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Identification of in vivo direct RNA targets for RNA binding proteins (RBPs) provides critical insight into
their regulatory activities and mechanisms. Recently, we described a methodology for enhanced
crosslinking and immunoprecipitation followed by high-throughput sequencing (eCLIP) using antibodies
against endogenous RNA binding proteins. However, in many cases it is desirable to profile targets of an
RNA binding protein for which an immunoprecipitation-grade antibody is lacking. Here we describe a
scalable method for using CRISPR/Cas9-mediated homologous recombination to insert a peptide tag into

gi{;fg;ds; the endogenous RNA binding protein locus. Further, we show that TAG-eCLIP performed using tag-
eCLIP d specific antibodies can yield the same robust binding profiles after proper control normalization as
RNA binding protein eCLIP with antibodies against endogenous proteins. Finally, we note that antibodies against commonly
CRISPR/Cas9 used tags can immunoprecipitate significant amounts of antibody-specific RNA, emphasizing the need

Protein tagging for paired controls alongside each experiment for normalization. TAG-eCLIP enables eCLIP profiling of

new native proteins where no suitable antibody exists, expanding the RBP-RNA interaction landscape.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Believed previously to be a mere intermediary between DNA
and protein, RNA is becoming increasingly appreciated as subject
to a variety of post-transcriptional processing steps prior to trans-
lation [1]. Analogous to transcription factors and histones that
interact with DNA, transcribed RNA is associated with RNA binding
proteins (RBPs) which have numerous regulatory functions. These
RBPs transport RNAs from the nucleus and throughout the cell,
carry out splicing, regulate stabilization, degradation, and transla-
tion of RNAs, and form ribonucleoprotein complexes with
non-coding RNAs to confer regulatory activity [1]. Recent work
indicates that there are likely over a thousand RBPs encoded in

Abbreviations: RBP, RNA binding protein; eCLIP, enhanced crosslinking and
immunoprecipitation followed by high-throughput sequencing.
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the human genome that play a wide range of developmental roles,
and mutation or dysfunction of numerous RBPs have been linked
to a wide variety of defects including neurodegenerative and
autoimmune diseases [1-4].

For an RBP of interest, identifying its binding sites in vivo is a
critical step towards understanding its functions at the molecular
and physiological level. The development of microarray and high-
throughput sequencing technologies rapidly led to the develop-
ment of RNA Immunoprecipitation (RIP) and Crosslinking and
Immunoprecipitation (CLIP) methods to profile RNA binding pro-
tein target sites transcriptome-wide [5]. Initial RIP methods
focused on profiling RBP targets at the transcript level, by pulling
down an RBP and its bound RNA for quantification by microarray
[6]. Building upon this work, CLIP utilizes crosslinking (typically
with UV irradiation) to covalently couple the RBP to its RNA tar-
gets. With this irreversible and stable linkage, CLIP allows stringent
wash conditions and an RNA fragmentation step to bring target
identification from the kilobase transcript-level to clusters that
are less than a hundred bases in length [5]. Further work improved
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crosslinking efficiency through incorporation of the photoactivat-
able nucleoside analog 4-thiouridine into RNAs during transcrip-
tion in living cells (PAR-CLIP) [7], and iCLIP described altered
library preparation steps to improve efficiency and enable identifi-
cation of binding sites with single-nucleotide resolution |[8].
Recently, we developed an enhanced CLIP (eCLIP) method that
builds upon these methods by dramatically improving the effi-
ciency of converting immunoprecipitated RNA into an adapter-
ligated and amplified sequencing library, enabling the incorpora-
tion of paired input samples to improve signal-to-noise in identify-
ing true binding sites above common artifacts. The robust success
of eCLIP enabled profiling of over one hundred RNA binding pro-
teins in K562 and HepG2 cells, and has proven successful in a vari-
ety of other cell-types and tissues [9].

However, one major limitation for all RIP and CLIP methods
is that they require antibodies for immunoprecipitation. Thus,
to profile the targets of an RBP under study, one must first
screen through expensive antibodies, oftentimes with irregular
success and high levels of background. In many other cases
no suitable commercially available antibody yet exists for the
RBP of interest, thus requiring custom generation at high cost.
To help address this concern, we recently performed a large-
scale effort to identify antibodies that could successfully
immunoprecipitate RBPs in K562 cells, identifying antibodies
for 365 RBPs [10]. Although this was highly successful, hun-
dreds of RBPs remain without antibodies suitable for immuno-
precipitation. Additionally, the concern that each antibody may
have its own individual off-target or background interactions
would be alleviated if all experiments were performed using
the same antibody.

One common solution to the lack of suitable antibodies is
to utilize peptide tags which already have high-quality,
immunoprecipitation-grade antibodies. Most commonly, the pro-
tein of interest, flanked by either N- or C-terminal tags is exoge-
nously expressed and the tag is used to immunoprecipitate the
protein of interest along with its interactors [11]. Numerous such
tags exist, including the well-characterized V5 and FLAG tags,
which have proven successful in a variety of experimental regimes
[12,13]. However, over-expression of various DNA- or RNA-binding
proteins has sometimes revealed amplified binding to the same
targets and other times led to interactions with ectopic or low-
affinity sites, complicating interpretation of large-scale over-
expression experiments [14,15].

