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Abstract

Solving the problems that replication forks encounter when synthesizing DNA is essential to

prevent genomic instability. Besides their role in DNA repair in the G2 phase, several homol-

ogous recombination proteins, specifically RAD51, have prominent roles in the S phase.

Using different cellular models, RAD51 has been shown not only to be present at ongoing

and arrested replication forks but also to be involved in nascent DNA protection and replica-

tion fork restart. Through pharmacological inhibition, here we study the specific role of

RAD51 in the S phase. RAD51 inhibition in non-transformed cell lines did not have a signifi-

cant effect on replication fork progression under non-perturbed conditions, but when the

same cells were subjected to replication stress, RAD51 became necessary to maintain repli-

cation fork progression. Notably, the inhibition or depletion of RAD51 did not compromise

fork integrity when subjected to hydroxyurea treatment. RAD51 inhibition also did not

decrease the ability to restart, but rather compromised fork progression during reinitiation. In

agreement with the presence of basal replication stress in human colorectal cancer cells,

RAD51 inhibition reduced replication fork speed in these cells and increased γH2Ax foci

under control conditions. These alterations could have resulted from the reduced associa-

tion of DNA polymerase α to chromatin, as observed when inhibiting RAD51. It may be pos-

sible to exploit the differential dependence of non-transformed cells versus colorectal

cancer cells on RAD51 activity under basal conditions to design new therapies that specifi-

cally target cancer cells.

Introduction

DNA replication is a moment of genome vulnerability [1]. In eukaryotes, DNA replication is

initiated from multiple origins distributed along the chromosomes [2]. Once fired, each origin

generates two replication forks that move away in opposite directions led by separate repli-

somes. The replisomes are large protein complexes that take part in DNA replication and

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0266645 August 15, 2022 1 / 20

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Feu S, Unzueta F, Ercilla A, Pérez-Venteo
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contain, as essential components, the Cdc45-MCM-GINS (CMG) helicase involved in

unwinding parental DNA; the DNA polymerases α, δ, ε responsible for incorporating nucleo-

tides; and DNA polymerase processivity factors [3]. As the replisome progresses, it may

encounter several problems that cause a functional uncoupling between polymerases and heli-

case, stalling replication forks and challenging cells with replication stress. These problems can

be solved through error-free or error-prone mechanisms, the latter being one of the causes of

genomic instability [4–6]. Extrinsic factors, such as DNA alkylating or crosslinking agents,

may cause problems with the replisome, as may intrinsic factors, such as lack of dNTPs, con-

flicts with the transcription machinery, and secondary DNA structures [7]. It is now widely

accepted that DNA replication stress is a main cause of genomic instability and a driver of

tumorigenesis [8–11]. For example, oncogenes can induce replication stress and genomic

instability, by reducing dNTP levels available for replication or by increasing conflicts between

the replication and transcription machinery [12, 13]. Consistent with this, tumor cells have

higher basal replication stress compared to non-transformed cells [14–16].

Replication stress induces the replication stress checkpoint initiated by ATR and Chk1

kinases [17]. These kinases coordinate the protection of replication forks, the inhibition of

late-origin activation, the prevention of cell cycle progression, and both the induction and the

recruiting of factors for the restarting of replication once the stress resolves. Fork protection

can be achieved by fork slowdown, or by fork remodeling [18]. One of the proposed models

for fork remodeling under replication stress is fork reversal, a four-way junction structure

(also called as “chicken foot”) [19, 20], though other remodeling events also occur [21]. Indeed,

we have previously shown that, upon acute depletion of dNTP, some stalled forks do not

regress but instead show nascent DNA disengagement from replisomes, which generates

stretches of parental single-stranded DNA (ssDNA) longer than the ones present in S phase

control cells [22]. Remodeled forks can restart DNA synthesis once the replication stress disap-

pears, but if it persists, forks can collapse and DNA replication must be reinitiated by activating

dormant origins or by recombination mechanisms, such as break-induced replication (BIR)

[23, 24].

Unsurprisingly, homologous recombination proteins engage in the replication stress

response. Over recent years, diverse evidence has indicated that some homologous recombina-

tion proteins, such as BRCA2, RAD51, and RAD51 paralogs, participate in fork restart both

after collapse and earlier in DNA protection and fork remodeling [21, 25–28]. During homolo-

gous recombination, RAD51 binds to the ssDNA generated by the nucleolytic processing of

the DNA ends of a double-strand break (DSB). BRCA2, and the RAD51 paralogs (RAD51B,

RAD51C, RAD51D, XRCC2, XRCC3, and SWSAP1) mediate protein-protein interaction

which stimulates the formation of a RAD51 nucleofilament that catalyzes homology recogni-

tion and DNA strand exchange [29, 30]. However, RAD51 has different roles under replication

stress, independent from its strand exchange activity and even its ability to form nucleofila-

ments. First, it protects under-replicated parental ssDNA gaps to allow their post-replicative

repair [31–33]. Second, it induces fork reversal independent of the ability to form stable

nucleofilaments, though a stable nucleofilament protects tracks of newly synthesized DNA in

regressed forks from degradation by nucleases such as MRE11, EXO1, or DNA2 [34–39].

Finally, fork restart from stalled and collapsed forks appears to rely on strand exchange-depen-

dent and -independent roles of RAD51 [40–42]. Consistent with the presence of basal replica-

tion stress in cancer cells and the role of RAD51 in dealing with replication stress, some cancer

cells overexpress RAD51 [43, 44], making it a potential novel target for anti-cancer therapies

[45–47].

