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1st Editorial Decision 9 March 2017

Thank you for submitting your manuscript on DNA2 roles in centromeric DNA replication for our
editorial consideration. It has now been assessed by three expert referees, whose reports are copied
below for your information. I am afraid to say that in light of these reports, we have decided that we
cannot consider your study further for publication in The EMBO Journal. As you will see, the
referees appreciate the interest of the addressed question, as well as your demonstration of DNA2
presence at centromeres and ability to act on centromeric repeat-mimicking DNA substrates.
However, they all remain unconvinced that cellular follow-up studies are sufficiently conclusive and
offer sufficiently definitive insights into the functional importance of DNA2 at centromeres in cells.
I will not go through the referees' individual concerns in detail here, as they are well explained in all
three reports; however, | am afraid that the generally shared criticisms and lack of strong support
from any of these three trusted experts leave me little choice but to conclude that this work is
presently not a strong and promising candidate for an EMBO Journal article.

In any case, thank you again for the opportunity to consider this work for our journal. I am sorry for
not being able to come to a more positive conclusion on this occasion, but nevertheless hope that
you will find our referees' detailed comments and suggestions helpful, and wish you every success
in publishing this work.

REFEREE REPORTS

Referee #1:

In this manuscript, the authors uncover a novel function of the human DNA helicase/nuclease in
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centromeric DNA replication. In particular, these studies propose DNA2 is specifically required for
Okazaki fragment maturation at regions containing repetitive sequences, such as centromeres and
telomeres. The authors used chromatin immunoprecipitation approaches coupled to whole-genome
DNA sequencing to show that DNA?2 is preferentially localized to centromeric alpha-satellite
regions. Next, they combined biochemical and cellular approaches to show that both the nuclease
and helicase activities of human DNA?2 are required to facilitate Okazaki fragment maturation on
centromeric DNA. Loss of DNA2 function leads to ATR/ATM checkpoint activation, late-S cell
cycle arrest and chromosome segregation defects. Moreover, inhibition of the ATR checkpoint
prevents S-phase arrest and forces DNA2 knockout cells to enter mitosis, thereby leading to mitotic
catastrophe. Finally, the authors show that the combined inhibition of DNA2 and ATR activity has a
synergistic effect on cancer cell survival pointing to a new strategy for cancer cell killing.
Collectively, this is an interesting study that proposes a novel function of the DNA2
nuclease/helicase in replication. There are, however, several major concerns that the authors should
properly address to strengthen their results and support their conclusions.

Major concerns:

1. The major criticisms of this reviewer is that while the authors provide compelling evidence for a
role of DNA2 at centromeric regions, their conclusion that the observed defects in cell cycle
progression and cell survival (when combing DNA with ATR inhibition) is mainly due to loss of
DNA2 function in cetromeric DNA replication is overstated and not supported by the data. As the
authors state in their manuscript, DNA2 has additional roles in DNA replication and DSB repair.
Thereby, DNA2 knockout will suppress all these additional DNA2 functions. Separation of function
DNA2 mutants that suppress DNA2 function at centromeric regions, while sparing its previously
described function in replication and repair, would be necessary to support the authors' conclusion.
While generating separation of function mutants is probably a difficult task, the authors should at
least revisit their conclusions to mention how the previously reported functions of DNA2 might
contribute to the observed phenotypes.

2. Figure 3B and 3C. The authors should include immunoblots of total protein levels, in addition to
chromatin-bound fractions, to rule out the possibility that DNA2 loss affects CENPA expression.

3. The authors should repeat all their cell cycle analyses by co-staining S-phase cells and DNA
content because staining DNA content using PI alone does not allow to distinguish between late S
and G2/M phases of the cell cycle. Also, the authors should quantify the Sub-G1 fraction in order to
test whether these cells are permanently arrested or have undergone cell death (and therefore go to
the Sub-G1 fraction).

4. Figure S2. As mentioned above, the authors should co-stain S-phase cells and DNA content
(BrdU-PI) to better distinguish between late S and G2/M phases of the cell cycle. Moreover, Figure
S2C does not show any significant difference between the cell cycle profiles of DNA2 WT and
DNA2 knockout cells. This cell cycle analysis should be repeated at a time point where DNA2 loss
leads to a more marked G2/M phase arrest (for example 56 or 72 hours, as shown in Figure S2A).

5. The authors state that DNA2-null cells, but not WT cells, accumulate in late S/G2 phase.
However, Figure S2A shows only the quantification of cells in G2/M without quantifying the
percentage of cells in late S/G2.

6. Figure 4C. Why does treatment with RO-3306 lead to a decrease in DNA2 protein levels? The
authors should use nocodazole as an alternative approach to accumulate cells in G2/M and test
whether they obtain reproducible results.

7. To explain the molecular basis for ATR and ATM checkpoint activation observed upon DNA2
loss, the authors state ATR activation may result from the inability of DNA2 to resolve centromeric
DNA replication intermediates whereas "ATM is constantly activated by endogenous double strand
breaks resulting from defects in DNA2-mediated end resection". What is the actual evidence for this
conclusion? How frequent are DSBs in DNA2-depleted cells? The authors should compare the
amount of DSBs in DNA2Flox/+/+ versus DNA2Flox/-/- cells to support their conclusion.

8. The authors state on page 13 that "a small population of DNA2-null cells spontaneously entered
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mitosis". This conclusion is based on the observation that DNA?2 loss causes a reduction of phospho-
histone 3 positive cells from 1.5% to 0.48%. However, these numbers are very small and the
observed differences could be simply associated to small differences in the density of cells in the
wells or in the timing of seeding or trypsinization.

9. Figure 6A. The authors should provide the same histograms including the Sub-G1 fractions to
rule out the possibility that the observed decrease in late S/G2 phase of the cell cycle is due to
increased cell death.

10. Figure 6C. The authors should include better images for the metaphase-spreads. In particular, the
metaphase-spreads of the DNA2Flox/-/- cells without treatment already show some significant
defects compared to control as the chromosomes seem to be more condensed. Is this because of the
low picture quality or is a real phenotype? In addition, the authors should use centromere specific
probes to investigate whether there are any specific defects at centromeres on the metaphase-
spreads.

11. Figure 6C. The authors should include in the same figure the data obtained with DNA2Flox/-/-
cells without inhibitor treatment (4-OHT + ; ATMi/ATRi -).

Referee #2:

In this manuscript, Li et al. describe the role of DNAZ2 role on centromeric DNA replication and
stability. In general, the manuscript is interesting especially for what concerns the first part in which
the authors suggest that DNA?2 is binding centromeric DNA, promoting its replication. To support
these claims the authors show that that in vitro DNA2 is specifically involved in resolving hairpin
structures potentially arising in centromeric DNA. Furthermore, the authors show that DNA2
depletion in cells lead to incomplete centromeric DNA replication, activation of the DNA damage
response and mitotic entry failure. Although the first part concerning the involvement of DNA2 in
centromere stability is acceptable, the experiments related to consequence of DNA2 deficiency on
cell cycle progression are quite disappointing and make little sense considering the role proposed for
DNA2 at centromeres. This second part is indeed all based on minimal differences of pH3S10 and
blots for phospho Chk1 and Chk2 of poor quality and not well controlled. This unfortunately
prevents me to give a positive evaluation of this work.

Critiques

-The experiments presented in the first paragraph only show that DNA2 binds centromeric DNA and
do not directly prove that it is required for its replication. Direct evidence for DNA2 involvement in
centromeric replication is missing. The Chip-seq experiment should be carried out also on BrdU
positive strand to address whether the DNA2 is also present on replicated sequences.

-It is not clear whether the observations related to under-replication of centromeric DNA are due to
the absence of DNA2 action on hairpins or to checkpoint activation. ATRi should be used to clarify
this issue.

- Binding of DN A2 to centromeric regions is not supported by alternative approaches such as
colocalization with centromere markers by immunofluorescence (using for example anti CENP-A
antibodies or fish probes for satellite DNA).

-The consensus sequence for the major repeats found at centromere is not novel. The authors did not
cite important works, which clearly identified a similar consensus sequence underlying the
formation of stem-loop structures (Grady D. et al, PNAS 1992, 89, 1695-1699; Catasti P. et al
Biochemistry, 1994, 33, 3819-3830). This somehow diminishes the novelty of these findings.

-Some of the repeats resemble telomeric sequences. Since DNA?2 binds also TRF1 (Lin et al., Embo

J. 2013), can the authors exclude that the sequence belongs to telomeric regions instead than to
centromeres?
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-It is not clear how the fold enrichment is calculated in Fig lc.

-There are a number of inconsistencies in figure 3-4 and related panels.

First, in S2 figure (panel A and B), the authors show that after depletion of DNA2 the intra-S-phase
checkpoint is activated and as evidence they show Chk1 phosphorylation levels. However, there is
no accumulation in S-phase in the FACS profiles shown.

Second, the authors suggest that Chk1 activation is due to centromeric defects arising in the absence
of DNA2. However, this claim makes no sense as DNA?2 is known to act in many other genomic
regions, being required for the processing of double strand breaks and long flaps of okazaki
fragments during DNA replication. Therefore, activation of Chk1 could well be due to lack of
functional DNA?2 in different parts of the genome.

Third, the effects on CENP-A loading (Fig S3 panel B) could be due to the accumulation of cells in
G2/M, rather than under-replication of of centromeric regions.

Fourth, the authors should improve the quality of the blots, which are rather poor.

