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‘ Decision Letter, initial version:
Dear Gene,

Your Brief Communication, "Multiplexed transcriptome discovery of RNA binding protein binding sites
by antibody-barcode eCLIP", has now been seen by three reviewers. As you will see from their
comments below, although the reviewers find your work of considerable potential interest, they have
raised a number of concerns. We are interested in the possibility of publishing your paper in Nature
Methods, but would like to consider your response to these concerns before we reach a final decision
on publication.

We therefore invite you to revise your manuscript to address these concerns. We think your revisions
should focus on proper controls and validations to ensure the data quality compared to eCLIP in addition
to addressing the other technical concerns and questions and clarifying potential downsides of this
approach.

We are committed to providing a fair and constructive peer-review process. Do not hesitate to contact
us if there are specific requests from the reviewers that you believe are technically impossible or
unlikely to yield a meaningful outcome.

When revising your paper:

* include a point-by-point response to the reviewers and to any editorial suggestions



natureresearch

* please underline/highlight any additions to the text or areas with other significant changes to facilitate
review of the revised manuscript

* address the points listed described below to conform to our open science requirements

* ensure it complies with our general format requirements as set out in our guide to authors at
www.nature.com/naturemethods

* resubmit all the necessary files electronically by using the link below to access your home page
[Redacted] This URL links to your confidential home page and associated information about manuscripts

you may have submitted, or that you are reviewing for us. If you wish to forward this email to co-
authors, please delete the link to your homepage.

We hope to receive your revised paper within three months. If you cannot send it within this time,
please let us know. In this event, we will still be happy to reconsider your paper at a later date so long as
nothing similar has been accepted for publication at Nature Methods or published elsewhere.

OPEN SCIENCE REQUIREMENTS

REPORTING SUMMARY AND EDITORIAL POLICY CHECKLISTS
When revising your manuscript, please update your reporting summary and editorial policy checklists.

Reporting summary: https://www.nature.com/documents/nr-reporting-summary.zip
Editorial policy checklist: https://www.nature.com/documents/nr-editorial-policy-checklist.zip

If your paper includes custom software, we also ask you to complete a supplemental reporting
summary.

Software supplement: https://www.nature.com/documents/nr-software-policy.pdf
Please submit these with your revised manuscript. They will be available to reviewers to aid in their

evaluation if the paper is re-reviewed. If you have any questions about the checklist, please see
http://www.nature.com/authors/policies/availability.html or contact me.
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Please note that these forms are dynamic ‘smart pdfs’ and must therefore be downloaded and
completed in Adobe Reader. We will then flatten them for ease of use by the reviewers. If you would
like to reference the guidance text as you complete the template, please access these flattened versions
at http://www.nature.com/authors/policies/availability.html.

IMAGE INTEGRITY

When submitting the revised version of your manuscript, please pay close attention to our <a
href="https://www.nature.com/nature-research/editorial-policies/image-integrity">Digital Image
Integrity Guidelines</a> and to the following points below:

-- that unprocessed scans are clearly labelled and match the gels and western blots presented in figures.
-- that control panels for gels and western blots are appropriately described as loading on sample
processing controls

-- all images in the paper are checked for duplication of panels and for splicing of gel lanes.

Finally, please ensure that you retain unprocessed data and metadata files after publication, ideally
archiving data in perpetuity, as these may be requested during the peer review and production process
or after publication if any issues arise.

DATA AVAILABILITY

We strongly encourage you to deposit all new data associated with the paper in a persistent repository
where they can be freely and enduringly accessed. We recommend submitting the data to discipline-
specific and community-recognized repositories; a list of repositories is provided here:
http://www.nature.com/sdata/policies/repositories

All novel DNA and RNA sequencing data, protein sequences, genetic polymorphisms, linked genotype
and phenotype data, gene expression data, macromolecular structures, and proteomics data must be
deposited in a publicly accessible database, and accession codes and associated hyperlinks must be
provided in the “Data Availability” section.

Refer to our data policies here: https://www.nature.com/nature-research/editorial-policies/reporting-
standards#availability-of-data

To further increase transparency, we encourage you to provide, in tabular form, the data underlying the
graphical representations used in your figures. This is in addition to our data-deposition policy for
specific types of experiments and large datasets. For readers, the source data will be made accessible
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directly from the figure legend. Spreadsheets can be submitted in .xls, .xIsx or .csv formats. Only one (1)
file per figure is permitted: thus if there is a multi-paneled figure the source data for each panel should
be clearly labeled in the csv/Excel file; alternately the data for a figure can be included in multiple,
clearly labeled sheets in an Excel file. File sizes of up to 30 MB are permitted. When submitting source
data files with your manuscript please select the Source Data file type and use the Title field in the File
Description tab to indicate which figure the source data pertains to.

Please include a “Data availability” subsection in the Online Methods. This section should inform readers
about the availability of the data used to support the conclusions of your study, including accession
codes to public repositories, references to source data that may be published alongside the paper,
unique identifiers such as URLs to data repository entries, or data set DOls, and any other statement
about data availability. At a minimum, you should include the following statement: “The data that
support the findings of this study are available from the corresponding author upon request”, describing
which data is available upon request and mentioning any restrictions on availability. If DOIs are
provided, please include these in the Reference list (authors, title, publisher (repository name),
identifier, year). For more guidance on how to write this section please see:
http://www.nature.com/authors/policies/data/data-availability-statements-data-citations.pdf

MATERIALS AVAILABILITY
As a condition of publication in Nature Methods, authors are required to make unique materials
promptly available to others without undue qualifications.

Authors reporting new chemical compounds must provide chemical structure, synthesis and
characterization details. Authors reporting mutant strains and cell lines are strongly encouraged to use
established public repositories.

More details about our materials availability policy can be found at https://www.nature.com/nature-
portfolio/editorial-policies/reporting-standards#availability-of-materials

**Please add a supplementary protocol**

SUPPLEMENTARY PROTOCOL

To help facilitate reproducibility and uptake of your method, we ask you to prepare a step-by-step
Supplementary Protocol for the method described in this paper. We <a
href="https://www.nature.com/nature-research/editorial-policies/reporting-standards#protocols"
target="new">encourage authors to share their step-by-step experimental protocols</a> on a protocol
sharing platform of their choice and report the protocol DOI in the reference list. Nature Research's
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Protocol Exchange is a free-to-use and open resource for protocols; protocols deposited in Protocol
Exchange are citable and can be linked from the published article. More details can found at <a
href="https://www.nature.com/protocolexchange/about"
target="new">www.nature.com/protocolexchange/about</a>.

ORCID

Nature Methods is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ on published
papers create and link their Open Researcher and Contributor Identifier (ORCID) with their account on
the Manuscript Tracking System (MTS), prior to acceptance. This applies to primary research papers
only. ORCID helps the scientific community achieve unambiguous attribution of all scholarly
contributions. You can create and link your ORCID from the home page of the MTS by clicking on
‘Modify my Springer Nature account’. For more information please visit please visit <a
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>.

Please do not hesitate to contact me if you have any questions or would like to discuss these revisions
further. We look forward to seeing the revised manuscript and thank you for the opportunity to
consider your work.

Sincerely,
Rita

Rita Strack, Ph.D.
Senior Editor
Nature Methods

Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

This manuscript describes a new approach to multiplex CLIP analysis. Such an approach is extremely
valuable to the community and will greatly enhance the comparative analysis of RNA binding proteins.
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The data presented do a good job of demonstrating overall robustness of the approach, however, it
would be useful for the authors to comment on a few additional points to guide researchers who might
want to use this method.

First, what is the limitation in accessing/developing barcoded antibodies.

Secondly, in the data obtained in this study, do the authors observe any bias in the sequence of reads
that is efficiently ligated to the barcodes? In other words, are certain terminal residues or sequence
features over or under-represented in the RNA-Seq output?

Third and finally, in their comparison to eCLIP data the authors downsample the eCLIP data, presumably
because the read depth for any individual RBP is less as one multiplexes samples. Can the authors say
something about how much information is lost by the reduced read-depth and there is a guideline for
what the cost/benefit is in how many or which RBPs are sampled at the same time (i.e. should one
match expression-levels or specificity of binding? How many reads per RBP is needed to assume
representative coverage of binding sites?)

Reviewer #2:

Remarks to the Author:

The authors report an update of the eCLIP protocol with proximity RNA adaptor ligation, to address
issues of reproducibility with a significant reduction of hands-on time and scalability. The main asset of
this protocol is the capacity to multiplex and the aggregated processing of samples. This method is a
very welcome addition to the variety of *CLIP protocols with potential for high impact and use in a
variety of applications. The method was performed and benchmarked on well-binding classical RNA-
binding proteins RBFOX2 and SLBP and scalability tested on multiple RBPs with known target regions.
Although the work is of great importance and the underlying idea is very interesting, it unfortunately
lacks scientific controls and proper benchmarking.

1) Controls

The original eCLIP method underlies vast background noise and variation which was controlled by size-
matched input (SMI) controls. SMI controls display complex and non-linear background behaviour (see
lincRNAs like MALAT1, snoRNAs etc). This study infers through the elimination of SDS-PAGE size
selection, transfer, etc. background issues are resolved and that RNA-seq can be used for normalisation
which leads to target selection. Unfortunately, the authors must understand that this claim along with
removal of all traditional controls together with a limited amount of replicates is worrisome and needs
to be addressed. It is not given that total RNA-seq is an appropriate control, this must be discussed and
supported by scientific observations in a reasonable amount of replication.
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Therefore | would like to raise following questions:

Does ABC-IPs contain any enrichment of special RNAs like tRNA, lincRNAs (like MALAT1), snoRNAs?
What is the list of 100 top targets in SLBP-ABC (Figure 1G)? SLBP and RBFOX2 are extremely established
CLIP RBPs. Why do stem-loops containing histone genes are not top hits for one replicate? What are the
other targets? Which RNAs and RNA types were removed in the preprocessing of the analysis?

How many of eCLIP IP peaks which were removed using SMI controls are also found in ABC-CLIP?
Alternatively, a comparison of peaks detected in SMI, IP and ABC could be done. Another approach
would be to remove all Histone Genes from ABC-CLIP and display a correlation (including non-coding
RNAs!).

2) Why did the authors exclude any controls for antibody specificity? No crosslink or 1gG controls? Why
do the authors assume that barcoded antibodies do not needed to be controlled for?

3) The normalisation with RNA-seq is not appropriately documented and described. Git repository
https://github.com/algaebrown/oligoCLIP.git does not exist.

4) The original eCLIP protocol has known chemistry issues with adapter oligorimerization which was
bioinformatically dealt with a second trimming step. The proximity ligation incidentally should deal with
this issue. Please confirm that those issues do not arise with ABC CLIP.

5) Replicates

Unfortunately, the *CLIP field displays bad scientific practice using a minimal amount of replicates. False
positives due to biological variation can only be appropriately controlled for with biological replicates.
There is hardly proof to support the authors claims to minimize sample-to-sample variation, it definitely
cannot be judged using duplicates which yet allone display vast differences in library sizes. Analysing
each replicate individually, specially with different library sizes, and then (eventually) overlapping is a
guestionable practice, especially with issues listed in 1. Practices from ChIP-seq are not necessarily
appropriate for CLIP, because CLIP background is dependent on transcript level and unknown effects
from crosslinking or other steps.

Also, this leads to confusion what data and binding sites were used in Figure 1D. Ideally, an analysis of
RBP binding sites should lead to a list of binding sites with a measure of confidence along with a
measure of effect size. Peak callers like PureCLIP can work with replicates and controls would provide
you with such measures.

Due to the nature of comparing ABC-CLIP to eCLIP and to make analysis comparable, | would suggest to
leave analysis with CLIPPER as is and to appropriately report methods, scripts and show all raw data of
replicates (Figure 2A, D) and label them appropriately.
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Furthermore provide a third replicate along a proper statistical analysis of sample-to-sample variability
for ABC-CLIP.

