nl 100% DMSO), incu-
bated at 75°C for 2 min then immediately placed on ice.
4 wl of Ligation Mix (12.5 mM ATP, 7 U Terminal De-
oxynucleotidyl Transferase (TdT) (Takara, #2230B), 15 U
T4 RNA Ligase High Concentration (NEB, #M0437)) were
added as well as 10 pl 50% PEG8000 and reaction was
mixed by slowly pipetting up- and down until beads are
resuspended. Reaction was incubated at 37°C for 20 min,
then cooled down to room temperature. 30 U of T4 RNA
Ligase were added, the reaction mixed by pipetting and in-
cubated at RT overnight in an Eppendorf Thermomixer C
programmed to vortex the samples for 15 s at 2000 rpm ev-
ery two min.

Following overnight incubation, 100 pl oligo(dT) Wash
Buffer were added to ligation reaction and beads were re-
suspended by applying magnetic field to different sides of
the tube until beads move swiftly through the solution
and form a pellet when positioned on the magnet. Super-
natant was then removed, and beads were washed in 100
pl oligo(dT) Wash Buffer and 20 pl 1 x Phusion HF Buffer
(Thermo Fisher, #F518L). Beads were resuspended in 25
wl cDNA amplification mix (1x Phusion HF PCR Mas-
ter Mix (NEB, #M0531L) and 0.5 wM PSshort TLC-CLIP
and P7short_ TLC-CLIP primer mix (see Supplementary
Table S1)) and amplification was performed with the fol-
lowing programme: 30 s at 98°C, 7 cycles of 10 s at 98°C,
30 s at 65°C and 30 s at 72°C followed by final extension
at 72°C for 3 min. Meanwhile, 2 wnl of oligo(dT) beads
per sample were washed once in 1 ml oligo(dT) Binding
buffer and resuspended in 5 pl per sample. After cDNA
amplification, 5 pl of oligo(dT) beads were added and in-
cubated at RT for 5 min on a rotating wheel to capture un-
wanted amplification by-products (see Supplementary Fig-
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ure S4). Samples were placed on magnet and supernatant
containing amplified cDNA was transferred to a fresh
tube.

Size-selection of cDNA was performed using ProNEX®)
Size-Selective Purification System (Promega, #NG2002)
with a ratio of 2.8X to enrich for cDNA inserts of at least
20 nucleotides in length (>80 bp). Library yield was then
estimated by amplifying 1 pl of purified cDNA via qPCR
using the full length P5 and P7 index primers and 2-3 cy-
cles were subtracted from the obtained Ct value for final
library amplification with P5 Universal adapter and P7 in-
dex primers (see Supplementary Table S1). Following PCR
amplification, libraries were size-selected again using the
ProNEX@®) Size-Selective Purification System, with a ra-
tio of 1.8X to select fragments larger than 160 bp. Quality
control was performed using the Agilent High Sensitivity
DNA Kit (Agilent, #5067-4626) and libraries were quan-
tified using the KAPA Library Quantification Kit (Roche,
#KK4824). ProNEX size selection can be repeated with
1.8X ratio in case the Bioanalyser profiles show substantial
peaks around 144 bp, which represent adapter dimers due
to excess TLC-L3 adapter that was not efficiently removed
prior to library preparation (see Supplementary Figure S5).

TLC-CLIP library preparation without PAGE purification

When omitting PAGE purification, the first adapter ligation
was performed for 75 min at 25°C. Beads were washed as de-
scribed above and either directly resuspended in Proteinase
K reaction or in 20 .l of RecJ adapter removal reaction (1 x
NEB Buffer 2 (NEB, #B7002S), 25 U 5’ Deadenylase (NEB,
#MO0331S), 30 U RecJ endonuclease (NEB, #M0264S), 10
U SuperaseIN and 20% PEG400) and incubated at 37°C for
30 min prior to Proteinase K treatment. Adapter removal is
achieved through incubation with the single-strand specific
DNA exonuclease which results in degradation of unligated
TLC-L3 adapter from the 5" end following deadenylation.
Samples were then placed on magnet, and supernatant was
transferred to fresh tubes containing oligo(dT) beads, with
the remaining library preparation performed as described
above.

Control experiments to assess adapter self-ligation and con-
sistent background bands

The potential for self-ligation of the TLC-L3 adapter
was tested by generating control libraries obtained from
the flow-through of the first adapter ligation. Following
overnight incubation, the ligation mix was removed from
the beads and mixed with 4X LDS and separated on
NuPAGE 4-12% Bis-Tris Gels at 180V for 1 hour fol-
lowed by transfer onto nitrocellulose as described above.
Regions between 50-75, 75-100, 100-150 and 150-250
kDa were cut from nitrocellulose membrane and pro-
cessed into sequencing libraries as described above (see
Supplementary Figure S2). Sequencing reads resulting
from adapter self-ligation were quantified using ‘grep -c
‘AGATCGGAAGAGCACACGTCTG[A\{5.25\}” to al-
low for variable length between 5 and 25 nucleotides of the
polyA tail given the difficulties in obtaining accurate se-
quencing results for long homopolymers.

In addition, pre-adenylated TLC-L3 adapter was incu-
bated with T4 RNA Ligase for 75 min at 37°C in the stan-
dard ligation reaction described above, but in the absence
of RNA molecules functioning as acceptor molecules. The
reaction was then separated on a polyacrylamide gel along-
side pre-adenylated TLC-L3 adapter and infrared signal
was scanned within the polyacrylamide gel at a distance of
0.5 mm as well as on the nitrocellulose membrane following
transfer. For visualisation of protein following the mock lig-
ation, polyacrylamide gels were rinsed with water and then
stained with 0.01% Coomassie blue R250 (Sigma B-7920) in
50% methanol and 10% acetic acid for 10 min at RT. Gels
were then rinsed with 40% methanol and 7% acetic acid,
destained for 10 min in the same solution and rinsed twice
in water for 5 min each. Gels were scanned at a distance of
0.5 mm on the Odyssey@®) CLx Infrared Imager.

Sequencing

TLC-CLIP libraries were sequenced on an Illumina
NextSeq500 using the High Output Kit v.2.5 for 75 cy-
cles, following Illumina protocol #15048776. 5% PhiX were
added to final library pools for increased complexity and
sequencing run was performed with custom configuration,
running 86 cycles for Read 1 and 6 index cycles.

Mock ligations and denaturing polyacrylamide gel elec-
trophoresis

Efficiency of second adapter ligation was tested in mock lig-
ations using TLC_LO1 as donor molecule and P7-3_TLC-
CLIP as acceptor. 2 ul 10x T4 RNA Ligase Buffer, 1 wl
10 M TLC-CLIP LO1 oligo, 1 pl 10 wuM P7-3 TLC-CLIP
oligo and 1 wl DMSO were mixed and incubated at 75°C
for 2 min. Reaction was placed on ice and 4 wl of Ligation
mix containing 0.2 wl 0.1 M ATP, 0.5 pl TdT and 0.5 pl
T4 RNA Ligase High Concentration were added followed
by addition of PEG8000 to the indicated percentage. Liga-
tion was incubated for 30 min at 37°C then cooled down to
16°C. Half the reaction was removed after 30 min at 16°C,
the remaining reaction was incubated overnight.

