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Dear Dr Ryan,

Thank you again for submitting your work to Molecular Systems Biology. We have now received the reports from the three
reviewers and as you will see below, the reviewers think that the study is potentially interesting. They raise however a series of
concerns, which we would kindly ask you to convincingly address in a revision.

The reviewers' recommendations are relatively clear, so | won't reiterate them here. In particular, Reviewer #1 suggested that a
deeper analysis of the mechanisms behind the reported cases of compensation and collateral loss would enhance the study's
novelty and biological insights. We ask that you address this carefully, along with the other issues raised by the reviewers. As
you may already know, our editorial policy allows in principle a single round of major revision, and it is therefore essential to
provide responses to the reviewers' comments that are as complete as possible.

On a more editorial level, we would ask you to address the following issues:

- Please provide a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables).
Please make sure that the changes are highlighted to be clearly visible.

- Please provide individual production quality figure files as .eps, .if, .jpg (one file per figure).

-Please provide a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point responses to their
comments. As part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process
File (RPF), which will be published alongside your paper.

-Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript.

- We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable online
(see examples in http://msb.embopress.org/content/11/6/812). A maximum of 5 EV Figures can be typeset. EV Figures should
be cited as 'Figure EV1, Figure EV2" etc... in the text and their respective legends should be included in the main text after the
legends of regular figures.

Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in a
separate tab in case of .xIs files. Alternatively, the legend can be supplied as a separate text file (README) and zipped together
with the Table/Dataset file.

For the figures and tables that you do NOT wish to display as Expanded View figures, they should be bundled together with their
legends in a single PDF file called *Appendix*, which should start with a short Table of Content. Each legend should be below
the corresponding Figure/Table in the Appendix. Appendix figures and tables should be referred to in the main text as:
"Appendix Figure S1, Appendix Figure S2, Appendix Table S1" etc. See detailed instructions regarding expanded view here:
https://www.embopress.org/page/journal/17444292/authorguide#expandedview.

-Before submitting your revision, primary datasets (and computer code, where appropriate) produced in this study need to be
deposited in an appropriate public database (seehttp://msb.embopress.org/authorguide - dataavailability
https://www.embopress.org/page/journal/17444292/authorguide#dataavailability).

Please remember to provide a reviewer password if the datasets are not yet public.

The accession numbers and database should be listed in a formal "Data Availability” section (placed after Materials & Method)



that follows the model below (see also https://www.embopress.org/page/journal/17444292/authorguide#dataavailability).
Please note that the Data Availability Section is restricted to new primary data that are part of this study.

# Data availability

The datasets (and computer code) produced in this study are available in the following databases:

- RNA-Seq data: Gene Expression Omnibus GSE46843 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46843)
- [data type]: [name of the resource] [accession number/identifier/doi] ((URL or identifiers.org/DATABASE:ACCESSION])
*** Note - All links should resolve to a page where the data can be accessed. ***

-At EMBO Press we ask authors to provide source data for the main figures. Our source data coordinator will contact you to
discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload and
organize the files.

- Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and obtained
from public databases. Data citations in the article text are distinct from normal bibliographical citations and should directly link to
the database records from which the data can be accessed. In the main text, data citations are formatted as follows: "Data ref:
Smith et al, 2001". In the Reference list, data citations must be labeled with "[DATASET]". A data reference must provide the
database name, accession number/identifiers and a resolvable link to the landing page from which the data can be accessed at
the end of the reference. Further instructions are available at .

- We updated our journal's competing interests policy in January 2022 and request authors to consider both actual and
perceived competing interests. Please review the policy https://www.embopress.org/competing-interests and update your
competing interests if necessary.

Please use the heading "Disclosure statement and competing interests".

- All Materials and Methods need to be described in the main text using our 'Structured Methods' format. According to this
format, the Methods section includes a Reagents and Tools Table (listing key reagents, experimental models, software and
relevant equipment and including their sources and relevant identifiers) followed by a Methods and Protocols section describing
the methods, ideally using a step-by-step protocol format. The aim is to facilitate adoption of the methodologies across labs.
Please download and fill our Reagents and Tools Table template (.docx), which you can find in our author guidelines:
https://www.embopress.org/page/journal/17444292/authorguide#structuredmethods.

When submitting your revised manuscript, please do not include the Reagents and Tools Table in the Methods section of the
manuscript but upload it as a separate file(.docx) choosing the file type "Reagent Table".

An example of a Method paper with Structured Methods can be found here:
https://www.embopress.org/doi/10.15252/msb.20178071.

-Regarding data quantification:

Please ensure to specify the name of the statistical test used to generate error bars and P values, the number (n) of
independent experiments (please specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. Discussion of statistical methodology can be reported in the materials and methods
section, but figure legends should contain a basic description of n, P and the test applied.

Graphs must include a description of the bars and the error bars (s.d., s.e.m.).

Please also include scale bars in all microscopy images.

- Please provide a "standfirst text” summarizing the study in one or two sentences (approximately 250 characters, including
space), three to four "bullet points" highlighting the main findings and a "synopsis image" (550px width and 400-600 px height,
PNG format) to highlight the paper on our homepage.

Here are a couple of examples:

https://www.embopress.org/doi/10.15252/msb.20199356

https://www.embopress.org/doi/10.15252/msb.20209475

https://www.embopress.org/doi/10.15252/msb.209495

When you resubmit your manuscript, please download our CHECKLIST (https://www.embopress.org/pb-assets/embo-
site/EMBO%20Press%20Author%20Checklist-1642513524327 .xIsx) and include the completed form in your submission.
*Please note* that the Author Checklist will be published alongside the paper as part of the transparent process
(https://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).

If you feel you can satisfactorily deal with these points and those listed by the referees, you may wish to submit a revised version
of your manuscript. Please attach a covering letter giving details of the way in which you have handled each of the points raised

by the referees. A revised manuscript will be once again subject to review and you probably understand that we can give you no
guarantee at this stage that the eventual outcome will be favorable.



I look forward to receiving your revised manuscript soon.

Kind regards,
Jingyi

Jingyi Hou, PhD
Scientific Editor
Molecular Systems Biology

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (9th Feb 2025). Please discuss the revision progress ahead of this time with
the editor if you require more time to complete the revisions.

IMPORTANT: When you send your revision, we will require the following items:

1. the manuscript text in LaTeX, RTF or MS Word format

2. a letter with a detailed description of the changes made in response to the referees. Please specify clearly the exact places in
the text (pages and paragraphs) where each change has been made in response to each specific comment given

3. three to four 'bullet points' highlighting the main findings of your study

4. a short 'blurb’ text summarizing in two sentences the study (max. 250 characters)

5. a 'thumbnail image' (550px width and max 400px height, lllustrator, PowerPoint or jpeg format), which can be used as 'visual
title' for the synopsis section of your paper.

6. Please include an author contributions statement after the Acknowledgements section (see
https://www.embopress.org/page/journal/17444292/authorguide)

7. Please complete the CHECKLIST available at (https://bit.ly/EMBOPressAuthorChecklist).

Please note that the Author Checklist will be published alongside the paper as part of the transparent process
(https://www.embopress.org/page/journal/17444292/authorguide#transparentprocess).

8. When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:

https://bit.ly/EMBOPressFigurePreparationGuideline

See also figure legend guidelines: https://www.embopress.org/page/journal/17444292/authorguide#figureformat

9. Please note that corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript (EMBO Press signed a joint statement to encourage ORCID adoption).
(https://www.embopress.org/page/journal/17444292/authorguide#editorialprocess)

Currently, our records indicate that the ORCID for your account is 0000-0003-2750-9854.

Please click the link below to modify this ORCID:
Link Not Available

10. At EMBO Press we ask authors to provide source data for the main manuscript figures. Our source data coordinator will
contact you to discuss which figure panels we would need source data for and will also provide you with helpful tips on how to
upload and organize the files.

11. Include a Reagents and Tools Table as part of the Methods section, which can be downloaded from our author guidelines
(https://www.embopress.org/page/journal/17444292/authorguide#structuredmethods)

As a matter of course, please make sure that you have correctly followed the instructions for authors as given on the submission
website.

*** PLEASE NOTE *** As part of the EMBO Press transparent editorial process initiative (see our Editorial at
https://dx.doi.org/10.1038/msb.2010.72), Molecular Systems Biology publishes online a Review Process File with each accepted
manuscripts. This file will be published in conjunction with your paper and will include the anonymous referee reports, your
point-by-point response and all pertinent correspondence relating to the manuscript. If you do NOT want this File to be
published, please inform the editorial office at msb@embo.org within 14 days upon receipt of the present letter.

Reviewer #1:



This is an exciting paper by Venkatesh et al. The authors examine what happens at the molecular level following the inactivation
of a gene with paralogous copies in the genome. One phenomenon observed in model systems such as yeast is that the
remaining paralogous proteins sometimes increase in abundance (compensation) or decrease in abundance (collateral loss).
They find cases for both types of impacts. The paper has two parts. One experiment was where the authors generated
proteomics data on cell lines that have genes inactivated, and another was where they used publicly available transcriptome and
proteome data. Once they have identified cases of compensation and collateral losses, they try to associate the properties of the
genes and proteins to these cellular responses. The well-written introduction gives an excellent overview of the field and
significant observations that led to this work. The work appears to be well performed, and many compensation and collateral
loss cases appear robust and well supported (although none are validated using alternative approaches, which could have been
interesting to see). This could be an important contribution to the field.

