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Introduction

There is a large body of evidence that each type of ionizing radiation (IR) and particles induces a specific spectrum of energy microdepositions differing by their frequency, energy density, and spatial distribution. [START_REF] Goodhead | The initial physical damage produced by ionizing radiations[END_REF][START_REF] Goodhead | Spatial and temporal distribution of energy[END_REF][START_REF] Goodhead | Track structure analysis of ultrasoft x-rays compared with high-and low-let radiations[END_REF][START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Ward | DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of formation, and reparability[END_REF] IR and particles produce 3 major types of DNA damage: base damage (BD), DNA single-strand breaks (SSB), and DNA double-strand breaks (DSB). Because energy microdepositions of more than 1, 10, and 100 eV/nm 3 are required for the occurrence of BD, SSB, and DSB, respectively, the physical features of IR and particles condition the induction rates of BD, SSB, and DSB. For example, 1-Gy g-rays simultaneously produces approximately 10,000 BD, 1000 SSB and 40 DSB per human diploid cells, whereas the same dose of a particles produces less BD and more DSB. [START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Foray | The repair rate of radiationinduced DNA damage: A stochastic interpretation based on the gamma function[END_REF][START_REF] Foray | Repair of radiation-induced DNA double-strand breaks in human fibroblasts is consistent with a continuous spectrum of repair probability[END_REF][START_REF] Steel | Basic Clinical Radiobiology[END_REF] The energy microdepositions also condition the DNA damage reparability: the denser the energy microdeposition, the less repairable the resulting DNA damage. For example, in human radioresistant cells, 50% of BD are repaired in 5 to 10 minutes, whereas the same proportion of DSB requires 50 to 60 minutes. [START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Foray | The repair rate of radiationinduced DNA damage: A stochastic interpretation based on the gamma function[END_REF][START_REF] Foray | Repair of radiation-induced DNA double-strand breaks in human fibroblasts is consistent with a continuous spectrum of repair probability[END_REF] Furthermore, DSB induced by high-linear energy transfer (LET) particles may be less frequent but also less repairable than those induced by low-LET ones. [START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Foray | The repair rate of radiationinduced DNA damage: A stochastic interpretation based on the gamma function[END_REF][START_REF] Foray | Repair of radiation-induced DNA double-strand breaks in human fibroblasts is consistent with a continuous spectrum of repair probability[END_REF] The current paradigm to explain the relative biological efficiency (RBE) of high-LET radiation and particles is that dense energy microdepositions produce more irreparable DNA damage. [START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Foray | The repair rate of radiationinduced DNA damage: A stochastic interpretation based on the gamma function[END_REF][START_REF] Foray | Repair of radiation-induced DNA double-strand breaks in human fibroblasts is consistent with a continuous spectrum of repair probability[END_REF][START_REF] Li | A stochastic model of DNA fragments rejoining[END_REF] Although there is a large body of evidence that unrepaired DSBs are correlated with radiosensitivity, [START_REF] Foray | Individual response to ionizing radiation[END_REF][START_REF] Jeggo | DNA double-strand breaks: Their cellular and clinical impact?[END_REF] the DSB endpoints predictive of radiosensitivity remain to be clarified.

