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Dear Dr Opresko,

Thank you again for submitting your manuscript "Telomeric 8-Oxo-Guanine Drives Rapid Premature
Senescence in the Absence of Telomere Shortening". | apologize for the delay while we awaited the
comments (copied below) of the 3 reviewers who evaluated your paper. In light of those reports, we
remain interested in your study and would like to see your response to the comments of the referees, in
the form of a revised manuscript.

You will see that while Reviewer #2 is very positive about the work and suggests only minor revisions to
improve data presentation, Reviewers #1 and #3 each express concerns about the physiological
relevance of the findings that must be addressed by additional experimentation. Reviewer #1 requests
guantitation of the level of 8oxoG formation and comparison with other oxidative lesions, if possible, as
well as determination of the number of telomeres that must be damaged to trigger senescence and
characterization micronuclei formation. Reviewer #3 has reservations about the level of advance
obtained by the findings in the absence of additional insight into the mechanism that triggers the



natureresearch

senescence response to telomere damage, and whether the proposed model is relevant under
physiological conditions. This reviewer also requests further characterization of the micronuclei induced
by oxidative damage. Editorially, we agree that these suggestions would strengthen the work, and ask
that they be incorporated in a revised manuscript. Note that we would not request that the suggested
organoid models be included in the revision.

Please be sure to address/respond to all concerns of the referees in full in a point-by-point response and
highlight all changes in the revised manuscript text file.

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

We appreciate the requested revisions are extensive. We thus expect to see your revised manuscript
within 6 months. If you cannot send it within this time, please let us know. We will be happy to consider
your revision as long as nothing similar has been accepted for publication at NSMB or published
elsewhere. Should your manuscript be substantially delayed without notifying us in advance and your
article is eventually published, the received date would be that of the revised, not the original, version.

As you already know, we put great emphasis on ensuring that the methods and statistics reported in our
papers are correct and accurate. As such, if there are any changes that should be reported, please
submit an updated version of the Reporting Summary along with your revision.

Reporting Summary:
https://www.nature.com/documents/nr-reporting-summary.pdf

Please note that the form is a dynamic ‘smart pdf’ and must therefore be downloaded and completed in
Adobe Reader.

Please note that all key data shown in the main figures as cropped gels or blots should be presented in
uncropped form, with molecular weight markers. These data can be aggregated into a single
supplementary figure. While these data can be displayed in a relatively informal style, they must refer
back to the relevant figures. These data should be submitted with the last revision, prior to acceptance,
but you may want to start putting it together at this point.

SOURCE DATA: we urge authors to provide, in tabular form, the data underlying the graphical
representations used in figures. This is to further increase transparency in data reporting, as detailed in
this editorial (http://www.nature.com/nsmb/journal/v22/n10/full/nsmb.3110.html). Spreadsheets can
be submitted in excel format. Only one (1) file per figure is permitted; thus, for multi-paneled figures,
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the source data for each panel should be clearly labeled in the Excel file; alternately the data can be
provided as multiple, clearly labeled sheets in an Excel file. When submitting files, the title field should
indicate which figure the source data pertains to. We encourage our authors to provide source data at
the revision stage, so that they are part of the peer-review process.

Please use the link below to submit your revised manuscript and related files:

[REDACTED]

<strong>Note:</strong> This URL links to your confidential home page and associated information about
manuscripts you may have submitted, or that you are reviewing for us. If you wish to forward this email

to co-authors, please delete the link to your homepage.

We look forward to seeing the revised manuscript and thank you for the opportunity to review your
work.

With kind regards,

Beth

Beth Moorefield, Ph.D.

Senior Editor

Nature Structural & Molecular Biology
Referee expertise:

Referee #1: Oxidative DNA damage/repair
Referee #2: Telomeres/senescence/DNA repair
Referee #3: Telomere maintenance/aging
Reviewers' Comments:

Reviewer #1:

Remarks to the Author:

The manuscript by Barnes et al. presents a compelling case that induction of DNA damage in the form of
8-0x0G at telomeres leads to characteristics associated with senescence. The senescence program is
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associated with p53 signaling and replication stress at the telomeres. The study is thorough with
rigorous interpretation of the data. The conclusions are mostly justified based on the results of the
experiments. However, there is concern regarding the physiological relevance of the research as
presented in this manuscript.

The technique of introducing 8oxoG at telomeres allows for characterization of cellular responses to
DNA damage at specific regions of the genome, including telomeres. However, this study does not
address whether 80xoG is the predominant type of damage at telomeres in cells that are not treated
with dye plus light. It would be important to describe and quantify the types of oxidized bases present at
telomeres in cells and to determine if 80xoG is the present and if it is the predominant form of telomeric
damage. The guanine base can sustain DNA damage other than 8oxoG. Other types of oxidative DNA
damage can arise at telomeres. The quantity of DNA damage at telomeres is also likely linked to the
cellular consequences. The authors demonstrate that growth reduction is proportional to dye plus light
exposure, but it is not clear how many telomeres must undergo oxidative damage for the cell to exhibit
senescent features. How much telomeric damage is necessary to lead to senescent characteristics? Is
damage to the telomeres of specific chromosomes important for senescence? Might the authors be able
to demonstrate that cells exhibiting staining with beta-galactosidase or inducing the SASP also have
oxidative damage at their telomeres? The answers to these questions are important given that many
cells survive the treatment with dye plus light. Is the reason they survive because they were not
damaged at their telomeres or because they responded in a manner that is not linked to senescence?

The authors perform the experiments with hTERT immortalized RPE1 cells, which are retinal epithelial
cells, and BJ human foreskin fibroblasts and provide evidence consistent with the interpretation that
some level of 8oxoG at the telomeres of these cells drives senescence. These cells were chosen based on
their derivation from non-diseased tissue. Because senescence is associated with diseases such as
cancer and also with aging, the authors should consider the use of cells that have more physiological
relevance in comparison to retinal epithelial cells and human foreskin fibroblasts. Organoid models may
also have greater physiological relevance.