What | find is lacking from the manuscript is something that would bring us further than the description of cases of compensation
and collateral loss, something that would bring more novelty and insight into the question, for instance, a better analysis of the
mechanisms of each phenomenon (transcriptional regulation by the same TFs, protein interaction interfaces and stability). The
connection between the two parts of the paper is not detailed either, and it makes us wonder why the first experimental part was
not used to validate the second part. In general, the statistical analyses could also be improved and put into a single statistical
model (GLM, ML, or others) to isolate the most critical factors associated with the two potential responses rather than looking at
each feature individually and reporting several dozens of pairwise or tri-partite comparisons using boxplots. | provide detailed
comments below to help the authors revise their manuscript.

Comments:
The title suggests a connection with cancer, but apart from the use of cancer cell lines, there is not a lot of connection with
cancer

Sample sizes should be written everywhere on the plots and in statistical tests reported in the text for all tests. Effect sizes
should also be mentioned for test results.

Figure 7 summarizes what we knew before this work was done rather than describing its novelty. It could be used as a panel of
Figure 1 to introduce the work.

There are many confounding factors in this type of study that could be taken into account. For instance, more abundant proteins
are more accessible to detect by mass spec and provide more statistical power to detect changes in abundance. They also tend
to have more protein interaction partners, are more conserved, and have more post-translational modifications reported. This
may create false associations if abundance is not considered as a covariate. Many effect sizes are small (even if highly
significant) so many features examined could disappear in a multivariate analysis, which would facilitate interpretation and
maybe help us better understand the mechanisms.

It is a bit troublesome that the nature and extent of gene inactivation in the HAP1 lines do not appear to be well known or
established. If the "inactivated" gene produces a transcript, how does this impact compensation or collateral loss if it occurs at
the transcriptional level?

The proteomics analysis did not specify well how the conserved peptides between paralogs were handled and how this may
impact the power to detect differences between paralogs with high sequence identity.

For the analysis of the tumor proteomes, the authors interpret the results as if the higher abundance of a paralog resulted from
the inactivation of the other. Could it be that since the other was more expressed for unknown reasons, the first could lose a
copy without much consequence? The "compensation” would then predate gene loss and could not cause it? It may be possible
to discard this possibility doing some analysis.

One additional piece of analysis that could have been done would be to look for intra-locus compensation. The authors mention
that gene loss is primarily heterozygous in those tumor cells. If there is compensation among paralogs, it could come from the
exact mechanisms that cause intra-locus compensation, such as overexpression of an allele of a gene when the other allele is
inactive. This could be done by comparing transcript or protein levels among cell lines. Either this would happen concomitantly
with paralogous compensation or would prevent compensation from happening.

Collateral loss does not receive much attention regarding mechanisms and is more surprising. Given that some paralogs
showing this response appear to be forming dimers, maybe there is something special about dimer interfaces that stabilise these
proteins.

It took me a long time to realize that the HAP1 cell lines were purchased and not constructed. Maybe mention it earlier in the
paper. | was looking for the methods of their construction. The term biological replicates is used, but it is unclear at what step



was replication done.

It is unclear to me why paralogous genes on the identical chromosomes were excluded from the analysis. This would have been
a nice dataset to dissect the mechanisms of compensation based on chromosomal proximity, etc.

Line 80: what are the differences between phenotypic and molecular compensation? Protein abundance is also a phenotype.
Many be more precise?

Line 111: cite the papers from yeast here as well

Line 138: what does unbiased mean here?

Line 140: Is non-heterozygous the same as homozygous?

Line 248: the end of the paper makes it clear that compensation or duplication has not evolved to provide robustness to
mutations. But, some of the writing is done in a way that may suggest it is the case. For instance, here, "be a means" seems to
indicate that there is an intent.

Line 451: Maybe the authors could specify better what they mean by active compensation. Is this a nomenclature accepted upon
or published before? Same for collateral loss.

Line 466: twice the same gene name?

Line 501: Suggest a similar model or support the same model.

Line 513: | would need references here. Same at line 543.

Line 565: problem with parentheses. Also, why 0 and 50mM TCEP?
Line 575: space before 200

Line 586: why remove reverse sequences?

Line 631: | assume sequence identity is for AA sequences?

Line 632: what measures?

Line 650: p-values is not always written the same way

Line 729: Biogrid is not always written the same way

Line 730: The STRING database also includes predicted PPIs based on gene features that could create fall association in the
analyses

Figure 1: Expected results could be shown using schematics rather than "fake" boxplots in panel b.
Figure 1C: collateral loss appears almost as frequent as compensation. It would be good to know if they co-occur in the same
paralog family or if these are exclusive.

Figure 6: some legend elements are inverted, g, and f.

Reviewer #2:

Thank you for the opportunity to review "Proteomic compensation by paralogs preserves protein interaction networks after gene



loss in cancer" by Venkatesh et al. This manuscript discusses how proteins respond to their paralog deletions. Authors use
HAP1 loss of functional mutant cell lines which they profile with proteomics as well as analyze CPTAC proteomic data based on
samples with copy number variation in paralogs. They show that proteins that compensate for the loss of their paralog are more
conserved, central in the PPI network and belong to essential protein complexes compared to those that do not compensate or
depend on their paralog.

This study investigates how proteins respond to their paralog perturbation and implications for tumor biology. This addresses an
important question in the field of paralog evolution and protein interactions and provides insight about the mechanisms of
paralog buffering. This is an interesting study although | have a few comments.

The authors mention that analysis presented in Figure 2 used cancer type as a covariate. However, context specific paralog
relations were not reported in the manuscript resulting from this analysis, but this is important since not all genes are expressed
in all tissues and represent real biological paralog relationships. These data should be presented in the results and discussed. In
other words if both paralogs are detectable in a given tumor type but not all tumor types, there is no biological basis for remove
these data from the analysis.

Authors use the DepMap to identify cases of essentiality of paralogs. These are useful data but should also be complemented
with the existing multiplexed screens such as Dede et al Genome Biology 2020, Gonatopoulos-Pournatzis et al Nature Biotech
2020 and Esmaeili Anvar et al Nat Com 2024 which specifically probed paralog pairs.

The term collateral loss is confusing and a meaning of an unrelated consequence comes to mind, which is not the case here
involving the paralogous protein rather than any random protein. The community previously proposed the term to describe the
loss of protein abundance of one protein in response to the deletion of its paralog as "dependency” (Diss et al Science 2017,
Dandage et al bioRxiv 2023). Perhaps it would be useful use this term instead of introducing yet another term for the same
phenomenon.

Minor comments
To improve readability e should be displayed as x10 to the power of exponent in the main text and all the figures.

The y-axis on figure 5¢-d and 6c-e should be clearly labeled to contain the word "level." Otherwise, it is not clear what is actually
shown.

Reviewer #3:

In this manuscript, Venkatesh and colleagues investigated how the copy number loss of paralog genes is tolerated in tumours
and human cell lines with a focus on proteomic response. They find that the loss of one paralog can lead to either an increase,
active compensation, or a decrease, collateral loss, in the protein abundance of its paralog, with active compensation being
more prevalent. Further, the authors show that compensation paralog pairs, unlike collateral loss relationships, are more
sequence similar, more central in protein-protein interaction network, more likely to be synthetic lethal, and involved in essential
functions.

By using an integrative approach that combines genomic, transcriptomic and proteomic data, the authors shed light on
underlying regulatory mechanisms of this compensation, and provide evidence that both transcriptional and post-transcriptional
mechanisms are under control. By taking advantage of large cancer datasets, the authors characterise proteomic response to
paralog loss in tumours and address the gap left by previous studies which have mainly focused on non-human models such as
yeast. This work advances our understanding of molecular consequences of paralog loss, with potential clinical relevance for
synthetic lethality approaches in cancer therapy.

Overall, this manuscript is really interesting and makes a great contribution to the field. | have a few specific questions and
suggestions that | believe could help improve and strengthen the work.

Major points

1. | found the analysis in lines 208-219 somewhat difficult to follow, particularly the lines 231-215. From my understanding, the
authors tested the overlap between paralog pairs showing reciprocal relationships separately for compensation pairs and
collateral pairs, finding that reciprocal relationships are enriched among compensation pairs. If so, the results could be
presented more clearly (e.g. indicating the number of pairs have reciprocal relationships out of 4,568 paralogs tested - line 198).
| assume the total number should be the sum of all groups in the supplementary figure 3a and 3b? Also, line 214, "overlap
among reciprocal compensation pairs..", could be simplified to "... among compensation pairs". Clarification of this section would
improve readability.

1.a. Given that active compensation pairs can have collateral loss relationships when tested in the other direction, it would also
be valuable to investigate how the characteristics (sequence similarity, degree centrality etc) differ when compensation pairs are
grouped as those with symmetrical and asymmetrical relationships.