Since 2003, hundreds of skin fibroblasts deriving from patients suffering from genetic diseases linked to radiosensitivity or showing abnormal tissue reactions after radiation therapy were collected. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF] From this collection, the ATM protein, a major actor of the IR response has been suggested to be a cytoplasmic protein that translocates in the nucleus after irradiation. The presence of ATM monomers in the nucleus has been shown to ensure the phosphorylation of H2AX histone variants (gH2AX), an early sensor of the recognition of DSB by the nonhomologous end-joining (NHEJ) pathway. The ATM nucleoshuttling, quantified by the number of nuclear foci formed by the auto-transphosphorylation forms of ATM (pATM), was shown to be the basis of powerful predictive assays. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Belkacemi | The Henri Mondor procedure of morbidity and mortality review meetings: Prospective registration of clinical, dosimetric, and individual radiosensitivity data of patients with severe radiation toxicity[END_REF][START_REF] Bodgi | The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: Resolution of the linearquadratic model[END_REF][START_REF] Ferlazzo | Radiobiological characterization of tuberous sclerosis: A delay in the nucleo-shuttling of ATM may be responsible for radiosensitivity[END_REF][START_REF] Ferlazzo | Mutations of the Huntington's disease protein impact on the ATM-dependent signaling and repair pathways of the radiation-induced DNA double-strand breaks: Corrective effect of statins and bisphosphonates[END_REF][START_REF] Granzotto | DNA double-strand breaks repair and signaling of human gliomas and normal brain cells in response to radiation: Potential impact of the ATM-and BRCA1-dependent pathways[END_REF][START_REF] Pereira | Fast and binary assay for predicting radiosensitivity based on the nucleoshuttling of ATM protein: Development, validation and performances[END_REF] This model is consistent with the findings that ATM monomers are more active than ATM dimers. [START_REF] Baretic | Structures of closed and open conformations of dimeric human ATM[END_REF][START_REF] Paull | Mechanisms of ATM activation[END_REF] Furthermore, the ATM nucleo-shuttling model provides a novel biological interpretation of the linear-quadratic formula that is also consistent with the hypersensitivity to the low-dose phenomenon. [START_REF] Bodgi | The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: Resolution of the linearquadratic model[END_REF] Here, by applying gH2AX and pATM immunofluorescence assays to some human quiescent fibroblasts from different origin and exposed to 6-MV X-rays, g-rays, 9-and 12-MeV electrons, 3-and 64-MeV protons, and 75-MeV/u carbon ions, we verified whether the model of the ATM nucleo-shuttling is relevant whatever the LET and the radiation or particle type.

Methods and Materials

Cell lines

The 149BR, 1BR3, and AG1521 untransformed human fibroblast cell lines were chosen for their genomic stability and the abundant literature associated with their radioresistance. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF][START_REF] Joubert | DNA double-strand break repair defects in syndromes associated with acute radiation response: At least 2 different assays to predict intrinsic radiosensitivity?[END_REF] The radiobiological characteristics of the ATM-mutated AT4BI and AT5BI and the LIG4-mutated 180BR hyper-radiosensitive fibroblast cell lines were published elsewhere. [START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF][START_REF] Joubert | DNA double-strand break repair defects in syndromes associated with acute radiation response: At least 2 different assays to predict intrinsic radiosensitivity?[END_REF] The radiobiological characteristics of the 01HNG and 06CLB fibroblast cell lines derived from patients showing severe tissue reactions after radiation therapy were published elsewhere. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF] All the experiments were performed with quiescent fibroblasts. Cell culture conditions are detailed in supplementary data (SD). [START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF] 

Statin and bisphosphonate treatment

The zoledronate plus pravastatin (ZOPRA) treatment was applied as published previously. [START_REF] Varela | Combined treatment with statins and aminobisphosphonates extends longevity in a mouse model of human premature aging[END_REF] Cells were incubated with 1 mM pravastatin (Sigma-Aldrich France, Saint-Quentin-Fallavier, France) for 24 hours. Thereafter, 1 mM zoledronate (Sigma-Aldrich) was added into the culture medium and cells were incubated for 12 hours. The culture medium was renewed immediately before irradiation.

Immunofluorescence

Immunofluorescence protocol and foci scoring were described elsewhere [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Foray | A subset of ATM-and ATRdependent phosphorylation events requires the brca1 protein[END_REF] and detailed in SD. Anti-gH2AX ser139 (#JBW301) and -pATM ser1981 (#10H11.E12) antibodies were applied at 1:800 and 1:100, respectively (Millipore, Darmstadt, Germany).