6) Can denovo motifs be found for other benchmarked RBPs? A novel method should be benchmarked
thoroughly. RBFOX2 and SLBP are exceptionally simple CLIP proteins compared to the rest of ENCODE’s
eCLIP data sets. Additional RBPs should be benchmarked thoroughly.

7) How do the authors explain the vast differences in library sizes? A third replicate might help
estimating the variances.

8) Suppl Fig. 6. Explain Overlap with RNAseq.
Pearson Correlation is not a great measure, as displayed in the scatter plot. Maybe OLOGRAM between
all libraries would be a better measure.

9) Suppl Fig 8 C&D
Also display singleplex repl vs rep2 and multiplex repl vs rep2 to get an estimate of variance within the
group compared to across group.

10) In Figure 1 it is not clear if the two datasets presented for ABC and eCLIP do
represent two biological replicates or the two different cell lines. It is not specified to

which cell line the data in Figure 1 belongs to. Same for supplementary Figures 1 and 2.

11) Anti Body
Does the antibody barcoding effect the efficiency of the anti body? Is the barcoding site consistent?

12) In the initial ENCODE eCLIP release, to my knowledge, CLIPPER’s Poisson filter settings were altered.
If you compare ABC to ENCODE's releases, make sure that differences in settings are transparent.

13) Please show eCLIP results of the analysis performed in S2B in addition to ABC data.

14) Can the authors please expand on where the differences between ABC and eCLIP
observed in Fig 1D come from?

15) Figure 2E. The overlap between the ABC and eCLIP profiles of FAM120A is not very consistent. Can
the authors discuss potential reasons for this result?

16) Materials and methods: Could the authors please be more specific in the passage on the use of
MyOne Silane beads for clean-up.
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17) An in-depth description of gPCR quantification and library amplification
should be provided.

18) The difference between the input versus internal normalization is very important.
Could the information please be moved from supplemental note 2 to the main text?
In addition, please cite the source of the RNA-seq data used for input control. Could
the authors specify how important the internal normalization is? In case ABC is used
in a non-multiplexed set up, is the Input normalization using RNA-seq sufficient and
comparable to the use of an SMI control in eCLIP (in this case missing internal
normalization)?

-) Supplemental Table 1:

Please report a table with number of reads, number of reads after adapter trimming, average sizes of
libraries, number of reads discarded by RepBase alighnment, and number of reads aligned, number of
reads deduplicated etc.

Typo: reoved -> remove

-) “comparable read density between ABC and eCLIP at RBFOX2"” Is there a statistical measurement?
-) Supplementary Figure 1: Please show the same plot for SLBP

-) Change labels of plots from “ENCODE” to “eCLIP” or “ENCODE eCLIP”

-) Label the replicates in plots

-) Supplemental Fig. 4: IDR pekas

-) Make Figure 1C and 1E comparable: Percentage or Fraction, change order

-) Figure 1F, mean relative information: explain

RBFOX2 and SLBP are great binders, better than most of ENCODE Il eCLIP libraries and have rather a
better

-) Check numbering of supplementary figures in Text

-) Please specify if the data in Figure 1 was derived from multiplexed or separately

processed samples.

-) The authors should stay consistent in the order they present their results. Please

start with either the eCLIP or the ABC data (see Fig 1 B/E vs C/D).

Reviewer #3:

Remarks to the Author:

The authors describe an innovative approach for cross-linking immunoprecipitation (CLIP) of RNA-
binding proteins (RBPs) using DNA barcoded antibodies. Using this approach, several RBPs can be IPed in
parallel, and the authors show evidence that it works to similar efficiency as previously established eCLIP

9
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or related methods. Furthermore, the tedious step for separation of crosslinked conjugates on SDS-gels
and recovering those complexes from nitrocellulose membranes is left-out, which makes the entire
procedure more efficient and less-prone to researcher’s bias. While the latter has been implemented in
other related methods, this work adds further evidence that this tedious step may not be necessary.

Overall, ABC is an interesting method that will certainly attract the interest of many researchers. The
manuscript is well written, concise, and comes straight to the point. Some of the key inventions though
could need a more detailed description on the methodological aspects and procedures for optimization
could be described. Some references to controls could also be included

Specific points:

1. The methodology section should be expanded and include all ‘numbers’ in regard of amounts of
reagents, volumes and concentrations across all steps. For instance, how many cells were used in the
assay? Concentration of extract used for IPs (ODs/protein amout).

2. Related to above, the authors should add more details regarding the protocol such as speed of
rotating, if mixing is required or not during RNase | digest, etc. It may be helpful to the reader to be
given a detailed step-by-step procedure in the Supplement.

3. Barcoding antibodies: This is a key feature of the protocol but information for this step is limited. One
wonders about the efficiency of barcoding of antibodies? Have the oligos and proteins been titrated and
how is the efficiency of barcoding evaluated? What type of controls should be included?

4. What are the limitation of ABC? Besides the obvious advantages, the authors should discuss
limitations of the technique. This may including barcoding problems, specificity of the antibodies and
omitting the gel-separation step.

5. Fig. 1a. The antibodies are barcoded prior to IP. However, the figure scheme suggests the reverse.
This should be modified to follow the experimental procedure.

‘ Author Rebuttal to Initial comments

10
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Responses to Reviewer #1:

Remarks to the Author:

This manuscript describes a new approach to multiplex CLIP analysis. Such an approach is
extremely valuable to the community and will greatly enhance the comparative analysis of RNA
binding proteins.

The data presented do a good job of demonstrating overall robustness of the approach,
however, it would be useful for the authors to comment on a few additional points to guide
researchers who might want to use this method.

We thank the reviewer for recognizing that the approach is “extremely valuable to the
community” and will “greatly enhance the comparative analysis of RNA binding proteins.”

First, what is the limitation in accessing/developing barcoded antibodies.

Barcoding of antibodies itself is simple, there are multiple working protocols. To help readers
with their own barcoding, in our revised manuscript we describe clear steps for barcoding
antibodies in the Methods section (copied below for the reviewer). In our experience, we have
found that the major bottleneck to working antibodies for RBPs are that they have to be IP-
grade in CLIP wash conditions (Sundararaman et al. 2016). Once users have an IP-grade
antibody in hand, barcoding them should not be challenging.

“Qligo Barcoding Prep:

100 pl of 100 pM oligo barcode (IDT) in PBS and 10 pl of 10 mM azide-NHS (Click Chemistry
Tools cat# 1251-5) in DMSO were rotated at room temperature for two hours. Unreacted azide
was removed by buffer exchanging into PBS using Zeba desalting columns (Thermo cat# 89883)
following the manufacturer's protocol. Azide labeled barcodes were stored at -20°C.

Antibody Barcoding:

20 pg of antibodies were diluted to 70 pL in PBS (enough for 4 IPs), and the buffer was exchanged
into PBS using Zeba desalting columns following the manufacturer's protocol. 10 pL of 10 mM
DBCO-NHS (Click Chemistry Tools cat# A134-10) was then added to the antibodies and allowed
to rotate at room temperature for one hour {Lovci et al. 2013). Unreacted DBCO-NHS was
removed by buffer exchanging into PBS using Zeba desalting columns and stored at 4°C.

6.65 pL azide containing barcodes were then reacted with all the DBCO labeled antibodies (~70
pL). Make sure to note which barcode is attached to each antibody. The mixture was allowed to
rotate overnight at room temperature. Labeled antibodies were stored at 4°C and assumed to
be 20 pg and used as is.”

Secondly, in the data obtained in this study, do the authors observe any bias in the sequence of
reads that is efficiently ligated to the barcodes? In other words, are certain terminal residues or
sequence features over or under-represented in the RNA-Seq output?

11
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To address this question, we first clarify the read structure with a new panel in supplementary
Fig. 1B. Due to the presence of the UMI between the barcode sequences and the RNA insert,
the barcode sequence itself is unlikely to produce a ligation bias. We have clarified this to
readers by adding "The UMI was designed to be between the barcode sequence and RNA
insert to avoid any ligation bias due to defined barcode sequences. " to the figure legend.

To assure the reviewer that this was investigated, we sampled 10,000 reads from both eCLIP
and ABC libraries, and selected the sequences at the 5" and 3" end. As shown in Reviewer Fig.
1 (A,B) below, compared to RBFOX2 eCLIP, RBFOX2 ABC (singleplex) shows a very minor
GC-bias towards the read end, while for eCLIP the 3' end (5' end of read 2) show a slight bias in
T-rich sequences but these are extremely small differences. To further attest that the barcode
itself introduces no ligation biases, we compared RBFOX2 and IGF2BP2, which are prepared in
the same library, but uses a different barcode. From Reviewer Fig. 1 (C,D), both libraries show
the same GC preferences. Based on the above analysis and our design of the read structure,
we are certain that barcodes are unlikely to produce biases in the data.

Reviewer Figure 1
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Third and finally, in their comparison to eCLIP data the authors downsample the eCLIP data,
presumably because the read depth for any individual RBP is less as one multiplexes samples.

12
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Can the authors say something about how much information is lost by the reduced read-depth
and there is a guideline for what the cost/benefit is in how many or which REPs are sampled at
the same time (i.e. should one match expression-levels or specificity of binding? How many
reads per RBP is needed to assume representative coverage of binding sites?)

The reason we downsampled the eCLIP data was because in multiplexed ABC, the RBPs
expectedly yielded different numbers of sequencing reads, that is likely due to differences in the
expression and availability of the RMA substrates to crosslinking and the variation in efficiency
of the different antibodies for IP. Keep in mind that we can always sequence deeper unless
there's unusually poor representation by one or two RBPs in the multiplex. Then it makes sense
to run those RBPs on their own (which is also feasible by ABC). To be fair, as this is the first
time we (as a field) are multiplexing CLIPs, we are still leamning about which RBPs are best
sampled at the same time and some aspect of this is best empirically defined. In previous
papers (Van Nostrand et al. 2016, 2020) we had computed marginal increase in information
versus marginal increase in sequencing depth which we can compute for each RBP, however
we do note that we often do not reach the depth of sequencing required for full saturation of all
binding sites, but sufficient depth such that we gain molecular and functional insights which are
the goals for most of the published studies. Therefore, in this study we elected to keep our
sequencing depth in-line with current ENCODE standards and aimed for ~25 million reads per
barcode for the total pool. To help clarify these points we have added the following to the main
text as well as added Supplementary Note 2:

“As each antibody in a multiplexed reaction immunoprecipitates different amounts of protein-
RMA targets due to factors such as protein expression and expression levels of RNA targets, we
expectedly observe non-uniform coverage across barcodes. For a fair comparison, we
computationally downsampled the uniquely mapping eCLIP reads to the same sequencing
depth as the demultiplexed ABC libraries (Supplementary Table 2, Supplementary MNote 2)."

“Following eCLIP guidelines, libraries were sequenced at ~25 million reads per barcode (ie 250
million reads for a 10 plex).”

“Supplementary Note 2. Guidance for pooling and sequencing depth

We have observed varying amounts of reads assigned to each barcode, despite pooling an equal
number of beads and antibodies. This is likely due to each RBP having varying levels of
expression, expression of a given RBP's target RNAs, and the effectiveness of the IP antibody
for that RBP. Future users should be mindful that antibodies need to be CLIP grade and, at this
time, we suggest empirically tested and adjusted if equal coverage is required. Based on
eCLIP/ENCODE guidelines we found that sequencing each sample following the formula (# of
barcodes X 25 Million reads) provided sufficient depth of each RBP to recover their known
biclogical binding preferences. However, for many RBPs this is insufficient depth to reach
complete saturation of binding sites. Each RBF will have to be empirically tested to determine the
correct sequencing depth to reach complete saturation.”

