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Abstract

DNA replication stress has the potential to compromise genomic stability and, therefore,
cells have developed elaborate mechanisms to detect and resolve problems that may arise
during DNA replication. The presence of single-stranded DNA (ssDNA) is often associated
with DNA replication stress and serves as a signal for both checkpoint and repair responses.
In this study, we exploited a CRISPR-Cas9 system to induce regions of ssDNA in the
genome. Specifically, single-guide RNAs bearing sequence complementarity to human telo-
meric repeats, were used to target nuclease-deficient Cas9 (dCas9) to telomeres. Such tar-
geting was associated with the formation of DNA-RNA hybrids, leaving one telomeric DNA
strand single-stranded. This ssDNA then recruited DNA repair and checkpoint proteins,
such as RPA, ATRIP, BLM and Rad51, at the telomeres. Interestingly, targeting of all these
proteins to telomeric ssDNA was observed even in cells that were in the G1 phase of the cell
cycle. Therefore, this system has the potential to serve as a platform for further investigation
of DNA replication stress responses at specific loci in the human genome and in all phases
of the cell cycle.

Introduction

It is widely recognized that DNA replication stress, a hallmark of cancer, leads to genomic
instability [1-5]. DNA replication stress, in the form of stalled or collapsed replication forks,
can induce regions of single-strand DNA (ssDNA), which then serve as a platform for recruit-
ment of checkpoint and repair proteins, such as RPA, ATR and ATRIP. Experimentally,
regions of ssDNA can be induced in the genomc of cells by blocking DNA replication. How-
ever, to understand the response of the cell to ssDNA, it would be useful to have a method that
induces ssDNA in the absence of DNA replication. In addition, inducing ssDNA at specific
loci in the genome would also be desirable.

It is now possible to target specific regions of the genome by employing the clustered regu-
larly interspaced short palindromic repeats-Cas9 (CRISPR-Cas9) system. The wild-type Cas9
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protein induces DNA double-strand breaks at the targeted loci and is used for gene editing.
However, one can also visualize, rather than edit, specific genomic loci in live or fixed cells by
fusing a nuclease-deficient Cas9 protein (dCas9) to a fluorescent protein [6-9]. Visualization
works particularly well within repetitive regions of the genome, such as telomeres, because
then multiple fluorescently-tagged dCas9 molecules can be recruited to the genomic locus of
interest using only one single-guide RNA (sgRNA). Targeting of specific genomic loci by
dCas9 is associated with melting of the double-stranded DNA to allow formation of targeted
RNA-DNA duplexes.

Here, we employed a nuclease-deficient CRISPR-Cas9 (CRISPR-dCas9) system to generate
regions of ssDNA at telomeres of living cells. Our rationale was that dCas9 in the presence of
sgRNA with sequence complementarity to telomeric repeats could lead to the melting of the
two DNA strands, one of which would remain in a single-stranded form. Our findings suggest
that the CRISPR-dCas9 system may be used to induce regions of ssDNA in the genome and,
therefore, represents a promising platform for the study of specific aspects of the cellular
response to DNA replication stress in a locus-specific manner.

Results
Specific localization to telomeres with sgRNA

We first sought to verify whether CRISPR-dCas9 can be targeted to telomeres as previously
demonstrated [6]. To this end, we co-expressed FLAG-tagged dCas9 and a separately trans-
lated GFP marker (included for the purpose of cell sorting in subsequent cell cycle assays)
using plasmid constructs, as represented in the schematic in Fig 1a. The plasmid constructs
contained a control sgRNA lacking a cognate sequence in the human genome (sgControl),
sgRNA corresponding to the mucin gene loci (sgMUC4-E3), or sgRNA complemetary to the
telomeric TTAGGG repetitive sequence (sgTelomere) [6] (see Materials and Methods for plas-
mid construction). Generating extensive regions of ssDNA in the cells could be accomplished
either using multiple sgRNAs complementary to consecutive sequences in the genome, or, as
in our case, sgRNAs targeting the repetitive telomeric sequences. In non-transfected cells (neg-
ative control), no FLAG signal was detectable by immunofluorescence; diffuse cellular FLAG
signal was detected in sgControl-FLAG-dCas9 transfected cells and, as expected, nuclear
FLAG foci were seen in sgTelomere-FLAG-dCas9 transfected cells (Fig 1b). The latter foci per-
fectly colocalized with the telomeric repeat factor (TRF1) protein, used as a telomere marker.
For unknown reasons, we were not able to detect previously described foci at the mucin gene
loci in our sgMUC4-E3-FLAG-dCas9 transfected cells [6]. We therefore proceeded to further
investigate only the cells in which the telomeres were targeted.