Low-LET irradiation

Dosimetry certifications and the irradiations were performed with a 6 MV X-rays clinical irradiator (SL 15 Phillips; doserate, 4 Gy/min) at anti-cancer Centre Le ´on-Be ´rard, (Lyon, France) [START_REF] Ferlazzo | Mutations of the Huntington's disease protein impact on the ATM-dependent signaling and repair pathways of the radiation-induced DNA double-strand breaks: Corrective effect of statins and bisphosphonates[END_REF] with 60 Co (1.25 MeV) and 137 Cs (0.662 MeV) g-rays sources (dose-rate, 2 and 4 Gy/min, respectively) at anti-cancer Centre Gustave-Roussy (Villejuif, France) [START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF][START_REF] Foray | Dose-rate effect on radiationinduced DNA double-strand breaks in the human fibroblast hf19 cell line[END_REF] and with an orthovoltage 250 kV X-rays Phillips irradiator (dose-rate, 4 Gy/min) at the European Synchrotron Radiation Facility (Grenoble, France) [START_REF] Joubert | Irradiation in presence of iodinated contrast agent results in radiosensitization of endothelial cells: Consequences for computed tomography therapy[END_REF] (Table E1; available online at https://doi.org/10.1016/j.ijrobp.2018.10.011).

Electrons irradiation

Dosimetry certifications and electrons irradiations were performed at 9 and 12 MeV (dose-rate, 4 Gy/min) with a Clinac Varian accelerator at Grenoble University Hospital (Grenoble, France) (Table E1).

Protons irradiation

Irradiation with the 3 MeV protons was performed with the 4-MV Van de Graaff accelerator of University of Lyon (Lyon, France) (dose-rate > 10 Gy/min) (Table E1). The 65-MeV protons irradiations were performed with the MEDICYC medical proton therapy cyclotron of the anticancer Center of Nice (France) (dose-rate: 2 Gy/min) and the physical features and dosimetry were published elsewhere [START_REF] Foray | Dose-rate effect on radiationinduced DNA double-strand breaks in the human fibroblast hf19 cell line[END_REF][START_REF] Joubert | Irradiation in presence of iodinated contrast agent results in radiosensitization of endothelial cells: Consequences for computed tomography therapy[END_REF][START_REF] Angellier | Radiochromic ebt2 film dosimetry for low-energy protontherapy[END_REF] (Table E1). [START_REF] Angellier | Radiochromic ebt2 film dosimetry for low-energy protontherapy[END_REF][START_REF] Bettega | Radiobiological studies on the 65 MeV therapeutic proton beam at nice using human tumour cells[END_REF][START_REF] Courdi | Results of proton therapy of uveal melanomas treated in nice[END_REF] 

Carbon ions irradiation

The carbon ions irradiations were performed at the Grand Accelerateur National d'Ions lourds (GANIL, Caen, France) (dose-rate, 2 Gy/min). The carbon ions were delivered at 75 MeV per nucleon (72 MeV/u in cells). The physical features and dosimetry were published elsewhere (Table E1). [START_REF] Beuve | Radiobiologic parameters and local effect model predictions for head and neck squamous cell carcinomas exposed to high linear energy transfer ions[END_REF][START_REF] Hanot | Glutathione depletion and carbon ion radiation potentiate clustered DNA lesions, cell death and prevent chromosomal changes in cancer cells progeny[END_REF][START_REF] Maalouf | Different mechanisms of cell death in radiosensitive and radioresistant p53 mutated head and neck squamous cell carcinoma cell lines exposed to carbon ions and xrays[END_REF] 

Statistical analysis

For practical reasons, the maximal dose used with carbon ions was 1 Gy. For all the other particle and radiation types, the dose applied was 2 Gy. To permit relevant data comparisons, foci data were expressed, when indicated, as a percentage of the g-rays reference data obtained at 10 minutes after irradiation (ie, 80 DSB/Gy/cell). This data transformation does not generate biases because the DSB repair rate of radioresistant cells when expressed as percentage of unrepaired DSB was shown to be independent of the dose and the technique used. [START_REF] Foray | Radiation-induced DNA doublestrand breaks and the radiosensitivity of human cells: A closer look[END_REF] The fitting formula for DSB repair kinetics [START_REF] Bodgi | A single formula to describe radiation-induced protein relocalization: Towards a mathematical definition of individual radiosensitivity[END_REF] and the RBE calculations are described in SD.