-1 disagree with the interpretation of Figure 4B and 4C as they do not provide enough evidence to
claim that there is a block in S-phase. Cells seem to proceed slowly in S-phase and then progress
into G2. Increasing levels of CyclinB and decreasing levels of CyclinE are consistent with this
different interpretation.

-Blots are in FigdC ed S2B are only done with DNA2-/- cells. They should be performed with DNA
WT cells, which also show high signal for phosphoChk1 (Fig 6B)

-In the figure 4A, the authors should quantify the mitotic entry capacity of DNA2 null cells by
FACS analysis instead of Immunofluorescence

-Immunofluorescence images are of extremely poor quality, which does not seem to be due to file
compression. Better quality images should be provided.

-In Fig 5C the authors calculate a congressional index. This parameter is not informative. They
should instead calculate the percentage of cells that have all the chromosomes aligned on the
metaphase plate as it is usually done. They should also specify that they are monitoring cells after
nocodazole release (this is only mentioned in materials and methods). It would be worth adding
MG132 to block anaphase before calculating the percentage of cells with aligned chromosomes as
congression delay could be simply due to poor recovery from nocodazole mediated arrest.

Figure 6:

Panel A is confusing. The blots in panel B are clearly run on different gels. This should be specified.
Are all the samples from DNA?2 null cells? Looking at the WB of DNA2 it is not possible to assess
the presence-absence of DNA2. In panel C a graph should be added. Also the authors should clarify
how they measured mitotic catastrophe.

Figure 7:

Panel A shows the inhibition of DNA2 in Breast cancer cells. Could the authors justify the lack of
any cell cycle block in the presence of active Chk1 and Chk2 proteins after the addition of DNA2
inhibitor (Panel B)? Also, these experiments should be repeated using a panel of cancer cell lines
instead of one cell line. DMSO treated cells should be included as control.

Again, the blots shown in panel B seem to be run on different gels as separate experiments.

Referee #3:

Li and colleagues outline work in this manuscript that the authors conclude shows that hDNA?2 is
responsible for centromeric DNA replication. They base their conclusion on cellular sequencing
results that show high occupancy of DNA?2 at centromeres. This observation is followed up by
mechanistic studies wherein the authors used random and centromeric DNA substrate mimics to
assess the activity of Dna2 on these substrates. Additional cellular results show that the ATM/ATR
pathway is activated due to incomplete centromeric replication. The fundamental conclusion of the
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study is that since DNA2 is important for centromeric replication, it can be used as a
chemotherapeutic target along with ATR inhibitors in the treatment of cancer.

There are considerable issues with the interpretation of results in this study as presented. Primarily,
centromeric DNA requires the help of MMR proteins to help resolve the looped structures. Hence
choice of the HCT116 cell line (which are deficient in MLH) is an odd choice for these studies.
Secondly, there is no information about how the sequencing libraries were made in the materials and
methods or how many times replicates were done in the sequencing analysis? What was the read
size, and was this paired-end sequencing? Was the chromatin fragmented by sonication or
micrococcal nuclease digestion? Also for the sequencing data that is presented in the study, was it
merged data from multiple samples or from a single experiment? How reproducible were the
results? Data from individual sequencing needs to be added in the supplementary results to show
reproducibility. The data with DNA2 flox-/- cells and response of the repair pathways is not
completely novel, with even the authors acknowledging their data is consistent with previous
findings. The results presented in this manuscript remain purely observational without taking into
consideration the confounding effects of the role of DNA2 replication of the whole genome.

Major Concerns

Figure 1: While it is hard to judge the sequencing data without having any information on the exact
methodology used to generate the data or its reproducibility, there are other considerations for the
observation that need to be either analyzed or discussed. For example, the conclusion from the
sequencing data that DNA2 was involved in centromeric replication is solely based on higher
occupancy of DNA2 compared to FEN1. While FEN1 cannot resolve fold-back intermediates it can
do so in the presence of other helicases, especially the 5'-3' RNA/DNA helicase, Pifl. Were other
proteins involved in the Okazaki fragment maturation considered in the study, for example, Pif1,
WRN and RPA?

Fig S1: How efficient was the depletion experiment? Are the authors confident about not having any
contaminations in the depleted pool of cells?

Figure 2: Templates having the 5' fold required ~15-20 fold excess of Dna2 to resolve the structure.
While this was mentioned in the materials and methods section, it should be included in the actual
results, so that the reader can immediately grasp the requirement for higher concentration of protein
for fold back flap resolution. Interestingly, the wild type protein did not show any cleavage below
the 5' terminal product, suggesting the helicase activity of Dna2 was not sufficiently strong enough
to create a ligatable nick. Does RPA aid in this function of Dna2 by melting out some of the
structure. Based on data from Aze et al, 2016, RPA abundance was lower at centromeric DNA
hence assessment of abundance of RPA at the centromere in this system would have been helpful
for the in vitro study.

The cleavage products should contain quantitation. It is intriguing that the 5' and 3' labeled bubbled
centromeric substrates were resolved with different efficiencies by the wild-type enzyme, though it
should have been the same.

Did the authors try test ligation of the resolved fold back flap substrate to ensure DNA2 could
process these structures in the absence of FEN1?

Figure 3: What is the consequence of overexpression of FEN1 in the DNA2-null cells?

Figure 4-5: Arrest of DNA2 cells in the S or G2 phase and activation of the ATR/ATM pathways
could be the consequence of its role in nuclear Okazaki fragment maturation and may not
necessarily only be caused due to delays in centromeric DNA replication

Author’s appeal/resubmission 4 December 2017

Thank you for your kind response to my request to re-evaluate our amended work by EMBO
Journal. It takes longer than I anticipated to compile the point-by-point response letter. I am sorry
that I am only be able to get it back to you today. Over all, for the current revision, we have
developed the Single Molecular Analysis of Replicated DNA (SMARD) assay to directly assess the
role of DNA2 in the centromeric DNA replication (Figure 3-new). This is the first time in the field a
technology has been developed and applied to examine centromeric DNA replication statuses. It has
offered insights into the functional importance of DNA2 at centromeres in cells and helped us to
address many of the concerns that the reviewers have raised. In addition, our phosphor-ATR ChIP-
seq and IF-FISH (Figure 6-new) clearly show that the centromere is the major region where
replication-stalling signals occur when DNAZ2 is knocked out. We have done/redone a vast majority
of the experiments that the reviewers have suggested including the DNA2 centromere functions in
MMR-proficient or deficient cells, western blotting with high quality, and synergistic effects of
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inhibitors in multiple cell lines. However, we did attempt to do the suggested experiments to
distinguish the specific cell cycle phases that DNA2 null mutant cells were arrested in order to focus
our efforts on our major claims. Coupled with an unbiased whole genome screening strategy
including DNA2 ChIP-seq/BrdU incorporation negative DNA sequencing, we were able to
systematically study the role of DNA2 nuclease-helicase in centromere replication in the current
work. In the response letter, we have explained all of these changes in response to the reviewers'
comments. We wish you will give us another chance for the reviewers to re-evaluate our revised
manuscript. Besides the response letter, [ have also attached the updated manuscript PDF file
containing the text, figures and supplemental materials as a single file for your convenience.

I would like to sincerely thank you for your time and efforts for re-considering our amended
manuscript.

© European Molecular Biology Organization



Point-by-point responses to the reviewers’ comments:

We would first like to thank the expert reviewers for their comprehensive reviews on our initial
submission and for giving constructive suggestions for us to improve the quality of the data and
manuscript. For the last 9 months, we have developed the Single Molecular Analysis of
Replicated DNA (SMARD) assay to directly assess the role of DNAZ2 in the centromeric DNA
replication (Figure 3). This is the first time in the field a technology has been developed and
applied to examine centromeric DNA replication statuses. It has offered insights into the
functional importance of DNA2 at centromeres in cells and helped us to address many of the
concerns that the reviewers have raised. In addition, our phosphor-ATR ChIP-seq and IF-FISH
(Figure 6) clearly show that the centromere is the major region where replication-stalling signals
occur when DNA2 is knocked out. We have done/redone a vast majority of the experiments that
the reviewers have suggested including the DNA2 centromere functions in MMR-proficient or
deficient cells, western blotting with high quality, and synergistic effects of inhibitors in multiple
cell lines. Coupled with an unbiased whole genome screening strategy including DNA2 ChlP-
seq/BrdU incorporation negative DNA sequencing, we were able to systematically study the role
of DNA2 nuclease-helicase in centromere replication in the current work. Based on all of these
important amendments, we wish that the reviewers will re-evaluate and consider our revised
manuscript. The following are point-by-point responses to the reviewers’ comments.

Referee #1:

In this manuscript, the authors uncover a novel function of the human DNA helicase/nuclease in
centromeric DNA replication. In particular, these studies propose DNAZ2 is specifically required
for Okazaki fragment maturation at regions containing repetitive sequences, such as centromeres
and telomeres. The authors used chromatin immunoprecipitation approaches coupled to whole-
genome DNA sequencing to show that DNAZ2 is preferentially localized to centromeric alpha-
satellite regions. Next, they combined biochemical and cellular approaches to show that both the
nuclease and helicase activities of human DNAZ2 are required to facilitate Okazaki fragment
maturation on centromeric DNA. Loss of DNAZ2 function leads to ATR/ATM checkpoint
activation, late-S cell cycle arrest and chromosome segregation defects. Moreover, inhibition of
the ATR checkpoint prevents S-phase arrest and forces DNA2 knockout cells to enter mitosis,
thereby leading to mitotic catastrophe. Finally, the authors show that the combined inhibition of
DNAZ2 and ATR activity has a synergistic effect on cancer cell survival pointing to a new
strategy for cancer cell killing. Collectively, this is an interesting study that proposes a novel
function of the DNA2 nuclease/helicase in replication. There are, however, several major
concerns that the authors should properly address to strengthen their results and support their
conclusions.

