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1st Editorial Decision 11 May 2018 

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We have now 
heard back from the three referees whom we asked to evaluate your manuscript.  
 
You will see from the comments pasted below that overall, the referees find the data to be of interest 
but they also request additional details and information, better data presentation as well as statistics, 
detailed rationale, and referee 1 points to discontinued RA51 antibody and Myriad score, suggesting 
that reproducibility should be ascertained.  
 
Upon our cross-commenting exercise, referees 1 and 2 agreed that important technical and some 
conceptual questions were raised from the three referees that need to be addressed in a revised 
version of the article. Lots of work is indeed needed to make the paper up to the level we expecting 
EMBO Molecular Medicine and I hope that you will be keen to perform the requested revision that 
would, in purview, greatly strengthen the study and its impact.  
 
We would welcome the submission of a revised version within three months for further 
consideration and would like to encourage you to address all the criticisms raised as suggested to 
improve conclusiveness and clarity. Please note that EMBO Molecular Medicine strongly supports a 
single round of revision and that, as acceptance or rejection of the manuscript will depend on 
another round of review, your responses should be as complete as possible.  
 
EMBO Molecular Medicine has a "scooping protection" policy, whereby similar findings that are 
published by others during review or revision are not a criterion for rejection. Should you decide to 
submit a revised version, I do ask that you get in touch after three months if you have not completed 
it, to update us on the status.  
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Please also contact us as soon as possible if similar work is published elsewhere. If other work is 
published we may not be able to extend the revision period beyond three months.  
 
Please read below for important editorial formatting and consult our author's guidelines for proper 
formatting of your revised article for EMBO Molecular Medicine.  
 
I look forward to receiving your revised manuscript. 
 
 
***** Reviewer's comments *****  
 
Referee #1 (Comments on Novelty/Model System for Author):  
 
There are some technical concerns noted in my remarks below, but the relevance of a predictive 
assay, if validated, would be fairly high as this an area of unmet need in the field.  
 
Referee #1 (Remarks for Author):  
 
The manuscript is seeking to address the need for a better predictive biomarker of PARP response 
than somatic or germline BRCA1/2 mutations and/or mutational signatures of HR deficiency. 
RAD51 IHC foci are compared with the Myriad Genetics HRD score, using PDX tumours tested for 
PARPi sensitivity.  
 
This an important area of unmet need - better predictive markers of PARP and other HR deficiency 
exploiting therapies is much needed.  
 
The current manuscript has some problems and falls short in a few areas, weakening the conclusions 
that can be drawn.  
 
1. Repeatability. The Santa Cruz antibody used here for RAD51, has been discontinued by Santa 
Cruz, this reviewer believes as part of the Santa Cruz goat shutdown in 2016. This is not the fault of 
the authors, but it raises the question of repeatability of the present study by others. Perhaps more 
pertinently it would imply a predictive marker would in any case need to validate other antibodies. 
One possible remedy would be to re-stain the relevant materials with a currently available RAD51 
antibody, to demonstrate reproducibility.  
 
2. The Myriad HRD score is also being discontinued, leading to similar issues over the ability to 
reproduce or extend the current study.  
 
3. The observations of sensitivity are claimed on the basis of absent RAD51 foci. This is a negative 
signal and thus carries the risk of technical issues leading to a falsely negative signal and over-
estimation of PARP sensitivity. One could pose the result as a positive inverse - ie presence of 
RAD51 foci predicts resistance. However using the absence of signal for prediction leading to an 
active plan to treat, may be unreliable.  
 
4. A more robust comparison to alternative HR detection methods, could include genome wide 
sequence derived signatures, such as those of HRdetect (Nik-Zainal), which may be more sensitive. 
The sole reliance on HRD may be a falsely flattering comparison.  
 
 
Referee #2 (Remarks for Author):  
 
This manuscript compares different approaches with which to identify tumors with functional 
homologous recombination repair (HRR) defects. This is an important translational research topic, 
since such tumors are likely to respond to therapy with PARP inhibitors. Moreover, there is clinical 
evidence these inhibitors have efficacy against tumors beyond those with BRCA1/2 or PALB2 
mutations. The design of the study is generally well thought out and the studies well performed. The 
authors analyzed an initial series of breast tumor PDX models for sensitivity to PARP inhibitors, 
DNA signatures for HRR defects, genetic aberrations affecting some HRR related genes, and the 
ability to correlate sensitivity with these or with BRCA1, H2Ax, or RAD51 nuclear foci. The 
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evidence indicated a strong correlation with RAD51 foci so the authors then applied their findings to 
a test set of PDX tumors and finally to histological sections from patient tumors. Their conclusion is 
that a low number of otherwise untreated Geminin positive tumor cells with more than 5 RAD51 
foci is the best biomarker for HRR deficient tumors/responsive to PARP inhibitors, an assay that can 
be performed on formalin fixed and paraffin embedded tissue. Unfortunately, the presentation of 
data needs to be significantly improved particularly with respect to the nuclear staining shown in 
order to allow meaningful conclusions to be drawn by the reader. Specific points that need to be 
addressed are as follows:  
 
1. While Fig. 1 shows obvious inhibitory effects of the PARP inhibitor on growth in vivo of 4 
tumors, there was at least one other tumor, which grew poorly in response to the inhibitor (Fig. 1B) 
Was this tumor just a slow grower or did the inhibitor have a significant inhibitory effect. If so, does 
it also have a functional HRR deficiency as well?  
2. In Fig.2A, BRCA foci are very difficult to evaluate at the magnification shown. This problem 
would be worse, if the figure were reduced in size. The results in Fig.2C, D, and E need more 
detailed explanations since not all readers may be experienced with the assays used in these panels. 
In Figs. 2D and E, it would be helpful to show the relative expression levels of the exogenous 
proteins.  
3. Fig. 3 is very important to the authors' presentation, and the results in the table appear clear. 
However, it is impossible at the magnification provided for the reader to discern the RAD51 foci in 
Fig. 3A and also difficult to discern in the panels in which the nuclei are shown at higher 
magnification (Fig.3B). There is also insufficient explanation in methods or results concerning 
Genimin treatment.  
4. In Figs 3 and 4, the percent RAD51 +/Geminin + cells considered positive is apparently based on 
cells having at least 5 foci per cell. If so, the authors need to provide data for at least some 
representative HRR proficient vs deficient tumors to show the distribution of number of RAD51 foci 
in Geminin positive nuclei justify the cut off using at least 5 foci per cell.  
5. In Fig. 5, the fluorescence data are again difficult to visualize with sufficient clarity to evaluate.  
 
Other Points:  
1. Throughout the study, abbreviations are utilized but need to be defined when first used.  
2. The small print for tables in the extended data section is difficult to read.  
 
 
Referee #3 (Comments on Novelty/Model System for Author):  
 
Current limitations of the manuscript, as outlined below, include moderate novelty given that 
RAD51 has been used as marker for HR proficiency and PARPi sensitivity before, seemingly 
arbitrary foci detection cutoffs to score "RAD51-positive" vs. "RAD51-negative" cells, and 
comparably small sample sizes and in some cases (e.g. Fig. 5A) missing statistical analyses.  
 
Referee #3 (Remarks for Author):  
 
PARP inhibitors have become clinically very important reagents and are being used as mono-
therapy to treat a subset of cancer patients with defects in homologous recombination (HR). There 
has been a great interest in defining suitable biomarkers, which could predict PARP inhibitor 
responses and stratify patients according to their expected treatment response. The cellular ability to 
mount RAD51 foci as homologous recombination intermediate had been suggested before to serve 
as potential indicator of HR proficiency and thus PARP inhibitor responsiveness. Here, the authors 
provide evidence from patient-derived tumor xenografts and formalin-fixed paraffin embedded 
patient samples that RAD51 foci formation can indeed be used to predict PARP inhibitor sensitivity 
beyond germline BRCA mutations and irrespective of the underlying mechanism of HR-deficiency. 
An important finding is that steady-state levels of RAD51 foci in patient samples (i.e. without 
having to induce additional genotoxic stress or DNA damage) could be sufficient to predict PARP 
inhibitor sensitivity. This has indeed a potential to facilitate patient selection and may thus have high 
clinical relevance. However, in order to serve as a solid basis for clinical use of the RAD51 score, 
the experimental data shown should be consolidated and detailed information on foci detection and 
applied thresholds should be provided. Specific concerns:  
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• Is the sample size of 18 BC models (4 PARPi sensitive, 14 PARPi resistant), 28 TNBC models, 
and 24 FFPE tumor samples sufficiently large to substantiate the claims? On several occasions in the 
manuscript black-and-white discriminations are suggested (e.g. between foci-positive vs. foci-
negative samples, PARPi-sensitive vs. PARPi-resistant) and it seems more appropriate to take into 
considerations that biological responses are often gradual. For instance, PDX270 has low levels of 
RAD51-positive cells without PARPi treatment (Fig. 3A), the BRCA1 promoter is methylated (Fig. 
2A), and the tumor volume shows hardly any increase during treatment (Fig. 1A). Based on this, it 
could be premature to exclude such cases from PARPi treatment.  
 