1 ul of Ligation reaction was mixed with 1 .l Gel Load-
ing Buffer II (Thermo Fisher, #AMS8546G) and denatured
at 72°C for 3 min. Samples were separated on 10% TBE-
Urea gels (Thermo Fisher, #EC68752BOC) and stained
with 1x SYBR®) Gold (Thermo Fisher, #S11494) for 10
min in TBE buffer.

Tailing reaction in presence of NTPs or ANTPs

The processivity of two different terminal transferases were
tested in the presence of adenosine triphosphate (ATP) or
deoxyadenosine triphosphate (dATP), using the P5 Univer-
sal adapter as template oligo. 4 pl of 10x T4 RNA Ligase
Buffer, 8 ul of 10 mM ATP or dATP, 2 ul of TdT (Takara,
#2230B) or TT (NEB, #M0315L), 5 .l of 10 uM P5 Uni-
versal adapter were mixed in a total volume of 40 pl and in-
cubated at 37°C. Aliquots were taken at 10, 20 and 30 min
followed by inactivation at 75°C for 5 min. 1 pl of Tailing
reaction was visualised on denaturing 10% TBE-Urea gels
as described above.
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Generation of total RNA-seq libraries from RBFOX2 knock-
out cells

RBFOX2 knockout cells were generated in a 293T
background wusing CRISPR technology (18). In
short, we designed CRISPR guides targeting up-
stream of the transcriptional start site of the canon-
ical RBFOX2 isoform  (guidel—chr22:35841752-
35841774;  guide2—chr22:35844193-35844215  (hg38))
and downstream of the transcriptional termi-
nation site (guide3——chr22:35738597-35738619;
guided—chr22:35737558-35737580 (hg38)) using
CRISPOR (19). Guides against upstream and down-
stream region were cloned into PX459 (Addene #62988)
and pgRGFP (Addgene #82695), respectively and
transfected into 293T cells using Fugene (Promega
#ES5911). pSpCas9(BB)-2A-Puro (PX459) V2.0 was
a gift from Feng Zhang (Addgene plasmid # 62988;
http://n2t.net/addgene:62988; RRID:Addgene_62988)
(20) and pgRGFP was a gift from Alan Mullen (Ad-
dgene plasmid # 82695; http://n2t.net/addgene:82695;
RRID:Addgene_82695) (21).

Transfected cells were puromycin-selected for 3 days for
the presence of Cas9 and guide targeting the 5’ region. Sin-
gle cells were isolated via fluorescent-activated cell sorting
into 96-well plates, gating on GFP positive cells to further
select for the presence of the second guide. Clones were ex-
panded for 3 weeks and then genotyped using PCR to iden-
tify successful knockout. Wildtype clones transfected with
the same CRISPR guide combinations were used as control.

Total RNA was extracted from clonal cell populations
using Trizol (ThermoFisher, #15596018) and stranded
sequencing libraries were generated following ribosomal
RNA depletion (NEB, #E6310L) using the NEBNext Ul-
tra II Directional RNA Library Prep Kit for Illumina
(NEB, #E7760L). Libraries were sequenced on an Illumina
HiSeq4000 using the HiSeq 4000 SBS Kit for 150 cycles with
a custom read configuration, running 93 cycles for Read 1
and 2 and 8 cycles for 17 and 15 indeces.

Demultiplexing and trimming with flexbar

Sequencing data was demultiplexed by 17 index reads
using bcl2fastq without any read trimming. Further
demultiplexing by in-read 5’ barcodes and trimming of
adapter sequences was performed using Flexbar v.3.4.0
(https://github.com/seqan/flexbar) (22) in a two-step
approach. In the first step, reads are demultiplexed by
in-read barcodes allowing no mismatches, and UMIs
are moved into the read header. Barcode sequences
(see Supplementary Table S1) including the UMI des-
ignated by the wildcard character "N’ are provided in
fasta format, with the arguments ‘-b barcodes.fasta
--barcode-trim-end LTAIL --barcode-error-rate 0 --umi-
tags’. In the second step, any adapter contamination
at the 3’ end of the reads is removed allowing an error
rate of 0.1 with the following arguments ‘--adapter-seq
‘AGATCGGAAGAGCACACGTCTGAACTCCAGT-

CACNNNNNNATCTCGTATGCCGTCTTCTGCTTG’
--adapter-trim-end RIGHT --adapter-error-rate 0.1 -
-adapter-min-overlap 1°. In addition, potential T-stretches
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at the 5 end that are the result of ribotailing during
ligation are removed by trimming ‘T’ homopolymers of
1-2 nucleotide length (see Supplementary Figure S6) using
‘--htrim-left T --htrim-max-length 2 --htrim-min-length 1’
and reads shorter than 18 nucleotides post trimming are
discarded by ‘--min-read-length 18’.

STAR alignment

Flexbar-trimmed reads were aligned against hgl9 using
STAR v.2.7.3a (https://github.com/alexdobin/STAR) (23)
with the following parameters, to keep only uniquely map-
ping reads, removing the penalty for opening deletions and
insertions and fully extending the 5’ end of reads to preserve
the end of cDNA molecules: ‘--outFilterMultimapNmax 1
--scoreDelOpen 0 --scorelnsOpen 0 --alignEndsType Ex-
tend5pOfReadl’. To retain UMI in read header during
STAR alignment, any space in header needs to be removed
prior to mapping.

Bowtie2 alignment against RNA repeats and quantification

RNA repeat genome index was generated based on Repeat-
Masker annotation obtained from UCSC Table Browser,
with the following specifications: ‘clade: Mammal, genome:
Human, assembly: Feb 2009 (GRCh37/hgl9), group All
Tables, database: hgl9, table: rmsk, region: genome, filter:
repFamily — does match = ‘RNA’ OR repClass = ‘tRNA’
OR repClass = TRNA’ OR repClass = ‘snRNA’ OR rep-
Class = scRNA’ OR repClass = srpRNA”. All regions
in hgl9 genome fasta file not overlapping with repetitive
RNA were masked using bedtools maskfasta and genome
index was built with bowtie2 v.2.3.5 using bowtie2-build
(24). Reads across different repeat classes were quantified
using FeautreCounts from the Subread package (25) with
the following parameters: ‘-s 1 -t exon -g gene_id -M --
fraction” and read counts were summarised at the level of
ribosomal RNA (rRNA), small nuclear RNA (snRNA),
transfer RNA (tRNA), small nucleolar RNA (snoRNA),
7SK small nuclear RNA, and others including 7SL signal
recognition particle RNA, Y RNAs and the BC200 long-
noncoding RNA.

Deduplication of reads

Aligned reads were deduplicated based on unique molecu-
lar identifiers using UMI-tools v.1.0.1 (https://github.com/
CGATOxford/UMI-tools) (26). The dedup command was
used with the parameters ‘--extract-umi-method read_id --
method unique --spliced-is-unique’ to group reads with the
same mapping position and identical UMI, while treating
reads starting at the same position as unique if one is spliced
and the other is not.