Responses to Reviewer #2:
Remarks to the Author:

13
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The authors report an update of the eCLIP protocol with proximity RNA adaptor ligation, to
address issues of reproducibility with a significant reduction of hands-on time and scalability.
The main asset of this protocol is the capacity to multiplex and the aggregated processing of
samples. This method is a very welcome addition to the variety of *CLIP protocols with potential
for high impact and use in a variety of applications. The method was performed and
benchmarked on well-binding classical RNA-binding proteins RBFOX2 and SLBP and scalability
tested on multiple RBPs with known target regions. Although the work is of great importance
and the underlying idea is very interesting, it unfortunately lacks scientific controls and proper
benchmarking.

We thank the reviewer for recognizing the importance and interest in the idea and we address
his/her concems on benchmarking and controls here.

1) Controls

The original eCLIP method underlies vast background noise and variation which was controlled
by size-matched input (SMI) controls. SMI controls display complex and non-linear background
behaviour (see lincRNAs like MALAT1, snoRNAs etc). This study infers through the elimination
of SDS-PAGE size selection, transfer, etc. background issues are resolved and that RNA-seq
can be used for normalisation which leads to target selection. Unfortunately, the authors must
understand that this claim along with removal of all traditional controls together with a limited
amount of replicates is worrisome and needs to be addressed. It is not given that total RNA-seq
is an appropriate control, this must be discussed and supported by scientific observations in a
reasonable amount of replication.

We agree with the reviewer that it is not a given that total RNA-seq is an appropriate control. We
also agree that the original eCLIP/CLIP methodologies come with background noise and
variation that the size-matched input (SMI) control we introduced (Van Nostrand 2016 Nature
Methods) helped address. In fact, we want to be careful to remind ourselves and the reviewer
that the utility of SMI is really in prioritizing binding sites of a given RBP that are enriched for
that RBP over other RBPs (matched in the same size on the SDS-PAGE gel). The enrichment
score (IP over SMI) is really “a rank-based metric for specificity of binding” (see Fig. 3 of our
review (Wheeler, Van Nostrand, and Yeo 2018) explaining this at depth)). To this end, if there
are sufficient numbers of eCLIP/CLIP datasets that we can use as background against specific
RBPs being interrogated, interestingly, they functionally serve the same role as the SMI
experiment.

Therefore | would like to raise following questions:

Does ABC-IPs contain any enrichment of special RNAs like tRNA, lincRNAs (like MALAT1),
snoRNAs? What is the list of 100 top targets in SLBP-ABC (Figure 1G)? SLEP and RBFOX2
are extremely established CLIP RBPs. Why do stem-loops containing histone genes are not top
hits for one replicate? What are the other targets? Which RNAs and RNA types were removed
in the preprocessing of the analysis?

14
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We do observe highly abundant small RNA species including snoRNAs (about 5-10%) in ABC-
IPs (including SLBP ABC). These are also sometimes observed in CLIP/parCLIP/eCLIP IPs as
these highly abundant small RNAs sometimes survive the wash, membrane and transfer steps.
But the SMI control normalizes these out as experimental background and prioritizes the binding
sites most specific for the RBP of interest. For ABC, when we either normalize SLBP (for
example) to the complement control (CC) which is the other RBPs in the 10-plex OR SLBP
eCLIP SMI, the ranking of histone genes among the top 100 ranked targets are comparable to
eCLIP (with SMI normalization). We have now depicted this very clearly with a new
Supplementary Fig. 8E panel. We have also included the same ENCODE thresholds for
retaining enriched peaks with p<0.001 and 8-fold enrichment over background (CC, SMI or
RNA-seq). We also updated our previous notion in the revised manuscript to indicate that RNA-
seq is less superior to CC or SMI as a way to rank-prioritize binding sites. We have also
included the list of top 100 genes for SLEP ABC and eCLIP in the Supplementary Table 1.

New Supplementary Figure 8E
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We add text in our revised manuscript to clarify these points, including:

“Interestingly, when all the RBPs in the multiplex set (which did not contain SLBP) were used as
the CC in analysis of the SLBP singleplex experiment, peaks in histone peaks are prioritized
higher in rank, compared to using RNA-seq as background {Supplementary Fig. 8D & E)."
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How many of eCLIP IP peaks which were removed using SMI controls are also found in ABC-
CLIP? Alternatively, a comparison of peaks detected in SMI, IP and ABC could be done.
Another approach would be to remove all Histone Genes from ABC-CLIP and display a
correlation (including non-coding RNAs!).

We would like to thank the reviewer for suggesting this analysis. Comparing the ABC peaks
ranked by different methods to eCLIP IP peaks removed using SMI revealed that ranking peaks
for RBF specificity using a simple non-parametric statistic such as a chi-square test works very
well (new Supplementary Fig. 8B & C). For most ABC 10-plex libraries, RNA-seq normalized
peaks contain more peaks that are removed by SMI in eCLIP. Peaks prioritized by complement
control show a lower percentage of SMI-removed peaks. This indicates that RMNA-seq is less
effective compared to either using SMI which accounts for the background introduced by the
CLIP protocol, or using CC as a rank-based metric for RBP specificity.

New Supplementary Fig. 8B & C
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2) Why did the authors exclude any controls for antibody specificity? No crosslink or 1gG
controls? Why do the authors assume that barcoded antibodies do not needed to be controlled
for?

We successfully deconvoluted our 10 RBPs from the multiplex ABC experiments (from the
same tube) and showed that the binding sites compared well with published eCLIP experiments.
This demonstrated that the specificity of the antibodies (post-barcoding) remained intact.
However, to further demonstrate that barcoding does not affect IP efficiency, we have now
included a western blot of a RBFOX2 IP with and without barcoding that indicates essentially no
difference in IP efficiency (newly Supplementary Fig. 2 and also in Methods).

New Supplementary Fig. 2
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ABC utilizes optimized UV, IP and wash conditions from the eCLIP protocol, and previous
eCLIP studies had already demonstrated these wash conditions enable efficient library
preparation when UV is used to crosslink the RBP to RNA. But to address the reviewer's
concern about whether UV was necessary for barcoded antibodies, we have now performed a
library prep (RBFOX2) with and without UV crosslinking and observed a 5 cycle improvemeant by
gPCR with UV, confirming expectedly that crosslinking is necessary in these conditions.

We have updated to text to reflect these experiments with the following addition:

“After observing no change in IP efficiency after antibody barcoding (Supplementary Fig. 2) single-
plex ABC experiments for RBFOX2 were performed in duplicate in HEK293T cells.”

“Complexity was dependent on UV crosslinking as a no UV control displayed a 32-fold decrease
in library yield by gPCR."”

3) The normalisation with RNA-seq is not appropriately documented and described. Git
repository https://github.com/algaebrown/oligoCLIP .qit does not exist.

We apologize for not ensuring the Git repository (https://github.com/algaebrown/oligoCLIF) was

public and complete prior to submission, we have ensured that everything is now up to date. We
have since added several new methods to our Git repository that we believe will be useful for
the community. In particular, the complement control is conducted in rules/chi.py. Normalization
to another library (RNA-seq/SMI) is conducted in rules/Snake_CLIPper.py. Both submodules
are called in Snake_PeakMain.py that orchestrates anything from bam to different kinds of
normalization._Additionally, we added a new section to the Methods section to further detail our
normalization strategies.

4) The original eCLIP protocol has known chemistry issues with adapter oligorimerization which
was bicinformatically dealt with a second trimming step. The proximity ligation incidentally
should deal with this issue. Please confirm that those issues do not arise with ABC CLIP.
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The adapter oligorimerization can still be an issue for ABC due to the ssDNA ligation step.
However, we designed our oligo to contain a blocking modification to prevent this. Out of an
abundance of caution, we did still computationally remove adapters twice, with the second time
removing adapters from ~1% of reads compared to 40% on the initial pass for the first 10-plex
replicate.

5) Replicates

Unfortunately, the *CLIP field displays bad scientific practice using a minimal amount of
replicates. False positives due to biological variation can only be appropriately controlled for
with biological replicates. There is hardly proof to support the authors claims to minimize
sample-to-sample variation, it definitely cannot be judged using duplicates which yet allone
display vast differences in library sizes. Analysing each replicate individually, specially with
different library sizes, and then (eventually) overlapping is a questionable practice, especially
with issues listed in 1. Practices from ChlP-seq are not necessarily appropriate for CLIP,
because CLIP background is dependent on transcript level and unknown effects from
crosslinking or other steps.

We have removed our claim about sample-to-sample variation that was based on improved
Pearson correlation values between ABC and eCLIP replicates (Supplementary Fig. 9,
Compare columns ABC-other rep and eCLIP-other rep)

Also, this leads to confusion what data and binding sites were used in Figure 1D. Ideally, an
analysis of RBP binding sites should lead to a list of binding sites with a measure of confidence
along with a measure of effect size. Peak callers like PureCLIP can work with replicates and
controls would provide you with such measures.

We apologize for the confusion with Figure 1D. To add clarity around how the binding sites were
determined we have updated the methods section to include “We retain binding sites that satisfy
ENCODE thresholds (p-value < 0.001 and greater than 8-fold change.” As requested, the Gene
Expression Omnibus(GEO) contains a table/list of all binding sites with their p-values
(confidence) and fold-change (effect size).

We attempted to utilize PureCLIP but its long run time (running more than 24 hours with 4
processors) is impractical and not scalable with multiplex ABC datasets. In addition, PureCLIP
currently only supports 2 replicates. We are developing new algorithms and software packages
to support high numbers of replicates that can run scalably for much larger datasets,
anticipating easy and widespread adoption of ABC, but that is currently not in the current scope
(and time) of this Methods-based Brief Communications.

Due to the nature of comparing ABC-CLIP to eCLIP and to make analysis comparable, | would

suggest to leave analysis with CLIPPER as is and to appropriately report methods., scripts and
show all raw data of replicates (Figure 2A, D) and label them appropriately.
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We agree with the reviewer and retain analyses with CLIPPER as is and we report methods,
scripts and show all raw data of replicates. Specifically, the raw (unfiltered) data for Figure 2D
can be found in Supplementary Fig. 5. To add clarity we have adjusted the row names from
“ABC™ to "ABC (raw)". Additionally, replicates were displayed for all figures except Figure 2A;
however, we have updated the figure legends to make this more explicit “Duplicates are
displayed adjacent to each other. ”. We elected to not show both replicates for Figure 2A
because it would then represent 40 different coverage files (2 10-plexes and 20 eCLIPs) and is
challenging to display and easily interpret. Since all the other figures in Figure 2, including 2D,
contain replicates and the fact that they show little deviation between identified RNA features
across replicates we feel keeping Figure 2A the same is best.

Furthermore provide a third replicate along a proper statistical analysis of sample-to-sample
variability for ABC-CLIP.

We have removed our claim around improving sample-to-sample variability. We would like to
point out that the current ENCODE eCLIP datasets are in duplicates, and we computed the
variation between these duplicates (Supplementary Fig. 9, Compare columns eCLIP-other rep).
Computing the variation with our ABC replicates reveals similarly high levels of correlation
(Supplementary Fig. 9, Compare columns ABC-other rep). Since both technologies had a high
degree of correlation, adding a 3rd replicate is unlikely to change conclusions about the
reproducibility of the method.

6) Can denovo motifs be found for other benchmarked RBPs? A novel method should be
benchmarked thoroughly. RBFOX2 and SLBP are exceptionally simple CLIP proteins compared
to the rest of ENCODE's eCLIP data sets. Additional RBPs should be benchmarked thoroughly.

We chose RBFOXZ2 and SLBP not because they are simple proteins to CLIP, but because they
are well validated RBPs (which have also been utilized as benchmarks in (Van Nostrand et al.
2016; Brannan et al. 2021). We did obtain de novo motifs for PRPF8 and SF3B4 (in an updated
Supplementary Fig. 7), but as the reviewer knows, not all REPs have clear primary sequence
maotifs. Therefore, when selecting these other RBPs that were previously analyzed by ENCODE,
we did not specifically pick proteins that had clear motifs but that their antibodies were of high IP
quality and that their binding sites represented well defined regional preferences within genes
that highlighted their molecular function.