It appears that the authors characterize cytokine levels associated with the SASP. What is not clear is
whether other cytokines associated with a general inflammatory response are also present in cells
harboring 8oxoG at their telomeres.

It is suggested that the authors distinguish the micronuclei they observe from the ones observed to
induce genomic instability by David Pellman’s group.

It is suggested that the authors perform their experiments in OGG1 knockout cells to determine if the
OGG1 protein is necessary for the induction of the senescent phenotype.
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Reviewer #2:

Remarks to the Author:

In this study Barnes et al capitalize on the chemoptogenetic FAP-TRF1 allele initially presented by the
same team in a 2019 Molecular Cell paper. While the initial study examined how FAP-TRF1 induced
oxidative damage impacts telomeres in cancer cells, the current study examines the outcome of
oxidative telomere damage in a primary cell context. The cells used are primary fibroblast and RPE cells,
field standards for studying telomere erosion and corresponding replicative senescence. The study relies
on the ability of the team to induce specific telomere-localized oxidative damage through the expression
of a FAP-TRF1 allele in the presence of a specific dye and 660 nm light. Targeted telomere oxidative
damage is a major experimental leap from prior studies that used oxidative agents to induced broad
non-specific damage. The study addresses if, and mechanistically how, telomere-specific oxidative
damage impacts cell proliferation and/or senescence. The premise is sound, and the experiments are
well thought out.

Overall, | am exceptionally impressed by the outcomes of the study. The data are robust and well
controlled. | am convinced that the FAP-TRF1 allele delivers specific oxidative damage as advertised (also
supported by the 2019 study). The readouts of cell proliferation, cell cycle arrest, senescence and
associated phenotypes, telomere DDR activation, MIDAS, etc are all proper and congruent with
expectations.

To my recollection this is the first study to induce physiologically relevant telomere-specific oxidative
damage in primary cells. While prior non-directed experiments may have hinted this would result in
telomere shortening, the team found instead that oxidative damage at chromosome ends induced
telomere replication stress. | find this outcome more satisfying and plausible that suggestions that
telomere oxidative damage was sufficient to induce rapid telomere deletions or breaks. The critical
finding supports observations from multiple teams: specifically, telomere length does not regulate
telomere-dependent senescence per se, but instead this regulation falls under jurisdiction of the
telomere DDR. The major leap forward in this paper is demonstration that oxidative damage, through
the induction of replication stress, induces telomere DDR-dependent replicative senescence
independent of telomere length. This is a highly novel finding. | particularly liked the experiments in
Figure 5E-G showing this requires on-going cell division.

The discussion articulates the importance of the data and was enjoyable to read. | particularly like the
justified speculation related to persistent telomere DDR in cells without telomere shortening, a
phenotype | have previously struggled to rationalize. The summary is appropriate and the writing is high
quality throughout.
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| have several minor comments below aimed to improve some aspects of the manuscript that | hope are
of use to the authors.

1. Throughout the manuscript there should be a specific statement of the N for all experiments (e.g. N =
3 experiments quantifying 100 nuclei per experiment) and a specific description of the statistical
measures employed. For example, Line 679: “Panel C was analyzed by unpaired T-test, and panels B, E,
F, H-J by One or Two-way ANOVA.” Which data were analyzed by One-way vs Two-way? This should be
addressed throughout.

2. When t-tests are used, it is not always clear the data are parametric (t-tests are parametric). For
example, Figure 5C-F. It may be worth revisiting to ensure all statistical tests are appropriate.

3. Throughout the manuscript there are places where statistics are not included. This includes non-
significant results where a NS result is central to the premise. | suggest ensuring stats are present

whenever direct comparisons are made.

4. Line 179. | do not think the stalled S-phase result is significant here, nor do | think it is germane to the
argument. The key result is the overall reduction in S-phase.

5. Figure 2 Nuclear blebbing. | agree with the results. However, showing this with live imaging, if
possible, would be an excellent confirmation of blebbing vs. chromosome segregation errors.

6. Lines 360 — 364 and corresponding figures. Ideally Shelterin telomere binding would be shown with
ChlP, if possible, which is a more accurate readout.

7. Supp Fig 2L: Claims direct comparison between DL5’ and KBrO3 but this is not shown on same axis.

8. Supp Fig 3E. | had a difficult time reading the conditions in the flow plots, it would be useful to clearly
label in a figure making program.

9. Figures throughout. There are several instances where the black outline on a histogram bar is offset
from the underlying bar, and/or the outline bars are of different weight/thickness in a single panel. This

is distracting to some readers and the authors may want to proofread figures for cosmetic changes

10. Line 395 and 508. Cesare and Karlseder 2012 is cited here. This is a review paper. | think you may be
referencing experimental data from the Cesare et al 2013 Mol Cell paper.

11. The antibodies used are not listed in the methods.
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Reviewer #3:

Remarks to the Author:

In this manuscript, Barnes and colleagues report on the consequences of oxidative damage to telomeric
DNA. Using an elegant method previously developed in the Opresko laboratory they applied a
chemoptogenetic tool to produce an 8-oxo-guanine lesion at telomeres in fibroblasts and epithelial cells.
Using this elegant system, the authors were able to define the consequences of oxidative damage at
telomeres without affecting other genomic regions. The authors find that induction of this lesion at
telomeric DNA is sufficient to trigger cellular senescence in a p53-dependent manner. The response was
associated with activation of both ATM and ATR and markers of telomere dysfunction in proliferating
cells. Interestingly, senescence was associated with micronuclei formation and was only occurring in
actively dividing cells. Based on these results the authors propose a model in which oxidative stress at
telomeres promotes replication-driven senescence. Notably, the senescence induced in these settings is
not mediated by telomere shortening.