The recent development of CRISPR technologies has made it
possible to rapidly and successfully insert these tags into endoge-
nous gene loci [16-18], which enables profiling of RBPs within
their normal regulatory context. A recent method to perform
endogenous tagging followed by ChIP-seq (CETCh-seq) demon-
strated successful use of the CRISPR-Cas9 system to introduce a
3XFLAG tag at the 3’ end of transcription factors [19]. Specifically,
ChIP-seq using the FLAG tag yielded substantially similar binding
site identification to parallel experiments performed with anti-
bodies targeting native proteins, confirming this approach as a
general scheme for profiling DNA binding proteins lacking
antibodies.

Here, we describe a scalable methodology for performing and
validating CRISPR-mediated tag insertion into RNA binding protein
loci. Using two tags (V5 and FLAG), we show that TAG-eCLIP yields
the same high-quality target identification as eCLIP with native
antibodies. Furthermore, we characterize common non-specific
background identified by anti-V5 and anti-FLAG antibodies in
wild-type cells, which indicates that such TAG-eCLIP experiments
require proper controls for robust analysis. These methods provide
further improvements to simpler, more cost-effective RBP target
identification in cases where high-quality antibodies do not cur-
rently exist.

2. Methods
2.1. Cloning of CRISPR/Cas9 sgRNA vectors

The 100 nt sequence centered on the annotated stop codon was
obtained for each desired transcript. sgRNA sequences targeting
the 3’ end of the RBP of interest were identified using the Zhang
lab CRISPR design tool (available at http://crispr.mit.edu). The
sgRNA sequences that were closest to the stop codon, but had max-
imal score (minimal predicted off-targets), were selected. Two
methods were tested for different RBPs: using a single double-
strand nuclease Cas9 (pX330-U6-Chimeric_BB-CBh-hSpCas9;
Addgene plasmid # 42230, pSpCas9(BB)-2A-GFP (PX458); Addgene
plasmid # 48138 and pSpCas9(BB)-2A-Puro (PX459); Addgene
plasmid # 62988 were a gift from Feng Zhang), or using a pair of
single-strand nickase mutant Cas9 vectors (pX335-U6-Chimeric_
BB-CBh-hSpCas9n (D10A); Addgene plasmid # 42335 was a gift
from Feng Zhang). For nickase experiments, the pair of sgRNAs that
flanked the stop codon with the highest combined score (fewest
predicted off-targets) was chosen (Fig. 1B). Cloning was performed
by gel extraction of the Bbsl-cut backbone, and ligation with phos-
phorylated oligonucleotides, as previously described [16].

2.2. Cloning of homology-directed repair (HDR) donor vectors

For chosen RBPs, the ~800 nt regions immediately upstream (5’
homology arm) and downstream (3’ homology arm) of the stop
codon were computationally identified. The forward primer for
the 5 arm and reverse primer for the 3’ arm were selected using
Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) to be ~700 nt away
from the stop codon. This 700-800 nt homology arm size was cho-
sen based on standard recommendations in the field (https://www.
addgene.org/crispr/zhang/faq/). The reverse primer for the 5’ arm
and forward primer for the 3’ arm were selected by starting at
the base flanking the stop codon, and taking the smallest region
(20-28 nt long) with a melting temperature >57 °C. Homology tails
for Gibson assembly were added in two PCR steps. First, a short
extension was added to the 5’ end of the gene-specific primers as
follows (see Supplemental Table 1 for gene-specific primers used):

PCR_5_F: CGACGGCCAGTG - gene-specific primer

PCR_5_R: GGCTTACCGAATTC - gene-specific primer (starts at
base before stop codon)

PCR_3_F: CTAGATCGGATCC - gene-specific primer (starts at
base after stop codon)

PCR_3_R: GCATGCAGTCGA - gene-specific primer.

The first PCR amplification was performed using Phusion poly-
merase (NEB) on human genomic DNA (gDNA) with 38 cycles of
amplification, with 2% DMSO added to aid amplification. After
agarose gel extraction (Qiagen) of the specific product, a second
PCR was performed (NEB Q5; 6 cycles of amplification at 45 °C fol-
lowed by 6 cycles at 62 °C) using the following primers to add full
homology tails:

2ndPCR_5_L:
GGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTG
2ndPCR_5_R:
CGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCGAATTC
2ndPCR_3_L:
TATCACGTAAGTAGAACATGAAATAACCTAGATCGGATCC
2ndPCR_3_R:
CTGCCTTGGGAAAAGCGCCTCCCCTACCCGCATGCAGTCGA.