• Related to the previous point, it would be informative to provide the initial tumor volume and the 
end tumor volume in addition to the tumor volume change (Fig. 1A). In addition, would it be 
possible to include controls in Fig. 1A (e.g. as was done in Fig. 2A)?  
 
• Conversely, are the data available to include the resistant PDX093R in the analysis of Fig. 2A?  
 
• Recently, cases have been reported in which BRCA-deficient cells became resistant to PARPi or 
cisplatin without restoring RAD51 foci formation (Ray Chaudhuri et al. Nature. 2016 Jul 
21;535(7612):382-7; Guillemette et al. Genes Dev. 2015 Mar 1;29(5):489-94.). The possibility of 
PARPi-resistance independent of the ability to form RAD51 foci should thus be taken into 
consideration. Obviously, this would limit the predictive power of the RAD51 score as single 
biomarker.  
 
• The cutoff at five RAD51 foci per S-phase nucleus seems arbitrary. It would be far better to show 
absolute foci counts, ideally as scatter plots showing foci counts for each individual S-phase cell 
(e.g. for Fig. 3A, 4A, 5A). Proper statistical testing should then be performed to assess the 
significance of differences between the different samples. Information should be provided how a 
RAD51 focus is defined, i.e. which thresholds are used for foci detection, and how foci detection is 
affected by the staining quality and image resolution. If the RAD51 score should be used in clinical 
settings in the future, such information is important to avoid over- or under-sampling of RAD51 
foci, which could easily lead to false predictions. To address this point, the authors may want to test 
themselves how images taken with different microscope objectives and cameras affect the calling of 
RAD51 foci. Further, how would changing the cutoff of 5 foci to e.g. 3 foci, 8 foci or 10 foci change 
the result and affect the predictive power of the RAD51 score?  
 
• Similar considerations can be made for gammaH2AX: absolute foci counts should be provided and 
nuclear intensities of gammaH2AX should be measured as well. Actually, one would expect higher 
levels of unrepaired DNA damage upon PARPi treatment when the RAD51 response is impaired. 
This can be seen in Fig. 5A, but not in Fig. 3C and Fig. 4B. How can this discrepancy be explained? 
Fig. 4B, by the way, is not referred to in the main text.  
 
• Why are three BRCA1-mutated and one BRCA2-mutated samples in Fig. 4A RAD51-proficient? 
It would be important to know what discriminates these four cases from the other BRCA-mutated 
samples, which are below the 10% cutoff.  
 
• The quality of the IF images shown in the manuscript has to be improved. Higher magnifications 
of cells should be shown, the different color channels should be shown as both separate and merged 
images, and the single cells shown in Fig. 2A and 3A should be complemented by larger fields of 
views in the supplemental information. Scale bars should be included.  
 
• In Fig. 4A it is not very clear which treatments had been performed on which samples. Perhaps this 
could be explained better in the text.  
 
• In the introduction, the authors write that DSBs in S and G2 phases of the cell cycle are 
preferentially repaired by homologous recombination repair (HRR). It would be more correct to 
write that DSBs in replicated areas of the genome are repaired by HRR (see Saredi et al. Nature. 
2016 Jun 30;534(7609):714-718 and Pellegrino et al. Cell Rep. 2017 May 30;19(9):1819-1831 as 
references).  
 
• Since the PDX models are likely too time-consuming and the FFPE samples would be more useful 
to predict PARPi responses in clinical settings, the authors may want to make this point a bit clearer. 
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Currently, it is not very obvious what the "RAD51 assay feasible in routine tumor samples", 
mentioned in the title, should be.  
 
• The paper by Oplustilova et al. (Cell Cycle. 2012 Oct 15;11(20):3837-50.) looked at RAD51 as 
biomarker for PARPi responses and the results reported therein should be discussed, in particular 
since PARPi sensitivity was observed in cells with normal RAD51 foci formation in this 
publication.  
 
• The authors may want to discuss also the possibility for ex vivo drug response assays using 
primary patient material, PARPi and RAD51 foci as readout. 
 
 
1st Revision - authors' response 09 August 2018 

Referee #1 (Comments on Novelty/Model System for Author):  
 
There are some technical concerns noted in my remarks below, but the relevance of a 
predictive assay, if validated, would be fairly high as this an area of unmet need in the field.  
 
We agree with Reviewer 1 about the technical concerns and we have addressed those that were 
feasible in this review process.  
 
Referee #1 (Remarks for Author):  
 
The manuscript is seeking to address the need for a better predictive biomarker of PARP 
response than somatic or germline BRCA1/2 mutations and/or mutational signatures of HR 
deficiency. RAD51 IHC foci are compared with the Myriad Genetics HRD score, using PDX 
tumours tested for PARPi sensitivity.  
This is an important area of unmet need - better predictive markers of PARP and other HR 
deficiency exploiting therapies is much needed.  
The current manuscript has some problems and falls short in a few areas, weakening the 
conclusions that can be drawn.  
 
1. Repeatability. The Santa Cruz antibody used here for RAD51, has been discontinued by 
Santa Cruz, this reviewer believes as part of the Santa Cruz goat shutdown in 2016. This is not 
the fault of the authors, but it raises the question of repeatability of the present study by 
others. Perhaps more pertinently it would imply a predictive marker would in any case need 
to validate other antibodies. One possible remedy would be to re-stain the relevant materials 
with a currently available RAD51 antibody, to demonstrate reproducibility.  
 
As pointed out by the Referee, the polyclonal Santa Cruz antibody has been discontinued. To 
address his question, we have validated our findings with a commercial antibody from Abcam. New 
Figure EV1E shows the correlation between the RAD51 scores using the Santa Cruz antibody and 
the Abcam antibody on the PDX cohort-1 (N=18), with blinded scoring of the samples by the same 
reader (R=0.9630 and p<0.0001). This result demonstrates the repeatability of the RAD51 assay. 
The results and methods have been amended accordingly to show this data (pages 11 and 21, 
respectively). 
 
2. The Myriad HRD score is also being discontinued, leading to similar issues over the ability 
to reproduce or extend the current study.  
 
To the best of our knowledge and after cross-checking with Myriad Genetics Inc. we have 
confirmed that Myriad’s myChoice HRD test has not been discontinued and remains available 
through Myriad International and Myriad US. The following link summarizes studies/publications 
of the test regarding Validation, Response and Assay Performance: 
https://mychoicehrd.com/physicians/resources/#/response. In addition, the test is currently included 
in several clinical trials to further assess the activity of PARPi as maintenance therapy in patients 
with advanced ovarian cancer (OPINION (NCT03402841), PRIMA (NCT02655016)); as 
monotherapy in advanced ovarian cancer (QUADRA (NCT02354586), LIGHT (NCT02983799)), in 
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advanced TNBC (TBB, NCT02401347) or in a variety of tumor types, (NCT02286687), among 
others.  
 
3. The observations of sensitivity are claimed on the basis of absent RAD51 foci. This is a 
negative signal and thus carries the risk of technical issues leading to a falsely negative signal 
and over-estimation of PARP sensitivity. One could pose the result as a positive inverse - ie 
presence of RAD51 foci predicts resistance. However, using the absence of signal for 
prediction leading to an active plan to treat, may be unreliable.  
 
We agree with the Referee that an assay based on an absent signal carries the risk of technical 
issues. However, we have noted that the FDA has recently approved the use of pembrolizumab for 
the first tissue/site agnostic indication using a PCR test or immunohistochemical tests for MMR-
deficiency, the latter being based on absence of signal for prediction 
(https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm560040.htm). 
 
To avoid carrying the risk of technical issues leading to falsely scoring RAD51-negative samples, 
we designed several quality controls (QC). Firstly, we used positive and negative external controls 
with every run of staining. Secondly, we used two internal controls: a) the number of geminin-
positive cells had to be at least 40, to ensure that there are sufficient cells in S/G2-phase of the cell 
cycle b) the % of γH2AX/geminin-positive cells had to be at least of 25%, to ensure that the tumor 
has sufficient endogenous DNA damage. Lack of either geminin- or γH2AX- positive cells (below 
those thresholds) would preclude scoring of RAD51. To help understand these scoring criteria, we 
have added Figure EV1B. After thorough review of these QC, we have excluded one PALB2-related 
tumor sample from the patient cohort (now Fig 5B) because we could only examine 9 geminin-
positive cells and it didn’t pass the geminin QC (Pt17 from the first version of the manuscript). In 
addition, we have included a consort diagram summarizing the attrition factors in the patient sample 
set (new Fig 5A). 
 