We have previously shown that RAD51 is present at the replication forks of non-trans-

formed human cells under both non-stress conditions and dNTP depletion induced by
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hydroxyurea (HU) [22], consistent with reports in yeast [32] and tumor cells [37, 48]. To better

understand the relevance of this homologous recombination protein during the S phase, we

analyzed the consequences of disrupting RAD51 during replication in non-transformed

human cells and human colorectal cancer (CRC) cells, which have basal replication stress

under control conditions. Our data show that neither RAD51 inhibition nor depletion affected

fork stability or fork speed in non-transformed human cells under non-stress conditions, but

that after recovery from an acute, or during a mild replication stress, efficient fork progression

required RAD51 strand exchange activity. By contrast, RAD51 also sustained replication fork

progression in CRC cells under control condition. This differential behavior reveals an oppor-

tunity for a novel therapeutic strategy that targets cancer cells specifically.

Materials and methods

Cell lines and culture

All cell lines were purchased from the American Tissue and Cell Collection, ATCC.

hTERT-RPE, hTERT-immortalized retinal pigment epithelial human cells (purchased from

the American Tissue and Cell Collection, ATCC, Manassas, WV, USA), HCT116 (also from

ATCC) and DLD-1 (purchased from Horizon Discovery Ldt., Cambridge, United Kingdom)

both colorectal cancer human cells, were grown in Dulbecco’s modified Eagle’s medium

(DMEM): HAM’s F12 (1:1) (Biological Industries, Beit HaEmek, Israel) supplemented with

6% fetal bovine serum (FBS, Biological Industries). All culture media were supplemented with

1% non-essential amino acids (Biological Industries), 2 mM L-glutamine (Sigma-Aldrich,

St. Louis, MO, USA), 1 mM pyruvic acid (Sigma-Aldrich), 50 U/mL penicillin and 50 μg/mL

streptomycin (both from Biological Industries).

Drugs and cell synchronization

Drugs and their working concentrations were used as follows: 10mM HU in order to

completely stall replication forks, 1mM HU in order to cause a mild replication stress or

0.1mM HU in order to cause a bearable replication stress; 25 μM B02 (RAD51 inhibitor)

(Sigma-Aldrich); 25 μM 5-Chloro-20-deoxyuridine (CldU) (Sigma-Aldrich); 250 μM 5-Iodo-

2’-deoxyuridine (IdU) (Sigma-Aldrich); 50 μM 5-ethynyl-20-deoxyuridine (EdU) (Invitrogen,

Carlsbad, CA, USA); 10 μM 5-bromo-2’-deoxyuridine (BrdU) (Sigma-Aldrich); 250ng/mL

nocodazole for hTERT-RPE (Sigma-Aldrich). Cell synchronization in S phase was performed

by thymidine block as previously described [49].

RNA interference

Transient siRNA experiments were performed using HiPerfect Transfection Reagent (Qiagen,

Hilden, North Rhine-Westphalia, Germany). The following siRNA oligos were transfected at

50nM final concentration, using the manufacturer’s guidelines (Dharmacon, Lafayette, CO,

USA): The siRNA sequences used were the following: a) Human ON-TARGETplus SMART-

pools against RAD51 (Dharmacon, L-003530-00-005), which contains these 4 oligonucleo-

tides: 5’-UAUCAUCGCCCAUGCAUCA-3’, 5’-CUAAUCAGGUGGUAGCUCA-3’, 5’-GCAG
UGAUGUCCUGGAUAA-3’, 5’-CCAACGAUGUGAAGAAAUU-3’; b) Human ON-TARGET-

plus non-targeting pool (Dharmacon, D-001810-10-20) was used as a control containing these

4 oligonucleotides: 5’-UGGUUUACAUGUCGACUAA-3’, 5’-UGGUUUACAUGUUGUGUGA-
3’, 5’-UGGUUUACAUGUUUU CUGA-3’, 5’-UGGUUUACAUGUUUUCCUA-3’.
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Western Blot (WB)

Cells were lysed with a buffer containing 67 mM Tris-HCl (pH 6.8) and 2% SDS. Denatured

proteins were then resolved by SDS-PAGE and transferred to nitrocellulose membranes as

previously described [50]. Proteins were stained with Ponceau S (0.1% Ponceau reagent

[Sigma, P3504] with 5% acetic acid). Incubation with primary antibodies was conducted over-

night at 4˚C. Antibodies against the indicated proteins were used as follows: RAD51 (Santa

Cruz Biotechnology, Dallas, TX, USA, H-92, sc-8349; 1/200), Cyclin A2 (Santa Cruz Biotech-

nology, H-432 sc-751; 1/500), P-Chk1 S296 (Cell Signaling, Danvers, MA, USA, #2349;

1/1000), Lamin B (Santa Cruz Biotechnology, M-20 sc-6217; 1/200), GAP120 (Santa Cruz Bio-

technology, sc-63; 1/100), CDK4 (Santa Cruz Biotechnology, sc-749; 1/500), Polymerase α
(Santa Cruz Biotechnology, sc-5921; 1/200), RAD51 (Santa Cruz Biotechnology, sc-8349;

1/200). Proteins were visualized using EZ-ECL Kit (Biological Industries). Signals were

detected using imaging. Quantification was done by densitometry using Image Lab™ Software

(Bio-Rad, Hercules, CA, USA, #1709690). Original uncropped and unadjusted images are

included in the S1 Raw images (note that some of the membranes were cropped before incu-

bated with the antibodies in order to be able to evaluate different proteins in a single sample).

Flow cytometry

Cells were harvested and fixed in 70% ethanol for at least 2 h at -20ºC before immunostaining

and flow cytometry. Combined analysis of DNA content with propidium iodide (PI), BrdU

(anti-BrdU, Abcam, Cambridge, United Kingdom, ab6326; 1/250) positive population and the

MPM2 (anti-MPM2, Millipore, Burlington, MA, USA, #05–368; 1/250) positive population

were performed with a BD FACSCalibur (Cytometry and Cell Sorting Core Facility, IDIBAPS)

as previously described [50].

