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Abstract

Gonon, G., Villagrasa C. et al. From Energy Déposition of Ionizing Radiation to Cell Damage 

Signaling: Benchmarking Simulations by Measured Yields of Initial DNA Damage after Ion 

Microbeam Irradiation. Radiat. Res.

Advances in accelerator technology enabling radiotherapy performing conformal irradiations 

with charged hadronic species has brought benefits to patients but also, potentially, new risks. For 

a better understanding of the effects of ionizing radiation on tumor and surrounding tissue 

investigating and quantifying the relation between energy deposition at nanometric scale and the 

initial biological events is a key issue. Monte Carlo track structure simulation codes provide a 

powerful tool for investigating this relation; however, their success and reliability rely on their 

improvement and development accordingly to the dedicated biological data to which they are 

challenged. For this aim, microbeam facility that allows the controlling of the fluence down to 

one ion per cell nucleus was used to evaluate relative frequencies of DNA damage following the 

interaction between the incoming ion and DNA according to radiation quality. Primary human 

cells were exposed to a particles of three different energies with respective LETs of about 36, 85 

or 170 keV-pm"1 at the cells’ center position, or to protons (19 keV-pm-1). Statistical evaluation 

of nuclear foci formation (53BP1/y-H2AX) observed by immunofluorescence and related to a 

particle traversal was undertaken in a large population of cell nuclei. The biological results were 

adjusted considering the factors that drive the experimental uncertainties and, then challenged 

with results using Geant4-DNA code modeling the ionizing particle interactions on a virtual 

phantom of the cell nucleus with the same mean geometry and DNA density as the cells used in 

our experiments. Both results show an increase of relative frequencies of foci (or simulated DNA 

damage) in cell nuclei as a function of increasing LET of the traversing particles, reaching a
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quasi-plateau when the LET exceeds 80-90 keV-pm'1. For the LET of an a particle ranging from 

80-90 to 170 keV-pm-1, 10-30% of the particle hits do not lead to DNA damage inducing 53BP1 

or Y-H2AX foci formation.

Keywords: Microbeam, a particles, Protons, Radiobiology, High-LET, 53BP1, y-H2AX, DNA 

damage, Track structure, Energy deposition, Geant-4 DNA, Monte Carlo simulation

Abbreviations

LET: linear energy transfer; RIF: radiation-induced foci; y-H2AX: histone H2AX phosphorylated 

at serine 139; DAPI: 4’, 6-diamino-2-phenylindole; SB: strand break; DSB(s): double-strand 

break(s); SD: standard deviation of a statistical distribution; SE: standard error; SEM: standard 

error of the sample mean; PBS: phosphate buffer saline; HEPES: 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid; BSA: bovine serum albumin; bp: base pair
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Introduction

In radiation biology, the absorbed dose is used as a fundamental physical quantity on 

which we rely to estimate biological effects caused by ionizing radiation. Indeed, the absorbed 

dose is defined as the mean value of the specific energy, i.e. the ratio of the amount of energy 

deposited by ionizing radiation within a volume to the mass contained in that volume (unit: J-kg" 

1) (7). At macroscopie scale, such as tissues or organs, this mean value is a good estimate of the 

actual energy deposition in the volume. Nevertheless, even at the macroscopie scale equal 

absorbed doses of different types of radiation do not produce equal biological effects (2, 3). 

These differences are based on the distribution of imparted energy at the microscopic level (2, 4) 

which is not considered by the mean value given by the absorbed dose (5, 6). For microscopic 

volumes such as cells or subcellular structures, the distribution of the specific energy has a larger 

spread around the value of the absorbed dose, and this variability causes the differences between 

radiation qualities.

Charged particles lose their energy in a discontinuous manner, by inelastic collisions 

(mainly ionizations or excitations) with the target molecules. This leads to a spatially non- 

uniform distribution of the energy transfer points (the so"called track structure) which is 

concentrated along and around the path of a charged particle and depends on the ion type and 

energy. The linear energy transfer (LET) is the average energy deposited per traveled unit 

distance (keV-pm"1) (7, 8) and is often used as a macroscopic measure for the microscopic 

properties of radiation (9). It may be relevant at the cell or cell nucleus compartment levels 

(typically micrometers in size) but it does not account for random fluctuation in individual 

interactions of a given particle (10). Therefore, the nanometric resolution (scale of molecules
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such as DNA molécules) of the individual energy dépositions is required to better apprehend the 

mechanisms of radiation effects at cellular or subcellular levels.

