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1st Editorial Decision 7 June 2019

Thank you for the submission of your manuscript to EMBO reports. We have now received the full
set of referee reports as well as referee cross-comments that are all pasted below.

As you will see, the referees acknowledge that the findings are potentially interesting. However,
both referees 1 and 2 point out that it remains unclear what the molecular and functional role of
PHF6 in the DDR is, and that the study should be further developed in this regard. All referees have
different suggestions for how the study could be strengthened, and I would like to know whether
you think that you can address them all. If this is not the case, we can discuss the detailed revisions
further. I think the cross-comments are quite informative.

I would thus like to invite you to revise your manuscript with the understanding that the referee
concerns must be fully addressed and their suggestions taken on board. Please address all referee
concerns in a complete point-by-point response. Acceptance of the manuscript will depend on a
positive outcome of a second round of review. It is EMBO reports policy to allow a single round of
revision only and acceptance or rejection of the manuscript will therefore depend on the
completeness of your responses included in the next, final version of the manuscript.

Revised manuscripts should be submitted within three months of a request for revision; they will
otherwise be treated as new submissions. Please contact us if a 3-months time frame is not sufficient
for the revisions so that we can discuss this further. You can either publish the study as a short
report or as a full article. For short reports, the revised manuscript should not exceed 27,000
characters (including spaces but excluding materials & methods and references) and 5 main plus 5
expanded view figures. The results and discussion sections must further be combined, which will
help to shorten the manuscript text by eliminating some redundancy that is inevitable when
discussing the same experiments twice. For a normal article there are no length limitations, but it
should have more than 5 main figures and the results and discussion sections must be separate. In
both cases, the entire materials and methods must be included in the main manuscript file.
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Regarding data quantification, please specify the number "n" for how many independent
experiments were performed, the bars and error bars (e.g. SEM, SD) and the test used to calculate p-
values in the respective figure legends. This information must be provided in the figure legends.
Please also include scale bars in all microscopy images.

When submitting your revised manuscript, please carefully review the instructions that follow
below. Failure to include requested items will delay the evaluation of your revision.

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

2) editable tiff, jpg or eps-formatted figure files in high resolution (one file per figure). In order to
avoid delays later in the process, please read our figure guidelines before preparing your manuscript
figures at: http://www.embopress.org/sites/default/filessEMBOPress_Figure Guidelines 061115.pdf

3) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are
collapsible/expandable online. A maximum of 5 EV Figures can be typeset. EV Figures should be
cited as 'Figure EV1, Figure EV2" etc... in the text and their respective legends should be included
in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be
bundled together with their legends in a single PDF file called * Appendix*, which should start with
a short Table of Content. Appendix figures should be referred to in the main text as: "Appendix
Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here:
<http://msb.embopress.org/authorguide#expandedview>.

- Additional Tables/Datasets should be labeled and referred to as Table EV1, Dataset EV 1, etc.
Legends have to be provided in a separate tab in case of .xls files. Alternatively, the legend can be
supplied as a separate text file (README) and zipped together with the Table/Dataset file.

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

paper.

5) a complete author checklist, which you can download from our author guidelines
[http://embor.embopress.org/authorguide#revision]. Please insert information in the checklist that is
also reflected in the manuscript. The completed author checklist will also be part of the RPF.

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

7) Before submitting your revision, primary datasets produced in this study need to be deposited in
an appropriate public database (see http://msb.embopress.org/authorguide#dataavailability). Please
remember to provide a reviewer password if the datasets are not yet public. The accession numbers
and database should be listed in a formal "Data Availability " section placed after Materials &
Method (see also http://msb.embopress.org/authorguide#dataavailability). Please note that the Data
Availability Section is restricted to new primary data that are part of this study.

* Note - All links should resolve to a page where the data can be accessed. *

8) We would also encourage you to include the source data for figure panels that show essential
data. Numerical data should be provided as individual .xlIs or .csv files (including a tab describing
the data). For blots or microscopy, uncropped images should be submitted (using a zip archive if
multiple images need to be supplied for one panel). Additional information on source data and
instruction on how to label the files are available at
<http://msb.embopress.org/authorguide#sourcedata>.

We would also welcome the submission of cover suggestions, or motifs to be used by our Graphics
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Ilustrator in designing a cover.

As part of the EMBO publication's Transparent Editorial Process, EMBO reports publishes online a
Review Process File (RPF) to accompany accepted manuscripts. This File will be published in
conjunction with your paper and will include the referee reports, your point-by-point response and
all pertinent correspondence relating to the manuscript.

You are able to opt out of this by letting the editorial office know (emboreports@embo.org). If you
do opt out, the Review Process File link will point to the following statement: "No Review Process
File is available with this article, as the authors have chosen not to make the review process public

in this case."

I look forward to seeing a revised version of your manuscript when it is ready. Please let me know if
you have questions or comments regarding the revision.

REFEREE REPORTS
Referee #1:

Overview: Warmerdam et al. present a progressive genetic screening analysis to identify
unappreciated factors required for recovery from the DNA damage G2 checkpoint. Not surprisingly,
many screen hits were involved in DNA repair as their deficiency halts DNA damage checkpoint
recovery due to deficient lesion clearance. The primary lead from this analysis was the implication
of PHF6 in ensuring checkpoint recovery and DNA repair following DNA damage.