53BP1 immunofluorescence in hTERT-RPE

Previously grown attached in coverslips and treated, cells were rinsed with PBS and fixed in

2% PFA-containing PBS for 20 min at room temperature (RT). After several PBS washes, cells

were permeabilized with 0.2% Triton X-100 in PBS for 10 min at RT and washed with PBS

during 5 min. Cells were then incubated in blocking solution (3% FBS and 0.1% Triton X-

100-containing PBS) for 1 h at RT. After blocking, cells were incubated with primary antibody

(anti-53BP1; abcam, ab36823; 1/500) diluted in blocking solution during 45 min at 37˚C. After

15 min washing in blocking solution at RT, cells were incubated with Alexa488-conjugated

secondary antibody (Invitrogen; 1/500) diluted in blocking solution for 20 min at 37˚C. Then,

cells were washed again with blocking solution at RT and DNA was counterstained with DAPI

(Sigma-Aldrich, D9564). For EdU staining, click reaction was performed previously to immu-

nofluorescence during 30 minutes at RT with 1 μM Alexa488-azide (Invitrogen, A10266).

Images were acquired in a Zeiss LSM880 confocal microscope and analysed using Fiji

software.

High Content Screening 53BP1 and γH2AX immunofluorescence

Cells were seeded, labelled with thymidine analogues (CldU and EdU) and treated in the μ-

slide 8 well chamber (ibidi, Gräfelfing, Germany, 80826). After treatments and labelling, cells

were permeabilized for 10 minutes at 4 ºC with 0.5% Triton X-100 and fixed with 4% Parafor-

maldehyde containing PBS (131 mM NaCl, 1.54 mM KH2PO4, 5.06 mM Na2HPO4) for 10

minutes at RT. To denature DNA, samples were treated with 2N HCl dissolved in PBS con-

taining 0.1% (v/v) Triton X-100 for 30 min at RT. For EdU staining, click reaction was

PLOS ONE RAD51 and DNA replication stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0266645 August 15, 2022 4 / 20

https://doi.org/10.1371/journal.pone.0266645


performed during 30 minutes at RT with 1 μM Alexa488-azide (Invitrogen, A10266). Then,

cells were incubated for 1 hour at RT with primary antibodies against CldU (Abcam; ab6326)

and 53BP1 (Abcam, ab36823; 1/500) or γH2AX (Merck Millipore, Burlington, MA, USA

05636;1/3000) diluted in filtered DMEM: HAM’s F12 (1:1) supplemented as indicated in “Cell

lines and culture” and 5% BSA. After a wash with PBS-T (PBS + 0.01% Tween20) cells were

incubated overnight at 4˚C with secondary antibodies. Finally, mounting media with DAPI

(ibidi,50011) was added. Images were obtained with Zeiss LSM880 confocal microscopies

(Confocal Microscopy Unit Core Facility, University of Barcelona) with a PLAN APO 63× oil

immersion objective (numerical aperture 1.4) and analyzed using Fiji software. All data

obtained were managed and analyzed with R studio software [51, 52].

DNA fiber assay

DNA fiber assay was performed in accordance with a protocol described in [42]. Anti-BrdU

antibodies were used for CldU (Abcam; ab6326; 1/1000) and IdU (Becton Dickinson, Franklin

Lakes, NJ, USA; 347580; 1/200) labelling. Images were obtained using Leica TCS-SL or Zeiss

LSM880 confocal microscopies (Confocal Microscopy Unit Core Facility, University of Barce-

lona) with a PLAN APO 63× oil immersion objective (numerical aperture 1.4), and then ana-

lysed using Fiji software. The number of fibers analysed in each experiment is indicated in the

corresponding figure legend.

Results

RAD51 activity maintains replication fork progression in non-transformed

human cells upon an acute replication stress

Using the IPOND technique, we previously showed that RAD51 is present at active forks of

non-transformed immortalized human (hTERT-RPE) cells under conditions of both unper-

turbed DNA synthesis and acute replication stress induced by 2 hours HU treatment [49].

Therefore, we first aimed to analyze whether RAD51 was needed to maintain replication fork

progression under non-stress conditions. This involved treating non-transformed

hTERT-RPE cells with B02, a small molecule that inhibits ssDNA-binding and strand

exchange activities of RAD51 [53], and measuring fork progression by DNA fiber analysis. As

shown in Fig 1, treatment with B02 did not significantly affect replication fork progression

(based on the length of the 5-iodo-20-deoxyuridine (IdU)-labeled tracks), indicating that,

despite the presence of RAD51 at replication forks, the maintenance of fork speed in

hTERT-RPE cells under unperturbed conditions does not depend on RAD51 activity.

Next, we analyzed a possible role of RAD51 upon acute replication stress (10 mM HU treat-

ment for 2 hours), which induced complete DNA replication arrest in hTERT-RPE cells without

inducing detectable DNA damage (no increase in 53BP1/γH2Ax foci by immunofluorescence

or in double-strand breaks by pulse-field gel electrophoresis) [22, 49]. As previously shown

[49], we confirmed that 90% of the arrested replication forks could restart DNA synthesis after

removing HU (Fig 2A). To ascertain that all the restarted forks constituted actual restarts and

not the activations of dormant origins, which could be indistinguishable by the DNA fiber

technique, we repeated the experiment with roscovitine (an inhibitor of cyclin-dependent

kinases) that prevents new origin activation [54]. As shown in Fig 2, even in the presence of

roscovitine, upon HU removal 90% of the forks were able to reinitiate DNA synthesis and

incorporate the second nucleotide analogue. Cells were treated with B02 to analyze a putative

role of RAD51 in fork restart. B02 was added at the same time as HU to inhibit RAD51 during

fork arrest and was maintained during recovery. As shown in Fig 2A, we observed no
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significant differences in the percentage of forks able to restart DNA synthesis after HU

removal, indicating that RAD51 is not essential to recover forks after an acute replication stress

in hTERT-RPE cells. However, it remained possible that the presence of RAD51, rather than

its activity, was necessary for fork restart, so we repeated the analysis by depleting cells of

RAD51 using siRNA, but no differences in fork restart were observed (S1 Fig), indicating that

restarting DNA synthesis from arrested forks did not strictly require the presence of RAD51.