To overcome these limitations, Monte Carlo track structure simulation has become a powerful 

tool to model energy deposition processes in biological structures such as cell nuclei. In some 

cases, these codes can also handle the simulation of the physico-chemical and chemical processes 

that follow in time the initial energy deposition and contribute to the final extent of DNA damage 

for different radiation qualities (11-13). This simulation technique has a huge potential to better 

explain the relation between energy deposition and the initial induced cellular damage. However, 

the major difficulty is determining which descriptive parameters have the key role for a given 

application (9). This simulation requires the estimation of some parameters (used either to 

shortcut complex processes or as decision-criteria (14)) that are usually based on data coming 

from biological experiments. Regarding the interaction, at the sub-micrometer level, between 

charged hadronic species and living matter, the availability of relevant biological measurements 

are rare or nonexistent. Designing and carrying out sets of suitable and dedicated biological 

experiments, used as benchmarks so as to establish and adjust description parameters of the 

phenomena at their origin, is essential for developing biophysical models as well as for 

understanding the characteristics (physical or biological) of the initial radiation-induced damage 

(15).

Recent advances in irradiation techniques and molecular biology have enabled the 

observation and quantification of DNA damage of individual cells to single ionizing particles, 

rather than averaging the effect over multiple cells and crossing ions. Indeed, microbeam 

technology is offering the possibility to deliver a predetermined number of particles of a certain 

radiation quality (type and energy) in a specific area of the cells, nucleus, or cytoplasm, with 

micrometric spatial resolution (16-18). In parallel, the study of the initial induced cellular
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damages related to a particle traversai performed on a large population of cells is achievable 

combining in situ observations on platforms of high-throughput microscopy including a powerful 

and robust infrastructure necessary for a massive image analysis.

Thus, the observation of nuclear foci formation by immunofluorescence, such as phosphorylation 

on serine 139 of the histone variant H2AX (y-H2AX) and p53 binding protein-1 (53BP1), and the 

analysis of their characteristics (location, size, fluorescence intensity ...) make a foci-based assay 

well suited to study markers of DNA damage produced by the ionizing particles. Phosphorylation 

of H2AX and relocation of 53BP1 are among the best characterized biomarkers for DNA DSB 

detection for which evidence suggests a close association between the two of them (19-22) 

although this point is still debated (23-27).

In this work, we investigate the relative frequencies of interaction between protons or 

a particles of different energies and DNA leading to at least one 53BP1 or y-H2AX focus 

formation when the primary ionizing particles traverse the cell nucleus. We perform statistical 

evaluations of radiation-induced 53BP1 foci and y-H2AX appearance in cell populations wherein 

each cell nucleus was traversed by a given number of particles delivered by the microbeam 

facility of Physikalisch-Technische Bundesanstalt (PTB) (18). The obtained foci number 

distributions were converted into relative frequencies of radiation-induced foci detected per 

particle track and corrected for the influence of the experiment’s conditions. Indeed, all these 

factors should be considered to properly evaluate the relative frequencies of at least one 53BP1 or 

y-H2AX focus formation as a function of the radiation LET. In parallel, simulation procedures 

using the Geant4-DNA Monte Carlo code were developed, to which the biological results are 

compared. This should allow the relation between the topology of energy deposition and early 

signaling of DNA damage to be elaborated.
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Materials and methods

Cell culture

Cultures of primary human umbilical vein endothelial cells (HUVEC) were obtained from Lonza 

(Bâle; Suisse). All cells tested negative for mycoplasma, bacteria, yeast, and fungi. HIV-1, 

hepatitis B and hepatitis C were not detected for all donors. Cells at passage 2 (4-5 doubling 

population) were grown in endothelial cell growth media (EBM® and supplements) (Lonza) 

containing 4.72% (vol/vol) fetal bovine serum (Lonza), hydrocortisone, hFGF-B, VEGF, R3- 

IGF-1, ascorbic acid, hEGF, gentamicin and amphotericin-B (EGM-2BulletKit, Lonza). They 

were maintained at a temperature of 37°C in humidified incubators in an atmosphere of 5% CO2 

(vol/vol) in air. For experiments, cells were seeded at numbers that allowed them to reach the 

density-inhibited state within five days in 12.5 cm2 polystyrene flasks. They were then fed twice 

on alternate days. The karyotype and the genomic stability of cells were evaluated to ensure an 

equivalent DNA content in all cells of a population (28).