Results

The assessment of gH2AX foci in cells exposed to

low-LET radiation

The kinetics of the appearance and disappearance of gH2AX foci are characterized by 2 phases: the foci appearance phase, which reflects the DSB recognition step, and the foci disappearance phase, which is interpreted as the DSB repair step. [START_REF] Bodgi | A single formula to describe radiation-induced protein relocalization: Towards a mathematical definition of individual radiosensitivity[END_REF] By using pulsed-field gel electrophoresis or gH2AX immunofluorescence, exposure of the 149BR, 1BR3, and AG1521 radioresistant fibroblasts to 250-kV or 6-MV X-rays and 60 Co or 137 Cs g-rays leads to a DSB induction rate of 37 AE 4 DSB per gray per cell, whatever the precited radiation types, in agreement with other published data. [START_REF] Goodhead | Effects of radiations of different qualities on cells: Molecular mechanisms of damage and repair[END_REF][START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF][START_REF] Foray | Dose-rate effect on radiationinduced DNA double-strand breaks in the human fibroblast hf19 cell line[END_REF] The maximal number of gH2AX foci was reached at 10 minutes after irradiation after 2 Gy. At more than 24 hours after, negligible yields of residual gH2AX foci were observed in the 3 cell lines, which was in agreement with previously published data (Fig. 1A; Table E2; available online at https://doi.org/10. 1016/j.ijrobp.2018.10.011). [START_REF] Foray | The repair rate of radiationinduced DNA damage: A stochastic interpretation based on the gamma function[END_REF][START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Foray | Hypersensitivity of ataxia telangiectasia fibroblasts to ionizing radiation is associated with a repair deficiency of DNA double-strand breaks[END_REF][START_REF] Joubert | DNA double-strand break repair defects in syndromes associated with acute radiation response: At least 2 different assays to predict intrinsic radiosensitivity?[END_REF][START_REF] Foray | Dose-rate effect on radiationinduced DNA double-strand breaks in the human fibroblast hf19 cell line[END_REF][START_REF] Foray | A new model describing the curves for repair of both DNA double-strand breaks and chromosome damage[END_REF] Assessment of gH2AX foci in cells exposed to electrons Ten minutes after irradiation with 9-MeV electrons, the percentages of gH2AX foci assessed in the 149BR, 1BR3, and AG1521 radioresistant cell lines were found to be similar (85% AE 4%, 82% AE 4%, and 88% AE 2%, respectively; P > .8) but significantly different from the corresponding X-rays data (P < .01). Twenty-four hours after irradiation, the numbers of residual gH2AX foci were found significantly higher with electrons (4% AE 1%, 4% AE 1%, and 3% AE 1%, respectively; P < .05) than with X-rays, suggesting that DSB produced by 9 MeV electrons are less repairable than those induced by X-rays (Fig. 1A; Table E2). Similar conclusions were reached at 12 MeV (4% AE 1%, 5% AE 1%, and 5% AE 1%, respectively; P < .05).

Assessment of gH2AX foci in cells exposed to protons

Ten minutes after irradiation with 3 MeV protons, the percentages of gH2AX foci assessed in the 149BR and 1BR3 fibroblast cell lines (100% AE 0% for both) were found to be similar to that obtained with X-rays. By contrast, 10 minutes after irradiation with 65-MeV protons, the percentages of gH2AX foci assessed in the 149BR, 1BR3, and AG1521 fibroblast cell lines were found negligible (0 AE 0% for all the cell lines).