RAD51 may protect nascent DNA from degradation after regressing arrested forks. We

previously showed that no MRE11-dependent degradation of nascent DNA occurred during 2

h of HU treatment [22]. Analysis of the length of DNA fibers labeled with 5-chloro-20-deox-

yuridine (CldU) (incorporated into DNA nucleotide before HU treatment) in cells treated

with B02 (Fig 2B) or depleted of RAD51 (S2A Fig) show that RAD51 is not essential to protect

nascent DNA in forks arrested by acute HU treatment. Interestingly, although the number of

restarted forks was unaffected by B02 treatment, the images in Fig 2A highlight a defect in fork

progression during restart in the setting of RAD51 inhibition. In fact, the measurement of

DNA fiber tracks labeled with IdU (Fig 2C) revealed shorter lengths in B02-treated cells (inde-

pendent of roscovitine), indicating that RAD51 activity facilitates restarted fork progression.

This was also corroborated in cells depleted of RAD51 (S1D Fig).

By adding B02 during not only recovery but also fork arrest, these latter results could reflect

the need for RAD51 activity during replication fork arrest to maintain forks in a conformation

that allows efficient restart and progression or for the possibility that RAD51 activity directly

participated in fork progression when they recovered from arrest. To test this, B02 was added

30 min after HU removal, which allowed RAD51 to perform its function during arrest and

restart, but not during the progression of restarted replication forks. A recovery time of 30

minutes was chosen because this was the minimum time needed to detect nucleotide incorpo-

ration by fiber analysis after HU removal (S2B Fig). As shown in Fig 3, the length of newly syn-

thesized DNA fiber tracks decreased under those conditions, indicating that RAD51 needed to

be present continuously for progression after recovery from acute replication stress.

Fig 1. RAD51 inhibition does not affect fork progression under unperturbed conditions in hTERT-RPE. Cells

were labelled as indicated (upper panel), adding the B02 inhibitor during the second analogue labelling. After that, cells

were harvested and prepared for DNA fiber analysis. Representative images are shown (bottom-left panels). The IdU

track length was measured. At least 200 fibers of each condition in each experiment were measured. Means and

standard deviation (bars) of three experiments are shown (bottom-right panel, paired t-test, n.s.: non-statistically

significant). See data used for quantification in “minimal data set” file.

https://doi.org/10.1371/journal.pone.0266645.g001
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Fig 2. RAD51 inhibition does not affect the number of restarted forks neither causes fork degradation but impairs fork

progression after an acute replication stress in hTERT-RPE cells. (A) Cells were labelled as indicated (upper panel), adding

the B02 inhibitor and roscovitine with 10mM HU and the second analogue. After labelling, cells were harvested and prepared

for DNA fiber analysis. At least 200 fibers of each condition in each experiment were used to calculate the percentage of

restart, stalled forks and new origin firing events relative to total forks. Representative images are shown (bottom-right panel).

PLOS ONE RAD51 and DNA replication stress

PLOS ONE | https://doi.org/10.1371/journal.pone.0266645 August 15, 2022 7 / 20

https://doi.org/10.1371/journal.pone.0266645


RAD51 inhibition after acute replication stress induces DNA damage in

non-transformed human cells

Although efficient progression of replication forks after reinitiation from acute HU-induced

arrest required RAD51 activity, this did not prevent DNA replication from finishing. The

same proportion of 5-bromo-2’-deoxyuridine (BrdU)-pulse labeled cells could progress into

the G2/M phase 12 h after recovery from acute HU treatment, independent of RAD51 inhibi-

tion (S3 Fig). However, the proportion of cells arrested in G2 increased significantly in

B02-treated cells when adding the B02 to cells during recovery from a 2h HU treatment-

induced stress (Fig 4A and S3 Fig). To test if this G2 arrest correlated with increased DNA

damage, we determined the percentage of cells with 53BP1 foci among all cells in S phase just

Means and standard deviation (bars) of three experiments with (+roscov.) or without roscovitine are shown (bottom-left

panel, paired t-test, n.s.: non-statistically significant, � P value< 0.05, �� P value< 0.01). (B) DNA fibers from (A) were used

to measure CldU track length (first analogue). At least 300 fibers of each condition were measured. One representative

experiment out of three is shown in left panel (Mann-Whitney test, n.s.: non-statistically significant; each dot represents a

fiber track length). Means and standard deviation (bars) of three different experiments with (+roscov.) or without roscovitine

are shown in right panel (paired t-test, n.s.: non-statistically significant). (C) DNA fibers from (A) were used to measure IdU

track length (second analogue). At least 200 fibers of each condition in each experiment were measured. One representative

experiment out of three is shown (bottom-left panel, Mann-Whitney test, ���� P value< 0.0001). Means and standard

deviation (bars) of three experiments with (+roscov.) or without roscovitine are shown (bottom-right panel, paired t-test, n.s.:

non-statistically significant, � P value< 0.05, �� P value< 0.01, ��� P value< 0.001). See data used for quantification in S1

File.

https://doi.org/10.1371/journal.pone.0266645.g002

Fig 3. RAD51 is necessary for an efficient fork restart and progression after an acute replication stress in hTERT-RPE cells.