Novelty/Quality: The presented manuscript is well written by experts within the DDR/checkpoint
field. Overall, it is of good quality with several complementary approaches (PHF6 loss-of-function
addressed with multiple siRNAs and CRISPR) and examines DDR/checkpoint signaling from a less
appreciated viewpoint of recovery. Further, this manuscript indicates the disease relevant factor
PHF6 as a DDR factor. However, though generally of solid quality, the current manuscript version
is highly descriptive and offers little insight into the molecular function and mechanism of PHF6 in
the DDR response.

Major Points

1) The authors primary supposition is that loss of PHF6 leads to a repair defect following DNA
damage as indicated by the elevated levels of the marker phosphorylated-H2AX. To properly
support this claim, they should include neutral COMET assay analysis to better reflect the extent of
damage still present in the cells at this time.

2) The authors should provide functional-mechanistic explanations for the role of PHF6. The genetic
KO system is optimally suited to dissect the role of PHF6 through complementation, preferably also
with disease variants.

3) Such complementation should address major DDR aspects for major PHF6 functional mutants
(PHF6 recruitment, checkpointrecovery and death, DNA damage accumulation by COMET assay,
NHEJ and 53BP1 pathway function, DNA end resection performance).

Minor Points
-figure 4 figure legend indicates panel F, need to change to E
-authors need to indicate radiation dosages used for the screens. Starting with figure 1A.

Referee #2:

The manuscript from Smits and colleagues presents results from a screen to identify chromatin
proteins involved in recovery from the G2 checkpoint. Using a strategy the authors have exploited
previously, they performed an siRNA screen on cells treated with IR and trapped in nocodazole,
identifying numerous proteins that enhance or inhibit mitotic entry. These are validated in multiple
cell lines to identify consistent hits and then sub analyzed as to whether they influence p53
activation or DNA damage signaling via ATM/ATR. They focus on several novel hits that include
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BRD2, ACTL6A and PHF6. They show that PHF6 depletion of knockout impairs mitotic entry after
DNA damage, reduces 53BP1 foci and impairs NHEJ and that PHF6 localizes directly to DSBs.

Overall the manuscript is well presented and data of high quality. The results are interesting and
novel, as to my knowledge PHF6 has not been implicated in DNA repair previously and the
screening results may be of interest to many labs. My only criticism would be that the role of PHF6
in NHEJ remains unclear. While data presented suggests a potential direct role, its other functions
are not ruled out (ex. transcription of NHEJ genes, as has been shown for BRD2) and no data
demonstrates that the endogenous protein is actually recruited to DNA breaks.

Main points

1. The manuscript culminates in a focus on PHF6 from Figure 3 on. In the PHF6 knockdown or
knockout cells, is there a defect in cell cycle progression in untreated cells? Does this influence the
appearance of 53BP1 foci that are cell cycle dependent?

2. Cell cycle status also influences NHEJ, it would be important to show data regarding the effects
of PHF6 loss in order to properly evaluate the data in figure 3 and 4.

3. Why is co-localization with NBS1 investigated vs factors involved in NHEJ?

4. Does treating PHF6 KOs with DNA-PKcs inhibitor influence sensitivity or is it epistatic?

5. Are NHEJ proteins present at normal levels in PHF6 deficient cells?

6. Is the nucleolar localization of PHF6 important for the phenotype? Domain mapping related to the
phenotype would be very interesting.

7.1 find it interesting that a full 1/3 of the genes listed in Figure 1F are present in the SFARI
database of genes mutated in autism patients. I realize this is not the topic of the paper but it is
striking to me that there such a high enrichment and PHF6 is mutated in a related disorder
(Borjeson-Forssman-Lehmann syndrome or BFLS).

8. Related to this point, BFLS patients that have mutant PHF6 do not exhibit pathologies typically
associated with NHEJ defects (ex. SCID, Lig4 syndrome). This would suggest that PHF6 loss at the
organismal level is not simply functionally equivalent to loss of NHEJ. This does not invalidate the
results but could warrant discussion as the figure equates the defect with Ku loss and BFLS patients
are not reported to be immunodeficient.

9. Further related to this point, this statement should be corrected: "..which is a rare X-linked genetic
disorder characterized by mental retardation and craniopharyngeal abnormalities, and hematological
cancers". BFLS is not associated with cancer, somatic, not hereditary mutations in PHF6 are to my
understanding.

Minor points

1. I do not understand this sentence: "However, especially hits that led to increased recovery in
U20S behaved differently in RPE1 cells."

2.1 will admit that I am being a bit semantic but the statement "However, the fact that 53BP1 was a
hit in the screen nicely indicates that our screen allows for the identification of genes specially
involved in DNA repair" is somewhat self serving as there is no evidence that this is why it comes
as a hit in the screen (it is not included in the functional assays in Figure 2). While I agree that genes
that influence NHEJ are identified, 53BP1 does have non-repair related roles in mitosis and
potentially other functions and it is not clear that an NHEJ repair defect per se is what led to its
identification.

3. BRD2 has been directly implicated in the transcriptional regulation of NHEJ genes:
PMID:29346775

4. SMARCA4, SMARCBI1 and ACLT6A are all components of the SWI/SNF complex. This
enrichment is not mentioned and their relationship not shown in Figure 1F.