This second PCR product was prepared for Gibson assembly by
PCR cleanup kit (Qiagen).
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Fig. 1. Generation of peptide-tagged RBP lines. (A) Strategy to generate donor vectors for homologous recombination. Colored boxes indicate sequence features; small colored
boxes at fragment ends indicate 40 nt homology regions for Gibson assembly. (B) Strategy for two-stage PCR amplification of 5’ and 3’ donor arms flanking the annotated stop
codon for an RBP. (C) Strategy for transfection, selection, and validation of proper integration of peptide tags. We found that this strategy could be performed in batches of 24
RBPs. (D) Success rate for validation of 29 RBPs. For the first batch, circles indicate the number of clones that did not validate by PCR (black), validated by PCR (blue) and
showed GFP fluorescence (green) or both (green and blue), and confirmed by Western blot (pink boundary). For the second batch, a subset of PCR validated clones (blue) were
sequenced and either validated (pink checkmark) or did not validate (red X). (E) Fluorescence microscopy of validated lines for (left) PTBP1 and (right) SNRPG. As T2A
cleavage is ~60-80% efficient, 20-40% of target protein is translationally fused with GFP, enabling visualization of sub-cellular localization. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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To enable efficient screening of properly integrated clones, the
HR130 backbone was obtained (System Biosciences). To insert
either V5 or V5:HA:FLAG upstream of the T2A site at the EcoRlI site,
phosphorylated oligonucleotides were annealed and ligated with
EcoRI-digested backbone, with insert sequences as below (brackets
indicate flanking EcoRI overhang regions):

V5: [GAATTC]GGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATT
CTACG[AAATTC]

V5:HA:FLAG: [GAATTC]GGTAAGCCTATCCCTAACCCTCTCCTCGG
TCTCGATTCTACGAAATTCTACCCATACGATGTTCCAGATTACGCTG
ACTACAAAGACGATGACGACAAG|AAATTC].

To clone donor vectors, two backbone regions were obtained
by restriction digestion of the HR130 backbone: a ~4200 nt
backbone product from EcoRI+ EcoRV +Sall (E/E/S) digestion
containing origin of replication, bacterial resistance, and a diph-
theria toxin cassette for negative -selection against random inte-
grations, and a ~ 5500 nt ‘insert’ product from EcoRI + BamHI (E/
B) digestion that contains the tags, GFP, and Puromycin positive
selection marker. The two homology arm PCR products (5’ arm
and 3’ arm) and digested backbone products (E/E/S and E/B)
were added to a Gibson assembly reaction in 2:2:1:1 M ratio,
assembled at 50 °C for one hour, and transformed and screened
using standard methods. Proper homology arms were validated
by sequencing with primers in the GFP cassette (CCACCAGCTC-
GAACTCCAC; for 5 arm) and core insulator (GGGCTGTCCCTGA-
TATCAAAC; for 3’ arm). The annotated plasmid map is
available at https://benchling.com/s/scSbNIIF and is provided as
Supplemental Data 1.

2.3. Transfection and clonal selection

Donor vectors were linearized with a unique backbone-
cutting restriction enzyme (one of Ahdl, Ndel, Pcil, or Scal,
depending on the homology arm sequence) and purified by
phenol-chloroform extraction. HEK293T cells were seeded into
12-well plates with 200,000 cells in 1mL standard media
(DMEM + 10% FBS), grown for 24 h, and then transfected using
Lipofectamine 2000 with 750 ng of donor and either 750 ng of
sgRNA plasmid (double-strand cutting version) or 500 ng of
each of two sgRNA plasmids (dual nickase version). After 36
to 48 h, cells in each well were seeded into a 10cm plate in
the presence of 1 pg/mL puromycin to select for integrants.
Once sufficiently grown (typically after ~4-5 days), colonies
derived from single cells were isolated into individual wells of
96-well plates, and grown for ~2 weeks until they reached suf-
ficient density for PCR screening. GFP-positive colonies were
preferentially selected, followed by the selection of random
other colonies.

Genomic DNA was released from clonal isolates in 96-well
format by detachment of cells (TrypLE, Thermo Fisher), transfer-
ring 1/3-1/2 of cells into 96-well PCR plates, and addition of
50 uL QuickExtract solution (Epicentre). Cells were pipette-
mixed, incubated at 65°C for 6 min, mixed, and incubated at
95 °C for 2 min. A portion of the lysates was used for PCR vali-
dation using a reverse primer in the 5 end of GFP (CCAC-
CAGCTCGAACTCCAC), and a gene-specific primer outside of the
5 homology arm region used in the donor vector. Presence of
a single PCR product of the correct size (typically ~800-
1000 nt) indicated potential successful integration. PCR products
were then purified (Qiagen) and submitted for Sanger sequenc-
ing to confirm absence of insertions or deletions in the 3’ end
of the RBP of interest, or western blot using anti-tag antibody
was performed to validate presence of the expected RBP:tag
fusion protein.