Cells were labelled as indicated (upper-left panel), adding the B02 inhibitor after 30 minutes of HU release. After labelling, cells

were harvested and prepared for DNA fiber analysis. Representative images are shown (upper-right panels). At least 200 fibers of

each condition in each experiment were measured. One representative experiment out of three is shown in bottom-left panel

(Mann-Whitney test, ���� P value< 0.0001; each dot represents a fiber track length). Means and standard deviation (bars) of

three experiments are shown in bottom-right panel (paired t-test, � P value< 0.05). See data used for quantification in S1 File.

https://doi.org/10.1371/journal.pone.0266645.g003
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Fig 4. RAD51 inhibition affects mitotic entry, having more effect after an acute replication stress in hTERT-RPE

cells. (A) Cells were labelled with BrdU and then treated during 2 hours with 10mM HU or left untreated for 12 hours

into nocodazole-containing fresh medium, without (12h Noc) or with RAD51 inhibitor (12h B02) (upper panel). HU

treated cells were released for 12h in fresh media without (2h HU+12h R) or with B02 during the last 11h30’ (2hHU

+12h R B02). Flow cytometry analysis of approximately 15000 cells was performed to analyse the S-phase population,
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before HU treatment (pulse-labeled with 5-ethyl-2’-deoxyuridine (EdU). Interestingly, our

data showed a significant increase in DNA damage in cells that had been arrested in S phase

for 2h by HU before B02 treatment (Fig 4B and S3 Fig). RAD51 depletion caused similar

results, producing G2 arrest and an increase in cells with 53BP1 foci (S4 and S5 Figs). These

results again support a key role of RAD51 following recovery from acute replication stress in

hTERT-RPE cells.

RAD51 inhibition reduces fork progression in non-transformed human

cells under mild replication stress

Our data, using a 10mM HU treatment, support a role of RAD51 in cell recovery from replica-

tion stress causing complete fork arrest. Given that replication challenges encountered by cells

due to intrinsic factors or chemotherapy might be milder and only slow the replication forks,

we wanted to test whether RAD51 was essential for fork progression under these situations. To

this end, cells were treated with either 1 mM HU (which induces a strong reduction in fork

speed, but not a complete arrest, and an increase in P-Chk1 [55]; Fig 5A) or 0.1 mM HU

(which also reduces fork speed but only causes a milder defect and does not increase P-Chk1;

Fig 5A). Of note, B02 treatment of S phase cells did not increase P-Chk1 either when applied

alone or in combination with HU (Fig 5A). The lengths of DNA tracks labeled with the second

nucleotide analogue indicated that RAD51 inhibition produced a significant reduction in

nucleotide incorporation in the presence of both 1 mM HU (Fig 5B) and 0.1 mM HU (Fig 5C).

These results strongly support the hypothesis that, even under very mild replication stress,

RAD51 has a role in maintaining fork progression.

RAD51 inhibition reduces fork progression in cancer cells with basal

replication stress

Transformed cells characteristically have higher basal replication stress that leads to an

increase in P-Chk1 and a higher dependency of these cells on the DNA replication checkpoint

[8]. Nevertheless, replication forks in these cells manage to progress and complete DNA repli-

cation. This is shown in the HCT116 cell line derived from human colorectal adenocarcinoma.

As previously shown [56], and corroborated in S6A Fig, these cells show higher levels of

P-Chk1 under control conditions than non-transformed hTERT-RPE cells. Interestingly,

these cancer cells also show higher levels of RAD51 than hTERT-RPE cells (S6A Fig).

Increased expression of RAD51 is a negative prognostic marker for adenocarcinoma and other

cancers [57], but its role in maintaining replication fork speed under basal conditions has not

previously been analyzed. Having shown that cells under mild replication stress are dependent

on RAD51 activity to maintain fork progression speed, we considered whether, in contrast to

the findings in hTERT-RPE cells, RAD51 inhibition affected replication fork progression in

HCT116 cells under control conditions. DNA fiber analysis showed that, while replication

dynamics did not change under RAD51 inhibition (S6B Fig), the DNA track length of the

initially labelled with BrdU analogue (BrdU-488 positive cells), after 12 hours. Cell cycle progression was analysed by

measuring mitotic cells (MPM2-647 positive from BrdU-488-positive population) relative to cells into G2-M phases.

Means and standard deviation (bars) of six experiments are shown (bottom panel, paired t-test, � P value< 0.05, �� P

value< 0.01). (B) Cells were pulse-labelled with EdU analogue during 30 minutes (Control). Then, cells were treated

as in (A) Finally, click reaction and 53BP1 immunofluorescence were performed. Representative images are shown

(lower panels). At least 100 cells were counted for condition in each experiment. Means and standard deviation (bars)

of three experiments in control and four experiments in other conditions are shown. The proportion of cells

presenting both EdU and 53BP1 foci (more than six) relative to EdU positive cells is shown (upper panel, paired t-test,

n.s.: non-statistically significant, � P value< 0.05, �� P value< 0.01). See data used for quantification in S1 File.

https://doi.org/10.1371/journal.pone.0266645.g004
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Fig 5. RAD51 inhibition affects fork progression under mild or bearable replication stress in hTERT-RPE cells. (A) Cells were

synchronized in S phase by a thymidine block and 2h release. After that, they were treated with HU, B02 or left untreated (CTL) for the

period indicated in the Fig. As.:asynchronic cells. Cells were lysed and P-Chk1 (Ser296) and CDK4 (loading control) were analyzed by

western blot. (B) Cells were labelled as indicated (upper panel), adding the B02 inhibitor during the second analogue and HU treatment.

