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Abstract

Genomic DNA is constantly exposed to a variety of genotoxic stresses, and it is crucial for

organisms to be equipped with mechanisms for repairing the damaged genome. Previously,

it was demonstrated that the mammalian CST (CTC1-STN1-TEN1) complex, which was

originally identified as a single-stranded DNA-binding trimeric protein complex essential for

telomere maintenance, is required for survival in response to hydroxyurea (HU), which

induces DNA replication fork stalling. It is still unclear, however, how the CST complex is

involved in the repair of diverse types of DNA damage induced by oxidizing agents such as

H2O2. STN1 knockdown (KD) sensitized HeLa cells to high doses of H2O2. While H2O2

induced DNA strand breaks throughout the cell cycle, STN1 KD cells were as resistant as

control cells to H2O2 treatment when challenged in the G1 phase of the cell cycle, but they

were sensitive when exposed to H2O2 in S/G2/M phase. STN1 KD cells showed a failure of

DNA synthesis and RAD51 foci formation upon H2O2 treatment. Chemical inhibition of

RAD51 in shSTN1 cells did not exacerbate the sensitivity to H2O2, implying that the CST

complex and RAD51 act in the same pathway. Collectively, our results suggest that the CST

complex is required for maintaining genomic stability in response to oxidative DNA damage,

possibly through RAD51-dependent DNA repair/protection mechanisms.

Introduction

The CST (CTC1-STN1-TEN1) complex is a hetero-trimeric, single-stranded DNA (ssDNA)

binding protein complex. The first reports on the CST complex date back to a series of in vitro
studies conducted in 1990, which showed that the complex (then called AAF for Alpha Acces-

sory Factor) stimulates DNA polymerase α (pol α)/primase activities on ssDNA templates [1,

2]. Twenty years later, it was “rediscovered” as a telomere maintenance factor [3, 4]. Since

then, its roles in the replication, protection, and length regulation of telomeres have been

extensively studied [5–7]. These biological functions of CST at telomeres are thought to be

mediated by two molecular functions: 1) ssDNA binding by oligonucleotide/oligosaccharide-

binding (OB) fold domains [8]; and 2) recruitment and/or stimulation of DNA pol α/primase

using templates of exposed ssDNA [4, 5, 9, 10]. Each of the three CST subunits have OB folds,
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which are structurally similar to those found in RPA (Replication protein A), a trimeric

ssDNA-binding protein complex that plays a pivotal role in DNA metabolism, including repli-

cation, repair, and recombination [11, 12]. Whereas RPA is well known to exhibit little

sequence preference, in vitro studies produced conflicting results concerning a proposed

sequence preference of the CST complex: several reports showed a modest preference for GC-

rich sequences while others did not [3, 5, 13–15]. Lagging strand synthesis by DNA pol α/pri-

mase is necessary to avoid telomere attrition caused by the “end replication problem”. The

physical interaction between CST and DNA pol α is believed to be the basis of the efficient rep-

lication at the very ends of the chromosomes [16–18].

Our early work, involving immunofluorescence (IF) experiments in human cells, demon-

strated that not all STN1 foci colocalized with telomeres, hinting at non-telomeric functions of

CST [3]. Indeed, a growing amount of evidence now suggests that CST contributes to the

integrity of the entire genome, and its role is not limited to telomere maintenance. Depletion

of the CST complex in human cells did not affect cell cycle progression in normal conditions,

but inhibited replication fork restart after hydroxyurea (HU) treatment [19]. HU depletes the

dNTP pool, thereby inhibiting DNA replication fork progression. DNA fiber assays revealed

that after the HU treatment, shSTN1 cells exhibited a reduced frequency of late/dormant ori-

gin firing [19]. It is known that late/dormant origins contribute to rescuing stalled replication

forks [20, 21]. It was proposed that the CST complex contributes to late/dormant origin firing

by recruiting and/or stimulating DNA pol α/primase at the origins [22]. In a ChIP-seq study,

CST was found to be localized to repetitive and GC-rich sequences throughout the genome in

response to HU treatment [23]. CST-targeted loci were frequently colocalized with abnormali-

ties (e.g. breakage, loss, and aberrant sister chromatid cohesion) in FISH (Fluorescence in situ

hybridization) signals, suggesting that CST binds to fragile sites in the genome to prevent and/

or repair DNA damage induced by compromised replication. Indeed, it was reported that

rDNA arrays were unstable in the absence of the orthologous CST complex in fission yeast

[24]. Replication fork stalling can lead to formation of ssDNA due to the halting of lagging

strand synthesis, and RPA and RAD51 bind to such exposed ssDNA [reviewed in 25]. RAD51

is a key protein in homologous recombination (HR), where it forms nucleoprotein filaments

along the exposed ssDNA prior to strand invasion of double-stranded template DNA

[reviewed in 26]. In the context of replication fork stalling, RAD51 promotes fork reversal and

protects the reversed fork structures, facilitating strand invasion for fork restart [20, 27]. Sev-

eral reports demonstrated physical interactions between CST and RAD51, suggesting that CST

recruits RAD51 to the stalled replication sites [23, 28]. The interaction was shown to be ATR

dependent; thus, the CST response to replication stress is likely controlled by the DNA dam-

age/replication checkpoint [23]. Another recent in vitro study demonstrated that CST binds

specifically to unique ss/dsDNA structures that resemble a reversed replication fork, thereby

protecting it from degradation by MRE11 nuclease [29]. The study showed that the amount of

MRE11 bound to stalled forks increased in CST deficient cells, again consistent with the notion

that an important in vivo function of CST is to stabilize stalled forks. Taken together, an

emerging picture is that the CST complex preserves genomic integrity when cells are exposed

to replication stress.

While the roles of the CST complex in the recovery from replication stress induced by HU

have been extensively studied, the potential involvement of CST in the response to other geno-

toxic reagents still remains under investigated. In this work, we investigated phenotypes of

shSTN1 cells exposed to a high dose of hydrogen peroxide (H2O2), which potentially induces

SSBs (DNA single-strand breaks) and DSBs (DNA double-strand breaks). We confirmed that

500 μM of H2O2 induced DSBs independently of DNA replication using the neutral comet

assay and IF detection of γ-H2AX, and demonstrated that shSTN1 cells were sensitive to that

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 2 / 25

M.); JST, PRESTO Grant Number JPMJPR2289 (to

T.M.); JSPS Core-to-Core Program (Grant Number

JPJSCCA20200009)." JSPS: Japan Society for the

Promotion of Science https://www.jsps.go.jp/

english/ AMED: Japan Agency for Medical

Research and Development https://www.amed.go.

jp/en/index.html JST: Japan Science and

Technology Agency https://www.jst.go.jp/EN/ The

funders had no role in study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0289304
https://www.jsps.go.jp/english/
https://www.jsps.go.jp/english/
https://www.amed.go.jp/en/index.html
https://www.amed.go.jp/en/index.html
https://www.jst.go.jp/EN/


dose of H2O2. Cell synchronization experiments revealed that cells in S phase were particularly

vulnerable to H2O2 while those at the G1/S boundary were insensitive to H2O2 even in the

absence of STN1. We further showed that RAD51 accumulation was inhibited in the shSTN1
cells treated with H2O2. These results suggest that the CST complex is required for RAD51-de-

pendent DNA repair/protection particularly in S phase.

Materials and methods

Cell lines, culture conditions, and reagents

HeLa 1.2.11, HEK293T and U2OS cell lines were maintained at 5% CO2 and 37˚C in Dulbec-

co’s Modified Eagle Medium (DMEM) (Nissui, Tokyo, Japan) supplemented with 10% fetal

bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund, Germany), 1.92 mM L-glutamine

(Sigma-Aldrich, St. Louis, MO, United States), 0.144% NaHCO3, 100 U/mL penicillin (Sigma-

Aldrich) and 100 μg/mL streptomycin (Sigma-Aldrich). The VenorGeM Classic Mycoplasma

Detection Kit (Sigma-Aldrich) was used to confirm that the cells were free of mycoplasma.

Hydrogen peroxide (H2O2) (FUJIFILM Wako Pure Chemical, Osaka, Japan) diluted in

water, hydroxyurea (HU) (Sigma-Aldrich) diluted in water, Etoposide (Sigma Aldrich) and

RAD51 inhibitor B02 (Cayman Chemical Company, Ann Arbor, MI, United States) in DMSO

(Nacalai, Kyoto, Japan), and Mimosine (Cayman Chemical Company) in Phosphate-Buffered

Saline (PBS) (Nissui) were added to culture media at concentrations indicated in each figure

legend.

Gene knockdown by shRNA

To construct shRNA-expressing plasmids for gene knockdowns, an annealed double-stranded

synthesized DNA fragment containing the shRNA targeting sequence was inserted into the

NotI and AgeI sites of a digested pLKO.1 vector (Sigma-Aldrich) using DNA Ligation Kit

Mighty Mix (TaKaRa Bio, Shiga, Japan) at 15˚C for 3–4 hours. E. coli XL1-Blue cells were

transformed with the ligation products and plated on Luria Broth (LB) agar plates containing

50 μg/mL ampicillin. The inserted sequences were confirmed by sequencing from the U6 pro-

moter sites. The parental pLKO.1 plasmid was utilized for the construction of a control cell

line via lentiviral infection. shRNA sequences used are as follows: CTC1 5’-
CAGGGAAATGACGACAATGAT-3’ [19]; STN1 5’-CAGCTTAACCTCACAACTTAA-3’;

STN1#2 5’-CACTGGAGTTATAAACTGCAT-3’ [6, 23, 30]. Plasmids for transfection were

purified using a GenElute HP Plasmid Midiprep Kit (Sigma-Aldrich).

To package lentiviral constructs, HEK293T cells were seeded in a 6-well plate at 2 x 105 cells

per well, with 2 mL of DMEM per well. Two days later, the cells were co-transfected with 4 μg

plasmid DNA (2 μg of shRNA vector, 1 μg of pCAG-HIV gp, and 1 μg of

pCMV-VSV-G-RSV-Rev) using 8 μg of 1 mg/mL transfection grade linear polyethylenimine

hydrochloride (MW 40,000) (PEI-MAX-40K) (Polysciences, Warrington, PA, United States)

in 1 mL of Opti-MEM. After overnight incubation, the culture medium was replaced with 3

mL of fresh DMEM. Approximately 48 hours post-transfection, the culture supernatant con-

taining viral particles was harvested and filtered through a 0.45 μm polyethersulfone (PES) fil-

ter (Merck Millipore, Billerica, MA, United States). The supernatant was stored at -80˚C until

use.

To construct the constitutive knockdown cell lines for each assay, HeLa or U2OS cells were

plated in a 6-well plate at 2 x 105 cells per well. Two days later, the medium was replaced with

medium containing the viral particles diluted 6-fold in fresh DMEM with 8 μg/mL polybrene

(Sigma-Aldrich). After a 24-hour incubation, the culture medium was replaced with fresh
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DMEM containing 1 μg/mL puromycin (Sigma-Aldrich). After two days of drug-selection,

cells were passaged and incubated an additional 2 days before the start of each assay.