2. Based on lines 80-83, "deletion of one gene was associated with reduced protein abundance of its paralog ... due to



stoichiometric requirements of protein complexes containing both paralogs.”, as well as lines 90-92, "Further analysis suggested
that ... dependency are enriched among paralogs that form heteromers ...", and lines 201-206, where the authors provide
evidence that they observed similar pattern like dependency - collateral loss- between a paralog pair forms heterodimer.
Considering the percentage of post-transcriptionally regulated paralog pairs does not differ much between compensation and
collateral loss pairs (Fig 6a) and the hypothesis in lines 402-405 that "..post-transcriptionally regulated pairs might be more likely
to involve members of protein complexes ..", it would be interesting to test if this is the case also for collateral pairs (considering
the loss of a paralog would leave its paralog orphan and target for degradation)? Alternatively, can the authors justify/clarify why
this analysis (number of ubiquitination sites) was performed only for compensation pairs, but not for collateral loss pairs?

Minor points

1. Line 165-166, "For example, we identified ...... between VPS4B and VPS4B ...." should be VPS4A and VPS4B.

2. It would be helpful to specify the cancer types used from the CPTAC dataset in the Method section. This addition would
improve the transparency and reproducibility.

3. (Important but not-critical) It would be a good addition to include additional discussion on non-hit paralog pairs, particularly
since, for CPTAC tumour samples, the majority of paralog pairs (based on line 199: 12% and 10% of paralogs pairs are
compensation and collateral loss pairs, respectively) fall under non-hit category. Some discussion on possible explanations for
this observation would be helpful.



1st Authors' Response to Reviewers 4th Apr 2025

Proteomic compensation by paralogs preserves protein interaction

networks after gene loss in cancer: Response to reviewers

We thank the reviewers for their helpful comments and positive feedback. We address

these here and in the attached manuscript.

We note that during the revision we discovered that a sample ID matching error in our
code resulted in the exclusion of 122 breast cancer samples from the analysis. This
has been corrected, allowing us to test 470 additional paralog pairs, for a total of
5,128 paralog tests. As a result, most of the exact numbers quoted in the original
manuscript have been modified. None of our overall conclusions are affected and
some are bolstered by these new findings. We now observe a significant depletion of
synthetic lethal paralogs (defined as being synthetic lethal in at least one context in a
combinatorial CRISPR screen) and closest pairs in our set of collateral loss hits.
Further, one of our HAP1 compensation hits, CHMP1B-CHMP1A, is now also identified
as a compensation hit in the CPTAC analysis. We apologize for the errors and we
have corrected all references to the old figures throughout the manuscript. All

changes and additions have been highlighted in the revised manuscript.

Reviewer 1

e This is an exciting paper by Venkatesh et al. The authors examine what happens at
the molecular level following the inactivation of a gene with paralogous copies in the
genome. One phenomenon observed in model systems such as yeast is that the
remaining paralogous proteins sometimes increase in abundance (compensation) or
decrease in abundance (collateral loss). They find cases for both types of impacts.
The paper has two parts. One experiment was where the authors generated
proteomics data on cell lines that have genes inactivated, and another was where
they used publicly available transcriptome and proteome data. Once they have
identified cases of compensation and collateral losses, they try to associate the
properties of the genes and proteins to these cellular responses. The well-written
introduction gives an excellent overview of the field and significant observations that
led to this work. The work appears to be well performed, and many compensation

and collateral loss cases appear robust and well supported (although none are



validated using alternative approaches, which could have been interesting to see).

This could be an important contribution to the field.

We thank the reviewer for the careful reading of our manuscript and for the positive
feedback.

e What I find is lacking from the manuscript is something that would bring us further
than the description of cases of compensation and collateral loss, something that
would bring more novelty and insight into the question, for instance, a better analysis
of the mechanisms of each phenomenon (transcriptional regulation by the same TFs,

protein interaction interfaces and stability).

We note that this is the first large-scale analysis of collateral loss and compensation
in humans and so this aspect in itself is novel. Even in budding yeast, factors that are
predictive of compensation and collateral loss are relatively poorly characterised.
DeLuna et al. (2010) found that only about 10% of paralogous proteins in yeast show
significant up-regulation in response to deletion of their duplicate genes, with
compensation occurring almost exclusively in duplicate pairs whose overlapping
function is required for growth (DeLuna et al, 2010). They found that compensation
pairs were enriched in gene pairs that have similar amino acid sequences and are
transcriptionally co-regulated, but did not analyse any of the network features we
have identified here (degree, shared interactions). In related work, Diss et al. (2017)
demonstrated that paralog dependency, where the deletion of one gene results in its
paralog losing protein-protein interactions, is as widespread as compensatory
relationships, where deletion of one gene causes its paralog to gain protein-protein
interactions, with physical interaction between paralogs strongly predicting

dependency (Diss et al, 2017).

We note that we should have explicitly referenced the earlier finding regarding

sequence identity in the text and have now done so in the text:

We hypothesised that compensatory paralogs might be more functionally similar and
therefore display higher sequence identity, as has previously been shown in yeast (DeLuna

et al, 2010). We found that this is indeed the case — compensation hits had higher amino
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https://paperpile.com/c/GknguZ/Uqzo
https://paperpile.com/c/GknguZ/c8yO
https://paperpile.com/c/GknguZ/c8yO

acid sequence identity than non-hits (two-tailed t-test, Cohen’s d = 0.2, p = 6.9x10™) (Fig.

3a) (lines 261 to 265).

We have assessed the overlap of our hits with transcriptional co-regulation (using the
Dorothea database of transcription factor-gene relationships), protein interaction
interfaces (using a database of AlphaFold-predicted dimers), and stability (using a
database of experimentally determined protein half-lives). We found that collateral
loss pairs are significantly more likely to be regulated by the same transcription factor
and tend to have smaller interaction interfaces. We found no significant relationship
with protein stability. We have also assessed protein length, finding both
compensation and collateral loss paralogs to have longer sequences than non-hits.
These results are shown in Figure EV4 and discussed in the text as follows-

Since protein abundances and interactions are influenced by protein stability, we compared
experimentally determined protein half-life across these groups (Zecha et al, 2019). We
found no significant differences (Figs. EV4a, EV4Db; Appendix Table 10). We then obtained
protein length annotations from UniProt, comparing these across the three groups. Both the
compensating paralog and the lost paralog in compensation pairs tend to be longer than
their counterparts in non-hit pairs (Cohen’s d = 0.2, p = 2.4x10-4 for lost paralog, Cohen’s d
= 0.2, p = 1.7x10-4 for the other paralog) (Figs. EV4c, EV4d) (UniProt Consortium, 2025).
Interestingly, this is also true of collateral loss pairs (Cohen’s d = 1.5, p = 8.4x10-4 for lost
paralog, Cohen’s d = 1.5, p = 1.5x10-3 for the other paralog). However, two proteins of
similar lengths might have a different proportion of their residues in an interaction interface.
We assessed this directly using a dataset of 486,099 AlphaFold-predicted dimers,
calculating, for each paralog with data available, the proportion of its residues ever present
in an interaction interface according to a high-confidence model (Methods) (Janes et al,
2024). We found that both the lost protein and its paralog in collateral loss pairs tend to have
a lower proportion of their residues in interaction interfaces, in line with collateral loss

paralogs generally having lower degree (Cohen’s d = -0.18, p = 7.7x10-4 for the

hemizygously lost paralog, Cohen’s d =-0.1, p = 0.04 for the collaterally lost paralog) (Figs.


https://paperpile.com/c/1vhUYS/Etsy
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EV4e, EV4f). Work in yeast has suggested that compensation is more likely to be observed
for co-regulated paralog pairs (DeLuna et al, 2010). As such, we used the Dorothea
database of transcription factor-gene relationships to assess co-regulation by the same
transcription factor (Garcia-Alonso et al, 2019). We found that collateral loss pairs are
significantly more likely to be co-regulated by the same transcription factor (OR =2, p =
7.8x10-3). However, only 6% of collateral loss paralogs were found to be co-regulated (Fig.
EV4g) and there was no enrichment for compensation pairs. Finally, we assessed if physical
interaction between paralogs played a role in mediating these effects by filtering BioGRID to
direct interactions (Methods). We found that compensation pairs were significantly more
likely to share a direct physical interaction with each other (OR = 1.6, p = 1x10-3) (Fig.

EV4h). (lines 339 to 366).
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Figure EV4. Paralogs in compensation and collateral loss pairs tend to be longer.
Collateral loss paralogs tend to have fewer residues at protein-protein interaction
interfaces and are more likely to be co-regulated by the same transcription factor.
Compensation pairs are more likely to have a direct physical interaction (a) Box plot
showing the distributions of logged protein half-lives of paralogous proteins in the three
groups. (b) Similar box plot showing the distributions of logged protein half-lives of the lost
paralog in the three groups. (c) Box plot showing the distributions of protein lengths for

paralogous (not lost) proteins in compensation pairs, non-hits, and collateral loss pairs. (d)
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Similar box plot showing the distributions of protein lengths for the lost paralog in the three
groups. (e) Box plot showing the percentage of residues ever in a protein-protein interaction
interface for paralogous proteins in compensation pairs, non-hits, and collateral loss pairs. (f)
Similar box plot showing the percentage of residues ever in a protein-protein interaction
interface for the lost paralogs in compensation pairs, non-hits, and collateral loss pairs. (g)
Bar chart showing the percentage of compensation pairs, nhon-hits, and collateral loss pairs
that are co-regulated by the same transcription factor. (h) Similar bar chart showing the
percentage of pairs in the three groups that physically interact. Sample sizes are shown in

parentheses and all p-values shown correspond to two-sided equal variance t-tests.

e The connection between the two parts of the paper is not detailed either, and it
makes us wonder why the first experimental part was not used to validate the second

part.