After labelling, cells were harvested and prepared for DNA fiber analysis. Representative images are shown. At least 300 fibers of each

condition in each experiment were measured. Quantification of a representative experiment out of two is shown (bottom-right panel,

Mann-Whitney test, ���� P value< 0.0001). (C) Cells were labelled as indicated (upper panel). HU was added 30 minutes before DNA

labelling (this dose of HU is not completely inhibiting replication). B02 was added where it is indicated. After labelling, cells were harvested

and prepared for DNA fiber analysis. Representative images are shown (left panels). At least 250 fibers of each condition in each

experiment were measured. One representative experiment out of four is shown in middle graph (Mann-Whitney test, ���� P

value< 0.0001; each dot represents a fiber track length). Means and standard deviation (bars) of four experiments are shown right graph

(paired t-test, � P value< 0.05). See data used for quantification in S1 File.

https://doi.org/10.1371/journal.pone.0266645.g005
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second nucleotide decreased significantly in cells treated with B02 (Fig 6A). These results indi-

cate that, contrasting with hTERT-RPE cells, HCT116 cells require RAD51 activity under con-

trol conditions to maintain replication fork speed. The HCT116 cells showed a prolonged S

phase when treated with B02 (S6C Fig), which, interestingly, was corroborated with another

Fig 6. RAD51 inhibition affects fork progression during unperturbed conditions in HCT116 cells. (A) Cells were labelled as indicated

(upper-left panel), adding the B02 inhibitor with the second analogue. After labelling, cells were harvested and prepared for DNA fiber analysis.

Representative images are shown (upper-right panels). The IdU track length was measured. At least 250 fibers of each condition in each

experiment were measured. One representative experiment out of three is shown (bottom-left panel, Mann-Whitney test, ���� P

value< 0.0001). Means and standard deviation (bars) of three experiments are shown (bottom-right panel, paired t-test, � P value< 0.05). (B)

cells were treated (B02) or not (CTL) with B02 for 4h and then cytoplasm and chromatin fraction purified as indicated in the methods section.

DNA polymerase α (DNA pol α), and Lamin B and GAP120 (as controls of cell fractionation and proteins loading in the gel) were analyzed by

western blot. A representative WB (upper panel) and quantification of 5 biological replicates (lower panel; mean and standard deviation, t-

student test, ���� P value< 0.001) are shown. (C) Cells were pulse labeled with CldU, treated with B02, HU, or no-drug (control) and pulse-

labeled again with EdU. After processing for Immunofluorescence to detect CldU, EdU and γH2AX, images were acquired and analyzed as

indicated in the methods section. A representative experiment is shown. B02 versus Control γH2AX foci number distribution is significantly

different according to Mann-Whitney test, ���� P value< 0.0001. See data used for quantification in S1 File.

https://doi.org/10.1371/journal.pone.0266645.g006
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CRC cell line (DLD-1) that also present basal replication stress [55] and higher levels of

RAD51 (S6A Fig).

Experiments performed in Xenopus egg extracts demonstrated that RAD51 interacts with

DNA polymerase α to promote its association with stalled forks and prevent an increase in

ssDNA gaps at replication forks [35]. We therefore tested whether RAD51 could be involved

in the recruitment of DNA polymerase α to the chromatin in HCT116 cells with a basal repli-

cation stress. Interestingly, HCT116 cells showed a 50% reduction in chromatin-bound DNA

polymerase α level under B02 treatment (Fig 6B). Of even greater interest, RAD51 inhibition

in HCT116 cells during the S phase led to an increase in γH2Ax foci similar to that observed

when these cells were treated with 0.1 mM HU (Fig 6C and S7A Fig). To analyze cells treated

with B02 while replicating DNA, cells were pulse-labeled with CldU before and with EdU after

a 4 h B02 treatment, and only cells labeled with both analogues were analyzed. By contrast,

cells in S phase showed no increase in 53BP1 foci (S7B Fig), indicating that most probably

ssDNA but not DSB is being generated.

Discussion

Replication fork progression during the S phase may encounter different impediments that

cause fork slowing or stalling. These stalled forks require protection, remodeling, and reinitia-

tion to avoid genome instability. Homologous recombination proteins, including BRCA1/2,

RAD51, and RAD51 paralogs have emerged as key factors [19, 25, 28, 58, 59].

While most advances have been made using Xenopus egg extracts and human tumor cells

(mainly U2OS cells), we analyzed the role of RAD51 in S phase progression in a non-trans-

formed cell line, hTERT-RPE, comparing control conditions and different HU treatment con-

ditions that do not induce fork collapse. Importantly, we mainly used B02 that inhibits the

DNA strand exchange activity of human RAD51 and prevents RAD51 binding to ssDNA [53].

Unlike using RAD51 knockdown with siRNA, this allowed us to study the effect of inhibiting

RAD51 specifically during the S phase. In human non-transformed cells, RAD51 was found to

be dispensable for fork progression under normal conditions while it helped to maintain repli-

cation fork progression under replications stress conditions. Consistent with the presence of

basal replication stress in CRC tumor cells, these cells depended on RAD51 for proper DNA

replication in unperturbed conditions.

In agreement with results using other normal cells, TD40 cells [60] or Xenopus extracts

[31], we show that RAD51 is found in active replication forks interacting with nascent DNA

under unperturbed DNA synthesis in non-transformed hTERT-RPE cells, but that it does not

have an essential role in fork progression. Although we did not exclude the possibility that an

absence of RAD51 produces very small ssDNA gaps (undetectable by DNA fiber analysis), as

seen in Xenopus by electron microscopy, this should neither affect fork progression nor induce

checkpoint activation during the S phase.

We previously showed that hTERT-RPE cells treated with 10 mM HU for 2 h displayed

fork arrest, but that, contrasting with prolonged HU treatment [22, 40, 42, 49], these stalled

forks did not collapse because DNA synthesis restarted in almost 90% of them after removing

HU (Fig 2). Since a dramatic increase in RAD51 has previously been observed in association

with these arrested forks [22], we analyzed its role in nascent DNA protection, fork restart,

and fork progression after restart. Other authors have shown that RAD51 nucleofilament for-

mation on nascent DNA is essential to prevent DNA degradation in remodeled reversed forks;

however, RAD51 (but not the nucleofilament formation) is also necessary for fork reversal

and, consequently, degradation is observed in cells with non-functional BRCA1,2 but not in

RAD51-depleted cells [26, 36–38, 58]. Another fork remodeling mechanism that predominates
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after acute HU treatment in hTERT-RPE is the disengagement of nascent DNA from the repli-

some [22]. We show here that RAD51 was not necessary to protect nascent DNA from degra-

dation of these remodeled forks.