This manuscript is based on very well-executed work, and it's wonderfully presented. However, as it
stands, the manuscript does not represent a significant leap forward in our understanding of the
mechanism by which oxidative stress drives telomere defects. Previous work from the Opresko
laboratory nicely showed the molecular consequences of oxidative stress at telomeres. Here, the
authors apply the same experimental system to define the consequences of oxidative damage to
telomeres in non-cancerous cell lines. The finding that in this context cells undergo p53-mediated
senescence is interesting. However key questions remain to be addressed: What is the mechanism that
triggers a p53-mediated response following oxidative damage at telomeres? Is oxidative damage at
telomeres intrinsically more deleterious compared to the same damage occurring at other genomic
locations? Under physiological conditions is oxidative damage to telomeres a major driver for cellular
senescence?

This reviewer also has the following minor points:

-Depletion of telomere-associated proteins following oxidative stress: the authors exclude that DNA
damage activation at telomeres is mediated by depletion of TRF1 or TRF2 using IF (S1 and S4). It would
be more convincing to test whether the telomeres that are being detected as sites of DNA damage show
a depletion of telomere-associated proteins.

-Micronuclei formation following oxidative stress: are telomeric sequences contained in the micronuclei
induced by oxidative damage?
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| Author Rebuttal to Initial comments

We thank the reviewers for their valuable feedback. We have addressed each critique in detail and have
incorporated new data and clarifications to the text, which we believe make the study stronger. We have
marked major changes in red. In the revised manuscript we now followed the NSBM convention of
labeling Supplementary Figures as Extended Data Figures, and now included 10 Extended Figures. We
also now labeled panels with lowercase letters. Fig. 2 has been almost completely revised to include the
requested experiments and data examining the mechanisms of telomeric 8oxoG induced micronuclei
formation. In addition, we reorganized the manuscript and figures so that the localized telomeric DDR
data (original Fig. 5, and now Fig. 4) follows the p53 DNA damage signaling data (Fig. 3). We combined
the data showing telomeric 8oxoG induces telomere fragility (old Fig. 4, and now new Fig. 5) with the
telomere MiDAS data (old Fig. 7, and now new Fig. 5), since both demonstrate that 80xoG impairs
telomere replication. We believe this improves the logical flow of the study, and it allowed us to include
a new mechanistic model as Fig. 7 to address Reviewer #3’s critique. We thank the reviewers for their
time and consideration, and hope they share our enthusiasm and excitement for this revised version of the
manuscript.

Reviewer #1

Remarks to Author

The manuscript by Barnes et al. presents a compelling case that induction of DNA damage in the form of
8-0x0G at telomeres leads to characteristics associated with senescence. The senescence program is
associated with p53 signaling and replication stress at the telomeres. The study is thorough with rigorous
interpretation of the data. The conclusions are mostly justified based on the results of the experiments.
However, there is concern regarding the physiological relevance of the research as presented in this
manuscript.

We thank the reviewer for the positive feedback and comments, and appreciate the recognition of the
rigor with which we conducted this study. We have addressed each comment in detail.

1. The technique of introducing 8oxoG at telomeres allows for characterization of cellular responses to
DNA damage at specific regions of the genome, including telomeres. However, this study does not
address whether 8oxoG is the predominant type of damage at telomeres in cells that are not treated with
dye plus light. It would be important to describe and quantify the types of oxidized bases present at
telomeres in cells and to determine if 8oxoG is the present and if it is the predominant form of telomeric
damage. The guanine base can sustain DNA damage other than 8oxoG. Other types of oxidative DNA
damage can arise at telomeres.
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We apologize for the misunderstanding and did not mean to imply that 80xoG is the predominant type of
damage at telomeres since this cannot be known. Although over 25 different types of oxidative DNA
lesions have been described, 80xoG is among the most common *. Our study does not exclude a potential
role for other lesions in telomere stability, which we now acknowledge in the discussion: “These findings
also raise the possibility that other oxidative lesions may contribute to telomere instability, although
80x0G is among the most abundant” (last paragraph). However, our focus on 80xoG as an important
lesion at telomeres was due to the following:

1. We and others have shown that 8oxoG forms at telomeres under oxidative stress, not just in cells
treated with our FAP-TRF1 targeting tool (dye and light) 2°.

2. Among endogenous lesions an estimated 2,800 8oxoG form per cell per day which is two orders
of magnitude greater than double strand breaks (~25), which have also been studied at telomeres
10-12

3. Mammals have evolved three distinct mechanisms to selectively process 80xoG, highlighting the
importance of this lesion in biology: 1) OGG1 removes 80xoG paired with C, 2) MUTYH
removes A mis-inserted opposite 8oxoG and 3) MTH1 removes 8oxoG from the dNTP pool to
prevent insertion 314,

4. 8oxoG’s propensity to mispair with A (giving rise to G to T mutations) is attributed to ROS-
associated mutational signatures 18 and 36 in the Catalogue of Somatic Mutations in Cancer
(COSMIC) and contributes to carcinogenesis in mice and humans 520,

5. OGGL1 deficiency causes telomere dysfunction under conidiations of oxidative stress °.

6. Biochemical studies have confirmed that telomeric repeats are highly susceptible to 8oxoG
formation 212,

With regards to quantifying and identifying other oxidative lesions at telomeres, we have been in contact
with leaders in the field of HPLC Mass-Spec methods of lesion quantification (Yinsheng Wang, Nima
Mosammaparast, and Richard Wagner), and they have all informed us that you need micrograms to
milligrams of DNA to measure DNA lesions. Telomeres represent less than 0.025% of the genome.
From 200 micrograms of genomic DNA we are able to recover approximately 30-50 ng 24, which is
woefully insufficient for such studies. Unfortunately, we are unaware of any technology that currently
exists to identify and quantify the distribution of oxidative lesions at telomeres. Furthermore, we are
unaware of any reports that have successfully quantified the oxidative hydantoin lesions in the genome,
presumably because they are rare.

