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Highlights

 Proton microbeam induces, besides DNA double strand breaks (DSB), oxidative base

lesions.

 DNA glycosylases OGG1 and NTH1, together with DSB repair proteins, are recruited to

the sites of localized proton-irradiation.

 The localization of OGG1 and NTH1 is restricted to the area of damaged DNA, unlike

γH2AX.

 The OGG1 and NTH1 release from damaged DNA depends on their enzymatic activity.

Abstract

DNA is the major target of radiation therapy of malignant tumors. Ionizing radiation (IR)

induces a variety of DNA lesions, including chemically modified bases and strand breaks. The

use of proton beam therapy for cancer treatment is ramping up, as it is expected to reduce

normal tissue damage. Thus, it is important to understand the molecular mechanisms of

recognition, signaling, and repair of DNA damage induced by protons in the perspective of

assessing not only the risk associated with human exposure to IR but also the possibility to



improve the efficacy of therapy. Here, we used targeted irradiation of nuclear regions of living

cells with controlled number of protons at a high spatio-temporal resolution to detect the

induced base lesions and characterize the recruitment kinetics of the specific DNA

glycosylases to DNA damage sites. We show that localized irradiation with 4 MeV protons

induces, in addition to DNA double strand breaks (DSBs), the oxidized bases 7,8-dihydro-8-

oxoguanine (8-oxoG) and thymine glycol (TG) at the site of irradiation. Consistently, the DNA

glycosylases OGG1 and NTH1, capable of excising 8-oxoG and TG, respectively, and initiating

the base excision repair (BER) pathway, are recruited to the site of damage. To our knowledge,

this is the first direct evidence indicating that proton microbeams induce oxidative base

damage, and thus implicating BER in the repair of DNA lesions induced by protons.
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1. Introduction

DNA is considered a major target for ionizing radiation (IR)-based therapies [1–3].

Exposure of cells to IR has long been known to induce double-strand breaks (DSBs), a

particularly cytoxic form of DNA damage [2], but it is only in the mid 1990’s that this was

visualized in situ within the nucleus. Immunofluorescence (IF) detection showed that irradiation

of mammalian cells with 137Cs induces the accumulation, into discrete intranuclear foci (also

called IRIF for ionizing radiation-induced foci), of RAD51 [4] or RAD50 and MRE11 [5] proteins,

all involved in DSB repair (DSBR). These results led to the proposal of the formation of repair

centers in response to DNA damage induced by γ-rays. A major advance in the understanding 

of DNA repair processes of the IR-induced DNA damage arose with the possibility of irradiating

subnuclear regions with soft X-rays and monitoring the recruitment of DNA repair proteins by

IF [6]. This approach confirmed the hypothesis that proteins involved in the DNA damage

response (DDR) [7] are specifically recruited to the irradiated regions, corresponding to DNA

damage sites, and opened the door to a wealth of information on the mechanisms underlying

the repair of DSBs. More recently, the possibility of inducing localized DNA damage combined

with the monitoring of nuclear protein behaviors in living cells by fluorescently tagging them

allowed to analyze the kinetics of recruitment of DNA repair factors to IR-induced DSBs [8–

10].

Due to its advantages over other IR types, proton beam therapy is increasingly used

for the treatment of a variety of cancers [11,12]. Indeed, deposition of the bulk of the beam

energy in a defined region, the Bragg peak, allows to minimize its impact on the healthy tissues



found in its path, therefore reducing toxicity [13]. It is therefore important to understand the

mechanisms underlying the biological response triggered by such IR. This should allow not

only to better assess the risk associated with human exposure but also to identify ways of

improving the efficacy of proton therapy. As expected, irradiation with protons also induces

DSBs. However, when compared with photon irradiation, at similar doses, irradiation with

protons produced larger and more irregularly shaped γH2AX and 53BP1 foci [14–16]. 

Interestingly, experiments comparing different types of irradiation showed delayed kinetics of

repair for some of the lesions generated by protons [14,17], supporting the idea that the DSBs

induced by this type of radiation are more often in close proximity with other radiation-induced

DNA lesions and therefore more difficult for the cell to repair [18]. While there is an increasingly

large literature on the formation and repair of proton-induced DSBs, less is known on what

other kinds of lesions are formed at the proximity of DSBs, potentially altering their repair of

efficiency. Early work following the localized synthesis of poly(ADP-ribose) after proton beam

micro-irradiation [19] suggested the possibility of the induction of single-strand breaks (SSBs),

later confirmed experimentally [17]. Generation of clustered lesions, comprising, beside SSBs

and DSBs, a mixture of abasic sites and damaged bases, is assumed as well [18]. In particular,

the excess of reactive oxygen species (ROS) observed in different cell types upon proton

irradiation when compared to photon irradiation [20–22] points to the potential presence of

oxidized bases at the site of irradiation. Due to its low oxidative potential, 7,8-dihydro-8-

oxoguanine (8-oxoG) is the predominant lesion in DNA exposed to ROS [23,24]. Another

oxidized base abundantly formed on DNA following irradiation is thymine glycol (TG) [25–27].

In mammalian cells, 8-oxoG and TG are recognized by specific DNA glycosylases, OGG1 and

NTH1, respectively, that initiate the base excision repair (BER) by excising the base and

generating an abasic site. The abasic site is then cleaved by APE1 to provide a substrate to a

DNA polymerase and a ligase that can then complete the repair process. Other proteins like

PARP1 and XRCC1 have also been shown to be involved in both pathways, SSB repair

(SSBR) and BER. The use of photon microbeams has allowed the study of the recruitment of

DNA glycosylases to laser micro-irradiated regions of cell nuclei [28–32]. However, while there

is increasing information on the recruitment of DSBR proteins to the site of DNA damage

induced by proton beams [33–35], the formation of other types of lesions and involvement of

cognate repair mechanisms has not been explored.