Microbeam irradiation

The microbeam facility of Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, 

Germany, and the irradiation procedure have been previously described in detail (18, 29, 30). 

Briefly, protons and a particles were accelerated to the selected beam energies using an energy- 

variable cyclotron (The Cyclotron Corporation (TCC), model CV-28). Single-particle irradiation 

is facilitated with a signal from a detector system, consisting of thin scintillator and photo 

multiplier tube, which is used as a trigger for a fast beam deflector (18). The detection efficiency 

for ion passage and the spatial resolution have been estimated for each set of experiments. Owing
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to energy losses of the particles in the microbeam exit window, a 10 or 40 pm-thick scintillator 

and a 25 pm-thick bioFoil, the energy in the cell nuclei’s center, obtained using SRIM code (31), 

was 1.6 MeV for the protons and 17.8 MeV, 5.5 MeV, and 1.86 MeV for a particles. These 

energy values correspond to average LET values of the ions of 19 keV-pm-1, 36 keV-pm-1, 

85 keV-pm-1 and 170 keV-pm-1. The physical characteristics of the beam for the different 

projectiles and energies used for biological experiments are reported in Table 1.

Spatial widths (full width at half maximum, FWHM) were achieved through focusing by the 

electromagnetic elements of the microbeam. Before each setup of irradiation and using the same 

type of dishes filled with medium, values in radial and axial (d1 x d2) directions at the level of 

cells were noted and are listed in Table 1. The actual coordinates for a particular particle hit 

follow a Gaussian distribution in x- (p = 0, o1 = d1/2.355) and y- (p = 0, o2 = d2/2.355) axes. 

The detection threshold and noise events in the particle counter were also quantified or estimated 

for each set of irradiations (Table 1). Indeed, a certain percentage of particles may be considered 

as delivered by the microbeam due to the detection of noise events while none was emitted. 

Conversely, an ionizing particle may be emitted but not detected due to the detection threshold, 

leading to delivery of a second particle, with two particles delivered instead of one. This may 

occur at each position of the pattern.

About 20 h before irradiations, confluent cell cultures were trypsinized and approximately 

4,000 cells were seeded as a drop of 25-30 pL onto the 25 pm-thick replaceable hydrophilic 

biofoils (polytetrafluoroethylene foil) (In Vitro Systems & Services, Gottingen, Germany) at the 

base of specially designed stainless-steels dishes (18). The cell monolayer covers a circular area 

with a diameter of about 4 mm. Dishes were maintained in 37°C humidified incubators in an 

atmosphere of 5% CO2 (vol/vol) in air for 2 h. Then, they were filled with medium and put back
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in the incubators overnight. Cell nuclei were stained with 150 nM solution of Hoechst 33342 dye 

(17530, AAT Bioquest) for 30 min, rinsed with medium and then sealed with a cover glass. The 

cell dishes were positioned perpendicularly to the beam on a computer-controlled xy-stage 

(Marzhauser, Wetzlar, Germany) mounted on an inverse microscope (Zeiss Axiovert 100). Then, 

they were scanned using a magnification x20 lens and a sensitive CCD camera (18), an LED- 

based light source Lumencor with 399 ± 9 nm wavelength for illumination and customized image 

analysis software to detect the location of each nucleus. The narrow bandwidths of the filters and 

light source allow a reduction of the possible interaction between UV light and Hoechst 33342 

that leads to a background of y H2AX foci formation. Special care was taken during all imaging 

and adjustment procedures to minimize the exposure times and to otherwise limit this effect. The 

dishes were maintained at 37°C during the scan and irradiation period, using a dish holder 

connected to a thermostat. Cell cultures were exposed to the particles and energies listed in 

Table 1. Each cell nucleus was targeted with the same pattern of five particles placed at the 

corners of a 4 pm side square with one target point in the middle, positioned at the barycenter of 

each cell nucleus (Fig. 1A). A typical duration for the whole procedure of the scan and irradiation 

of a cell dish containing 4,000 cells was about 30 minutes. After irradiation, the dishes with the 

cells were put back into the incubator. Control cell cultures (noted C) and sham-irradiated cell 

dishes (noted S) were handled in the same way as the test cultures, but were not irradiated. 

However, sham-irradiated cell cultures were subject to cell nuclei recognition.