Induction of ssDNA at human telomeres

The first candidate to consider in the replication checkpoint machinery is naturally the replica-
tion protein A (RPA) heterotrimer, composed of RPA70, RPA32, and RPA14 subunits. Via its
oligonucleotide/oligosaccharide binding (OB) motifs, RPA strongly associates with ssDNA,
initiating and coordinating a cascade of molecular events critical for DNA replication integrity
[10-12]. It is well established that this association between RPA and ssDNA provides a key sig-
nal in the recruitment and activation of the ataxia-telangiectasia-related (ATR) kinase, the
orchestrator of cellular responses during replication stress [12-14]. We therefore examined
the ATR-specific phosphorylation of RPA32 on serine 33, as well as the nuclear localization of
the ATR-interacting protein (ATRIP) and RPA70 (Fig 2b). We found that, in the absence of
any additional stress signal, the presence of ssDNA induced by the CRISPR-dCas9 system
resulted in focal nuclear distribution of RPA70, ATRIP and the phosphorylated form of
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Fig 1. Specific recruitment to telomeres of sgTelomere RNA, colocalizing with TRF1. (a) Schematic
representation of the various constructs used in this study: 3XFLAG-tagged dCas9 and a separately
translated GFP marker, containing sgRNA lacking a cognate sequence in the human genome (sgControl),
sgRNA corresponding to the mucin gene loci (sgMUC4-E3), or telomere sgRNA (sgTelomere). (b) An
untransfected U20S cell (upper panel) showing no detectable FLAG signal by immunofluorescence;
sgTelomere transfected cell (second panel) showing nuclear FLAG foci colocalizing with TRF1; sgControl
transfected cell (third panel) showing diffuse cellular FLAG signal; sgMUC4-E3 transfected cell (bottom panel)
with no observable mucin gene loci.

doi:10.1371/journal.pone.0169126.9001

RPA32 on Ser33. All these foci colocalized with foci of sgTelomere-FLAG-dCas9. We found
that RPA70, ATRIP and RPA32 phosphorylated on S$33 highly colocalized with sgTelomere-
FLAG-dCas9 in approximately 72%, 55%, and 63% of all counted cells (Fig 2c). These results
suggest that ATM or ATR could be activated in this system. Proper ATRIP recruitment to sites
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Fig 2. Induction of ssDNA at human telomeres. (a) Schematic description of the experimental setup, with or without 8h treatment of 10 uyM ATR
inhibitor. (b) Specific colocalization of sgTelomere FLAG-dCas9 with RPA70 (upper panel), RPA32 pS33 (middle panel) and ATRIP (bottom panel).
(c) Quantification of cells according to foci colocalization observed in (b). RPA70, ATRIP, and RPA32 phosphorylated at S33 colocalized with
sgTelomere FLAG-dCas9 in approximately 72%, 55%, and 63% of all counted cells. A total number of 120 cells per condition were counted. (d)
Quantification of cells according to foci colocalization with or without treatment with 10 uM ATR inhibitor (ATRi). There was no significant effect on
RPA recruitment to ssDNA (86% versus 72% without ATRIi, p = 0.10), or on ATRIP recruitment to ssDNA (58% versus 55% without ATRi, p = 0.83).
However, there is a significant decrease (from 63% to 38%) in the number of RPA32-pS33 foci colocalizing with FLAG-dCas9 (p<0.008). A total
number of 35 cells per condition were counted. (e) Quantification of TRF1-foci-positive cells showing RPA70 colocalization. Untransfected, sgControl-
, and sgTelomere-transfected cells showed, respectively, 5%, 4%, and 50% colocalization. A total number of 100 cells were counted (p<0.00001).