Multigc and usable reads

General quality metrics of libraries were assessed us-
ing FastQC v0.11.7 (https://github.com/s-andrews/FastQC)
and QC data were collated using multigc v.1.9 (https:
/Igithub.com/ewels/MultiQC) (27) to extract information
from combined log files to plot usable read fractions.
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Peak calling

Enriched regions were identified using the peak calling algo-
rithm CLIPper v.2.0.0 (https://github.com/YeoLab/clipper)
(13,14) with default settings and a p-value cutoff of 0.01
‘--poisson-cutoff 0.01°. Peak calling was performed on us-
able reads, which are defined as uniquely mapped and dedu-
plicated, without any prior filtering for reads containing
crosslinking induced deletions.

Filtering of peaks

CLIPper peaks were filtered by removing ENCODE black-
listed regions from eCLIP libraries (14) as well as peaks ob-
tained from TLC-CLIP libraries skipping the ligation step
as well as IgG controls for either Rabbit or Mouse IgG de-
pending on RBP. An additional score filter was applied by
requiring —10 log(pval) to be larger than 50 for any down-
stream analysis. Consensus peaks between replicates were
obtained using bedtools intersect (28) requiring a minimum
overlap of 25% between peaks.

Correlation plots

For correlation plots peaks or deletion positions of indi-
vidual replicates were concatenated and coverage was cal-
culated using bedtools multicov (28). Count data was nor-
malised using the cpm function from edgeR (29) against
total library size and log2 transformed. Point density plots
were generated using the geom_pointdensity package avail-
able on Bioconductor and correlation coefficient was calcu-
lated using Pearson correlation.

Pairwise comparison at peak level

Fraction of overlap between filtered peaks for individual
replicates of either TLC-CLIP, eCLIP or easyCLIP was cal-
culated using the Intervene pairwise intersection module
(https://intervene.readthedocs.io/en/latest/index.html) (30)
requiring a minimum of 25% overlap between peaks. For
comparison between TLC-CLIP and eCLIP in HepG2 cells
shown in Figure 3A, peaks were restricted to genes with sta-
ble gene expression between the two cell lines, as defined by
differential gene expression analysis on total RNA-seq data
for 293T and HepG?2 cells. Stable genes were defined as hav-
ing an absolute fold change lower than 1.1 and an expres-
sion higher than 5 log, CPM.

De novo motif discovery

De novo motif discovery was performed using Homer (31)
v4.10 on peaks centred on either the apex region obtained
from CLIPper. findMotifsGenome.pl was used with the pa-
rameters ‘-oligo -basic -rna -len5 -S10 -size given’ where
peak size is a 50-nucleotide window around the apex.

Extraction of crosslinking sites with htseq-clip

Individual nucleotide positions of crosslink-induced dele-
tions within TLC-CLIP reads were extracted using the
htseq-clip tools (https://github.com/EMBL-Hentze-group/
htseq-clip) (32) with the following parameters: ‘htseq-clip
extract -e 1 -sd’.

Read start positions were extracted using ‘htseq-clip ex-
tract -e 1 -s s’ or ‘htseq-clip extract -¢ 2 -s s’ for public iCLIP
and eCLIP data, respectively.

Density plot for deletions and motif enrichment

Motif densities were calculated using the annotatePeaks.pl
function from homer on consensus motifs generated with
the seq2profile.pl function allowing 0 mismatches. For den-
sity plots in Figure 3C, motif density was calculated for
apex-centred peaks from TLC-CLIP and eCLIP libraries
using ‘—size 500 -hist 5 -norevopp’. For hnRNPC ‘-rm
10’ was specified to remove occurrences of the same mo-
tif within 10 nucleotides to avoid artificial amplification of
motif enrichment through longer U-stretches, for hnRNPI
the density of pyrimidine stretches was plotted, based on a
YYYYY’ stretch.

For plotting the deletion density in Figure 4A, TLC-
CLIP peaks were centred onto the consensus motif, with
motif files being generated using seq2profile.pl. Tag direc-
tories for deletions were generated using the homer make-
TagDirectory function on the bed file obtained from htseq-
count. peakSizeEstimate needs to be changed to 1 in tag-
Info.txt file to avoid extension of deletion tags and preserve
nucleotide resolution. Deletion enrichment was obtained
using the annotatePeaks.pl with ‘-hist 1 -size 100 across
motif-centred peaks as well as peaks shuffled across the set
of target genes bound by a given RBP. For RBPs recognis-
ing palindromic sequences such as AGGGA’ or ‘CUUUC’
for hnRNPAT1 or hnRNPI respectively, the exact position
of the crosslinking site cannot be determined during align-
ment if the deletion falls within the homopolymer stretch.
By default, STAR will position the deletion at the first base
of the ambiguous sequence based on the DNA sequence,
without awareness of the strand orientation of the gene, re-
sulting in an artificial shift of the deletion position between
genes on the forward or reverse strand. To remove this arti-
fact, deletion positions for genes on the reverse strand were
shifted by two nucleotides for hnRNPA1 and hnRNPI prior
to visualisation.

Deletion-centred analysis

Peaks were centred on the maximum deletion position and
coverage of this nucleotide position was calculated using
bedtools multicov to calculate the CID ratio, indicating the
proportion of reads at a given position that carry a dele-
tion. Motif density across peaks with different CID ratios
was calculated using annotatePeaks.pl with ‘-size 100 -hist
S -norevopp’.

For visualising the percentage of peaks carrying motifs
according to CID ratio, findMotifsGenome.pl was used
with ‘-find motif -size 50 -norevopp’. Peak annotation
across different transcriptomic and genomic features was
performed using annotatePeaks.pl.

Read counting across transcript regions

A custom simplified annotation file (SAF) was generated
from the ensemble gtf file (‘Homo_sapiens. GRCh37.87.gtf”)
to contain the following additional annotation features:
promoter regions spanning 500 nucleotides (nt) upstream
of the transcriptional start site, proximal introns spanning
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500 nt upstream and downstream of exons, and distal in-
trons spanning all regions further than 500 nt away from
exons. Aligned reads were quantified across transcript fea-
tures using FeatureCounts with the following parameters:
‘-F SAF -s 1 -O --fraction --read2pos 5°. Enrichment for
coding sequences was quantified using the same SAF in
FeatureCount with the following paramters: -F SAF -s 1
-O --fraction --read2pos 5 -t CDS’. Hierarchical cluster-
ing of the top25 most variable coding sequences between
crosslinked and non-crosslinked samples was performed us-
ing pheatmap on log,-transformed normalised counts.

Deletion visualisation

Splice site annotation from homer for hgl9 was used and
intersected with deletion-centred peaks for RBFOX2 from
50 000 cells, subset by CID ratios above or below 10. For
hnRNPc, peaks from TLC-CLIP and publicly available ir-
CLIP (12) were intersected with intronic antisense Alu se-
quences that were extracted from RepeatMasker (33). Tar-
get Alu sequences were further divided into regions shared
between TLC-CLIP and irCLIP and regions specific to the
individual protocols.