In recent years, microbeam irradiation has been applied as a new approach aimed at

deciphering the molecular mechanisms of IR-induced DNA damage recognition, signaling, and

repair. Indeed, the ion microbeams provide powerful experimental tools allowing strict control

over the site and time of damage and the study of recruitment kinetics of proteins involved in

these processes [9,19,36–39]. Here we used the IRSN’s MIRCOM facility designed for



targeted irradiation with a focused ion microbeam extracted in air [40] to induce DNA damage

by localized proton irradiation within nuclei of living cells with a high spatio-temporal resolution.

We show that such a treatment locally induces, in addition to DSBs, 8-oxoG and Tg.

Consistently with the formation of oxidative base damage, we detected the recruitment of the

DNA glycosylases OGG1 and NTH1, capable of excising 8-oxoG and TG, respectively, and

therefore initiating the BER pathway. To our knowledge, this is the first evidence indicating that

proton beams induce oxidative DNA damage, and thus involving BER in the repair of DNA

lesions induced by protons. Considering the recent developments of BER inhibitors, this

observation opens the door to new therapeutical avenues to improve the use of proton therapy.

2. Materials and methods

2.1. Cell lines, culture and transfection

We used Hela cells (German Collection of Microorganisms and Cell Cultures No. ACC

57) to generate NTH1 knock-out cells wherein almost the entire protein-coding sequence was

deleted [41]. We transfected HeLa NTH1 KO cells with NTH1-GFP and NTH1(K220Q)-GFP

plasmids using Lipofectamine 2000 (Invitrogen, ThermoFisher Scientific) according to the

manufacturer’s instructions.

U-2 OS cell line (HTB-96, lot 62246950) was obtained from the American Type Culture

Collection (ATCC, LGC Standard). We cultured U-2 OS cells in DMEM-GlutaMax medium

(Gibco, Life Technologies) supplemented with 10 % (vol/vol) decomplemented fetal calf serum

(Eurobio) and 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, Life Technologies) in

a humidified atmosphere with 5 % CO2 at 37 °C. We transfected 30,000 U-2 OS cells by 0.1

µg of plasmid with TurboFect (ThermoFisher Scientific). We performed transfections in

suspension according to the manufacturer’s instructions and immediately plated the cells on 4

µm thick polypropylene foil (Goodfellow) previously coated with Cell-Tak (2 µg/cm2, Corning,

Fisher Scientific) on specific PEEK dishes, described in [42]. After plating, we kept cells in a

humidified atmosphere with 5 % CO2 at 37 °C and performed localized irradiation 24-48 h after

plasmid transfection.

2.2. Plasmids

The plasmid expressing NTH1(K220Q)-GFP mutated protein was generated from a

NTH1-GFP expressing plasmid [29] by site directed mutagenesis using oligonucleotides 5’-

TCAGATGGCACACCTGGCTATG-3’ (Forward) and 5’–

CAGGTGTGCCATCTGAGGCCCAACACCCGGC–3’ (Reverse). Plasmids expressing

XRCC1-GFP, OGG1-GFP and OGG1(K249Q)-GFP were previously described in [29]. The

peGFP+PARP1 plasmid is a kind gift from F. Dantzer (Institut de Recherche de l’Ecole de

Biotechnologie de Strasbourg, UMR7242 Biotechnologie et signalisation cellulaire,



Strasbourg, France). The peGFP+53BP1 [43] and peGFP+KU70 [44] constructs were kindly

provided by P. Bertrand and by J. Delic (CEA, iRCM/IBFJ, UMRE008 Stabilité Génétique,

Cellules Souches et Radiations, Fontenay-aux-Roses, France), respectively.

2.3. Immunoblotting

Cell pellets (from 3 x106 cells) were resuspended in 50µL of Lysis buffer (Tris 20 mM,

NaCl 20 mM, SDS 0.1%, MgCl2 1 Mm, Benzonase 0.25 U/µL and Protease inhibitors cocktail

1X) and sonicated for 10 min (with pulses 30 s on / 30 s off). After sonication we centrifuged

the samples at 12,000 rpm at 4 °C for 5 min and recovered the supernatants. Protein

concentration was measured with the Bradford assay (Bio-Rad), Laemmli buffer was added at

a 1x concentration (0.1 % 2-mercaptoethanol, 0.005 % Bromophenol blue, 10 % glycerol, 2 %

SDS and 63 mM Tris pH 6.8) before heating for 5 min at 95 °C. We loaded 20 µg of protein

extracts in a mini–PROTEAN TGX stain-free gel (Bio-Rad) and used the precision plus protein

dual color standards (Bio-Rad) as molecular weight markers. The transfer on nitrocellulose

membrane (Bio-Rad) was performed with the Trans-Blot® Turbo™ Transfer System (Bio-Rad).

The membrane was blocked for 1 h in blocking solution (PBS-0.1 % Tween 20 containing 3 %

milk) and incubated for 1 h at room temperature (RT) with the indicated primary antibodies

diluted in blocking solution. Membranes were then washed three times for 5 min with PBS-

0.1% Tween20 and further incubated for 45 min at RT with the appropriate secondary

antibodies diluted in blocking solution. We imaged Western blots with the Li-Cor Odyssey®

DLx imaging system (LI-COR Biosciences).