7) How do the authors explain the vast differences in library sizes? A third replicate might help
estimating the variances.

We appreciate the reviewer’s attention to detail. Even though ABC contains fewer steps than
eCLIP it is still a complex multi-day protocol and producing libraries with the same depth is
challenging. There are many factors such as quantification, pooling and clustering efficiency
between samples run on the same flow cell that can alseo affect final library depth. Finally,
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because ABC's sequencing ratio is dependent on the library of each IP, even if the total library
of an ABC experiment is normalized, barcodes within each library may vary. It is our opinion that
overall, ABC does not exhibit any more variation between libraries than eCLIP. Evidence of this
is below with a table containing examples of ENCODE approved libraries and their variation.
However, our observations are that the datasets remain pertinent in extracting robust and
consistent biclogical signals (ie. motifs, metagene distributions).

Repl Rep2

RBP ct unique reads ct unique reads

PUS1 17.379374 555685 14.588949 | 2107550

HNRNPA1 | 9.850755 7249403 10.994613 | 3058146

PABPC4 | 14.477744 | 3869736 17.873786 | 888808

8) Suppl Fig. 6. Explain Overlap with RNAseq.
Pearson Correlation is not a great measure, as displayed in the scatter plot. Maybe OLOGRAM
between all libraries would be a better measure.

We thank the reviewer for suggesting OLOGRAM; however, we have looked into the software
package and it appears to be a means of statistically determining the overlap between two set
of genomic regions. It is our opinion that the Pearson correlation values still represent a better
metric for comparing read counts inside peaks between replicates and RNA-seq as this not only
shows the number of overlapping peaks but the number of reads within that peak. Perhaps what
the reviewer is commenting on is that the correlation with RNA-seq is low. Given that RBPs
often do not bind all RNAs in a stoichiometric fashion to total RNA levels, this low correlation is
actually expected.

9) Suppl Fig 8 C&D
Also display singleplex rep1 vs rep2 and multiplex rep1 vs rep2 to get an estimate of variance
within the group compared to across group.

We have added these plots to now new Supplementary Fig. 10.
10) In Figure 1 it is not clear if the two datasets presented for ABC and eCLIP do
represent two biological replicates or the two different cell lines. It is not specified to

which cell line the data in Figure 1 belongs to. Same for supplementary Figures 1 and 2.

We apologize for the lack of clarity. The main text did include a statement that “Single RBP
replicate ABC experiments for both RBPs were performed in HEK293T and K562 cells,
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respectively,” for Fig. 1. However, in order to prevent further confusion we also updated the
figure legend to include a similar statement.

“g) Genome browser tracks showing binding sites of RBFOX2 and SLBP for duplicate ABC and
aCLIP experiments. Each panel is group normalized by RPM value. Replicate RBFOX2 data
was generated in HEK283T cells and SLBP data was generated from K562 cells.”

“Supplementary Fig. 3: The number of unigue molecules was estimated as a function of
sequencing depth. After randomly sampling uniquely mapped reads from ABC, eCLIP, and
iCLIP, we plot the number of uniquely mapped reads vs the number of usable reads. a)
RBFOX2 (HEK293) b) SLBP (K562)"

“Supplementary Fig. 4: a) Stacked bar plots of the total number of peaks localized to each RNA
feature from HEK293 cells. b) HOMER motif analysis of the significant peaks (P< 0.001 and =8-
fold change). Peaks were stratified by region (CDS, 3'UTR, proximal intron, or distal intron)."

11) Anti Body
Does the antibody barcoding effect the efficiency of the anti body? Is the barcoding site
consistent?

As stated earlier in our response, we have now included the IP western blot with and without
barcoding (new Supplementary Fig. 2). The barcoding does not seem to affect the efficiency of
the antibody in IP-ing the protein-RNA complexes. Our overall analysis of the ABC 10-plex and
single-plex with ENCODE eCLIP datasets confirm similarities in essentially all metrics we have
used, including motif preferences, positional preferences etc. All of which suggests the
barcodes yielded equivalent data.

New Supplementary Fig. 2
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The conjugation of the barcoding is on any lysine on the antibody, and we suspect this is not the
same site on every antibody for a given RBP. This is also true in CITE-seq and other oligo-
conjugation approaches but we do not see this as a major concern.

12} In the initial ENCODE eCLIP release, to my knowledge, CLIPPER's Poisson filter settings
were altered. If you compare ABC to ENCODE's releases, make sure that differences in
settings are transparent.

We appreciate the reviewers' knowledge of CLIPPER settings. To ensure this was not an issue
all data for this manuscript was processed with the same version of CLIPPER. We have
indicated in the methods the release version of CLIPPER 2.1.2 and by default the Poisson
distribution is fit with "--supralocal’

13) Please show eCLIP results of the analysis performed in 52B in addition to ABC data.
We have updated 52B, now S4B, to contain the eCLIP matif.

14) Can the authors please expand on where the differences between ABC and eCLIP
observed in Fig 1D come from?

The numbers of ABC and eCLIP sites with corresponding changes once we overlapped with the
KD RNA seq datasets are small. Therefore, when calculating the odds ratio we observed a
minor increase in the background, for example 0 to 1 overlap, would cause a significant change
in the odds ratio value. To help clarify that these technologies are detecting comparable
functional RBFOX2 sites we also included the total number of sites detected.

15) Figure 2E. The overlap between the ABC and eCLIP profiles of FAM120A is not very
consistent. Can the authors discuss potential reasons for this result?

We believe this inconsistency is due to the difference in total number of peaks. FAM120A
produced the second most number of peaks, =2x that of other 3" UTR RBPs, because of this the
chances of these peaks overlapping with other 3" UTR binding RBPs is higher. We have
improved our filtering with ENCODE guidelines, to only include peaks that have a greater than
8-fold enrichment, throughout all figures, which has minimized these differences. Additionally, to
confirm this was not due to our complement control normalization we plotted the same figure
with RNA-seq normalizations and observed the same trend.

16) Materials and methods: Could the authors please be more specific in the passage on the
use of MyOne Silane beads for clean-up.

We have updated the methods to include a section on RT clean-up using the Silane beads.
“RT Cleanup:

MyOne Silane beads were prepared by adding 5 pl beads into a fresh tube containing 25 pl RLT
buffer + 0.01% Tween 20. The tube was placed on a magnet and supernatant removed and
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replaced with 93 pl RLT buffer + 0.01% Tween 20. 90 yl of beads were then added to the pH
neutralized RT cDNA and incubated at room temperature for 10 minutes. Beads were washed
with 300 pl of 80% ethanol twice. Following the last wash the beads were allowed to air dry until
the beads no longer appeared wet. The cDNA was then eluted in 2.5 pl ssDMNA ligation adapter
(50 pL 100 pM ABC i7primer, 60 pL DMSO, 140 pL Bead Elution Buffer) and heated to 70 °C for
2 minutes before being placed on ice.”

17) An in-depth description of gPCR quantification and library amplification
should be provided.

We have updated the methods to include more details around how gPCR quantification and
library amplification were performed.

“PCR Quantification:

1 pL cDNA was diluted with 10 pL water. 1 pL of the diluted cDNA was mixed with 2 pL of each
qPCR primer {(1.25mM in water) and 5 pL Luna gPCR Master Mix. Samples were processed on
a StepOnePlus System. Final libraries were amplified with dual index lllumina primers using Next
Ultra 1l Q5 Master Mix. If necessary to remove adapter dimers, libraries were run and extracted
from a 1-2% eGel using a Qiagen Gel Extraction kit. Library were quantified by Tapestation and
sequenced on an lllumina Nextseq 2000. Following eCLIP guidelines, libraries were sequenced
at ~25 million reads per barcode (ie 250 million reads for a 10 plex).”

18) The difference between the input versus internal normalization is very important.
Could the information please be moved from supplementary note 2 to the main text?

We have revised the following text and Supplementary Fig. 6 to help clarify.

New Supplementary Fig. 6
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We assume that for a given RBP, R,, that exists within the universe (U) of cell type (U,)
that a multiplex set (M) = [R,, R, ..., R] containing a number (i) of distinct RBPs will
serve as a complement (R’ as " approaches all possible RBPs (=). Hence, we define
using multiplexed RBPs as an input control as “complement control” (CC). Ideally, R,
should be within M,, however, this may not be necessary.

“To identify statistically significantly enriched peaks over background, the eCLIP protocol
incorporates a SMI control representing all RBP-RNA interactions (including the interrogated
REP) in the same migratory range on the gel and membrane to capture non-specific,
background RNAs. Peaks that satisfied thresholds of P<0.001 and were >8-fold higher over SMI
were deemed enriched peaks for that RBP. However, as ABC removed the gel and membrane
transfer steps, we reasoned that an alternative but related measure of the specificity for a RBP
on a binding site is achieved by leveraging the binding information from all (other) RBPs in the
multiplexed reaction as a “complement” control (CC, see Supplementary Fig. 8). To do so, we
computed the chi-square statistic from a 2x2 contingency table using the observed number of
reads within the region specified by a given RBP's peak, relative to the total number of reads for
that RBP, compared to the number of reads from the other nine RBPs within the same region,
relative to the total number of reads for those RBPs.”

In addition, please cite the source of the RNA-seq data used for input control.

We have updated the data availability section to include the citation for the RMA-seq data from
ENCODE.

‘Data Availability

All code for analysis is accessible here https://github.com/algaebrown/oligoCLIP.git. Data
available at GEO accession: GSE205536. ENCODE eCLIP IP, size matched inputs, and RNA-
seq were downloaded from https://www .encodeproject.orgl.”
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Could the authors specify how important the internal normalization is? In case ABC is used
in a non-multiplexed set up, is the Input normalization using RNA-seq sufficient and
comparable to the use of an SMI control in eCLIP (in this case missing internal
normalization)?

As we mentioned in an earlier response, we have added a new Supplementary Fig. 8 showing
that normalizing ABC experiments against other ABC experiments, now called complement
control, produced the best enrichment of annotated targets. In our initial single plex experiments
we do demonstrate that for SLBP, RNA-seq is able produce almost as good enrichment of
histone RNAs to SMI eCLIP (Fig. 1G).

-) supplementary Table 1:

Please report a table with number of reads, number of reads after adapter trimming, average
sizes of libraries, number of reads discarded by RepBase alignment, and number of reads
aligned, number of reads deduplicated etc.

We have included these in Supplementary Table 2.

Typo: reoved -> remove
Fixed

-) “comparable read density between ABC and eCLIP at RBFOXZ2" Is there a statistical
measurement?

We did not calculate the statistics for this site in particular, however, the Pearson
correlation between eCLIP and ABC is high across all peaks (Supplementary Fig. 9A).

-) Supplementary Figure 1: Please show the same plot for SLEP

We have now included the same plot for SLBP. However, we would like to comment that SLBP
is not an ideal RBP for measuring library complexity because it binds few targets. For example,
the one of the ABC SLBP libraries was less complex than eCLIP but still identified a similar
amount of histone RNAs (Supplementary Fig. 8D)

-) Change labels of plots from *ENCODE" to “eCLIP" or “ENCODE eCLIP"
Updated

-) Label the replicates in plots

Similar to our points around Fig. 2A. We believe that adding 40 (10 REPs X 2 technologies X 2
replicates) additional lines of text to each plot will make them harder to interpret. We have
however updated the figure legends to make the replicates more explicit. We do provide this
plot as Reviewer Fig. 2.
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-) supplementary Fig. 4: IDR pekas
Fixed

-) Make Figure 1C and 1E comparable: Percentage or Fraction, change order
Updated

-) Figure 1F, mean relative information: explain
RBFOX2 and SLBP are great binders, better than most of ENCODE IIl eCLIP libraries and have
rather a better

We have included the following section to the methods to help clarify Fig. 1F.