RNA extraction, reverse transcription, and qPCR

The shRNA expressing HeLa cells were plated in a 6-well plate at 2 x 105 cells per well. After 2

days, the cells were washed with 1x PBS, and then 0.9 mL of TRIzol reagent (Thermo Fisher

Scientific, Waltham, MA, United States) was added directly to each well. RNA extraction was

performed according to the manufacturer’s instructions. One microgram of total RNA was

used as a template in a reverse transcription reaction to synthesize cDNA, using an RNA PCR

kit (TaKaRa Bio) according to the manufacturer’s protocol. The synthesized cDNA was quan-

tified by quantitative PCR (qPCR) using a StepOne- Plus™ Real-Time PCR System (Thermo

Fisher Scientific) and Luna Universal qPCR Master Mix (NEW ENGLAND BioLabs, Ipswich

MA, United States). Primers used for qPCR are as follows: CTC1 (forward 5’-
TGGCTCTTCAGTCCGCTGGTTT-3’, reverse 5’-AACTCCAGAGGACGCCG-3’); STN1 (for-

ward 5’-GAGATTCATGCCACCGCTTAC-3’, reverse 5’-GCGCCTGGATTGCTTAGTG-3’)

[19]; GAPDH (forward 5’-CCTGCACCACCAACTGCTTAG-3’, reverse 5’-
GGTCATGAGTCCTTCCACGATAC-3’).

Viability assay

HeLa cells were plated on a 6-cm tissue culture dish at 2.5 x 105 cells per dish and incubated

for 2 days prior to H2O2 treatment (Fig 1B). Cells were exposed to H2O2 (0–500 μM) for 2

hours, and then incubated for 2 days without H2O2. Finally, both adherent and floating cells

were harvested by trypsinization and centrifugation. The collected cells were resuspended in

an equal volume of PBS containing 0.4% trypan blue. A Countess automated cell counter

(Thermo Fisher Scientific) was used to quantify trypan blue positive and negative cells.

To measure cell viability after mimosine treatment (Fig 4), cells were seeded on a 10-cm tis-

sue culture dish at 5 x 105 cells (for mimosine treatment) or 2.5 x 105 cells (for non-treatment

control) per dish, incubated for 2 days, and then treated with mimosine (500 μM, final concen-

tration) for 23 hours. Cells were either released to enter S phase by replacing the medium with

fresh medium lacking mimosine, then were treated with H2O2, or they were treated with H2O2

in the presence of mimosine. Details are provided in the legend for Fig 4A.

To estimate cell viability by Propidium Iodide (PI) staining (S2 Fig), HeLa cells were plated

on a 6-cm tissue culture dish and collected according to the protocol described above. The col-

lected cells were resuspended in PBS to a concentration of 5 x 105 cells/mL. After the addition

of Propidium Iodide (PI, Nacalai) to a final concentration of 2 μg/mL, the cell suspensions

were incubated for 15 min. Finally, PI fluorescence was analyzed using a BD Accuri C6 Plus

Flowcytometer and FlowJoV10 software (BD Biosciences).

Immunoblotting

HeLa cells were seeded on a 6-cm tissue culture dish at 2.5 x 105 cells per dish, incubated for 2

days as described above, treated with genotoxic reagents (H2O2 or Etoposide) as indicated in

each figure legend, and harvested by trypsinization and centrifugation (100×g, 4˚C, 5 min).

For detection of cytoplasmic proteins (Chk1, Phospho-Chk1 (Ser345), Chk2, Phospho-

Chk2 (Thr68) and α-Tubulin), the cells were treated with CSK buffer (10 mM PIPES (pH6.8),

300 mM sucrose, 150 mM NaCl, 3 mM MgCl2, 1 mM EGTA, 0.2 mg/mL phenylmethylsulfonyl

fluoride (PMSF), 1 mM dithiothreitol (DTT)) containing 1x Complete EDTA free (Roche,

Mannheim, Germany), PhosSTOP (Roche) and 0.1% (v/v) Triton X-100 [3] for 30 min on ice,

followed by centrifugation (20,400×g, 4˚C, 5 min). The protein concentration was determined
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Fig 1. STN1 suppression decreases cell viability upon hydrogen peroxide treatment. (A) Constitutive STN1 knockdown in HeLa cells was evaluated by

qRT-PCR and immunoblotting. STN1 RNA levels were normalized to GAPDH RNA levels. X-axis, cell lines. Y-axis, relative level of STN1 RNA normalized to the

KD control. Mean ± SEM (n = 4). The p-value for an unpaired t-test is shown. Histone H3, a loading control. (B) Viability assay of HeLa cells treated with the

indicated doses of H2O2 for 2 hours. Viability was measured 2 days after H2O2 treatment using the trypan blue staining method. Mean ± SEM (n = 3). Sub-lethal

doses of H2O2 (125 or 250 μM) did not change the viability significantly among replicates, leading to an apparent lack of SEM bars. The p-value for an unpaired t-
test is shown. (C) Immunoblotting experiments showing phosphorylated histone H2AX (γ-H2AX) in KD control and shSTN1 cells treated with 500 μM H2O2 in
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with Protein Assay Dye Reagent Concentrate (Bio-Rad, Richmond, CA, United States), and

adjusted to a standard concentration as necessary. The resultant protein extracts were dena-

tured with 3 x SDS sample buffer (150 mM Tris-HCl (pH 6.8), 30% (v/v) glycerol, 6% (w/v)

SDS, 18% (v/v) 2-mercaptoethanol, 0.01% (v/v) bromophenol blue) at 100˚C for 5 min. For

immunoblots of DNA binding proteins (RPA32, Phospho-RPA32 (S4/S8), STN1, Histone γ-

H2AX and Histone H3), equal numbers of cells per sample were subjected to cell lysis with

SDS lysis buffer (0.5% SDS, 10 mM HEPES (pH 8.5), 50 U Benzonase (Merck Millipore), and

2 mM MgCl2) [31] for 5 min on ice, followed by centrifugation (10,000×g, 4˚C, 5 min). The

supernatants were denatured with 3 x SDS sample buffer at 100˚C for 5 min.

The resultant protein extracts were separated by SDS-PAGE, then transferred onto Immo-

bilon-FL 0.45 μm pore polyvinylidene fluoride (PVDF) membranes (Merck Millipore). The

membranes were then incubated with 3% skim milk (MEGMILK SNOW BRAND Co.,Ltd.,

Tokyo, Japan) in Tris-NaCl-Tween (TNT) buffer (0.1 M Tris-HCl (pH 7.5), 150 mM NaCl,

0.1% Tween 20) or BlockingOne-P (Nacalai) for 1 hour. The membranes then were washed

with TNT buffer and incubated overnight at 4˚C with primary antibodies diluted in Can Get

Signal Immunoreaction Enhancer Solution 1 (TOYOBO, Osaka, Japan). The next day, the

membranes were washed with TNT buffer at room temperature for five minutes, four times,

and then incubated with secondary antibodies diluted in TNT buffer with 0.01% SDS for 1

hour at room temperature. Protein signals were detected using Chemi-Lumi One reagent

(Nacalai) with FUSION Solo S (Vilber-Lourmat, Marne-la-Vallee, France) or by an ODYSSEY

Infrared Imaging System (LI-COR, Lincoln, NE, United States). Signal intensities for protein

bands were quantified with ImageJ (Fiji).

Immunostaining

HeLa cells were grown on 15-mm coverslips (Matsunami Glass, Osaka, Japan) in 6-well plates

at 2 x 105 cells per well in DMEM and incubated for 2 days prior to H2O2 treatment. To

enhance the adhesion of U2OS cells to coverslips, the glass surface was precoated with a 1%

gelatin solution (FUJIFILM Wako Pure Chemical). After DNA damage induction, the cells

were washed with PBS three times and fixed with fixation buffer (PBS containing 3% parafor-

maldehyde (PFA, Nacalai or FUJIFILM Wako Pure Chemical), 2% Sucrose, and 0.5% Triton

X-100) for 30 min on ice [32]. The cells were then washed three times with PBS for five min-

utes at room temperature, permeabilized with 0.5% Triton X-100 in PBS for 5 min on ice,

washed four times with PBS for five minutes at room temperature, then blocked with 2% BSA

in PBS for 1 hour, followed by addition of the primary antibody. After washing three times,

the cells were incubated with appropriate secondary antibodies. The primary and secondary

antibodies were diluted in PBS containing 2% BSA, as indicated in S1 Table. The incubation

was carried out for 1 hour at room temperature, avoiding light. Finally, nuclei were counter-

stained with 4-,6-diamidino-2-phenylindole (DAPI) in PBS, and the coverslips were mounted

on a glass slide using VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame,

CA, United States). Images were captured with a DeltaVision Elite system (Cytiva, Marlbor-

ough, MA, United States) equipped with a 20x, 40x, or 60x objective lens. The images were

processed by SoftWoRx (Cytiva).

DMEM for 2 hours or 25 μM Etoposide in DMEM for 1 hour. Histone H3 was used as a loading control. (D) Immunoblotting experiments showing

phosphorylated Chk1 and Chk2. Cells were fixed at the indicated time points and subjected to immunoblotting experiments. GAPDH was used as a loading

control. * non-specific bands. (E) Protein bands shown in (C) and (D) were quantified and normalized to the values for KD controls that were treated with H2O2

for 2 hours.

https://doi.org/10.1371/journal.pone.0289304.g001
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To label newly synthesized DNA with 5-ethynyl-2’-deoxyuridine (EdU) or 5-bromo-2’-

deoxyuridine (BrdU), EdU was dissolved in DMEM to a concentration of 10 μM and incorpo-

rated into proliferating cells on cover slips for the times indicated in each respective figure leg-

end. Prior to DAPI-staining in the regular immunostaining procedure, Click-iT EdU staining

was performed according to the manufacturer’s instructions (Thermo Fisher Scientific). For

BrdU labelling, cells were cultured in media containing 20 μM BrdU for 10 min and then

washed twice with PBS. After permeabilization following the previous immunostaining proce-

dure, cells were rinsed with water, and then incubated with 2 M HCl at RT for 30 min to dena-

ture the DNA. Next, the denaturing buffer was neutralized with 1 M Tris base solution, and

the samples were washed with PBS. The samples were treated with 1x BlockAce (Sumitomo

Pharma Promo, Osaka, Japan) solution at RT for 30 min and then incubated overnight with

anti-BrdU antibody (#BMC9318; Roche; 1:400) diluted in PBS containing 0.2% Tween20 at

4˚C. After washing, the secondary anti-BrdU antibody in PBS containing 0.2% Tween20 was

applied. DAPI-staining was carried out following the previous immunostaining procedure.

Signal intensities for EdU and RAD51 foci and the number of foci in fluorescence micros-

copy images were analyzed using a set of custom groovy scripts with ImageJ (Fiji). Briefly,

DAPI images were segmented using a “Mexican Hat Filter” plug-in (https://imagej.nih.gov/ij/

plugins/mexican-hat/index.html), and nuclei were identified by a built-in “Analyze Particles”

function. After background subtraction (using a built-in “Subtract Background” function),

mean fluorescence intensity for γ-H2AX or EdU within each nucleus was quantified. To iden-

tify RAD51 foci, a built-in “Find Maxima” function was used.

Comet assay

Comet assays were carried out using a comet assay kit (Bio-Techne, Minneapolis, MN, United

States) according to the manufacturer’s instructions. Briefly, HeLa cells were seeded on a 6-cm

tissue culture dish at 2.5 x 105 cells per dish and incubated for 2 days prior to H2O2 treatment.

The cells were mixed with molten low-melting-point agarose and plated onto a comet slide.