5. While I appreciate that the authors are not engaging in gratuitous self-referencing, it is odd that
the previous EMBO Reports paper from the Medema lab performing a G2 recovery screen using a
kinome library is not mentioned, as it identified TLK2, a regulator of histone chaperones. This
would seem to fit thematically with what the authors propose and ASF1a, that is also implicated in
that study, has been shown to regulate NHEJ (PMID:28943310).

Referee #3:
This paper describes the discovery of PHF6, a chromatin regulator, as a component of NHEJ. They

performed a RNAI screen in U20S cells. Cells were synchronized in g2, irradiated and IF was used
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to evaluate mitotic entry. They found 22 candidates among these chromatin modifiers as novel
regulators of recovery from the DNA damage checkpoint arrest. They also found that PHF6 loss of
function compromised the G2 checkpoint, PHF6 was recruited to sites of DNA damage in a PARP-
dependent manner, and was needed for NHEJ.

Comments

1) The authors need to investigate the difference between A-NHEJ v C-NHEJ. PARP1 is also
important for A-NHEJ. This can be done using this technique: EJ5-GFP can be used to distinguish
these events since C-NHEJ, but not A-NHEJ, faithfully restores the I-Scel site. This probably
applies to the CD4 reporter.

2) P53 is essential part of the phenotype for cells deleted for Ku or other NHEJ proteins as the
mouse data with MEF shows and that could be the reason for the results presented in supplemental
figure 3B.

3) Show a western blot to confirm the expression of GFP-PHF6 in fig. 3 D.

Cross-comments referee 1:

I think we all agree that some further analysis of PHF6 is needed, going from break accumulation to
NHEJ pathway analysis. The authors are extremely competent, so this should not take more than 3
months. Complementation would in my opinion be important because the siRNAs and CRISPRs are
far from uniform in phenotype. I am fine with authors selecting a few key PHF6 versions for
complementation, and that they select a few assays for follow up (mitotic entry, S3BP1/yH2AX foci
for example). The disease angle could be saved for the future as that would require time beyond 3
months.

Cross-comments referee 2:

To me the biggest concern amongst all reviewers is mechanism- particularly whether this is a
transcriptional (indirect) effect on NHEJ or PHF6 plays a more direct role as inferred from the
experiments presented by the authors. I would suggest that they validate expression of NHEJ factors
in the knockdown, control for cell cycle and perform the EJ5 assays suggested by reviewer 3.
Complementation would also be potentially informative but without knowing the targets of the
different domains or whether it is a direct vs indirect effect, it may not provide clear insights into
mechanism until the prior 2 experiments are done.

Cross-comments referee 3:

I agree with the comments of reviewer #2 and I believe this would be sufficient.

1st Revision - authors' response 27 September 2019

Point-by-point response to reviewer’s comments

Referee #1:

Overview: Warmerdam et al. present a progressive genetic screening analysis to identify
unappreciated factors required for recovery from the DNA damage G2 checkpoint. Not surprisingly,
many screen hits were involved in DNA repair as their deficiency halts DNA damage checkpoint
recovery due to deficient lesion clearance. The primary lead from this analysis was the implication
of PHF6 in ensuring checkpoint recovery and DNA repair following DNA damage.

Novelty/Quality: The presented manuscript is well written by experts within the DDR/checkpoint
field. Overall, it is of good quality with several complementary approaches (PHF6 loss-of-function
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addressed with multiple siRNAs and CRISPR) and examines DDR/checkpoint signaling from a less
appreciated viewpoint of recovery. Further, this manuscript indicates the disease relevant factor
PHF6 as a DDR factor. However, though generally of solid quality, the current manuscript version
is highly descriptive and offers little insight into the molecular function and mechanism of PHF6 in
the DDR response.

We thank the reviewer for his/her positive and helpful comments and suggestions. The manuscript
now contains additional experiments to further address the molecular mechanism of how PHF6
regulates the DDR and checkpoint recovery (see below).

Main points:

1) The authors primary supposition is that loss of PHF6 leads to a repair defect following DNA
damage as indicated by the elevated levels of the marker phosphorylated-H2AX. To properly
support this claim, they should include neutral COMET assay analysis to better reflect the extent of
damage still present in the cells at this time.

A very good suggestion. We have performed neutral single cell electrophoresis (COMET assay)
analysis (Figure 3H in the revised manuscript). The results indicate that cells lacking PHF6 have
significantly more unrepaired DNA lesions in unperturbed conditions, and additionally show more
DNA breaks after IR, suggesting that repair is less efficient in the absence of PHF6. These results
are consistent with the data in Figure 3G showing that PHF6 knock out cells display increased
numbers of gH2AX foci.

2) The authors should provide functional-mechanistic explanations for the role of PHF6. The
genetic KO system is optimally suited to dissect the role of PHF6 through complementation,
preferably also with disease variants. Such complementation should address major DDR aspects for
major PHF6 functional mutants (PHF6 recruitment, checkpoint recovery and death, DNA damage
accumulation by COMET assay, NHEJ and 53BP1 pathway function, DNA end resection
performance).

To perform the suggested complementation studies in PHF6 knock out cells, we generated PHF6
mutant constructs, in which either the PHD1 or PHD2 domain was deleted (delta aa 17-131 and
delta aa 212-329, respectively) (Expanded View Figure 4A). In addition, we generated a C99F
mutant (296G>T), a BFLS causing mutation that is located in a conserved cysteine in PHD1 (Lower
et al. 2002).