“Metagene analysis

Here we presented two types of metagene analysis, one with raw reads (Fig. 1F), the other ones
with significant peaks (Fig. 2C & D). For the raw read metagenes (Fig. 1F) we used a software
called Metadensity (hitps://github.com/YeoLab/Metadensity, manuscript in review) that calculates
the relative information content (RIC) of immunoprecipitated reads versus the
background(SMI/RNA-seq). Rl content here serves as an approximation of binding distribution in
the transcript. For each position { in a transcript, the fraction of reads truncated at each position
is compared to the fraction of truncation in background: RI = p;log(pi/qi). For Fig. 1F, we
calculated relative information content for every histone transcript, then averaged it.”

-) Check numbering of supplementary figures in Text
Updated
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-) Please specify if the data in Figure 1 was derived from multiplexed or separately
processed samples.
As mentioned before, we have updated the main text and figure legend to add clarity.

-) The authors should stay consistent in the order they present their results. Please
start with either the eCLIP or the ABC data (see Fig 1 B/E vs C/D).
We thank the reviewer for this suggestion and have opted to present ABC first before eCLIP.

Responses to Reviewer #3:

Remarks to the Author:

The authors describe an innovative approach for cross-linking immunoprecipitation (CLIP) of
RMA-binding proteins (RBPs) using DNA barcoded antibodies. Using this approach, several
RBPs can be |Ped in parallel, and the authors show evidence that it works to similar efficiency
as previously established eCLIP or related methods. Furthermore, the tedious step for
separation of crosslinked conjugates on SDS-gels and recovering those complexes from
nitrocellulose membranes is left-out, which makes the entire procedure more efficient and less-
prone to researcher’s bias. While the latter has been implemented in other related methods, this
work adds further evidence that this tedious step may not be necessary.

Ovwerall, ABC is an interesting method that will certainly attract the interest of many researchers.
The manuscript is well written, concise, and comes straight to the point. Some of the key
inventions though could need a more detailed description on the methodological aspects and
procedures for optimization could be described. Some references to controls could also be
included

We thank the reviewer for pointing out that the manuscript is “an interesting method that will
certainly attract the interest of many researchers” and is “well written, concise and straight to the
paint.

Specific points:

1. The methodology section should be expanded and include all ‘numbers’ in regard of amounts
of reagents, volumes and concentrations across all steps. For instance, how many cells were
used in the assay? Concentration of extract used for IPs (ODs/protein amout).

We apologize for the confusion. We had stated in the cross linking step that we used 10 million
cells per experiment. We have now restated that we used 10 million cells in the
immunoprecipitation step as well. Additionally, we have substantially updated the Methods
section to include all numbers.
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2. Related to above, the authors should add more details regarding the protocol such as speed
of rotating, if mixing is required or not during RNase | digest, etc. It may be helpful to the reader
to be given a detailed step-by-step procedure in the Supplement.

We have updated our Methods section to include more details throughout the protocol.
Specifically, our new paragraph(s) are highlighted in blue.

3. Barcoding antibodies: This is a key feature of the protocol but information for this step is
limited. One wonders about the efficiency of barcoding of antibodies? Have the oligos and
proteins been titrated and how is the efficiency of barcoding evaluated? What type of controls
should be included?

We thank the reviewer for their concern regarding the barcoded antibodies and would like to
refer them to the manuscript which we followed for barcoding as they address these questions (
((Wiener et al. 2020) reference 31)). We have now included the IP western blot with and without
barcoding (new Supplementary Fig. 2). The barcoding does not seem to affect the efficiency of
the antibody in IP-ing the protein-RNA complexes. Our overall analysis of the ABC 10-plex and
single-plex with ENCODE eCLIP datasets confirm similarities in essentially all metrics we have
used, including motif preferences, positional preferences etc. All of which suggests the
barcodes yielded equivalent data.

We have added this sentence in the text to help clarify this

“After observing no change in IP efficiency after antibody barcoding (Supplementary Fig. 2) single-
plex ABC experiments for RBFOX2 were performed in duplicate in HEK293T cells.”

New Supplementary Fig. 2
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4. What are the limitation of ABC? Besides the obvious advantages, the authors should discuss
limitations of the technique. This may including barcoding problems, specificity of the antibodies
and omitting the gel-separation step.
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We have updated the text to contain the following statement about pooling RBPs and its
limitations. Additionally because in the current iteration we removed the SDS-PAGE gel, ABC is
currently unable to resolve different banding patterns.

“We conclude that a single ABC library (from 1 tube) generates similar overall results to 10
separate eCLIP experiments (from 20 tubes), with the caveat that the coverage across the
different RBPs will be determined by antibody IP efficiency and expression levels.”

“‘Removal of the SDS-PAGE gel does prevent ABC from resolving higher-order protein-RNA
complexes that can be resolved by gel electrophoresis.”

5. Fig. 1a. The antibodies are barcoded prior to IP. However, the figure scheme suggests the
reverse. This should be modified to follow the experimental procedure.

Woe understand the confusion with regards to the initial scheme. However, this was partly by
design as the barcoding antibodies step does not need to be repeated for each experiment. To
address this concern we placed an asterisk in the figure with an updated figure legend
referencing that the barcode does need to be done prior to the [P but can be done in batches.
We additionally added a new Supplementary Fig. 1 showing this step as well as the
barcode/read structure.

“Figure 1
A) Schematic of ABC and eCLIP workflows. Yellow blocks highlight differences between
the two protocols. *30-nuclectide long oligonuclectide barcodes are conjugated to IP
grade antibodies using click-chemistry prior to immunoprecipitation (Supplementary
Figure 1A). The oligo then acts as the 3" adapter and undergoes proximity-based ligation
to RBP-protected RNA fragments bound to the IPed RBP allowing for bioinformatic
deconvolution from the sequence reads.”
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Decision Letter, first revision:

Dear Gene,
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Thank you for your chatting with me about how you plan to respond to the reviewer concerns regarding
your Brief Communication, "Multiplexed transcriptome discovery of RNA binding protein binding sites
by antibody-barcode eCLIP". As | mentioned, we have decided to invite you to revise your manuscript as
you have outlined, before we reach a final decision on publication.

Please do not hesitate to contact me if you have any questions or would like to discuss these revisions
further.

When revising your paper:
* include a point-by-point response to the reviewers and to any editorial suggestions

* please underline/highlight any additions to the text or areas with other significant changes to facilitate
review of the revised manuscript

* address the points listed described below to conform to our open science requirements

* ensure it complies with our general format requirements as set out in our guide to authors at
www.nature.com/naturemethods

* resubmit all the necessary files electronically by using the link below to access your home page
[Redacted] This URL links to your confidential home page and associated information about manuscripts

you may have submitted, or that you are reviewing for us. If you wish to forward this email to co-
authors, please delete the link to your homepage.

We hope to receive your revised paper within one month. If you cannot send it within this time, please
let us know. In this event, we will still be happy to reconsider your paper at a later date so long as
nothing similar has been accepted for publication at Nature Methods or published elsewhere.

OPEN SCIENCE REQUIREMENTS

REPORTING SUMMARY AND EDITORIAL POLICY CHECKLISTS
When revising your manuscript, please update your reporting summary and editorial policy checklists.

Reporting summary: https://www.nature.com/documents/nr-reporting-summary.zip
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Editorial policy checklist: https://www.nature.com/documents/nr-editorial-policy-checklist.zip

If your paper includes custom software, we also ask you to complete a supplemental reporting
summary.

Software supplement: https://www.nature.com/documents/nr-software-policy.pdf

Please submit these with your revised manuscript. They will be available to reviewers to aid in their
evaluation if the paper is re-reviewed. If you have any questions about the checklist, please see
http://www.nature.com/authors/policies/availability.html or contact me.

Please note that these forms are dynamic ‘smart pdfs’ and must therefore be downloaded and
completed in Adobe Reader. We will then flatten them for ease of use by the reviewers. If you would
like to reference the guidance text as you complete the template, please access these flattened versions
at http://www.nature.com/authors/policies/availability.html.

IMAGE INTEGRITY

When submitting the revised version of your manuscript, please pay close attention to our <a
href="https://www.nature.com/nature-research/editorial-policies/image-integrity">Digital Image
Integrity Guidelines</a> and to the following points below:

-- that unprocessed scans are clearly labelled and match the gels and western blots presented in figures.
-- that control panels for gels and western blots are appropriately described as loading on sample
processing controls

-- all images in the paper are checked for duplication of panels and for splicing of gel lanes.

Finally, please ensure that you retain unprocessed data and metadata files after publication, ideally
archiving data in perpetuity, as these may be requested during the peer review and production process
or after publication if any issues arise.

DATA AVAILABILITY

Please include a “Data availability” subsection in the Online Methods. This section should inform readers
about the availability of the data used to support the conclusions of your study, including accession
codes to public repositories, references to source data that may be published alongside the paper,
unique identifiers such as URLs to data repository entries, or data set DOls, and any other statement
about data availability. At a minimum, you should include the following statement: “The data that
support the findings of this study are available from the corresponding author upon request”, describing
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which data is available upon request and mentioning any restrictions on availability. If DOIs are
provided, please include these in the Reference list (authors, title, publisher (repository name),
identifier, year). For more guidance on how to write this section please see:

http://www.nature.com/authors/policies/data/data-availability-statements-data-citations.pdf

CODE AVAILABILITY

Please include a “Code Availability” subsection in the Online Methods which details how your custom
code is made available. Only in rare cases (where code is not central to the main conclusions of the
paper) is the statement “available upon request” allowed (and reasons should be specified).

We request that you deposit code in a DOI-minting repository such as Zenodo, Gigantum or Code Ocean
and cite the DOI in the Reference list. We also request that you use code versioning and provide a
license.

For more information on our code sharing policy and requirements, please see:
https://www.nature.com/nature-research/editorial-policies/reporting-standards#availability-of-
computer-code

MATERIALS AVAILABILITY
As a condition of publication in Nature Methods, authors are required to make unique materials
promptly available to others without undue qualifications.

Authors reporting new chemical compounds must provide chemical structure, synthesis and
characterization details. Authors reporting mutant strains and cell lines are strongly encouraged to use
established public repositories.

More details about our materials availability policy can be found at https://www.nature.com/nature-
portfolio/editorial-policies/reporting-standards#availability-of-materials

SUPPLEMENTARY PROTOCOL

To help facilitate reproducibility and uptake of your method, we ask you to prepare a step-by-step
Supplementary Protocol for the method described in this paper. We <a
href="https://www.nature.com/nature-research/editorial-policies/reporting-standards#protocols"
target="new">encourage authors to share their step-by-step experimental protocols</a> on a protocol
sharing platform of their choice and report the protocol DOI in the reference list.Nature Portfolio 's
Protocol Exchange is a free-to-use and open resource for protocols; protocols deposited in Protocol
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Exchange are citable and can be linked from the published article. More details can found at <a
href="https://www.nature.com/protocolexchange/about"
target="new">www.nature.com/protocolexchange/about</a>.

ORCID

Nature Methods is committed to improving transparency in authorship. As part of our efforts in this
direction, we are now requesting that all authors identified as ‘corresponding author’ on published
papers create and link their Open Researcher and Contributor Identifier (ORCID) with their account on
the Manuscript Tracking System (MTS), prior to acceptance. This applies to primary research papers
only. ORCID helps the scientific community achieve unambiguous attribution of all scholarly
contributions. You can create and link your ORCID from the home page of the MTS by clicking on
‘Modify my Springer Nature account’. For more information please visit please visit <a
href="http://www.springernature.com/orcid">www.springernature.com/orcid</a>.

Please do not hesitate to contact me if you have any questions or would like to discuss these revisions
further. We look forward to seeing the revised manuscript and thank you for the opportunity to
consider your work.