For visualisation, deletion positions from htseq-clip were
merged across the two biological replicates per condition
and converted to bam files using bedtools bedtobam. Big-
wig files were then generated using deeptools function bam-
Coverage with a binsize of 1, normalising for total deletion
count (CPM). For irCLIP, start positions were obtained us-
ing htseq-clip ‘htseq-clip extract -s s -e 1’ and converted
to bigwig files with a binsize of 1. Heatmaps and coverage
profiles were generated using the createMatrix and plotHe-
atmap function from deeptools (34).

Alternative splicing detection with rMATS

Total RNA-seq from RBFOX2 KO and wildtype cells
were aligned against hgl9 using STAR v.2.7.3a. RBFOX2
regulated exons were identified using rMATS, specifying
‘--libType fr-firststrand --readLength 95 --variable-read-
length --gtf Homo_sapiens. GRCh37.87.gtf” (35,36). Up-
regulated and downregulated exons were extracted from
the skipped exon table ‘SE.MATS.JC’ using only junction
counts for splicing analysis. Exons were considered up- or
downregulated if their inclusion level difference was larger
than 0.1 with a p-value cut-off of 0.05 and an FDR of 0.1.
Background exons were extracted from the same list with a
p-value and FDR larger than 0.1 and an inclusion level dif-
ference below 0.05. Duplicate entries between the different
sets were removed and exons were crossed with peaks de-
tected in RBFOX2 TLC-CLIP libraries from 50 000 cells,
searching for overlap 300 base pairs up and downstream of
the splice junctions. To test for differences in the number
of CIDs found at regulated and non-regulated exons, we
performed two-sample Wilcoxon Mann-Whitney tests be-
tween the CID ratios of peaks found at up- or downregu-
lated genes and the CID ratio of peaks at background ex-
ons. Coverage plots for up- and downregulated exons were
generated with the deeptools plotProfile function on CPM
normalised read counts with a bin size of 10 computed by
the deeptools bamCoverage function.
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Data visualisation

Downstream data analysis and visualisation was performed
in R (v 4.1.0) using the tidyverse package (37).

UCSC browser tracks are available under the fol-
lowing link: http://genome-euro.ucsc.edu/s/christinaernst/
TLC%2DCLIP_NAR and contain bigwig files of merged
deletion positions normalised for total deletion count
(CPM) with a binsize of 1 as used for visualisation in
heatmaps, as well as bigwig files of CPM-normalised
uniquely mapped reads with a binsize of 10.

RESULTS

TLC-L3 adapter enables easy visualisation and generation of
solid-phase cDNA

The majority of current CLIP-related protocols purify
RNA-protein complexes via SDS-PAGE followed by trans-
fer onto nitrocellulose, at which point crosslinked RNA can
be visualised to control IP efficiency and RNase treatment
conditions using radioactive isotope labelling (10,11,16).
TLC-CLIP instead employs an infrared-dye conjugated
adapter that was first introduced in the irCLIP protocol
(12) and has also been adopted in iiCLIP (17). This strategy
avoids radioactive labelling and allows easy visualisation of
adapter-ligated RNA over a wide dynamic range following
transfer onto nitrocellulose, as well as during subsequent li-
brary preparation steps (Figure 1A - C and Supplementary
Figure S1).

The infrared dye is positioned at the 3’ end of the TLC-
L3 adapter coupled to the hydroxyl group, thus effec-
tively functioning as a chain terminator to prevent adapter
self-ligation and concatemerization (Supplementary Figure
S2). Additional background bands, such as those observed
around 60 kDa for hnRNPI and RBFOX2 as well as in
non-crosslinked lysates, are likely the result of excess un-
ligated TLC-L3 adapter (Supplementary Figure S1). Such
molecules would not be visible using conventional radioac-
tive labelling due to the absence of a 5 hydroxyl group
on pre-adenylated adapter molecules (38,39). The success-
ful transfer of un-ligated adapter molecules onto nitro-
cellulose further suggests their association with a protein,
as the DNA oligonucleotide itself does not transfer effi-
ciently (Supplementary Figure S2). The prominent band
observed around 60 kDa thus most likely represents an
association with T4 RNA Ligase 1, as these bands are
present in control reactions following incubation of the
TLC-L3 adapter with the enzyme alone (Supplementary
Figure S2).

The TLC-L3 adapter further includes the partial se-
quence of the Illumina Index 1 Sequencing Primer fol-
lowed by a 25-nucleotide (nt) long poly(A) stretch, which
confers several advantages during the library preparation.
First, adapter-ligated RNA molecules can be captured
using oligo(dT) beads, which are inert to high concen-
trations of proteinase K and denaturing agents, as first
demonstrated in the easyCLIP protocol (40). This elim-
inates the need for time-consuming RNA precipitations
that are prone to sample loss especially at low concen-
trations (41), and instead enables highly efficient cap-
ture of adapter-ligated RNA that occurs within minutes,
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Figure 1. TLC library preparation enables efficient and time-effective generation of CLIP libraries. (A) Schematic overview of TLC-CLIP procedure with
major changes highlighted in red italics. (B) Visualisation of adapter-ligated RNA on LI-COR Odyssey Clx Imager after membrane transfer for hnRNPA1
samples treated with different RNase concentrations. Molecular weight of hnRNPA is indicated as purple triangle and region used for library preparation
is marked by a dashed rectangle. (C) Capture and elution of adapter-ligated RNA throughout steps IX - X1 of library preparation visualised via dot blotting
of supernatants on nitrocellulose. (D) Addition of Terminal Deoxynucleotidyl Transferase (TdT) in ligation reaction results in strongly increased ligation
efficiency. D indicates donor molecule, A acceptor molecule and L ligation product.

and allows stringent washes to remove traces of pro-
teinase K prior to subsequent enzymatic reactions with-
out noticeable sample loss (Figure 1C and Supplementary
Figure S2).

Furthermore, oligo(dT) beads are used to prime the re-
verse transcription (RT) reaction, resulting in first-strand
cDNA molecules covalently linked to magnetic beads
(42). Solid-phase cDNA can be efficiently separated from

adapter-ligated RNA via heat denaturation (Figure 1C),
and directly serve as acceptor molecule in the second
adapter ligation. The use of oligo(dT) beads as reverse tran-
scription primers has the additional benefit of preventing
concatemerization, without the need for additional purifi-
cation procedures, thus minimising sample loss and en-
abling a fully bead-based library preparation amenable to
low input samples.
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Ribotailing improves the efficiency of the second adapter lig-
ation

The second adapter ligation presents a major bottleneck
during library preparation; a problem which is not unique
to CLIP, but also presents a challenge in other proto-
cols where random priming of second strand synthesis is
not favourable or feasible (43-46). Current iCLIP-related
protocols tackle this step either through circularisation
of cDNA molecules (10-12,17), or direct single-stranded
(ss)DNA ligation (13-16), but the latter strategy is known
to be enzymatically inefficient (47,48), resulting in the per-
manent loss of molecules that fail to ligate resulting in low-
complexity libraries and large input requirements.