The slides were placed flat in a humid chamber at 4˚C for gelation. For neutral comet assays,

slides were incubated in the lysis solution for 2 hours at 4˚C. Electrophoresis was carried out

in an electrophoresis tank (BIO CRAFT, Tokyo, Japan) filled with the neutral electrophoresis

buffer (100 mM Tris and 300 mM sodium acetate at pH 9.0) for 45 min at 4˚C. The gels on the

slides were then soaked in 7.5 M ammonium acetate and 95% ethanol, in that order, then

dried at room temperature overnight. For alkaline comet assays, slides were incubated in the

lysis solution (provided in the kit) overnight at 4˚C. Electrophoresis was carried out in an elec-

trophoresis tank filled with denaturing electrophoresis buffer (400 mM NaOH, 2 mM EDTA)

for 30 min at 4˚C. The gels were soaked in 70% ethanol, then dried on a heat plate set at 37˚C.

Finally, both types of samples, neutral and alkaline, were stained with SYBR Gold dye (Thermo

Fisher Scientific). Images were captured with a DeltaVison Elite system (Cytiva) equipped

with a 10x objective lens.

To analyze tail lengths of comets, ImageJ software was used. For alkaline comet assays, the

OpenComet plug-in [33] was used. For neutral comet assays, the length was measured manu-

ally from the center of the head region to the end of the tail region, where the signal intensity

reaches the background level along with the tail line.

Flow cytometry analysis

Flow cytometric immunofluorescence assays were performed as previously described [34].

Briefly, HeLa cells were plated on two 10-cm tissue culture dishes at 5 x 105 cells per dish and

incubated for 3 days prior to DNA damage induction (H2O2 or HU). After exposure to the
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genotoxic reagents at concentrations and durations described in the figure legends, cells were

harvested by trypsinization and fixed with PBS containing 1% PFA on ice for 15 minutes. The

fixed cells were subsequently permeabilized in 80% ethanol at -20˚C overnight. The cells were

immunostained with anti-γ-H2AX antibody (for 2 hours) and Alexa 488-conjugated second-

ary antibody (for 30 min). The antibodies were diluted in PBS containing 1% BSA before use.

Finally, genomic DNA was counterstained with 5 μg/mL Propidium Iodide (Nacalai), and

RNA was degraded by incubation with 0.1 mg/mL RNaseA (Nacalai). The cells were then ana-

lyzed by BD FACSAria III and FlowJoV10 (BD Biosciences).

To analyze cell cycle progression (S6C Fig), HeLa cells were collected in 15 mL tubes at the

indicated times after mimosine treatment according to the protocol described above (Viability

assay). The collected cell pellet was resuspended in 1 mL of PBS and fixed by adding 5 mL of

100% EtOH drop by drop while vortexing. The fixed cells were treated with 0.1 mg/mL RNa-

seA and stained with 50 μg/mL PI. The PI fluorescence signal was detected by a BD Accuri C6

Plus Flowcytometer and analyzed using FlowJoV10 software (BD Biosciences).

Antibodies list

Antibodies and working dilutions used in this study are listed in S1 Table.

Software and statistical analysis

Image processing was performed with Fiji (Fiji is just ImageJ v2.3.0/1.53f) [35]. Numerical

data organization and calculations were performed with Microsoft Excel for Mac. Unpaired t-
tests and Mann-Whitney U tests were carried out using GraphPad Prism software (version 6)

for Mac OS (GraphPad Software, San Diego, CA, United States). The Anderson-Darling test

was carried out using the ‘ad.test’ function in the ‘nortest’ R package (https://CRAN.R-project.

org/package=nortest). Panels showing each result were generated using GraphPad Prism soft-

ware. Figure panels were designed using Affinity Designer (v1.10.5). Source codes for image

analyses and statistical tests are available at: https://github.com/HidenoriNakaoka/Hara_et_al.

Results

STN1 is required for survival under high levels of oxidative stress

It is well known that H2O2 treatment directly induces various types of DNA damage (including

DSBs and SSBs) in cells [36, 37]. To investigate the role of STN1 in cells undergoing DNA

strand breaks, we generated a constitutive STN1 knockdown (KD) HeLa cell line (shSTN1
cells, Fig 1A) and treated the cells with H2O2. Cells transduced with an empty lentiviral vector

were used as control cells (KD control). Cells were treated for 2 hours with 0, 125, 250 or

500 μM H2O2, and their viability was evaluated by trypan blue staining two days after the treat-

ment. After exposure to 500 μM H2O2, shSTN1 cells showed a lower viability compared with

KD control cells (Fig 1B. See also S1 Fig for another shSTN1 construct. The viability assay by

PI staining is described in S2 Fig), suggesting that STN1 is required for cellular survival under

oxidative stress. All three subunits, CTC1, STN1, and TEN1, are essential for the CST complex

to accomplish its various functions [23, 28, 38, 39]. Indeed, we confirmed that CTC1 knock-

down cells exhibited a similar level of sensitivity to H2O2, supporting the notion that the

reduced viability is caused by the loss of the functional CST trimeric complex (S1D and S1E

Fig).

Next, to examine if STN1 KD affects the level of DNA damage(s) and subsequent DNA

damage checkpoint responses, we first monitored phosphorylation of Ser139 of Histone

H2AX (γ-H2AX) by immunoblotting (Fig 1C and 1E) [reviewed in 40]. An etoposide
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(topoisomerase II inhibitor)-treated sample was used as a positive control. After 2 hours of

500 μM H2O2 treatment, the γ-H2AX signal was similarly increased in both KD control and

shSTN1 cells. We also found that a six hour-recovery after the addition of H2O2 did not reduce

the γ-H2AX signal in both lines. Similarly, phosphorylation of both Chk1 (Ser345) and Chk2

(Thr68) in H2O2-treated KD control and shSTN1 cells persisted 6 hours after H2O2 treatment,

as was observed with the γ-H2AX signal (Fig 1D and 1E). These results suggested that the

absence of STN1 did not impede the DNA damage checkpoint signaling cascades.

We next conducted indirect IF staining of γ-H2AX to observe DNA damage accumulation

in individual cells (S3 Fig). Consistent with previous reports, H2O2-induced γ-H2AX signals

appeared not to be sharply defined, but rather non-homogeneous blobs in the nucleus, unlike

discrete foci induced by ionizing radiation [41]. We found that essentially all H2O2-treated

cells showed positive γ-H2AX signals in the nuclei, suggesting that DNA damage induction by

H2O2 is not restricted to a specific cell cycle stage. STN1 KD did not alter the intensity and spa-

tial distribution of γ-H2AX signals in nuclei.

Cells treated with HU or H2O2 along with untreated cells were stained with both PI and an

Alexa488-conjugated antibody against γ-H2AX, and then subjected to flow cytometry [34, 42]

(Fig 2A, S4A and S4B Fig). Untreated KD control and shSTN1 cells showed similar profiles of

γ-H2AX signals, which are interpreted as basal levels (Fig 2A, left column; S4A Fig, left panel).

As expected, HU treatment led to enhanced γ-H2AX signals [42–44] (Fig 2A and S4B Fig,

middle columns). While approximately 60–70% of the high-DNA content populations exhib-

ited an upshift of the γ-H2AX signal, only 25% of the low-DNA content populations did so,

most likely due to the insensitivity of G1 cells to HU (Fig 2B). We noticed that the distribution

of γ-H2AX fluorescence for HU-treated shSTN1 cells was right-shifted relative to that of KD

control cells (S4A Fig, middle panel). Furthermore, the fractions of γ-H2AX positive cells in

high-DNA content populations were slightly higher for HU-treated shSTN1 cells than KD

control (Fig 2B). Our observation of an augmented HU-induced γ-H2AX response in shSTN1
cells is consistent with a current view that CST is required for restarting stalled replication

forks [23, 29].

Contrasting with the results for HU treatment, when cells were treated with H2O2, the

entire cell population showed an increase in γ-H2AX intensity (compare left and right col-

umns in Fig 2A and 2B, S4B Fig). These results suggest that the H2O2 treatment induced γ-

H2AX-positive cells similarly throughout the cell cycle, which is consistent with the anti-γ-

H2AX IF results shown in S3 Fig. Moreover, the distribution of γ-H2AX signal for H2O2

treated shSTN1 cells was almost identical to that of control KD cells (S4A Fig, right panel), sug-

gesting that the signaling cascade in the DNA damage checkpoint that culminates in the phos-

phorylation of H2AX was unaffected by the absence of STN1.

Increased DNA strand breaks are observed in H2O2-treated shSTN1 cells

Although the DNA damage and checkpoint markers tested above did not reveal significant dif-

ferences between H2O2-treated KD control and shSTN1 cells, it was still possible that larger

amounts of DNA strand breaks were generated in shSTN1 cells than in KD control cells upon

H2O2 treatment. To test this, we next performed comet assays in both neutral and alkaline

conditions to detect DSBs and SSBs. Comet tail lengths in neutral conditions were not affected

by shSTN1 in the absence of DNA damaging agents (median length ~ 30 μm) (Fig 3A). As

expected, H2O2 treatment increased median comet tail lengths (median length ~ 65 μm)

regardless of STN1 knockdown, indicating the generation of DSBs by H2O2. Importantly, how-

ever, the distribution of the comet tail length for H2O2-treated shSTN1 cells had a longer tail

than that of the KD control, which was statistically significant (p = 0.046 for the 2-sample
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Fig 2. Flow cytometric analyses of γ-H2AX levels in HU- or H2O2-treated HeLa cells. (A) HeLa cells were treated

with either HU (5 μM, 3 hours) or H2O2 (500 μM, 10 min (See S4C Fig for details)) and immediately fixed with 1%

PFA. The fixed cells were double-stained with PI (for DNA content) and Alexa488-conjugated anti-γ-H2AX antibody,
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and subjected to flow cytometry. The horizontal and vertical axes of density scatter plots represent PI fluorescence and

Alexa488 fluorescence, respectively. Two lines that divide the density scatter plots into four orthants (1st orthant, high

DNA content, high γ-H2AX level; 2nd orthant, low DNA content, high γ-H2AX level; 3rd orthant, low DNA content,

low γ-H2AX level; 4th orthant, high DNA content, low γ-H2AX level) were manually determined on the plot for

Damage (-) KD control, and the same lines were applied to the other plots. Percentages of each sub-population are

shown at the corners of the density plots. A 1D-histogram for PI fluorescence distribution is shown above each scatter

plot. The vertical axis indicates the normalized (modal normalization) cell count. PI fluorescence signal values in each

panel were adjusted so that the signal intensities for G1 peaks are the same among experiments. (B) γ-H2AX positive

rates (percentage) for low-DNA content populations (f2/(f2 + f3)) and high-DNA content populations (f1/(f1 + f4)) were

computed, where fi is a population fraction for the i-th orthant. Exp. #1 and #2 refer to sets of experiments shown in

Fig 2A and S4 Fig, respectively.

https://doi.org/10.1371/journal.pone.0289304.g002

Fig 3. STN1 KD exacerbates DNA damage induced by H2O2. (A) Box-and-whisker plots showing distributions of neutral comet tail lengths for each

experimental condition. Cells were treated with 500 μM H2O2 in DMEM for 2 hours, followed by 5 hours incubation in DMEM, then were subjected to

a neutral comet assay (see Materials and methods for details). Numbers of analyzed comets (n) are shown above each lane. p-values for Anderson-