Concerning fork restart, different groups have used tumor and normal cells to demonstrate

that RAD51-mediated strand invasion facilitates reversed fork restart, although both RAD51--

dependent and RAD51-independent fork restart occurs in most cases [42]. B02 did not affect

the percentage of restarted forks after 2 h of 10 mM HU treatment, consistent with RAD51

having a mostly non-essential function in restarting stalled forks in non-transformed

hTERT-RPE cells. The fact that fork reversion was not prevalent under our conditions could

explain these differences; additionally, the presence of B02 during HU treatment could have

further reduced the percentage of reversed forks. It is also possible that, in the absence of

RAD51, RAD51 paralogs could be performing a role in DNA protection and fork restart, as it

has been shown for BCDX2, CX3, and Shu complexes in cells treated with HU [21, 25, 28, 61];

in that case, combined inhibition of RAD51 and RAD51 paralogs would then have a major

effect in DNA replication recovery upon replication stress.

It should be noted that, although forks managed to restart without RAD51 function in the

first hour after HU removal, the resulting fork progression decreased significantly. This was

observed not only when we added B02 during HU treatment but also when it was added at 30

min during recovery (when forks have already restarted). This indicates that progression after

recovering from an acute replication stress requires the continued presence of RAD51,

although it leaves the door open for the possibility that RAD51 may have a role in maintaining

fork structure during arrest so that it can enable an efficient restart. RAD51 activity upon

restarting stalled forks was important both to maintain fork speed and to avoid acquiring

DNA damage, because when B02 was added during recovery from acute replication stress, the

percentages of cells with more than six 53BP1 foci and of cells arrested in G2/M transition

both increased. Costanzo’s group demonstrated, using Xenopus extracts, that RAD51 is essen-

tial for restarting collapsed forks (with DSB generated at the arrested forks by nucleases), and

that absence of RAD51 produces gaps in the replicated DNA that are filled during G2 [35].

Our data add that RAD51 is essential to avoid generating DNA damage when synthesis restarts

from non-collapsed arrested forks. Furthermore, we demonstrated the requirement for

RAD51 not only in non-transformed cells to maintain progression speed upon restarting

stalled forks but also under milder replication stress that reduces S phase progression without

completely arresting the replication forks (1 mM or 0.1 mM HU treatment) [55].

Our results also prompted us to study if B02 treatment could inhibit fork progression in

tumor cells with replication stress under control conditions. U2OS tumors cells have been

extensively used to analyze the role of RAD51 during S phase with different inductors of repli-

cation stress: RAD51-mediated fork slowing has been described in response to BET inhibitors

(which generate replication and transcription conflicts) [62], camptothecin, or mitomycin C

[37]. The authors propose that this is due to the role of RAD51 in inducing fork reversal, but

no research has described a role of RAD51 in fork progression under unperturbed conditions

in these tumor cells. We used CRC cells for three main reasons: (a) they present basal replica-

tion stress, as assessed by high levels of phosphorylated Chk1; (b) they have increased RAD51

expression, which is a negative prognostic marker for colorectal adenocarcinoma [57], and (c)

they are less sensitive to chemotherapy-induced DNA damage [63]. Interestingly, B02 treat-

ment of HCT116 cells reduced replication fork speed under basal conditions, which led to

reduced S phase progression. These results were corroborated by other CRC cell lines (e.g.,

DLD-1) that also harbor an oncogenic KRAS allele.

Reduced replication fork progression induced by B02 in the presence of replication stress is

consistent with the proposed role of RAD51 in re-priming DNA synthesis by facilitating DNA
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polymerase α to associate with chromatin [35]. As demonstrated previously in Xenopus
extracts, the present results showed that RAD51 also facilitates the interaction of DNA poly-

merase α and chromatin in HCT116 cells under unperturbed conditions, explaining the

reduced fork speed observed with B02 treatment and the increase in γH2Ax foci observed in

these cells.

Our data also explain why a BRCA2-derived peptide that targets RAD51 function elicited

olaparib-induced cell death of U2OS human osteosarcoma cells but not of noncancerous cell

lines [64]. Tumor cells, with basal replication stress under unperturbed conditions, are more

dependent on RAD51 activity than non-transformed cells for accurate DNA replication. In

conclusion, we have shown here a specific role of RAD51 in replication fork progression in

cells having replication stress, which, interestingly, is a distinctive of most tumor cells. In fact,

tumor cells have developed mechanisms to deal with this basal replication stress, such as sus-

tained activation of ATR and CHK1 kinases, and those mechanisms have been proposed to

contain good targets for cancer therapy [8, 65]. We showed here that RAD51 inhibitors could

also be considered and that, for instance, therapies combining B02 and compounds that inhibit

DNA repair, such as PARP inhibitors, could target increased tumor cell death.

Supporting information

S1 Fig. RAD51 depletion does not affect the number of restarted forks but impairs fork

progression after an acute replication stress in hTERT-RPE cells. (A) Cells were transfected

with the indicated siRNA (NT: non-target) and 48 hours later cells were harvested for WB

analysis with RAD51. Lamin B (LamB) was used as a loading control (upper panel).

hTERT-RPE transfected cells were labelled as indicated (bottom panel). After labelling, cells

were harvested and prepared for DNA fiber analysis. (B) Representative DNA fiber images are

shown. (C) At least 200 fibers of each condition in each experiment were used to calculate the

percentage of restart, stalled forks and new origin firing events relative to total forks. Means

and standard deviation (bars) of three experiments are shown. The statistical analysis was per-

formed just in HU-treated cells (paired t-test, non-statistically significant differences were

found). (D) DNA fibers from were used to measure IdU track length (second analogue). At

least 200 fibers of each condition in each experiment were measured. One representative

experiment out of three is shown (bottom-left panel, Mann-Whitney test, ���� P

value < 0.0001). See data used for quantification in S1 File.