doi:10.1371/journal.pone.0169126.g002
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of replication stress requires association between ATRIP and ATR [15, 16]. However, it has
been shown that cells treated with the ATR inhibitor VE-821 still showed camptothecin-
induced RPA32 foci, confirming that ATR function is not essential for DNA resection and
subsequent RPA recruitment [17]. In order to validate these functional relationships in the
CRISPR-dCas9 telomeric ssDNA model, we therefore repeated the above experiments in the
presence of 10 uM of the ATR inhibitor VE-821 (Fig 2a and 2d). After an 8-hour treatment
with the ATR inhibitor, we observed no marked effect on RPA recruitment to ssDNA, as
expected, but we did observe a net decrease (from 63% to 38%) in the number of RPA32-pS33
foci colocalizing with sgTelomere-FLAG-dCas9. There was no notable difference in the frac-
tion of highly colocalizing ATRIP foci (Fig 2d). We did not expect the latter to be significantly
affected by the ATR inhibitor, since ATRIP recruitment to ssDNA has been shown to be inde-
pendent of ATR [18].

In order to verify that indeed RPA foci formation corresponded to telomeric recruitment,
we analyzed colocalization of RPA70 and TRF1 in untransfected, sgControl-, and sgTelomere-
transfected cells. To this end, we counted the number of TRF1-foci-positive cells that showed
RPA70 colocalization. Untransfected, sgControl-, and sgTelomere-transfected cells showed,
respectively, 5%, 4%, and 50% colocalization between RPA70 and TRF1 (Fig 2e).

Involvement of DNA repair pathways

Via its interaction with Rad51 as well as other DNA repair proteins, the Bloom helicase (BLM)
has been shown to play an important role in recombinational repair [19-21]. To investigate
whether our ssDNA model triggered a DNA repair response, we probed for the nuclear locali-
zation of BLM and Rad51 by immunofluorescence and observed high colocalization of both
proteins with sgTelomere-FLAG-dCas9 (Fig 3a and 3b). It is worth noting that RPA itself also
interacts with various proteins involved in DNA repair and checkpoint responses, including
Rad51 [22] and the Bloom helicase [21]. No colocalization was observed with gamma-H2AX
or RecQL4, however. This is not surprising, given the fact that gamma-H2AX is a marker of
double-stranded DNA breaks [23, 24], and that RecQL4, also, has not been linked specifically
to ssDNA [25, 26].

Presence of ssDNA in G1 cells

We performed Fluorescence Activated Cell Sorting (FACS) assays to investigate potential
alterations in cell cycle progression in the presence of induced ssDNA. Using the separately
translated GFP marker, we could selectively analyze those cells that were transfected with
sgRNA-FLAG-dCas9 constructs. In asynchronous cell cultures, we observed a high fraction of
cells in G1 in the populations of both the sgTelomere (81.3%) and the sgControl (69.2%) trans-
fected cells (GFP positive fraction, Fig 4a). The fraction of GFP-negative cells in the G1 phase
of the cell cycle was also high (60.9%). Similar results were obtained by monitoring incorpo-
ration of 5-ethynyl-2’-deoxyuridine (EdU), as a marker for DNA replication, in the cells
expressing sgControl- and sgTelomere-FLAG-dCas9 (Fig 4b and 4c). These observations indi-
cate that our system allows us to generate ssDNA even in non-replicating cells and, therefore
the CRISPR-dCas9 system can serve as a model to study aspects of DNA replication stress,
namely the presence of regions of ssDNA, even in a G1 setting.