A more favorable situation is scoring RAD51 foci to predict resistance, as shown in our study by 
Cruz et al (Cruz et al, 2018). Future validation of the RAD51 assay in larger clinical cohorts will 
determine the specificity of the RAD51 assay for both scenarios, i.e. absence of signal for prediction 
of response to PARPi and presence of signal to predict resistance. In this sense, the RAD51 assay 
could also be used to establish if homologous recombination repair (HRR)-mutant tumors tested by 
genetic or genomic tests have restored functional HRR.  
 
Taking into account these considerations and questions number 4 and 12 from Referee 3, we have 
added the following paragraph to the discussion: 
 
The RAD51 assay has some limitations. Firstly, when PARPi sensitivity occurs via mechanisms that 
do not directly impact on the ability of cells to perform HRR, e.g. alterations in ATM (Chen et al, 
2017; Davies et al, 2017; Balmus et al, 2018) or in the RNASEH2  complex (Zimmermann et al, 
2018). Secondly, when PARPi sensitivity occurs via mechanisms that preserve RAD51 foci 
formation, e.g. alterations in the MRN complex, RAD51AP1, polymerase eta or ERCC1 (Oplustilova 
et al, 2012; Wiese et al, 2007; Kawamoto et al, 2005; Postel-Vinay et al, 2013) . Thirdly, when 
HRR-deficient tumor have acquired PARPi resistance via RAD51-independent mechanisms that 
involve replication fork stabilization (Kais et al, 2016; Guillemette et al, 2015; Chaudhuri et al, 
2016; Yazinski et al, 2017). Fourthly, when a tumor has low proliferation index or low endogenous 
DNA damage, in which cases the assay would not be feasible. 
 
4. A more robust comparison to alternative HR detection methods, could include genome wide 
sequence derived signatures, such as those of HRdetect (Nik-Zainal), which may be more 
sensitive. The sole reliance on HRD may be a falsely flattering comparison.  
 
We agree with the Referee that genome wide sequence derived signatures may be more sensitive 
than the HRD score to identify tumors that exhibit DNA repair deficiency by HRR. For this reason, 
we have recently established collaboration with Prof. Nik-Zainal and results will be part of a future 
study.  
 
Nonetheless, while genomic scars are highly sensitivity to identify tumors that harbor a DNA repair 
deficiency by HRR, they are likely to be non-specific. As stated by Watkins and 
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colleagues: “Tumors whose genome has undergone one or more events that restore high-fidelity 
homologous recombination are likely to be misclassified as double-strand break repair-deficient 
and thereby sensitive to PARP inhibitors and DNA damaging chemotherapies as a result of prior 
repair deficiency and its genomic scarring” (Watkins et al, 2014).  
 
 
Referee #2 (Remarks for Author):  
 
This manuscript compares different approaches with which to identify tumors with functional 
homologous recombination repair (HRR) defects. This is an important translational research 
topic, since such tumors are likely to respond to therapy with PARP inhibitors. Moreover, 
there is clinical evidence these inhibitors have efficacy against tumors beyond those with 
BRCA1/2 or PALB2 mutations. The design of the study is generally well thought out and the 
studies well performed. The authors analyzed an initial series of breast tumor PDX models for 
sensitivity to PARP inhibitors, DNA signatures for HRR defects, genetic aberrations affecting 
some HRR related genes, and the ability to correlate sensitivity with these or with BRCA1, 
H2Ax, or RAD51 nuclear foci. The evidence indicated a strong correlation with RAD51 foci so 
the authors then applied their findings to a test set of PDX tumors and finally to histological 
sections from patient tumors. Their conclusion is that a low number of otherwise untreated 
Geminin positive tumor cells with more than 5 RAD51 foci is the best biomarker for HRR 
deficient tumors/responsive to PARP inhibitors, an assay that can be performed on formalin 
fixed and paraffin embedded tissue. Unfortunately, the presentation of data needs to be 
significantly improved particularly with respect to the nuclear staining shown in order to 
allow meaningful conclusions to be drawn by the reader. Specific points that need to be 
addressed are as follows:  
 
We thank the Referee for finding the research topic of our manuscript of importance. We have 
addressed his/her specific concerns as follows. 
 
1. While Fig. 1 shows obvious inhibitory effects of the PARP inhibitor on growth in vivo of 4 
tumors, there was at least one other tumor, which grew poorly in response to the inhibitor 
(Fig. 1B) Was this tumor just a slow grower or did the inhibitor have a significant inhibitory 
effect. If so, does it also have a functional HRR deficiency as well?  
 
The tumor that grew poorly in response to olaparib in Fig 1B is PDX270 and we have now labeled 
it. As pointed out by the Referee, PDX270 was just a slow grower in comparison with the other 
PDX models and it did not exhibit a significant inhibitory effect by olaparib (Appendix Table S1 
and Figure for Referees 1).  
 
Regarding the question if PDX270 has a functional HRR deficiency, PDX270 was expected to 
exhibit functional HRR deficiency due to its BRCA1 promoter hypermethylation, lack of BRCA1 
expression/foci formation and frameshift mutation in RAD54L. However, PDX270’s RAD51 score 
was 55% in the olaparib-treated tumors and 13.5% in the untreated tumors, above the 10% cut-off 
described by Graesser et al (Graeser et al, 2010) and used in this study. Our data suggests that 
PDX270 has restored functional HRR by an unknown mechanism and this is consistent with its 
PARPi-resistance. 
 
2. In Fig.2A, BRCA foci are very difficult to evaluate at the magnification shown. This 
problem would be worse, if the figure were reduced in size. The results in Fig.2C, D, and E 
need more detailed explanations since not all readers may be experienced with the assays used 
in these panels. In Figs. 2D and E, it would be helpful to show the relative expression levels of 
the exogenous proteins.  
 
We have prepared a new supplementary figure that shows BRCA1 foci in higher magnification and 
separated channels for four representative models (as requested by Referee 3), shown as Appendix 
Figure S1. In addition, we have increased the resolution of Figure 2A making the foci easier to 
evaluate. We have also provided more detailed explanations for Fig 2C, D and E. Figs 2D and E 
show the relative expression levels of the exogenous proteins.  
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3. Fig. 3 is very important to the authors' presentation, and the results in the table appear 
clear. However, it is impossible at the magnification provided for the reader to discern the 
RAD51 foci in Fig. 3A and also difficult to discern in the panels in which the nuclei are shown 
at higher magnification (Fig.3B). There is also insufficient explanation in methods or results 
concerning Genimin treatment.  
 
We have prepared a new supplementary figure to show RAD51 foci with higher magnification 
(Appendix Figure S2) and increased the resolution of Figure 3A making the foci easier to evaluate. 
Figure 3B is now shown at a higher magnification and separated channels (as requested by Referee 
3). We have also included larger images in Appendix Figures S3 and S4. 
 
Regarding geminin staining, this is a cell proliferation marker that is directly proportional to the cell 
proliferation index as measured by Ki67 expression (Wohlschlegel et al, 2002). Geminin is a master 
regulator of cell-cycle progression that ensures the timely onset of DNA replication and prevents its 
rereplication (Ballabeni et al, 2013), and used in the literature as counterstaining to mark for S/G2-
cell cycle phase (Graeser et al, 2010; Naipal et al, 2014). We have provided these additional 
explanations about geminin in the Materials and Methods section (page 22). 
 
4. In Figs 3 and 4, the percent RAD51 +/Geminin + cells considered positive is apparently 
based on cells having at least 5 foci per cell. If so, the authors need to provide data for at least 
some representative HRR proficient vs deficient tumors to show the distribution of number of 
RAD51 foci in Geminin positive nuclei justify the cut off using at least 5 foci per cell.  
 
We have collected data from nine representative tumors that are HRR-proficient vs -deficient, 
measuring the number of RAD51 foci in 100 geminin-positive cells (Appendix Figure S5A). This 
data shows that, regarding prediction to PARPi response, the 5 foci-per-cell cut-off is the highest 
(most stringent) RAD51 foci threshold that provides the most accurate and specific prediction 
(Appendix Figure S5B-C). Further explanations are provided under question number 5 from Referee 
3. This data is now included in the manuscript in page 11 and Appendix Figure S5.  
 
5. In Fig. 5, the fluorescence data are again difficult to visualize with sufficient clarity to 
evaluate. 
 
To help visualize the fluorescence data in Figure 5 (now in panel C) we show now only tumors from 
three representative patients, with bigger magnification and higher resolution. 
 
Other Points:  
1. Throughout the study, abbreviations are utilized but need to be defined when first used.  
2. The small print for tables in the extended data section is difficult to read.  
 