2.4. DNA glycosylase activity

To measure the NTH1 enzymatic activity in protein extracts obtained from HeLa WT or

NTH1-KO cells, previously frozen cells (approx. 5 x106 cells) were resuspended in 100 µL of

lysis buffer (25 mM Tris pH 7.5, 250 mM NaCl, 1 mM EDTA), sonicated for 10 s (1 s pulses

with 10 s intervals, using a Branson digital sonifier, power set to 10%) on ice and centrifuged

90 min at 14,000 rpm and 4 °C. A 34-mer oligonucleotide containing a thymine glycol at

position 16 and labeled at the 5’ end with Cy5 (5'(Cy5)-GGC TTC ATC GTT GTC (TG)CA GAC

CTG GTG GAT ACC G-3') was hybridized to its complementary oligonucleotide containing an

adenine opposite the lesion and used as a substrate. We incubated 10 µg of protein extract

with 120 fmol of the Cy5-labelled oligonucleotide substrate for one hour at 37 °C in a final

volume of 30 µL of reaction buffer (25 mM Tris pH 7.5, 80 mM NaCl, 1 mM EDTA). We stopped

the reactions by adding 3 µL of 1.5 M NaOH and incubating further 15 min at 37 °C. We added

8 µL of formamide loading buffer before heating 5 min at 95 °C and loading 20 µl of the reaction

in a 20 % polyacrylamide gel containing 7 M urea. We run gels at 400 V for 45 min in 0.5 X

TBE running buffer and imaged them using a Typhoon scanner.



2.5. Microbeam irradiation

We performed the irradiation of samples with protons by using the MIRCOM facility,

operated by the Institute for Radiological Protection and Nuclear Safety (IRSN) in Cadarache,

France. This facility is equipped with a focused ion microbeam line, whose technical details

and working principle were previously described in [40]. The beam is produced by a 2 MV

Tandetron™ accelerator (HVEE, The Netherlands) that can provide different focused charged

particle microbeams, including protons up to 4 MeV. The beam spot size at the sample

position, i.e. after in-air extraction, is less than 2.2 ± 0.3 µm (k = 1) [40].

2.5.1. Dose control

The number of ions used for each irradiation was controlled by the definition of an

opening time of the microbeam on each target, as described previously [40]. This opening time

was calculated by performing periodical ion counting rate measurements with a PIPS

(Passivated Implanted Planar Silicon) detector (PD50-12-100AM, Mirion Technologies,

France) placed in front of the beam. A mean counting rate can then be obtained and used to

define the beam opening time for a given number of ions. In addition, to ensure that the beam

did not undergo major fluctuations during the irradiation, we measured the mean counting rate

between each sample, and we observed no significant variation of the beam between two

consecutive controls, as previously demonstrated in [40]. During the experimental campaigns,

for an opening time of 100 ms, we obtained a typical mean number of ions N = 412, with a

standard deviation σ = 21 (data not shown), which is close to the expected value from a 

Poisson law, where σ=√N.  

2.5.2. Irradiation parameters

On the inverted wide-field epifluorescence microscope (AxioObserver™ Z1, Carl Zeiss

Microscopy GmbH, Germany) equipped with a 37 °C heating chamber at the end of the

MIRCOM beamline, we selected relevant nuclei of GFP-expressing cells with a 20X objective

(Zeiss LD Plan-NEOFLUAR 20x/0.4 Korr) through automatic shape recognition by using

ImageJ libraries [45] included in a custom-made control software called "MicroIrradiation

Application” (MIA)" [40]. We targeted the cells at the center of their nucleus, and we irradiated

them with 4 MeV protons using a cross pattern of 5 spots separated by 5 µm (Fig. 1). We thus

performed irradiation in a recognizable pattern, to generate DNA damage easily

distinguishable from spontaneous DNA damage.

Firstly, to control the targeting accuracy of the microbeam, we used a well characterized

GFP-expressing construct, XRCC1-GFP [40,42], to obtain an accurate overlapping between

the targeting point (the cross in yellow, Fig. 1A) and the center of the irradiation cross-shaped

pattern (the middle dot of the cross of 5 spots in red, Fig. 1). In this case, we delivered 1,000



± 32 protons on each dot. Next, for other GFP-expressing plasmids, we carried out the

irradiation by delivering a mean number of 20,000 ± 141 protons on each dot, resulting in a

relative fluctuation of 0.7 %. The mean irradiation time was 4.9 s per cell.

2.5.3. Time-lapse imaging

We started time-lapse imaging 10 s before irradiation and recorded images every 2 s with a

monochromatic AxioCam™ MRm rev. 3 CCD camera (Carl Zeiss Microscopy GmbH,

Germany) using the MIA software. In total, we kept cells in the microbeam chamber for less

than 20 min.

2.5.4. Image processing and kinetics analyses

In order to quantify the fluorescence re-localization of GFP-tagged proteins observed

with time-lapse imaging, we processed all images using the Fiji software [46]. We selected and

followed regions of interest (ROI) manually. We measured the mean intensity of ROIs in every

image and plotted them against time. We corrected the resulting data for non-specific

fluorescence bleaching and normalized them for the fluorescence intensity measured before

irradiation. We analyzed more than 100 spots for each condition from at least 2 independent

experiments and performed statistical analyses with Mann-Whitney test.