All PHF6 constructs were verified by Sanger-Sequencing and expressed in U20S PHF6 KO cells
(Rebuttal Figure 1), although with different efficiencies. Previously, Wang et al. reported that
deletion of the PHD1 domain and introduction of C99F abrogated the localization of PHF6 to the
nucleolus (Wang et al. 2013). However, we found that all our mutants localise both in the nucleus
and nucleoli, similarly to wildtype PHF6 (Rebuttal Figure 1). We are not sure what causes the
discrepancy between our results and those from Wang et al., although the cell type could play a role,
as we have used U20S cells, whereas HeLa cells were used in the other study. Due to these results,
we decided to exclude the C99F mutant from our analysis, as we felt that at this moment, this
mutant would not give us more information on the mechanism of how PHF6 controls checkpoint
recovery.

Next, we determined gH2AX and 53BP1 IRIF in U20S PHF6 KO cells expressing the PHD domain
deletion mutants and wildtype GFP-PHF6. The wildtype PHF6 rescued the increase in IR-induced
gH2AX foci that we observed in PHF6 KO cells and the PHD1 and PHD2 domain deletion mutants
partially recued this effect (Expanded View Figure 4C). Interestingly, complementing the PHF6 KO
cells with PHF6 wildtype could rescue of the decreased number of 53BP1 foci in response to IR,
whereas expression of the PHD domain mutants did not (Expanded View Figure 4D). Subsequent
repair of DSBs (Expanded View Figure 4E) and checkpoint recovery (Expanded View Figure 4F —
Due to logistic problems (defective X-ray source), the cells in this experiment were damaged by
etoposide instead of IR) were also dependent on both PHD domains. Together these results indicate
that both PHD domains are important for the role of PHF6 in NHEJ and recovery.

Previous reports indicated that depletion of PHF6 leads to increased levels of gH2AX (Wang et al.
2013, Van Vlierberghe et al. 2010). Wang et al. subscribe this to increased rRNA synthesis in cells
depleted for PHF6 and subsequent formation of R-loops, resulting in DNA breaks (Wang et al.
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2013). The PHD1 domain is associated with the function of PHF6 as a transcriptional repressor of
rRNA synthesis. The PHD2 domain has so far only been reported to bind to double stranded DNA
in vitro (Liu et al. 2014). Future research will elucidate the exact function of each of the PHD
domains in PHF6.

Minor points:

Figure 4 legend indicates panel F, need to be change to E.

We have changed the legend of Figure 4 accordingly.

Authors need to indicate radiation dosages used for the screens. Starting with figure 14.
The radiation dose for the screen is now indicated in the accompanying Figure legends.

Cross-comments referee 1:

1 think we all agree that some further analysis of PHF6 is needed, going from break accumulation to
NHEJ pathway analysis. The authors are extremely competent, so this should not take more than 3
months. Complementation would in my opinion be important because the siRNAs and CRISPRs are
far from uniform in phenotype. I am fine with authors selecting a few key PHF6 versions for
complementation, and that they select a few assays for follow up (mitotic entry, 53BP1/yH2AX foci
for example). The disease angle could be saved for the future as that would require time beyond 3
months.

Please see answer above (point 2) on complementation. We have investigated checkpoint recovery
and the DDR, by complementing PHF6 KO cells with PHF6 PHD1 and PHD?2 deletion mutants, as
suggested by the reviewer. The obtained results provide further insight into the mechanism of how
PHF6 regulates DNA repair and recovery.

Expression of PHF6 mutants lacking either PHD domain in U20S PHF6 KO cells indicated that
both these domains are required for the DDR and checkpoint recovery. Both domains are highly
conserved and the PHD1 domain has been reported to interact and negatively regulate UBF (Wang
et al. 2013), an important factor in promoting ribosomal DNA transcription. PHD2 was reported to
bind to double stranded DNA in vitro (Liu et al. 2014), thereby making it unique, as most PHD
domains bind to histones. Interestingly, similar domains have been found in chromatin-associated
proteins, some of which have also been implicated in the DDR (Liu et al. 2014). This suggests that
PHF6 may modulate chromatin in response to DNA damage through its PHD domains, to repress
transcription at break sites and thereby promote DNA repair. Future work will undoubtedly uncover
in what way the PHD domains modulate the DDR and checkpoint recovery.

The importance of the PHD domains is highlighted by the mutations found in cancer, as the majority
of mutations found in T-ALL are in the PHD domains (Liu et al. 2014), and about half of these are
missense mutations (Van Vlierberghe et al. 2010), which could alter the functional characteristics of
the protein, possibly leading to changes in DNA repair.

Albeit highly interesting, we agree with the reviewer that the disease angle is not within the scope of
the current manuscript.

w B8 Rebuttal Figure 1: T
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Referee #2:

The manuscript from Smits and colleagues presents results from a screen to identify chromatin
proteins involved in recovery from the G2 checkpoint. Using a strategy the authors have exploited
previously, they performed an siRNA screen on cells treated with IR and trapped in nocodazole,
identifying numerous proteins that enhance or inhibit mitotic entry. These are validated in multiple
cell lines to identify consistent hits and then sub analyzed as to whether they influence p53
activation or DNA damage signaling via ATM/ATR. They focus on several novel hits that include
BRD2, ACTL6A and PHF6. They show that PHF6 depletion of knockout impairs mitotic entry after
DNA damage, reduces 53BP1 foci and impairs NHEJ and that PHF6 localizes directly to DSBs.