Darling tests are shown above respective paired lanes. (B) Box-and-whisker plots showing distributions of alkaline comet tail lengths for each

experimental condition. Prior to the assay, cells were treated with 500 μM H2O2 in DMEM for 10 minutes or 5 μM HU in DMEM for 3 hours. The

apparent lack of DNA strand breaks in the HU-treated cells does not necessarily contradict the flow cytometry data shown in Fig 2: histone H2AX can

be phosphorylated by ATR, which is activated by exposed ssDNA within stalled replication forks [45]. Tail lengths were measured by the “OpenComet”

plugin in ImageJ software [35]. For each condition, numbers of analyzed comets (n) are shown above each lane. p-values for Mann–Whitney U tests are

shown above respective paired lanes.

https://doi.org/10.1371/journal.pone.0289304.g003
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Anderson-Darling test) (Fig 3A. See also S5A and S5C Fig), suggesting that a fraction of

shSTN1 cells experience extensive DSBs upon H2O2 treatment. The extensive DNA strand

breaks in shSTN1 cells were further confirmed by an alkaline comet assay (Fig 3B): while HU

treatment did not produce noticeable changes in the distributions of the comet tail lengths,

H2O2 treatment significantly increased the lengths of the comet tails. Moreover, the median

comet tail length for shSTN1 cells was longer than that for the KD control (p< 0.0001 for the

Mann-Whitney U test) (Fig 3B See also S5B and S5D Fig). Taken together, these data suggest

that DNA strand breaks are induced more frequently and/or less efficiently repaired in

shSTN1 cells than in KD control cells upon H2O2 treatment.

shSTN1 cells are vulnerable to H2O2 in S phase

Although H2O2 damages DNA independently of cell cycle stages (Fig 2), the observed loss of

viability in shSTN1 cells (Fig 1B) could be caused by failures in cell-cycle-specific events such

as DNA replication. To test this hypothesis, we compared the H2O2 sensitivities of asynchro-

nous (asn), G1/S-arrested, and S-phase synchronized populations of shSTN1 cells along with

their KD control counterparts (Fig 4A and 4B. See also S6 Fig for validation of the cell-cycle

synchronization). Cells arrested at the G1/S boundary by mimosine treatment for ~24 hours

were released into S phase (Fig 4A, Protocol (1)) or maintained in the arrested state (Fig 4A,

Protocol (2)), and then exposed to H2O2-containing medium (H2O2 (+)) or standard medium

(H2O2 (-)) for 2 hours. After 2 days of recovery, the viability of each population was evaluated

by trypan blue staining (Fig 4B). In the absence of H2O2 treatment, all three populations (asn,

G1/S, and S) of both shSTN1 and KD control cells were virtually 100% viable, indicating that

mimosine treatment by itself did not affect viability (Fig 4B, H2O2 (-)). For the asynchronous

populations treated with H2O2, mean viabilities decreased significantly to 69% and 38% for

KD control and shSTN1 cells, respectively (Fig 4B, white bars), which is consistent with the

results shown in Fig 1B. Interestingly, we found that G1/S-arrested populations of both

shSTN1 and KD control cells were relatively insensitive to H2O2: 86% viable for the KD con-

trol, and 87% viable for shSTN1 cells (Fig 4B, red bars, H2O2 (+)). In contrast, S-phase popula-

tions were more sensitive to H2O2 treatment than the asynchronous populations: 34% viable

for the KD control and 17% viable for shSTN1 cells (Fig 4B, blue bars, H2O2 (+)). These results

suggest that HeLa cells are sensitive to H2O2 particularly in S phase, and that the knockdown

of STN1 exacerbated the sensitivity.

shSTN1 cells in S phase fail to resume DNA synthesis after H2O2 treatment

A simple explanation for the above observation would be that DNA strand breaks induced

during chromosomal replication are highly detrimental, and the CST complex plays some role

in coping with such situations. To investigate whether the CST complex functions in the

resumption of the perturbed replication forks in H2O2-treated cells, we assayed nucleotide

incorporation activities of the S-phase cells after H2O2 treatment (Fig 5A). To identify S-phase

cells in asynchronous shSTN1 or KD control populations, cells were pulse-labeled with BrdU

prior to H2O2 treatment. Note that in all cell populations tested, the fraction of S phase (i.e.

BrdU-positive) cells was approx. 40% (Fig 5C, white bars). Subsequently, the cells were

exposed to H2O2-containing medium (H2O2 (+)) or standard medium (H2O2 (-)) for 2 hours,

and then cultured for 1 hour in EdU-containing medium. After fixation and staining with a

Cy5-conjugated antibody (for BrdU) and an Alexa Fluor 488 azide (for EdU), incorporation of

the nucleotide analogues was detected by fluorescence microscopy (Fig 5B–5D).

In mock-treated shSTN1 and KD control cells (H2O2 (-)), most of the BrdU-positive cells

were also EdU-positive, as expected (Fig 5B top row, and Fig 5D). In H2O2-treated cell
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Fig 4. S phase but not G1/S-arrested shSTN1 cells are sensitive to H2O2. (A) Experimental design. The cell cycle was

arrested at the G1/S boundary by mimosine treatment for 23 hours. Protocol (1): for the damage induction in S phase,

the G1/S-arrested cells were released into S phase by removing mimosine one hour before the H2O2 treatment (the

one-hour delay is required to guarantee the entry into S phase. See S6 Fig for a timeline.). Protocol (2): the mimosine-

arrested cells were exposed to H2O2-containing (500 μM) DMEM for 2 hours. After the removal of H2O2, G1/S arrest

was maintained for a further 5 hours with mimosine, after which mimosine was removed by washing with PBS, then

replacing the medium with fresh medium lacking mimosine. In both protocols, viability was measured by trypan blue

staining two days after the damage induction. (B) Viabilities of H2O2-treated HeLa cells at t = 5 days. p-values for

unpaired t-tests are shown above respective paired bars. asn, asynchronous (without mimosine treatment); G1, cells

under mimosine arrest; S, cells that were released from mimosine arrest. Data from three biological replicates are

shown with mean values and SEM.

https://doi.org/10.1371/journal.pone.0289304.g004
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Fig 5. H2O2 -treated shSTN1 cells fail to resume DNA synthesis in S phase. (A) Experimental design. Asynchronous cell populations were pulse-labeled with

BrdU prior to H2O2 treatment (500 μM, 2 hours. The mock-treated cells were allowed to grow for 2 hours.). Immediately after washing out the H2O2, the cells

were allowed to incorporate EdU for one hour. (B) Representative microscopic images for KD control cells. DAPI staining was used to identify nuclei. The

merged column shows superpositions of BrdU (detected by Cy5-conjugated antibody) and EdU (detected by conjugated Alexa Fluor 488) signals. Top row:

Mock-treated cells. The majority of the BrdU-positive nuclei are also EdU-positive, indicating unperturbed progression of chromosomal replication. Bottom row:

H2O2-treated cells. The majority of the BrdU-positive nuclei are EdU-negative, indicating suppression of DNA replication upon H2O2 treatment. An example of a
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populations, however, the fractions of EdU-positive nuclei significantly decreased. While 7%

(56/756 cells in total) of H2O2-treated KD control cells incorporated EdU within 1 hour fol-

lowing the completion of H2O2 treatment, only 0.5% (4/865 cells in total) of H2O2-treated

shSTN1 cells were EdU-positive (Fig 5C, purple bars, H2O2 (+)). Focusing on S-phase (BrdU-

positive) cells, 17% (56/316 cells) and 1.2% (4/340 cells) of KD control cells and shSTN1 cells,

respectively, incorporated EdU (Fig 5D, H2O2 (+)). These results suggested that DNA replica-

tion largely halted after H2O2 treatment and that shSTN1 cells almost completely ceased to

incorporate nucleotides.

We noticed that the EdU signal intensity in the H2O2-treated nuclei was much lower than

that in the mock-treated condition (Fig 5B, S7 Fig). This formally raises the possibility that the

EdU incorporation is due to the synthesis of short stretches of DNA in, for example, nucleotide

excision repair and/or long-patch base excision repair, which can occur independently of

DNA replication. It is of note, however, that we did not observe EdU incorporation outside of

S phase; all EdU-positive nuclei were also BrdU-positive. Therefore, it is most likely that the

EdU incorporation is associated with some form of resumption process in the perturbed repli-

cation forks in S phase.

In summary, these results suggest that the loss of viability after the H2O2 treatment was

caused by failure to complete DNA replication in S phase, and the presence of the CST com-

plex increased the probability of successful recovery from the H2O2-induced DNA damage

during S phase.

RAD51 nuclear foci decrease in response to oxidative damage in shSTN1
cells

One plausible explanation for the failure of DNA synthesis in the H2O2-treated cells is that

DNA strand breaks generated by H2O2 (and/or subsequent replication fork collapse) remain

unrepaired, causing prolonged activation of the DNA damage checkpoint. As RAD51 is a key

molecule that deals with DNA lesions induced by replication stress (e.g., promotion of strand

invasion for HR-dependent DSB repair or break-induced replication, and protection of

exposed ssDNA from nucleolytic attack [25]), we asked if RAD51 nuclear foci formation is

compromised in shSTN1 HeLa cells in S phase. EdU pulse-labeling was carried out immedi-

ately before H2O2 treatment to distinguish S phase cells, and RAD51 nuclear foci were detected

by indirect immunofluorescence microscopy (Fig 6A and 6B). In mock-treated cells, several to

several tens of RAD51 foci per nucleus were observed, which presumably represents back-

ground levels of DNA damage response in the unstressed culture conditions (Fig 6B and 6C,

H2O2 (-)). We detected RAD51 foci in H2O2-treated KD control cells, albeit fewer compared

to the untreated cases. These RAD51 foci did not co-localize with EdU foci, suggesting that the

H2O2-induced DNA damage sites did not coincide with the replicating sites at the beginning

of the experimental timeline (Fig 6B, Enlarged). In H2O2-treated shSTN1 cells, however,

RAD51 foci formation was almost completely abolished (Fig 6C, H2O2 (+)). Essentially no

RAD51 foci were observed in EdU-negative (i.e. cells outside of S phase) nuclei (Fig 6C, right

panel). Collectively, our observations imply that STN1 is required to recruit RAD51 to DNA

damage sites and/or to prevent exposed ssDNA, which is bound by RAD51, from being

degraded.