These findings suggest that DSB recognition is impaired with 65 MeV protons but normal with 3-MeV protons. In the same cell lines tested, the percentages of gH2AX foci assessed with 3-MeV protons (45% AE 3% and 42% AE 3%, respectively) were found to be clearly higher than with X-rays. A similar conclusion was reached with 65-MeV protons (25% AE 5%, 23% AE 5%, and 19% AE 2%, respectively), although the 3-MeV protons data were higher than the 65-MeV protons ones. Altogether, these data suggest that DSB produced by protons are less repairable than those produced by X-rays, in agreement with the literature (Fig. 1A; Table E2). [START_REF] Sorensen | In vitro RBE-LET dependence for multiple particle types[END_REF][START_REF] Tommasino | Proton radiobiology[END_REF] Assessment of gH2AX foci in cells exposed to carbon ions Ten minutes after irradiation, the percentages of gH2AX foci in the 149BR and 1BR3 fibroblast cell lines were found to be significantly lower with carbon ions (72% AE 3% and 66% AE 6%, respectively; P > .8) than with X-rays (P < .001). Furthermore, these percentages reached its maximum at 1 hour (90% AE 3% and 81% AE 5%, respectively). The percentages of residual gH2AX foci were found to be clearly higher than with X-rays (50% AE 5% and 48% AE 5%, respectively). The DSB induced by carbon ions therefore appeared weakly recognized by NHEJ and slowly repairable, as suggested elsewhere (Fig. 1A; Table E2). [START_REF] Hanot | Glutathione depletion and carbon ion radiation potentiate clustered DNA lesions, cell death and prevent chromosomal changes in cancer cells progeny[END_REF] 

Assessment of pATM foci in cells exposed to various types of radiation

With 65-MeV protons and carbon ions, the percentage of gH2AX foci at 10 minutes after irradiation was found lower than that assessed with X-rays and the maximal percentage of gH2AX foci was not reached at 10 minutes but at 1 hour. The pattern of this kinetics is not unusual, because it was already observed in some radiosensitive cells, [START_REF] Kuhne | A double-strand break repair defect in ATM-deficient cells contributes to radiosensitivity[END_REF][START_REF] Stiff | ATM and DNA-pk function redundantly to phosphorylate h2ax after exposure to ionizing radiation[END_REF] suggesting a lack of an early DSB recognition and a delayed ATM nucleoshuttling. We therefore applied antipATM immunofluorescence in the same conditions as described earlier. With X-rays, the radioresistant 149BR, 1BR3, and AG1521 cells showed similar numbers of pATM foci per gray per cell at 10 minutes after irradiation (37% AE 3%, 38% AE 5%, and 36% AE 6%, respectively; P > .8). The percentages of pATM foci decreased to zero at 24 hours after irradiation for the 3 cell lines tested (Fig. 1B). These findings fully agreed with other data published elsewhere. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Ferlazzo | Mutations of the Huntington's disease protein impact on the ATM-dependent signaling and repair pathways of the radiation-induced DNA double-strand breaks: Corrective effect of statins and bisphosphonates[END_REF] With electrons, the percentages of pATM foci were not found different from that assessed with X-rays. With 3-MeV protons, the pATM data of the 2 cell lines tested (149BR and 1BR3) are in agreement with the corresponding gH2AX data with a normal pATM foci value for the first hour following irradiation and a slower disappearance rate of pATM foci after this time. With carbon ions, for both cell lines, the percentage of pATM foci past 10 minutes after irradiation was significantly lower than that observed after Xray irradiation. However, the percentages of pATM foci induced by carbon ions past 10 minutes after irradiation were found clearly lower that those obtained with X-rays. Past 24 hours after irradiation, the percentages of the residual pATM foci with 3-and 65-MeV protons and with carbon ions were found systematically higher than those observed after Xrays in the indicated cell lines (Fig. 1B).

As specified earlier, the phosphorylation of gH2AX histone triggers DSB repair via NHEJ pathway. The DNAend-joining results in the reduction of the distance between ATM monomers situated on each end, which facilitates the redimerization of ATM and, consequently, the formation of nuclear pATM foci. [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF] Hence, the number of gH2AX should be 2-fold larger than that of pATM foci. By plotting the number of gH2AX foci assessed in the 149BR, 1BR3, and AG1521 cell lines for a given time after irradiation against the corresponding number of pATM foci, we observed a ratio that was not statistically different from 2, in agreement with the prior assumption (Fig. 2).