Overall the manuscript is well presented and data of high quality. The results are interesting and
novel, as to my knowledge PHF6 has not been implicated in DNA repair previously and the
screening results may be of interest to many labs. My only criticism would be that the role of PHF6
in NHEJ remains unclear. While data presented suggests a potential direct role, its other functions
are not ruled out (ex. transcription of NHEJ genes, as has been shown for BRD2) and no data
demonstrates that the endogenous protein is actually recruited to DNA breaks.

We thank the reviewer for his/her positive comments and thoughtful suggestions. The manuscript
now contains additional experiments to address whether PHF6 (in)directly affects NHEJ and thereby
the DDR and checkpoint recovery.

Main points:

1) The manuscript culminates in a focus on PHF6 from Figure 3 on. In the PHF6 knockdown or
knockout cells, is there a defect in cell cycle progression in untreated cells? Does this influence the
appearance of 53BP1 foci that are cell cycle dependent?

2) Cell cycle status also influences NHEJ, it would be important to show data regarding the effects
of PHF6 loss in order to properly evaluate the data in figure 3 and 4.

We addressed this point by analyzing the cell cycle profiles after depletion of PHF6 by siRNA and
in PHF6 KO and control cells and have included the data as Expanded View Figure 3F and G. Loss
or downregulation of PHF6 did not result into significant changes in cell cycle distribution. We
therefore conclude that the effect of PHF6 on IR-induced focus formation of 53BP1 is independent
of the cell cycle.

3) Why is co-localization with NBS1 investigated vs factors involved in NHEJ?

NBSI1 is a component of the MRE11-Rad50-NBS1 complex, that is also involved in NHEJ (Zha,
Boboila & Alt 2009). Besides, NBS1 is an early DNA damage response marker which recruitment
kinetics to laser-stripes have been studied extensively (Lukas et al. 2003, Luijsterburg et al. 2009,
Luijsterburg et al. 2016). Therefore NBSI1 is often used as a positive control in laser-stripe
experiments in the lab and this is also the reason why we included NBS1 in this analysis.

4) Does treating PHF6 KOs with DNA-PKcs inhibitor influence sensitivity or is it epistatic?

This is an interesting experiment. Instead of using the suggested DNA-PKcs inhibitor, we addressed
this point by depleting XRCC4, a NHEJ core component, by siRNA, in control and PHF6 KO cells
and subsequent analysis of clonogenic survival upon IR. The results shown in Figure 4D and
Expanded View Figure SE indicate that loss of PHF6 and XRCC4 result in a similar sensitivity to
IR. In addition, depleting XRCC4 in PHK6 KO cells did not lead to increased sensitivity to IR.
These data confirm that these factors protect cells against DSBs by acting in the same pathway.

5) Are NHEJ proteins present at normal levels in PHF6 deficient cells?

We have examined the protein levels of a broad range of NHEJ-associated proteins in U20S cells
depleted for PHF6 by siRNA and PHF6 KO and the (parental) controls cells by western blotting, as
shown in Expanded View Figure 5D. The results indicate that the protein levels of Mrel1, Nbsl,
Rad50, Ku86 (Expanded View Figure 3C), Ku70, DNA-PKcs, XRCC4, Ligase IV, Artemis and
XLF did not change after depletion or loss of PHF6. Moreover, the protein levels of 53BP1, CtIP,
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TopBP1, Rifl and PARP1 were also unaffected after depletion and knockout of PHF6. Together
these results strongly suggest that PHF6 does not control NHEJ by transcriptionally regulating the
factors involved.

6) Is the nucleolar localization of PHF6 important for the phenotype? Domain mapping related to
the phenotype would be very interesting.

We attempted to address this point by expressing a mutant of PHF6 containing a G>T mutation in
nucleotide 294 that results in an amino acid change in cytosine 99 to phenylalanine (C>F) in U20S
PHF6 KO cells. The C99F amino acid substitution leads to BFLS (Lower et al. 2002, Cheng et al.
2018), is possibly involved in the interaction with upstream binding factor (UBF), and was reported
not to localize in the nucleolus (Wang et al. 2013). In addition, we generated a PHF6 mutant in
which the PHD1 domain was mutated, as this domain was reported to be important for the nucleolar
localization (Wang et al. 2013). However, we did not observe differences in nucleolar localization of
these mutants as compared to wildtype PHF6 (also see response to point 2 and cross-comments of
reviewer #1 and Rebuttal Figure 1). We were therefore unfortunately not able to address whether the
nucleolar function of PHF6 is important for checkpoint recovery.

7) 1 find it interesting that a full 1/3 of the genes listed in Figure 1F are present in the SFARI
database of genes mutated in autism patients. I realize this is not the topic of the paper but it is
striking to me that there such a high enrichment and PHF6 is mutated in a related disorder
(Bérjeson-Forssman-Lehmann syndrome or BFLS).

Indeed, a very interesting observation. Maybe future research could demonstrate a link between
these disorders.