We agree it would be nice if the order of the paper was reversed and the experimental
work was used to validate the large-scale computational analysis. However, the work
is presented as it was performed — the HAP1 analysis gave us the confidence that
compensation could be detected simply using whole proteome profiling (in contrast
to mating deletion strains to GFP tagged strains as was performed in earlier yeast
studies). Our early efforts to systematically identify compensation from CPTAC data
were plagued with systematic issues, which precluded them from being used to
nominate candidates for study in the HAP1 model. It was only the availability of the
harmonised reprocessed data that made the current analysis possible. We note that
multiple HAPL1 hits from our experimental work validate in the CPTAC analysis. To
further validate our compensation hits, we now perform a comparison with hits
identified in genome-scale Perturb-seq experiments (Replogle et al, 2022). With this,
we sought to identify genes whose inhibition with CRISPR interference (CRISPRI) led
to a significant increase in the mRNA abundance of their paralog. We find a
significant overlap between the compensation hits identified in our analysis and the
hits identified using PerturbSeq and we show that this is more pronounced for

transcriptional hits than hits that are post-transcriptional only (Fig EV5).
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Figure EV5. Only transcriptionally-driven compensation pairs are enriched for genes
found to display upregulation upon paralog knockdown in a Perturb-seq experiment.
(a) Dot plot showing odds ratios from Fisher’s Exact tests assessing the enrichment
of pairs found to be upregulated or downregulated upon paralog knockdown in a
Perturb-seq experiment in three categories of pairs - transcriptional (compensation
hits identified with the CPTAC transcriptomic dataset), post-transcriptional
(compensation hits identified with the CPTAC protein residual dataset but not the
transcriptomic dataset) and non-hits. (b) Similar dot plot showing enrichments for

collateral loss hits in the three categories.



e |n general, the statistical analyses could also be improved and put into a single
statistical model (GLM, ML, or others) to isolate the most critical factors associated
with the two potential responses rather than looking at each feature individually and

reporting several dozens of pairwise or tri-partite comparisons using boxplots.

We thank the author for this suggestion, we believe that it has clarified our
conclusions. We have now performed a new analysis where we compare all predictive
features using a machine learning approach (comparing the area under the ROC
curve achieved with each individual feature). We find that by far the most predictive
features are those derived from protein-protein interaction networks — namely the

essentiality of interaction neighbours and proportion of shared interactions (Fig. 4a).

We use a LASSO logistic regression approach to identify four features (essentiality of
the lost paralog’s neighbours in the BioGRID network, degree centrality of the lost
paralog, family size, and Jaccard index of the pair) that achieve approximately the
same predictive power as all features combined. Obviously, many of the features are
highly correlated (e.g. sequence identity is correlated with shared interactors) and so
we cannot state that sequence identity is not predictive of compensation, but rather
we can see that it does not add anything beyond what is captured by shared
interactors alone. This new analysis is presented in Figure 4 and discussed in the text

as follows:

Results:

To understand the relative contributions of different features, we calculated Receiver
Operating Characteristic (ROC) Area Under the Curve (AUC) values for all features (Fig.
4a). We found that neighbour essentiality had the highest predictive power (AUC 0.66),
followed by BioGRID Jaccard index (AUC 0.62) and either member of the pair being in an

essential protein complex (AUC 0.61) (Fig. 4a).

Many of the features we associated with proteomic compensation might be correlated with
each other— for example, one might expect paralogs with greater sequence identity to share

a larger subset of their interactors. We assessed the Pearson correlation between all



features, excluding features calculated for orthogonal validation, e.g. BioGRID Jaccard index
was retained and STRING Jaccard index was dropped. Most pairs of features were poorly
correlated, with some exceptions such as sequence identity and family size (r = 0.4)

(Appendix Fig. S4).

We wished to assess the unique contributions of these features to paralog compensation by
incorporating them into a single statistical model. Since many of our features are weakly
correlated, we decided to use a LASSO regression model. LASSO models are robust to
moderately correlated features and penalize the inclusion of excess features in the model.
Coefficients in LASSO models can also be reduced to zero, enabling feature selection rather
than just weighting. This approach enables us to identify key features that contribute
uniquely to paralog compensation (Methods). Features with high proportions of missing

values (half-life, proportion of residues at interface) were excluded from the regression.

After fitting this model, we were left with 4 features— family size (inverted), neighbour
essentiality, BioGRID Jaccard index, and BioGRID degree centrality— which when
combined, provided a comparable AUC to that of a model fit using all features (Figs. 4b, 4c).
We also fit a similar model to explain collateral loss and found that two variables, degree
centrality and essentiality of the lost paralog, were sufficient to achieve an AUC similar to
that of a model with all variables included (Appendix Fig. S5). Interestingly, collateral loss
AUCs for these features were generally anti-correlated with compensation AUCs, with a
Pearson correlation coefficient of -0.83. This is in line with compensation and collateral loss
being mutually exclusive phenomena within paralog families.

(lines 384 to 415).
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Figure 4. Neighbour essentiality, Jaccard index, degree centrality, and family size are

sufficient to predict paralog compensation. (a). Receiver Operating Characteristic (ROC)

Area Under the Curve (AUC) values for individual predictors of proteomic compensation.

Features with negative predictive value are inverted, i.e. multiplied by -1. (b). Odds ratios

and error bars for variables which were retained in a LASSO regression fit to predict

proteomic compensation using the features in (a) (Methods). (c) ROC curve comparing the

predictive power of the full model (logistic regression model containing all features) with the

predictive power of the “selected features model” containing only the four features shown in

(b).
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Appendix Figure S4. Most variables predictive of proteomic compensation are poorly
correlated. Heatmap showing all-by-all Pearson correlations for variables assessed for the
task of predicting proteomic compensation. Pearson correlation coefficients are displayed for

each pairwise relationship.
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Appendix Figure S5. Collateral loss is predicted by degree centrality and neighbour
essentiality. (a) Barchart showing ROC AUC values for 12 variables for predicting collateral
loss. (b) Dot plot showing odds ratios with error bars for individual variables in a LASSO

regression model fit to predict collateral loss from the variables in (a).

Discussion:

Taken together, our results suggest a model whereby compensatory relationships stabilise
essential protein-protein interaction subnetworks or complexes in the face of genetic
perturbation in cancer. A LASSO regression model fit to predict proteomic compensation
selects three interaction-based features (degree centrality, neighbour essentiality, and
Jaccard index) and only one sequence-based feature (family size) from the full feature set,
suggesting that the proteomic compensation effect is largely mediated by gene loss-induced
changes to the protein-protein interaction network. Following loss of one gene, the protein

abundance of a highly sequence similar paralog is increased, and this protein takes the



place of the lost gene in the protein-protein interaction network. Cancer cells then become
dependent on this protein for survival (Fig. 7). Previous work has identified individual
examples consistent with this model, for example loss of the cohesin subunit STAG2 results
in increased protein abundance of its paralog STAG1 and an increased sensitivity to genetic
perturbation of STAGL; our results suggest that this may be a relatively common

phenomenon (van der Lelij et al, 2017; Adane et al, 2021). (lines 626 to 639).

A2 present

Essential co-complex
member

Possible explanations

i. Increased transcription of A1 mRNA
ii. Increased translation of Al protein
iii.Reduced degradation of Al protein

Protein levels
Protein levels

Viable Viable Viable ® Lethal

Figure 7. Proposed model for protein-protein interaction network rewiring leading to
proteomic compensation and synthetic lethality. Our results are consistent with a model
where, for pairs with post-transcriptional compensation effects, increased incorporation of Al
into A2’s essential protein interactions following A2 loss results in an increase of its

abundance through reduced degradation of A1 subunits. Al then becomes essential in
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backgrounds where A2 is lost, i.e. the pairs are synthetic lethal.

e The title suggests a connection with cancer, but apart from the use of cancer cell

lines, there is not a lot of connection with cancer

We are only studying genetic alterations in cancer cell lines and tumour profiles and
felt it was more reasonable for the title to reflect this limitation. We think it is likely
that compensatory relationships will occur outside of this context, but we cannot
study it systematically as of yet due to the lack of proteomic profiles of non-tumour

samples with gene deletions.

e Sample sizes should be written everywhere on the plots and in statistical tests
reported in the text for all tests. Effect sizes should also be mentioned for test results.

We have annotated all plots with sample size information. We also report effect size
for all tests- odds ratios for Fisher’s Exact Tests (which we have retained from the
first version of the manuscript), Cohen’s d for t-test comparisons, and Cliff’s delta for
Mann-Whitney U-test comparisons. This information is also included in Appendix
Table 10.

e Figure 7 summarizes what we knew before this work was done rather than describing

its novelty. It could be used as a panel of Figure 1 to introduce the work.

We have modified Figure 7 to make it clear that it illustrates cases of paralog
compensation in essential protein complexes, i.e. cases where the inability of the
other paralog in the pair to compensate for the lost paralog would result in cell death.
This illustrates the link between proteomic compensation and synthetic lethality, i.e.

functional compensation, that our results suggest.

e There are many confounding factors in this type of study that could be taken into
account. For instance, more abundant proteins are more accessible to detect by
mass spec and provide more statistical power to detect changes in abundance. They

also tend to have more protein interaction partners, are more conserved, and have



more post-translational modifications reported. This may create false associations if
abundance is not considered as a covariate. Many effect sizes are small (even if
highly significant) so many features examined could disappear in a multivariate
analysis, which would facilitate interpretation and maybe help us better understand

the mechanisms.