Our approach of tailing and ligation of cDNA (TLC)
greatly improves the efficiency of the ssDNA ligation by in-
corporating Terminal Deoxynucleotidyl Transferase (TdT)
in the ATP-containing ligation mix. TdTs are highly pro-
cessive in the presence of deoxynucleotide triphosphates
(dNTPs), but self-terminate after incorporating only a few
nucleotide triphosphates (NTPs), resulting in the addition
of a short ribo-tail to the 3’ end of cDNA molecules (Sup-
plementary Figure S3) (49). This effectively mimics the 3’
end of an RNA molecule, which is the preferred acceptor
molecule of T4 RNA ligase (47,48), thus greatly increasing
its affinity and ligation efficiency (Figure 1D and Supple-
mentary Figure S3). Ribotailing of cDNA presents an ef-
ficient and cost-effective alternative to intramolecular lig-
ation used in iCLIP, irCLIP and iiCLIP that require spe-
cialised RT primers which are not compatible with the gen-
eration of solid-phase cDNA, and improves the efficiency
of the ssDNA intermolecular approach used in eCLIP and
iCLIP2.

Ligated cDNA molecules remain covalently bound to
the magnetic beads and can thus be easily purified through
magnetic capture, eliminating the need for time-consuming
procedures such as ethanol precipitation or PAGE purifi-
cation that would result in further sample loss. The de-
sired amplicons are then eluted off the beads via PCR
amplification using short primers complementary to the
TLC-L3 and second adapter, which removes the artificially
introduced poly(A) tail (Supplementary Figure S4). Pre-
amplified cDNA is then size-selected using ProNEX Size
Selective Chemistry to enrich for molecules with insert sizes
larger than 20 nucleotides as described in iCLIP2 (16) and
sequencing-ready libraries are generated through a second
PCR amplification. This step adds full-length P5 and P7 se-
quences as well as an 17 index to expand multiplexing ca-
pacity, followed by size-selection of fragments larger than
160bp to remove overly short inserts (Supplementary Fig-
ure S9).

The resulting TLC-CLIP libraries are compatible with
single-end, two-colour chemistry sequencing protocols,
with the first 15 nucleotides of the read corresponding to
a 9-nt unique molecular identifier (UMI) for deduplication
that is split around a 6-nt barcode for further multiplexing
capacity (Materials and Methods).

TLC-CLIP libraries retain a larger fraction of usable reads

The improved library preparation strategy greatly increases
sensitivity and lowers input requirements, which we demon-
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strated by generating high-quality libraries for four different
RBPs from only 50 000 cells. We then tailored a streamlined
processing pipeline (50) to the specificities of the TLC-CLIP
workflow, such as the additional nucleotides added dur-
ing the TLC reaction (Figure 2A). Ribotailing of the first-
strand cDNA with ATP results in an over-representation of
T nucleotides at the first few base positions of TLC-CLIP
reads, which are removed by trimming T homopolymers
of 1-2 nt length using Flexbar (22) (Supplementary Figure
S6). After considering only uniquely mapping reads and re-
moving PCR duplicates, we retain a larger fraction of reads
compared to public CLIP datasets, which are termed ‘us-
able reads’, suggesting improved complexity of TLC-CLIP
libraries (Figure 2B, Supplementary Figure S7 and Supple-
mentary Table S2). Furthermore, TLC-CLIP libraries dis-
play a longer read length alongside a higher fraction of
reads carrying deletions particularly in reads that show the
maximum length, indicating more frequent read-through
instead of truncation at the crosslinking site (Figure 2C).
This is in accord with the use of Superscript IV during re-
verse transcription, which frequently causes crosslinking-
induced mutations (CIMS) (51), resulting in deletions at
similar or higher rates compared to HITS-CLIP (high-
throughput sequencing of RNA isolated by CLIP) proto-
cols (52) (Figure 2D). However, unlike HITS-CLIP pro-
tocols, which ligate adapters to both ends of the RNA
molecule prior to RT and thus only amplify read-through
events, truncated reads are also retained using TLC-CLIP
resulting in much greater yield of usable reads, drasti-
cally reducing sequencing requirements compared to HITS-
CLIP (Figure 2B).

TLC-CLIP libraries recapitulate public CLIP datasets and
show increased specificity

Given these characteristics of TLC-CLIP libraries, we opted
for the peak calling algorithm CLIPper (13,14,53), which
does not exclusively rely on read start positions to deter-
mine cross-linking events, and can therefore be applied to
different protocols, allowing a direct comparison between
TLC-CLIP and public CLIP datasets. We found our TLC-
CLIP libraries to display a high level of correlation at the
peak-level (R? = 0.5-0.78, Pearson correlation), with 48—
67% overlap between biological replicates (Supplementary
Figure S8). Comparison between TLC-CLIP and easyCLIP
libraries (40), which both profiled RBFOX2 in 293T cells,
revealed up to 72% overlap at the peak-level, which is sim-
ilar to the level of variation observed between biological
replicates, given the stochastic nature of RNA binding and
rapid turnover of intronic target sequences (Supplementary
Figure S8).

Comparison with eCLIP libraries (13) showed up to 50%
overlap at the peak-level, most likely due to cell-type specific
differences in RNA abundance, as similar levels of overlap
were observed between eCLIP libraries in HepG2 and K562
cells (Supplementary Figure S8). Accordingly, restricting
the comparison between TLC-CLIP and eCLIP to genes
with similar expression levels between 293T and HepG2
cells (n = 1507) increased the overlap to up to 68%, demon-
strating that TLC-CLIP accurately captures RBP binding
profiles (Figure 3A).
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Furthermore, de novo motif discovery on TLC-CLIP
peaks recapitulated previously reported consensus mo-
tifs for all four RBPs with high precision. Compared to
eCLIP, a larger number and proportion of TLC-CLIP
peaks contained a motif that closely resembles the re-
spective consensus motif, indicating increased specificity
for our protocol (Figure 3B and Supplementary Figure
S8). This is further supported by stronger motif enrich-

ment around the peak apex, which represents the re-
gion of highest read coverage defined by CLIPper, and
was particularly noticeable for splicing factors with well-
defined motifs such as RBFOX2 and hnRNPA1 (Fig-
ure 3C). Together, these results demonstrate that TLC-
CLIP has increased specificity and resolution compared
to eCLIP, despite starting with 400-times less input
material.
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Figure 3. TLC-CLIP libraries recapitulate known binding sites and display increased precision and specificity compared to eCLIP. (A) Pairwise comparison
showing the fraction of overlap at the peak level for individual replicates between TLC-CLIP and eCLIP libraries for four different RNA-binding proteins,
requiring a minimum overlap of 25% between peaks. Peaks are restricted to genes with similar expression level between 293T and HepG2 cells (n = 1507)
and individual number of peaks per replicate is annotated in the diagonal of the heatmap. (B) Position weight matrix of top motif from de novo motif
discovery on TLC-CLIP peaks is displayed alongside percentage of peaks carrying motif, as well as p-value obtained from the homer motif discovery
software. For eCLIP peaks, percentage of peaks carrying motif resembling the known consensus motif, as well as p-value from homer motif discovery
software is displayed. (C) Normalised motif density plot for consensus motif across TLC-CLIP and eCLIP peaks, centred on the peak apex defined by
CLIPper, which represents the region of highest read coverage. The peaks used for analysis in (B) and (C) were filtered to have a -10log(pval) score larger
than 50 and to be present in both biological replicates with a minimum overlap of 25% between peaks (Materials and Methods).