Effect of statins and bisphosphonates on cells irradiated with carbon ions

The ZOPRA treatment was previously shown to accelerate the nucleo-shuttling of ATM. [START_REF] Varela | Combined treatment with statins and aminobisphosphonates extends longevity in a mouse model of human premature aging[END_REF] Because the percentages of gH2AX and pATM foci per cell past 10 minutes after irradiation were found to be significantly lower with carbon ions than with X-rays, the effect of the ZOPRA treatment was investigated in the 149BR and 1BR3 radioresistant cell lines exposed to carbon ions. Interestingly, the ZOPRAtreated cells elicited a larger number of gH2AX foci than untreated cells, suggesting that the low number of ATM monomers and their weak diffusion in the nucleus observed with carbon ions can be partially corrected by the ZOPRA treatment via the acceleration of the nucleo-shuttling of ATM (Fig. 3A). This hypothesis was supported by pATM data (Fig. 3B). It is noteworthy that ZOPRA-treated 149BR and 1BR3 cells exposed to g-rays did show similar kinetics of gH2AX foci to untreated cells. [START_REF] Ferlazzo | Mutations of the Huntington's disease protein impact on the ATM-dependent signaling and repair pathways of the radiation-induced DNA double-strand breaks: Corrective effect of statins and bisphosphonates[END_REF] 

Discussion

Model of the ATM nucleo-shuttling is relevant for high-LET particles and radiation

According to the recent resolution of the linear-quadratic model published elsewhere, [START_REF] Bodgi | The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: Resolution of the linearquadratic model[END_REF] 2 categories of unrepairable DSB can be lethal:

-The a-type DSB, recognized by NHEJ but remaining unrepaired after 24 hours. These DSBs are reflected by early pATM foci but persistent residual g-H2AX foci. -The b-type DSB not recognized by any DSB repair pathways and therefore never repaired. These DSB are not directly visible by pATM and g-H2AX immunofluorescence, and they correspond to a low number of pATM foci.

ATM dimers CYTOPLASM

NUCLEUS ATM monomers

Low-LET radiation

In the case of 3 MeV protons, the energy microdepositions distribution is likely to be quantitatively and qualitatively sufficient to produce a minimal flux of ATM monomers to recognize all the DSBs produced in the nucleus. Conversely, the energy microdeposition might be so dense that the DSBs created are unrepairable; therefore, the a-type DSB contribution might be predominant for 3 MeV protons. Hence, exposure to 3-MeV protons can result in severe DSB but fully recognized by NHEJ, in agreement with our data (Fig. 4).

In the case of 65-MeV protons, the energy microdepositions can be so scattered that the production of ATM monomers would not be sufficiently high to recognize all the induced DSBs. Conversely, their energy density might be sufficiently high to produce unrepairable DSB like with 3-MeV protons; therefore, the b-type DSB contribution might be predominant for 65-MeV proton. Hence, exposure to 65-MeV protons can result in severe DSB but poorly recognized by NHEJ, in agreement with our data (Fig. 4).

In the case of carbon ions, the scenario is intermediate between that of 65-and 3-MeV protons: the flux of ATM monomers might be significant but still not sufficiently high to recognize all the DSBs at 10 minutes after irradiation.

Hence, both aand b-type DSBs contribute to the RBE of carbon ions (Fig. 4).

In the case of 9-to 12-MeV electrons, X-rays, and g-rays, the LET is low and the energy microdepositions are distributed more homogeneously in cells. Consequently, the flux of ATM monomers might be higher than with high-LET particles. As a result, all the DSBs are generally recognized, and their reparability is high, probably because of the energy microdepositions that are less dense than with high-LET particles (Fig. 4).

The effect of the nucleo-shuttling of ATM after exposure to high-LET particles was also illustrated by the radioprotective effect of the ZOPRA treatment shown in Fig. facilitatedeaccelerated diffusion of ATM monomers can be sufficient for improving the recognition of DSB by NHEJ and therefore for stimulating DSB repair (Fig. 4). Further study is needed to investigate whether ZOPRA can serve as a radioprotection approach for healthy tissues without modulating the antitumor efficiency.