2. The quantity of DNA damage at telomeres is also likely linked to the cellular consequences. The
authors demonstrate that growth reduction is proportional to dye plus light exposure, but it is not clear
how many telomeres must undergo oxidative damage for the cell to exhibit senescent features. How much
telomeric damage is necessary to lead to senescent characteristics?

We agree with the reviewer that the amount of damage induced correlates with the amount of senescence.
We show a greater induction of senescence with 20 min of dye and light exposure compared to 5 minutes
exposure (Fig. 1h-i). We demonstrated in a methods manuscript that the length of dye and light exposure
is proportional to the amount of telomeric 8oxoG produced in the telomeres (Fig. 3B, Barnes, et al.,
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Targeted Formation of 8-oxoguanine in Telomeres. Methods Molecular Biology, Vol. 2444, Nima
Mosammaparast (Eds): DNA Damage Responses, Chapter 9, accepted). In this assay 8oxoG in the
telomeres are detected by converting 8oxoG in telomere restriction fragments to a double strand break
with FPG glycosylated and S1 nuclease in vitro 2. Cleaved telomeres are detected as faster migrating
species by gel electrophoresis, and the amount cleavage correlates to lesion frequency. We now
conducted this assay in BJ-nTERT and RPE-hTERT cells after dye and light exposure and show 20
minutes of dye and light indeed produces more telomere 8oxoG than 5 minutes, which is above
background (new Extended Data Fig. 1f-g). Importantly, 40 mM KBrOs treatment resulted in telomere
80x0G levels comparable to dye and light treatment (new Extended Data Fig. 1g) whereas 2.5 and 10
mM were below the level of detection for this assay (data not shown). Due to lack of sensitivity (see
comment #1) we are unable to precisely quantify the exact number of 8oxoG per telomere but continue to
pursue this.

Our results indicate that in cells it is the conversion of 80xoG to fragile and dysfunctional telomeres that
triggers cellular senescence, since non-replication cells are largely unaffected by telomeric 8oxoG
induction (Fig. 6). Given the multiple repair and lesion bypass mechanisms a cell can employ; we do not
expect every 8oxoG lesion will be converted into a dysfunctional telomere. However, our data is
consistent with previous reports that 4-5 dysfunctional telomeres (detected as DDR foci at telomeres) are
sufficient to trigger cell senescence %,

3. Is damage to the telomeres of specific chromosomes important for senescence? Might the authors be
able to demonstrate that cells exhibiting staining with beta-galactosidase or inducing the SASP also have
oxidative damage at their telomeres? The answers to these questions are important given that many cells
survive the treatment with dye plus light. Is the reason they survive because they were not damaged at
their telomeres or because they responded in a manner that is not linked to senescence?

Given the stochastic nature of 8oxoG formation, we do not expect that some telomeres would be more
susceptible than others. Whether specific telomeres are more susceptible to replication stress is a
fascinating question but beyond the scope of our manuscript and is likely influenced by cell type. Given
the lag time in the appearance of senescent phenotypes (24 hr to 4 days) as is common, the initial 8oxoG
lesion is expected to be processed, repaired or diluted through replication during the course of the
experiments. We predict that cells that did not undergo telomeric 8oxoG-induced senescence were able to
successfully process the 8oxoG (rapid repair or replication bypass) to prevent replication stress and
fragility. However, our data indicate that those cells in which 8oxoG led to telomere dysfunction, as
indicated by 53BP1 DDR foci at telomeres (Fig. 4), went on to become senescent. To confirm this, we
expected cells showing 53BP1 foci after dye and light exposure would also be positive for SA-beta-
galactosidase. For this we tried two fluorescent beta-gal substrates, but these reagents did not work for
immuno-fluorescence microscopy in our hands. Instead, we used p53 immuno-fluorescence staining as a
surrogate marker for senescent cells, since p53 is required for telomeric 8oxoG-induced senescence (Fig.

10
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3g). We now show that 3 hrs after 5 min of telomeric 8oxoG formation, p53 positive cells show a greater
induction of 53BP1 foci compared to p53 negative cells (new Extended Data Fig. 5I,m). We used
Nutlin, which activates p53 by preventing interaction with MDMZ2, as a positive control for increased p53
staining. However, Nutlin did not induce 53BP1 foci, confirming that 53BP1 DDR was specific for
telomere damage and was not a general response to p53 activation.

4. The authors perform the experiments with hTERT immortalized RPE1 cells, which are retinal epithelial
cells, and BJ human foreskin fibroblasts and provide evidence consistent with the interpretation that some
level of 8oxoG at the telomeres of these cells drives senescence. These cells were chosen based on their
derivation from non-diseased tissue. Because senescence is associated with diseases such as cancer and
also with aging, the authors should consider the use of cells that have more physiological relevance in
comparison to retinal epithelial cells and human foreskin fibroblasts. Organoid models may also have
greater physiological relevance.

We favor the view that aging is not a “disease” per se, but rather evidence indicates that the accumulation
of senescent cells contributes to diseases that occur with aging. Senescence has been shown to arise in
non-diseased tissues and cells in animal models. Indeed, many cancers bypass telomere driven
senescence through p53 inactivation to achieve immortalization. There is a wealth of literature that
indicates human skin fibroblasts and retinal epithelial cells are susceptible to senescence 2, and both cell
types are expected to experience singlet oxygen through UV A generated processes. An organoid model is
an interesting idea to pursue in the future. Based on the exciting results we obtained with the BJ and RPE
cells, we secured pilot funding to generate a transgenic mouse model that allows us to express the FAP-
TRF1 in any tissue, which will allow us to examine roles for telomeric 8oxoG in promoting cellular
senescence in vivo and in tissue. But these experiments will require at least 2-3 years to optimize and
complete and are beyond the scope of this manuscript.