We also treated cells with rapamycin (20ng/mL), in order to investigate whether G1 syn-
chronization would lead to similar results observed with asynchronous U20S cultures. RPA70
and TRF1 colocalization in untransfected, sgControl-, and sgTelomere-transfected cells was
similar with and without rapamycin (Figs 4d and 2e). The effect of 18hr-rapamycin treatment,
namely an enrichment of the G1 fraction as previously reported for the same conditions [27],
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Fig 3. Involvement of DNA repair pathways. (a) Specific colocalization of sgTelomere FLAG-dCas9 with

Bloom helicase (upper panel), Rad51 (second panel), gamma-H2AX (third panel), and RecQL4 (bottom

panel). (b) Quantification of cells according to foci colocalization observed in (a). In nearly all cells, FLAG-

dCas9 colocalized with Bloom helicase (95%) and Rad51 (93%). No colocalization was observed with
gamma-H2AX or RecQL4. A total number of 100 cells were counted (p<0.00001).

doi:10.1371/journal.pone.0169126.9003
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ssDNA sites, respectively. (a) A higher G1 population in sgTelomere (81.3%) versus sgControl (69.2%) was observed in transfected cells (upper
panel, GFP positive fraction). The bottom panel describes the GFP negative fraction and serves as an internal control. (b) EdU incorporation assay
showing an example of EdU positive or negative cell, co-stained with FLAG antibody. (c) Quantification of cells according to the presence or
absence of EdU incorporation as determined in (b). A high proportion (approx. 80%) of FLAG-positive cells did not incorporate EdU, versus only
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60% of untransfected cells. A total number of 100 cells were counted (p = 0.002). (d) Quantification of TRF1-foci-positive cells showing RPA70
colocalization after 18hr rapamycin treatment. Untransfected, sgControl-, and sgTelomere-transfected cells showed, respectively, 3%, 6%, and
47% colocalization. A total number of 100 cells were counted (p<0.00001). (e) Cell cycle profile of asynchronous U20S cells, versus cells treated
with 20 ng/mL rapamycin for 18 hours. An enrichment of the G1 fraction is observed. (f) Colocalization of TRF1 with sgTelomere FLAG-dCas9 foci
in untreated cells (85% of counted cells) or cells treated with 20 ng/mL rapamycin for 18 hours (92% of counted cells). A total number of 100 cells
were counted (p = 0.12). (g) Schematic depiction of a potential mechanism of sgRNA dCas9 binding to telomeric repeats in an almost uninterrupted
manner, generating a string of ssDNA.

doi:10.1371/journal.pone.0169126.g004

is shown in Fig 4e. We also found out that the fraction of sgTelomere-FLAG colocalizing with
TRF1 was practically unchanged with or without rapamycin treatment (Fig 4f). These results
were expected given that asynchronous U20S cells were observed to be mostly in G1, as dis-
cussed above.

Discussion

Using the modified CRISPR-dCas9 system, an established platform for visualization of geno-
mic sequences [6], we hereby show that it also provides a potential tool to study the DNA dam-
age response (DDR), namely replication stress as represented by induced ssDNA. For technical
reasons, our studies have solely focused on monitoring the response to telomeric ssDNA, but
this of course does not preclude the potential application on any genomic sequence of interest.
Specific localization of dCas9 to telomeres with sgRNA was accompanied by recruitment of the
ssDNA-binding protein complex RPA to specific foci that highly colocalized with ATRIP, the
BLM helicase and to a slightly lesser extent with Rad51. Immunofluorescence, cell cycle and
EdU incorporation assays together provide evidence of the presence of ssDNA even in G1
phase cells.

Given that telomeres consist almost entirely of tandem TTAGGG repeats, the telomeres in
our study could be bound almost uninterrupted by sgRNA-dCas9, giving rise to a along, con-
tinuous stretch of ssDNA (Fig 4g). Alternatively, we can also imagine other scenarios where
genomic repeats that are more spaced apart would be targeted. This would result in multiple,
distinct ssDNA sites, as opposed to a continuous stretch of ssDNA. Along the same line, yet
another option would be to explore a single genomic site, instead of multiple telomeric repeats,
and to determine whether there is a minimum threshold of ssDNA sites, below which no phe-
notype is observed.