We have reviewed all abbreviations.  
Tables in the extended data section are now provided as .docx file with larger font. 
 
 
Referee #3 (Comments on Novelty/Model System for Author):  
 
Current limitations of the manuscript, as outlined below, include moderate novelty given that 
RAD51 has been used as marker for HR proficiency and PARPi sensitivity before, seemingly 
arbitrary foci detection cutoffs to score "RAD51-positive" vs. "RAD51-negative" cells, and 
comparably small sample sizes and in some cases (e.g. Fig. 5A) missing statistical analyses.  
 
Lack of RAD51 foci formation has indeed been proposed as marker of HRR deficiency and 
chemotherapy/PARPi sensitivity before (Graeser et al, 2010; Naipal et al, 2014). However, these 
studies used an assay that implied the administration of chemotherapy to the patient, or the ex vivo 
irradiation and short-term culture of a fresh tumor sample. The RAD51 assay we have recently 
proposed for germline BRCA1/2-mutant breast cancers (Cruz et al, 2018) and for non-BRCA1/2-
mutant breast cancers in this manuscript is feasible in routine, archival tumor samples, which makes 
it directly transferrable to the clinic (as this Referee points out below). 
The seemingly arbitrary foci detection cut-off issue is being addressed in this revision (see point #5). 
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The small sample size for PALB2 pathogenic mutations is inherent to the low frequency of this 
breast cancer genetic susceptibility, which affects 0.3% of the breast cancer population (Turner, 
2017). 
The missing statistical analyses have been added (see point #5). 
 
Referee #3 (Remarks for Author): 
 
PARP inhibitors have become clinically very important reagents and are being used as mono-
therapy to treat a subset of cancer patients with defects in homologous recombination (HR). 
There has been a great interest in defining suitable biomarkers, which could predict PARP 
inhibitor responses and stratify patients according to their expected treatment response. The 
cellular ability to mount RAD51 foci as homologous recombination intermediate had been 
suggested before to serve as potential indicator of HR proficiency and thus PARP inhibitor 
responsiveness. Here, the authors provide evidence from patient-derived tumor xenografts 
and formalin-fixed paraffin embedded patient samples that RAD51 foci formation can indeed 
be used to predict PARP inhibitor sensitivity beyond germline BRCA mutations and 
irrespective of the underlying mechanism of HR-deficiency. An important finding is that 
steady-state levels of RAD51 foci in patient samples (i.e. without having to induce additional 
genotoxic stress or DNA damage) could be sufficient to predict PARP inhibitor sensitivity. 
This has indeed a potential to facilitate patient selection and may thus have high clinical 
relevance. However, in order to serve as a solid basis for clinical use of the RAD51 score, the 
experimental data shown should be consolidated and detailed information on foci detection 
and applied thresholds should be provided.  
 
We thank the Referee for finding our data of potentially high clinical relevance. We have addressed 
his/her specific concerns and explained them below. 
 
Specific concerns:  
 
1. Is the sample size of 18 BC models (4 PARPi sensitive, 14 PARPi resistant), 28 TNBC 
models, and 24 FFPE tumor samples sufficiently large to substantiate the claims? On several 
occasions in the manuscript black-and-white discriminations are suggested (e.g. between foci-
positive vs. foci-negative samples, PARPi-sensitive vs. PARPi-resistant) and it seems more 
appropriate to take into considerations that biological responses are often gradual. For 
instance, PDX270 has low levels of RAD51-positive cells without PARPi treatment (Fig. 3A), 
the BRCA1 promoter is methylated (Fig. 2A), and the tumor volume shows hardly any 
increase during treatment (Fig. 1A). Based on this, it could be premature to exclude such cases 
from PARPi treatment.  
 

• Regarding the sample size calculation, we must acknowledge that our study is exploratory 
in nature and we worked with as many samples as possible during the study timeframe. The 
main concern with regards to sample size is when statistical significance is not reached 
(lack of power). However, the strong associations we describe did reach statistical 
significance and therefore the sample size is no longer a main concern to substantiate the 
claims. 

• We agree with the Referee that biological responses are often gradual but biomarkers for 
clinical decisions are ideally dichotomous. In our manuscript, we based the antitumor 
response categorization on a similar modification of the clinical RECIST criteria applied by 
Gao et al (Therasse et al, 2000; Gao et al, 2015) and used a RAD51 score cut-off that was 
previously described (Graeser et al, 2010). To address the Referee’s point, we have 
conducted a Pearson correlation analysis for the olaparib response vs. the RAD51 score in 
the PDX cohort-1. As shown in Figure for Referees 2, there is a significant correlation 
between the two continuous variables (p=0.0044). Obviously, the dispersion of the data 
amongst the PD models is inherent to the different growth rates of each PDX and therefore 
the R2 is relatively low (R2=0.4068). To avoid confusion regarding the significance of the 
correlation, we suggest to exclusively show the association between the dichotomous 
variables as we presented in the first version of our manuscript. 

• We agree that PDX270 falls on the “intermediate area” (see Figure for Referees 2). As 
argued by Referee #2, we would like to point out that PDX270 was a slow grower in 
comparison with the other PDX models and it did not exhibit a significant inhibitory effect 
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by olaparib (Appendix Table S1 and Figure for Referees 1), which was consistent with its 
RAD51 score ≥10%. We agree with the Referee that more data is needed from 
“intermediate” cases to help refine the RAD51 score cut-off. We expect to obtain them in 
future retrospective/prospective validations with clinical trial samples from patients having 
received PARPi-treatment. 

 
2. Related to the previous point, it would be informative to provide the initial tumor volume 
and the end tumor volume in addition to the tumor volume change (Fig. 1A). In addition, 
would it be possible to include controls in Fig. 1A (e.g. as was done in Fig. 2A)?  
 
We provide now the initial/end tumor volumes (Appendix Table S1) and as an overlay in Figure for 
Referees 1.  
 
3. Conversely, are the data available to include the resistant PDX093R in the analysis of Fig. 
2A?  
 
PDX93OR was already included in Fig 2A (8th sample from the left). 
 
4. Recently, cases have been reported in which BRCA-deficient cells became resistant to 
PARPi or cisplatin without restoring RAD51 foci formation (Ray Chaudhuri et al. Nature. 
2016 Jul 21;535(7612):382-7; Guillemette et al. Genes Dev. 2015 Mar 1;29(5):489-94.). The 
possibility of PARPi-resistance independent of the ability to form RAD51 foci should thus be 
taken into consideration. Obviously, this would limit the predictive power of the RAD51 score 
as single biomarker.  
 
We have listed the known limitations of the RAD51 assay in the discussion: 
The RAD51 assay has some limitations. Firstly, when PARPi sensitivity occurs via mechanisms that 
do not directly impact on the ability of cells to perform HRR, e.g. alterations in ATM (Chen et al, 
2017; Davies et al, 2017; Balmus et al, 2018) or in the RNASEH2  complex (Zimmermann et al, 
2018). Secondly, when PARPi sensitivity occurs via mechanisms that preserve RAD51 foci 
formation, e.g. alterations in the MRN complex, RAD51AP1, polymerase eta or ERCC1 (Oplustilova 
et al, 2012; Wiese et al, 2007; Kawamoto et al, 2005; Postel-Vinay et al, 2013) . Thirdly, when 
HRR-deficient tumor have acquired PARPi resistance via RAD51-independent mechanisms that 
involve replication fork stabilization (Kais et al, 2016; Guillemette et al, 2015; Chaudhuri et al, 
2016; Yazinski et al, 2017). Fourthly, when a tumor has low proliferation index or low endogenous 
DNA damage, in which cases the assay would not be feasible. 
 
5. The cutoff at five RAD51 foci per S-phase nucleus seems arbitrary. It would be far better to 
show absolute foci counts, ideally as scatter plots showing foci counts for each individual S-
phase cell (e.g. for Fig. 3A, 4A, 5A). Proper statistical testing should then be performed to 
assess the significance of differences between the different samples. Information should be 
provided how a RAD51 focus is defined, i.e. which thresholds are used for foci detection, and 
how foci detection is affected by the staining quality and image resolution. If the RAD51 score 
should be used in clinical settings in the future, such information is important to avoid over- or 
under-sampling of RAD51 foci, which could easily lead to false predictions. To address this 
point, the authors may want to test themselves how images taken with different microscope 
objectives and cameras affect the calling of RAD51 foci. Further, how would changing the 
cutoff of 5 foci to e.g. 3 foci, 8 foci or 10 foci change the result and affect the predictive power 
of the RAD51 score?  
 