In situ immune détection of 53BP1 and y-H2AX

53BP1 and y-H2AX are sensitive markers of DNA damages (23, 32, 33). Briefly, at different 

times after irradiation, cells were fixed with 4% paraformaldehyde and 2% sucrose in PBS for
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15 min at room température, and rinsed with PBS. Subsequently, the cells were permeabilized 

with a Triton-X buffer [(0.5% TritonX-100, 300 mM sucrose, 3 mM MgCl2, 20 mM HEPES 

Buffer (pH 7.4), 50 mM NaCl in water)] at 4°C for 3 min. The fixed and permeabilized cell 

monolayers were reacted with rabbit polyclonal anti-53BP1 (A300-272A, Bethyl) and mouse 

monoclonal anti-phospho-histone H2AX (Ser139) (05-636, Upstate) antibodies diluted 

respectively to 1:1000 (vol/vol) and 1:800 (vol/vol) in a blocking buffer [2% (vol/vol) BSA in 

PBS] for 1 h at room temperature which was followed by blocking buffer wash. After incubation 

for 1 h with goat anti-rabbit IgG coupled to Texas Red®-X (T6391, Invitrogen) and goat anti- 

mouse IgG1 coupled to Alexa Fluor® 488 (A21121, Invitrogen) secondary antibodies, both 

diluted to 1:1000 in blocking buffer, the cells were washed in PBS. Nuclei were stained with 

570 nM 4’,6’-diamidino-2-phenylindol dihydrochloride (DAPI) solution (1050-A, Euromedex) 

for 5 min at room temperature. Prolong Gold antifade reagent (P36930, Invitrogen) was used in 

mounting the samples. Distributions of 53BP1 and y-H2AX foci formation were examined.

Automated imaging acquisition

All the images within the same data set were captured with a Scan® platform (Olympus). It 

consists of an inverted microscope IX81 (Olympus) equipped with a motorized stage SCAN IM 

IX2 (Màrzhàuser) and a MT20 fluorescence illumination system with fast filter wheel. The 

images were acquired using a UPLSAPO 100XO oil immersion objective lens (Olympus) (N.A. 

1.4) associated with a high-resolution cooled digital CCD camera (ORCA-R2, Hamamatsu) and 

standard filter sets for DAPI (Xexfkem = 342/450 nm), AlexaFluor488 (kexfkem = 488 nm/519 nm), 

and Texas Red-X (Xex/Xem = 595/615 nm). The image pixels were squares and their side length 

was measured to be 0.064 pm. The limit of resolution based on the N.A. of the objective lens in
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the Alexa 488 channel is 0.2 pm (Rayleigh limit). Images were captured so that intensities for a 

given experiment were within the 12-bit linear range. In order to capture all nuclei in full, the 

images were acquired with an overlap of 15% between fields. For each channel, images were 

acquired as five z-stack images with step size of 0.25 pm between planes (one at the focal plane 

and four around). The images of the 3D stack were projected to 2D xy-images using maximum 

intensity projection.

Automated image analysis

The collected images were analyzed using the Olympus Scan® analysis software with edge 

segmentation algorithm that allows the simultaneous detection of nuclei (objects), 53BP1, and y- 

H2AX foci (sub-objects) stained with different fluorescent probes. Nuclei and foci were 

identified using defining parameters such as intensity threshold for recognition, minimum and 

maximum object dimensions on a few example images and keeping the parameters constant for 

the entire set of images for a specific slide. Nuclei on the border were excluded from the analysis 

and duplicate nuclei due to overlap of 15% between images were suppressed. Automated image 

analysis enabled the efficient measurement of numerous topological parameters on foci and 

nuclei such as area, shape (i.e. circularity factor, elongation factor, etc.), integrated and mean 

intensity of DAPI, Alexa Fluor® 488 and Texas Red®-X, and relative positions in images and 

slides on the whole population of nuclei (~4,000 cells) exposed to the same irradiation condition. 

Data generated were plotted in two-dimensional dot plots and a first selection was made based on 

nucleus area and circulantes which permits objects corresponding to clusters of nuclei and 

cellular debris to be removed from the analysis and for only isolated nuclei to be extracted (28). 

To eliminate complications in the interpretation of the results that arise from changes in
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responses to ionizing radiation at different phases of the cell cycle (34), non-divided cells were 

selected. As the y-H2AX foci background is higher in cell nuclei in divisions (S, G2, and 

metaphase) associated with DNA replication (35), non-replicating cells were discriminated from 

S-phase cells on the basis of integrated intensities of DAPI (DNA content) and Alexa Fluor® 488 

(associated to y-H2AX foci) of each object (28). Using this representation, a subpopulation of 

nuclei with low levels of integrated intensity of DAPI and Alexa Fluor® 488 can be sequentially 

separated not only in non-irradiated condition but also in irradiated condition (28). This allowed 

the selection of a well-defined population of nuclei mainly in G0/G1 phase of the cell cycle that 

correspond to approximately 1,500 to 3,000 cell nuclei per dish.