We have analyzed protein abundance of the lost paralog and the other member of the
pair and interestingly, we note that collateral loss paralogs have significantly higher
mean abundance in the GTEx resource, while the lost paralogs of compensation pairs
have significantly lower abundances, albeit this is a small effect size. We have added
multivariate models to predict compensation and collateral loss, as discussed earlier.

We have included a discussion of protein abundance in the text as follows-

Degree centrality could potentially be confounded by protein abundance— more abundant
proteins might be more amenable to detection, resulting in such proteins having a larger
number of known interactors. However, this was not the case- when comparing mean
abundances of lost paralogs in the GTEXx dataset, deleted genes in compensation pairs had
significantly lower mean abundance than non-hits (Cohen’s d =-0.1, p = 0.03) (Appendix

Fig. S2b). Conversely, both the deleted gene and the paralog with reduced abundance in

collateral loss pairs had significantly higher mean abundance (Cohen’s d = 0.1, p = 2.5x1 0'3

for lost paralogs and Cohen’'sd =0.3, p = 9x10'9 for the other paralog) (Appendix Fig. S2c).

(lines 287 to 295).
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Appendix Figure S2. Compensation pairs are more central in the protein-protein
interaction network when analyzing the STRING physical subnetwork, EBI
ComplexPortal, and the HuMap database. (a) Box plot showing distributions of STRING
degree centrality for compensation pairs, non-hits, and collateral loss pairs (Methods). (b)
Box plot showing the mean abundance of the paralogous (not-lost) protein in the GTEx
dataset of proteomic profiles from healthy tissues for all three groups. (c) Similar box plot
showing the mean abundance of the lost protein in the GTEx dataset of proteomic profiles
from healthy tissues for all three groups. (d) Similar box plot comparing the distributions of
Jaccard indices calculated with the STRING network. (e) Bar chart showing the proportion of
paralog pairs in each group where at least one paralog is a CORUM protein complex
member (Methods). (f) Bar chart comparing the percentage of pairs in each set where either
member of the pair is a member of a protein complex in EBI Complex Portal (Methods). (g)
Similar bar chart plotted to show the percentages of pairs where either member is in a
predicted HuMap complex (Methods). (h) Boxplots showing the conservation scores of
paralog pairs in all three groups, using the presence of a known ortholog in other species as
a proxy for conservation across evolutionary time (Methods). All p-values are from two-tailed
t-tests (assuming equal variances). Counts and sample sizes for each group are shown in

parentheses.
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e Itis a bit troublesome that the nature and extent of gene inactivation in the HAP1
lines do not appear to be well known or established. If the "inactivated” gene
produces a transcript, how does this impact compensation or collateral loss if it

occurs at the transcriptional level?

We have added a discussion of this as follows:

Previous analysis has shown that many HAP1 ‘knockouts’ display residual expression of the
target transcripts, even in the absence of protein expression, potentially due to variable
efficiency of nonsense-mediated decay (Smits et al, 2019). In our analysis we have only
analysed HAP1 clones where we could validate a reduction in protein abundance of the
target gene. We have not assayed mRNA abundance and so cannot rule out the possibility
that residual expression of target transcripts may influence the observed compensation and

collateral loss patterns. (lines 716 to 724).

e The proteomics analysis did not specify well how the conserved peptides between
paralogs were handled and how this may impact the power to detect differences

between paralogs with high sequence identity.

We have added a discussion of this as follows:

Furthermore, a challenge with bottom-up proteomics is that protein abundance is quantified
from the abundance of peptides which may match multiple proteins, which is especially
common for paralogs. The CPTAC PanCan dataset was re-processed by the authors using
FragPipe and the Philosopher pipeline, with razor peptides being assigned to a single
protein based on the overall peptide evidence for that protein (Li et al, 2023). In our analysis
of HAP1 proteomics we quantified all protein abundances using unique peptides only (those
that map to only a single protein), which meant that we could not analyse the pair ASF1A-

ASF1B because only shared peptides could be identified. Since peptide-level data is not


https://paperpile.com/c/1vhUYS/4qqRM

readily available for the CPTAC dataset, it was not possible to exclude shared peptides.
Although some collateral loss hits might reflect artefacts resulting from shared peptides,
compensation hits, where the abundances of two paralogs are inversely correlated, are less
likely to be affected. Furthermore, approximately half of the compensation and collateral loss
hits are also evident at the transcriptomic level and these are unlikely to result from shared

peptide artefacts. (lines 726 to 739).

e [or the analysis of the tumor proteomes, the authors interpret the results as if the
higher abundance of a paralog resulted from the inactivation of the other. Could it be
that since the other was more expressed for unknown reasons, the first could lose a
copy without much consequence? The "compensation” would then predate gene loss
and could not cause it? It may be possible to discard this possibility doing some

analysis.

This is a very interesting idea and not one we had considered. In our model, we adjust
for the copy number status of the compensating gene and so the higher expression
would presumably be a result of an overall epigenetic state of the cell rather than a
genetic change to the compensating gene. We do not think we could discard this
possibility without doing careful single-cell analysis before and after genetic
perturbation similar to what has been performed to dissect cell populations that
confer resistance to drugs (Prieto-Vila et al, 2019; Emert et al, 2021; Jacobo Jacobo et
al, 2024). The single-cell proteomics data, in the presence of genetic perturbations,
that would be required to address does not yet exist. We have added a discussion of

this possibility as follows:

Although we identify a number of associations between gene loss and changes in paralog
abundance, it might not be possible to demonstrate a causal link for all these cases. Our
assumption is that loss of one gene causes an increase in the abundance of another
paralog. However, it is possible that, at least in some cases, causality flows the other
direction and it is an increased abundance of a paralog that allows the copy loss to occur.
Indeed in the case of cancer drug resistance, often resistant states exist in the cell

population prior to drug treatment (Gerlinger et al, 2012; Prieto-Vila et al, 2019; Jacobo
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Jacobo et al, 2024; Emert et al, 2021). We cannot rule out the possibility that some of our
‘compensatory’ relationships reflect this alternative framing. However, the significant overlap
between our compensation hits and those from Perturb-seq experiments would argue that
our hits are enriched for real regulatory relationships, but some may reflect the case where

higher-expression predates the genetic event. (lines 741 to 752).

e One additional piece of analysis that could have been done would be to look for intra-
locus compensation. The authors mention that gene loss is primarily heterozygous in
those tumor cells. If there is compensation among paralogs, it could come from the
exact mechanisms that cause intra-locus compensation, such as overexpression of
an allele of a gene when the other allele is inactive. This could be done by comparing
transcript or protein levels among cell lines. Either this would happen concomitantly

with paralogous compensation or would prevent compensation from happening.

We have not set up our analysis pipeline to analyse intra-locus compensation. We
specifically focus on events where the genetic perturbation (copy loss) of one gene is
associated with areduction in the abundance of the encoded protein. This is
necessary because of the noisiness of the samples and profiles (imperfect copy
number calls, impure samples). We have added a discussion of this possibility as

follows:

Our analysis also was entirely focussed on detecting cases of paralog compensation caused
by single copy loss in cancer. Another possible scenario is compensation by increased
expression of the remaining allele— although we find that a majority of single copy loss
events result in a significant drop in protein abundance, a systematic analysis of intra-locus

compensation is an interesting possibility for future work. (lines 776 to 780).

e Collateral loss does not receive much attention regarding mechanisms and is more
surprising. Given that some paralogs showing this response appear to be forming
dimers, maybe there is something special about dimer interfaces that stabilise these

proteins.



We have examined interface size and direct physical interaction (defined as
interactions in BioGRID identified using yeast two-hybrid screens, pulldown
experiments, biochemical assays, protein complementation assays, or far western
blotting) as predictors of both compensation and collateral loss (Fig. EV6). Paralogs
in collateral loss pairs tend to have a lower proportion of their residues at interaction
interfaces, which is in line with their lower degree in interaction networks.
Compensation pairs are significantly more likely to heterodimerize, with no significant
relationship observed for collateral loss pairs. We have also examined transcriptional
co-regulation and found that collateral loss pairs are significantly more likely to be co-
regulated by the same transcription factor than non-hits, although this is only true of
6% of pairs and so likely does not explain the majority of cases. We have discussed
these results in the text as follows-

Since protein abundances and interactions are influenced by protein stability, we compared
experimentally determined protein half-life across these groups (Zecha et al, 2019). We
found no significant differences (Figs. EV4a, EV4Db; Appendix Table 10). We then obtained
protein length annotations from UniProt, comparing these across the three groups. Both the
compensating paralog and the lost paralog in compensation pairs tend to be longer than
their counterparts in non-hit pairs (Cohen’s d = 0.2, p = 2.4x10-4 for lost paralog, Cohen’s d
= 0.2, p = 1.7x10-4 for the other paralog) (Figs. EV4c, EV4d) (UniProt Consortium, 2025).
Interestingly, this is also true of collateral loss pairs (Cohen’s d = 1.5, p = 8.4x10-4 for lost
paralog, Cohen’s d = 1.5, p = 1.5x10-3 for the other paralog). However, two proteins of
similar lengths might have a different proportion of their residues in an interaction interface.
We assessed this directly using a dataset of 486,099 AlphaFold-predicted dimers,
calculating, for each paralog with data available, the proportion of its residues ever present
in an interaction interface according to a high-confidence model (Methods) (Janes et al,
2024). We found that both the lost protein and its paralog in collateral loss pairs tend to have
a lower proportion of their residues in interaction interfaces, in line with collateral loss

paralogs generally having lower degree (Cohen’s d = -0.18, p = 7.7x10-4 for the

hemizygously lost paralog, Cohen’s d =-0.1, p = 0.04 for the collaterally lost paralog) (Figs.