BrdU/EdU-double-positive nucleus is indicated by a white arrowhead, and its enlarged image is shown in the rightmost column. Scale bars, 20 μm. (C)

Percentage of BrdU or EdU positive cells in each condition. Data from three biological replicates are shown with mean values (boxes) and SEM. (D) Percentages

of EdU-positive cells among BrdU-positive cells. Data from three biological replicates are shown with mean values (boxes) and SEM. For (C) and (D), at least 200

cells per condition were randomly selected in each assay. p-values for unpaired t-tests are shown above respective paired bars.

https://doi.org/10.1371/journal.pone.0289304.g005
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Fig 6. STN1 is required for nuclear RAD51 foci formation after oxidative damage. (A) The experimental timeline. Cells in S

phase were pulse-labeled with EdU prior to H2O2 treatment (500 μM, 2 hours). After a one-hour recovery, the cells were fixed and

immuno-stained with anti-RAD51 antibody. (B) Representative images of RAD51 foci in an EdU-positive nucleus. The enlarged area

shown in the rightmost column is indicated by white squares. Scale bar: 10 μm. (C) Box-and-whisker plots showing the number of

nuclear RAD51 foci per nucleus (Y-axis). At least 50 nuclei were randomly selected in each experimental condition. Results from two

independent experiments were combined (individual data for the two experiments are shown in S8 Fig). Numbers of analyzed nuclei

(n) are shown at the top of each lane. p-values for Mann–Whitney U tests are shown above respective paired lanes. See also S9 Fig for

the same experiments using U2OS cells.

https://doi.org/10.1371/journal.pone.0289304.g006
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STN1 and RAD51 function in the same pathway to ensure survival of

H2O2-treated cells

Immunostaining of RAD51 revealed that CST was required for the localization of RAD51 in

the nuclei of the cells subjected to H2O2 treatment. To test whether the absence of RAD51 is

sufficient to explain the loss of viability in H2O2-treated shSTN1 cells, we chemically inhibited

RAD51 in shSTN1 or KD control cells and evaluated viabilities after H2O2 treatment (Fig 7A).

B02 is a drug that inhibits RAD51 filament formation on ssDNA and subsequent DNA strand

exchange (S10 Fig) [46, 47]. B02 treatment alone in KD control cells marginally affected viabil-

ity (Fig 7B). When combined with H2O2 treatment, however, the viability of the KD control

cells significantly decreased to less than 50%, which was similar to that of H2O2-treated

shSTN1 cells (Fig 7B). This indicates that the loss of RAD51 DNA binding activity and shSTN1
have a similar impact on cellular survival upon H2O2 treatment. Importantly, B02 treatment

did not exacerbate the sensitivity of shSTN1 cells to H2O2, suggesting that RAD51 and STN1

function in the same pathway in response to H2O2-induced DNA damage (Fig 7B).

Discussion

In this work, we first demonstrated that depletion of the CST complex sensitized cells to H2O2,

an oxidizing reagent that induces DNA strand breaks. Although H2O2 induces DNA damage

in a cell cycle-independent manner, we have revealed that CST is particularly required for

maintaining viability in S-phase cells. We further demonstrated that CST-defective cells tend

to abort DNA synthesis and fail to recruit homologous recombinational repair protein RAD51

to presumptive sites of DSBs. Below, we discuss molecular mechanisms of the S phase-specific

role of CST in the response of cells to oxidative DNA damage.

H2O2 can induce both SSBs and DSBs according to the dose [37]. A relatively high concen-

tration (0.5 mM) of H2O2, as used in our experiments, induces DSBs as well as SSBs. Indeed,

we observed persistent γ-H2AX and DNA damage checkpoint activation after the H2O2 treat-

ment (Fig 1C and 1D). We demonstrated that those DSBs were induced throughout the cell

cycle, as we observed that: 1) virtually all cells became γ-H2AX-positive upon H2O2 treatment

(Fig 2, S1C Fig); and 2) the majority of the nuclei exhibited comet tails in the neutral comet

assay (Fig 3). This cell-cycle-independent mechanism of DNA strand break induction allowed

us to investigate which particular phase of the cell cycle, if any, requires CST for processing/

repairing the lesions (Fig 4). We found that shSTN1 cells synchronized at G1 phase by mimo-

sine treatment were insensitive to the high dose of H2O2 (Fig 4). Given that BER (base excision

repair) and NHEJ (non-homologous end joining), rather than HR (homologous recombina-

tional repair), are dominant DNA repair mechanisms in G1 phase [36, 48], our results suggest

that the CST complex is not essential for non-HR DNA repair. On the other hand, shSTN1
cells in S phase were highly sensitive to H2O2 (Fig 4). The CST complex is suggested to pro-

mote firing of dormant/late origins by recruiting or stimulating DNA Pol α in response to rep-

lication fork stalling [19, 22]. The same mechanism could be required for the recovery from

oxidative stress in S phase. The suppression of new origin firing, however, could be a mere

consequence of DNA damage checkpoint activation; the checkpoint kinases inhibit pre-initia-

tion complex formation through degradation of CDC25 phosphatase [49]. Prolonged activa-

tion (phosphorylation) of Chk1 and Chk2 kinases is consistent with the latter hypothesis (Fig

1D).

Chastain et al. showed that the CST complex recruits RAD51 to stalled replication forks

through an ATR (i.e. DNA damage checkpoint)-dependent physical interaction [23]. Another

in vitro study also reported a physical interaction between the CST complex and RAD51,

which was needed for loading RAD51 onto ssDNA [28]. Our observation that the
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accumulation of RAD51 onto chromatin after the H2O2 treatment was abolished in shSTN1
cells is in line with the proposed function of the CST complex as a RAD51 loader (Figs 6 and

7). Besides the assistance in RAD51 loading, however, the CST complex might play a role in

protecting the exposed ssDNA from further degradation by nucleases such as MRE11 [29].

Fig 7. CST is an upstream factor of RAD51. (A) The experimental timeline. HeLa cells treated with H2O2 (500 μM, 2 hours) were then

incubated for 2 days with DMEM containing RAD51 inhibitor B02 (20 μM final concentration) or the same volume of DMSO as a

control. (B) Viabilities of H2O2-treated HeLa cells at t = 4 days measured by trypan blue staining. p-values for unpaired t-tests are shown

above respective paired bars. Data from three or four biological replicates are shown with mean values (boxes) and SEM.

https://doi.org/10.1371/journal.pone.0289304.g007
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Given that DSBs were extensively generated by the high dose of H2O2 treatment, and that

RAD51 is best characterized as a homologous recombination protein required to repair such

DNA lesions, the cell-cycle dependent sensitivity to H2O2 in shSTN1 cells (Fig 4) could at least

partly be explained by the deficiency in HR-dependent DSB repair in S phase. It should be

stressed, however, that RAD51 is also involved in HR-independent mechanisms of replication

stress responses: it binds to the exposed ssDNA regions in stalled replication forks and pro-

motes fork regression, which is believed to be protective against nucleolytic degradation, fol-

lowed by fork restart [reviewed in 50]. As H2O2 generates various types of DNA damage that

can culminate in fork stalling in S phase, our results are also compatible with a model in which

CST is required for fork restart in the presence of oxidative stress through the regulation of

RAD51 loading onto the stalled forks.

Taken together, our work provides supportive evidence for the involvement of the CST

complex in RAD51-dependent DNA repair/protection mechanisms in S phase (S11 Fig). We

have not addressed the question of whether the CST complex plays a role in SSB repair or not,

which should be investigated in a future separate study. It is of note, however, that while our

manuscript was in preparation, STN1 deficiency was reported to down-regulate DNA glycosy-

lases and thus suppress base excision repair (BER), leading to an increased oxidative DNA

damage and risk of colon cancer [51]. Therefore, the CST complex might regulate different

DNA repair mechanisms depending on the sources and doses of the oxidative stress and possi-

bly cell types. Last but not least, it is interesting to note that the CST complex can enhance

NHEJ rather than HR by promoting DNA Pol α-mediated fill-in synthesis at DSB sites,

thereby preventing RAD51 from binding to the resected ends in BRCA1-deficient cells (i.e.

HR-deficient cells) [52, 53]. Therefore, the CST complex likely has two opposite regulatory

roles for RAD51 loading: 1) counteracting DSB resection by recruiting Pol α and thus prevent-

ing RAD51 loading and 2) promoting RAD51 filament formation at the resected or exposed

ssDNA regions. The regulation of RAD51 by the CST complex is likely dependent on contexts

such as cell type, genetic background, genotoxic reagents used to induce DNA damage, and

cell cycle. How the CST complex, the RPA complex, RAD51, and other HR- or replication-

related proteins are coordinated at the various types of DNA damage sites to facilitate repair is

still unclear, and further investigation is needed to understand the detailed molecular

mechanisms.

Conclusions

We found that shSTN1 cells were sensitized to H2O2 treatment, and observed that CST con-

tributes to H2O2 resistance in an S phase-dependent manner. In vivo, both exogenous and

endogenous ROS potentially cause DNA damage. Before it becomes too late for repair, a

mechanism for rapid restoration of the damaged genome is considered to be important. Our

study provides insights into how the CST complex mediates the cellular response to oxidation-

induced DNA strand breaks.

Supporting information

S1 Fig. Knockdown of CST components impairs cell viability during hydrogen peroxide

challenge. (A) Growth curve of HeLa or U2OS shSTN1 cells. (B) Constitutive STN1 knock-

down in HeLa cells using the shSTN1#2 construct was evaluated by qRT-PCR. STN1 RNA lev-

els were normalized to GAPDH RNA levels. X-axis, cell lines. Y-axis, relative level of STN1
RNA normalized to the KD control. Error-bars represent SEM. (C) Viability assay of HeLa

cells treated with 500 μM of H2O2 for 2 hours. Viability was measured 2 days after the H2O2

treatment by trypan blue staining. Data from three biological replicates are shown with mean
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values (boxes). The p-value for the unpaired t-test is shown above the indicated bars. (D) Con-

stitutive CTC1 knockdown in HeLa cells was evaluated by qRT-PCR. CTC1 RNA levels were

normalized to GAPDH RNA levels. X-axis, cell lines. Y-axis, relative level of CTC1 RNA nor-

malized to the KD control. Mean ± SEM (n = 4). (E) Viability assay of HeLa cells treated with

the indicated doses of H2O2 for 2 hours. Error-bars represent SEM. The p-value for the

unpaired t-test is shown. We note that it was previously reported that lack of any CST compo-

nent results in unstable binding between CST components and ssDNA [3, 54]. Thus, in this

research, we preferentially used cultured cells depleted of STN1, which bridges CTC1 and

TEN1.

(PDF)

S2 Fig. Trypan blue and PI staining give comparable estimates of cell viability. (A) Experi-

mental design. HeLa cells were treated with H2O2 (500 μM, 2 hours). Immediately after wash-

ing out the H2O2, the cells were incubated for two days in standard medium. Finally, all cells

were collected, and half of the sample was subjected to Trypan blue staining, while the other

half was subjected to PI staining. (B) Representative data set of flow cytometric analysis of PI-

stained cells. Left-side panels are representative forward scatter versus side scatter dot plots,

showing 10,000 cells in each panel. The square gates at the bottom-left corners show debris

that was excluded from the analysis. The red dots are PI-positive cells, which were determined

according to the histograms shown in the right side. In the histograms, blue-colored regions

indicate PI-negative fractions. (C) Representative images of trypan-blue-stained cells taken by

a Countess automated cell counter. Bright-field images were automatically processed by the

equipment software to identify stained (dead) and unstained (alive) cells. In the processed

images, dead and live cells are indicated by red and green, respectively. (D) Comparison

between trypan blue staining and PI staining. In each experimental condition, data points for

the estimated viabilities with the two methods are connected by broken lines. Data from three

biological replicates are shown with mean values (boxes). p-values for unpaired t-tests are

shown above the respective paired bars.

(PDF)

S3 Fig. STN1 KD increased γ-H2AX signal intensity in both HU- and H2O2-treated HeLa

cells. (A) Representative images of an indirect immunofluorescence assay for γ-H2AX in

untreated, HU-, or H2O2-treated HeLa cells. Broken lines show nuclei of untreated or HU-

treated cells. Scale bars, 20 μm. (B) Box-and-whisker plots showing the signal intensity of γ-

H2AX (i.e. fluorescence intensity of Alexa Fluor 488 in a.u. [arbitrary units]) in the nuclei. In

each condition, the signal intensities of 800 randomly selected nuclei are shown. p-values for

unpaired t-tests are shown above the respective bars.