Major concerns:

1. The major criticisms of this reviewer is that while the authors provide compelling evidence for



a role of DNA2 at centromeric regions, their conclusion that the observed defects in cell cycle
progression and cell survival (when combing DNA with ATR inhibition) is mainly due to loss of
DNAZ2 function in cetromeric DNA replication is overstated and not supported by the data. As
the authors state in their manuscript, DNAZ2 has additional roles in DNA replication and DSB
repair. Thereby, DNA2 knockout will suppress all these additional DNA2 functions. Separation
of function DNA2 mutants that suppress DNAZ2 function at centromeric regions, while sparing its
previously described function in replication and repair, would be necessary to support the
authors' conclusion. While generating separation of function mutants is probably a difficult task,
the authors should at least revisit their conclusions to mention how the previously reported
functions of DNA2 might contribute to the observed phenotypes.

RE: Employing the SMARD assay, we have direct evidence to suggest that DNA2 functions in
centromeric DNA replication. We have also performed ChlIP-seq of phosphor-ATR and IF-FISH
experiments and showed that phosphor-ATR primarily localizes to centromere in response to
DNAZ2 loss. These two additional experiments have strengthened our conclusion that DNA2’s
function in centromeric DNA replication is important for cell cycle progression and cell survival.
In the Discussion, we have re-visited all of the cellular functions of DNA2 in DNA replication
and repair, which are also important for cell cycle progression and cell survival.

2. Figure 3B and 3C. The authors should include immunaoblots of total protein levels, in addition
to chromatin-bound fractions, to rule out the possibility that DNAZ2 loss affects CENPA
expression.

RE: As suggested, we have checked the level of CENP-A from whole cell lysates (Figure S2B).
No significant change of CENP-A was found.

3. The authors should repeat all their cell cycle analyses by co-staining S-phase cells and DNA
content because staining DNA content using Pl alone does not allow to distinguish between late
S and G2/M phases of the cell cycle. Also, the authors should quantify the Sub-G1 fraction in
order to test whether these cells are permanently arrested or have undergone cell death (and
therefore go to the Sub-G1 fraction).

RE: We claim that the functional deficiency of DNA2 in centromeric DNA replication
contributes to cell cycle arrest in late S and G2/M phases. To keep the manuscript focused, we
did not pursue any experiments to distinguish the cell cycle arrest between late S and G2/M
phases. The quantification of cells in different cell cycle phases is presented in the current Figure
S2A, which clearly shows that a marked accumulation of DNA2 null cells in late-S, G2/M, and
Sub-G1.

4. Figure S2. As mentioned above, the authors should co-stain S-phase cells and DNA content
(BrdU-PI) to better distinguish between late S and G2/M phases of the cell cycle. Moreover,



Figure S2C does not show any significant difference between the cell cycle profiles of DNA2
WT and DNAZ2 knockout cells. This cell cycle analysis should be repeated at a time point where
DNAZ2 loss leads to a more marked G2/M phase arrest (for example 56 or 72 hours, as shown in
Figure S2A).

RE: While we did not pursue the experiment to distinguish late-S from G2/M arrest, we have
repeated the experiment with cells that were treated with 4-OHT for 72hr as suggested by the
reviewer. Following the treatment, DNAZ2 null cells accumulate in late-S and G2/M as shown in
the current Figure S2A.

5. The authors state that DNA2-null cells, but not WT cells, accumulate in late S/G2 phase.
However, Figure S2A shows only the quantification of cells in G2/M without quantifying the
percentage of cells in late S/G2.

RE: Since cell cycle profile analysis cannot distinguish if cells are in late S or G2/M, we have
revised the previous claim that the DNAZ2 null cells were arrested in late-S rather than G2/M.
Instead, we state in the revised manuscript that the DNA2 null cells are arrested in late S and/or
G2/M phase.

6. Figure 4C. Why does treatment with RO-3306 lead to a decrease in DNAZ2 protein levels? The
authors should use nocodazole as an alternative approach to accumulate cells in G2/M and test
whether they obtain reproducible results.

RE: We used Nocodazole as an alternative approach to accumulate cells in G2/M phase as
shown in Figure S2B. The results are reproducible. There was a decrease of DNA2 when cells
were treated with either RO-3306 or Nocodazole, which may be due to cell cycle changes. It is
common for the protein levels of enzymes such as FEN1, which is involved in replication, to
significantly decrease when cells exit S-phase (Guo et al., 2012, Molecular Cell).

7. To explain the molecular basis for ATR and ATM checkpoint activation observed upon DNA2
loss, the authors state ATR activation may result from the inability of DNA2 to resolve
centromeric DNA replication intermediates whereas "ATM is constantly activated by
endogenous double strand breaks resulting from defects in DNA2-mediated end resection”. What
is the actual evidence for this conclusion? How frequent are DSBs in DNA2-depleted cells? The
authors should compare the amount of DSBs in DNA2Flox/+/+ versus DNA2Flox/-/- cells to
support their conclusion.

RE: We agree with the reviewer that we do not have evidence showing a higher amount of DSBs
in the DNAZ2FIlox/-/- cells, and thus the manuscript was revised. The status of ATM checkpoint
activation is out of the scope of the revised manuscript. Therefore we did not pursue



measurement of the amount of DSBs in these cells.

8. The authors state on page 13 that "a small population of DNA2-null cells spontaneously
entered mitosis". This conclusion is based on the observation that DNA2 loss causes a reduction
of phospho-histone 3 positive cells from 1.5% to 0.48%. However, these numbers are very small
and the observed differences could be simply associated to small differences in the density of
cells in the wells or in the timing of seeding or trypsinization.

RE: The reduction of mitotic DNA2 null cells (phosphor-H3) from 1.5% to 0.48% by flow
cytometry is a very consistent observation. We repeated this experiments four times and our p-
value is 0.005406 (student’s t-test). This result is also supported by our immunofluorescence
microscopy data (current Figure 5A and 5B). Nocodazole treatment does not increase the
percentage of DNAZ2 null cells that are in mitotic phase, suggesting that these cells do not enter
mItosis.

9. Figure 6A. The authors should provide the same histograms including the Sub-G1 fractions to
rule out the possibility that the observed decrease in late S/G2 phase of the cell cycle is due to
increased cell death.

RE: The quantification of DNA2-null cells including the sub-G1 cells is now presented in Figure
S2A, which excludes a possibility that the observed decrease in late S/G2 phase of the cell cycle
is due to increased cell death.

10. Figure 6C. The authors should include better images for the metaphase-spreads. In particular,
the metaphase-spreads of the DNA2Flox/-/- cells without treatment already show some
significant defects compared to control as the chromosomes seem to be more condensed. Is this
because of the low picture quality or is a real phenotype? In addition, the authors should use
centromere specific probes to investigate whether there are any specific defects at centromeres
on the metaphase-spreads.

RE: We have revised this part of the manuscript because this mitotic catastrophe phenotype
cannot be used as direct evidence to support our conclusion that centromere is defective in the
DNA2-null cells. Mitotic catastrophe may also be due to DNA2’s role in RNA primer removal or
DSB repair. In this revision, we did high resolution single molecule analysis of replicated DNA,
which clearly shows centromeric DNA replication defects in the DNA2-null cells (Figure 3). In
addition, centromeric DNA replication defect is also supported by our finding that phosphor-
ATR primarily localizes to centromere regions by using ChlP-seq and IF-FISH (Figure 6).



11. Figure 6C. The authors should include in the same figure the data obtained with DNA2Flox/-
/- cells without inhibitor treatment (4-OHT + ; ATMI/ATRI -).

RE: This part is omitted because this mitotic catastrophe phenotype cannot be used as direct
evidence to support our conclusion that centromere is defective in the DNA2-null cells.

Referee #2:

In this manuscript, Li et al. describe the role of DNA2 role on centromeric DNA replication and
stability. In general, the manuscript is interesting especially for what concerns the first part in
which the authors suggest that DNA2 is binding centromeric DNA, promoting its replication. To
support these claims the authors show that that in vitro DNAZ2 is specifically involved in
resolving hairpin structures potentially arising in centromeric DNA. Furthermore, the authors
show that DNA2 depletion in cells lead to incomplete centromeric DNA replication, activation of
the DNA damage response and mitotic entry failure. Although the first part concerning the
involvement of DNAZ in centromere stability is acceptable, the experiments related to
consequence of DNA2 deficiency on cell cycle progression are quite disappointing and make
little sense considering the role proposed for DNA2 at centromeres. This second part is indeed all
based on minimal differences of pH3S10 and blots for phospho Chk1 and Chk2 of poor quality
and not well controlled. This unfortunately prevents me to give a positive evaluation of this work.

RE: We have heavily revised the second part of the manuscript. We have done high resolution
SMARD assays both with the DNA2 WT and null mutant cells, which clearly shows centromeric
DNA replication stalling in the DNA2-null cells (Figure 3). In addition, centromeric DNA
replication defect is also supported by our finding that phosphor-ATR primarily localizes to
centromere regions by using CHIP-seq and IF-FISH (Figure 6). We hope that the amended
experiments addressed the major concerns of reviewer #2.