2.4. TAG-eCLIP experimental methods

eCLIP experiments were performed as previously described in a
detailed standard operating procedure [9]. Briefly, 107 cells were
UV-crosslinked (254 nm, 400 mJ/cm?), lysed in 1 mL of 4 °C eCLIP
lysis buffer (50 mM TrisHCI pH 7.4, 100 mM Nacl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, 1:200 Protease Inhibitor Cocktail
Il (EMD Millipore)), incubated at 37 °C for 5 min with 40U of
RNase I (Ambion) and 4 U Turbo DNase (Ambion), treated with
11 pL Murine RNase inhibitor (NEB), and clarified by centrifugation
(4 °C, 15 kg for 15 min). Immunoprecipitation was performed at
4 °C overnight using sheep anti-rabbit or anti-mouse IgG Dyn-
abeads (ThermoFisher) precoupled with primary antibodies as fol-
lows: V5 (A190-120A lot 006, Bethyl), FLAG (F1804 lot SLBQ6349V,
Sigma), HNRNPC (RNO52PW lot 001, MBL), RBFOX2 (A300-864A lot
002, Bethyl), FMR1 (RNO16P lot 001, MBL), LIN28B (A303-588A lot
001, Bethyl), DGCR8 (A302-468A lot 001, Bethyl), TAF15 (A300-
307A lot 001, Bethyl), EWSR1 (A300-417A lot 001, Bethyl), and
IGF2BP2 (RNOOSP lot 001, MBL).

After incubation, immunoprecipitation samples were magneti-
cally separated and washed twice in high salt wash buffer
(50 mM Tris-HCl pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1%
SDS, and 0.5% sodium deoxycholate) and twice in wash buffer
(20 mM Tris HCl pH 7.4, 10 mM MgCl,, 0.2% Tween-20). Next,
remaining 5 phosphates were removed with FastAP (Thermo-
Fisher) and 3’ phosphates of RNA fragments generated by RNase |
digestion were removed with T4 PNK (NEB) at low pH in the
absence of ATP. 3’ adapters were then ligated to RNA fragments
with T4 RNA Ligase I (NEB), using optimized reaction conditions
including 18% PEG 8000 and 0.3% DMSO. Adapters used for eCLIP
and input libraries were as previously described [9]. After one
additional wash with high salt wash buffer and two with wash buf-
fer, samples were run on 4-12% NuPAGE Novex Bis-Tris protein
gels (ThermoFisher) and transferred to either PVDF (for chemilu-
minescent imaging) or nitrocellulose (for RNA extraction) mem-
branes. For TAG-eCLIP experiments, all western blot imaging to
validate successful immunoprecipitation was done using primary
antibody against the native protein (including immunoprecipita-
tions with anti-tag antibodies).

A range from protein size to 75 kDa above protein size was iso-
lated, incubated first for 20 min at 37 °C with 200 puL PK buffer
(160 pL of 100 mM TrisHCI, pH 7.4, 50 mM Nacl, 10 mM EDTA plus
40 pL Proteinase K (NEB P8107S)), followed by 20 min at 37 °C
with 200 pL PK-Urea buffer (160 pL of 100 mM TrisHCI, pH 7.4,
50 mM NaCl, 10 mM EDTA, 7M Urea plus 40 pL Proteinase K
(NEB P8107S), after which RNA was isolated using phenol-
chloroform extraction followed by RNA Clean & Concentrator col-
umn cleanup (Zymo). RNA was reverse transcribed with Affin-
ityScript (Agilent), treated with ExoSap-IT (Affymetrix) to remove
excess oligonucleotides, and a DNA adapter was ligated to the 3’
end using T4 RNA Ligase I (NEB) in optimized reaction conditions
including 22% PEG 8000. Libraries were PCR amplified with Q5
master mix (NEB) for 6-18 cycles (chosen by performing qPCR
on the pre-amplified library). The 175-300nt fragment was size-
selected by agarose gel electrophoresis and gel extracted (MinElute
Gel Extraction, Qiagen). Libraries were quantified and validated by
Tapestation (Agilent), and sequenced on the Illumina HiSeq 4000
platform.

2.5. Processing of TAG-eCLIP sequencing data

Sequencing reads obtained for all datasets were processed as
previously described, including adapter trimming, discarding of
reads mapping to repetitive elements, identifying reads uniquely
mapping to the human genome (hg19), removing PCR duplicate
reads, initial cluster identification with the CLIPper algorithm,
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and normalization against paired size-matched inputs [9]. Where
described, tag-derived datasets were then additionally compared
against tag immunoprecipitation in wild-type cells to identify
tag-derived artifacts.

To compare read density within peak regions, one eCLIP dataset
was first selected as a ‘pivot’ dataset. All CLIPper-identified clusters
(regardless of enrichment above size-matched input) were then
considered in both the pivot and comparison dataset (and their
respective inputs) to determine fold-enrichment in each dataset.
Correlation was determined across all clusters, with significance
calculated by converting the Pearson’s correlation to p-value using
a standard Student’s t distribution transformation in MATLAB.