5. It appears that the authors characterize cytokine levels associated with the SASP. What is not clear is
whether other cytokines associated with a general inflammatory response are also present in cells
harboring 8oxoG at their telomeres.

The purpose of examining SASP was to strengthen the conclusion that telomeric 8oxoG induces
senescence, since SASP is a hallmark of senescence. We agree that roles for telomeric 8oxoG in immune
signaling is an exciting topic to pursue, but we are unclear how analysis of other cytokines in this study
would help to further support or strengthen our conclusions regarding the induction of senescence.
However, we do have a separate project underway in the lab examining roles for telomeric 8oxoG and
telomere dysfunction in immune signaling.

6. It is suggested that the authors distinguish the micronuclei they observe from the ones observed to
induce genomic instability by David Pellman’s group.

Excellent idea. This is particularly exciting because the manuscript we believe the reviewer is referring to

27 examined the role of breakage-fusion-bridge cycles from dicentric chromosomes in driving

chromosomal instability in p53 deficient RPE-hTERT cells. In our study we primarily examine the RPE-
11
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hTERT cells that are p53 proficient, but we see no evidence for chromatid bridges, or dicentric
chromosomes in the p53ko metaphase spread experiments. Therefore, we propose the primary mechanism
of micronuclei formation may be blebbing of chromatin to generate cytoplasmic chromatin foci as
described by others 2. To confirm this, we now performed live cell imaging and show dye and light
treatment does not increase mitoses which produce micronuclei (new Fig. 2i,h and Supplemental
Movies). Staining fixed cells for centromere and telomere DNA also showed dye and light treatment
increased acentric fragments, but not lagging chromosomes, which are associated with mitotic errors (new
Fig. 2g). The fixed cells also revealed no damage-induced increase in chromatid bridge (new Fig. 2f).
Moreover, consistent with our fixed cell data, live cell imaging revealed micronuclei which blebbed from
the primary nucleus in interphase cells following dye and light treatment. While this does not exclude
other possibilities, we believe the micronuclei we observe are consistent with mechanisms of CCF
generation associated with senescent cells.

7. It is suggested that the authors perform their experiments in OGG1 knockout cells to determine if the
OGGL1 protein is necessary for the induction of the senescent phenotype.

Excellent suggestion. [REDACTED]

Reviewer #2

Remarks to Author

In this study Barnes et al capitalize on the chemoptogenetic FAP-TRFL1 allele initially presented by the
same team in a 2019 Molecular Cell paper. While the initial study examined how FAP-TRF1 induced
oxidative damage impacts telomeres in cancer cells, the current study examines the outcome of oxidative
telomere damage in a primary cell context. The cells used are primary fibroblast and RPE cells, field
standards for studying telomere erosion and corresponding replicative senescence. The study relies on the
ability of the team to induce specific telomere-localized oxidative damage through the expression of a
FAP-TRF1 allele in the presence of a specific dye and 660 nm light. Targeted telomere oxidative damage
is a major experimental leap from prior studies that used oxidative agents to induced broad non-specific
damage. The study addresses if, and mechanistically how, telomere-specific oxidative damage impacts
cell proliferation and/or senescence. The premise is sound, and the experiments are well thought out.

Overall, I am exceptionally impressed by the outcomes of the study. The data are robust and well
controlled. I am convinced that the FAP-TRF1 allele delivers specific oxidative damage as advertised
(also supported by the 2019 study). The readouts of cell proliferation, cell cycle arrest, senescence and
associated phenotypes, telomere DDR activation, MIDAS, etc are all proper and congruent with
expectations.

To my recollection this is the first study to induce physiologically relevant telomere-specific oxidative
12
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damage in primary cells. While prior non-directed experiments may have hinted this would result in
telomere shortening, the team found instead that oxidative damage at chromosome ends induced telomere
replication stress. | find this outcome more satisfying and plausible that suggestions that telomere
oxidative damage was sufficient to induce rapid telomere deletions or breaks. The critical finding
supports observations from multiple teams: specifically, telomere length does not regulate telomere-
dependent senescence per se, but instead this regulation falls under jurisdiction of the telomere DDR. The
major leap forward in this paper is demonstration that oxidative damage, through the induction of
replication stress, induces telomere DDR-dependent replicative senescence independent of telomere
length. This is a highly novel finding. I particularly liked the experiments in Figure 5E-G showing this
requires on-going cell division.

The discussion articulates the importance of the data and was enjoyable to read. | particularly like the
justified speculation related to persistent telomere DDR in cells without telomere shortening, a phenotype
I have previously struggled to rationalize. The summary is appropriate and the writing is high quality
throughout.

We thank the reviewer for the positive feedback, and greatly appreciate the shared excitement regarding
our discovery of a novel mechanism of rapid oxidative telomere damage induced senescence. We agree
that our data could help explain persistent telomeric DDR that has been observed in vivo in the absence of
telomere shortening.

I have several minor comments below aimed to improve some aspects of the manuscript that | hope are of
use to the authors.

1. Throughout the manuscript there should be a specific statement of the N for all experiments (e.g. N =3
experiments quantifying 100 nuclei per experiment) and a specific description of the statistical measures
employed. For example, Line 679: “Panel C was analyzed by unpaired T-test, and panels B, E, F, H-J by
One or Two-way ANOVA.” Which data were analyzed by One-way vs Two-way? This should be
addressed throughout.

We have carefully edited all the figure legends to make sure N is included for all the experiments. We
also clearly indicate which statistics were conducted for each panel and experiment. Additions are marked
in red.

2. When t-tests are used, it is not always clear the data are parametric (t-tests are parametric). For
example, Figure 5C-F. It may be worth revisiting to ensure all statistical tests are appropriate.