Crosslinking-induced deletions improve nucleotide-resolution
and specificity of TLC-CLIP

The precision of TLC-CLIP can be further enhanced by
incorporating the positional information of crosslinking-
induced deletions (CIDs), which are an alternative out-
come to premature termination during reverse transcrip-
tion, when the reverse transcriptase encounters the resid-
ual amino-acid-RNA adduct introduced by UV crosslink-
ing (52,54). Current estimates predict that premature ter-
mination at the crosslinking site leads to truncation of
cDNA molecules in about 80% of cases, while read-through
occurs in the remaining 20%, with the possible introduc-
tion of crosslinking-induced deletions, insertions, or mu-
tations (55). These proportions, and the introduction of
crosslinking-induced alterations are influenced by RT reac-

tion conditions, particularly the choice of RT enzyme, as
well as crosslinking conditions and sensitivity of the pro-
filed protein (51,54). Protocols such as HITS-CLIP rely on
such events for the determination of crosslinking sites and
have convincingly demonstrated that crosslinking-induced
mutations (CIMS) provide excellent resolution (52,56), but
they suffer from excessive sample loss and high sequencing
requirements due to the exclusion of truncated reads.
TLC-CLIP libraries have a large proportion of reads with
CIDs (Figure 2D), which are highly correlated between
replicates at the single-nucleotide level (R> = 0.47-0.62,
Pearson correlation) (Supplementary Figure S9). Dele-
tions are strongly enriched at RBP binding motifs and
do not exhibit the previously reported bias towards uracil
(55). Instead, we observe an enrichment and high preci-
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Figure 4. Crosslinking-induced deletions (CIDs) are highly enriched at RBP motifs and improve precision and specificity of TLC-CLIP data. (A) Density
plot showing enrichment of deletions across peaks which were centred on the corresponding consensus motif for each RBP. For control regions, peaks
were shuffled across target gene bodies of a given RBP. (B) Normalised motif density plot for consensus motif across peaks centred on either the apex
region defined by CLIPper or the position with the highest deletion count. (C) Normalised motif density plot for consensus motif across peaks subset
based on their crosslink induced deletion (CID) ratio (ngel/nreads) at the reference point, which either presents the deletion maximum or apex region for

peaks without deletions.

sion of deletions at specific guanine residues for RBFOX2
and hnRNPA1 consensus motifs, identifying the two gua-
nines of the canonical RBFOX binding motif ‘GCAUG’ as
crosslinking sites (57) (Figure 4A). This increased resolu-
tion of CIDs can be exploited by centring peaks on the posi-
tion with the highest number of deletions to further increase
the precision of TLC-CLIP data (Figure 4B).

The improvement is particularly noticeable for hnRNPc,
for which the apex region defined by CLIPper does not
faithfully capture the crosslinking position, resulting in an
apparent bi-modal motif enrichment around the reference
point (Figures 3C and 4B). Repositioning based on dele-
tions consolidates this signal, with the observed shift away
from apex regions recapitulating the bi-modal pattern for
hnRNPc, which is not observed for other proteins (Figure
4B and Supplementary Figure S9).

A similar approach can be applied to both eCLIP
and iCLIP datasets, by repositioning the reference point
of CLIPper peaks to the highest count of start posi-

tions as both protocols rely on truncation events to iden-
tify crosslinking sites. This mainly results in an upstream
shift from the apex region and improves both resolution
and motif enrichment, validating our approach of recen-
tring CLIPper peaks onto the most likely crosslinking
position (Supplementary Figure S9). While iCLIP shows
the strongest motif enrichment for hnRNPc when cen-
tred on the apex region, TLC-CLIP provides better res-
olution after repositioning peaks onto deletions, high-
lighting the importance of incorporating CIDs during
downstream analysis of TLC-CLIP data (Supplementary
Figure S9).

In addition to increased resolution, incorporating CID
information also improves the specificity of TLC-CLIP
data, as demonstrated by stronger motif enrichment in
peaks with a higher ratio of crosslinking-induced deletions
(Figure 4C). This highlights the benefit of CIDs as an in-
trinsic quality metric to discern true binding sites from co-
purifying, non-crosslinked fragments, which increases the
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specificity of TLC-CLIP data without the need to generate
matched input samples.

Onmission of PAGE purification enables a fully bead-based,
two-day workflow amenable to automation

Using CIDs as an intrinsic quality filter is particularly im-
portant when applying TLC-CLIP without PAGE purifica-
tion, which enables a 2-day fully automatable CLIP work-
flow amenable to high-throughput settings. We observe up
to 67% overlap at the peak-level between libraries gener-
ated with or without PAGE purification, but with lower mo-
tif enrichment in peaks specific to libraries omitting PAGE
(Figure 5A and Supplementary Figure S10). Lower motif
enrichment is accompanied by lower CID ratios, further
confirming the utility of CIDs to filter samples with higher
background signal, which can result either from the omis-
sion of PAGE purification or sub-optimal RNase condi-
tions (Figure 5B and Supplementary Figure S10).
Annotation of peaks based on different transcript regions
reveals an increase in coding sequences (CDS) for peaks
with lower CID ratios (Figure 5C). Out of all transcript re-
gions, coding sequences consistently show the lowest motif
enrichment for all four splicing factors that were profiled,
indicating that these are likely background contamination
as previously observed for hnRNPI eCLIP libraries (17)
(Figure 5D and Supplementary Figure S10). Thus, while
capturing the overall binding behaviour of a given RBP, per-
forming TLC-CLIP without PAGE purification results in
a larger number of contaminating background sequences.
This outcome is expected as this approach lacks the strin-
gent purification of RNA—protein complexes at the desired
molecular weight under denaturing conditions and needs to
be carefully considered during downstream data analysis.

Characterisation of co-purifying sequences in TLC-CLIP
libraries

Given the increased background signal in samples omit-
ting PAGE purification, we further explored the source of
co-purifying fragments by generating TLC-CLIP libraries
for all four proteins from non-crosslinked lysates, with and
without PAGE purification (Supplementary Figure S1). As
expected, libraries from non-crosslinked lysates show very
low levels of CIDs confirming their introduction through
UV crosslinking, whereas insertions did not show a clear
UV-dependence in our data (Supplementary Figure S11).

During alignment, non-crosslinked samples show a
higher proportion of reads mapping non-uniquely to the
reference genome indicating a higher level of repetitive
RNA sequences (Supplementary Figure S7). Indeed, align-
ment against a repeat index containing all classes of repet-
itive RNA sequences showed a much higher proportion
of reads mapping to ribosomal RNA in non-crosslinked
samples, irrespective of PAGE purification (Supplemen-
tary Figure S11). A similar increase in repetitive RNA se-
quences was observed when omitting PAGE purification for
crosslinked samples profiling RBFOX2, thus identifying ri-
bosomal RNA as a major source of non-crosslinked co-
purifying fragments dependent on the protein of interest
and purification method.