2.6. Immunofluorescence

2.6.1. Immunostaining

At indicated times following irradiation, we washed the cells twice in PBS (Gibco, Life

Technologies) and we performed in situ cell fractionation as described previously [47]. Briefly,

we rinsed cells with cytoskeleton buffer (CSK) containing 10 mM PIPES pH 6.8, 100 mM NaCl,

300 mM sucrose, 3 mM MgCl2 (Sigma-Aldrich), and a cocktail of protease inhibitors (Complete,

EDTA-free tablets, Roche). We immediately performed a Triton X-100 extraction by incubating

cells in CSK that contains 0.5 % Triton X-100 (Sigma-Aldrich) for 5 min on ice. After washes

with CSK and PBS, we fixed cells with 2 % wt/vol paraformaldehyde (EMS, Euromedex) for 20

min at room temperature (RT). After an additional wash with PBS and two washes with PBT

(PBS containing 0.1 % vol/vol Tween 20 (Sigma-Aldrich)), we incubated cells in 5% BSA

(Sigma-Aldrich) in PBT for 5 min at RT and subsequently, with the indicated primary antibodies

diluted in blocking buffer for overnight incubation at 4 °C. After three washes with PBS and

one with blocking buffer, we incubated cells with the appropriate secondary antibodies for 1 h

at RT. We washed them three times in PBT, and incubated them with 0.5 µg/mL DAPI

(Molecular Probes, Life Technologies) in PBS for 5 min. After three washes in PBS, we

mounted samples on polypropylene foil between slide and coverslip in ProLong Diamond

mounting medium (Molecular Probes, Life Technologies).



For visualization of 8-oxoG and TG cells were fixed in acetone:methanol (vol:vol) and

air dried. We hydrated the cells for 15 min in PBS, and then denatured DNA by incubating cells

in 2 N HCl for 45 min at RT. We washed the cells three times in PBS, then neutralized them

with 50 mM Tris-HCl pH 8.8 for 5 min and permeabilized them at RT in PB-0.1% Triton for 10

min. We incubated the cells in blocking solution (PBS, 0.1 %Triton, 3 % BSA, 1 % normal goat

serum) at 37 °C for 1 h and subsequently for 1 h at 37◦C with the indicated primary antibodies 

diluted in blocking solution. Then we washed the cells three times for 10 min in PBS-0.1%

Triton and incubated them with the appropriate secondary antibodies diluted in blocking

solution for 1 h at 37 °C. We counterstained nuclear DNA with DAPI at 1 µg/ml for 5 min.

2.6.2. Image acquisition

We acquired serial z-stack images either on a right confocal LSM780NLO microscope

(Carl Zeiss MicroImaging GmbH, Germany), equipped with a Plan-Apochromat 63x/1.4 NA oil

M27 objective and piloted with the Zen Black 2011 SP4 software (Carl Zeiss MicroImaging

GmbH, Germany) or on a spinning disk microscope (GATACA, W1) using a PlanApo

60x/NA1,4 oil (Nikon, Europe B.V) for visualization of TG and 8-oxoG. We analyzed serial z-

stack images by using Fiji software [46]. First, we identified as positive cells those showing a

specific staining for the proteins of interest, corresponding to the irradiation pattern drawn, a

cross of 5 spots (Fig. 1A). For some images, we carried out profile plot analyses on the image

slice with the highest total intensity within cell nuclei to show the localization of DNA repair

markers in relation to each other at the same damage spot. The presented data were

normalized for the maximum signal intensity.

When necessary, at the indicated time-point post-irradiation, in order to quantify the

intensities of GFP inside each individual spot, we performed a sum intensity projection of Z-

stacks, selected ROI manually and measured the mean intensity of ROIs in every image for

GFP signal and Alexa 594 signal. We corrected obtained data by subtracting the background

fluorescence. We presented data of relative GFP intensity normalized for the corrected data

of Alexa 594 intensity. We analyzed more than 100 spots for each condition from at least 2

independent experiments and performed statistical analyses with Mann-Whitney test.

2.7. Antibodies

Primary antibodies used during immunoblot (IB) or immunofluorescence (IF)

experiments are: mouse anti-H3 (Active Motif MABI 0301, IB: 1:1,000), rabbit anti-Actin

(SIGMA A2066; IB, 1:1,000); rabbit anti-GFP (Clontech, Takara Bio Europe SAS, 632592;

1:1,000); mouse anti-γH2AX (Millipore, UpState, 05-636; IF, 1:2,000); rabbit anti-KU70/80 

(Abcam, ab 53126; IF, 1:400); rabbit anti-NTH1 (Abcam, ab191413 [EPR15930]; IB, 1:5,000;

IF, 1:5,000), mouse anti-TG (JaICA, COGER France, JAI-MTG-100P; IF, 1:2,000); mouse anti-

8-oxoG (Abcam, ab62623; IF, 1:2,000).



Secondary antibodies used are: for IB, goat anti-rabbit conjugated to IR800 fluorescent

protein or goat anti-mouse conjugated to IR700 fluorescent protein (Advansta Inc., Diagomics,

R-05060 and R-05055, respectively; 1:10,000), and for IF, donkey anti-mouse or donkey anti-

rabbit coupled to Alexa Fluor 488 or 594 (Invitrogen, ThermoFisher; 1:1,000).