Critiques

-The experiments presented in the first paragraph only show that DNA2 binds centromeric DNA
and do not directly prove that it is required for its replication. Direct evidence for DNA2
involvement in centromeric replication is missing. The Chip-seq experiment should be carried
out also on BrdU positive strand to address whether the DNAZ2 is also present on replicated
sequences.

RE: We now have more direct evidence showing DNA2 involvement in centromeric DNA
replication. We established a single molecule analysis of replicated DNA to specifically study



the replication status of the centromeric DNA in the DNAZ2 null cells. In Figure 3, our data
clearly shows a defect of fork progression at the centromere but not at the non-centromeric DNA.
In addition, centromeric DNA replication defect is also supported by our finding that phosphor-
ATR primarily localizes to centromere regions by using CHIP-seq and IF-FISH (Figure 6).

-1t is not clear whether the observations related to under-replication of centromeric DNA are due
to the absence of DNAZ2 action on hairpins or to checkpoint activation. ATRi should be used to
clarify this issue.

RE: To clarify the relationship among DNAZ2 deficiency, defects in centromere DNA replication,
and ATR activation, we conducted SMARD, IF-FISH and ChlP-seq on phosphor-ATR in WT
and DNAZ2 knockout cells as well as ATRIi as suggested by the reviewer. The new data clearly
showed that absence of DNA2 at centromere resulted in stalled replication forks at centromeres
and ATR activation. Because ATR under normal condition is not activated at centromeres (Aze et
al. Nature Cell Biology 18, 684-691, 2016), we suggested stalled replication forks or defects in
processing of secondary structures at centromeres is the cause of ATR activation. Consistently,
ATRI on its own did not rescue arrest of DNA2 knockout cells at late-S and G2/M phase (Figure
S7).

- Binding of DNAZ2 to centromeric regions is not supported by alternative approaches such as
colocalization with centromere markers by immunofluorescence (using for example anti CENP-
A antibodies or fish probes for satellite DNA).

RE: DNAZ2 expression is low in the HCT-116 cells, therefore, we were not able to demonstrate
the co-localiztion between DNA2 and CENP-A. We were able to use CHIP-seq, which has high
sensitivity and resolution to show that DNA2 binds to centromere. In addition, we were able to
do similar experiments for co-localization between phosphor-ATR and CENP-B box to support
the overall conclusion.

-The consensus sequence for the major repeats found at centromere is not novel. The authors did
not cite important works, which clearly identified a similar consensus sequence underlying the
formation of stem-loop structures (Grady D. et al, PNAS 1992, 89, 1695-1699; Catasti P. et al
Biochemistry, 1994, 33, 3819-3830). This somehow diminishes the novelty of these findings.

RE: Our data shows that DNAZ2 specifically binds to typical centromere motifs that were
identified previously. We do not suggest that we have identified any new motifs of centromeric
DNA. We have now cited these two important publications.



-Some of the repeats resemble telomeric sequences. Since DNA2 binds also TRF1 (Lin et al.,
Embo J. 2013), can the authors exclude that the sequence belongs to telomeric regions instead
than to centromeres?

RE: We agree that telomeric DNA is expected to be in the DNA pool (Lin et al. EMBO J.
32(10):1425-39, 2013). Technically, telomeric DNA was excluded in any reference genome so
that we would be able to do better alignment analyses with centromeric DNA. This is because
different cell lines have different telomere length and it changes when cell status is different.

-1t is not clear how the fold enrichment is calculated in Fig 1c.

RE: The relative enrichment of centromere peaks is evaluated by comparing two fractions, one is
diving the number of bases in the peaks within the centromere region by the total bases in the
centromere regions, and the other is diving the peaks not in the centromere region by the total
bases in the genome that are not in the centromere region. This ratio represents whether peaks
are enriched in the centromere region. P value is calculated by Fisher's extract test. The
information has been included in the Methods.

-There are a number of inconsistencies in figure 3-4 and related panels.

First, in S2 figure (panel A and B), the authors show that after depletion of DNA2 the intra-S-
phase checkpoint is activated and as evidence they show Chk1 phosphorylation levels. However,
there is no accumulation in S-phase in the FACS profiles shown.

RE: The cell cycle arrest is far slower than checkpoint signaling. The activation of Chk1 would
need to reach a threshold to be able to arrest the cell cycle. Therefore it makes sense that cell
cycle arrest may happen later than the Chk1 phosphorylation.

Second, the authors suggest that Chk1 activation is due to centromeric defects arising in the
absence of DNA2. However, this claim makes no sense as DNA2 is known to act in many other
genomic regions, being required for the processing of double strand breaks and long flaps of
Okazaki fragments during DNA replication. Therefore, activation of Chk1 could well be due to
lack of functional DNAZ2 in different parts of the genome.

RE: We have now developed single molecule analysis of replicated DNA and show clearly that
centromeric DNA replication is stalled (Figure 3). We also collected direct evidence showing
that without DNA2 to process centromeric DNA replication, phosphor-ATR clearly localizes to
centromeric DNA by the CHIP-seq (Figure 6A), and forms clear foci at centromere by IF-FISH
experiments (Figure 6C). We do not exclude the possibility that activation of Chk1 is due to lack
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of DNAZ2’s role in a different mechanism of genome maintenance and have discussed these in
the revised manuscript.

Third, the effects on CENP-A loading (Fig S3 panel B) could be due to the accumulation of cells
in G2/M, rather than under-replication of centromeric regions.

RE: To rule out this possibility, we synchronized cells in G2/M phase by two different methods
and show that G2/M cells have similar levels of CENP-A on the chromatin, which also is in
agreement with the literature (Foltz, D.R. et al. Cell 137, 472-84, 2009).

Fourth, the authors should improve the quality of the blots, which are rather poor.

RE: All the western blotting was repeated. High quality blots from a single gel were presented in
Figure 6A, Figure S2B and S2C, and Figure S6B.

-1 disagree with the interpretation of Figure 4B and 4C as they do not provide enough evidence
to claim that there is a block in S-phase. Cells seem to proceed slowly in S-phase and then
progress into G2. Increasing levels of CyclinB and decreasing levels of CyclinE are consistent
with this different interpretation.

RE: We did not attempt to distinguish late-S from G2/M arrest since it is not a focus of this paper.
This part has been revised.

-Blots are in Fig4C and S2B are only done with DNA2-/- cells. They should be performed with
DNA WT cells, which also show high signal for phosphoChk1 (Fig 6B)

RE: A new experiment was conducted. This revised data is now in Figure S6 and S7.

-In the figure 4A, the authors should quantify the mitotic entry capacity of DNA2 null cells by
FACS analysis instead of Immunofluorescence

RE: We did FACS analysis as suggested. Its quantification is presented in Figure 5D.

-Immunofluorescence images are of extremely poor quality, which does not seem to be due to
file compression. Better quality images should be provided.

RE: High quality imagines are now provided in Figure 5A, Figure 6C, and Figures S3-S6.

-In Fig 5C the authors calculate a congressional index. This parameter is not informative. They
should instead calculate the percentage of cells that have all the chromosomes aligned on the
metaphase plate as it is usually done. They should also specify that they are monitoring cells



after nocodazole release (this is only mentioned in materials and methods). It would be worth
adding MG132 to block anaphase before calculating the percentage of cells with aligned
chromosomes as congression delay could be simply due to poor recovery from nocodazole
mediated arrest.

RE: This experiment was done by blocking the cells at G2/M border with RO-3306 and then
released in warm medium for 45-60min. No nocodazole was used in this experiment as it will
affect the formation of the metaphase plate by itself. In Figure 5F, we have calculated both
percentages of cells that have all the chromosomes aligned on the metaphase plate (normal) and
of cells with misaligned chromosomes (misaligned). The anaphase cells with chromosome mis-
segregation or lagging chromosomes were also counted in Figure S5. In addition, we have
calculated the congression index (Figure 5G) as defined by Green RA, Kaplan KB (J Cell Biol
2003; 163: 949-961). The ratio between the width (parallel to the spindle poles) and length
(perpendicular to the spindle poles) of the metaphase chromosome mass was utilized to calculate
the chromosome congression index. Due to centromere under-replication in DNA2 null cells, an
impaired chromosome alignment widens the metaphase plate (congression index).

Figure 6:

Panel A is confusing. The blots in panel B are clearly run on different gels. This should be
specified. Are all the samples from DNAZ2 null cells? Looking at the WB of DNA2 it is not
possible to assess the presence-absence of DNAZ2. In panel C a graph should be added. Also the
authors should clarify how they measured mitotic catastrophe.

RE: New western blotting experiments were performed. High quality data are presented in the
current Figures S2 and S6. As mentioned above, the mitotic catastrophe part is omitted in the
revised manuscript.

Figure 7:

Panel A shows the inhibition of DNA2 in Breast cancer cells. Could the authors justify the lack
of any cell cycle block in the presence of active Chk1 and Chk2 proteins after the addition of
DNAZ2 inhibitor (Panel B)? Also, these experiments should be repeated using a panel of cancer
cell lines instead of one cell line. DMSO treated cells should be included as control.

Again, the blots shown in panel B seem to be run on different gels as separate experiments.