8) Related to this point, BFLS patients that have mutant PHF6 do not exhibit pathologies typically
associated with NHEJ defects (ex. SCID, Lig4 syndrome). This would suggest that PHF6 loss at the
organismal level is not simply functionally equivalent to loss of NHEJ. This does not invalidate the
results but could warrant discussion as the figure equates the defect with Ku loss and BFLS patients
are not reported to be immunodeficient.

The mutations in PHF6 found in BFLS might not affect the repair function of PHF6, and therefore,
BFLS patients might not show immunological defects. However, PHF6 (conditional) knockout mice
show a (mild) expansion of hematopoietic stem cells (Cheng et al. 2018, McRae et al. 2019, Miyagi
et al. 2019). This could be (partly) explained by the transcriptional repressor function of PHF6, but
decreased NHEJ and inefficient DDR/checkpoint recovery could possibly also play a role here. The
study of BFLS and cancer-associated PHF6 mutations in DNA repair are obviously an interesting
topic for future research.

9) Further related to this point, this statement should be corrected: "..which is a rare X-linked
genetic disorder characterized by mental retardation and craniopharyngeal abnormalities, and
hematological cancers". BFLS is not associated with cancer, somatic, not hereditary mutations in
PHF6 are to my understanding.

According to Chao et al., BFLS may also represent as a cancer predisposition syndrome (Chao et al.
2010). We have added the reference to support the statement.

Minor points will be addressed through textual changes.

1) I do not understand this sentence: "However, especially hits that led to increased recovery in
U20S behaved differently in RPE1 cells."”

To make this point more clear, the sentence has been changed to: “However, many of the hits that
led to increased recovery in U20S actually showed an opposite response in RPE-1 cells”.

2) I will admit that I am being a bit semantic but the statement "However, the fact that 53BP1 was a
hit in the screen nicely indicates that our screen allows for the identification of genes specially
involved in DNA repair” is somewhat self-serving as there is no evidence that this is why it comes as
a hit in the screen (it is not included in the functional assays in Figure 2). While I agree that genes
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that influence NHEJ are identified, 53BP1 does have non-repair related roles in mitosis and
potentially other functions and it is not clear that an NHEJ repair defect per se is what led to its
identification.

The referee is right and we therefore re-phrased the sentence.

3) BRD?2 has been directly implicated in the transcriptional regulation of NHEJ genes:
PMID:29346775

We agree with the reviewer that bromodomain-containing (BRD) proteins have been implicated in
the regulation of gene expression. BRD2 has been shown to be involved in regulation of transcribed
genes (LeRoy, Rickards & Flint 2008). The aforementioned publication (Li et al. 2018) indicates the
functional relevance of this regulation in prostate cancer, indicated by the finding that BRD4 (and
BRD?2) loss or inhibition influence NHEJ-mediated repair of DSBs. On the other hand, Floyd et al.
showed that BRD4 can also act as a chromatin insulator and thereby influences the DDR more
directly (Floyd et al. 2013). Moreover, BRD2 was shown to be recruited to chromatin surrounding
DSBs, leading to the recruitment of 53BP1 and thereby promoting repair through NHEJ (Gursoy-
Yuzugullu, Carman & Price 2017). These data indicate that BRD proteins are regulators of
chromatin and thereby can influence chromatin-associated processes including transcription and
DNA repair. Although highly interesting, the manuscript mostly focusses on the role of PHF6 and
its involvement in NHEJ, a discussion about the role of BRD2 therefore seems unfitting and better
suited for future work more directed towards this issue.

4) SMARCA4, SMARCBI and ACLT6A are all components of the SWI/SNF complex. This
enrichment is not mentioned and their relationship not shown in Figure IF.

The reviewer is right that these proteins are components of the SWI/SNF complex. However, based
on the results from Figure 1D and E, depletion of SMARCA4 did not meet the criteria to be
identified as a hit. Therefore, SMARCA4 was not included in the analysis in Figure 1F, in which we
only depicted complexes that contain multiple hits.

5) While I appreciate that the authors are not engaging in gratuitous self-referencing, it is odd that
the previous EMBO Reports paper from the Medema lab performing a G2 recovery screen using a
kinome library is not mentioned, as it identified TLK2, a regulator of histone chaperones. This
would seem to fit thematically with what the authors propose and ASF1a, that is also implicated in
that study, has been shown to regulate NHEJ (PMID:28943310).

We agree that the identification of TLK2 and ASF1a regulating checkpoint recovery (Bruinsma et
al. 2016), and the data describing ASF1a to promote NHEJ (Lee et al. 2017) nicely fit our data. We
have now discussed these papers in the revised manuscript.

Cross-comments referee 2:

To me the biggest concern amongst all reviewers is mechanism- particularly whether this is a
transcriptional (indirect) effect on NHEJ or PHF6 plays a more direct role as inferred from the
experiments presented by the authors. I would suggest that they validate expression of NHEJ factors
in the knockdown, control for cell cycle and perform the EJ5 assays suggested by reviewer 3.
Complementation would also be potentially informative but without knowing the targets of the
different domains or whether it is a direct vs indirect effect, it may not provide clear insights into
mechanism until the prior 2 experiments are done.