We agree with the Referee that further analysis was needed regarding the RAD51 scoring, since this 
information is important to avoid over- or under-scoring RAD51 foci that would lead to false 
predictions. We show now the absolute foci counts as scatter plots and histograms for each 
individual S-phase cell from nine representative tumors that are HRR-proficient vs -deficient (from 
Figure 3A). This data shows that, in HRR-deficient tumors, most of the geminin positive cells 
exhibit zero RAD51 foci (scatter plot shown in Appendix Figure S5A and histogram shown in 
Figure for Referees 3A). Instead, the HRR-proficient cells exhibit a bimodal distribution of RAD51 
foci with the high-RAD51 foci distribution peaking at 5-foci-per-cell (Figure for Referees 3B). 
Regarding prediction to PARPi response, we demonstrate that the 5-foci-per-cell cut-off is the 
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highest (most stringent) threshold that provides the most accurate and specific prediction (Appendix 
Figure S5B-C). This data is now included in the manuscript in page 11 and Appendix Figure S5.   
 
Regarding proper statistical testing, we calculated:  

(a) The area under the ROC curve (AUC) to estimate the prediction capacity of the 
RAD51 score PARPi-response in Figure 3A (AUC = 1) and Figure 4A (AUC = 1). The 
CI95% for ROC AUC is not reported because when AUC = 1 the CI is always (1-1) 
and can be misleading. 

(b) A logistic regression model (odds ratio, OR) to estimate the association between 
carrying a PALB2-mutation and having a low RAD51 score for Figure 5A, now Figure 
5B (OR=62.4, p=0.0003) 

 
In addition, we have added a Bootstrap statistical test to compare the ROC curves between the 
RAD51 score and the HRD score, concluding that in PDX cohort-2 the prediction capacity of the 
RAD51 score was higher than the HRD score (now Fig 4B, difference between AUC = 0.27 (0.08-
0.46) p=0.005). 
 
As per the RAD51 focus, we would like to clarify that RAD51 foci quantification was performed on 
live images and it was therefore not affected by the digital image resolution. RAD51 foci were seen 
as bright nuclear spots of mean diameter of 0.66 µm (ranging 0.42-1.15) and mean area of 0.37 µm2 
(0.14-1.04). They could be clearly distinguished from homogeneous (background) and non-
homogeneous noise. Staining quality in primary tumors from patients with HBOC syndrome was 
generally not an issue, with the exception of two tumors (out of 29 samples) that were not well 
preserved and other two that had insufficient geminin-positive cells (summarized in new Fig 5A).  
 
In order to validate the RAD51 assay in samples from clinical trials and to implement it as a 
diagnostic test several steps need to be accomplished. We maintained strict scoring criteria and 
always included positive and negative control samples to help confirm the validity and 
reproducibility of the results across experiments (new Fig EV1B). Another important point, as 
observed by the Referee, is to standardize the assay to be used on digital images taken with different 
microscopes and cameras. In collaboration with Prof. Carsten Denkert (Charité, Berlin), we are 
currently setting up the image digitalization of RAD51-stained tissue microarrays. This is a key step 
to move on with the analysis of clinical trial tumor samples. Moreover, since manual counting is 
time-consuming, we are considering to automate foci quantification with available software (e.g. 
FoCo, CellProfiler or ImageJ) or a customized one (if needed). Nevertheless, manual foci count is 
still considered to be the gold standard and it is regularly used as a benchmark to validate the 
performance of automatic methods. 
 
We thank the Referee for his/her insight as this review process has been very helpful for the future 
validation/implementation of the RAD51 assay in the clinic. 
 
6. Similar considerations can be made for gammaH2AX: absolute foci counts should be 
provided and nuclear intensities of gammaH2AX should be measured as well. Actually, one 
would expect higher levels of unrepaired DNA damage upon PARPi treatment when the 
RAD51 response is impaired. This can be seen in Fig. 5A, but not in Fig. 3C and Fig. 4B. How 
can this discrepancy be explained? Fig. 4B, by the way, is not referred to in the main text.  
 
In our study, γH2AX is used as quality check for DNA damage and not for scoring HRR deficiency. 
γH2AX foci is a widely-used marker of DNA double strand breaks. Therefore, we argue that scoring 
absolute foci counts and foci intensity is unnecessary. 
 
We apologize if the γH2AX data has led to confusion. We only observed significantly higher levels 
of γH2AX/geminin-positive cells in RAD51-deficient vs. RAD51-proficient tumors in vehicle-
treated PDXs from cohort-1 (Fig 3C). However, DNA-damage induction upon olaparib treatment 
did not result in higher levels of γH2AX/geminin-positive cells in RAD51-deficient compared to 
RAD51-proficient (Fig 3C). These seemingly discrepant results may be due to the low sample size 
to address this question. Nonetheless, when combining all our data with the 13 PDXs published by 
Cruz et al, these differences were not statistically significant, neither in vehicle- nor olaparib-treated 
PDXs (Figure for Referees 4A). Finally, different levels of γH2AX/geminin-positive cells were not 
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observed in cohort-2 (Fig 4B (now Figure for Referees 4B)) nor in the patient cohort (Fig 5A (now 
Fig 5B), statistics in Figure for Referees 4C).  
 
The lack of observation of higher baseline/induced DNA damage in HRR-deficient tumors might be 
the result of various factors. Firstly, we quantified γH2AX foci in geminin-positive cells (S/G2-cell 
cycle phase) and not in the overall population. It might be that HRR-deficient cells carry higher 
levels of unrepaired DNA damage (with/without PARPi treatment) and this is noted on the overall 
population. Second, it might also be that HRR-deficient cells with supra-physiological DNA damage 
undergo cell death with/without PARPi which might be better visualized by pan-nuclear γH2AX 
than with γH2AX foci. In summary, we don’t think that there is discrepancy in our data and there 
might be better readouts to analyze this hypothesis. To avoid confusion, we have removed Fig 4B 
and the statistical analysis between baseline tumors in Fig 3C. 
 
7. Why are three BRCA1-mutated and one BRCA2-mutated samples in Fig. 4A RAD51-
proficient? It would be important to know what discriminates these four cases from the other 
BRCA-mutated samples, which are below the 10% cutoff.  
 
There are three BRCA1-mutated and one BRCA2-mutated PDXs that exhibit RAD51 foci and are 
PARPi-resistant. We have investigated the known mechanisms of PARPi resistance in these models 
with the available exome sequencing (Seq) data and performed immunofluorescence analyses. 
Exome Seq data did not identify any alteration in known PARPi-resistant genes. Loss of 53BP1 did 
not explain PARPi resistance in the three BRCA1-mutated PDXs that exhibited RAD51 foci (new 
Fig 4C). Instead, two of them exhibited BRCA1 foci by immunofluorescence, indicative of 
functional HRR restoration by BRCA1 hypomorphic variants as previously described (Cruz et al, 
2018). We have added the aforementioned 53BP1/BRCA1 statements to the results section (page 12 
and new Fig 4C). 
 
8. The quality of the IF images shown in the manuscript has to be improved. Higher 
magnifications of cells should be shown, the different color channels should be shown as both 
separate and merged images, and the single cells shown in Fig. 2A and 3A should be 
complemented by larger fields of views in the supplemental information. Scale bars should be 
included.  
 
We apologize for the quality of the IF images on the previous version of the manuscript. We have 
now increased the image resolution from Figs. 2A and 3A and show higher magnification of cells. 
The different color channels are shown as separate and merged images for representative models 
from Fig 2A and 3A (Appendix Figures S1 and S2, respectively) and for Fig 3B as main figure and 
Appendix Figures S3 and S4. Scale bars are also included. 
 
9. In Fig. 4A it is not very clear which treatments had been performed on which samples. 
Perhaps this could be explained better in the text.  
 
We have amended the text and the figure legend to make the treatments and doses clearer. 
 
10. In the introduction, the authors write that DSBs in S and G2 phases of the cell cycle are 
preferentially repaired by homologous recombination repair (HRR). It would be more correct 
to write that DSBs in replicated areas of the genome are repaired by HRR (see Saredi et al. 
Nature. 2016 Jun 30;534(7609):714-718 and Pellegrino et al. Cell Rep. 2017 May 
30;19(9):1819-1831 as references).  
 
We have amended the text and added the two citations. 
 
11. Since the PDX models are likely too time-consuming and the FFPE samples would be more 
useful to predict PARPi responses in clinical settings, the authors may want to make this point 
a bit clearer. Currently, it is not very obvious what the "RAD51 assay feasible in routine 
tumor samples", mentioned in the title, should be.  
 
We have strengthened this point in the first sentence of the last paragraph of the Discussion (page 
15): In summary, we demonstrate that the RAD51 assay is feasible in routine FFPE tumor samples 
and could identify several populations that might be sensitive to PARPi. 
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12. The paper by Oplustilova et al. (Cell Cycle. 2012 Oct 15;11(20):3837-50.) looked at RAD51 
as biomarker for PARPi responses and the results reported therein should be discussed, in 
particular since PARPi sensitivity was observed in cells with normal RAD51 foci formation in 
this publication.  
 