Thank you for the comments. We re-analyzed the quantification of telomere losses and fragile telomeres
by Mann-Whitney since the data is not parametric, which was confirmed in Graphpad.

3. Throughout the manuscript there are places where statistics are not included. This includes non-
significant results where a NS result is central to the premise. | suggest ensuring stats are present
whenever direct comparisons are made.

13
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We ensure that the statistical test was stated for each experiment. To conserve space we summarized
statistics at the end of the figure legend is some cases. We included “ns” where applicable.

4. Line 179. I do not think the stalled S-phase result is significant here, nor do | think it is germane to the
argument. The key result is the overall reduction in S-phase.

We also did not observe a change the fraction of G1 and G2 cells after dye and light. Therefore, for
completeness we thought it important to include the stalled S-phase fraction, in which we also did not see
a change.

5. Figure 2 Nuclear blebbing. | agree with the results. However, showing this with live imaging, if
possible, would be an excellent confirmation of blebbing vs. chromosome segregation errors.

Excellent suggestion. We have now conducted live cell imaging with cell expressing H2B-RFP and
conducted staining for centromeric and telomeric DNA in micronuclei of fixed cells (please see new Fig.
2f-g and Supplemental movies, and response to Reviewer 1 comment #6).

6. Lines 360 — 364 and corresponding figures. Ideally Shelterin telomere binding would be shown with
ChIP, if possible, which is a more accurate readout.

We agree that ChIP can be useful readout for Shelterin binding. But, given that only a few telomeres (4-
5) showed DDR foci after telomeric 8oxoG damage, we thought it was important to examine individual
telomeres, rather than telomeres in bulk. Also, based on the evidence that 5 min of dye and light induces
approximately 1-5 8oxoG per telomeres 2, we predicted this would be insufficient to displace the bulk of
shelterin at the telomeres. Additionally, we added new data to examine TRF2 signal intensity by IF at
DDR+ and DDR- telomeres after 8oxoG damage (new Extended Data Fig. 8f). The DDR+ telomere do
not show a reduction in TRF2.

7. Supp Fig 2L: Claims direct comparison between DL5’ and KBrO3 but this is not shown on same axis.
We believe the reviewer was referring to the comparison that we made between the reduction in relative
cell number induced by DL5” (Fig. 1C) and 2.5 and 10 mM KBrO3 exposure (old Supp Fig 1L, now
Extended Data Fig. 29), since there was no Supp Fig 2L. To clarify we added “2.5 mM KBrO; treatment
for one hour reduced BJ and RPE FAP-TRF1 cell growth to levels comparable with five minutes dye and
light treatment (compare Figs. 1c-d with Extended Data Fig. g,h)”. While the data are not on the same
axis, the different treatments are normalized to untreated cells. We wished to point out that the reduction
in cell number induced by DL5’ (to 53% BJ and 72% RPE) was more similar to that achieved with 2.5
mM KBrOs (to 52% BJ AND 82% RPE), rather than with 10 mM KBrOs or etoposide which were more
toxic.
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8. Supp Fig 3E. I had a difficult time reading the conditions in the flow plots, it would be useful to clearly
label in a figure making program.

We believe the reviewer is referring to the flow plots in old Supplementary Fig 2E. We enlarged this plot
and moved this data to new Extended Data Fig. 2j, and enlarged the labels.

9. Figures throughout. There are several instances where the black outline on a histogram bar is offset
from the underlying bar, and/or the outline bars are of different weight/thickness in a single panel. This is
distracting to some readers and the authors may want to proofread figures for cosmetic changes

We have rebuilt the figures using Adobe Illustrator and edited the figures for consistency regarding font
size and weight of the lines in graphs.

10. Line 395 and 508. Cesare and Karlseder 2012 is cited here. This is a review paper. | think you may be
referencing experimental data from the Cesare et al 2013 Mol Cell paper.
Yes, the reviewer is correct. Thank you for noting this.

11. The antibodies used are not listed in the methods.

We have now added the list of antibodies to the methods.

Reviewer #3:

Remarks to the Author:

In this manuscript, Barnes and colleagues report on the consequences of oxidative damage to telomeric
DNA. Using an elegant method previously developed in the Opresko laboratory they applied a
chemoptogenetic tool to produce an 8-oxo-guanine lesion at telomeres in fibroblasts and epithelial cells.
Using this elegant system, the authors were able to define the consequences of oxidative damage at
telomeres without affecting other genomic regions. The authors find that induction of this lesion at
telomeric DNA is sufficient to trigger cellular senescence in a p53-dependent manner. The response was
associated with activation of both ATM and ATR and markers of telomere dysfunction in proliferating
cells. Interestingly, senescence was associated with micronuclei formation and was only occurring in
actively dividing cells. Based on these results the authors propose a model in which oxidative stress at
telomeres promotes replication-driven senescence. Notably, the senescence induced in

these settings is not mediated by telomere shortening.

This manuscript is based on very well-executed work, and it's wonderfully presented. However, as it
stands, the manuscript does not represent a significant leap forward in our understanding of the
mechanism by which oxidative stress drives telomere defects. Previous work from the Opresko laboratory
nicely showed the molecular consequences of oxidative stress at telomeres. Here, the authors apply the
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same experimental system to define the consequences of oxidative damage to telomeres in non-cancerous
cell lines. The finding that in this context cells undergo p53-mediated senescence is interesting.

We greatly appreciate the reviewer’s positive comments that our work was “very well-executed” and
“wonderfully presented”. We hope with our additional experiments and clarification that we were able to
convince the reviewer of the significant advance our work represents, and why we are so excited about
our discoveries.