(PDF)

S4 Fig. Flow cytometric analyses of γ-H2AX levels in HU- or H2O2-treated HeLa cells. (A)

Histograms of Alexa488 intensity in undamaged, HU- or H2O2-treated HeLa cells. The hori-

zontal axis shows Alexa488 fluorescence (γ-H2AX level), and the vertical axis indicates cell

counts for each intensity value. Blue-colored regions indicate γ-H2AX positive fractions. (B)

Another data set for the experiment described in Fig 2A. (C) The minimum processing time of

H2O2 treatment required for γ-H2AX signals to appear was 10 minutes. HeLa parental cells

were treated with 500 μM H2O2 for indicated periods before fixation. Broken lines show

nuclei. Scale bars, 20 μm.

(PDF)

S5 Fig. Classification of tail lengths in comet assays. (A, B) The same data set shown in Fig

3A or 3B was divided into two classes. Fractions of each class per condition are represented by
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100% stacked bar charts. Values in boxes represent the percentage fraction for each class. In

each condition, numbers of analyzed comets (n) are shown above each bar. (A) Classification

of the neutral comet assay data. Class 1, tail length shorter than 80 μm; Class 2, tail length lon-

ger than 80 μm. Chi-square test (with one degree of freedom) rejected the null hypothesis that

the class distributions are the same between KD control and shSTN1 cells (p = 2.4E-9). (B)

Classification of the alkaline comet assay data. Class 1, tail length shorter than 155 μm; Class 2,

tail length longer than 155 μm. Chi-square test (with one degree of freedom) rejected the null

hypothesis that the class distributions are the same between KD control and shSTN1 cells

(p< 2.2E-16). (C, D) Histograms of comet tail lengths of H2O2-treated HeLa cells. The hori-

zontal axis shows comet tail length (μm) and the vertical axis indicates counts for each binned

value. Blue-colored regions indicate “Class 2” fractions.

(PDF)

S6 Fig. Validation of mimosine-induced cell cycle arrest and synchronized release into S

phase. (A) Experimental timeline. HeLa cells were treated with 500 μM mimosine for 23 hours

to arrest them at the G1/S boundary [55]. At t = 0 hr, the arrested cells were synchronously

released into S phase by replacing the medium with drug-free fresh medium. To monitor frac-

tions of S-phase cells in the released cell population, pulse-labeling by EdU (incubation with

10 μM EdU for 10 min before fixation) was carried out at t = 0, 1, 2 and 4 hr, followed by con-

jugation with Alexa Flour 488 by Click chemistry (Click-iT EdU Cell Proliferation Kit for

Imaging). EdU incorporation into nuclei was assessed by fluorescence microscopy. (B) Jitter

plots showing the signal intensity of EdU (i.e., fluorescence intensity of Alexa Fluor 488 in a.u.

[arbitrary units]). For each condition, the signal intensities of 500 randomly selected nuclei are

shown. A nucleus with fluorescence intensity > 3,500 a.u. was defined to be EdU-positive. The

EdU-positive rate per condition is shown above each lane. EdU (-), asynchronous cells without

EdU labeling; EdU (+), asynchronous cells with EdU labeling. At t = 0 hr, all the analyzed

nuclei were EdU-negative, demonstrating highly efficient cell cycle arrest at G1/S. As time

elapsed, the fraction of EdU-positive nuclei gradually increased, indicating cell cycle progres-

sion into S phase with a modest synchronization rate. (C) Flow cytometric analysis of DNA

content (PI fluorescence) in asynchronous (white) and mimosine-treated (colored) samples.

After the release, cells were collected at t = 0 (red), 1 (green), 2 (blue), and 4 (purple) hours,

respectively. The horizontal axis shows PI intensity (DNA content), and the vertical axis indi-

cates cell counts for each intensity value.

(PDF)

S7 Fig. DNA synthesis was impaired by H2O2 treatment. Jitter plots showing the signal

intensity of EdU (i.e., fluorescence intensity of the conjugated Alexa Fluor 488 in a.u. [arbitrary

units]). In each condition, the signal intensities of 700 randomly selected nuclei are shown. A

nucleus with fluorescence intensity > 500 a.u. was defined to be EdU-positive. The EdU-posi-

tive rate per condition is shown above each lane. EdU (-), asynchronous cells without EdU

labeling.

(PDF)

S8 Fig. STN1 knockdown decreased the number of RAD51 foci in H2O2-treated nuclei. The

compiled data shown in Fig 6C are decomposed into the original two independent experi-

ments, (A) and (B).

(PDF)

S9 Fig. STN1 is required for nuclear RAD51 foci formation after oxidative damage in

U2OS cells. The same set of experiments as in Fig 6 were performed using U2OS cells instead

of HeLa cells. (A) Constitutive STN1 knockdown in U2OS cells was evaluated by qRT-PCR.

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 21 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s009
https://doi.org/10.1371/journal.pone.0289304


STN1 RNA levels were normalized to GAPDH RNA levels. X-axis, cell lines; Y-axis, relative

level of STN1 RNA normalized to the KD control. The mean ± SEM is shown (n = 3). (B) Rep-

resentative images of RAD51 foci in EdU-positive nuclei of U2OS cells. The enlarged area

shown in the rightmost column is indicated by white squares. Scale bar: 10 μm. (C) Box-and-

whisker plots showing the number of nuclear RAD51 foci per nucleus (Y-axis). At least 40

nuclei were randomly selected in each experimental condition. Numbers of analyzed nuclei

(n) are shown at the top of each lane. p-values for Mann–Whitney U tests are shown above the

indicated lanes.

(PDF)

S10 Fig. Validation of RAD51 inhibition by B02. (A) The experimental timeline. HeLa cells

were treated with RAD51 inhibitor B02 starting one hour before the beginning of Etposide

treatment (25 μM, 1 hour). (B) Representative images of RAD51 foci and γ-H2AX signals in

HeLa cell nuclei. The enlarged area shown in the rightmost column is indicated by white

squares in the RAD51 column. RAD51 foci formation induced by etoposide treatment was

suppressed by B02 treatment. Scale bars, 10 μm. (C) Distributions of the number of RAD51

foci per nucleus in HeLa cells. p-values for Mann–Whitney U tests are shown above the indi-

cated lanes. (D) Distributions of the number of RAD51 foci per nucleus in U2OS cells. p-values

for Mann–Whitney U tests are shown above the indicated lanes.

(PDF)

S11 Fig. Graphical summary. Oxidative stress by hydrogen peroxide can cause a variety of

DNA damages including single-strand breaks, double-strand breaks, and base modifications.

In S phase, such DNA lesions can cause replication fork stalling and/or generate one-ended

DSBs through fork collisions with SSB sites. RAD51 is crucial in both restarting stalled forks

and initiating HR-dependent repair of the collapsed forks. The CST complex could contribute

to efficient RAD51 loading onto the damaged sites by protecting and stabilizing the exposed

ssDNA (which is a substrate for RAD51 filament formation) and/or by directly recruiting

RAD51. See Discussion for details.

(PDF)

S1 Table. List of antibodies used in this study.

(XLSX)

Acknowledgments

We thank Yusuke Shima for preliminary data in this study. We also thank Kosuke Morikawa

for helpful discussions and comments. We also thank Ayako L. Mochizuki and Minoru Takata

for technical advice about the comet assay. We also thank Kazuhiko Takahara for assistance

with FlowJo software. We also thank Theventhiran Mahandaran and James A. Hejna for criti-

cally reading the manuscript. We also thank Yuzo Watanabe for technical assistance, and Aiko

Shirabuchi, Keiko Kimura, Natsumi Hayashi, Takako Tsuda, Yoko Hirata, and Mayumi Saka-

moto for excellent secretarial work. This study was conducted through the CORE Programs of

the Radiation Biology Center, Kyoto University.

Author Contributions

Conceptualization: Tomohiko Hara, Fuyuki Ishikawa.

Funding acquisition: Tomoicihiro Miyoshi, Fuyuki Ishikawa.

Investigation: Tomohiko Hara, Hidenori Nakaoka.

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 22 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289304.s012
https://doi.org/10.1371/journal.pone.0289304


Software: Hidenori Nakaoka.

Supervision: Hidenori Nakaoka, Tomoicihiro Miyoshi, Fuyuki Ishikawa.

Writing – original draft: Tomohiko Hara.

Writing – review & editing: Hidenori Nakaoka, Tomoicihiro Miyoshi, Fuyuki Ishikawa.

References

1. Goulian M, Heard CJ. The mechanism of action of an accessory protein for DNA polymerase alpha/pri-

mase. J Biol Chem. 1990 Aug 5; 265(22):13231–9. Erratum in: J Biol Chem 1990 Nov 5;265(31):19369.

PMID: 2376593.

2. Goulian M, Heard CJ, Grimm SL. Purification and properties of an accessory protein for DNA polymer-

ase alpha/primase. J Biol Chem. 1990 Aug 5; 265(22):13221–30. PMID: 2165497.

3. Miyake Y, Nakamura M, Nabetani A, Shimamura S, Tamura M, Yonehara S, et al. RPA-like mammalian

Ctc1-Stn1-Ten1 complex binds to single-stranded DNA and protects telomeres independently of the

Pot1 pathway. Mol Cell. 2009 Oct 23; 36(2):193–206. https://doi.org/10.1016/j.molcel.2009.08.009

PMID: 19854130.

4. Casteel DE, Zhuang S, Zeng Y, Perrino FW, Boss GR, Goulian M, et al. A DNA polymerase-α�primase

cofactor with homology to replication protein A-32 regulates DNA replication in mammalian cells. J Biol

Chem. 2009 Feb 27; 284(9):5807–18. https://doi.org/10.1074/jbc.M807593200 PMID: 19119139.

5. Nakaoka H, Nishiyama A, Saito M, Ishikawa F. Xenopus laevis Ctc1-Stn1-Ten1 (xCST) protein com-

plex is involved in priming DNA synthesis on single-stranded DNA template in Xenopus egg extract.

J Biol Chem. 2012 Jan 2; 287(1):619–627. https://doi.org/10.1074/jbc.M111.263723 PMID:

22086929.

6. Huang C, Dai X, Chai W. Human Stn1 protects telomere integrity by promoting efficient lagging-strand

synthesis at telomeres and mediating C-strand fill-in. Cell Res. 2012 Dec; 22(12):1681–95. https://doi.

org/10.1038/cr.2012.132 PMID: 22964711.

7. Lim CJ, Cech TR. Shaping human telomeres: from shelterin and CST complexes to telomeric chromatin

organization. Nat Rev Mol Cell Biol. 2021 Apr; 22(4):283–298. https://doi.org/10.1038/s41580-021-

00328-y Erratum in: Nat Rev Mol Cell Biol. 2021 Feb 19;: PMID: 33564154.

8. Murzin AG. OB(oligonucleotide/oligosaccharide binding)-fold: common structural and functional solu-

tion for non-homologous sequences. EMBO J. 1993 Mar; 12(3):861–7. https://doi.org/10.1002/j.1460-

2075.1993.tb05726.x PMID: 8458342.