As we have mentioned in point #4, PARPi synthetic lethality may occur via RAD51-independent 
mechanisms, and these do not result in lack of RAD51 foci formation. 
 
13. The authors may want to discuss also the possibility for ex vivo drug response assays using 
primary patient material, PARPi and RAD51 foci as readout. 
 
We thank the reviewer for this suggestion. Ex vivo drug response assays using primary patient 
explants are a potentially valuable tool to predict response to PARPi vs. other drugs. This might be 
especially relevant given the low take rate and slow growth rate of the breast cancer PDXs. 
Nonetheless, in this study we would like to emphasize the sensitivity and specificity of the RAD51 
assay to predict PARPi response beyond the germline BRCA1/2 condition and its feasibility on 
routine FFPE tumor samples, which is of clinical relevance since a fresh sample would not be 
required. 
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Figure for Referees 1 
 

 
 
Figure for Referees 1. Tumor volume change (%) in PDXs from cohort-1 following vehicle- or 
olaparib-treatment. Graph showing the percentage of tumor volume change in vehicle- (grey dots) 
and olaparib-treated (green bars) tumors compared to the tumor volume on day 1. Tumor Volume 
Change of +20% and -30% are marked by doted lines to indicate the range of PR, SD and PD. The 
box underneath summarizes different characteristics of each model and the clinical context at the 
moment of PDX implantation. TNBC, Triple Negative Breast Cancer; ER+BC, Estrogen Receptor 
positive Breast Cancer; P, primary; M, metastasis. Error bars indicate SEM from independent 
tumors. 
 
 
Figure for Referees 2 
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Figure for Referees 2. The RAD51 score correlates with the percentage of Tumor Volume 
Change following olaparib-treatment.  Pearson correlation between the RAD51 score (percentage 
of RAD51 (+) / Geminin (+) cells, assessed in untreated FFPE tumor samples) and the Tumor 
Volume Change in olaparib-treated tumors from PDX cohort-1. Each dot represents one PDX 
model. Error bars indicate SEM from independent tumors treated with olaparib. The table shows the 
statistical analysis.  
 
 
Figure for Referees 3 
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Figure for Referees 3. Distribution of the number of RAD51 foci-per-cell in PARPi-sensitive 
and PARPi-resistant PDXs from cohort-1. Histogram representing the number geminin-positive 
cells with increasing number of RAD51 foci (0 to 50) in A) three PARPi-sensitive and B) six 
PARPi-resistant PDXs from cohort-1. Each color represents one PDX model.  
 
 
Figure for Referees 4 
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Figure for Referees 4. HRR-deficient tumors did not show higher levels of DNA-damage in 
S/G2-phase of the cell cycle. Quantification of geminin-positive cells that exhibit gH2AX foci in 
RAD51 high vs RAD51 low tumors from A) PDX cohort-1 plus 13 additional gBRCA PDXs, B) 
PDX cohort-2 and C) tumor from patients with HBOC syndrome. Unpaired t-test in CR/PR vs PD 
tumors and in tumors with high vs low RAD51 score. Paired t-test in vehicle- vs PARPi-treated 
tumors. 
 
 
2nd Editorial Decision 03 September 2018 

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We have 
now received the enclosed reports from the referees that were asked to re-assess it. As you will see 
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the reviewers are now globally supportive and I am pleased to inform you that we will be able to 
accept your manuscript pending minor editorial amendments, including a response to Referee #3. 
 
 
***** Reviewer's comments *****  
 
Referee #2 (Comments on Novelty/Model System for Author):  
 
The authors have made substantial improvements in the revised manuscript in response to the 
reviewers' comments  
 
Referee #2 (Remarks for Author):  
 
The authors have made substantial improvements in the revised manuscript in response to the 
reviewers' comments. Thus, I recommend acceptance of the revised manuscript.  
 
 
Referee #3 (Remarks for Author):  
 
The authors have addressed many of my initial concerns and now provide images of better 
resolution as well as additional analyses to corroborate their claims. The following couple of points, 
however, may deserve additional attention:  
 
1) In the May 2018 issue of Annals of Oncology the authors published a related study on germline 
BRCA-mutated breast cancer (Cruz et al. RAD51 foci as a functional biomarker of homologous 
recombination repair and PARP inhibitor resistance in germline BRCA-mutated breast cancer. 
Annals of Oncology, Volume 29, Issue 5, 1 May 2018, Pages 1203-1210), which in the initial 
submission of the current work was cited as „accepted" manuscript. From a conceptual point of view 
the two articles are quite related and reach very similar conclusions. If this, from an editorial 
perspective, does not affect the novelty of the current work, it might nevertheless be more 
appropriate to refer to and discuss the Cruz et al. paper earlier in the current manuscript, e.g. already 
in the introduction.  
 
2) The new histograms provide valuable information. Would the bimodal distribution in the PARPi-
resistant samples indicate that sub-clones within these samples might be sensitive to PARPi (i.e. the 
geminin-positive ones with less than 5 RAD51 foci in Figure 3 for the Referees; and the ones with 
less than 5 RAD51 foci in Appendix Figure S5)? This should be discussed.  
 
3) In Figure 3A, should one be able to appreciate an increase in RAD51 foci number upon Olaparib 
treatment, e.g. as can be seen with cell lines? Or is it merely the percentage of RAD51 (+) cells that 
changes upon treatment?  
 
4) Related to the previous points, wouldn't it make sense to complement Appendix Figure S5 with 
the foci counts after Olaparib treatment?  
 
5) The authors may want to consider adding the informative Figure 2 for the Referees to the 
manuscript.  
 
6) On page 15, the authors should define better what they mean by "in real time". Please be more 
specific and add information on how long it takes from sample collection to assay result.  
 
7) Since gammaH2AX may well be a good biomarker for PARP inhibitor sensitivity itself (Redon et 
al., Clin Cancer Res. 2010 Sep 15;16(18):4532-42) and could be combined with the RAD51 assay, 
the potential prognostic value of gammaH2AX should be discussed in a more differentiated manner.  
 
8) The discussion on limitations of the RAD51 assay (page15) is very good and an important 
addition. In the meantime, mutations in PARP1 and loss of PARG have also been shown to confer 
PARPi resistance (Pettitt et al. Nat Commun. 2018 May 10;9(1):1849; Gogola et al. Cancer Cell. 
2018 Jun 11;33(6):1078-1093; Michelena et al. Nat Commun. 2018 Jul 11;9(1):2678), as well as 
loss of 53BP1 and the associated "Shieldin" complex (summarized by Greenberg Nat Cell Biol. 
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2018 Aug;20(8):862-863), and I would recommend to extend the discussion to cover also these 
examples of PARPi resistance. 
 
2nd Revision - authors' response 19 September 2018 

Referee #3 (Remarks for Author):  
 
The authors have addressed many of my initial concerns and now provide images of better 
resolution as well as additional analyses to corroborate their claims. The following couple of 
points, however, may deserve additional attention:  
 
1) In the May 2018 issue of Annals of Oncology the authors published a related study on 
germline BRCA-mutated breast cancer (Cruz et al. RAD51 foci as a functional biomarker of 
homologous recombination repair and PARP inhibitor resistance in germline BRCA-mutated 
breast cancer. Annals of Oncology, Volume 29, Issue 5, 1 May 2018, Pages 1203-1210), which 
in the initial submission of the current work was cited as „accepted" manuscript. From a 
conceptual point of view the two articles are quite related and reach very similar conclusions. 
If this, from an editorial perspective, does not affect the novelty of the current work, it might 
nevertheless be more appropriate to refer to and discuss the Cruz et al. paper earlier in the 
current manuscript, e.g. already in the introduction.  
 
We have added a reference to our previous work on BRCA-mutated breast cancer in the 
introduction: 
Other approaches entail the quantification of BRCA1 promoter hymethylation, BRCA1 mRNA 
expression or the detection of the HRR protein RAD51 forming nuclear foci after DNA damage, as 
surrogate of HRR functionality (ter Brugge et al, 2016; Graeser et al, 2010; Naipal et al, 2014). In 
this sense, we showed that, in gBRCA tumors, RAD51 foci could be detected in untreated samples 
and correlated with PARPi resistance regardless of the underlying mechanism restoring HRR 
function (Cruz et al, 2018). 
 
2) The new histograms provide valuable information. Would the bimodal distribution in the 
PARPi-resistant samples indicate that sub-clones within these samples might be sensitive to 
PARPi (i.e. the geminin-positive ones with less than 5 RAD51 foci in Figure 3 for the Referees; 
and the ones with less than 5 RAD51 foci in Appendix Figure S5)? This should be discussed.  
 