To address this point we have:

1) Thoroughly investigated the protein levels of NHEJ proteins by western blot after
depletion and loss of PHF6 (see referee #2, point 4)

ii) Examined the cell cycle distribution after depletion and knockout of PHF6 (see referee
#2, point 1)

iii) Determined classical vs. alternative-NHEJ in GC92 cells (see referee #3, point 1)

iv) Studied the contribution of the PHD domains of PHF6 in the DDR and recovery (see

referee #1, point 2 and cross-comments)

Referee #3:
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This paper describes the discovery of PHF6, a chromatin regulator, as a component of NHEJ. They
performed a RNAi screen in U20S cells. Cells were synchronized in g2, irradiated and IF was used
to evaluate mitotic entry. They found 22 candidates among these chromatin modifiers as novel
regulators of recovery from the DNA damage checkpoint arrest. They also found that PHF6 loss of
function compromised the G2 checkpoint, PHF 6 was recruited to sites of DNA damage in a PARP-
dependent manner, and was needed for NHEJ.

We thank the reviewer for his/her positive and helpful comments and suggestions.
Main points:

1) The authors need to investigate the difference between A-NHEJ v C-NHEJ. PARPI is also
important for A-NHEJ. This can be done using this technique: EJ5-GFP can be used to distinguish
these events since C-NHEJ, but not A-NHEJ, faithfully restores the I-Scel site. This probably
applies to the CD4 reporter.

This was a good suggestion. To address this, we have measured classical vs. alternative-NHEJ by
junction analysis in GC92 cells after I-Scel break-induction and subsequent repair. PHF6 was
depleted using two different siRNA’s, after which I-Scel was induced. Subsequently, genomic DNA
was extracted and the region around the I-Scel cut-side was amplified through PCR, cloned into the
pGEM T-easy vector and colonies were analyzed by Sanger-Sequencing (Taty-Taty et al. 2016,
Schimmel et al. 2017). Repair was quantified by determining the extent of perfectly re-ligated
breaks, and the ones containing insertions, deletions or both (delins) around the break-site (Figure
4E and Expanded View Figure SF and G). The results show that depletion of PHF6 resembles
junctional signatures observed after loss of Ku80, a critical factor in classical NHEJ. In control cells
around 80% of the junctions are perfectly re-ligated and only 20% have mutations. This distribution
shifts after depletion of Ku80 (~60% perfect re-ligation vs ~40% mutated junctions) or PHF6 (~70%
perfect re-ligation vs ~30% mutated junctions). The mutated junctions after depletion of Ku80 or
PHF6 show larger deletions and use larger microhomology. Taken together, these results indicate
that classical NHEJ is impaired in cells depleted for PHF6, shifting repair to alternative NHEJ,
which is characterized by larger deletions and increased microhomology.

2) p53 is an essential part of the phenotype for cells deleted for Ku or other NHEJ proteins as the
mouse data with MEFs shows and that could be the reason for the results presented in supplemental
figure 3B.

We thank the reviewer for this suggestion. Loss of p53 often synergizes with the loss of NHEJ as
shown by Difilippantonio et al (Difilippantonio et al. 2000), thereby providing a possible
explanation for the differential responses observed with the four PHF6 siRNA oligonucleotides in
Figure 3B. We have added the following sentence to the manuscript: “Potential synergistic loss of
p53 with knockdown of PHF6 using a particular siRNA oligonucleotide, as reported before for
genes involved in DNA repair (Difilippantonio et al. 2000), could also result in a differential
response”.

3) Show a western blot to confirm the expression of GFP-PHF6 in fig. 3 D.

We now provide an accompanying western blot in Figure 3E, showing the expression of GFP-PHF6
in PHF6 KO cells. Likewise, we included western blots of expression of the PHD1 and PHD2
deletion mutants in PHF6 KO cells in Expanded View Figure 4B.

Cross-comments referee 3:
1 agree with the comments of reviewer #2 and I believe this would be sufficient.

Please see response to cross-comments referee 2.
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2nd Editorial Decision 28 October 2019

Thank you for the submission of your revised manuscript. We have now received the comments
from all referees, and I am happy to say that all support its publication now. We can therefore in
principle accept your manuscript.

Only a few minor changes are still required:

- Please address all remaining referee concerns in the final manuscript file.

- Please send us a correct conflict of interest statement.

- The abstract, or better the novel findings, need to be described in present tense, please correct.

- I attach to this email a manuscript word file with tracked changes by our data editors. Please
address all comments using the track changes option and send us back a corrected file with your
final manuscript submission.

- The EV figure legends need to be included at the end of the main manuscript file.

- As far as | can see, the Appendix only contains a table. This table can be called Table EV2 instead.
It might be easier if you submit both EV tables as excel files. If you want to keep the Appendix, it
needs a title and table of content with page numbers.

- Given that you have calculated statistics in several of your figures, the first part of the author
checklist needs to be completed. Please send us a new checklist with the missing information filled
in.

- It would be better if the scale bars in the microscopy images could be a little bigger. Ideally, they
should be readable at 100% image size.

- Please try to avoid over-contrasting the blots, eg in figures 3, EV3, EV4 some blots are over-
contrasted.