EV4e, EV4f). Work in yeast has suggested that compensation is more likely to be observed
for co-regulated paralog pairs (DeLuna et al, 2010). As such, we used the Dorothea
database of transcription factor-gene relationships to assess co-regulation by the same
transcription factor (Garcia-Alonso et al, 2019). We found that collateral loss pairs are
significantly more likely to be co-regulated by the same transcription factor (OR =2, p =
7.8x10-3). However, only 6% of collateral loss paralogs were found to be co-regulated (Fig.
EV4g) and there was no enrichment for compensation pairs. Finally, we assessed if physical
interaction between paralogs played a role in mediating these effects by filtering BioGRID to
direct interactions (Methods). We found that compensation pairs were significantly more
likely to share a direct physical interaction with each other (OR = 1.6, p = 1x10-3) (Fig.

EV4h). (lines 339 to 366).

We have also amended the relevant section of the discussion-

We do not have a simple model for collateral loss pairs. The simplest model, supported by
systematic work in yeast, would be that pairs of paralogs often form heterodimers and hence
stabilise each other (Diss et al, 2017; Dandage & Landry, 2019). When one paralog is lost,
the other loses stability and is then degraded. The strongest effect we see, GMPPA/GMPPB,
corresponds to a pair known to form a heterodimer, consistent with this model. Since there is
considerable overlap between collateral loss hits identified at the transcript level and those
identified at the protein level, it is also likely that many of these relationships involve some
transcriptional co-regulation. We found that collateral loss pairs are more likely to be
transcriptionally co-regulated than non-hits, although this only applies for 6% of pairs and so
likely does not explain the majority of effects we observe. However, we do not find direct
physical interaction to have substantial predictive power for collateral loss. As such, this too
is unlikely to explain all collateral loss pairs and so additional explanations are needed.

(lines 685 to 697).



e |t took me a long time to realize that the HAPL1 cell lines were purchased and not
constructed. Maybe mention it earlier in the paper. | was looking for the methods of
their construction. The term biological replicates is used, but it is unclear at what step

was replication done.

We apologize for the confusion and have clarified this in the text as follows. We note
that approximately half of the cell lines used were created specifically for this study,

i.e. not previously available in the Horizon catalogue.

We obtained knockout HAP1 cell lines from Horizon discovery and performed whole-cell
lysate proteomic profiling of 34 HAP1-derived clones, each of which had a frameshift
insertion or deletion of a single paralog, and the parental HAP1 strain for comparison (Fig.
1la, Methods). Each clone was grown in four separate cultures, constituting four biological

replicates. (lines 166 to 170).

e Itis unclear to me why paralogous genes on the identical chromosomes were
excluded from the analysis. This would have been a nice dataset to dissect the

mechanisms of compensation based on chromosomal proximity, etc.

This is a limitation of our approach that is now discussed in the discussion on lines
679-685. Two genes which are chromosomally proximal will typically be deleted /
amplified together and so it is difficult to assess how copy number changes of one
will impact the abundance of another. However, the HAP1 analysis lets us test two
pairs, DDX42-DDX5 and KATNAL2-VPS4B, which are on the same chromosome.
Neither of these pairs are hits.

Our analysis focussed on copy number loss events, which often affect multiple genes. As
such, to avoid identifying spurious collateral loss pairs which are actually explained by the
same deletion event, we excluded 1,400 paralog pairs which met all other filtering criteria,
but were on the same chromosome. However, since we generated HAP1 knockouts using

CRISPR-Cas9, this was not a concern with the HAP1 analysis. We tested two pairs,



KATNAL1-VPS4B and DDX42-DDX5 which are on the same chromosome, and did not

identify a significant effect for either pair (lines 754 to 760).

e Line 80: what are the differences between phenotypic and molecular compensation?
Protein abundance is also a phenotype. Many be more precise?

We have clarified our use of this terminology in the text as follows-

This 'need-based upregulation' means that the compensatory response only occurs in
environmental conditions where the function of the gene is required for optimal growth or
survival, and disappears in conditions where the function becomes dispensable. Intriguingly,
the pairs that exhibited this upregulation were enriched for pairs known to be synthetic lethal,
suggesting a relationship between phenotypic compensation (i.e. cases where the presence
of a paralog enables cells to survive the deletion of an essential gene) and molecular
compensation (i.e. cases where the paralogous protein is upregulated in the context of

essential gene loss) (lines 80 to 87).

e Line 111: cite the papers from yeast here as well

We have added these citations to the text.

e Line 138: what does unbiased mean here?

Here, we used unbiased to mean that the whole proteome was quantified without the
use of antibodies targeting specific proteins. We have removed ‘unbiased’ from this

sentence as it might be redundant and confusing.

e Line 140: Is non-heterozygous the same as homozygous?



We have replaced this phrase with “homozygous” for clarity.

e Line 248: the end of the paper makes it clear that compensation or duplication has
not evolved to provide robustness to mutations. But, some of the writing is done in a
way that may suggest it is the case. For instance, here, "be a means" seems to

indicate that there is an intent.

We have modified the sentence as shown below to avoid any assertions about the

evolution of the compensation mechanism.

We hypothesised that proteomic compensation might provide a mechanism to stabilise the
protein-protein interaction network against variation in protein abundance (either due to

stochastic variation or external perturbations) (lines 274 to 276).

e Line 451: Maybe the authors could specify better what they mean by active
compensation. Is this a nomenclature accepted upon or published before? Same for

collateral loss.

We have replaced references to ‘active compensation’ with ‘proteomic compensation’
for clarity. We have also included a discussion of the existing terminology in the field

in the introduction as follows-

We note that there has been a diversity of terms used in the literature to refer to cases
where the abundance of one paralog is increased in response to the deletion of another —
need-based upregulation, transcriptional reprogramming, active compensation — and here
we simply use the term ‘proteomic compensation’ (Kafri et al, 2005, DeLuna et al, 2010; Diss
et al, 2014). The opposite effect, where the abundance of one paralog is decreased in
response to deletion of another has also been observed (Diss et al, 2017; Dandage &

Landry, 2019), and reported using distinct terms, including negative responsiveness, and



dependency. We here use the term collateral loss to indicate that a reduction in the protein
abundance of one paralog happens in response to the genetic perturbation of another (i.e.
the protein is not itself the target of the genetic event, but nonetheless it displays decreased

abundance) (lines 99 to 109).

e Line 466: twice the same gene name?

The first use of STAG1 here refers to the protein, i.e. we see an increase in the protein
abundance of STAG1 upon STAG2 loss. STAGL1 then refers to the gene itself, i.e. we
also see an increase in the genetic dependency upon this gene upon STAG2 loss,

measured as the fitness defect associated with STAG1 perturbation.

e Line 501: Suggest a similar model or support the same model.

We have edited this sentence for clarity- Our finding that paralog compensation pairs,
especially those that are post-transcriptionally regulated, are enriched in protein complex

subunits and more highly ubiquitinated is in line with this model (lines 674 to 676).

e Line 513: | would need references here. Same at line 543.

We have added references to these lines in the text (lines 656, 672).

e Line 565: problem with parentheses. Also, why 0 and 50mM TCEP?

We have fixed the parentheses in this sentence. This was an error and we have

amended the text (1.5 mg/ml TCEP was used).

e Line 575: space before 200

We have amended the text.



e Line 586: why remove reverse sequences?

Reverse sequences are "decoy" sequences used to estimate the False Discovery Rate

and as such their removal is a routine step in proteomic processing.

e Line 631: | assume sequence identity is for AA sequences?

We have amended the text to clarify that we are referring to amino acid sequence

identity here.

e Line 632: what measures?

We have amended the text to clarify that we are referring to measurements of protein
abundance in the CPTAC dataset here.

e Line 650: p-values is not always written the same way

We have amended the text.

e Line 729: Biogrid is not always written the same way

We have amended the text.

e Line 730: The STRING database also includes predicted PPIs based on gene

features that could create fall association in the analyses

We believe this is mitigated by our use of the STRING physical sub-network, which
does not include functional associations between proteins. Further, we show the

same results with the BioGRID dataset, which relies solely on experimental evidence.



e Figure 1: Expected results could be shown using schematics rather than "fake"

boxplots in panel b.

We have replaced the boxplots in Figures 1 and 2 with cartoon boxplots to make it

clear that these do not reflect real data.

e Figure 1C: collateral loss appears almost as frequent as compensation. It would be

good to know if they co-occur in the same paralog family or if these are exclusive.

We have replaced the boxplots in Figures 1 and 2 with cartoon boxplots to make it

clear that these do not reflect real data.

e Figure 6: some legend elements are inverted, g, and f.