Sincerely,
Rita

Rita Strack, Ph.D.
Senior Editor
Nature Methods

Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
The authors have satisfactorially addressed all my concerns

Reviewer #2:
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Remarks to the Author:

Thanks to the authors for addressing the comments which overall improved the quality of the
manuscript. Many request have been successfully resolved, however, unfortunately, the authors failed
to address major concern:

R1.1) Controls:

| am happy that the authors agree that RNA-seq is not an appropriate control. This leaves the
manuscript starting with an initial proof-of-principle without appropriate controls. The value of having
RNA-seq normalised ABC-CLIP however adds to highlighting how important appropriate input controls
are.

Although evidence for IP efficiency of the antibody and binding to known targets (with evident
accumulation of false positives) is provided, the authors fail to address the lack of negative controls for
this study. They assume that barcoded antibodies, a novelty of this proposed method in use with eCLIP
type protocol, are not subjected to any nonspecific binding or any effects of crosslinking or other
implications. Also, the authors assume that different barcodes do have the same effects on the
background signal.

For the initial proof-of-principle, IgG control or no-crosslink controls would have been easy to include. At
least, the issue could be also addressed with an experiment using IgG control with and without the same
barcode used for the specific antibody and testing for the specificity by silverstaining. This would rule
out any non-specific pulldown by the barcoded antibodies. In case there is non-specific pulldown,
sequencing would be preferential. This is a major shortcoming and needs to be addressed, preferentially
for SLBP and RBFOX2.

R1.2) Complementary Controls

The size-matched input (SMI) control still resembles an input control, whereas using a rank-based metric
or chi-squared test for determining signal over input is an analysis preference of the authors rather than
a property of the input control. One can test the hypothesis if sufficient numbers of eCLIP dataset could
be used in a similar way to the SMI control, given a proper benchmark of the method. Discussion about
what are proper complementary controls and what is a good number of proteins for CC may add to the
manuscript. Discuss limitations of ABC-CLIP using CC with similar binding RBPs.

R1.3) Replicates

Regarding replication, the authors refer to their own ENCODE eCLIP standard using duplicates. It is the
duty of the reviewer to critically evaluate those based on 2022 statistical standards independently: From
a scientific point of view, estimating variance based on transcriptome levels with high-throughput
sequencing does require a minimum of three independent biological replicates. Please be aware that
eCLIP/ABC-CLIP sequencing is nowhere near as reproducible or robust as e.g. bulk RNA-seq, which can
be stripped to two replicates on robust cases, depending on the biological question of the study.
Removing the unsupported claim of reducing sample-to-sample variation was a necessary change,
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however not providing a third replicate leaves the protocol with a minimal amount of replication. A third
replicate would allow for robust statistical testing and modelling, addressing biological variance. The
authors at least need to add a recommendation to the manuscript for performing at least three
biological replicates when performing ABC-CLIP for a protein with unknown binding preferences.

R1.4) The authors confirm that similar chemistry issues known since the 2016 release of ENCODE eCLIP
libraries still occur. As a reminder, in the initial protocol, also a blocking modification should prevent
adaptor oligomerization. However, all ENCODE libraries display adapter oligomerization and
oligomerization of adapter/UMI fragments, which then are bioinformatically dealt with two
independent adapter removing steps in preprocessing. The oligomerizations can result in wrong unique
molecular identifier (UMI) readouts, longer fragments and other complications when incompletely
removed. Currently this issue is hidden in the bioinformatic preprocessing and supplementary data for
an non-expert reader. ABC-CLIP displays a great improvement compared to chemistry issues in eCLIP.
This needs to be discussed and quantified (e.g. % improvement) in the manuscript.

R1.5) Thank you for making the .git repository available. Many links of the Readme are broken, or lead
to hidden repositories. Please be so kind as to resolve this. A not logged-in user needs to be able to
access all files. To make it a great resource for the community, please expand the description beyond
input and outputs. It would be recommendable to describe what steps are performed, what
assumptions, what statistics are used (e.g. better description of exact use of chi-squared test) etc.

R1.6) | am concerned with the interpretation of Supp. Fig 3b. The authors state “we would like to
comment that SLBP is not an ideal RBP for measuring library complexity because it binds few targets”.
Comparing eCLIP to ABC-CLIP libraries is a fair comparison and not every RBP binds as broadly as RBFOX.
Although after applying controls, known targets can be detected in SLBP, the protocol does not seem as
scalable as eCLIP due to unknown reasons. A speculation would be that the accumulation of unspecific
background probably leads to poor performance in unique mapping reads compared to eCLIP. Since the
authors did not address unspecific binding, the effect is to be speculated. One could perform the same
analysis for the rest of the ABC-CLIP proteins to see if SLBP is an outlier or if this is a limitation to be
discussed.

R1.7) Figure 2E, The explanation the authors provide why FAM120A overlaps with other RBPs provides
an interesting thought but does not explain why FAM120A eCLIP does not overlap with ABC-CLIP targets

in the same manner. An analysis of targets found in multiple RBPs might explain this effect.

Re 1) Supplementary Figure 8E is a great addition to the manuscript, highlighting the importance of CC
or SMI control but also shows the big variability of those methods.
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Addition of Supp Fig. 8B & C are a great addition to the manuscript, again highlighting the importance of
proper input controls

Re 2) was addressed above

Re 3) was addressed above

Re 4) was addressed above

Re 5) was addressed above

- Thank you for addressing changes in Figure 1D.

- we all will be looking forward to more advanced algorithms and software packages for ABC-CLIP in
future

Re 6) Point was, that RBFOX2 and SLBP are so simple CLIP proteins, that even with an not appropriate
control, like RNA-seq, one does find a signal. Readers should not be tempted to assume that applying
ABC-CLIP with not appropriate controls will result in the same. The authors must agree that using well
established and well-validated RBPs as benchmarks are not a justification to neglect proper background
or negative controls and make a proper use of controls and replicates clear in the manuscript.

Re 7) It is very unfortunate that even with the very welcome simplification of the protocol, drastic
variation in library sizes can be seen. If the authors would address this in future, this would be
welcomed by the field.

Re 8) ok

Re 9) Thank you for updating Supp Fig 10.

Re 10) Thank you for updating the Fig/legends

Re 11) Thank you for clarifying

Re 12) Thank you for making this transparent

Re 13) Thank you for including eCLIP data, this makes a nice comparison

Re 14) Thank you for including total sites, difference may also come from false positives (RNA-seq as a
control)

Re 15) was addressed above

Re 16) Thank you for including details

Re 17) Thank you for including details

Re 18) Thank you for adding additional details

Thank you for adding reference to the RNA-seq data

Thank you for addressing all other minor comments.

Reviewer #3:
Remarks to the Author:
The authors have adequately addressed our concerns in this revised version. This is an interesting study!
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| Author Rebuttal, first revision:
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Reviewer #2:

Remarks to the Author:

Thanks to the authors for addressing the comments which overall improved the quality of the
manuscript. Many request have been successfully resolved, however, unfortunately, the authors
failed to address major concern:

R1.1) Controls:

| am happy that the authors agree that RNA-seq is not an appropriate control. This leaves the
manuscript starting with an initial proof-of-principle without appropriate controls. The value of
having RNA-seq normalised ABC-CLIP however adds to highlighting how important appropriate
input controls are.

We agree on the importance of appropriate controls. As demonstrated in Supplementary Figure
9E, we show that RNA-seq can serve as a control with improved prioritization of SLBP binding
sites compared to not having any controls. However, that figure also indicates that both our CC
method and SMI offer improved prioritization over RNA-seq as normalization, which is why we
recommend those methods for subsequent comparisons (Figure 2). Furthermore, analyses at
the raw read level (Figure 1C and 1E), positional distribution level (Supplementary Figure 9A, D,
E) and binding site level (Figure 2) show that ABC and eCLIP are comparable.

Although evidence for IP efficiency of the antibody and binding to known targets (with evident
“accumulation of false positives) is provided, the authors fail to address the lack of negative
controls for this study. They assume that barcoded antibodies, a novelty of this proposed
method in use with eCLIP type protocol, are not subjected to any nonspecific binding or any
effects of crosslinking or other implications. Also, the authors assume that different barcodes do
have the same effects on the background signal.

In our original revised manuscript, we did perform experiments with a barcoded RBFOX2
antibody to show that IP efficiency is not affected by the barcoding (Supplemental Fig. 2). And
we did inspect ligation biases (as we had pointed out in our previous rebuttal to reviewer #1)
which we found essentially none (Reviewer Fig. 1). And ultimately we are pleased to see that
by all standard metrics, our binding sites from ABC (with CC control) are comparable to eCLIP
derived peaks (with SMInput control). The proof is in the pudding, so to speak. As an important
reminder, this study articulates a new technology that encouragingly performs well in scale and
can be multiplexed, and new considerations would unlikely change this conclusion.

Reviewer Fig. 1 (A,B) nucleotide frequency count of 10,000 sampled fragments 5’ and 3’ end

for eCLIP(A) and ABC(B) libraries. (C,D) most common 5-mer count for 10,000 sampled
fragments 5" and 3’ end
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For the initial proof-of-principle, IgG control or no-crosslink controls would have been easy to
include. At least, the issue could be also addressed with an experiment using IgG control with
and without the same barcode used for the specific antibody and testing for the specificity by
silverstaining. This would rule out any non-specific pulldown by the barcoded antibodies. In case
there is non-specific pulldown, sequencing would be preferential. This is a major shortcoming
and needs to be addressed, preferentially for SLBP and RBFOX2.

We thank the reviewer for this suggestion and in our original revision, we did reference no-
crosslink control and observed a 32-fold increase of library yield with crosslinked (Supplemental
Fig. 3C). In previous eCLIP papers from our lab and many others, the use of IgG does not
actually yield useful sequenceable data and when it does (with high PCR amplification), it's not
often used/useful as a control for background/rank-normalization for IP reads. Again, we would
like to reiterate that across the 11 different RBPs we present in this manuscript we observe the
same read, peak and regional features as in eCLIP experiments.

R1.2) Complementary Controls

The size-matched input (SMI) control still resembles an input control, whereas using a rank-
based metric or chi-squared test for determining signal over input is an analysis preference of
the authors rather than a property of the input control. One can test the hypothesis if sufficient
numbers of eCLIP dataset could be used in a similar way to the SMI control, given a proper
benchmark of the method. Discussion about what are proper complementary controls and

39



natureresearch

what is a good number of proteins for CC may add to the manuscript. Discuss limitations
of ABC-CLIP using CC with similar binding RBPs.

We would like to indicate to the reviewer that the “analysis preference” of ABC is identical to that
detailed in eCLIP:

Van Nostrand 2016
“The number of eCLIP reads overlapping CLIPper-identified peaks and the number overlapping

the identical genomic region in the paired SMInput sample were counted and used to calculate
fold enrichment (normalized by total usable read counts in each data set), with enrichment P-
value calculated by Yates' Chi-Square test (Perl) (or Fisher Exact Test (calculated in the R
statistical computing software) where the observed or expected read number was below 5),
which have minimal reportable P-values of 10-88 (for Chi-Square) and 2.2 * 10-16 (for Fisher

Exact)."

Our introduction of *using a rank-based metric or chi-squared test” is consistent with our
previous description, currently used by many labs. Furthermore our results did clearly indicate
that use of CC (for the multiplexed approach) and SMInput performed similarly across ten
different RBPs as shown in Supplemental Figure 9A.

We do agree with the reviewer and have added a new supplementary figure and text in the
manuscript around how the number of RBPs and their variety can impact CC “While using CC to
identify peaks that were enriched for specific RBPs within the pool, we obviate the separate SMI
library requirement. However, it is important to consider the number and variety of RBPs when
implementing CC as these can affect the ranking of protein-RNA interaction sites (Supplemental
Fig. 12)."