3. Results

3.1. Type of DNA damage detected upon irradiation with microbeam of 4 MeV protons

The microbeam MIRCOM facility allows in situ localized 4 MeV proton irradiation within

the nuclei of living cells [40]. The MIRCOM microbeam can deliver a controlled number of

protons in a specific pattern. In our case we irradiated 5 spots forming a cross so that the

irradiated spots in the cell nucleus could be easily visualized (Fig. 1A). The optimization of the

system was performed using U-2 OS cells expressing the fusion protein XRCC1-GFP that is

very rapidly recruited after induction of SSBs. As previously described [40], XRCC1-GFP

readily accumulated at the sites of irradiation (Fig. 1B). Irradiation generally induces a broad

spectrum of DNA damage, such as SSB, DSB or base lesions [48]. To investigate what kind

of DNA damage is induced upon localized 4 MeV proton irradiation with the MIRCOM

microbeam, we assessed the presence of DSBs and base oxidative lesions, such as 8-oxoG

and TG. For DSBs, we used an indirect method that consists in revealing their presence by

the recruitment to the site of damage of 53BP1 and KU70, both proteins involved in DSB

signaling and repair [49]. Proton-irradiated U-2 OS cells transiently expressing GFP-fused

53BP1 or KU70 proteins, displayed a GFP signal showing the expected 5 spots pattern within

the cells’ nuclei (Fig. 2A). We confirmed the recruitment to the chromatin of the endogenous

KU70 in non-transfected cells by immunostaining following Triton X-100 extraction that

removes soluble protein pools. We thus observed the presence of KU70/KU80 complex at

irradiation sites. We also detected by immunostaining the local enrichment of the specific

phosphorylation of the histone variant H2AX (γ-H2AX), as expected in response to DSBs [49–

51]. Therefore, our irradiation setting generates DNA damage that leads to recruitment of DDR

proteins involved in the cellular response to DSBs.

As previously shown [40,42], GFP fused to XRCC1, a scaffold protein involved in SSBR

[52], is recruited to localized proton irradiation-induced DNA damage sites (Figs. 1B and 2B).

Since XRCC1 also participates in the BER pathway, and proton irradiation leads to the

generation of ROS [20–22], we investigated the formation of oxidized bases at the site of

irradiation by using lesion-specific antibodies. We detected within nuclei of U-2 OS cells the

induction of oxidative lesions, 8-oxoG and TG, at the site of XRCC1-GFP accumulation

following localized irradiation with 4 MeV protons (Fig. 2B).



Taken together, these results demonstrate that with our experimental conditions, the

MIRCOM microbeam with 4 MeV protons generates locally within the cell nucleus the major

radio-induced DNA lesions, DSBs, oxidized bases and SSBs.

3.2. Recruitment of SSBR and BER proteins to DNA damage sites induced by protons

As PARP1 activity is required for the recruitment of XRCC1 to SSBs [53,54], we verified

whether PARP1 also accumulates at the localized irradiation sites, as previously shown by

Tartier et al. [19]. We indeed found that in transiently transfected U-2 OS cells PARP1-GFP

accumulated at IR-induced DNA damage sites, identified by γ-H2AX staining (Fig. 3A). We 

also found at these γ-H2AX stained sites the accumulation of XRCC1-GFP (Fig. 3A). PARP1-

GFP and XRCC1-GFP dots were located at the center of regions stained by γH2AX (Fig. 3A 

and C), consistently with the fact that DNA repair proteins, such as PARP1 and XRCC1, are

strictly relocated to damaged DNA, surrounded by the γ-H2AX spreading over megabases 

[55,56]. Reinforcing this hypothesis, XRCC1-GFP, involved both in BER and SSBR, was

recruited to the same subnuclear location as the KU complex, involved in DSB repair (Fig. 3A

and C).

As our data showed the recruitment of PARP1 and XRCC1 and the formation of

oxidized bases at the localized irradiation sites, we next investigated whether the DNA

glycosylases initiating BER could be recruited to DNA damage sites induced by a proton

microbeam. By overexpressing GFP fusions of the DNA glycosylases NTH1 or OGG1,

involved in the repair of TG and 8-oxoG, respectively, we could indeed observe their

recruitment to DNA damage sites, where they perfectly colocalized with XRCC1 and with

proteins involved in DNA DSBs signaling or repair, such as phosphorylated H2AX or KU

complex (Fig. 3B and C). The use of an antibody against NTH1 also allowed the detection of

the endogenous DNA glycosylase recruitment and its perfect colocalization with XRCC1-GFP.

In addition, we observed that accumulation of NTH1 or OGG1 was also restricted to the center

of γ-H2AX marks. Since the DNA glycosylases were detected at the same subnuclear 

localization, as it was the case for other DNA repair proteins, such as XRCC1 and KU, we

conclude that their recruitment was to damaged sites in DNA (Fig. 3B and C).

Therefore, our data show that upon localized irradiation with 4 MeV protons DNA repair

proteins from different mechanisms, BER, SSBR and DSBR, are recruited to the same

subnuclear irradiated regions.

3.3. DNA glycosylases recruitment kinetics to sites of DNA damage induced by protons

are dependent on their catalytic activity.

The kinetics of accumulation of DNA glycosylases at damaged DNA sites were until

now mostly analyzed by using laser micro-irradiation [28–32,57]. We thus examined the



dynamic recruitment of OGG1-GFP to DNA damage sites induced by 4 MeV proton irradiation

by time-lapse imaging in living cells. Immediately after proton irradiation, OGG1-GFP

accumulated at the sites of damage, reaching a maximum level of recruitment within 30 s

followed by its gradual release (Fig. 4A and B).

We next investigated whether the accumulation, retention and release of OGG1 at DNA

damage sites induced by 4 MeV proton irradiation was modulated by its enzymatic activity. We

compared the relative fluorescence intensity at the micro-irradiated sites of wild-type (WT)

OGG1-GFP and the mutant OGG1(K249Q)-GFP with an impaired base excision activity but

able to bind the lesion [29,58]. Both proteins rapidly accumulated at the irradiated sites and

were detected within 5 s upon proton irradiation (Fig. 4B) indicating that the base excision

activity of OGG1 is not required for the accumulation of this protein at the site of DNA damage,

in agreement with the capacity of the mutant protein to recognize and bind to the 8-oxoG with

the same affinity than the WT protein [29,58]. However, the time-lapse imaging shows that the

kinetics of OGG1(K249Q)-GFP is distinguishable from the one observed with OGG1-GFP.