We have amended the figure legend.

Reviewer 2

e Thank you for the opportunity to review "Proteomic compensation by paralogs
preserves protein interaction networks after gene loss in cancer" by Venkatesh et al.
This manuscript discusses how proteins respond to their paralog deletions. Authors
use HAP1 loss of functional mutant cell lines which they profile with proteomics as
well as analyze CPTAC proteomic data based on samples with copy number
variation in paralogs. They show that proteins that compensate for the loss of their
paralog are more conserved, central in the PPI network and belong to essential
protein complexes compared to those that do not compensate or depend on their
paralog.

This study investigates how proteins respond to their paralog perturbation and
implications for tumor biology. This addresses an important question in the field of
paralog evolution and protein interactions and provides insight about the
mechanisms of paralog buffering. This is an interesting study although | have a few

comments.



We thank the reviewer for the careful reading of our manuscript and for the positive
feedback.

e The authors mention that analysis presented in Figure 2 used cancer type as a
covariate. However, context specific paralog relations were not reported in the
manuscript resulting from this analysis, but this is important since not all genes are
expressed in all tissues and represent real biological paralog relationships. These
data should be presented in the results and discussed. In other words if both
paralogs are detectable in a given tumor type but not all tumor types, there is no

biological basis for remove these data from the analysis.

We agree with the reviewer that context-specific relationships between paralogs are
of significant interest and we are exploring them in other work (e.g. context-specific
synthetic lethality between paralogs). The reason we have not included them in this
analysis is statistical rather than biological. With the full pan-cancer CPTAC dataset
we have 1023 samples, while with individual cancer types, we have only 108 samples
on average (median). This means that we test far fewer pairs when analysing
individual cancer types (median 535). The discordance in hits across cancer types
(e.g. compensation observed in one but not another) is likely primarily attributable to
differences in our ability to detect them rather than cancer-type specific biology. We
note that when we aggregate the ‘cancer type-specific’ hits across all cancer types,
for a total of 5,474 pairs tested (with 4%, i.e. 219 compensation hits and 6% i.e. 332
collateral loss hits), we observe similar patterns to the ones we describe in the
manuscript. Compensation pairs are enriched for neighbour essentiality (Response
Fig. 1a), degree centrality (1b), Jaccard index (1c), essential CORUM complex
membership (1d), synthetic lethality (1e), physical interaction (1f), and paralog length
(1g, 1h). Collateral loss pairs have significantly lower neighbour essentiality (1a), are
less likely to be closest pairs (1i), have a family size of 2 (1j), and have significantly
lower conservation scores (1k) and higher lost paralog abundance in GTEx (1l). We
have not included this analysis in the paper as we do not feel it adds significantly to

the results, but present the relevant figures below:
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Response Figure 1 (not included in revised text): Compensation and collateral loss
hits detected using data from individual CPTAC studies show similar patterns to hits
detected using the aggregated CPTAC dataset. (a) Box plot showing the distribution of
DepMap CERES scores for the deleted gene in paralog pairs that are compensation hits in
at least one CPTAC study, pairs that are never hits in any study, and pairs that are collateral
loss hits in at least one study. (b) Similar box plot showing the distribution of BioGRID
degree centrality values for the deleted gene in paralog pairs belonging to the three groups.
(c) Similar box plot showing the distribution of BioGRID Jaccard indices for the three groups.
(d) Bar chart showing the percentage of pairs in each group that are members of a CORUM
complex with at least one broadly essential member. (e) Bar chart showing the percentage
of pairs in each group found to be synthetic lethal in at least two contexts in multiplexed
(combinatorial) CRISPR screens. (f) Similar bar chart showing the percentage of pairs in
each group that directly physically interact with each other. (g) Box plot showing the
distribution of lost paralog lengths for the three groups. (h) Similar box plot showing the
distribution of lengths for the other (not lost) paralog for the three groups. (i) Bar chart
showing the percentage of pairs in each group that are each other’s closest paralog. (j)
Barchart showing the percentage of pairs in each of the three groups that belong to a family
with size 2, i.e. no other paralogs in the family. (k) Box plot showing the distribution of

conservation scores for paralog pairs in the three groups. (I) Box plot showing the



distributions of mean GTEX protein abundances for the lost paralog, for pairs in each of the
three groups. Sample sizes are shown in parentheses and all p-values are from two-sided t-

tests assuming equal variance.

We have added a paragraph to the discussion as follows:

Combinatorial CRISPR screens have revealed that many paralog pairs are synthetic lethal in
a context-specific fashion, with some pairs synthetic lethal in one cell line but not others
(Thompson et al, 2021; Ito et al, 2021; Parrish et al, 2021). Work in yeast has also
established that at least some proteomic compensation relationships are only evident in
specific contexts where such compensation is necessary for survival, e.g. for glucose
metabolism in environments where glucose is the primary carbon source (DeLuna et al,
2010). In order to gain statistical power, we have here focussed on compensatory
relationships that can be observed across samples from all cancer types combined. It is still
unclear to what extent there may also be compensatory relationships evident within specific
contexts or cancer types. This may be possible to address as the number of samples

available for individual cancer types increases (lines 764 to 774).

e Authors use the DepMap to identify cases of essentiality of paralogs. These are
useful data but should also be complemented with the existing multiplexed screens
such as Dede et al Genome Biology 2020, Gonatopoulos-Pournatzis et al Nature
Biotech 2020 and Esmaeili Anvar et al Nat Com 2024 which specifically probed

paralog pairs.

We note that in our original submission we assessed this enrichment using both the
DepMap synthetic lethal dataset and additional datasets derived from combinatorial
screens and found that it was significant in all cases. This may not have been clear
and so we have amended the text to state ‘multiplexed combinatorial CRISPR
screens’ on line 413. For this analysis of combinatorial screens we assembled a
consensus dataset based on the results of five multiplexed screens- Thompson et al
2021, Parrish et al 2021, Gonatopolous-Pournatzis et al 2020, Dede et al 2020, and Ito



et al 2021, and used this to assess the overlap between compensation pairs and gene
pairs that are synthetic lethal in at least one (Appendix Figure S6) or two (Figure 5B)

contexts in these screens.

e The term collateral loss is confusing and a meaning of an unrelated consequence
comes to mind, which is not the case here involving the paralogous protein rather
than any random protein. The community previously proposed the term to describe
the loss of protein abundance of one protein in response to the deletion of its paralog
as "dependency"” (Diss et al Science 2017, Dandage et al bioRxiv 2023). Perhaps it
would be useful use this term instead of introducing yet another term for the same

phenomenon.

We struggled with terminology as related phenomena have been discussed using
distinct terminology (e.g. need based upregulation and active compensation) while
distinct phenomena have also been discussed using the same terminology (e.g.
dependency for proteomic relationships and genetic vulnerability). We wished to
avoid the term dependency because in our other work, and in the cancer community
in general, the term is more widely used to describe genetic vulnerabilities (most
notably by the Cancer Dependency Map). Often when one gene is lost, as in the cases
here, this creates a dependency on another. We have added some text to the

introduction to address known terminology in the field--

We note that there has been a diversity of terms used in the literature to refer to cases
where the abundance of one paralog is increased in response to the deletion of another —
need-based upregulation, transcriptional reprogramming, active compensation — and here
we simply use the term ‘proteomic compensation’ (Kafri et al, 2005, DelLuna et al, 2010; Diss
et al, 2014). The opposite effect, where the abundance of one paralog is decreased in
response to deletion of another has also been observed (Diss et al, 2017; Dandage &
Landry, 2019), and reported using distinct terms, including negative responsiveness, and
dependency. We here use the term collateral loss to indicate that a reduction in the protein

abundance of one paralog happens in response to the genetic perturbation of another (i.e.



the protein is not itself the target of the genetic event, but nonetheless it displays decreased

abundance) (lines 99 to 109).

To improve readability e should be displayed as x10 to the power of exponent in the

main text and all the figures.

We have amended the text and figures for readability.

The y-axis on figure 5c-d and 6c-e should be clearly labeled to contain the word

"level." Otherwise, it is not clear what is actually shown.

We have amended the axes of these and other boxplots shown in the manuscript to

state ‘abundance’ or ‘corrected abundance’ to maintain clarity and consistency with

the terminology used in the text.

Reviewer 3

In this manuscript, Venkatesh and colleagues investigated how the copy number loss
of paralog genes is tolerated in tumours and human cell lines with a focus on
proteomic response. They find that the loss of one paralog can lead to either an
increase, active compensation, or a decrease, collateral loss, in the protein
abundance of its paralog, with active compensation being more prevalent. Further,
the authors show that compensation paralog pairs, unlike collateral loss
relationships, are more sequence similar, more central in protein-protein interaction
network, more likely to be synthetic lethal, and involved in essential functions. By
using an integrative approach that combines genomic, transcriptomic and proteomic
data, the authors shed light on underlying regulatory mechanisms of this
compensation, and provide evidence that both transcriptional and post-transcriptional
mechanisms are under control. By taking advantage of large cancer datasets, the
authors characterise proteomic response to paralog loss in tumours and address the
gap left by previous studies which have mainly focused on non-human models such
as yeast. This work advances our understanding of molecular consequences of

paralog loss, with potential clinical relevance for synthetic lethality approaches in



cancer therapy.
Overall, this manuscript is really interesting and makes a great contribution to the
field. | have a few specific questions and suggestions that | believe could help

improve and strengthen the work.