R1.3) Replicates

Regarding replication, the authors refer to their own ENCODE eCLIP standard using duplicates.
It is the duty of the reviewer to critically evaluate those based on 2022 statistical standards
independently: From a scientific point of view, estimating variance based on transcriptome
levels with high-throughput sequencing does require a minimum of three independent biological
replicates. Please be aware that eCLIP/ABC-CLIP sequencing is nowhere near as reproducible
or robust as e.g. bulk RNA-seq, which can be stripped to two replicates on robust cases,
depending on the biclogical question of the study. Removing the unsupported claim of reducing
sample-to-sample variation was a necessary change, however not providing a third replicate
leaves the protocol with a minimal amount of replication. A third replicate would allow for robust
statistical testing and modelling, addressing biological variance. The authors at least need to
add a recommendation to the manuscript for performing at least three biological
replicates when performing ABC-CLIP for a protein with unknown binding preferences.
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We agree with the reviewer that standards should evolve and improve over time and that more
replicates will always be beneficial to some degree. We are encouraged that the data provided
in this manuscript displayed no increase in variation compared to eCLIP (Supplemental Figure
10). Nevertheless, to help satisfy the reviewer we did generate a third replicate ABC (10-plex)
experiment, which we show to strongly correlate with the first two replicates (Supplementary
Figure 10). Additionally, we have reprocessed the RNA-seq correlation without downsampling
to each sample, which did improve its correlation to ABC and eCLIP, however, is still lower than
the correlations of the two technologies.

As an aside, in order to formally compare variation across three samples for both ABC and
eCLIP as reviewer 2 requests and control differences in user implementations, batches of cells
lines, this would really require that all experiments are performed by a single user using batched
biological replicates with the same batch of reagents. This would total at least another 36 eCLIP
libraries and 6 ABC libraries. Since the ABC data we now present in this manuscript (equivalent
to 54 eCLIP libraries, 4 single plexes and 5 10-plexes, 3-K562 and 2-HEK293) displayed a
similar level of correlations between replicates and identified the correct RNA features across 11
different targets, the amount of labor and reagent and sequencing costs necessary to repeat all
of these experiments is not feasible and likely will not change our conclusion that our method
introduced here in this Brief Communications is an important step forward in scaling eCLIF data
generation.

R1.4) The authors confirm that similar chemistry issues known since the 2016 release of
ENCODE eCLIP libraries still occur. As a reminder, in the initial protocol, also a blocking
maodification should prevent adaptor oligomerization. However, all ENCODE libraries display
adapter oligomerization and oligomerization of adapter/lUMI fragments, which then are
bicinformatically dealt with two independent adapter removing steps in preprocessing. The
oligomerizations can result in wrong unique molecular identifier (UMI) readouts, longer
fragments and other complications when incompletely removed. Currently this issue is hidden in
the bioinformatic preprocessing and supplementary data for an non-expert reader. ABC-CLIP
displays a great improvement compared to chemistry issues in eCLIP. This needs to be
discussed and quantified (e.g. % improvement) in the manuscript.

We are unsure why the reviewer feels we have “hidden” our bicinformatic pipeline when we
state we followed ENCODE analysis, which as the reviewer even states makes this issue
known, and have_put our entire analysis pipeline on GitHub. However, to make this point crystal
clear we added “adaptors were trimmed twice" to our methods section.

R1.5) Thank you for making the .git repository available. Many links of the Readme are broken,
or lead to hidden repositories. Please be so kind as to resolve this. A not logged-in user needs
to be able to access all files. To make it a great resource for the community, please expand the
description beyond input and outputs. It would be recommendable to describe what steps
are performed, what assumptions, what statistics are used (e.g. better description of exact
use of chi-squared test) etc.
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We would like to thank reviewer 2 for the suggestion. We replaced the non-working link for
barcode.csv and annotator. We also updated the readme to include the steps, assumptions and
statistics to make it clear as shown here [https://github.com/YeolLab/cligoCLIP]. Thank you
again for the feedback.

R1.6) | am concerned with the interpretation of Supp. Fig 3b. The authors state “we would like to
comment that SLBP is not an ideal RBP for measuring library complexity because it binds few
targets”. Comparing eCLIP to ABC-CLIP libraries is a fair comparison and not every RBP binds
as broadly as RBFOX. Although after applying controls, known targets can be detected in
SLBP, the protocol does not seem as scalable as eCLIP due to unknown reasons. A
speculation would be that the accumulation of unspecific background probably leads to poor
performance in unique mapping reads compared to eCLIP. Since the authors did not address
unspecific binding, the effect is to be speculated. Cne could perform the same analysis for the
rest of the ABC-CLIP proteins to see if SLBP is an outlier or if this is a limitation to be discussed.

We have now included the library complexity comparisons between the ABC multiplex and
eCLIP for the other RBPs interrogated (other than SLBP) and, again, results are similar
between ABC and eCLIP (Supplemental Fig. 5). We thank the reviewer for the suggestion.

R1.7) Figure 2E, The explanation the authors provide why FAM120A overlaps with other RBPs
provides an interesting thought but does not explain why FAM120A eCLIP does not overlap with
ABC-CLIP targets in the same manner. An analysis of targets found in multiple RBPs might
explain this effect.

Figure 2E is, as the reviewer asks for, an analysis of targets across multiple RBPs and the only
RBP that has peaks overlapping FAM120A are other 3'UTR binders.

Re 1) Supplementary Figure 8E is a great addition to the manuscript, highlighting the
importance of CC or SMI control but also shows the big variability of those methods.

Addition of Supp Fig. 8B & C are a great addition to the manuscript, again highlighting the
importance of proper input controls

We thank the reviewer for recognizing the importance of controls.

Re 2) was addressed above

Re 3) was addressed above

Re 4) was addressed above

Re 5) was addressed above

- Thank you for addressing changes in Figure 1D.

- we all will be looking forward to more advanced algorithms and software packages for ABC-
CLIP in future
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We thank the reviewer for his/her continued support as we develop new packages.

Re 6) Point was, that RBFOX2 and SLBP are so simple CLIP proteins, that even with an not
appropriate control, like RNA-seq, one does find a signal. Readers should not be tempted to
assume that applying ABC-CLIP with not appropriate controls will result in the same. The
authors must agree that using well established and well-validated RBPs as benchmarks are not
a justification to neglect proper background or negative controls and make a proper use of
controls and replicates clear in the manuscript.

We are grateful the reviewer appreciates the choice of SLBF and RBFOX2 as well established
benchmarks. We want to also remind the reviewer the other 9 RBPs we evaluated are not all
well established benchmarks but all performed similarly to eCLIP analyses.

Re 7) It is very unfortunate that even with the very welcome simplification of the protocol, drastic
variation in library sizes can be seen. If the authors would address this in future, this would be
welcomed by the field.

If the reviewer means differences in the number of sequenced reads for the different RBPs in
the multiplex, we did acknowledge this as a caveat in our text “In multiplexing, the coverage
across the different RBPs will be determined by their antibody IP efficiency and expression
levels." In practice and in the future, we will have ways to address this but is currently out of
scope for the manuscript.

Decision Letter, second revision:

Dear Gene,

Thank you for submitting your revised manuscript "Multiplexed transcriptome discovery of RNA binding
protein binding sites by antibody-barcode eCLIP" (NMETH-BC49516B). It has now been seen by the
original referees and their comments are below. The reviewers find that the paper has improved in
revision, and therefore we'll be happy in principle to publish it in Nature Methods, pending minor
revisions to satisfy the referees' final requests and to comply with our editorial and formatting
guidelines.

Please note, we do not expect additional experiments, but we would like to see updates to the text
where relevant.

We are now performing detailed checks on your paper and will send you a checklist detailing our
editorial and formatting requirements in about a week. Please do not upload the final materials and
make any revisions until you receive this additional information from us.

TRANSPARENT PEER REVIEW

Nature Methods offers a transparent peer review option for new original research manuscripts
submitted from 17th February 2021. We encourage increased transparency in peer review by publishing
the reviewer comments, author rebuttal letters and editorial decision letters if the authors agree. Such
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peer review material is made available as a supplementary peer review file. Please state in the cover
letter ‘I wish to participate in transparent peer review’ if you want to opt in, or ‘l do not wish to
participate in transparent peer review’ if you don’t. Failure to state your preference will result in delays
in accepting your manuscript for publication.

Please note: we allow redactions to authors’ rebuttal and reviewer comments in the interest of
confidentiality. If you are concerned about the release of confidential data, please let us know
specifically what information you would like to have removed. Please note that we cannot incorporate
redactions for any other reasons. Reviewer names will be published in the peer review files if the
reviewer signed the comments to authors, or if reviewers explicitly agree to release their name. For
more information, please refer to our <a href="https://www.nature.com/documents/nr-transparent-
peer-review.pdf" target="new">FAQ page</a>.

Thank you again for your interest in Nature Methods Please do not hesitate to contact me if you have
any questions.

Sincerely,
Rita

Rita Strack, Ph.D.
Senior Editor
Nature Methods

ORCID

IMPORTANT: Non-corresponding authors do not have to link their ORCIDs but are encouraged to do so.
Please note that it will not be possible to add/modify ORCIDs at proof. Thus, please let your co-authors
know that if they wish to have their ORCID added to the paper they must follow the procedure
described in the following link prior to acceptance:
https://www.springernature.com/gp/researchers/orcid/orcid-for-nature-research

Reviewer #1 (Remarks to the Author):

The authors could enhance the text to add discussion regarding some of the concern and potential
pitfalls in their method raised by Reviewer #2 to prepare users for aspects of the assay on which to
exercise caution.

Reviewer #2 (Remarks to the Author):

re R1.1) Controls
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We are discussing the initial criticism that the first experiment in the manuscript does not have an
appropriate control. The authors agree that RNA-seq is not an appropriate control, which is supported
by Supp. Figure 10 showing how vastly different RNA-seq is to ABC-CLIP. However, the authors argue
that it is better than not having any control. Also, authors suggest that by finding what they look for with
the RNA-seq ‘control’, it doesn't really matter. Eventually, CC control is the one which is used and it shall
be compared to previous SMI controlled eCLIP results. Also, negative controls would not be feasible to
generate.

Newly added Supp. Fig. 3C shows relatively high RNA content in noCL, which would have been suitable
for a control library. IgG control, even low in yield, can be sequenced and binding sites with IgG coverage
can be flagged and removed for analysis, or the type of contained RNA analysed. If IgG does not yield
RNA, this can be shown like in Supp. Fig. 3C.

re R1.2) Supplementary Figure 12 is a great addition to this method's paper, addressing CC in practical
application. Where does the data for 100 RBPs come from? Are these permutations of pooled
background RBPs? What are those background RBPs?

Comment on the author’s comment: the “analysis preference” of eCLIP was applied to ABC-CLIP: In
eCLIP, one does a comparison of IP samples versus SMI samples (e.g. 2 vs 1). In ABC-CLIP, one compares
2 (or more) samples vs many samples. Fisher Exact or Yates’ Chi-Square does not take into account
biological variation nor exploits other statistical properties. For the scope of this manuscript, the
comparison with eCLIP data shall be sufficient. However, as already discussed, the authors are
encouraged to improve the analysis methods.

re R1.3) It is appreciated that the authors have added another replicate as a confirmation that the
protocol is robust. Please update the Supplementary Table accordingly.

re R1.4) Thank you for adding a short phrase to the manuscript for transparency. Unfortunately, this
point still has not appropriately been addressed, please quantify the improvement as mentioned in R1.4.

re R1.5) Thank you for updating the github repository and improving the description.

re R1.6) Thank you for comparing library complexity of the other RBPs. Except for EIF3G and PUM2, it
indeed does provide comparable results.

re R1.7) ok

Minor:
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- Supp Fig. 6: change label ENCODE (raw)
- Fig 1E. Add y label tick marks

Reviewer #3 (Remarks to the Author):

We have seen a further modified version of the authors and the comments to final concerns of referee
2. Referee 2 made some very good points and | believe that the authors have addressed the concerns as
much as possible.

| wish to add a note on some points:

R1.1. Controls. Implementation of IgG beads as control would be wishful, however, this has been done
before by this lab and other labs. As the authors state did not reveal substantial benefit for data

analysis. At the end, IgG beads cannot uncover bias through chemistry and barcoding of antibodies. |
think the biggest issue are with the antibodies itself as many commercial ones turn-out to be not very
specific, besides issues with their storage and implemented activity loss. | assume that unspecific binding
from antibodies is by far more an issue. Essentially, the authors may want to highlight that negative
controls should be implemented - especially if i) other reagents are used (one shall try to be as stringent
as possible) and ii) if the technique is new to a lab. Secondly, they may want to mention that antibodies
can add variation and data on their specifiicty should be checked.