Indeed, the accumulation of OGG1(K249Q)-GFP to the irradiation site is somewhat delayed in

time but, most importantly, is retained at the site of damage much longer than OGG1-GFP (Fig

4B). The fact that the release of OGG1 is impaired in the absence of base excision activity is

consistent with previous data [29]. The prolonged retention of OGG1(K249Q)-GFP at damaged

DNA was confirmed by immunostaining after CSK extraction, which allows to observe proteins

strongly bound to cellular structures, such as chromatin (Fig. 4C). We found that 5 min upon

irradiation OGG1(K249Q)-GFP levels were significantly higher compared to the ones

measured for OGG1-GFP at the DNA damage sites revealed by KU70/80 staining (Fig. 4C

and D).

Having detected the formation of TG, we next investigated whether NTH1, the major

DNA glycosylase for the repair of oxidized pyrimidines, was also recruited to the proton-

irradiated regions of the nucleus. Indeed, as shown in Fig. 4A, a NTH1-GFP fusion protein was

readily recruited to the sites of irradiation. We then asked whether the recruitment of NTH1 in

vivo to DNA damage sites induced by 4 MeV proton irradiation follows the same dynamic

behavior as OGG1. As for OGG1-GFP, we found in transiently transfected U-2 OS cells that

NTH1-GFP was rapidly recruited to DNA damage sites following localized proton irradiation

(Fig. 5B). NTH1-GFP at the irradiation sites reached a maximum accumulation after 100 s and

was gradually released afterwards (Fig. 5B).

In order to evaluate whether the excision activity of NTH1 modulates the dynamic

recruitment or release of NTH1 from the damaged region, we generated the mutant protein

NTH1(K220Q)-GFP. The mutation of the Lys 220 (named also Lys212 depending on the AUG

considered for the initiation of translation) has been shown to be the catalytic active residue of



the enzyme and its mutation to Gln results in an NTH1 protein that can still recognize the lesion

but cannot catalyze the excision of the base anymore [59,60]. To confirm the loss of catalytic

activity of NTH1(K220Q)-GFP, we transfected either the WT version or the catalytic mutant

version of NTH1-GFP plasmid in NTH1 KO Hela cells generated by using CRISPR-Cas9

technology as described in Materials and Methods. The absence of NTH1 expression in the

generated clones was validated by WB and IF (Fig. S1). First of all, we confirmed that NTH1-

GFP and NTH1(K220Q)-GFP fusion proteins were expressed at similar levels and were stable

as they showed an expected size of 65 kDa on Western Blot (Fig. 6A). Next, protein extracts

isolated from HeLa cells and NTH1 KO cells overexpressing NTH1-GFP or NTH1(K220Q)-

GFP fusion proteins were incubated with an oligonucleotide containing a single TG in order to

evaluate their enzymatic activity on the excision of the modified base. The use of this in vitro

activity assay confirms the loss of the enzymatic activity of the mutant form NTH1(K220Q)-

GFP as only the complementation with NTH1-GFP plasmid could rescue the cell extract

capacity to process TG in NTH1 KO HeLa cell extracts (Fig. 6, B and C).

We thus decided to investigate the behavior of NTH1(K220Q)-GFP mutant protein upon

induction of DNA damage and as we could observe for the OGG1(K249Q) mutant protein, the

GFP signal at DNA damage sites persisted for longer time periods compared to the NTH1 WT

fusion protein suggesting that the capacity to excise oxidized bases is also required for a rapid

release of NTH1 from damaged DNA (Fig. 5, B).

Taken together, our data indicates that irradiation with a proton beam results in the

induction of oxidative DNA base modifications 8-oxoG and TG, and as a consequence to the

fast recruitment of the DNA glycosylases OGG1 and NTH1 that respectively initiate the repair

of those lesions by the BER pathway. The fact that enzymatic activity of the DNA glycosylases

is required for their efficient release from the damaged DNA suggests an active repair of the

oxidized bases at the site of proton irradiation.

4. Discussion

Our study presents the first evidence that localized proton irradiation induces the

oxidatively damaged bases, 8-oxoG and TG, within the cell nucleus. This is consistent with the

higher levels of ROS reported upon proton beam irradiation [13,20–22]. By unveiling the

presence of a variety of DNA lesions, including SSBs and DSBs as well as oxidized bases,

concentrated at the irradiated spots, our results also support the models proposed by proton

track simulations by using Monte-Carlo transport codes, which predict the formation of

clustered DNA lesions by proton irradiation [61]. High-LET (linear energy transfer) radiation

resulting in a high density of ionizing events along the radiation track could induce clusters of

lesions that when located within one to two helical turns of the double helix are referred to as



complex DNA damage (CDD). Although the resolution of the imaging systems used here does

not allow to determine the proximity of the induced lesions on the double helix, it provides a

clear demonstration that BER proteins involved in the repair of base damage and SSBs are

indeed recruited to the same nuclear regions as proteins involved in DSBR.

Thus, the variety and complexity of DNA damage induced by proton beams raises the

question about the capacity of DNA repair pathways to efficiently perform repair of their

cognate lesions in such environment, as well as about the potential interference between them

[13,48,62]. Indeed, several studies have shown that while the vast majority of DSB induced by

gamma-rays are repaired within 1 hour, they could remain for several days when they are

induced in the context of CDD [63].