To compare enrichment for TAG-eCLIP peaks relative to tag-
only eCLIP in wild-type cells, the number of reads overlapping each
CLIPper-identified cluster was counted for TAG-eCLIP IP and input,
as well as tag-only IP and input samples, and two comparisons
were performed: TAG-eCLIP IP versus input, and TAG-eCLIP IP
versus tag-only IP. The lesser of the fold-enrichment and greater
of p-values were taken as final enrichment values for analysis.

2.6. Data and code availability

eCLIP and TAG-eCLIP datasets have been deposited at the Gene
Expression Omnibus (accession number GSE88722). Additional
antibody validation information for RBP antibodies is available at
the ENCODE portal (http://www.encodeproject.org). eCLIP data
processing and analysis pipeline code has been publicly released
(https://github.com/gpratt/gatk/releases/tag/2.3.2), and was previ-
ously described in additional detail [9].

3. Results and discussion

3.1. Large-scale generation of donor and sgRNA plasmids for
integration of peptide tags using CRISPR/Cas9

Enhanced crosslinking and immunoprecipitation followed by
high-throughput sequencing (eCLIP) enabled robust profiling of
RNA binding proteins by utilizing antibodies against endogenous
proteins to specifically pull down and isolate RBP-bound RNA. To
address the limitation of requiring antibodies against each RBP of
interest, we took advantage of peptide tags. There are multiple
commonly used tags in molecular biology of various sizes and
affinities, many of which have been shown to immunoprecipitate
DNA and RNA binding proteins successfully. In order to minimize
the impact the tag protein would have on endogenous RBP activity,
we selected three small but widely used tags for further consider-
ation: V5, FLAG, and HA. Our first validation experiments used only
V5; later, we integrated all three tags together to enable side-by-
side comparison of their immunoprecipitation success in the eCLIP
protocol. These tags were followed by a fluorescent transcriptional
reporter separated by a protein cleavage signal (T2A:GFP), enabling
visual confirmation of successful integration (Fig. 1A). In addition,
to aid in selection of recombined clones, the donor vector con-
tained a puromycin resistance cassette. This resistance marker is
under a separate PGK promoter, so that the knock-in line could
be generated regardless of the endogenous expression level of
the RBP. This consideration is particularly important for generating
tagged lines for proteins with stress-, differentiation-, or other
condition-specific expression.

Although there are now multiple options for incorporating a
peptide tag into a protein of interest, we chose the CRISPR/Cas9
system as it enabled efficient integration of a tag into the
endogenous gene locus, maintaining proper transcriptional regula-
tion of the tagged peptide. Each desired endogenous knock-in
requires two custom reagents with the CRISPR/Cas9 system: an
sgRNA targeting Cas9 cleavage proximal to the target loci of

interest, and a homology repair ‘donor’ containing the desired inte-
gration sequence flanked by ~700 nt 5’ and 3’ regions of homology
(Fig. 1B). sgRNA targeting constructs were cloned using standard
Gibson assembly as previously described [16]. For each RBP, we
determined whether we could design a pair of suitable guides
flanking the stop codon. If so, we generated a pair of sgRNA vectors
using the Cas9n (D10A) nickase-variant; if not, we generated a sin-
gle sgRNA vector using the standard Cas9 double-strand cutter. We
note that in later experiments we did not observe significant differ-
ences in efficiency or off-target integration between these two
variants, suggesting that the single standard Cas9 vector is likely
sufficient for future experiments.

Cloning of donor vectors and in particular the isolation of
homology arm regions with tails for Gibson assembly of donor vec-
tors involves trade-offs between cost and efficiency, particularly at
large scale. For individual experiments, the pair of homology arms
can now be ordered as synthesized gene products from a number
of commercial sources; however, this was cost-prohibitive at large
scale. Thus, we designed a PCR-based strategy to minimize the
need for long (and expensive) synthetic DNA fragments. First,
we designed PCR primers to amplify the desired ~700 nt homology
arms, with the 5 arm ending at the base upstream of the stop
codon and the 3’ arm beginning at the base downstream of the stop
codon (Fig. 1B). We added short 10-12 nt tails onto these first PCR
primers, and amplified these regions off of genomic DNA using
standard high-fidelity polymerase. Next, we performed a second
round of PCR to add ~40 nt tails to these PCR products for assem-
bly with restriction digested backbone in a 4-way Gibson assembly
reaction. We found this procedure to be highly efficient; out of 56
RBPs attempted, we were able to amplify homology arms for 54
(96%), most with one standard set of PCR conditions. After assem-
bly we obtained sequence validated properly assembled vectors
typically selecting only 2-4 clones for each, confirming the high
efficiency and fidelity of this approach.