R1.3. | agree with the referee's comments that one should perform triplicates. The authors have done so
for some samples in a separate assay. | think this is fair and addressed the point sufficiently. | also think
that it is good if some replicates are performed with another batch and at another day. The variation
from this experiment could be indicative if another lab tries to replicate the same experiment.

The other point are as said well addressed.

| Author Rebuttal, second revision:

Our ref: NMETH-BC49516B

Thank you for submitting your revised manuscript "Multiplexed transcriptome discovery of RNA
binding protein binding sites by antibody-barcode eCLIP" (NMETH-BC49516B). It has now been
seen by the original referees and their comments are below. The reviewers find that the paper
has improved in revision, and therefore we'll be happy in principle to publish it in Nature
Methods, pending minor revisions to satisfy the referees' final requests and to comply with our
editorial and formatting guidelines.
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Please note, we do not expect additional experiments, but we would like to see updates to the
text where relevant.

We are now performing detailed checks on your paper and will send you a checklist detailing
our editorial and formatting requirements in about a week. Please do not upload the final
materials and make any revisions until you receive this additional information from us.

Reviewer #1 (Remarks to the Author):

The authors could enhance the text to add discussion regarding some of the concern and
potential pitfalls in their method raised by Reviewer #2 to prepare users for aspects of the assay
on which to exercise caution.

In addition to our initial statements of caveats of pooling ratios and parameters to consider
before implementing CC, we added the following statement “As with all CLIP experiments it is
also critical to use high quality antibodies.” to the main text.

Reviewer #2 (Remarks to the Author):
re R1.1) Controls

We are discussing the initial criticism that the first experiment in the manuscript does not have
an appropriate control. The authors agree that RNA-seq is not an appropriate control, which is
supported by Supp. Figure 10 showing how vastly different RNA-seq is to ABC-CLIP. However,
the authors argue that it is better than not having any control. Also, authors suggest that by
finding what they look for with the RNA-seq ‘control’, it doesn't really matter. Eventually, CC
control is the one which is used and it shall be compared to previous SMI controlled eCLIP
results. Also, negative controls would not be feasible to generate.

No comments to address

Newly added Supp. Fig. 3C shows relatively high RNA content in noCL, which would have been
suitable for a control library. 1I9G control, even low in yield, can be sequenced and binding sites
with IgG coverage can be flagged and removed for analysis, or the type of contained RNA
analysed. If IgG does not yield RNA, this can be shown like in Supp. Fig. 3C.

No comments to address

re R1.2) Supplementary Figure 12 is a great addition to this method's paper, addressing CC in
practical application. Where does the data for 100 RBPs come from? Are these permutations of
pooled background RBPs? What are those background RBPs?
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These are random selections of ENCODE RBPs from the K562 dataset. We have updated the
figure legend to address this point.

“Fraction of peaks within histone mRNAs for SLBP single-plex ABC observed based on various
numbers of other ENCODE K562 RBPs used in CC analysis. A) Ranked by p-value. B) Ranked
by fold enrichment. Error bar represents the standard deviation across 6 random permutations of
selected eCLIP datasets as CC.”

Comment on the author's comment: the “analysis preference” of eCLIP was applied to ABC-
CLIP: In eCLIP, one does a comparison of IP samples versus SMI samples (e.g. 2 vs 1). In
ABC-CLIP, one compares 2 (or more) samples vs many samples. Fisher Exact or Yates’ Chi-
Square does not take into account biological variation nor exploits other statistical properties.
For the scope of this manuscript, the comparison with eCLIP data shall be sufficient. However,
as already discussed, the authors are encouraged to improve the analysis methods.

We appreciate the reviewer finding our analysis sufficient and will continue to improve the
method and analysis in future experiments.

re R1.3) It is appreciated that the authors have added another replicate as a confirmation that
the protocol is robust. Please update the Supplementary Table accordingly.

We have added all replicates to the Supplementary Table.

re R1.4) Thank you for adding a short phrase to the manuscript for transparency. Unfortunately,
this point still has not appropriately been addressed, please quantify the improvement as
mentioned in R1.4.

We elected to not quantify this improvement as this is user dependent. Adapter content can be
easily manipulated based on what ratio of ampure beads is used and/or where the library is cut
and extracted from a gel. Since we did not prepare all libraries in this manuscript (eCLIP was
downloaded from ENCODE), we cannot ensure all libraries were prepared with the same level
of stringency and therefore do not want to mislead readers into thinking one method produced
more or less adapters.

re R1.5) Thank you for updating the github repository and improving the description.
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re R1.6) Thank you for comparing library complexity of the other RBPs. Except for EIF3G and
PUM2, it indeed does provide comparable results.

re R1.7) ok

Minor:

- Supp Fig. 6: change label ENCODE (raw)
We have updated the (raw) label to (IP).

- Fig 1E. Add y label tick marks

We have added additional labels to Figure 1E.
Reviewer #3 (Remarks to the Author):

We have seen a further modified version of the authors and the comments to final concerns of
referee 2. Referee 2 made some very good points and | believe that the authors have
addressed the concerns as much as possible.

We thank the reviewer for agreeing that we have addressed concerns to the extent possible.
| wish to add a note on some points:

R1.1. Controls. Implementation of IgG beads as control would be wishful, however, this has
been done before by this lab and other labs. As the authors state did not reveal substantial
benefit for data analysis. At the end, IgG beads cannot uncover bias through chemistry and
barcoding of antibodies. | think the biggest issue are with the antibodies itself as many
commercial ones turn-out to be not very specific, besides issues with their storage and
implemented activity loss. | assume that unspecific binding from antibodies is by far more an
issue. Essentially, the authors may want to highlight that negative controls should be
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implemented - especially if i) other reagents are used (one shall try to be as stringent as
possible) and ii) if the technique is new to a lab. Secondly, they may want to mention that
antibodies can add variation and data on their specifiicty should be checked.

We agree with the reviewer that choice of antibodies is critical for quality data and have added
the following text.

“ As with all CLIP experiments it is also critical to use high quality antibodies.”

R1.3. | agree with the referee's comments that one should perform triplicates. The authors have
done so for some samples in a separate assay. | think this is fair and addressed the point
sufficiently. | also think that it is good if some replicates are performed with another batch and at
another day. The variation from this experiment could be indicative if another lab tries to
replicate the same experiment.

We thank the reviewer for their suggestion and look forward to releasing more datasets and the
adoption of ABC by other labs to evaluate variation between users and labs.

The other point are as said well addressed.

‘ Final Decision Letter:

Dear Gene,

| am pleased to inform you that your Brief Communication, "Multiplexed transcriptome discovery of
RNA binding protein binding sites by antibody-barcode eCLIP", has now been accepted for publication in
Nature Methods. Your paper is tentatively scheduled for publication in our February print issue, and will
be published online prior to that. The received and accepted dates will be June 8 2022 and Oct 28, 2022.
This note is intended to let you know what to expect from us over the next month or so, and to let you
know where to address any further questions.

Over the next few weeks, your paper will be copyedited to ensure that it conforms to Nature Methods
style. Once your paper is typeset, you will receive an email with a link to choose the appropriate
publishing options for your paper and our Author Services team will be in touch regarding any additional
information that may be required.

After the grant of rights is completed, you will receive a link to your electronic proof via email with a
request to make any corrections within 48 hours. If, when you receive your proof, you cannot meet this
deadline, please inform us at rjsproduction@springernature.com immediately.
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You will not receive your proofs until the publishing agreement has been received through our system.

Your paper will now be copyedited to ensure that it conforms to Nature Methods style. Once proofs are
generated, they will be sent to you electronically and you will be asked to send a corrected version
within 24 hours. It is extremely important that you let us know now whether you will be difficult to
contact over the next month. If this is the case, we ask that you send us the contact information (email,
phone and fax) of someone who will be able to check the proofs and deal with any last-minute
problems.

If, when you receive your proof, you cannot meet the deadline, please inform us at
risproduction@springernature.com immediately.

If you have any questions about our publishing options, costs, Open Access requirements, or our legal
forms, please contact ASJournals@springernature.com

Once your manuscript is typeset and you have completed the appropriate grant of rights, you will
receive a link to your electronic proof via email with a request to make any corrections within 48 hours.
If, when you receive your proof, you cannot meet this deadline, please inform us at
risproduction@springernature.com immediately.

Once your paper has been scheduled for online publication, the Nature press office will be in touch to
confirm the details.

Content is published online weekly on Mondays and Thursdays, and the embargo is set at 16:00 London
time (GMT)/11:00 am US Eastern time (EST) on the day of publication. If you need to know the exact
publication date or when the news embargo will be lifted, please contact our press office after you have
submitted your proof corrections. Now is the time to inform your Public Relations or Press Office about
your paper, as they might be interested in promoting its publication. This will allow them time to
prepare an accurate and satisfactory press release. Include your manuscript tracking number NMETH-
BC49516C and the name of the journal, which they will need when they contact our office.

About one week before your paper is published online, we shall be distributing a press release to news
organizations worldwide, which may include details of your work. We are happy for your institution or
funding agency to prepare its own press release, but it must mention the embargo date and Nature
Methods. Our Press Office will contact you closer to the time of publication, but if you or your Press
Office have any inquiries in the meantime, please contact press@nature.com.
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If you are active on Twitter, please e-mail me your and your coauthors’ Twitter handles so that we may
tag you when the paper is published.

Please note that <i>Nature Methods</i> is a Transformative Journal (TJ). Authors may publish their
research with us through the traditional subscription access route or make their paper immediately
open access through payment of an article-processing charge (APC). Authors will not be required to
make a final decision about access to their article until it has been accepted. <a
href="https://www.springernature.com/gp/open-research/transformative-journals"> Find out more
about Transformative Journals</a>

Authors may need to take specific actions to achieve <a
href="https://www.springernature.com/gp/open-research/funding/policy-compliance-fags">
compliance</a> with funder and institutional open access mandates. If your research is supported by a
funder that requires immediate open access (e.g. according to <a
href="https://www.springernature.com/gp/open-research/plan-s-compliance">Plan S principles</a>)
then you should select the gold OA route, and we will direct you to the compliant route where possible.
For authors selecting the subscription publication route, the journal’s standard licensing terms will need
to be accepted, including <a href="https://www.springernature.com/gp/open-research/policies/journal-
policies">self-archiving policies</a>. Those licensing terms will supersede any other terms that the
author or any third party may assert apply to any version of the manuscript.

If you have posted a preprint on any preprint server, please ensure that the preprint details are updated
with a publication reference, including the DOI and a URL to the published version of the article on the
journal website.

To assist our authors in disseminating their research to the broader community, our Sharedlt initiative
provides you with a unique shareable link that will allow anyone (with or without a subscription) to read
the published article. Recipients of the link with a subscription will also be able to download and print
the PDF. As soon as your article is published, you will receive an automated email with your shareable
link.

Please note that you and your coauthors may order reprints and single copies of the issue containing
your article through Springer Nature Limited's reprint website, which is located at
http://www.nature.com/reprints/author-reprints.html. If there are any questions about reprints please
send an email to author-reprints@nature.com and someone will assist you.

Please feel free to contact me if you have questions about any of these points.

Best regards,
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Rita Strack, Ph.D.
Senior Editor
Nature Methods
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