9. Lue NF, Chan J, Wright WE, Hurwitz J. The CDC13-STN1-TEN1 complex stimulates Pol α activity by

promoting RNA priming and primase-to-polymerase switch. Nat Commun. 2014 Dec 12; 5:5762.

https://doi.org/10.1038/ncomms6762 PMID: 25503194.

10. Ganduri S, Lue NF. STN1-POLA2 interaction provides a basis for primase-pol α stimulation by human

STN1. Nucleic Acids Res. 2017 Sep 19; 45(16):9455–9466. https://doi.org/10.1093/nar/gkx621 PMID:

28934486.

11. Sakaguchi K, Ishibashi T, Uchiyama Y, Iwabata K. The multi-replication protein A (RPA) system—a

new perspective. FEBS J. 2009 Feb; 276(4):943–63. https://doi.org/10.1111/j.1742-4658.2008.06841.x

PMID: 19154342.

12. Lim CJ, Barbour AT, Zaug AJ, Goodrich KJ, McKay AE, Wuttke DS, et al. The structure of human CST

reveals a decameric assembly bound to telomeric DNA. Science. 2020 Jun 5; 368(6495):1081–1085.

https://doi.org/10.1126/science.aaz9649 PMID: 32499435.

13. Lue NF, Zhou R, Chico L, Mao N, Steinberg-Neifach O, Ha T. The telomere capping complex CST has

an unusual stoichiometry, makes multipartite interaction with G-Tails, and unfolds higher-order G-tail

structures. PLoS Genet. 2013; 9(1):e1003145. https://doi.org/10.1371/journal.pgen.1003145 PMID:

23300477

14. Bhattacharjee A, Stewart J, Chaiken M, Price CM. STN1 OB Fold Mutation Alters DNA Binding and

Affects Selective Aspects of CST Function. PLoS Genet. 2016 Sep 30; 12(9):e1006342. https://doi.org/

10.1371/journal.pgen.1006342 PMID: 27690379.

15. Chen LY, Redon S, Lingner J. The human CST complex is a terminator of telomerase activity. Nature.

2012 Aug 23; 488(7412):540–4. https://doi.org/10.1038/nature11269 PMID: 22763445.

16. Zaug AJ, Goodrich KJ, Song JJ, Sullivan AE, Cech TR. Reconstitution of a telomeric replicon organized

by CST. Nature. 2022 Aug; 608(7924):819–825. https://doi.org/10.1038/s41586-022-04930-8 PMID:

35831508.

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/2376593
http://www.ncbi.nlm.nih.gov/pubmed/2165497
https://doi.org/10.1016/j.molcel.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19854130
https://doi.org/10.1074/jbc.M807593200
http://www.ncbi.nlm.nih.gov/pubmed/19119139
https://doi.org/10.1074/jbc.M111.263723
http://www.ncbi.nlm.nih.gov/pubmed/22086929
https://doi.org/10.1038/cr.2012.132
https://doi.org/10.1038/cr.2012.132
http://www.ncbi.nlm.nih.gov/pubmed/22964711
https://doi.org/10.1038/s41580-021-00328-y
https://doi.org/10.1038/s41580-021-00328-y
http://www.ncbi.nlm.nih.gov/pubmed/33564154
https://doi.org/10.1002/j.1460-2075.1993.tb05726.x
https://doi.org/10.1002/j.1460-2075.1993.tb05726.x
http://www.ncbi.nlm.nih.gov/pubmed/8458342
https://doi.org/10.1038/ncomms6762
http://www.ncbi.nlm.nih.gov/pubmed/25503194
https://doi.org/10.1093/nar/gkx621
http://www.ncbi.nlm.nih.gov/pubmed/28934486
https://doi.org/10.1111/j.1742-4658.2008.06841.x
http://www.ncbi.nlm.nih.gov/pubmed/19154342
https://doi.org/10.1126/science.aaz9649
http://www.ncbi.nlm.nih.gov/pubmed/32499435
https://doi.org/10.1371/journal.pgen.1003145
http://www.ncbi.nlm.nih.gov/pubmed/23300477
https://doi.org/10.1371/journal.pgen.1006342
https://doi.org/10.1371/journal.pgen.1006342
http://www.ncbi.nlm.nih.gov/pubmed/27690379
https://doi.org/10.1038/nature11269
http://www.ncbi.nlm.nih.gov/pubmed/22763445
https://doi.org/10.1038/s41586-022-04930-8
http://www.ncbi.nlm.nih.gov/pubmed/35831508
https://doi.org/10.1371/journal.pone.0289304


17. Cai SW, Zinder JC, Svetlov V, Bush MW, Nudler E, Walz T, et al. Cryo-EM structure of the human CST-

Polα/primase complex in a recruitment state. Nat Struct Mol Biol. 2022 Aug; 29(8):813–819. https://doi.

org/10.1038/s41594-022-00766-y PMID: 35578024.

18. He Q, Lin X, Chavez BL, Agrawal S, Lusk BL, Lim CJ. Structures of the human CST-Polα-primase com-

plex bound to telomere templates. Nature. 2022 Aug; 608(7924):826–832. https://doi.org/10.1038/

s41586-022-05040-1 PMID: 35830881.

19. Stewart JA, Wang F, Chaiken MF, Kasbek C, Chastain PD 2nd, Wright WE, et al. Human CST pro-

motes telomere duplex replication and general replication restart after fork stalling. EMBO J. 2012 Aug

29; 31(17):3537–49. https://doi.org/10.1038/emboj.2012.215 PMID: 22863775.

20. Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T. Hydroxyurea-stalled replication forks become

progressively inactivated and require two different RAD51-mediated pathways for restart and repair.

Mol Cell. 2010 Feb 26; 37(4):492–502. https://doi.org/10.1016/j.molcel.2010.01.021 PMID: 20188668.

21. Karnani N, Dutta A. The effect of the intra-S-phase checkpoint on origins of replication in human cells.

Genes Dev. 2011 Mar 15; 25(6):621–33. https://doi.org/10.1101/gad.2029711 PMID: 21406556.

22. Wang F, Stewart J, Price CM. Human CST abundance determines recovery from diverse forms of DNA

damage and replication stress. Cell Cycle. 2014; 13(22):3488–98. https://doi.org/10.4161/15384101.

2014.964100 PMID: 25483097.

23. Chastain M, Zhou Q, Shiva O, Fadri-Moskwik M, Whitmore L, Jia P, et al. Human CST Facilitates

Genome-wide RAD51 Recruitment to GC-Rich Repetitive Sequences in Response to Replication

Stress. Cell Rep. 2016 Aug 2; 16(5):1300–1314. https://doi.org/10.1016/j.celrep.2016.06.077 Erratum

in: Cell Rep. 2016 Aug 16;16(7):2048. PMID: 27487043.

24. Yamamoto I, Nakaoka H, Takikawa M, Tashiro S, Kanoh J, Miyoshi T, et al. Fission yeast Stn1 main-

tains stability of repetitive DNA at subtelomere and ribosomal DNA regions. Nucleic Acids Res. 2021

Oct 11; 49(18):10465–10476. https://doi.org/10.1093/nar/gkab767 PMID: 34520548.

25. Bhat KP, Cortez D. RPA and RAD51: fork reversal, fork protection, and genome stability. Nat Struct Mol

Biol. 2018 Jun; 25(6):446–453. https://doi.org/10.1038/s41594-018-0075-z PMID: 29807999.

26. Renkawitz J, Lademann CA, Jentsch S. Mechanisms and principles of homology search during recom-

bination. Nat Rev Mol Cell Biol. 2014 Jun; 15(6):369–83. https://doi.org/10.1038/nrm3805 PMID:

24824069.

27. Vallerga MB, Mansilla SF, Federico MB, Bertolin AP, Gottifredi V. Rad51 recombinase prevents Mre11

nuclease-dependent degradation and excessive PrimPol-mediated elongation of nascent DNA after UV

irradiation. Proc Natl Acad Sci U S A. 2015 Dec 1; 112(48):E6624–33. https://doi.org/10.1073/pnas.

1508543112 PMID: 26627254.

28. Lei KH, Yang HL, Chang HY, Yeh HY, Nguyen DD, Lee TY, et al. Crosstalk between CST and RPA reg-

ulates RAD51 activity during replication stress. Nat Commun. 2021 Nov 5; 12(1):6412. https://doi.org/

10.1038/s41467-021-26624-x PMID: 34741010.

29. Lyu X, Lei KH, Biak Sang P, Shiva O, Chastain M, Chi P, et al. Human CST complex protects stalled

replication forks by directly blocking MRE11 degradation of nascent-strand DNA. EMBO J. 2021 Jan

15; 40(2):e103654. https://doi.org/10.15252/embj.2019103654 PMID: 33210317.

30. Zhou Q, Chai W. Suppression of STN1 enhances the cytotoxicity of chemotherapeutic agents in cancer

cells by elevating DNA damage. Oncol Lett. 2016 Aug; 12(2):800–808. https://doi.org/10.3892/ol.2016.

4676 PMID: 27446354.

31. Chen Q, Bian C, Wang X, Liu X, Ahmad Kassab M, Yu Y, et al. ADP-ribosylation of histone variant

H2AX promotes base excision repair. EMBO J. 2021 Jan 15; 40(2):e104542. https://doi.org/10.15252/

embj.2020104542 PMID: 33264433.

32. Inano S, Sato K, Katsuki Y, Kobayashi W, Tanaka H, Nakajima K, et al. RFWD3-Mediated Ubiquitina-

tion Promotes Timely Removal of Both RPA and RAD51 from DNA Damage Sites to Facilitate Homolo-

gous Recombination. Mol Cell. 2020 Apr 2; 78(1):192. https://doi.org/10.1016/j.molcel.2020.03.026

Erratum for: Mol Cell. 2017 Jun 1;66(5):622-634.e8. PMID: 32243829.

33. Gyori BM, Venkatachalam G, Thiagarajan PS, Hsu D, Clement MV. OpenComet: an automated tool for

comet assay image analysis. Redox Biol. 2014 Jan 9; 2:457–65. https://doi.org/10.1016/j.redox.2013.

12.020 Erratum in: Redox Biol. 2021 Apr;40:101876. PMID: 24624335.

34. Tanaka T, Halicka D, Traganos F, Darzynkiewicz Z. Cytometric analysis of DNA damage: phosphoryla-

tion of histone H2AX as a marker of DNA double-strand breaks (DSBs). Methods Mol Biol. 2009;

523:161–8. https://doi.org/10.1007/978-1-59745-190-1_11 PMID: 19381940.

35. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012 Jun 28; 9(7):676–82. https://doi.org/10.1038/

nmeth.2019 PMID: 22743772.