We thank the Referee for finding the histograms informative. We would argue that RAD51-negative 
cells within PARPi-resistant samples could indicate: 

a) HRR-deficient, PARPi-sensitive sub-clones that will be killed by the drug, as pointed by 
the Referee, but will be overgrown by the PARPi-resistant tumour cells  

b) tumour cells with low or absent DNA damage that have not engaged HRR in S/G2-phase of 
the cell cycle 

In this sense, we are currently working to improve the immunofluorescence assay to enable triple 
staining of RAD51, γH2AX and geminin, which will help distinguish the above-mentioned 
scenarios.  
 
3) In Figure 3A, should one be able to appreciate an increase in RAD51 foci number upon 
Olaparib treatment, e.g. as can be seen with cell lines? Or is it merely the percentage of 
RAD51 (+) cells that changes upon treatment?  
 
We do not appreciate a marked increase in RAD51 foci number upon olaparib treatment for most of 
the PDXs studied, except for PDX94 and PDX270 that show few cells with higher RAD51 foci 
(Appendix Fig S5B). 
 
4) Related to the previous points, wouldn't it make sense to complement Appendix Figure S5 
with the foci counts after Olaparib treatment?  
 
As requested by the Referee, we have complemented Appendix Figure S5B with the foci counts 
after olaparib treatment. 
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5) The authors may want to consider adding the informative Figure 2 for the Referees to the 
manuscript.  
 
We have added the linear correlation between the RAD51 score and the % of Tumor Volume 
Change as supplementary figure Fig EV1D. 
 
6) On page 15, the authors should define better what they mean by "in real time". Please be 
more specific and add information on how long it takes from sample collection to assay result.  
 
We have reformulated the sentence as: “This functional assay provides an accurate measurement of 
HRR status and PARPi sensitivity at the time of treatment decision-making.” 
 
7) Since gammaH2AX may well be a good biomarker for PARP inhibitor sensitivity itself 
(Redon et al., Clin Cancer Res. 2010 Sep 15;16(18):4532-42) and could be combined with the 
RAD51 assay, the potential prognostic value of gammaH2AX should be discussed in a more 
differentiated manner.  
 
Redon and co-workers review the role of γH2AX in the DNA damage response. Specifically, they 
claim: 

(a) its utility as pharmacodynamic biomarker, for various chemotherapies and PARP inhibitors 
(b) that γH2AX does not seem to correlate with treatment response 

 
The pharmacodynamic effect of olaparib on γH2AX is indeed observed in PDX cohort-1 (Figure 
3C). However, as explained in Referee’s 3 question 6 (from the previous review), PARPi-sensitive 
tumors do not exhibit higher levels of DNA damage measured with the γH2AX biomarker.  
 
Finally, we agree with the Referee that γH2AX will be helpful once incorporated in a multiplexed 
assay, but as stated before in question number 2, to provide the quality check of DNA damage 
within the same slide/tumor cell. 
 
8) The discussion on limitations of the RAD51 assay (page15) is very good and an important 
addition. In the meantime, mutations in PARP1 and loss of PARG have also been shown to 
confer PARPi resistance (Pettitt et al. Nat Commun. 2018 May 10;9(1):1849; Gogola et al. 
Cancer Cell. 2018 Jun 11;33(6):1078-1093; Michelena et al. Nat Commun. 2018 Jul 
11;9(1):2678), as well as loss of 53BP1 and the associated "Shieldin" complex (summarized by 
Greenberg Nat Cell Biol. 2018 Aug;20(8):862-863), and I would recommend to extend the 
discussion to cover also these examples of PARPi resistance. 
 
We have added two mechanisms of resistance to PARPi that will not be captured by the RAD51 
assay: the mutations in PARP1 and loss of PARG. On the contrary, loss of 53BP1 or the “Shieldin” 
complex members would result in a RAD51-dependent restoration of HRR and not represent a 
limitation for the RAD51 assay. 
 
This is the proposed final text: 
 
The RAD51 assay has some limitations. Firstly, when PARPi sensitivity occurs via mechanisms that 
do not directly impact on the ability of cells to perform HRR, e.g. alterations in ATM (Chen et al, 
2017; Davies et al, 2017; Balmus et al, 2018) or in the RNASEH2  complex (Zimmermann et al, 
2018). Secondly, when PARPi sensitivity occurs via mechanisms that preserve RAD51 foci 
formation, e.g. alterations in the MRN complex, RAD51AP1, polymerase eta or ERCC1 (Oplustilova 
et al, 2012; Wiese et al, 2007; Kawamoto et al, 2005; Postel-Vinay et al, 2013) . Thirdly, when 
HRR-deficient tumor have acquired PARPi resistance via RAD51-independent mechanisms such as 
loss of PARG, mutations in PARP1 or those that involve replication fork stabilization (Gogola et al, 
2018; Michelena et al, 2018; Pettitt et al, 2018; Kais et al, 2016; Guillemette et al, 2015; 
Chaudhuri et al, 2016; Yazinski et al, 2017). Fourthly, when a tumor has low proliferation index or 
low endogenous DNA damage, in which cases the assay would not be feasible. 
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Do	
  the	
  data	
  meet	
  the	
  assumptions	
  of	
  the	
  tests	
  (e.g.,	
  normal	
  distribution)?	
  Describe	
  any	
  methods	
  used	
  to	
  assess	
  it.

Is	
  there	
  an	
  estimate	
  of	
  variation	
  within	
  each	
  group	
  of	
  data?

Is	
  the	
  variance	
  similar	
  between	
  the	
  groups	
  that	
  are	
  being	
  statistically	
  compared?

6.	
  To	
  show	
  that	
  antibodies	
  were	
  profiled	
  for	
  use	
  in	
  the	
  system	
  under	
  study	
  (assay	
  and	
  species),	
  provide	
  a	
  citation,	
  catalog	
  
number	
  and/or	
  clone	
  number,	
  supplementary	
  information	
  or	
  reference	
  to	
  an	
  antibody	
  validation	
  profile.	
  e.g.,	
  
Antibodypedia	
  (see	
  link	
  list	
  at	
  top	
  right),	
  1DegreeBio	
  (see	
  link	
  list	
  at	
  top	
  right).

7.	
  Identify	
  the	
  source	
  of	
  cell	
  lines	
  and	
  report	
  if	
  they	
  were	
  recently	
  authenticated	
  (e.g.,	
  by	
  STR	
  profiling)	
  and	
  tested	
  for	
  
mycoplasma	
  contamination.

*	
  for	
  all	
  hyperlinks,	
  please	
  see	
  the	
  table	
  at	
  the	
  top	
  right	
  of	
  the	
  document

8.	
  Report	
  species,	
  strain,	
  gender,	
  age	
  of	
  animals	
  and	
  genetic	
  modification	
  status	
  where	
  applicable.	
  Please	
  detail	
  housing	
  
and	
  husbandry	
  conditions	
  and	
  the	
  source	
  of	
  animals.

9.	
  For	
  experiments	
  involving	
  live	
  vertebrates,	
  include	
  a	
  statement	
  of	
  compliance	
  with	
  ethical	
  regulations	
  and	
  identify	
  the	
  
committee(s)	
  approving	
  the	
  experiments.

10.	
  We	
  recommend	
  consulting	
  the	
  ARRIVE	
  guidelines	
  (see	
  link	
  list	
  at	
  top	
  right)	
  (PLoS	
  Biol.	
  8(6),	
  e1000412,	
  2010)	
  to	
  ensure	
  
that	
  other	
  relevant	
  aspects	
  of	
  animal	
  studies	
  are	
  adequately	
  reported.	
  See	
  author	
  guidelines,	
  under	
  ‘Reporting	
  
Guidelines’.	
  See	
  also:	
  NIH	
  (see	
  link	
  list	
  at	
  top	
  right)	
  and	
  MRC	
  (see	
  link	
  list	
  at	
  top	
  right)	
  recommendations.	
  	
  Please	
  confirm	
  
compliance.

11.	
  Identify	
  the	
  committee(s)	
  approving	
  the	
  study	
  protocol.

12.	
  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.

13.	
  For	
  publication	
  of	
  patient	
  photos,	
  include	
  a	
  statement	
  confirming	
  that	
  consent	
  to	
  publish	
  was	
  obtained.

14.	
  Report	
  any	
  restrictions	
  on	
  the	
  availability	
  (and/or	
  on	
  the	
  use)	
  of	
  human	
  data	
  or	
  samples.

15.	
  Report	
  the	
  clinical	
  trial	
  registration	
  number	
  (at	
  ClinicalTrials.gov	
  or	
  equivalent),	
  where	
  applicable.

16.	
  For	
  phase	
  II	
  and	
  III	
  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.

17.	
  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.