RE: Our understanding is that cell cycle block is a consequence of checkpoint activation and
happens later than signaling. Checkpoint activation must pass a threshold to arrest cell cycle.
Therefore, in some cases we observed checkpoint activation but not cell cycle arrest.

Three different cell lines (Figure 7) including MCF7 (breast cancer), and HCT-116 (colorectal
cancer) and H460 (non-small cell lung cancer) have been tested in this revision. Similar results
were observed in these three cell lines. Vechile control was used in all of our experiemnts. For
the last question, the blots were from a single gel unless specifized.



Referee #3:

Li and colleagues outline work in this manuscript that the authors conclude shows that hDNAZ2 is
responsible for centromeric DNA replication. They base their conclusion on cellular sequencing
results that show high occupancy of DNA2 at centromeres. This observation is followed up by
mechanistic studies wherein the authors used random and centromeric DNA substrate mimics to
assess the activity of Dna2 on these substrates. Additional cellular results show that the
ATM/ATR pathway is activated due to incomplete centromeric replication. The fundamental
conclusion of the study is that since DNAZ2 is important for centromeric replication, it can be
used as a chemotherapeutic target along with ATR inhibitors in the treatment of cancer.

There are considerable issues with the interpretation of results in this study as presented.
Primarily, centromeric DNA requires the help of MMR proteins to help resolve the looped
structures. Hence choice of the HCT116 cell line (which are deficient in MLH) is an odd choice
for these studies.

RE: We have compared the involvement of DNA2 in centromere function in MMR-proficient
and MMR-deficient cells as shown in the current Figure S2C. Our results indicated that the role
of DNA2 in maintaining centromere integrity is not affected by MMR status.

Secondly, there is no information about how the sequencing libraries were made in the materials
and methods or how many times replicates were done in the sequencing analysis? What was the
read size, and was this paired-end sequencing? Was the chromatin fragmented by sonication or
micrococcal nuclease digestion? Also for the sequencing data that is presented in the study, was
it merged data from multiple samples or from a single experiment? How reproducible were the
results? Data from individual sequencing needs to be added in the supplementary results to show
reproducibility. The data with DNAZ2 flox-/- cells and response of the repair pathways is not
completely novel, with even the authors acknowledging their data is consistent with previous
findings. The results presented in this manuscript remain purely observational without taking
into consideration the confounding effects of the role of DNAZ2 replication of the whole genome.

RE: The methods for preparation of the sequencing libraries was described to our best abilities in
the “High-throughput sequencing data analysis”, “Immunocapture and isolation of BrdU-labeled
DNA?”, and “Chromatin immunoprecipitation (ChIP)” of the Methods sections. These sections
covered the questions asked here. All of our experiments were confirmed and representative
results were shown as mentioned in our description in the Method. Our new experiments using
single molecule analysis of replicated DNA showed replication fork stalling in the centromeric
DNA but not the non-centromeric regions (current Figure 3). In addition, our phosphor-ATR
CHIP-seq and IF-FISH (current Figure 6) clearly show that the centromere is the major region
that has replication-stalling signaling when DNAZ2 is knocked out.

Major Concerns
Figure 1: While it is hard to judge the sequencing data without having any information on the



exact methodology used to generate the data or its reproducibility, there are other considerations
for the observation that need to be either analyzed or discussed. For example, the conclusion
from the sequencing data that DNA2 was involved in centromeric replication is solely based on
higher occupancy of DNA2 compared to FEN1. While FEN1 cannot resolve fold-back
intermediates it can do so in the presence of other helicases, especially the 5'-3' RNA/DNA
helicase, Pifl. Were other proteins involved in the Okazaki fragment maturation considered in
the study, for example, Pifl, WRN and RPA?

RE: We have developed single molecule analysis of replicated DNA to assess the replication
status of centromeric DNA (current Figure 3). Our data demonstrated stalled replication forks at
the centromeric DNA but not in the bulk of the genome in absence of DNA2. Examination of the
role of FEN1 and its associated protein will be our future work.

Fig S1: How efficient was the depletion experiment? Are the authors confident about not having
any contaminations in the depleted pool of cells?

RE: The WB blots show a clear depletion of DNA2 (Figures S2B, S6B, and 4B). In addition, 79%
of the DNAZ2 null cells can be arrested at G2/M (Figure S2A). Both pieces of the data suggest
that there is little or no contamination in the depleted pool of cells.

Figure 2: Templates having the 5' fold required ~15-20 fold excess of Dna2 to resolve the
structure. While this was mentioned in the materials and methods section, it should be included
in the actual results, so that the reader can immediately grasp the requirement for higher
concentration of protein for fold back flap resolution. Interestingly, the wild type protein did not
show any cleavage below the 5' terminal product, suggesting the helicase activity of Dna2 was
not sufficiently strong enough to create a ligatable nick. Does RPA aid in this function of Dna2
by melting out some of the structure. Based on data from Aze et al, 2016, RPA abundance was
lower at centromeric DNA hence assessment of abundance of RPA at the centromere in this
system would have been helpful for the in vitro study.

RE: The concentration of purified DNA2 is specified in the Figure legend for reader to grasp the
requirement for higher concentration to resolve fold back structures. It has been documented that
DNAZ2 does not cleave the 5’ terminal product but works on longer flaps (Bae et al. Nature.
412(6845):456-61, 2001). Without RPA, DNAZ2 alone can process replication intermediates to
facilitate DNA replication (Lin et al. EMBO J. 32(10):1425-39, 2013). Our future work will be
to identify additional components that make this reaction highly efficient.

The cleavage products should contain quantitation. It is intriguing that the 5' and 3' labeled
bubbled centromeric substrates were resolved with different efficiencies by the wild-type
enzyme, though it should have been the same.
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RE: The current experiment was designed to detect the nature of the reaction, instead of
measuring enzyme Kinetics and to compare the activities between WT and mutant enzymes. Our
results give a clear qualitative conclusion that DNA2 mutants do not resolve fold back DNA
secondary structures due to lack of either nuclease or helicase activity (Figure 2D and 2E). The
seemed difference in enzyme activity efficiency with differently labeled substrates is probably
caused by the reaction conditions.

Did the authors try test ligation of the resolved fold back flap substrate to ensure DNA2 could
process these structures in the absence of FEN1?

RE: It has been demonstrated that RPA suppressed the DNAZ2 activity against a short flap, a
product from the DNAZ2 action both on simple long flap and stem-loop structured substrate (Bae
et al., Nature, 2001). Therefore, we don’t expect that DNA2 will be able to generate a ligatible
product in the absence of FEN1.

Figure 3: What is the consequence of overexpression of FEN1 in the DNA2-null cells?

RE: In yeast, it has been shown that overproduction of yFEN1 suppresses the temperature-
sensitive growth of dna2 mutants (BUDD et al. JBC, 2136-2142, 1997).

Figure 4-5: Arrest of DNAZ2 cells in the S or G2 phase and activation of the ATR/ATM pathways
could be the consequence of its role in nuclear Okazaki fragment maturation and may not
necessarily only be caused due to delays in centromeric DNA replication

RE: Our new experiments using phosphor-ATR ChlP-seq and IF-FISH (Figure 6) clearly show
that the centromere is a region where replication-stalling signaling is activated when DNAZ2 is
knocked out. We also have new direct evidence showing that centromeric DNA replication is
indeed stalled in DNA2 null cells (Figure 3). We do not exclude Okazaki fragment maturation as
a resource for ATR/ATM activation. Other possible causes of ATR pathway activation has been
discussed in the Discussion of the revised manuscript.
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2nd Editorial Decision 16 January 2018

Thank you for submitting a new version of your manuscript on DNA2 in centromeric replication. It
has now been reviewed once more by all three original referees, whose comments are copied below.
I am pleased to inform you that all three referees consider the study substantially improved and now
in principle suitable for publication in The EMBO Journal. Nevertheless, referees 1 and 2 still have
several concerns regarding the experimental data and their interpretation. Should you be able to
satisfactorily address/clarify these remaining issues through a final round of revision, we should be
happy to ultimately offer publication of a re-revised manuscript in The EMBO Journal.

REFEREE REPORTS

Referee #1:

The authors included new data to support their finding that the human DNA?2 helicase/nuclease
plays an important role in centromeric DNA replication. In particular, they established an elegant
single-molecule DNA fiber assay to directly monitor replication perturbations at centromeric regions
and investigate the role of DNA2 in this process. The revised version of the manuscript is
significantly improved and the authors properly addressed most of my previous comments. There
are, however, few remaining concerns that the authors should address to support their conclusions
and warrant publication in the EMBO journal.

Major points:

1. Page 8. The authors' conclusion that "the DNA2 helicase activity first separates the stem to make
a single ssDNA that is long enough (~10 nts) for nuclease cleavage; then, when the ssDNA at the
junction is exposed, DNA2 cleaves the whole hairpin structure and removes the structured DNA at
the replication fork" is overstated and not fully supported by the data. The authors show that the
combined helicase and nuclease activities of DNA2 are indeed required to cleave these hairpin
structures. However, they do not provide any direct evidence that the helicase activity of DNAZ2 is
required to resolve the hairpin structure before nuclease cleavage.

2. The authors should repeat the SMARD assay using DNA2-null cells complemented with
nuclease- or helicase-dead DNA?2 to further support their conclusion that both activities are critical
for centromere maintenance.