3.2. Cell line generation and validation

We selected 32 RBP isoforms (29 RBPs, including 2 isoforms
each for RBFOX2, HNRNPC, and SNRPG) for further experiments.
We initially chose to linearize donor plasmids before transfection
to reduce the time needed for antibiotic selection following trans-
fection, although in later experiments we did not observe a benefit
to this additional step. We found that the most efficient method of
performing these experiments at scale was to transfect HEK293T
cells in 12-well format, grow for 36-48 h (to enable Cas9-
mediated homology repair), and then split each well into a 10 cm
plate with media supplemented with puromycin (Fig. 1C). This typ-
ically yielded <50 puromycin-resistant colonies, which after an
additional 4-5 days of growth were of sufficient size and suffi-
ciently dispersed around the plate to be suitable for manual
single-colony isolation into 96-well plates. We selected up to 15
puromycin-resistant clones for further validation, and found that
this typically yielded at least one PCR validated clone (Fig. 1D). If
robust GFP fluorescence was observed, we found that prioritizing
GFP-positive clones could increase validation efficiency; however,
in the more frequent case of low or no visible GFP signal due to
low expression of single-copy integrations, colonies were chosen
at random. Next, we used PCR screening to validate that the donor
region had correctly integrated into the desired RBP loci. Out of 208
colonies isolated, 95 (46%) validated by PCR, confirming the high
efficiency of obtaining properly targeted integrations using this
approach (Fig. 1D). We note that the success rate was highly vari-
able for different RBPs; while 10 out of 11 (91%) of clones for
DGCRS8 and 10 out of 12 (83%) for AGO1 validated by PCR, we were
unable to validate any of 12 TARDBP or 6 FUS clones (Fig. 1D). To
confirm in-frame integration into the proper loci, we further
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performed either western blot with anti-tag antibody or Sanger
sequencing across the RBP:TAG:GFP junction. We observed that
the majority of tested PCR-positive clones validated using these
methods. The low fraction (typically <1%) of Puromycin-resistant
cells suggests an extremely low probability that these lines contain
a second non-target integration, which should be tested for stem
cell models or disease studies.

It is possible to use the GFP visualization as secondary valida-
tion, as the fluorescent expression pattern is dependent on suc-
cessful integration. As previously reported, we observed that the
T2A self-cleavage site is only ~ 60-80% efficient, leading to 20-
40% translational read-through expression of a full protein-GFP
fusion [20]. This allowed for visualization of subcellular localiza-
tion consistent with previously studies for a number of RBPs,
including PTBP1 (nuclear) and SNRPG (nuclear foci), enabling addi-
tional confirmation of proper RBP tagging and expression (Fig. 1E).
These translational fusions were not typically observed in
immunoprecipitation during CLIP, possibly due to inaccessibility
of the tag (data not shown).

3.3. Validation of successful eCLIP with peptide tags (TAG-eCLIP)

Next, we performed eCLIP experiments to test whether peptide-
tagged RBPs were suitable for eCLIP, using our standard eCLIP
methodology (Fig. 2A). We selected 15 tagged lines for 13 RBPs
(including two annotated stop codons each for RBFOX2 and
HNRNPC). Using anti-V5 and anti-FLAG antibodies, we observed
successful immunoprecipitation for at least one of V5 or FLAG anti-
body in 11 out of 15 cases (Fig. 2B and C). Interestingly, we often
observed highly variable immunoprecipitation between anti-V5
and anti-FLAG antibody despite the tags located proximal to each
other, indicating that local protein context can significantly alter
tag accessibility (Fig. 2B). We additionally noted that immunopre-
cipitation of HNRNPC:V5 with anti-V5 antibody co-
immunoprecipitated wild-type HNRNPC, likely reflecting the
known oligomerization of HNRNPC into tetramers [21].

Next, we asked whether eCLIP with peptide tags (TAG-eCLIP)
could recapitulate results obtained using native antibody immuno-
precipitation of wild-type cells. We were able to obtain a commer-
cially available antibody previously validated to
immunoprecipitate the endogenous RBP for 8 out of the 11 tagged
lines described above [10]. In all eight cases, we were able to suc-
cessfully immunoprecipitate the wild-type protein in HEK293T
cells, albeit sometimes with altered efficiency relative to the
tagged protein (Fig. 2B and C). We discarded three factors
(TAF15, EWSR1, and IGF2BP2) for which immunoprecipitation
was successful for wild-type but not tagged peptide, leaving five
factors (HNRNPC, RBFOX2, DGCR8, FMR1, and LIN28B) with eCLIP
libraries generated for both wild-type and tagged protein. Manual
inspection of significantly enriched regions indicated highly simi-
lar signal between native protein and TAG-eCLIP (Fig. 2D). To con-
sider reproducibility we first compared the number of significantly
enriched peaks identified using both methods, using previously
described cutoffs for significantly enriched peaks in order to limit
analysis to a set of high-confidence peaks [9]. RBFOX2 V5 TAG-
eCLIP identified 1177 peaks significantly enriched above paired
input, on par with 1911 identified in wild-type eCLIP. 5977
CLIPper-identified clusters were depleted in CLIP relative to input,
similar to false positive rates previously shown in eCLIP of RBFOX2
[9]. Next, to quantitatively measure reproducibility we considered
the correlation in peak-level read density relative to size-matched
inputs across datasets. We observed that RBFOX2 showed signifi-
cant correlation (R*=0.27; p<10—3%) between V5-tagged and
native eCLIP (Fig. 2E). Although significant, this correlation was
decreased from that observed for biological replicates of native
RBFOX2 (R?=0.45; p <1073%) (Fig. 2F), potentially due to TAG-