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 24 / 25

https://doi.org/10.1038/s41594-022-00766-y
https://doi.org/10.1038/s41594-022-00766-y
http://www.ncbi.nlm.nih.gov/pubmed/35578024
https://doi.org/10.1038/s41586-022-05040-1
https://doi.org/10.1038/s41586-022-05040-1
http://www.ncbi.nlm.nih.gov/pubmed/35830881
https://doi.org/10.1038/emboj.2012.215
http://www.ncbi.nlm.nih.gov/pubmed/22863775
https://doi.org/10.1016/j.molcel.2010.01.021
http://www.ncbi.nlm.nih.gov/pubmed/20188668
https://doi.org/10.1101/gad.2029711
http://www.ncbi.nlm.nih.gov/pubmed/21406556
https://doi.org/10.4161/15384101.2014.964100
https://doi.org/10.4161/15384101.2014.964100
http://www.ncbi.nlm.nih.gov/pubmed/25483097
https://doi.org/10.1016/j.celrep.2016.06.077
http://www.ncbi.nlm.nih.gov/pubmed/27487043
https://doi.org/10.1093/nar/gkab767
http://www.ncbi.nlm.nih.gov/pubmed/34520548
https://doi.org/10.1038/s41594-018-0075-z
http://www.ncbi.nlm.nih.gov/pubmed/29807999
https://doi.org/10.1038/nrm3805
http://www.ncbi.nlm.nih.gov/pubmed/24824069
https://doi.org/10.1073/pnas.1508543112
https://doi.org/10.1073/pnas.1508543112
http://www.ncbi.nlm.nih.gov/pubmed/26627254
https://doi.org/10.1038/s41467-021-26624-x
https://doi.org/10.1038/s41467-021-26624-x
http://www.ncbi.nlm.nih.gov/pubmed/34741010
https://doi.org/10.15252/embj.2019103654
http://www.ncbi.nlm.nih.gov/pubmed/33210317
https://doi.org/10.3892/ol.2016.4676
https://doi.org/10.3892/ol.2016.4676
http://www.ncbi.nlm.nih.gov/pubmed/27446354
https://doi.org/10.15252/embj.2020104542
https://doi.org/10.15252/embj.2020104542
http://www.ncbi.nlm.nih.gov/pubmed/33264433
https://doi.org/10.1016/j.molcel.2020.03.026
http://www.ncbi.nlm.nih.gov/pubmed/32243829
https://doi.org/10.1016/j.redox.2013.12.020
https://doi.org/10.1016/j.redox.2013.12.020
http://www.ncbi.nlm.nih.gov/pubmed/24624335
https://doi.org/10.1007/978-1-59745-190-1%5F11
http://www.ncbi.nlm.nih.gov/pubmed/19381940
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.pone.0289304


36. Krokan HE, Bjørås M. Base excision repair. Cold Spring Harb Perspect Biol. 2013 Apr 1; 5(4):a012583.

https://doi.org/10.1101/cshperspect.a012583 PMID: 23545420.

37. Driessens N, Versteyhe S, Ghaddhab C, Burniat A, De Deken X, Van Sande J, et al. Hydrogen peroxide

induces DNA single- and double-strand breaks in thyroid cells and is therefore a potential mutagen for

this organ. Endocr Relat Cancer. 2009 Sep; 16(3):845–56. https://doi.org/10.1677/ERC-09-0020 PMID:

19509065.

38. Wang F, Stewart JA, Kasbek C, Zhao Y, Wright WE, Price CM. Human CST has independent functions

during telomere duplex replication and C-strand fill-in. Cell Rep. 2012 Nov 29; 2(5):1096–103. https://

doi.org/10.1016/j.celrep.2012.10.007 PMID: 23142664.

39. Kasbek C, Wang F, Price CM. Human TEN1 maintains telomere integrity and functions in genome-wide

replication restart. J Biol Chem. 2013 Oct 18; 288(42):30139–30150. https://doi.org/10.1074/jbc.M113.

493478 PMID: 24025336.

40. Kopp B, Khoury L, Audebert M. Validation of the γH2AX biomarker for genotoxicity assessment: a review.

Arch Toxicol. 2019 Aug; 93(8):2103–2114. https://doi.org/10.1007/s00204-019-02511-9 PMID: 31289893.

41. Katsube T, Mori M, Tsuji H, Shiomi T, Wang B, Liu Q, et al. Most hydrogen peroxide-induced histone

H2AX phosphorylation is mediated by ATR and is not dependent on DNA double-strand breaks. J Bio-

chem. 2014 Aug; 156(2):85–95. https://doi.org/10.1093/jb/mvu021 PMID: 24682951.

42. Berniak K, Rybak P, Bernas T, Zarębski M, Biela E, Zhao H, et al. Relationship between DNA damage

response, initiated by camptothecin or oxidative stress, and DNA replication, analyzed by quantitative

3D image analysis. Cytometry A. 2013 Oct; 83(10):913–24. https://doi.org/10.1002/cyto.a.22327 PMID:

23846844.

43. Kurose A, Tanaka T, Huang X, Traganos F, Dai W, Darzynkiewicz Z. Effects of hydroxyurea and aphidi-

colin on phosphorylation of ataxia telangiectasia mutated on Ser 1981 and histone H2AX on Ser 139 in

relation to cell cycle phase and induction of apoptosis. Cytometry A. 2006 Apr; 69(4):212–21. https://

doi.org/10.1002/cyto.a.20241 PMID: 16528719.

44. de Feraudy S, Limoli CL, Giedzinski E, Karentz D, Marti TM, Feeney L, et al. Pol eta is required for DNA

replication during nucleotide deprivation by hydroxyurea. Oncogene. 2007 Aug 23; 26(39):5713–21.

https://doi.org/10.1038/sj.onc.1210385 PMID: 17369853.

45. Ward IM, Chen J. Histone H2AX is phosphorylated in an ATR-dependent manner in response to replica-

tional stress. J Biol Chem. 2001 Dec 21; 276(51):47759–62. https://doi.org/10.1074/jbc.C100569200

PMID: 11673449.

46. Huang F, Motlekar NA, Burgwin CM, Napper AD, Diamond SL, Mazin AV. Identification of specific inhib-

itors of human RAD51 recombinase using high-throughput screening. ACS Chem Biol. 2011 Jun 17; 6

(6):628–35. https://doi.org/10.1021/cb100428c PMID: 21428443.

47. Huang F, Mazina OM, Zentner IJ, Cocklin S, Mazin AV. Inhibition of homologous recombination in

human cells by targeting RAD51 recombinase. J Med Chem. 2012 Apr 12; 55(7):3011–20. https://doi.

org/10.1021/jm201173g PMID: 22380680.

48. Scully R, Panday A, Elango R, Willis NA. DNA double-strand break repair-pathway choice in somatic

mammalian cells. Nat Rev Mol Cell Biol. 2019 Nov; 20(11):698–714. https://doi.org/10.1038/s41580-

019-0152-0 PMID: 31263220.

49. Willis N, Rhind N. Regulation of DNA replication by the S-phase DNA damage checkpoint. Cell Div.

2009 Jul 3; 4:13. https://doi.org/10.1186/1747-1028-4-13 PMID: 19575778.

50. Wassing IE, Esashi F. RAD51: Beyond the break. Semin Cell Dev Biol. 2021 May; 113:38–46. https://

doi.org/10.1016/j.semcdb.2020.08.010 PMID: 32938550.

51. Nguyen DD, Kim E, Le NT, Ding X, Jaiswal RK, Kostlan RJ, et al. Deficiency in mammalian STN1 pro-

motes colon cancer development via inhibiting DNA repair. Sci Adv. 2023 May 10; 9(19):eadd8023.

https://doi.org/10.1126/sciadv.add8023 PMID: 37163605.

52. Barazas M, Annunziato S, Pettitt SJ, de Krijger I, Ghezraoui H, Roobol SJ, et al. The CST Complex

Mediates End Protection at Double-Strand Breaks and Promotes PARP Inhibitor Sensitivity in BRCA1-

Deficient Cells. Cell Rep. 2018 May 15; 23(7):2107–2118. https://doi.org/10.1016/j.celrep.2018.04.046

PMID: 29768208.

53. Mirman Z, Sasi NK, King A, Chapman JR, de Lange T. 53BP1-shieldin-dependent DSB processing in

BRCA1-deficient cells requires CST-Polα-primase fill-in synthesis. Nat Cell Biol. 2022 Jan; 24(1):51–

61. https://doi.org/10.1038/s41556-021-00812-9 PMID: 35027730.

54. Feng X, Hsu SJ, Bhattacharjee A, Wang Y, Diao J, Price CM. CTC1-STN1 terminates telomerase while

STN1-TEN1 enables C-strand synthesis during telomere replication in colon cancer cells. Nat Commun.

2018 Jul 19; 9(1):2827. https://doi.org/10.1038/s41467-018-05154-z PMID: 30026550.

55. Nguyen BC, Tawata S. The Chemistry and Biological Activities of Mimosine: A Review. Phytother Res.

2016 Aug; 30(8):1230–42. https://doi.org/10.1002/ptr.5636 PMID: 27213712.

PLOS ONE The CST complex facilitates cell survival under oxidative genotoxic stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0289304 August 17, 2023 25 / 25

https://doi.org/10.1101/cshperspect.a012583
http://www.ncbi.nlm.nih.gov/pubmed/23545420
https://doi.org/10.1677/ERC-09-0020
http://www.ncbi.nlm.nih.gov/pubmed/19509065
https://doi.org/10.1016/j.celrep.2012.10.007
https://doi.org/10.1016/j.celrep.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23142664
https://doi.org/10.1074/jbc.M113.493478
https://doi.org/10.1074/jbc.M113.493478
http://www.ncbi.nlm.nih.gov/pubmed/24025336
https://doi.org/10.1007/s00204-019-02511-9
http://www.ncbi.nlm.nih.gov/pubmed/31289893
https://doi.org/10.1093/jb/mvu021
http://www.ncbi.nlm.nih.gov/pubmed/24682951
https://doi.org/10.1002/cyto.a.22327
http://www.ncbi.nlm.nih.gov/pubmed/23846844
https://doi.org/10.1002/cyto.a.20241
https://doi.org/10.1002/cyto.a.20241
http://www.ncbi.nlm.nih.gov/pubmed/16528719
https://doi.org/10.1038/sj.onc.1210385
http://www.ncbi.nlm.nih.gov/pubmed/17369853
https://doi.org/10.1074/jbc.C100569200
http://www.ncbi.nlm.nih.gov/pubmed/11673449
https://doi.org/10.1021/cb100428c
http://www.ncbi.nlm.nih.gov/pubmed/21428443
https://doi.org/10.1021/jm201173g
https://doi.org/10.1021/jm201173g
http://www.ncbi.nlm.nih.gov/pubmed/22380680
https://doi.org/10.1038/s41580-019-0152-0
https://doi.org/10.1038/s41580-019-0152-0
http://www.ncbi.nlm.nih.gov/pubmed/31263220
https://doi.org/10.1186/1747-1028-4-13
http://www.ncbi.nlm.nih.gov/pubmed/19575778
https://doi.org/10.1016/j.semcdb.2020.08.010
https://doi.org/10.1016/j.semcdb.2020.08.010
http://www.ncbi.nlm.nih.gov/pubmed/32938550
https://doi.org/10.1126/sciadv.add8023
http://www.ncbi.nlm.nih.gov/pubmed/37163605
https://doi.org/10.1016/j.celrep.2018.04.046
http://www.ncbi.nlm.nih.gov/pubmed/29768208
https://doi.org/10.1038/s41556-021-00812-9
http://www.ncbi.nlm.nih.gov/pubmed/35027730
https://doi.org/10.1038/s41467-018-05154-z
http://www.ncbi.nlm.nih.gov/pubmed/30026550
https://doi.org/10.1002/ptr.5636
http://www.ncbi.nlm.nih.gov/pubmed/27213712
https://doi.org/10.1371/journal.pone.0289304