The difference in kinetics observed between DNA glycosylases OGG1 and NTH1 and

their respective active site mutants, suggests that the oxidative base damage induced by the

proton microbeam is eventually repaired by the BER. Indeed, the fact that the mutated proteins

OGG1(K249Q) and NTH1(K220Q) [60], deficient in their capacity to excise the modified base,

remain for longer periods at the site of damage compared to their WT counterparts, strongly

suggests that the WT proteins are released from the site of the damage once the modified

base is excised. A very fast release of OGG1 from complex DNA damage induced by a pulsed

UV laser has also been reported and coincides with the disappearance of the induced 8-oxoG

[64]. The release kinetics are in agreement with previous observations showing that the OGG1

mutant OGG1(K249Q) stays associated with the chromatin fraction for longer periods upon

induction of the 8-oxoG by chemical methods [58] or by laser micro-irradiation [29,57], when

compared to the WT protein. However, more work using heavy ion microbeam will be

necessary to establish the spatial and temporal interactions between various damage signaling

and repair proteins involved in the IR response and determine if the different pathways

implicated interfere with the efficient processing of multiply damaged regions of chromatin

following proton irradiation.

It is also important to consider that during the repair of oxidized bases by BER, abasic

sites and SSBs are generated as DNA repair intermediates. Considering the high amount and

concentration of DNA damage induced by proton beams, these intermediates of BER could

potentially be transformed in DSBs as found in the case of ion irradiation [65] and largely

contribute to the genomic instability induced by irradiation such as deletions or translocations

[66–68]. Furthermore, the retention of BER proteins at the site of irradiation, due either by an

impaired catalytic activity or by the presence of neighboring lesions, could also block

transcription and/or replication and lead to arrest of cell proliferation or cell death. Interestingly,

the overexpression of NTH1 or the inactive mutant NTH1(K220Q) has been shown to induce



genomic instability, micronuclei formation, replicative stress and cellular transformation [60].

The same study showed that overexpression of NTH1 interferes with DSB repair by

homologous recombination, one of the two major DSB repair mechanisms [7], independently

of its enzymatic activity. Therefore, our results pointing to the formation of CDDs harbouring

oxidized pyrimidines, support a model in which both, the generation of DSB that could be

induced during the processing by NTH1 of closely induced lesions and the interference of the

glycosylase with DSB repair, would contribute to the radiosensitivity observed upon

overexpression of NTH1 [69]. This opens some interesting perspectives for hadron cancer

therapy. The use of inhibitors against DNA repair proteins PARP and ATM has been shown to

sensitize cells to proton irradiation by inducing synthetic lethality [70–73]. Since inhibitors and

stimulators of BER proteins have been developed [74–77], and despite some off-target effects

recently described [78], those molecules could be used in combination with proton irradiation

in order to improve the efficiency for killing cancer cells. In addition, it has been proposed that

OGG1 inhibitors affect mostly the proliferation of cancer cells compared to normal cells [79]

and could therefore further increase the sensitivity of cancer cells to irradiation while not

affecting the normal tissue. The results presented here provide tools to address some of these

questions.

5. Conclusion

In conclusion, our data shows for the first time that localized proton irradiation induces

the oxidatively damaged bases, 7,8-dihydro-8-oxoguanine and thymine glycol within the cell

nucleus. Consequently, the induction of these oxidative DNA base modifications 8-oxoG and

TG leads to the fast recruitment of the DNA glycosylases OGG1 and NTH1 that respectively

initiate the repair of those lesions by the BER pathway. Finally, the release of OGG1 and NTH1

from the damaged DNA is dependent on their ability to excise the oxidative base lesion.
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Figure Legends

Fig. 1. Targeted irradiation with 4 MeV protons on the MIRCOM facility. (A) Experimental

scheme for targeted irradiation with 4 MeV protons in a cross pattern of 5 spots. After

transfection, we selected cell nuclei and irradiated them in a cross pattern of 5 spots separated



by 5 µm from each other. For the irradiation, we delivered a mean number of 20,000 ± 141

protons on each spot, resulting in a relative fluctuation of 0.7 %. Immediately after, either we

performed live cell imaging and monitored the behavior of GFP-tagged proteins at local

irradiation sites, or we carried out immunostaining of irradiated cells. (B) Real-time

accumulation of XRCC1-GFP protein within cell nucleus upon localized irradiation with 4 MeV

protons. We transiently transfected U-2 OS cells with a plasmid coding for a GFP fused to

XRCC1. A day after, we targeted the center of nuclei of GFP-positive cells (yellow cross) and

irradiated according to a 10 µm-wide cross pattern of 5 points (red cross of 5 spots) defined

as in Fig. 1B. We delivered at each point 1,000 ± 32 protons. The irradiation started at 0 s.

Scale bar represents 10 µm.

Fig. 2. DNA lesions induced by a microbeam irradiation with protons in U-2 OS cells. (A)

Indirect detection of DNA double-strand breaks (DSBs) at localized irradiation sites. We

transiently transfected U-2 OS cells with peGFP plasmid coding for proteins involved in DSB

repair mechanisms, such as 53BP1 or KU70. A day after, we locally irradiated nuclei of cells

expressing GFP-tagged proteins by using the pattern described in Fig. 1B and we delivered at

each point 20,000 ± 141 protons. At the indicated time, we permeabilized cells with CSK +

Triton X-100 to remove soluble nuclear components and fixed them. We performed

immunostaining with either an anti-KU70/80 or an anti-γH2AX antibody and visualized GFP-

tagged proteins. (B) Direct detection of oxidative base damage at localized irradiation sites.

We irradiated U-2 OS cells transiently transfected with peGFP+XRCC1 plasmid as in (A). At

the indicated time, we fixed cells by acetone:methanol and carried out a DNA denaturation

uncovering oxidative lesions. We then performed immunostaining with either an anti-TG

antibody or an anti-8-oxoG antibody in addition to an anti-GFP antibody for visualizing XRCC1-

GFP. For each immunostaining (A and B), we showed a representative cell from unirradiated

cell pool (untargeted) and proton microbeam irradiated cell pool (targeted) on the same dish.