Simulation using Matlab

In this work, each cell nucleus of a population was targeted with the same pattern of irradiation. 

However, the real size of each nucleus together with microbeam characteristics such as beam size 

or detection thresholds and noise events in the particle counter could deviate from the square 

shape of the pattern and reduce the real number of particles reaching the particular nucleus. 

Following Hoechst staining, some cell nuclei were not detected and this ratio was estimated at 

2% of the cell nuclei population by comparison of cell nuclei images as obtained during cell 

nuclei detection before irradiation and after DAPI staining. To estimate how features can affect 

the real number of hits and their localization in cell nuclei, calculations were undertaken using 

Matlab R2010b.
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Morphology of cell nuclei

As the pattern is fixed, the morphology (size and orientation) of cell nuclei vary from one to the 

other and could have an impact on the number of particles hitting each cell nucleus in different 

replicate experiments. To adapt our script closer to reality, for each dish, each nucleus of the cell 

population was simulated as an ellipse considering their specific major and minor axes and their 

orientation (Supplementary Figures 1A and 2A-B) determined during image analysis and after 

fixation and staining with DAPI. Nuclear size varies with the equivalent major ellipse axis 

ranging between 13.7 and 23.8 pm and equivalent minor ellipse axis ranging between 9.2 and 

16.0 pm whereas the nuclei area ranges between 103.2 and 277.6 pm2 (Supplementary Fig. 3). 

The mean values ± SD were, respectively, (18.3 ± 1.4) pm, (12.2 ± 0.9) pm, and 

(175.9 ± 21.5) pm2. The cell nuclei thickness was estimated using a confocal microscope on the 

same dishes used for the experiments as (2.4 ± 0.2) pm (SD).

Validation of the chosen irradiation pattern size

The beam parameters combined with the measured size and orientation of each cell nucleus and 

the size of the irradiation pattern allow a corrected number of ionizing particles reaching each cell 

nucleus to be assessed. Indeed, although the irradiation pattern is fixed, the coordinates of each 

particle hit of the irradiation pattern with respect to the nominal position had a Gaussian 

distribution along the x- (p = 0, o1 = d1/2.355) and y- (p = 0, o2 = d2/2.355) axes 

(Supplementary Fig. 1).

We attempted to minimize both the risk of missing a cell nucleus and the probability that two 

particles hit a given nucleus at less than 2 pm from each other. Indeed, two particle hits too close 

may lead to one big focus instead of two distinct foci. Supplementary Fig. 4, obtained by
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simulation based on all size of cell nuclei analyzed during experiments, illustrâtes the relation 

between these phenomena for each dish studied (n=14). The likelihood of getting two particle 

hits at a distance of less than 2 pm from one another within a given nucleus (red curves) and the 

likelihood of cell nuclei being reached by less than five particle hits (blue curves) were calculated 

as a percentage for different side lengths of the square irradiation pattern taking into account the 

real size of each cell nuclei analyzed. The more the size of the pattern increases, the greater the 

probability that the ion misses the cell nucleus, and the lower the probability that two particles hit 

a nucleus with a distance of less than 2 pm from one another. Therefore, a value of 4 pm side of 

the irradiation pattern, as used in our experiments, is an optimum compromise that allows a 

maximum number of cells hit by exactly five particle trajectories to be obtained while limiting 

the probability of getting two particle hits within 2 pm of one another to around 20%. Despite the 

optimization of these two parameters, both have to be considered in order to calculate the 

probabilities of 53BP1 or y-H2AX foci formation as a function of the LET of radiation.

Statistics

Part of the data was represented as relative frequency distributions of the number of 

53BP1or Y-H2AX foci per nucleus (Fig. 2 and 4 and Supplementary Fig. 5). To take into account 

the inter-dish variability and to increase the statistical power of the analysis, data were pooled. 