3. Page 12. The authors state that "The loss of mitotic entry and subsequent cell death occurred
because of cell cycle arrest in late S/G2 phase, which are consistent with previous observations".
Where are the data on cell death?

4. Page 13: The authors state that "ATR inhibition on its own did not rescue arrest of DNA2
knockout cells at late-S and G2/M phase (Figure S7). Thus, these results support a model wherein
the DNA2-null cells are arrested in late S/G2 phase at least in part by DNA damage checkpoint
activation." If ATR inhibition does not alter cell cycle distribution/entry in mitosis, how can authors
conclude that the DNA2-null cells are arrested in late S/G2 phase by DNA damage checkpoint

activation? Along the same line, if ATR inhibition is not alleviating checkpoint arrest and entry in
mitosis, what is the mechanism of ATRi-induced cell death in DNA2 inhibited cancer cells?

Minor points:
1. The authors should use "CENPA" or "CENP-A" throughout the manuscript for consistency.
2. Figure 3B and 3C. The mean values should be replaced with the median values for accuracy.

3. Figure 4C is not cited anywhere in the text.

4. Figure 7A. The authors should include the actual concentrations of the ATR and DNA2
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inhibitors.

5. Page 8. "Figure 1B" should be corrected with "Figure 2B" at the end of the sentence that starts
with "When incubated with a model DNA substrate mimicking the hairpin DNA structure...)

6. The authors should clearly explain which is the difference between Figure 2D and Figure 2E in
the main text and in the Figure legend.

7. Page 14 (first paragraph of the discussion). The author should remove the reference of Thangavel
et al., at the end of the sentence "impact of secondary structures on these regions can be easily
overlooked..." because the paper of Thangavel et al does not focus on the analysis of secondary
structures.

8. Page 16. "A recent studies" should be corrected with "A recent study" and a period should be
included before the sentence.

Referee #2:

The authors in this manuscript highlight an important role for DNA2 in centromere replication. The
paper describes exciting findings consolidating the emerging concept that centromere replication
poses a major hurdle to the replication machinery. In the revised version, the authors have made a
significant effort to address my previous critiques. They have tried to pin the function of hDNA?2 at
the centromere by setting up assays to study the function of this protein in centromeric DNA
replication. Thanks to these new results the story now stands on more solid ground. However, some
issues still remain and should be addressed. Here my comments:

Major Critiques:

-The SMARD assay applied to centromere is a useful tool to specifically assess centromere
replication. However, it is not clear what it is the point the authors want to make. It is indeed unclear
whether the assay shows an overall problem in DNA replication initiation or fork progression (or
both). This should be clearly indicated.

-Double labelling (IdU and C1dU) in fiber assays is used to reveal fork progression issues such fork
asymmetry. From the examples shown it is very hard to determine whether the shorter green tracts
correspond to impaired fork progression as there is no evidence of replication initiation (no red
signal on the DNA2 depleted tracts). From what it is shown in fig 2B in DNA2 null samples it looks
that there is no red and green labelling and forks never initiated. Is this the case? If so, the authors
should consider the possibility that DNA2 defects lead to ATR activation that inhibits replication
origin firing, which has been shown to prevent replication onset and not just fork progression (Aze
et al 2016 NCB). If replication impairment was due only to fork progression impairment there
should have been evidence of impaired fork progression such as asymmetric green tract labelling,
but this is not shown.

-The timing of the labelling is also quite unusual and not very informative. Authors should specify
why they use a 4+4 hours IdU-CIdU labeling protocol in the SMARD assays as most of other fiber
analyses are done with much shorter pulses, which allow to identify origin firing and fork
progression issues. In 4 hours most of the fibers should be all red with limited green tracts. Is this
long labelling protocol needed to catch the delayed kinetic of centromeric DNA replication with
respect of S-Phase onset? If so the authors could try to synchronize their cells in S-phase or at least
explain the rationale of their strategy.

-The authors should quantify the percentage of centromeric fibers over the non centromeric ones in
the centromeric SMARD assay to have a more precise quantification of the impact of DNA2
deletion on overall DNA replication. Without these data, it is difficult to determine the fraction of
unreplicated/partially replicated DNA caused by the absence of DNA2.
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-The pATR results shown in Fig 6 are impressive and novel. However, there is no mechanism to
support these findings. The authors should at least show that RPA is accumulated on the centromeric
foci with increased pATR signal.

As negative control the authors could show that other agents that cannot activate ATR at
centromeres such as Aphidicolin as shown in Aze et al 2016 do not induce ATR activation and RPA
accumulation, in contrast to DNA?2 deletion, which by disrupting normal fork structures, would
allow RPA loading and ATR activation.

This experiment would consolidate the parallel with published evidence, which showed the ATR at
centromere is only activated when there is a loss of replication fork integrity (induced by
Topoisomerase inhibitor CPT as in Aze et al 2016).

-The CPT experiment presented in Figure S6A is not described in the text.

-If the authors want to compare the effects of CTP and DNA2 on ATR activation, they need to show
that DNA?2 loss and CPT have a similar mechanism of action (e.g. Is pATR activation by CPT
peaking at centromeres? Is CPT inducing RPA accumulation? Do CPT and Aphidicolin have
different effects on centromere pATR activation?).

Minor corrections

-Aze et al showed that ATR Inhibition and not activation is important for centromere replication.
Therefore, it is better to substitute the sentence on Page 13 "ATR activation is important for
ensuring a sufficient time for DNA replication machinery to deal with centromeric replication
problem (Aze et al, 2016)" with "Modulation of ATR activity is important for ensuring a sufficient
time for DNA replication machinery to deal with centromeric replication problem (Aze et al, 2016).

-On page 14 it should be "we modified the SMARD technology to specifically" as SMARD has
been already developed for telomere replication detection.

-On page 13 "Costanzo et al 2016" should be substituted with Aze et al 2016

-On page 16 the authors should properly cite the existing literature. They write: "A recent studies
observed extended ssDNA regions at centromeric DNA regions, especially under external stresses
(Aze et al, 2016). The origin and function of these extended ssDNA regions are not clear"

The sentence should be rewritten and should incorporate the concepts described below. Centromere
intrinsic topological structure kept together by CENPA and SMC2-4 prevents extensive ssDNA
accumulation in unchallenged conditions. Centromere were shown to accumulate ssDNA in
response to fork stalling only when the centromere structure was disrupted.

Title: I think it should be revised. I suggest some alternative titles: "ThDNA2 promotes centromeric

DNA replication and genome stability"; "hDNA2 ensures genome stability by promoting
centromeric DNA replication”

For the discussion the authors could mention that several repair proteins were shown to accumulate
on centromeric DNA, which might also be important for centromeric DNA stability and replication.

Referee #3:
In the extensively revised manuscript Li and colleagues provide additional evidence that suggests

that DNA2 plays a role in centromeric replication. Experiments performed as suggested by the
reviewers and the development of the SMARD technique has significantly enhanced support of the
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conclusions of the manuscript. All previous concerns of this reviewer have been satisfactorily
addressed in the revised manuscript.

2nd Revision - authors' response 7 March 2018
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Point-by-point response to the reviewers’ comments

[Introduction] We would like to thank the reviewers for their support to publish the work in
EMBO Journal and constructive suggestions and advice to improve the quality of the current
manuscript. We have addressed the following major points of the reviewers with additional
experiments:

Reviewer #1:

1. We have provided additional evidence to support that the helicase activity of DNA2 is
required to resolve the hairpin structure before nuclease cleavage (new Figure EV3).

2. We have repeated the SMARD assay using DNA2-null cells complemented with
nuclease- or helicase-dead DNAZ2 to further support the conclusion that both activities are
critical for centromere maintenance (new Figure 3B and 3C).

3. We have generated Figure EV4E showing quantification of cell death in DNA2 null
mutant cells (new Figure EV4E).

4, We have performed additional experiments (new Figure 7F-71) to strengthen the point
that the DNA2-null cells are arrested in late S/G2 phase by DNA damage checkpoint activation
and explained the mechanism of ATRi-induced cell death in DNAZ2 inhibited cancer cells.

Reviewer #2:

5. We have explained the strategy for the DNA replication track labeling in the SMARD
assay (new Figure 3B and 3C).

6. We re-analyzed the SMARD data (new Figure 3B and 3C).

7. We have shown that RPA accumulates on the centromeric foci with increased pATR
signal and included aphidicolin treatment as a negative control (new Figure 6C and 6D).

We have also clarified all other issues that the reviewers have raised and made corrections
based on their minor points, including changing the title of the manuscript. All the changes in the
text and figures are marked with a vertical red line corresponding to the page numbers included
in this document. The following are the point-by-point response to the reviewers’ comments.

Referee #1

The authors included new data to support their finding that the human DNA2 helicase/nuclease
plays an important role in centromeric DNA replication. In particular, they established an elegant
single-molecule DNA fiber assay to directly monitor replication perturbations at centromeric
regions and investigate the role of DNA2 in this process. The revised version of the manuscript
is significantly improved and the authors properly addressed most of my previous comments.
There are, however, few remaining concerns that the authors should address to support their
conclusions and warrant publication in the EMBO journal.

Major points
1. Page 8. The authors' conclusion that "the DNA2 helicase activity first separates the stem to

make a single ssDNA that is long enough (~10 nts) for nuclease cleavage; then, when the
ssDNA at the junction is exposed, DNA2 cleaves the whole hairpin structure and removes the



structured DNA at the replication fork" is overstated and not fully supported by the data. The
authors show that the combined helicase and nuclease activities of DNA2 are indeed required
to cleave these hairpin structures. However, they do not provide any direct evidence that the
helicase activity of DNAZ2 is required to resolve the hairpin structure before nuclease cleavage.