The ability to induce the generation of ssDNA in all phases of the cell cycle, should allow
one to dissect the multitude of cellular responses to DNA replication stress. Specifically, one
can study the recruitment of ssDNA-binding proteins, such as RPA, in cells in G1. The recruit-
ment of ATRIP in our system and the phosphorylation of RPA32 on Ser33 indicate that, even
in GI, cells activate an ATR-dependent checkpoint response to the presence of ssDNA. Fur-
ther, the recruitment of the BLM helicase and Rad51 indicate an attempt to repair this genomic
lesion. We expect future studies of this system to fine tune specific locus recognition and to
enable further exploration of replication stress responses, as generated by ssDNA with particu-
lar sequence specificities.

Materials and Methods
Plasmid construction

The plasmid containing the inactivated Cas9 gene (dCas9) flanked with N-terminal 3XFLAG
and C-terminal GFP tags was constructed using pSpCas9(BB)-2A-GFP (addgene, plasmid
#48138). The D10A and H840A mutations were introduced using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene). To enhance localization to telomeres as previously
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described (Chen et al., 2013), we used site-directed mutagenesis to obtain the A-U base flip in
the sgRNA stem loop, and nested PCR to extend the dCas9-binding hairpin (UGCUG exten-
sion). Finally, we ligated annealed oligonucleotides into the Bbs1-restricted plasmid in order
to obtain the telomeric and MUC4-E3 sgRNA sequences described in Chen et al (2013).

Cell culture and transfection

U20S cells (ATCC) were cultured in Dulbecco’s modified Eagle media (DMEM) (Gibco,
11960) supplemented with 10% FBS (Gibco, 10500) and 1X penicillin-streptomycin-glutamine
(Gibco, 10378). For transfection, cells were split onto 18 mm coverslips inside 12-well plates
(IF) (100,000 cells per well), or 10 cm dishes (FACS) (500,000 cells per dish). The next day, per
100,000 cells, 0.5 pg of each plasmid was added to a 50 pl volume of OPTI-MEM I (Gibco,
31985); FuGENE HD (Roche, 04709713001) transfection reagent was subsequently added

(1.5 pl per 0.5 pg DNA). After incubation at room temperature for 25 min, this mixture was
added to the cells. The ATR inhibitor VE-821 was used at 10 uM for 8 hours.

FACS assays

GFP and propidium iodide (PI) signals were recorded from cells harvested 48 hours after
transfection. PI staining was done at 5 ug/mL for one hour at room temperature. Cells were
sorted on a Beckman Coulter Gallios Flow Cytometer, by the following emission wavelengths:
525 nm (GFP) and 625 nm (PI).

EdU incorporation assays

EdU was added to the medium at a concentration of 10 uM, 2 hours before fixing the cells for
immunofluorescence staining.

Immunofluorescence

Cells were fixed 24 hours after transfection. Fixed cells were processed for immunofluores-
cence. The following antibodies were used: anti-FLAG (Sigma, F7425 or F1804), anti-RPA70
(Cell Signaling, 2267), anti-RPA32 pS33 (Abcam, ab87278), anti-BLM (Santa Cruz, SC-7790),
anti-Rad51 (Santa Cruz SC-8349), anti-RecQL4 (Abcam, ab34800), anti-gamma H2AX (Cell
Signaling, 2577), and anti-TRF1 (Santa Cruz, SC-6165). Primary antibodies were diluted
1:1000, except the in-house ATRIP antibody, which was diluted 1:20. Secondary antibodies
(Alexa Fluor, Invitrogen) were diluted 1:2000.