RBE versus LET

Because the number of unrepaired DSBs was shown to be correlated with cell survival, we plotted the RBE calculated from the numbers of residual g-H2AX foci shown in Fig. 1A against the LET values corresponding to each radiation type (Table E1; Fig. 5A). Using previously published formulas, [START_REF] Bodgi | The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: Resolution of the linearquadratic model[END_REF][START_REF] Joubert | DNA double-strand break repair defects in syndromes associated with acute radiation response: At least 2 different assays to predict intrinsic radiosensitivity?[END_REF] we also calculated the corresponding cell surviving fraction at 2 Gy (SF2) and the dose reached when cell surviving fraction was equal to 10% (D 10% ) from the gH2AX and pATM data, respectively. The RBE values were deduced thereafter (Fig. 5B, 5C; SD). The resulting RBE-LET curves of 2 radioresistant fibroblast cell lines tested (149BR and 1BR3) were in good agreement with the literature data, even if the RBE values strongly depend on the calculation method. [START_REF] Steel | Basic Clinical Radiobiology[END_REF] However, the RBE value calculated from the 01HNG cells data were not found in agreement with the classical RBE-LET. This discrepancy was not surprising because the yield of residual DSB was found higher than that of radioresistant controls (Fig. 6) and the SF2 of this cell line was found much lower (25% AE 2% vs 68% AE 4%, respectively). These numerical values strongly influence on the RBE calculations. Similarly, the RBE values calculated from the ATM-mutated AT5BI cell line were found invariable because the maximal hypersensitivity level is already reached with X-rays in these cell lines. It is noteworthy that we aimed to elucidate the wellknown RBE-LET relationship that was established from radioresistant cell lines. Hence, we did not apply the high-LET radiation to cells from patients who already showed radiosensitivity with X-rays. Altogether, these data show that the ATM nucleo-shuttling model might help to predict the RBE-LET curves for any human cell line regardless of its radiosensitivity.

Parallel between high/low-LET differences and individual radiation responses

From the ATM nucleo-shuttling model, a classification of radiosensitivity in 3 groups was proposed [START_REF] Joubert | DNA double-strand break repair defects in syndromes associated with acute radiation response: At least 2 different assays to predict intrinsic radiosensitivity?[END_REF][START_REF] Bodgi | A single formula to describe radiation-induced protein relocalization: Towards a mathematical definition of individual radiosensitivity[END_REF] :

- in the text and irradiated with g-rays: group I, the radioresistant 149BR and 1BR3 fibroblasts; group II, the moderately radiosensitive 01HNG and 06CLB fibroblasts [START_REF] Varela | Combined treatment with statins and aminobisphosphonates extends longevity in a mouse model of human premature aging[END_REF] ; group IIIa, the hyper-radiosensitive ATM-mutated AT5BI fibroblasts; group IIIb, the hyper-radiosensitive LIG4-mutated 180BR fibroblasts. All these cell lines were characterized elsewhere. [START_REF] Varela | Combined treatment with statins and aminobisphosphonates extends longevity in a mouse model of human premature aging[END_REF] Each plot represents the mean AE standard error of the mean of triplicates.

shuttling; eg, the LIG4 syndrome [LIG4 e/e mutations]) [START_REF] Granzotto | Influence of nucleoshuttling of the ATM protein in the healthy tissues response to radiation therapy: Toward a molecular classification of human radiosensitivity[END_REF][START_REF] Bodgi | A single formula to describe radiation-induced protein relocalization: Towards a mathematical definition of individual radiosensitivity[END_REF] Interestingly, a number of similarities was observed in the shape of DSB repair kinetics between the exposure of radioresistant cells to high-LET particles and the exposure of radiosensitive cells to low-LET radiation (Fig. 6):

-The gH2AX kinetics of LIG4-mutated cell lines (group IIIb) is similar to that obtained with 3-MeV protons, reflecting a gross NHEJ-dependent DSB repair defect but a normal DSB recognition.