eCLIP profiling only the subset of isoforms which share the tagged
stop codon. Similarly, LIN28 also showed significant correlation
between native and V5-TAG-eCLIP (R%®=0.23; p<103%)
(Fig. 2G). In contrast, V5-TAG-eCLIP of RBFOX2 and LIN28 showed
little correlation (R? = 0.00; p = 0.88) (Fig. 2H). Comparing all five
RBPs, we observed this same pattern of high correlation between
native and tagged RBP, with little correlation across RBPs regard-
less of tagged or wild-type status (Fig. 21). Thus, these results con-
firm that TAG-eCLIP yields substantially similar results to native
protein pulldown in wild-type cells.

3.4. Tag-specific concerns and normalization methods for TAG-eCLIP

These results confirmed that the replacement of native antibod-
ies with peptide tags can generally yield high-quality eCLIP data for
the RBPs profiled. Next, we asked whether there were tag-specific
artifacts due to anti-tag antibody recognition of native peptides.
We performed eCLIP with anti-FLAG, anti-V5, and rabbit IgG iso-
type control in wild-type K562 cells, size-selecting seven different
75 kDa size windows at the nitrocellulose membrane step (25-100,
50-125, 75-150, 100-175, 125-200, 150-225, and 175-250 kDa)
(Fig. 3A). To compare library yield across experiments, for each
library we used the measured library concentration and number
of PCR cycles performed to calculate an extrapolated Ct (eCT),
defined as the number of PCR cycles required to obtain 100 femto-
moles of library (assuming 2-fold amplification with each cycle)
[9]. In 7 out of 7 V5 and 4 out of 7 FLAG size ranges in K562, we
observed more than 2-fold greater library yield relative to IgG-
only, with a 5.20-fold median increase (Fig. 3B). These results con-
firmed that both anti-V5 and anti-FLAG antibodies immunoprecip-
itate significant amounts of RNA even in wild-type cells.

Next, to provide a point of comparison for the HEK293T TAG-
eCLIP experiments, we repeated the V5 and FLAG pulldown in
wild-type HEK293T cells. Surprisingly, these experiments showed
even greater yield in HEK293T than K562 (Fig. 3B), indicating that
the abundance of this tag-specific background can vary dramati-
cally across cell types. After sequencing and standard eCLIP data
analysis, we observed that anti-V5 and anti-FLAG antibodies each
yielded antibody-specific significantly enriched peaks that were
not observed in either the other antibody or the paired size-
matched input (Fig. 3C). The number of significantly enriched
peaks ranged from 125 (V5 25-100kDa) to over 6700 (FLAG
125-200), with maximum signal for both observed in the 125-
200 kDa size range (Fig. 3C). Anti-FLAG antibody yielded an aver-
age of 3.6-fold more peaks than anti-V5 antibody for the same size
range (Fig. 3C), possibly reflecting previously characterized anti-
FLAG antibody interactions with abundant RBPs including EEF1A1,
EIF4B, and SF3B3 among others [22]. Visual inspection of individ-
ual binding sites indicated that these regions show similar profiles
to true binding sites for standard RBPs profiled by eCLIP
(Fig. 3D and E).