Imaging

Fluorescence images were acquired using a Zeiss AXIO Imager M.1 upright microscope,
equipped with filter sets for DAPI, GFP and RFP (Chroma) and an X-Cite series 120 mercury
vapour short arc light source (Lumen Dynamics). Images were captured with an ORCA-ER
camera (Hamamatsu). An EC Plan-NEOFLUAR x 40/1.3 oil immersion objective was used for
imaging of fixed cells. For data processing, the Image] (NIH) distribution FIJI was used.
Images were enhanced by background subtraction, and linear adjustment of the image bright-
ness and contrast.

Supporting Information

S1 File. Data values are available in the Data.xls file.
(XLSX)

PLOS ONE | DOI:10.1371/journal.pone.0169126  January 3, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169126.s001

@° PLOS | ONE

ssDNA Responses in G1 Human Cells via a Telomere-Targeted, Nuclease-Deficient CRISPR-Cas9 System

Author Contributions
Conceptualization: RPC TDH.
Data curation: RPC OZ.
Formal analysis: RPC OZ.
Funding acquisition: TDH.
Investigation: RPC OZ.
Methodology: RPC OZ.
Project administration: TDH.
Resources: RPC OZ TDH.
Supervision: TDH.
Validation: RPC OZ TDH.
Visualization: RPC OZ TDH.
Writing - original draft: OZ.
Writing - review & editing: RPC OZ TDH.

References

1.

10.

11.

12

Macheret M. and Halazonetis T.D. DNA replication stress as a hallmark of cancer. Annu Rev Pathol.
10, 425-448 (2015). doi: 10.1146/annurev-pathol-012414-040424 PMID: 25621662

Dereli- Oz A., Versini G., and Halazonetis T.D. Studies of genomic copy number changes in human can-
cers reveal signatures of DNA replication stress. Mol Oncol. 5, 308-314 (2011). doi: 10.1016/j.molonc.
2011.05.002 PMID: 21641882

Taylor E M. and Lindsay H.D. DNA replication stress and cancer: cause or cure? Future Oncology
12,221-237 (2016).

Mufioz S. and Mendez J. DNA replication stress: from molecular mechanisms to human disease. Chro-
mosoma (2016).

Boyer A S., Walter D., and Sgrensen C.S. DNA replication and cancer: From dysfunctional replication
origin activities to therapeutic opportunities. Semin Cancer Biol. 37— 38, 16-25 (2016).

Chen B. Gilbert L.A., Cimini B.A., Schnitzbauer J., Zhang W., Li G.W., et al. Dynamic imaging of geno-
mic loci in living human cells by an optimized CRISPR/Cas system. Cell 155, 1479-91 (2013). doi: 10.
1016/j.cell.2013.12.001 PMID: 24360272

Jinek M., Chylinski K., Fonfara I., Hauer M., and Doudna J.A., Charpentier E. A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816-821 (2012). doi: 10.
1126/science.1225829 PMID: 22745249

Ann Ran F., Hsu P.D., Wright J., Agarwala V., Scott D.A., and Zhang F. Genome engineering using the
CRISPR-Cas9 system. Nature Protocols 8,2281-2308 (2013). doi: 10.1038/nprot.2013.143 PMID:
24157548

Deng W., Shi X., Tjian R., Lionnet T., and Singer R.H. CRISPR/Cas9-mediated in situ labeling of geno-
mic loci in fixed cells. Proc. Natl Acad. Sci. USA 112, 11870-5 (2015). doi: 10.1073/pnas.1515692112
PMID: 26324940

Maréchal A. and Zou L. RPA-coated single-stranded DNA as a platform for post-translational modifica-
tions in the DNA damage response. Cell Res. 25, 9-23 (2015). doi: 10.1038/cr.2014.147 PMID:
25403473

Fan J. and Pavletich N.P. Structure and conformational change of a replication protein A heterotrimer
bound to ssDNA. Genes Dev 26, 2337-2347 (2012). doi: 10.1101/gad.194787.112 PMID: 23070815

Cimprich KA. and Cortez D. ATR: an essential regulator of genome integrity. Nat Rev Mol Cell Biol
9,616-627 (2008). doi: 10.1038/nrm2450 PMID: 18594563