DNA is stained with DAPI. Bars, 10 µm.

Fig. 3. Recruitment of BER proteins to localized proton irradiation sites. (A) Recruitment

of BER proteins involved in the repair of DNA strand breaks. We transiently transfected U-2

OS cells with plasmid expressing GFP fused either to PARP1 or XRCC1. We treated

transfected cells as in Fig. 2A. At the indicated time, after Triton extraction and fixation, we

performed immunostaining with either an anti-γH2AX or an anti-KU70/80 antibody and 

visualized GFP-tagged proteins. (B) Recruitment of BER proteins involved in the repair of base

lesions. We transiently transfected U-2 OS cells with plasmid expressing GFP fused either to

XRCC1 or to DNA glycosylases, such as NTH1 or OGG1. We treated transfected cells as in

Fig. 2A. At the indicated time, after Triton extraction and fixation, we performed immunostaining

with either an anti-NTH1 or an anti-KU70/80 antibody and visualized GFP-tagged proteins.



DNA is stained with DAPI. Bars, 10 µm. (C) Spatial occupancy of DNA repair proteins at

irradiated regions. We displayed the intensity profiles corresponding to the white lines in each

enlarged merge view from (A, B), which go through an individual irradiated spot. The enlarged

views are a zoom of the dotted white boxed regions from (A, B). The profile plots show the

intensity measurements in arbitrary units (a.u.) from GFP-tagged proteins (green lines) and

proteins revealed by immunostaining (i.e., γH2AX, KU70/80 or NTH1, red lines). The 

presented data are normalized to the maximum of the intensity of each signal.

Fig. 4. Recruitment kinetics of OGG1 to localized proton irradiation sites. (A) Recruitment

of OGG1 upon proton irradiation. To analyze the behavior of OGG1 after proton irradiation, we

irradiated as in Fig. 2A U-2 OS cells expressing GFP-fused OGG1 wild-type or carrying the

K249Q mutation. Immediately after, we performed live cell imaging on an epifluorescent Zeiss

microscope and monitored the behavior of GFP-tagged proteins at the targeted irradiation

spots. (B) Dynamic behavior of OGG1 upon proton irradiation. Graph corresponds to mean

values from at least 100 spots within nuclei of cells irradiated in (A). The irradiation was applied

at t = 10 s. We show the standard error of the mean (SEM) by error bars and the p values from

Mann-Whitney test by asterisks (*** p < 0.001). (C) Localization of OGG1 at the localized

proton irradiation. At the indicated time after irradiation, we permeabilized cells irradiated in (A)

and fixed them. We then performed immunostaining with an anti-KU70/80 and visualized

OGG1 proteins, wild-type and mutant, by the direct detection of GFP signal. DNA is stained

with DAPI. Bars, 10 µm. (D) Level of OGG1-GFP and OGG1(K249Q)-GFP proteins at

irradiated DNA. We measured the GFP signals at irradiation (IR) spots from (C). The data

shown in scatter dot plots represent the background corrected fluorescence intensities

corresponding to GFP-OGG1 or OGG1(K249Q)-GFP normalized by the background corrected

fluorescence intensities corresponding to the immunostaining signal of KU70/80. Bold bars

represent the mean, error bars the standard error of the mean (SEM) and asterisks the p values

from Mann-Whitney test (***p < 0.001).

Fig. 5. Recruitment kinetics of NTH1 to localized proton irradiation sites. (A) Recruitment

of NTH1 upon proton irradiation. To analyze the behavior of NTH1 after proton irradiation, we

irradiated as in Fig. 2A U-2 OS cells expressing GFP-fused NTH1 wild-type or carrying the

K220Q mutation. Immediately after, we performed live cell imaging on an epifluorescent Zeiss

microscope and monitored the behavior of GFP-tagged proteins at the targeted irradiation

spots. Bars, 10 µm. (B) Dynamic behavior of NTH1 upon proton irradiation. Graph corresponds

to mean values from at least 100 spots within cells irradiated in (A). Error bars represent SEM.

The irradiation occured at t = 10 s. Statistical test was performed with Mann-Whitney test and

** p < 0.01.



Fig. 6. Complementation of NTH1 knock-out cells generated by CRISPR-Cas9 with

NTH1-WT and the inactive mutant NTH1(K220Q) fused to the GFP. (A) Expression of

NTH1-GFP proteins. Western-Blots performed from protein extracts were analyzed using an

antibody against NTH1 allowing to visualize both the endogenous NTH1 (indicated with an *)

and the overexpressed NTH1-GFP fusion proteins. H3 was used as a loading control. (B)

Enzymatic activity of NTH1-GFP proteins. Protein extracts from WT, KO, and KO cells

complemented with WT NTH1-GFP and the mutant NTH1(K220Q)-GFP were analyzed for

their capacity to process TG. In vitro enzymatic activity was performed using an oligonucleotide

containing one single TG. (C) Quantification of cleavage products. Graph represents the mean

+/- SD from three independent experiments.
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Robeska et al., Figure 1 (a 2-column fitting image)
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Robeska et al., Figure 2 (a 1.5-column fitting image)
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Robeska et al., Figure 3 (a 2-column fitting image)
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Robeska et al., Figure 4 (a 2-column fitting image)
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Robeska et al., Figure 5 (a 2-column fitting image)
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Robeska et al., Figure 6 (a 1.5-column fitting image)
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