1. However key questions remain to be addressed: What is the mechanism that triggers a p53-mediated
response following oxidative damage at telomeres?
We demonstrated that the mechanism of p53 and DDR activation at telomere is not by shetlerin loss (new
Extended Data Fig. 8f,g), telomeres shortening (Extended Data Fig. 8a,b), or telomere loss (Fig. 5a-f),
but rather by induction of telomere fragility (Fig. 5a-f). Previous work has shown that telomere fragility
induced by TRF1 loss can trigger senescence in mouse cells 2°. Further, we show activation of DDR at
telomeres by 80xoG induction depends on replication, since the dye and light treatment did not induce a
significant increase in DDR foci or in SA-beta-gal positive cells when damage was induced in quiescent
(G0), non-replicating cells (Figs. 6f-g). The induction of mitotic DNA synthesis is further evidence that
telomeric 8oxoG causes replication stress at telomeres (Fig. 5g,h). We now include a model to clarify the
mechanism, which underscores the difference in how cancerous and non-cancerous cells respond to
oxidative damage at telomeres (see Fig. 7).

2. Is oxidative damage at telomeres intrinsically more deleterious compared to the same damage
occurring at other genomic locations?
It is very difficult to conduct a direct (apples to apples) comparison between telomeres and another
genomic region, because telomeres as a group represent 0.025% of the genome, and while very low, they
are more abundant than a single copy gene or specific gene promoter. Perhaps G-quadruplex forming
sequences or common fragile sites could be examined as a group, but we would need a way to target
damage only to these sites. We believe development and validation of such a tool is beyond the scope of
this manuscript, but is a very exciting future direction.

However, we agree with the wealth of data from the literature that show telomeres are particularly
difficult regions of the genome to replicate, and therefore, resemble common fragile site sequences in that
they are more sensitive to replication stress (most recently review in 3%). We find that telomeres are
sensitive to replication stress induced by 8oxoG formation, and that similar to replication stress and
telomere fragility induced by TRF1 loss, this is sufficient to induce a DDR at telomeres and trigger rapid
senescence.
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To address this further, we now compared targeted telomeric 8oxoG production to KBrOs treatment, since
although KBrOs is a general oxidant, it primarily induces 8oxoG in the genome. Using a dose which
resulted in similar senescence to 5 min dye and light, we found very similar inductions of telomere DDR
(new data added to Fig 4). This suggests that even though telomeres are a small fraction of the genome
(and thus a small target), they are highly susceptible to general oxidative stress, consistent with previous
reports (see above, and response to reviewer 1 comment #1). Furthermore, we show some telomeric
DDR foci persist 4 days after treatment (new Extended Data Fig. 7d,e). By comparing KBrOs treatment
(general oxidant) to target telomeric damage with the FAP tool, our data support the proposal that
oxidative damage to telomeres is “intrinsically more deleterious” than other “general” genomic regions,
since damaging only telomeres is sufficient to produce senescence.

3. Under physiological conditions is oxidative damage to telomeres a major driver for cellular
senescence?
This is an excellent question. Numerous studies in the literature indicate that there are multiple
mechanisms of senescence induction under physiological conditions (reviewed in 3%2). We propose the
8oxoG formation is likely linked to an oxidative stress induced form of cellular senescence. As pointed
out by reviewer #2, our data support observations from multiple teams regarding persistent DDR positive
telomeres in senescent cells caused by oxidative stress, in the absence of shortening (see ). Our data
indicate that these DDR positive telomeres are not just “collateral damage” but provide direct evidence
that oxidatively damaged telomeres drive senescence. We believe our data provide a reasonable
mechanism by which oxidative damage a telomere triggers senescence in the absence of shortening.

This reviewer also has the following minor points:

1. Depletion of telomere-associated proteins following oxidative stress: the authors exclude that DNA
damage activation at telomeres is mediated by depletion of TRF1 or TRF2 using IF (S1 and S4). It would
be more convincing to test whether the telomeres that are being detected as sites of DNA damage show a
depletion of telomere-associated proteins.

Thank you for this suggestion. We added new data showing that telomeres exhibiting a DDR (yH2AX
staining) do not show a significant reduction in TRF2 signal intensity by IF (new Extended Data Fig. 8f,

9).

-Micronuclei formation following oxidative stress: are telomeric sequences contained in the micronuclei
induced by oxidative damage?

Yes, we have now quantified the fraction of MN showing telomeric DNA after telomeric 8oxoG
induction (Fig. 2g). More than 75% of the MN stain positive for telomeric DNA.
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\ Decision Letter, first revision:

10th Mar 2022
Dear Patty,

Thank you for submitting your revised manuscript "Telomeric 8-Oxo-Guanine Drives Rapid Premature
Senescence in the Absence of Telomere Shortening" (NSMB-A45283A). It has now been seen by the
original referees and their comments are below. The reviewers find that that the revisions fully address
their prior concerns, and therefore we'll be happy in principle to publish it in Nature Structural &
Molecular Biology, pending minor revisions to incorporate the Referee #2's minor requests and to
comply with our editorial and formatting guidelines.

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

Please don't hesitate to contact me if you have any questions.

With kind regards,

Beth

Beth Moorefield, Ph.D.

Senior Editor

Nature Structural & Molecular Biology

Reviewer #1 (Remarks to the Author):

The authors have adequately addressed the comments of this Reviewer. This manuscript will be of
interest to a wide range of scientists.
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Reviewer #2 (Remarks to the Author):

Thank you to the authors for addressing the reviewers’ comments. | am satisfied with the responses and
suggest publication of the manuscript. Congratulations to the team on a successful study.

There were a series of minor issues the authors may want to address before publication.
Figure 2f - there are no lines representing the mean for the UT RPE FAP and DL FAP data points.

Figures 2g, Extended Data Figure 5i, and Extended data figure 10d - Relative cell number is not set to
100% in the control / Untreated samples as it is elsewhere in the manuscript.