We thank the reviewer for the careful reading of our manuscript and for the positive
feedback.

e 1. |found the analysis in lines 208-219 somewhat difficult to follow, particularly the
lines 231-215. From my understanding, the authors tested the overlap between
paralog pairs showing reciprocal relationships separately for compensation pairs and
collateral pairs, finding that reciprocal relationships are enriched among
compensation pairs. If so, the results could be presented more clearly (e.g. indicating
the number of pairs have reciprocal relationships out of 4,568 paralogs tested - line
198). | assume the total number should be the sum of all groups in the
supplementary figure 3a and 3b? Also, line 214, "overlap among reciprocal
compensation pairs..", could be simplified to "... among compensation pairs".

Clarification of this section would improve readability.

Since paralog pairs in our analysis are directional, i.e. A1-A2 is distinct from A2-A1l,
the filters we employ before running our tests often result in a paralog pair only being
tested in one direction. For example, A2-A1 would not be tested if A1l is hemizygously
deleted in fewer than 20 samples. As such, to study whether a pair being a hit in one
direction made it more likely to be a hit in the other direction, we restricted the
analysis to only pairs that have been tested in both directions. We have amended the
text for clarity as shown below. We have also replaced the use of ‘reciprocal’ with
‘symmetric’, with pairs that are tested in both directions but only a hit in one direction

annotated as ‘asymmetric’ pairs.

In our analysis of the HAP1 data, we found that some pairs were observed as compensatory
in a symmetric fashion — A2 loss was associated with an increased abundance of Al, while

loss of A1 was associated with increased abundance of A2. With the CPTAC analysis, most
paralog pairs were tested in an asymmetric fashion —i.e. we assessed the impact of A2 loss

on A1’s protein abundance but not A1’s loss on A2’s protein abundance. This was due to the



filtering steps we applied, which excluded some pairs from being tested in both directions.
However, we found that, for the subset of pairs that were tested in both directions, there was
a significant enrichment for symmetric compensation pairs (OR = 2.7, p = 2x10-6; Appendix
Fig. S1a) and for symmetric collateral loss pairs (OR = 1.7, p = 0.02; Appendix Fig. S1b). In
other words, paralogs that were a hit in one direction were significantly more likely to be a hit

in the other direction (lines 231 to 241).

e 1.a. Given that active compensation pairs can have collateral loss relationships when
tested in the other direction, it would also be valuable to investigate how the
characteristics (sequence similarity, degree centrality etc) differ when compensation

pairs are grouped as those with symmetrical and asymmetrical relationships.

This is an interesting idea that we had not considered. We have performed the
analysis and identified symmetric compensation pairs to be more likely to be CORUM
complex members (including when restricting to essential complexes). The lost
paralogs in these pairs are more essential and have higher degree centrality.
Symmetric pairs are also more likely to physically interact. We have added plots

showing this to Appendix Figure S3 and we discuss it in the text as follows-

Interestingly, symmetric compensation pairs, i.e. pairs exhibiting a compensatory
relationship in both directions, were significantly more likely to be in CORUM complexes,
both generally and when restricting to essential complexes, compared to asymmetric pairs
(OR = 2.3, p = 1.6x10-2) (Appendix Figs. S3a, S3b). The lost paralogs in symmetric
compensation pairs were also more essential (Cohen’s d = 0.4, p = 7.3x10-4) and had
significantly higher degree centrality values (Cohen’s d = 0.5, p = 4.6x10-3) (Appendix Figs.
S3c, S3d). Symmetric compensation pairs were also more likely to have a direct physical
interaction than asymmetric pairs (OR = 2.8, p = 0.02) (Appendix Fig. S3e). These
symmetric cases might correspond to paralog pairs that have a stronger functional overlap

(lines 367 to 375).



e 2. Based on lines 80-83, "deletion of one gene was associated with reduced protein
abundance of its paralog ... due to stoichiometric requirements of protein complexes
containing both paralogs.”, as well as lines 90-92, "Further analysis suggested that ...
dependency are enriched among paralogs that form heteromers ...", and lines 201-
206, where the authors provide evidence that they observed similar pattern like
dependency - collateral loss- between a paralog pair forms heterodimer. Considering
the percentage of post-transcriptionally regulated paralog pairs does not differ much
between compensation and collateral loss pairs (Fig 6a) and the hypothesis in lines
402-405 that "..post-transcriptionally regulated pairs might be more likely to involve
members of protein complexes ..", it would be interesting to test if this is the case
also for collateral pairs (considering the loss of a paralog would leave its paralog
orphan and target for degradation)? Alternatively, can the authors justify/clarify why
this analysis (number of ubiquitination sites) was performed only for compensation

pairs, but not for collateral loss pairs?

We have performed the ubiquitination analysis for collateral loss pairs and found that
similarly to compensation pairs, post-transcriptional collateral loss pairs have greater
numbers of ubiquitination sites than transcriptional compensation pairs, comparable
to CORUM complex members. We have added a new supplementary figure (Appendix

Figure S10) showing this. We have discussed this in the text as follows-

We observed a similar pattern for collateral loss— post-transcriptional hits had significantly
greater numbers of ubiquitination sites than transcriptional hits (Cliff's Delta = 0.3, p =
1.5x10-6), while transcriptional hits had significantly lower numbers of ubiquitination sites
than non-hits (Cliff’s Delta = -0.2, p = 1.3x10-5) (Appendix Fig. S10) (lines 594 to 598).

We note that we do not see any enrichment for protein complex subunits among post-

transcriptionally regulated collateral loss pairs, as evident from Appendix Figure S9.

e 1. Line 165-166, "For example, we identified ...... between VPS4B and VPS4B ...."
should be VPS4A and VPS4B.

We have amended this in the text (lines 187 to 188).



e 2. It would be helpful to specify the cancer types used from the CPTAC dataset in the

Method section. This addition would improve the transparency and reproducibility.

We have included this in the methods (lines 876 to 880).

e 3. (Important but not-critical) It would be a good addition to include additional
discussion on non-hit paralog pairs, particularly since, for CPTAC tumour samples,
the majority of paralog pairs (based on line 199: 12% and 10% of paralogs pairs are
compensation and collateral loss pairs, respectively) fall under non-hit category.

Some discussion on possible explanations for this observation would be helpful.

We have added a discussion of this as follows-

We note that the majority of paralog pairs do not exhibit compensatory relationships,
suggesting that the loss of many genes can be tolerated without increasing the abundance
of a paralog. This may be because the function of the lost gene is completely dispensable
(i.e. there is no need to compensate for it), because the compensating paralog is already
sufficiently abundant (i.e. compensation can happen without increased abundance), or
because compensation happens via an alternative non-paralog mechanism (lines 619 to

632).
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(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Studies involving human participants: State details of authority granting
ethics approval (IRB or equivalent committee(s), provide reference
number for approval.

Studies involving human participants: Include a statement confirming that
informed consent was obtained from all subjects and that the experiments
conformed to the principles set out in the WMA Declaration of Helsinki and

the Department of Health and Human Services Belmont Report.

Studies involving human participants: For publication of patient photos,
include a statement confirming that consent to publish was obtained.

Studies involving experimental animals: State details of authority
granting ethics approval (IRB or equivalent committee(s), provide
reference number for approval. Include a statement of compliance with
ethical regulations.

Studies involving specimen and field samples: State if relevant permits
obtained, provide details of authority approving study; if none were
required, explain why.

Dual Use Research of Concern (DURC)

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Could your study fall under dual use research restrictions? Please check
biosecurity documents and list of select agents and toxins (CDC):
https://www.selectagents.gov/sat/list.htm

If you used a select agent, is the security level of the lab appropriate and
reported in the manuscript?

If a study is subject to dual use research of concern regulations, is the
name of the authority granting approval and reference number for the
regulatory approval provided in the manuscript?

Reporting

The MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community initiatives. Journals have their own policy about

requiring specific guidelines and recommendations to complement MDAR.

Adherence to community standards

Information included in
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

State if relevant guidelines or checklists (e.g., ICMJE, MIBBI, ARRIVE,
PRISMA) have been followed or provided.

For tumor marker prognostic studies, we recommend that you follow the
REMARK reporting guidelines (see link list at top right). See author
guidelines, under ‘Reporting Guidelines’. Please confirm you have followed
these guidelines.

For phase Il and lll randomized controlled trials, please refer to the
CONSORT flow diagram (see link list at top right) and submit the
CONSORT checklist (see link list at top right) with your submission. See
author guidelines, under ‘Reporting Guidelines’. Please confirm you have
submitted this list.

Data Availability

Data availability

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Have primary datasets been deposited according to the journal's
guidelines (see 'Data Deposition' section) and the respective accession
numbers provided in the Data Availability Section?

Yes

Data avaiilability section; Appendix table S1 (processed data)

Were human clinical and genomic datasets deposited in a public access-
controlled repository in accordance to ethical obligations to the patients and
to the applicable consent agreement?

Are computational models that are central and integral to a study
available without restrictions in a machine-readable form? Were the
relevant accession numbers or links provided?
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Code availability section

If publicly available data were reused, provide the respective data citations
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Yes
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