PLOS ONE | DOI:10.1371/journal.pone.0169126  January 3, 2017 10/11


http://dx.doi.org/10.1146/annurev-pathol-012414-040424
http://www.ncbi.nlm.nih.gov/pubmed/25621662
http://dx.doi.org/10.1016/j.molonc.2011.05.002
http://dx.doi.org/10.1016/j.molonc.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21641882
http://dx.doi.org/10.1016/j.cell.2013.12.001
http://dx.doi.org/10.1016/j.cell.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24360272
http://dx.doi.org/10.1126/science.1225829
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://dx.doi.org/10.1073/pnas.1515692112
http://www.ncbi.nlm.nih.gov/pubmed/26324940
http://dx.doi.org/10.1038/cr.2014.147
http://www.ncbi.nlm.nih.gov/pubmed/25403473
http://dx.doi.org/10.1101/gad.194787.112
http://www.ncbi.nlm.nih.gov/pubmed/23070815
http://dx.doi.org/10.1038/nrm2450
http://www.ncbi.nlm.nih.gov/pubmed/18594563

o ®
@ : PLOS | ONE ssDNA Responses in G1 Human Cells via a Telomere-Targeted, Nuclease-Deficient CRISPR-Cas9 System

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Flynn R L. and Zou L. ATR: a master conductor of cellular responses to DNA replication stress. Trends
Biochem Sci. 36, 133—40 (2011). doi: 10.1016/}.tibs.2010.09.005 PMID: 20947357

Zou L. and Elledge S.J. Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes.
Science 300, 1542—8 (2003). doi: 10.1126/science.1083430 PMID: 12791985

BallH L., Myers J.S., and Cortez D. ATRIP binding to replication protein A-single-stranded DNA pro-
motes ATR-ATRIP localization but is dispensable for Chk1 phosphorylation. Mol. Biol. Cell. 16, 2372—
2381 (2005). doi: 10.1091/mbc.E04-11-1006 PMID: 15743907

BallH L. and Cortez D. ATRIP oligomerization is required for ATR-dependent checkpoint signaling. J
Biol Chem. 280, 31390—6 (2005). doi: 10.1074/jbc.M504961200 PMID: 16027118

Shiotani B., Nguyen H.D., Hakansson P., Maréchal A., Tse A., Tahara H. et al. Two Distinct Modes of
ATR Activation Orchestrated by Rad17 and Nbs1. Cell Rep. 3, 1651-62 (2013). doi: 10.1016/j.celrep.
2013.04.018 PMID: 23684611

Itakura E., Umeda K., Sekoguchi E., Takata H., Ohsumi M., and Matsuura A. ATR-dependent phos-
phorylation of ATRIP in response to genotoxic stress. Biochem Biophys Res Commun. 323,1197-202
(2004). doi: 10.1016/j.bbrc.2004.08.228 PMID: 15451423

Chu W K. and Hickson |.D. RecQ helicases: multifunctional genome caretakers. Nat. Rev. Cancer
9,644-54 (2009). doi: 10.1038/nrc2682 PMID: 19657341

Wu L., Davies S.L., Levitt N.C., and Hickson |.D. Potential role for the BLM helicase in recombinational
repair via a conserved interaction with RAD51. J. Biol. Chem. 276, 19375-81 (2001). doi: 10.1074/jbc.
M009471200 PMID: 11278509

Brosh R M. Jr., Li J.L., Kenny M.K., Karow J.K., Cooper M.P., Kureekattil R.P. et al. Replication protein
A physically interacts with the Bloom’s syndrome protein and stimulates its helicase activity. J. Biol.
Chem. 275, 235008 (2000). doi: 10.1074/jbc.M001557200 PMID: 10825162

Stauffer M E. and Chazin W.J. Physical interaction between replication protein A and Rad51 promotes
exchange on single-stranded DNA. J Biol Chem 279, 25638-45 (2004). doi: 10.1074/jbc.M400029200
PMID: 15056657