(PDF)

S2 Fig. (A) RAD51 depletion does not cause fork degradation after an acute replication stress

in hTERT-RPE cells. (B) Analysis of nucleotide incorporation upon 10mM HU treatment. A)

hTERT-RPE cells were transfected with the indicated siRNA (NT: non-target) and 48 hours

later cells were harvested for WB analysis with RAD51 antibody. Lamin B (LamB) was used as

a loading control (upper-left panel). hTERT-RPE transfected cells were labelled as indicated

(upper-right panel). After labelling, cells were harvested and prepared for DNA fiber analysis.

Representative images are shown (bottom-right panels). The IdU track length was measured.

At least 300 fibers of each condition in each experiment were measured. One representative

experiment out of three is shown (bottom-left panel, Mann-Whitney test, n.s.: non-statistically

significant). B) hTERT-RPE cells were incubated 30 min with CldU and then treated with

10 mM HU for 2h. After that, cells were washed and IdU was added to new fresh media. Cells

were harvested at the indicated times and processed for fiber analysis. Duplicated or triplicated

images are shown for different times. IdU incorporation was not detected until 30 min upon

HU release. See data used for quantification in S1 File.

(PDF)
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S3 Fig. RAD51 inhibition affects mitotic entry, although hTERT-RPE cells are able to

arrive to G2 phase. hTERT-RPE cells were labelled with BrdU and then treated during 2

hours with 10mM HU or left untreated for 12 hours into nocodazole-containing fresh

medium, without (12h Noc) or with RAD51 inhibitor (12h B02) (upper panel). After HU treat-

ment, cells were released into nocodazole-containing fresh medium, without (12h Noc) or

with RAD51 inhibitor, added after 30 minutes of HU release (11h 30min B02). Flow cytometry

analysis of approximately 15000 cells was performed to analyze the S-phase population, ini-

tially labelled with BrdU analogue (BrdU-488 positive cells). Cell cycle progression was ana-

lyzed by measuring mitotic cells (MPM2-647 positive from BrdU-488-positive population)

relative to cells into G2-M phases (obtained by black DNA profiles from BrdU-488-positive

population). Related to Fig 4.

(PDF)

S4 Fig. RAD51 depletion does not impair replication recovery after an acute replication

stress in hTERT-RPE cells. hTERT-RPE cells were transfected with the indicated siRNA (NT:

non-target) and 48h later cells were labelled with BrdU and then treated with 10mM HU or

left untreated (12h release) into nocodazole-containing media for 12 hours. HU-treated cells

were then released into nocodazole-containing fresh medium for 12 hours (2h HU + 12h

release). Flow cytometry analysis of approximately 15000 cells was performed to analyse the S-

phase arrested (BrdU-488 positive) cells after HU treatment, and the recovery from this stress

measuring mitotic (MPM2-647 positive) cells from BrdU positive population.

(PDF)

S5 Fig. RAD51 depletion increases genomic instability in hTERT-RPE cells. hTERT-RPE

cells were transfected with the indicated siRNA (NT: non-target) and 48 hours later cells were

treated with 10mM HU for 2 hours or left untreated for 12 hours (Control). After HU treat-

ment, cells were released into fresh medium for 12 hours. Finally, 53BP1 immunofluorescence

was performed. The control for KD was shown (upper-left panel). Representative images from

each condition are shown (upper-right panels). Two cells with more than six 53BP1 foci, indi-

cated with a white arrowhead in the representative images from RAD51-depleted population,

are shown in more detail (upper-right panels). At least 500 cells were counted for NT-depleted

cells and 200 cells were counted for RAD51-depleted cells in each experiment. Means and

standard deviation (bars) of percentage of cells presenting more than six 53BP1 foci of two

experiments in control and three experiments in HU conditions are shown (bottom panel).

The statistical analysis was performed just in HU-treated cells (unpaired t-test, �� P

value < 0.01). See data used for quantification in S1 File.

(PDF)

S6 Fig. RAD51 inhibition does not affect replication dynamics but reduces S phase pro-

gression of CRC cells. (A) Cells were lysed and P-Chk1 (Ser296) and RAD51 were analyzed

by western blot. Ponceau was used as loading control (B) HTC116 cells were labelled as indi-

cated in the upper-panel, adding the B02 inhibitor with the second analogue. After labelling,

cells were harvested and prepared for DNA fiber analysis. Representative images are shown in

Fig 6. DNA fibers were used to calculate the percentage of restart, stalled forks and new origin

firing events relative to total forks. Around 1500 fibers from three independent experiments

were counted in each condition. The average of those experiments is shown. Error bars repre-

sent standard deviation (paired t-test, n.s.: non-statistically significant). Related to Fig 6. (C)

HCT116 cells were pulse labelled with BrdU and allow to proceed cell cycle in the absence of

any drug (CTL, green profile) or in the presence of B02 (B02, red profile). Cells were harvested

at the indicated times, fixed, permeabilized, and stained with propidium Iodide (PI) and with
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anti-BrdU antibody under denaturing conditions. DNA content (PI) of BrdU positive cells is

shown. (D) as in (C) but with DLD-1 cells. See data used for quantification in S1 File.

(PDF)

S7 Fig. Effect of B02 on γH2AX and 53BP1 foci in S phase HCT116 cells. (A) Representative

images of γH2AX, CldU and EdU immunofluorescence used for the quantification in Fig 6C

are shown. (B) Cells were treated as in Fig 6, but 53BP1 instead of γH2AX was analyzed by

immunofluorescence. Related to Fig 6. See data used for quantification in S1 File.

(PDF)

S1 Raw images. Original uncropped and unadjusted images.

(PDF)

S1 File. Minimal data set used for the quantifications.

(XLSX)
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