Given that you as corresponding author are in the Netherlands, you are probably eligible for
publication of your article in the open access format in a way that is free of charge for the authors.
Please contact either the administration at your institution or our publishers at Wiley
(emboreports@wiley.com) for further questions. The general information of Wiley's agreements
with the Netherlands can be found here:
https://authorservices.wiley.com/author-resources/Journal-Authors/open-access/affiliation-policies-
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payments/vsnu-agreement.html

EMBO press papers are accompanied online by A) a short (1-2 sentences) summary of the findings
and their significance, B) 2-3 bullet points highlighting key results and C) a synopsis image that is
550x200-400 pixels large (the height is variable). You can either show a model or key data in the
synopsis image. Please note that text needs to be readable at the final size. Please send us this
information along with the submission of your revised manuscript.

I look forward to seeing a final version of your manuscript as soon as possible.

REFEREE REPORTS
Referee #1:

The authors have fully addressed all the points raised in my review.

Referee #2:

The authors have fully addressed the priorities established by the reviewers with new experiments
and responded to all of the comments to clarify other issues. I am now satisfied that the primary
conclusions of the manuscript are fully supported. I wanted to point out only 2 minor details that I
noticed upon reading:

1. In Figure 1F they label the NuA4 complex and then label the other Cohesion. The name of the
complex is Cohesin, and it of course plays a role in chromosome cohesion, but to be consistent with
the other that uses the complex name, consider correcting this.

2. In Exp Figure 5D in the PHF6 KO cells, there is a clear band of the correct size. Why is this?
Should these cells not be considered KO but rather mutant? Is it clear what this is?

Referee #3:

the authors have answered all my comments and i believe the paper is ready for publication

2nd Revision - authors' response 4 November 2019

Remaining referee concerns

Referee #2: The authors have fully addressed the priorities established by the reviewers with new
experiments and responded to all of the comments to clarify other issues. I am now satisfied that the
primary conclusions of the manuscript are fully supported. I wanted to point out only 2 minor details
that I noticed upon reading:
1. In Figure IF they label the NuA4 complex and then label the other Cohesion. The name of
the complex is Cohesin, and it of course plays a role in chromosome cohesion, but to be
consistent with the other that uses the complex name, consider correcting this.

We thank the reviewer for noticing and have relabeled Cohesion in Figure 1F to Cohesin.

2. In Exp Figure 5D in the PHF6 KO cells, there is a clear band of the correct size. Why is
this? Should these cells not be considered KO but rather mutant? Is it clear what this is?

We would like to point out that Figure EV3C shows an aspecific band, which is running just under
the PHF6 protein. Depending on the percentage of gel, this band is separated from the PHF6 protein
(as in EV3C), or running at a similar height (such as in EV5D). Other figures, for example EVSE,
clearly show that the PHF6 protein is absent in the KO cells. We have included a short explanation
in the legends of Figures 3E and EV5D.
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Journal Submitted to: EMBO Reports

Manuscript Number: EMBOR-2019-48460V1

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures
1. Data
The data shown in figures should satisfy the following conditions:

= the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful way.
graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.

>
>
>
>

2. Captions

Each figure caption should contain the following information, for each panel where they are relevant:

> aspecification of the experimental system investigated (eg cell line, species name).
the assay(s) and method(s) used to carry out the reported observations and measurements
an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.

>
>
>
>
>
>
>

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.

B- Statistics and general methods

USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org

http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-repo

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov

http://www.consort-statement.org

http://www.consort-: org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting: porting-recommendations-for-tun
http://datadryad.org

http://figshare.com

http://www.ncbi.nlm.nih.gov/gap

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.htm|
http://www.selectagents.gov/

Please fill out these boxe: (Do not worry if you cannot see all your text once you press return)

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

GraphPad StatMate was used to choose sample size for at least 80% statistical power and a 95%
confidence interval.

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre-
established?

No samples were excluded.

3. Were any steps taken to minimize the effects of bias when I les to treatment (e.g. No randomization was required as in every experiment, all samples were treated simultaneously.
randomization procedure)? If yes, please describe. For example, all samples of one experiment were irratiated at the same time.
For animal studies, include a about r evenifnor ion was used. NA

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results
(e.g. blinding of the investigator)? If yes please describe.

All samples of one experiment were processed simultaneously (with same batch solution etc). The
1 (microscope and flow cytometry) was performed using the same settings for all samples

in one experiment. In addition, subsequent analysis was performed by software (Image J or
Flowlogic), again using the same parameters for all samples in one experiment.

4.b. For animal studies, include a statement about blinding even if no blinding was done

NA

5. For every figure, are statistical tests justified as appropriate?

Yes. Appropriate information regarding statistical tests used is included in each of the figure
legends.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it.

Yes. Where appropriate, normal distribution was tested using GraphPad normality test.




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

No.

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

Yes, the variance between groups was similar.

C- Reagents

D- Animal

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).

See Materials and Methods of the manuscript for information about the used antibodies

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

U20S and RPE cells were originally from ATCC. GC92 fibroblasts were provided by Bernard Lopes.
Cells were not recently authenticated or tested for mycoplasm.

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

| Models

8. Report species, strain, gender, age of animals and genetic ification status where 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.

NA

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 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.

E- Human Subjects

F- Data A

G- Dual u:

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

NA

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.

NA

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

NA

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

NA

16. For phase Il and Il 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.

ccessibility

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
ljournal’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

ited in a public repository or included in supplementary information.

se research of concern

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.