Nucleic Acids Research, 2023 13

We further characterised the distribution of uniquely
mapping reads in non-crosslinked samples across different
transcript features, which showed a similar pattern for all
four proteins, resulting in an increase of unassigned reads
mapping to intergenic regions as well as coding sequences
(Supplementary Figure S11). The increase in coding se-
quences was most pronounced for RBFOX2 and hnRNPA 1
and included transcripts encoding for highly expressed hi-
stone and ribosomal proteins (Supplementary Figure S11).
In contrast, libraries for hnRNPc and hnRNPI from non-
crosslinked lysates showed fewer coding sequences overall,
but mainly protein-specific patterns amongst the most vari-
able CDS between crosslinked and non-crosslinked sam-
ples. Increased coverage at these coding sequences was also
observed when omitting PAGE purification in crosslinked
lysates, which highlights the importance of this purification
step in removing co-purifying fragments and the need for
stringent computational filtering using either CIDs or non-
crosslinked controls when performing TLC-CLIP without
PAGE purification (Figure 5C and Supplementary Figure
S11).

TLC-CLIP maintains nucleotide resolution and high speci-
ficity at low cell numbers

Finally, we showcase the unprecedented sensitivity of our
TLC-CLIP protocol, by profiling hnRNPc as well as the
much less abundant splicing factor RBFOX2 from 10 000
as well as 1000 cells (Supplementary Figure S1). As ex-
pected, lowering the input material reduced the proportion
of usable reads, as more amplification cycles are necessary
resulting in a larger number of PCR duplicates (Supple-
mentary Figure S7 and S12). While the overall number of
peaks was decreased, a large proportion contained the ex-
pected consensus motif, which was confidently identified as
the top scoring motif during de novo motif discovery for
TLC-CLIP libraries (Supplementary Figure S12). Compar-
ison with publicly available irCLIP data from low input ma-
terial for hnRNPc (12) showed higher motif enrichment in
TLC-CLIP libraries, demonstrating both increased sensi-
tivity and specificity of TLC-CLIP (Supplementary Figure
S12).

TLC-CLIP libraries from low input material maintain a
strong enrichment for crosslinking induced deletions at the
consensus motif, enabling the identification and visualisa-
tion of crosslinking sites with high resolution (Supplemen-
tary Figure S12). The position-dependent enrichment of
hnRNPc across antisense Alu elements is clearly captured
in TLC-CLIP libraries generated from 10 000 and 1000 cells
and shows a stronger enrichment of crosslinking sites at the
internal linker U-tract for TLC-CLIP libraries compared
to irCLIP (Supplementary Figure S12). This is in line with
observations by Zarnack et al. showing high affinity of hn-
RNPc to both internal and terminal U-tracks within Alu
sequences (58), and is likely due to increased mappability
of TLC-CLIP reads. Deletion-carrying reads, on average,
show a longer read length (Figure 2) and span both sides
of the crosslink rather than terminating within the U-tract,
thus increasing the probability of unique mapping within
repetitive sequences.
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Figure 5. CIDs provide an additional quality filter to increase specificity of TLC-CLIP libraries prepared without PAGE purification. (A) Normalised
motif density plot for consensus motif across deletion centred peaks that are shared between experimental conditions or specific for libraries generated
with or without PAGE purification. (B) Normalised motif density plot for consensus motif across peak subsets according to their CID ratio for libraries
obtained without PAGE purification. (C) Percentage of peaks in TLC-CLIP libraries with varying CID ratios overlapping different genomic annotation
layers (Intronic, 3’ UTR = 3’ untranslated region, 5 UTR = 5 untranslated region, CDS = coding sequences, TTS = -100 to +1kb around Transcription
Termination site, TSS = -1kb - 100bp around Transcription Start Site; Intergenic, Other = including microRNA, non-coding RNA, pseudogenes, snoRNA
and scRNA). (D) Normalised motif density plot for consensus motif across deletion-centred peaks obtained without PAGE purification that were subset
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based on the different genomic annotation layers they overlap.
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The high resolution of TLC-CLIP was also preserved in
low input libraries generated for RBFOX2, showing a clear
position-dependent enrichment around splice sites from as
few as 1000 cells (Figure 6A). We further tested the en-
richment of TLC-CLIP signal around alternatively spliced
exons in RBFOX2 knockout (KO) cells, which showed a
strong enrichment downstream of 5 splice sites of down-
regulated exons (Figure 6B and C) (59,60). This enrichment
is consistent across varying input amounts, demonstrating
that TLC-CLIP identifies functionally relevant binding site
from extremely limited starting material. Furthermore, the
CID ratios of peaks proximal to up- or down-regulated ex-
ons were significantly higher compared to control exons
that remained unchanged upon RBFOX2 knockout (Figure
6D). This supports our previous observations that CIDs are
a useful metric during TLC-CLIP data analysis to identify
meaningful binding sites. Taken together, the libraries gen-
erated from low cell numbers demonstrate that our TLC-
CLIP protocol has extremely high sensitivity and accurately
captures the binding profiles even of lowly expressed RBPs
while maintaining nucleotide-resolution.

DISCUSSION

The transcriptome-wide identification of RBP binding sites
is fundamental to determine the effect of RNA—protein in-
teractions on gene regulation. Protein-centric approaches
rely on immunoprecipitation of the RBP of interest and
can be performed in native conditions (e.g. RNA immuno-
precipitation (RIP)) (61) or after covalent crosslinking of
RNA-protein complexes using UV light (e.g. CLIP) (8).
CLIP methods allow more stringent purification of RNA-
protein complexes and generally have higher resolution
compared to RIP, allowing the identification of RNA bind-
ing sites with nucleotide resolution (10).

However, CLIP-related protocols have remained techni-
cally challenging due to extended experimental procedures,
making them prone to sample loss and thus requiring large
amounts of starting material. TLC-CLIP presents a novel
streamlined library preparation protocol for CLIP-related
methods that drastically reduces both experimental time
and cost of experiments, while generating high quality RBP
binding profiles from low input material. A major advan-
tage of TLC-CLIP is the fully bead-based, single-tube li-
brary preparation design that eliminates time-consuming
purification procedures and thus reduces sample loss prior
to amplification.

Our TLC approach addresses a crucial and often limit-
ing step during the generation of RNA sequencing libraries,
namely the generation of second-strand cDNA while pre-
serving the original 3’ end of first-strand cDNA molecules.
Current strategies such as in HITS-CLIP and PAR-CLIP
circumvent this problem by ligating adapters to both ends
of the original RNA molecules, which however results in a
drastic loss of material and high sequencing cost as only
read-through events can be amplified (5,7,62-64). Alter-
native approaches that introduce the second adapter se-
quence at the cDNA step either rely on circularisation of
first-strand ¢cDNA (10-12,17) or direct ligation of a sec-
ond adapter molecule to the 3’ end of first-strand cDNA
molecules (13-16). Circularisation was shown to occur with
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high efficiency (65), but requires specialised RT primers that
are prone to concatemerisation (17) and are not compatible
with the generation of solid-phase cDNA which is a cru-
cial feature to enable our fully bead-based library prepara-
tion workflow. In contrast, the approach of ligating a single-
stranded DNA oligonucleotide to first-strand cDNA is en-
zymatically inefficient (47,48), which could be addressed by
using RNA adapters to increases the affinity of T4 RNA
Ligase towards the substrate and is expected to have similar
efficiency to our TLC approach, but at a higher cost.