Figure 5¢-f — the y axis is labelled “number per metaphase”. This should result in the data grouping in in
quanta of 1, 2, 3, etc as observed in figure 5i. This is not the case for the data presented. Is there a
mistake in the axis label?

Extended data figure 5m - The data points are missing from the 5th column on the right graph

Extended data figure 10b, c = in the legend states “In panel (b) significance is shown for — FBS relative to
+ FBS cells”. Do the authors mean (c) not (b)?

Reviewer #3 (Remarks to the Author):

The authors addressed all my concerns in full.

‘ Author Rebuttal, first revision:

We thank reviewer #2 for the additional feedback and have addressed each comment as follows:

1. Figure 2f - there are no lines representing the mean for the UT RPE FAP and DL FAP data points.

Thanks for catching this. We fixed the error.

2. Figures 2g, Extended Data Figure 5i, and Extended data figure 10d - Relative cell number is not set to
100% in the control / Untreated samples as it is elsewhere in the manuscript.
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Figure 2g shows the proportion of MN positive for centromere or telomere DNA. The numbers are the
ratio of the positive MN divided by the total number of MN. That is why the UT is not 100%.

In extended figure 5i and 10d, we are showing the percent of cell growth of the treated cells, and simply
did not show that the UT was set to 100%. We modified the figure legends to make this more clear.

3. Figure 5c¢-f — the y axis is labelled “number per metaphase”. This should result in the data grouping in
in quanta of 1, 2, 3, etc as observed in figure 5i. This is not the case for the data presented. Is there a
mistake in the axis label?

For the metaphase spread experiments, we normalized all number to 46 chromosomes. This results in
numbers with decimal values. We clarified this in the methods.

4. Extended data figure 5m - The data points are missing from the 5th column on the right graph

The nutlin treated RPE cells responded so strongly, that none classified as p53 negative. This is why
there are no data points.

5. Extended data figure 10b, c = in the legend states “In panel (b) significance is shown for — FBS relative
to + FBS cells”. Do the authors mean (c) not (b)?

Yes. Thank you for catching this mistake.

| Final Decision Letter:

16th May 2022
Dear Dr. Opresko,

We are now happy to accept your revised paper "Telomeric 8-Oxo-Guanine Drives Rapid Premature
Senescence in the Absence of Telomere Shortening" for publication as a Article in Nature Structural &
Molecular Biology.

Acceptance is conditional on the manuscript's not being published elsewhere and on there being no
announcement of this work to the newspapers, magazines, radio or television until the publication date
in Nature Structural & Molecular Biology.

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

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

You will not receive your proofs until the publishing agreement has been received through our system.

Due to the importance of these deadlines, we ask that you please let us know now whether you will be
difficult to contact over the next month. If this is the case, we ask you provide us with the contact
information (email, phone and fax) of someone who will be able to check the proofs on your behalf, and
who will be available to address any last-minute problems.

To assist our authors in disseminating their research to the broader community, our Sharedlt initiative
provides all co-authors with the ability to generate a unique shareable link that will allow anyone (with
or without a subscription) to read the published article. Recipients of the link with a subscription will
also be able to download and print the PDF.

As soon as your article is published, you can generate your shareable link by entering the DOI of your
article here: <a
href="http://authors.springernature.com/share">http://authors.springernature.com/share<a>.
Corresponding authors will also receive an automated email with the shareable link

Note the policy of the journal on data deposition:
http://www.nature.com/authors/policies/availability.html.

Your paper will be published online soon after we receive proof corrections and will appear in print in
the next available issue. You can find out your date of online publication by contacting the production
team shortly after sending your proof corrections. Content is published online weekly on Mondays and
Thursdays, and the embargo is set at 16:00 London time (GMT)/11:00 am US Eastern time (EST) on the
day of publication. Now is the time to inform your Public Relations or Press Office about your paper, as
they might be interested in promoting its publication. This will allow them time to prepare an accurate
and satisfactory press release. Include your manuscript tracking number (NSMB-A45283B) and our
journal name, which they will need when they contact our press office.

About one week before your paper is published online, we shall be distributing a press release to news
organizations worldwide, which may very well include details of your work. We are happy for your
institution or funding agency to prepare its own press release, but it must mention the embargo date
and Nature Structural & Molecular Biology. If you or your Press Office have any enquiries in the
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meantime, please contact press@nature.com.

You can now use a single sign-on for all your accounts, view the status of all your manuscript
submissions and reviews, access usage statistics for your published articles and download a record of
your refereeing activity for the Nature journals.

If you have not already done so, we strongly recommend that you upload the step-by-step protocols
used in this manuscript to the Protocol Exchange. Protocol Exchange is an open online resource that
allows researchers to share their detailed experimental know-how. All uploaded protocols are made
freely available, assigned DOls for ease of citation and fully searchable through nature.com. Protocols
can be linked to any publications in which they are used and will be linked to from your article. You can
also establish a dedicated page to collect all your lab Protocols. By uploading your Protocols to Protocol
Exchange, you are enabling researchers to more readily reproduce or adapt the methodology you use,
as well as increasing the visibility of your protocols and papers. Upload your Protocols at
www.nature.com/protocolexchange/. Further information can be found at
www.nature.com/protocolexchange/about.

An online order form for reprints of your paper is available at <a
href="https://www.nature.com/reprints/author-
reprints.html">https://www.nature.com/reprints/author-reprints.html</a>. Please let your coauthors
and your institutions' public affairs office know that they are also welcome to order reprints by this
method.

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

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

In approximately 10 business days you will receive an email with a link to choose the appropriate
publishing options for your paper and our Author Services team will be in touch regarding any additional
information that may be required.

You will not receive your proofs until the publishing agreement has been received through our system.

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

Sincerely,
Carolina Perdigoto, PhD
Chief Editor

Nature Structural & Molecular Biology
orcid.org/0000-0002-5783-7106
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