[RESPONSE] We have included additional evidence in Figure EV3 to support our statement on
the DNAZ2 helicase/nuclease-mediated stem/loop processing. We designed DNA stem/loop
structures that contained one, two, or three stem/loop structures and comprehensively mapped
the cleavage sites based on the product sizes shown on the gel images. Our cleavage site
mapping indicated that DNA2 nuclease activity only works on the ssDNA regions. The stems
are separated by the helicase activity of DNA2, which has been demonstrated in multiple
previous publications (Lin et al., 2013, EMBO J., Ronchi et al., 2013, AJHG; Liu et al., 2016,
eBioMedicine). Additional information is included in the figure legends for Figure EV3 and in the
manuscript text (Pages 8-9).

2. The authors should repeat the SMARD assay using DNA2-null cells complemented with
nuclease- or helicase-dead DNAZ2 to further support their conclusion that both activities are
critical for centromere maintenance.

[RESPONSE] We have followed the suggestion by the reviewer and complemented the DNA2-
null cells with nuclease- or helicase-dead DNA2. Our results showed that elimination of either
nuclease or helicase activity leads to stalling of the DNA replication fork specifically in
centromere regions, similar to the observation made with the DNA2 null mutant (see revised
Figure 3). The new data further support our statement that both the nuclease and helicase
activities are required for resolution of the stem-loop structures and for facilitating DNA
replication progression in the centromere regions (Pages 9-11).

3. Page 12. The authors state that "The loss of mitotic entry and subsequent cell death occurred
because of cell cycle arrest in late S/G2 phase, which are consistent with previous
observations". Where are the data on cell death?

[RESPONSE] We have now presented the cell death data in Figure EV4E, which shows a larger
sub-G1 apoptotic cell population for the DNA2 null mutant as compared to the WT (Page 13).

4. Page 13: The authors state that "ATR inhibition on its own did not rescue arrest of DNA2
knockout cells at late-S and G2/M phase (Figure EV7). Thus, these results support a model
wherein the DNA2-null cells are arrested in late S/G2 phase at least in part by DNA damage
checkpoint activation.” If ATR inhibition does not alter cell cycle distribution/entry in mitosis, how
can authors conclude that the DNA2-null cells are arrested in late S/G2 phase by DNA damage
checkpoint activation? Along the same line, if ATR inhibition is not alleviating checkpoint arrest
and entry in mitosis, what is the mechanism of ATRi-induced cell death in DNAZ2 inhibited
cancer cells?

[RESPONSE] ATR inhibition did not erase the checkpoint or rescue late S/G2 arrest. Instead, it
further enhanced S/G2 arrest and apoptosis. This is the foundation for testing if ATR and DNA2
inhibitors had synergistic effects in killing cancer cells. To strengthen the point, we have added
four panels in Figure 7 (7F-71), where we show the cell cycle profiles after treatment with the
DNA2 inhibitor and ATR inhibitor. Combined inhibition of DNA2 and ATR further arrests cells at
late-S/G2 phase and decreases the number of cells that enter the mitotic phase (Figure 7F -7I
and Figure EV6). One of the possible mechanisms is that ATR inhibition destabilizes stalled
replication forks and causes replication catastrophe (Buisson et al. Mol Cell. 2015). Additional



data/interpretations (Figure 7F-71) and references are included in the text, figure legends and
references (Page 15).

Minor points

1. The authors should use "CENPA" or "CENP-A" throughout the manuscript for consistency.

[RESPONSE] Corrections are made for consistency.

2. Figure 3B and 3C. The mean values should be replaced with the median values for accuracy.

[RESPONSE] Mean values have been replaced by the median values.

3. Figure 4C is not cited anywhere in the text
[RESPONSE] Figure 4C now is cited in the text (Page 12)

4. Figure 7A. The authors should include the actual concentrations of the ATR and DNA2
inhibitors.

[RESPONSE] The actual concentrations of the ATR and DNA2 inhibitors are now included in
the figure legends (Figure 7).

5. Page 8. "Figure 1B" should be corrected with "Figure 2B" at the end of the sentence that
starts with "When incubated with a model DNA substrate mimicking the hairpin DNA structure...”

[RESPONSE] "Figure 1B" has been corrected to "Figure 2B" (Page 8).

6. The authors should clearly explain the difference between Figure 2D and Figure 2E in the
main text and in the Figure legend.

[RESPONSE] The substrates were radio-labeled at 5’ end of the flap DNA strand in Figure 2D,
while they are radio-labeled at 3’ end of the flap DNA strand in Figure 2E. These now have been
labeled in the figure and explained in the text (Page 7) and figure legends.

7. Page 14 (first paragraph of the discussion). The author should remove the reference of
Thangavel et al., at the end of the sentence "impact of secondary structures on these regions
can be easily overlooked..." because the paper of Thangavel et al does not focus on the
analysis of secondary structures.

[RESPONSE] The reference of Thangavel et al. in Discussion section has been removed (Page
14).

8. Page 16. "A recent studies" should be corrected with "A recent study" and a period should be
included before the sentence.

[RESPONSE] The sentence has been re-written based on the suggestion from Reviewer #2
(Page 18). The grammatical error has been corrected.



Referee #2

The authors in this manuscript highlight an important role for DNA2 in centromere replication.
The paper describes exciting findings consolidating the emerging concept that centromere
replication poses a major hurdle to the replication machinery. In the revised version, the authors
have made a significant effort to address my previous critiques. They have tried to pin the
function of hDNA2 at the centromere by setting up assays to study the function of this protein in
centromeric DNA replication. Thanks to these new results the story now stands on more solid
ground. However, some issues still remain and should be addressed. Here my comments:

Major Critiques

-The SMARD assay applied to centromere is a useful tool to specifically assess centromere
replication. However, it is not clear what it is the point the authors want to make. It is indeed
unclear whether the assay shows an overall problem in DNA replication initiation or fork
progression (or both). This should be clearly indicated.

[RESPONSE] The major point of the current manuscript is to illustrate the role of DNA2 in
processing of DNA secondary structures in the centromere regions and in facilitating DNA
replication fork progression. However, this did not rule out that DNA2 deficiency might affect
DNA replication initiation, possibly due to checkpoint activation. Therefore, following the
reviewer’s suggestion, we re-analyzed the DNA fibers at centromeres and non-centromeres.

To exclude DNA fibers from non-replicating cells, we counted fibers with 1dU/CIdU labeling at
centromeres only if they showed labeling in the non-centromeric and/or centromeric regions.
We interpreted the presence of the red- or green-only tracks as initiation events, and the length
and distribution of the green segment of red-green tracks as indicating the rate of replication
progression. With that change, the fiber length distribution in the both centeromeric and non-
centromeric regions in WT cells is bell-shaped, which is similar to previous reports (e.g.,
Thangavel et al. 2015, JCB). When DNA2 was knocked out, with or without being
complemented by the helicase or nuclease dead (ND or HD) mutants, the fiber length
distribution in non-centromeric regions did not change significantly from the WT distribution. In
contrast, the number of red- or green-only tracks and the lengths and distributions of green
segments of red-green tracks at the centromeric region in DNA2 mutant cells were remarkably
reduced and altered from those in the WT (Figure 3A-3C). Twenty to thirty percent of DNA fibers
even displayed no detectable green or red tracks at the centromeric regions in the DNA2 null,
ND, or HD mutant cells, compared to 1% for the WT (Figure 3A and 3C). With respect to red-
green tracks, the median length (~40 um) of green segments at the centromeric region in DNA2
null, ND, or HD cells was remarkably shorter than that (224 ym) in the WT cells (Figure 3C).
These findings indicated defects in DNA replication initiation and replication fork progression at
the centromeric regions in DNA2 mutant cells as compared to the WT cells (Page 9-11).

-Double labelling (IdU and CldU) in fiber assays is used to reveal fork progression issues such
fork asymmetry. From the examples shown it is very hard to determine whether the shorter
green tracts correspond to impaired fork progression as there is no evidence of replication
initiation (no red signal on the DNA2 depleted tracts). From what it is shown in fig 2B in DNA2
null samples it looks that there is no red and green labelling and forks never initiated. Is this the
case? If so, the authors should consider the possibility that DNA2 defects lead to ATR activation
that inhibits replication origin firing, which has been shown to prevent replication onset and not



just fork progression (Aze et al 2016 NCB). If replication impairment was due only to fork
progression impairment there should have been evidence of impaired fork progression such as
asymmetric green tract labelling, but this is not shown.

[RESPONSE] We have carefully considered the reviewer's comments and re-analyzed the DNA
fibers in the SMARD assay. In DNA2 null samples, indeed, there are tracks with no red or green
labeling but with labels beyond the centromeric regions, indicating forks never initiated in the
centromeric regions. Because there was labeling in the non-centromeric regions in the same
chromosome, we think that the secondary structures blocked fork initiation and progression in
the centromere in the absence of DNA2. Itis also likely that ATR activation due to DNA2
defects may inhibit subsequent replication origin firing. We have revised the manuscript to
clarify this and rewritten the discussion (Pages 9-11).