TLC therefore presents a cost-efficient option for the sec-
ond adapter ligation that greatly improves the efficiency of
the ssDNA ligation reaction without the need for chimeric
adapter molecules. Incorporation of a terminal transferase
in the ligation mix leads to the addition of non-template ri-
bonucleotides to the 3’ end of the cDNA in the form of a
short ribotail. This greatly increases the efficiency of the lig-
ation reaction by mimicking the 3’ end of an RNA molecule,
the preferred substrate of T4 RNA Ligase (48). TLC-CLIP
thus limits the requirements for specialised reagents and
oligonucleotides to a minimum and generates high com-
plexity libraries, which in turn drastically lower the sequenc-
ing depth requirements to enable affordable, large-scale pro-
filing of RNA-protein interactions.

The larger number of crosslinking induced deletions
in TLC-CLIP data further improve the precision as well
as the specificity of TLC-CLIP libraries by increasing
single-nucleotide resolution and distinguishing true bind-
ing sites from co-purifying, non-crosslinked fragments. Ex-
ploiting CIDs as an intrinsic quality filter during data anal-
ysis is similar to computational approaches that are fre-
quently applied to PAR-CLIP data (66). In photoactivat-
able ribonucleoside-enhanced crosslinking and immuno-
precipitation (PAR-CLIP), cells are treated with modified
nucleosides prior to crosslinking which results in increased
crosslinking efficiency and changes in base-pair properties
causing characteristic base transitions in the obtained se-
quencing data (8). The enrichment of such base transitions
is frequently used to identify true binding sites, as well as
estimate the strength of RNA-RBP interactions (67,68).
Given the strong enrichment and high resolution of CIDs
at RBP binding sites, a similar approach can be applied to
TLC-CLIP data to improve data quality for downstream
analysis. However, as the rate of CIDs might vary between
different proteins, characterisation of a wider set of RBPs
with more diverse binding and crosslinking behaviour will
be necessary to confirm that CIDs can be consistently used
as a quality metric for TLC-CLIP data.

Additional filtering based on CIDs to identify high-
confidence binding sites is particularly useful in libraries
with higher background signal, which can result from sub-
optimal RNase conditions, poor crosslinking efficiency, or
less stringent purification of RNA—protein complexes when
omitting PAGE purification. The omission of PAGE purifi-
cation can be desirable in cases where excessive sample loss
associated with PAGE purification and membrane trans-
fer precludes the generation of high-quality libraries for a
given RBP (69), or in high-throughput settings. For the lat-
ter it is highly recommended to perform the necessary con-
trol experiments to confirm antibody specificity and opti-
mise RNase conditions prior to library preparation (7).
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Figure 6. TLC-CLIP enables accurate detection of RBFOX2 binding sites from as few as 1000 cells. (A) Mean normalised deletion coverage of RBFOX2
TLC-CLIP libraries prepared from 50 000, 10 000 and 1000 cells in relation to 5" and 3’ splice sites. Signal is shown across peaks identified in libraries
from 50 000 cells subset based on their CID ratio (above or below 10). Regions are ordered based on descending signal intensity in libraries from 50 000
cells. (B) Mean normalised read coverage of RBFOX2 TLC-CLIP libraries prepared from 50 000, 10 000 and 1000 cells around 3’ and 5 splice sites of
RBFOX2 regulated exons. Alternatively spliced exons were identified from total RNA-seq of RBFOX2 KO cells compared to wildtype 293T cells with
an inclusion level difference larger than 0.1 and a P-value cut-off of 0.05. (C) IGV genome browser screenshot displaying the enrichment of TLC-CLIP
libraries downstream of the alternatively spliced exon 15 in the SLIT2 gene (73). The SLIT2-A15 isoform is more prominent in RBFOX2 KO samples with
an inclusion level difference of 0.51. (D) Notched boxplots displaying the CID ratios of peaks within 300 nucleotides upstream or downstream of RBFOX2
up- or downregulated exons as well as control exons. Statistical significance is displayed in form of P-values using Wilcoxon-Mann-Whitney test. Boxes
indicate quartiles, lines indicate mean, and whiskers show 1.5 times the inter-quartile range. Outliers are not shown.
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Alternative protocols such as FLASH (Fast Ligation of
RNA after some sort of Affinity Purification for High-
throughput sequencing) (70) and LACE-seq (linear ampli-
fication of complementary DNA ends and sequencing) (71)
have adopted strategies to profile RNA-protein interac-
tions without PAGE purification; however, neither protocol
generates data characteristics that would allow additional
filtering of sequencing reads to distinguish crosslinked frag-
ments from background contamination. In FLASH, the re-
moval of PAGE purification is compensated by stringent
affinity purification of tagged proteins and in fact, a sim-
ilar increase in coding sequence contamination was ob-
served when FLASH was performed on endogenous pro-
teins, suggesting that CDS are a common CLIP contam-
inant when profiling splicing factors under less stringent
conditions (70).

As highlighted by our analysis of co-purifying RNA frag-
ments in non-crosslinked controls, we identified repetitive
RNA sequences, particularly ribosomal RNA, as a major
contaminant alongside increased signal across coding se-
quences. The latter is highly protein-dependent and fur-
ther influenced by the stringency of the purification proce-
dures throughout the protocol. This highlights that, as with
other CLIP protocols, the downstream analysis of TLC-
CLIP needs to be carefully adjusted for individual RBPs
and the chosen purification procedure (72). Our findings
show that CIDs serve as an effective indicator to distinguish
genuine binding sites from non-crosslinked, co-purifying
fragments. Filtering based on CIDs thus provides a straight-
forward computational approach to remove background
signal and could provide the foundation for a more sophis-
ticated statistical method for detecting crosslinking sites in
TLC-CLIP.

The optimisation of enzymatic reactions in combination
with our streamlined library preparation strategy signifi-
cantly enhances the sensitivity of TLC-CLIP compared to
existing protocols. This leads to a drastic reduction in in-
put requirements and enables the generation of high-quality
binding profiles from as little as 1000 cells for both hnRNPc
and the less abundant RBFOX2. This makes TLC-CLIP the
most sensitive protocol among CLIP-related techniques for
studying endogenous proteins while preserving denaturing
purification conditions.

In sum, TLC-CLIP presents a fully bead-based, single-
tube library preparation strategy for CLIP protocols that
generates high-quality RNA binding profiles with increased
sensitivity and precision from low input material and is
amenable to automation. As such, it constitutes an attrac-
tive technique in high-throughput settings such as drug or
CRISPR screenings, or for studying RNA—protein com-
plexes in lowly abundant biological samples.

DATA AVAILABILITY

Sequencing data have been deposited on Gene Expression
Omnibus under accession number GSE225358, with Sub-
Series GSE200432 containing TLC-CLIP data and Sub-
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UCSC browser tracks are available under the fol-
lowing link: http://genome-euro.ucsc.edu/s/christinaernst/
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