Thus, for TAG-eCLIP experiments, we highly recommend that
this additional control (tag-specific antibody pulldown in wild-
type cells, or ‘tag-only eCLIP’) be performed in parallel, with an
additional analysis step of normalization against both the size-
matched input as well as the non-RBP control to remove these
non-specific peaks (Fig. 4A). To test the degree to which this would
alter the list of observed binding sites, we performed such normal-
ization on the six TAG-eCLIP datasets described above. We
observed that many input-enriched peaks were similarly signifi-
cantly enriched relative to size-matched tag-only eCLIP performed
in wild-type cells, ranging from 1701 out of 12,244 for FMR1
(13.9%) to 810 out of 1117 (68.8%) for RBFOX2 (Fig. 4B). Directly
comparing peak-level fold-enrichment, we observed that normal-
izing a RBP:tag eCLIP experiment against either its paired size-
matched input or the size-matched tag-only IP in wild-type cells
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Fig. 2. TAG-eCLIP compared to eCLIP of native proteins. (A) Schematic of TAG-eCLIP method (left), with individual steps detailed (right). (B) Western blots performed after the
immunoprecipitation stage for native antibody eCLIP in wild-type (WT) cells, or anti-V5 or anti-FLAG antibody in endogenously tagged RBP lines, with protein size markers
indicated in kDa. For RBFOX2 and HNRNPC, two annotated stop codons were targeted for independent tagging. (C) Numbers indicate the total number of wild-type RBP tagged
lines in which eCLIP was attempted or successful in generating libraries. (D) Tracks show read density (in reads per million; RPM) for DGCR8 (native eCLIP and FLAG TAG-eCLIP)
and RBFOX2 (native eCLIP and V5 TAG-eCLIP), with boxes underneath indicating peaks significantly enriched above size-matched input (below). (E-H) Points indicate fold-
enrichment in eCLIP relative to size-matched input for peak regions called in one dataset (x-axis) in (E) RBFOX2 native eCLIP versus V5 TAG-eCLIP, (F) RBFOX2 native eCLIP
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with significantly enriched peaks relative to size-matched input indicated in green (with number of peaks indicated). Histograms above and to the right indicate the number of
significantly enriched peaks in the indicated bin. Correlation is calculated across all points, with p-value calculated in MATLAB. (I) Heatmap reflects correlation as calculated in
(E-H) for all pairwise comparisons. Each point reflects correlation in eCLIP fold-enrichment relative to input for clusters identified in the dataset on the x-axis. See Fig. 3 for
FLAG-only and V5-only eCLIP. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Tag-only eCLIP in wild-type cells identifies tag-specific artifacts. (A) Experimental framework for testing tag-specific artifacts. Anti-V5, anti-FLAG, or isotype control
was used for eCLIP in wild-type cells (K562 and 293T), along with a paired size-matched input. For each experiment, samples were run on 3 lanes of a protein gel and
transferred to nitrocellulose membranes as in standard eCLIP. Seven size ranges (each 75 kDa) were isolated, and libraries prepared for each. (B) Boxes indicate library yield
for anti-V5 (red), anti-FLAG (blue), and isotype control (black) antibodies in wild-type cells as indicated. Library yield is quantified as extrapolated CT (eCT), calculated by
taking the number of PCR cycles performed and normalizing to a final yield of 100 femtomoles. Lines connect libraries from the indicated protein size range. (C) Bars indicate
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indicated as bars underneath the read density track. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

yielded generally similar results (Fig. 4C and D). In contrast, there
was little correlation observed between RBP:tag IP and tag-only IP
for both RBFOX2 (R?>=0.009; p<10~2°) and FMR1 (R?=0.05;
p<10739), though these were statistically significant over the
large number of peaks queried. However, there were a small num-
ber of peaks that showed significant enrichment in both, indicating
potential tag-dependent, antibody-specific false positives
(Fig. 4E and F). The number of peaks with lower values of enrich-
ment over input in TAG-eCLIP relative to tag-only eCLIP in wild-
type cells varied among datasets, ranging from 1 out of 1177
(0.0009%) for RBFOX2 to 671 out of 12,244 (0.05%) for FMR1
(Fig. 4B). Thus, the degree of false-positive signal due to anti-tag
antibody-specific false positives can vary dramatically across dif-
ferent datasets and RBPs profiled.

4. Conclusions

eCLIP provided a dramatic improvement in robustness and suc-
cess in profiling RNA binding protein targets in vivo using antibod-
ies derived against native proteins [9]. To further assist such
efforts, here we have presented an experimental strategy for paral-
lelizable tagging of multiple RBPs. Standardized and cost-efficient
tagging strategies will enable large-scale profiling of RBP targets
with the same antibody across experiments, making it possible
to profile the ever-expanding list of RNA binding proteins with
consistent experimental conditions that will reduce antibody-
specific background artifacts. As we have previously shown that
a single set of experimental conditions can be used for RBPs that
bind less than one kilobase RNAs (histone RNAs, RN7SK) as well
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as those binding unspliced pre-mRNAs of hundreds of kilobases in
length [9], these results suggest that TAG-eCLIP experiments can
generally be performed without significant factor-specific opti-
mization. However, we note that lysis, RNA fragmentation, and
protection from endogenous RNases and proteinases must still be
optimized for each sample type of interest, as these can vary
widely across different cell lines and tissue types.

Here, we show that for proteins where immunoprecipitation-
grade antibodies are not available, integration of peptide tags into
the endogenous gene loci followed by TAG-eCLIP provides a highly

successful alternative strategy that, in all five tested cases, recapit-
ulates binding patterns observed with antibodies targeting native
proteins. In this work we describe a method for integration of C-
terminal tags, as the Puromycin resistance cassette simplifies
selection of rare integration events but integration at the 5 end
would disrupt endogenous transcription. However, improvements
in performing seamless tag integration (using either Cre-mediated
recombination or smaller tags lacking the resistance cassette)
would enable N-terminal tagging, which may be essential for some
RBPs for which C-terminal tags alter native protein structure or
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activity. We further note the presence of tag-specific background
signal when anti-tag peptides are used in wild-type cells, indicat-
ing that paired control experiments in which anti-tag antibody is
used in wild-type cells is an essential control to such TAG-eCLIP
experiments. These results should aid in the design and implemen-
tation of eCLIP experiments, particularly for poorly characterized
RBPs, in the same way that validation of peptide tag usage for
DNA binding proteins provided a boost to the study of transcrip-
tion factors [19].
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