18:	
  Provide	
  a	
  “Data	
  Availability”	
  section	
  at	
  the	
  end	
  of	
  the	
  Materials	
  &	
  Methods,	
  listing	
  the	
  accession	
  codes	
  for	
  data	
  
generated	
  in	
  this	
  study	
  and	
  deposited	
  in	
  a	
  public	
  database	
  (e.g.	
  RNA-­‐Seq	
  data:	
  Gene	
  Expression	
  Omnibus	
  GSE39462,	
  
Proteomics	
  data:	
  PRIDE	
  PXD000208	
  etc.)	
  Please	
  refer	
  to	
  our	
  author	
  guidelines	
  for	
  ‘Data	
  Deposition’.

Data	
  deposition	
  in	
  a	
  public	
  repository	
  is	
  mandatory	
  for:	
  
a.	
  Protein,	
  DNA	
  and	
  RNA	
  sequences	
  
b.	
  Macromolecular	
  structures	
  
c.	
  Crystallographic	
  data	
  for	
  small	
  molecules	
  
d.	
  Functional	
  genomics	
  data	
  
e.	
  Proteomics	
  and	
  molecular	
  interactions
19.	
  Deposition	
  is	
  strongly	
  recommended	
  for	
  any	
  datasets	
  that	
  are	
  central	
  and	
  integral	
  to	
  the	
  study;	
  please	
  consider	
  the	
  
journal’s	
  data	
  policy.	
  If	
  no	
  structured	
  public	
  repository	
  exists	
  for	
  a	
  given	
  data	
  type,	
  we	
  encourage	
  the	
  provision	
  of	
  
datasets	
  in	
  the	
  manuscript	
  as	
  a	
  Supplementary	
  Document	
  (see	
  author	
  guidelines	
  under	
  ‘Expanded	
  View’	
  or	
  in	
  
unstructured	
  repositories	
  such	
  as	
  Dryad	
  (see	
  link	
  list	
  at	
  top	
  right)	
  or	
  Figshare	
  (see	
  link	
  list	
  at	
  top	
  right).
20.	
  Access	
  to	
  human	
  clinical	
  and	
  genomic	
  datasets	
  should	
  be	
  provided	
  with	
  as	
  few	
  restrictions	
  as	
  possible	
  while	
  
respecting	
  ethical	
  obligations	
  to	
  the	
  patients	
  and	
  relevant	
  medical	
  and	
  legal	
  issues.	
  If	
  practically	
  possible	
  and	
  compatible	
  
with	
  the	
  individual	
  consent	
  agreement	
  used	
  in	
  the	
  study,	
  such	
  data	
  should	
  be	
  deposited	
  in	
  one	
  of	
  the	
  major	
  public	
  access-­‐
controlled	
  repositories	
  such	
  as	
  dbGAP	
  (see	
  link	
  list	
  at	
  top	
  right)	
  or	
  EGA	
  (see	
  link	
  list	
  at	
  top	
  right).
21.	
  Computational	
  models	
  that	
  are	
  central	
  and	
  integral	
  to	
  a	
  study	
  should	
  be	
  shared	
  without	
  restrictions	
  and	
  provided	
  in	
  a	
  
machine-­‐readable	
  form.	
  	
  The	
  relevant	
  accession	
  numbers	
  or	
  links	
  should	
  be	
  provided.	
  When	
  possible,	
  standardized	
  
format	
  (SBML,	
  CellML)	
  should	
  be	
  used	
  instead	
  of	
  scripts	
  (e.g.	
  MATLAB).	
  Authors	
  are	
  strongly	
  encouraged	
  to	
  follow	
  the	
  
MIRIAM	
  guidelines	
  (see	
  link	
  list	
  at	
  top	
  right)	
  and	
  deposit	
  their	
  model	
  in	
  a	
  public	
  database	
  such	
  as	
  Biomodels	
  (see	
  link	
  list	
  
at	
  top	
  right)	
  or	
  JWS	
  Online	
  (see	
  link	
  list	
  at	
  top	
  right).	
  If	
  computer	
  source	
  code	
  is	
  provided	
  with	
  the	
  paper,	
  it	
  should	
  be	
  
deposited	
  in	
  a	
  public	
  repository	
  or	
  included	
  in	
  supplementary	
  information.

22.	
  Could	
  your	
  study	
  fall	
  under	
  dual	
  use	
  research	
  restrictions?	
  Please	
  check	
  biosecurity	
  documents	
  (see	
  link	
  list	
  at	
  top	
  
right)	
  and	
  list	
  of	
  select	
  agents	
  and	
  toxins	
  (APHIS/CDC)	
  (see	
  link	
  list	
  at	
  top	
  right).	
  According	
  to	
  our	
  biosecurity	
  guidelines,	
  
provide	
  a	
  statement	
  only	
  if	
  it	
  could.

F-­‐	
  Data	
  Accessibility

C-­‐	
  Reagents

D-­‐	
  Animal	
  Models

E-­‐	
  Human	
  Subjects

We	
  confirm	
  compliance

G-­‐	
  Dual	
  use	
  research	
  of	
  concern

We	
  have	
  obtained	
  permission	
  from	
  the	
  Ethics	
  committee	
  to	
  upload	
  the	
  exome	
  sequencing	
  data	
  on	
  
a	
  public	
  database	
  and	
  requested	
  EGA	
  permission	
  to	
  upload	
  our	
  data	
  on	
  their	
  portal	
  (see	
  Materials	
  
and	
  Methods	
  section).

NA

Samples	
  were	
  tested	
  by	
  GraphPad	
  Prism	
  Shapiro-­‐Wild	
  normality	
  test	
  for	
  normal	
  distribution.	
  See	
  
Materials	
  and	
  Methods	
  section.

YES.	
  All	
  data	
  are	
  provided	
  with	
  standard	
  error	
  of	
  the	
  mean	
  (SEM)	
  and	
  staistical	
  test	
  are	
  provided	
  
with	
  Confidence	
  Interval	
  95%	
  (CI95%)

Levene's	
  test	
  is	
  used	
  to	
  test	
  if	
  groups	
  of	
  comparison	
  have	
  equal	
  variances	
  (homoscedasticity).	
  No	
  
evidence	
  has	
  been	
  found	
  to	
  reject	
  the	
  hypothesis	
  of	
  homoscedasticity	
  in	
  our	
  data.	
  Consequently,	
  
the	
  statistical	
  comparison	
  has	
  been	
  carried	
  out	
  under	
  the	
  hypothesis	
  of	
  similar	
  variance	
  between	
  
groups.

The	
  antobody	
  was	
  extensively	
  validated	
  in	
  Cruz	
  et	
  al	
  Annals	
  of	
  Oncology	
  2018.	
  The	
  catalog	
  
numbers	
  of	
  all	
  antibodies	
  are	
  provided	
  in	
  the	
  Materials	
  and	
  Methods	
  section	
  of	
  the	
  manuscript.	
  A	
  
validation	
  of	
  the	
  RAD51	
  antibody	
  is	
  included	
  in	
  the	
  Results	
  section.

Cells	
  were	
  purchased	
  from	
  American	
  Type	
  Culture	
  Collection	
  (ATCC)	
  and	
  were	
  routinely	
  tested	
  to	
  
be	
  mycoplasma	
  free.

6-­‐week-­‐old	
  female	
  athymic	
  HsdCpb:NMRI-­‐Foxn1nu	
  (Harlan	
  Laboratories)	
  or	
  NOD.Cg-­‐
PrkdcscidIl2rgtm1Wjl/SzJ	
  (Charles	
  River)	
  mice.	
  Mice	
  were	
  kept	
  in	
  SPF	
  condition	
  under	
  local	
  
regulation

Experiments	
  were	
  conducted	
  following	
  the	
  European	
  Union’s	
  animal	
  care	
  directive	
  (2010/63/EU)	
  
and	
  were	
  approved	
  by	
  the	
  Ethical	
  Committee	
  of	
  Animal	
  Experimentation	
  of	
  the	
  Vall	
  d’Hebron	
  
Research	
  Institute.

The	
  committee	
  approving	
  the	
  study	
  was	
  the	
  Ethics	
  Commitee	
  of	
  Research	
  with	
  Drugs	
  and	
  the	
  
Comission	
  of	
  Research	
  Projects	
  from	
  the	
  Vall	
  d'Hebron	
  University	
  Hospital.

The	
  cohort	
  consisted	
  of	
  breast	
  cancer	
  patients	
  from	
  the	
  Vall	
  d’Hebron	
  University	
  Hospital,	
  with	
  
FFPE	
  material	
  representative	
  of	
  the	
  disease	
  and	
  signed	
  IRB-­‐approved	
  informed	
  consent	
  form.	
  

NA

NA

NA

NA

NA

NA

NA

NA