-The gH2AX kinetics of ATM-mutated cell lines (group IIIa) is similar to that obtained with 65-MeV protons, reflecting a lack of DSB recognition combined with a gross NHEJ-dependent DSB repair defect.

-The gH2AX kinetics of group II cell lines (moderate radiosensitivity) is similar to that obtained with electrons, reflecting moderate impairments of DSB recognition and repair.

-The gH2AX kinetics obtained with carbon ions might correspond to intermediate case of group II (upper level) and group III, but we did not encounter such a case in our collection of human radiosensitive fibroblasts (data not shown).

Conclusion

All the repair data kinetics shown here obey the mathematical constraints detailed by Bodgi et al, [START_REF] Bodgi | A single formula to describe radiation-induced protein relocalization: Towards a mathematical definition of individual radiosensitivity[END_REF] the requirements linked to the ATM nucleo-shuttling model [START_REF] Bodgi | The nucleo-shuttling of the ATM protein as a basis for a novel theory of radiation response: Resolution of the linearquadratic model[END_REF] and suggest that our assumptions are consistent with the radiobiological effects linked to high-LET particles and low-LET radiation in quiescent cells. Further theoretical and experimental investigation is needed to better link physical and biological data and to develop reliable algorithms to predict the radiation response with a given LET and a given individual radiosensitivity.
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 12 Fig. 1. Kinetics of gH2AX and pATM foci with different radiation types. Immunofluorescence against (A) gH2AX and (B) pATM was applied to the radioresistant 149BR (diamonds), 1BR3 (squares), and AG1521 (circles) fibroblast cell lines. Data are represented as a percentage of the number of foci assessed 10 minutes after irradiation with g-rays. Each plot represents the mean AE standard error of the mean of triplicates. The lower panels show representative immunofluorescence images (149BR cells, 3-MeV protons, 0 and 4 hours after irradiation) with the indicated biomarkers. White bars represent 10 mm.

Fig. 3 .

 3 Fig. 3. Kinetics of gH2AX and pATM foci after exposure to carbon ions and ZOPRA treatment. (A) Immunofluorescence against gH2AX foci was applied to the radioresistant 149BR (diamonds) and AG1521 (circles) fibroblast cell lines presubmitted to ZOPRA treatment (open symbols) or not (closed symbols) and irradiated with carbon ions (1 Gy). Dotted lines and corresponding plots represent the data obtained with or without ZOPRA treatment followed by g-ray irradiation. (B) The corresponding pATM data in 149BR cells obtained 10 minutes after irradiation were plotted at the indicated treatments. Each plot represents the mean AE standard error of the mean of duplicates.

Fig. 4 .

 4 Fig.4. Recapitulative scheme of the effect of the ATM nucleo-shuttling of ATM in the response to high-LET particles. Low-LET radiation induces a homogeneous oxidation that permits the formation of ATM monomers. They rapidly diffuse into the nucleus, thus contributing to DSB recognition and repair. After exposure to high-LET particles, the ionization clusters are not sufficiently dispersed to interact with ATM dimers to produce numerous ATM monomers. DSB recognition is impaired. If ZOPRA treatment is applied, the permeability of the nuclear membranes is increased, and some additional ATM monomers can diffuse into the nucleus to participate to the DSB recognition and repair.

3 .Fig. 5 .

 35 Fig. 5. RBE-LET relationships. (A) The number of residual g-H2AX foci shown in Fig. 1A (the g-rays data were taken as a reference) were plotted against the LET values corresponding to each radiation type for the radioresistant

Fig. 6 .

 6 Fig. 6. Analogies in the response of radioresistant cells to high-LET particles and the response of radiosensitive cells to low-LET radiation. (A) The gH2AX foci data shown in Fig. 1 and expressed as a percentage are reproduced. (B) gH2AX foci kinetics data, also expressed as percentage, and obtained from cells representative of the 3 groups of radiosensitivity defined
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