-The timing of the labelling is also quite unusual and not very informative. Authors should
specify why they use a 4+4 hours IdU-CldU labeling protocol in the SMARD assays as most of
other fiber analyses are done with much shorter pulses, which allow to identify origin firing and
fork progression issues. In 4 hours most of the fibers should be all red with limited green tracts.
Is this long labelling protocol needed to catch the delayed kinetic of centromeric DNA replication
with respect of S-Phase onset? If so the authors could try to synchronize their cells in S-phase
or at least explain the rationale of their strategy.

[RESPONSE] In the modified SMARD assay, the cells were labeled with iodo-deoxyuridine (IdU)
for 4 hours during the first labeling period and with chloro-deoxyuridine (CldU) for another 4
hours during the second labeling period (Norio and Schildkraut, Science, 2001, Demczuk et al.
2012, and Drosopoulos et al. JCB. 2015). These 4 hour labeling periods provide the time
required to replicate the DNA regions analyzed, so that we could use the red-green DNA
molecules, which are representative of different DNA replication stages, to analyze the initiation
and progression of DNA replication forks across the genome (Norio and Schildkraut, Science,
2001). Such a relatively long time period for labeling is particularly important for analyzing the
replication of difficult-to-replicate DNA regions using the SMARD assay (Drosopoulos et al. JCB.
2015). (Pages 9-11)

-The authors should quantify the percentage of centromeric fibers over the non centromeric
ones in the centromeric SMARD assay to have a more precise quantification of the impact of
DNAZ2 deletion on overall DNA replication. Without these data, it is difficult to determine the
fraction of unreplicated/partially replicated DNA caused by the absence of DNA2.

[RESPONSE] The quantification on the percentage of centromeric fibers over the non-
centromeric ones in the presence or absence of DNA2 measured by SMARD assay is now
presented in Figure 3B (non-centromere) and 3C (centromere). In the current revision, we re-
analyzed the SMARD data. We counted fibers with IdU/CldU labeling at centromeres only if
there was labeling in the non-centromeric regions in the same chromosomal DNA molecule so
that we would exclude DNA fibers from non-replicating cells. With that change, we found that
the number of red- or green-only tracks and the lengths and distributions of various green tracks
at the non-centromere regions in DNA2 mutant cells (null, ND, and HD) were similar to those in
the WT (Figure 3A and 3B), which is in agreement with the previous report (Thangavel et al,
2015). However, the number of red- or green-only tracks and the lengths and distributions of
various green tracks at the centromeric region in DNA2 mutant cells were remarkably reduced
and altered from those in WT cells (Figure 3A and 3C). The detailed analyses and results are
included in the Results section (Pages 9-11).



-The pATR results shown in Fig 6 are impressive and novel. However, there is no mechanism to
support these findings. The authors should at least show that RPA is accumulated on the
centromeric foci with increased pATR signal.

As negative control the authors could show that other agents that cannot activate ATR at
centromeres such as Aphidicolin shown by Aze et al 2016 do not induce ATR activation and
RPA accumulation, in contrast to DNA2 deletion, which by disrupting normal fork structures,
would allow RPA loading and ATR activation.

This experiment would consolidate the parallel with published evidence, which showed the ATR
at centromere is only activated when there is a loss of replication fork integrity (induced by
Topoisomerase inhibitor CPT as in Aze et al 2016).

[RESPONSE] We have followed the reviewer’s suggestion and detected RPA foci in addition to
the pATR foci pattern included in our original manuscript in WT and DNA2 mutant cells. We
have now also included aphidicolin (APH)-treated WT cells as a negative control. We observed
accumulation of RPA and pATR foci at the centromeres in DNA2 null cells but not in the WT
cells with or without aphidicolin treatment (Figure 6C and 6D). The new data have further
strengthened our conclusion of ATR hyperactivation at the centromere in DNA2 null cells. We
have included the additional data and explanations in the revised manuscript (Figure 6C and 6D
and Page 14).

-The CPT experiment presented in Figure EV6A is not described in the text.

-If the authors want to compare the effects of CTP and DNA2 on ATR activation, they need to
show that DNAZ2 loss and CPT have a similar mechanism of action (e.g. Is pATR activation by
CPT peaking at centromeres? Is CPT inducing RPA accumulation? Do CPT and Aphidicolin
have different effects on centromere pATR activation?).

[RESPONSE] We originally included the CPT experiment as technical control for immuno-
staining of phospho-ATR in the previous submission. The CPT effect on ATR activation is not
our focus. Due to the limited extended views that are allowed to be included, we have removed
the original Figure S6.

Minor corrections

-Aze et al showed that ATR Inhibition and not activation is important for centromere replication.
Therefore, it is better to substitute the sentence on Page 13 "ATR activation is important for
ensuring a sufficient time for DNA replication machinery to deal with centromeric replication
problem (Aze et al, 2016)" with "Modulation of ATR activity is important for ensuring a sufficient
time for DNA replication machinery to deal with centromeric replication problem (Aze et al,
2016).

[RESPONSE] We have substituted the original sentence with "Thus, modulation of ATR
activation activity is important for ensuring sufficient time for the DNA replication machinery to
replicate the centromere (Aze et al, 2016).” (Page 15).

-On page 14 it should be "we modified the SMARD technology to specifically” as SMARD has
been already developed for telomere replication detection.



[RESPONSE] We have modified the statement as suggested (Page 16).

-On page 13 "Costanzo et al 2016" should be substituted with Aze et al 2016

[RESPONSE] "Costanzo et al 2016" has been substituted with Aze et al 2016 (Page 14).

-On page 16 the authors should properly cite the existing literature. They write: "A recent studies
observed extended ssDNA regions at centromeric DNA regions, especially under external
stresses (Aze et al, 2016). The origin and function of these extended ssDNA regions are not
clear"

The sentence should be rewritten and should incorporate the concepts described below.
Centromere intrinsic topological structure kept together by CENPA and SMC2-4 prevents
extensive ssDNA accumulation in unchallenged conditions. Centromere were shown to
accumulate ssDNA in response to fork stalling only when the centromere structure was
disrupted.

[RESPONSE] We have rewritten the statement accordingly (Page 18).

Title: | think it should be revised. | suggest some alternative titles: "nDNA2 promotes
centromeric DNA replication and genome stability"; "TnDNA2 ensures genome stability by
promoting centromeric DNA replication"

[RESPONSE] We have revised the title to "hDNA2 promotes centromeric DNA replication and
genome stability" (Page 1).

For the discussion the authors could mention that several repair proteins were shown to
accumulate on centromeric DNA, which might also be important for centromeric DNA stability
and replication.

[RESPONSE] In the Discussion, we now include the following statement: Indeed, the DNA
secondary structure within centromeric DNA mimics replication challenges induced by
replication stressing reagents and may require involvement of DNA repair factors such as
MSH2-6, XRCC5, MUS81, XRCC1 and RAD50 (Aze et al, 2016) (Page 16).

Referee #3

In the extensively revised manuscript Li and colleagues provide additional evidence that
suggests that DNA2 plays a role in centromeric replication. Experiments performed as
suggested by the reviewers and the development of the SMARD technique has significantly
enhanced support of the conclusions of the manuscript. All previous concerns of this reviewer
has been satisfactorily addressed in the revised manuscript.

[RESPONSE] We thank the reviewer for the positive feedback.
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3rd Editorial Decision 10 April 2018

Thank you again for submitting your re-revised manuscript on DNA?2 for our consideration. The
original referees 1 and 2 have now looked at it once more, and save for a minor amendment
requested by referee 2 have no further objections against publication.

There remain however several important editorial issues, and I am therefore returning the study to
you once more in order to take care of these various.

REFEREE REPORTS

Referee #1:

The authors properly addressed all the previous comments of this reviewer. The revised version of
the manuscript is significantly improved and is now acceptable for publication in The EMBO
Journal.

Referee #2:

The authors have done a great job. The new additions and clarifications address all my previous
concerns.

Minor point
At page 18 after the sentence:
"centromeres accumulate ssDNA in response to DNA replication fork stalling"

the following should be added: "when centromeric DNA organization is disrupted".

3rd Revision - authors' response 16 April 2018

Thank you very much for your letter on April 10th, 2018 regarding the editorial issues with our
manuscript. We have now provided all of the additional documents as you requested, including the
separated production-quality PDF figure files, a “Data Accessibility” paragraph, a synopsis with the
“bullet points”, updated author checklist, as well as the answers to the data editor’s comments and
inquiries in the manuscript text.
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This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
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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.

>
>
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>

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

a specification 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.
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Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.
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Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).
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subjects.
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1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

Not applicable

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

No Animal Studies

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

Not applicable

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g.
randomization procedure)? If yes, please describe.

Not applicable

For animal studies, include a statement about randomization even if no randomization was used.

Not applicable

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.

Not applicable

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

Not applicable

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

Yes

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

Yes. Unpaired two-tailed t-test

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

Yes. Please see page 31

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

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).

The information regarding antibodies used in this article was described in Page 20.

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

The information was described in Page 20.

* 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 modification status where applicable. Please detail housing
and husbandry conditions and the source of animals.

Not applicable

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

Not applicable

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.

Not applicable

E- Human Subjects

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

No human subjects

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.

Not applicable

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

Not applicable

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

Not applicable

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

Not applicable

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.

Not applicable

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.

Not applicable

F- Data Accessibility

G- Dual u:

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

Accession number: GSE108619

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).

Not applicable

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).

Not applicable

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
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.

Not applicable

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.

No Dual Use Concern.
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