Fernandez-Capetillo O., Celeste A., and Nussenzweig A. Focusing on foci: H2AX and the recruitment
of DNA-damage response factors. Cell Cycle. 2, 426—7 (2003). PMID: 12963833

Celeste A., Fernandez-Capetillo O., Kruhlak M.J., Pilch D.R., Staudt D.W., Lee A. et al. Histone H2AX
is dispensable for the initial recognition of DNA breaks. Nat. Cell. Biol. 5, 6759 (2003). doi: 10.1038/
ncb1004 PMID: 12792649

Lu H., Shamanna R.A., Keijzers G., Anand R., Rasmussen L.J., Cejka P. et al. RecQL4 promotes DNA
end resection in repair of DNA double-strand breaks. Cell Rep. 16, 161-73 (2016). doi: 10.1016/j.
celrep.2016.05.079 PMID: 27320928

Singh D K., Karmakar P., Aamann M., Schurman S.H., May A., Croteau D.L. et al. The involvement of
human RecQL4 in DNA double-strand break repair. Aging Cell. 9, 358—71 (2010). doi: 10.1111/j.1474-
9726.2010.00562.x PMID: 20222902

Fingar D C., Richardson C.J., Tee A.R., Cheatham L., Tsou C., and Blenis J. mTOR Controls Cell Cycle
Progression through Its Cell Growth Effectors S6K1 and 4E-BP1/Eukaryotic Translation Initiation Factor
4E. Mol. Cell. Biol. 24,200-216 (2004). doi: 10.1128/MCB.24.1.200-216.2004 PMID: 14673156

PLOS ONE | DOI:10.1371/journal.pone.0169126  January 3, 2017 11/11


http://dx.doi.org/10.1016/j.tibs.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20947357
http://dx.doi.org/10.1126/science.1083430
http://www.ncbi.nlm.nih.gov/pubmed/12791985
http://dx.doi.org/10.1091/mbc.E04-11-1006
http://www.ncbi.nlm.nih.gov/pubmed/15743907
http://dx.doi.org/10.1074/jbc.M504961200
http://www.ncbi.nlm.nih.gov/pubmed/16027118
http://dx.doi.org/10.1016/j.celrep.2013.04.018
http://dx.doi.org/10.1016/j.celrep.2013.04.018
http://www.ncbi.nlm.nih.gov/pubmed/23684611
http://dx.doi.org/10.1016/j.bbrc.2004.08.228
http://www.ncbi.nlm.nih.gov/pubmed/15451423
http://dx.doi.org/10.1038/nrc2682
http://www.ncbi.nlm.nih.gov/pubmed/19657341
http://dx.doi.org/10.1074/jbc.M009471200
http://dx.doi.org/10.1074/jbc.M009471200
http://www.ncbi.nlm.nih.gov/pubmed/11278509
http://dx.doi.org/10.1074/jbc.M001557200
http://www.ncbi.nlm.nih.gov/pubmed/10825162
http://dx.doi.org/10.1074/jbc.M400029200
http://www.ncbi.nlm.nih.gov/pubmed/15056657
http://www.ncbi.nlm.nih.gov/pubmed/12963833
http://dx.doi.org/10.1038/ncb1004
http://dx.doi.org/10.1038/ncb1004
http://www.ncbi.nlm.nih.gov/pubmed/12792649
http://dx.doi.org/10.1016/j.celrep.2016.05.079
http://dx.doi.org/10.1016/j.celrep.2016.05.079
http://www.ncbi.nlm.nih.gov/pubmed/27320928
http://dx.doi.org/10.1111/j.1474-9726.2010.00562.x
http://dx.doi.org/10.1111/j.1474-9726.2010.00562.x
http://www.ncbi.nlm.nih.gov/pubmed/20222902
http://dx.doi.org/10.1128/MCB.24.1.200-216.2004
http://www.ncbi.nlm.nih.gov/pubmed/14673156