The mean number of foci per nucleus (m) was calculated on pooled data and associated with the 

standard deviation (SD) computed as the square root of the variance of the given pooled 

distribution. A two-sample Kolmogorov-Smirnov test was performed to compare the distributions 

of the number of foci (Y-H2AX and 53BP1) per nucleus between control and sham-treated 

samples. It is a non-parametric test with no hypothesis on the form of the distribution (36).
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The other part of the data was represented as relative frequencies of at least one focus 

formation along a particle track traversai (Fig. 5). Considering raw data (Fig. 5A and B), the 

means are the means of pooled data with the standard deviation associated. In Fig. 5C and D, the 

means and bar errors represent the mean and the standard error obtained after a Monte Carlo 

maximum likelihood optimization as proposed by Stram and Kopecky (37) in which the 

parameter estimation and the corresponding inference is derived through Poisson likelihood 

function integrated over the 525 corrected raw data simulations.

Probabilities

The relative frequencies of at least one radiation-induced focus formation per particle track 

traversing the cell nucleus depend on the cell nucleus thickness. In the biological experiments, 

the average cell nucleus thickness was 2.4 pm, whereas in the simulations a thickness of 2 pm 

was considered. Therefore, it was necessary to derive a relation between the probabilities for the 

formation of at least one observable focus along particle tracks of different lengths. Let’s denote 

by Ap the probability that a focus forms when the particle traverses a distance Ad and suppose 

that Ap is independent of what happened before according to the Markov process referring to the 

memoryless property of the process. Furthermore, the hypotheses were made that the DNA 

density as well as the particle’s LET are stationary along the particle track. Then, if n consecutive 

path segments of length Ad forming a total path length of n*Ad are considered, for each of them 

the probability of foci formation is equal to Ap and the number of segments in which foci 

formation occurs would have a binomial probability distribution. The probability that in all of the 

n path segments no foci is formed is then (1-Ap)n = (1-Ap)dAd. The expression (1-Ap)dAd can also 

be used for the probability that there are no foci along a path length d if d is not an integer
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multiple of Ad. The probability of detecting at least one focus when the particle travels a distance

dis then pd = 1 — (1 — Ap)d/Ad, which can be solved to give Ap = 1 — (1 — pd) ^ . Thus, if two

different path lengths di and d2 are considered, the conversion between the two probabilities is

d2given by pd2 = 1 — (1 — pdJd 1.

Monte Carlo simulation

A full simulation chain presented in detail in (38) was used in this work in order to simulate the 

DNA damage generated either by direct or indirect effects. In this simulation, three important 

aspects can be distinguished: the target description, the simulation of the physical interactions 

leading to direct DNA damage, and the chemical interactions leading to indirect DNA damage.

Target description

The target in the simulation consisted of a unique cell nucleus phantom representing the mean 

shape and dimensions of the endothelium cell nucleus irradiated in this work: a cylinder with an 

elliptical base of major semi-axis a = 9.5 pm, minor semi-axis b = 5.5 pm, and 2 pm height. 

These geometrical parameters were taken from a previous biological experimental measurement 

with endothelium cells grown in a different foil than the one used in the microbeam experiments. 

This phantom was then filled with the whole genome of a eukaryotic cell (~6 Gbp) that was built 

using the DNAFabric tool (39). This geometrical DNA description takes into account the 

complex organization of the chromatin at different scales as described in (38) and can be seen in 

Supplementary Fig. 7. Briefly, the ~6 Gbp of the genome were distributed in spherical regions 

representing chromatin domains containing ~1 Mbp that are placed homogeneously within the 

cell nucleus phantom in order to simulate cells in the G0/G1 phase of the cell cycle. Each of these
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chromatin domains was filled with voxels containing a geometrical représentation of the 

chromatin fiber of helicoidal shape. There are five different types of voxels that can be combined 

in order to form chromatin loops within the domains. The chromatin fiber itself is formed by 

nucleosomes placed helicoidally, each of them composed of a sphere representing the histone 

proteins and surrounded by two turns of the DNA double helix. Eventually, the DNA double 

helix is described at molecular scale, where each of the molecules of a nucleotide (sugar, 

phosphate, or base) is represented by a sphere whose volume is equal to the real molecular 

volume. In this target geometrical model, the nucleosomes in the chromatin fiber are linked 

forming a continuous DNA double helix for a given chromosome territory (group of chromatin 

domains).

Simulation of the physical stage

This target geometry built with DNAFabric software was then exported to the simulation chain, 

which uses a slightly modified version of Geant4-DNA (Geant4 V10.01) (40, 41) for simulating 

both the physical and chemical interactions after the passage of the protons or a particles through 

the cell nuclei.

In the Monte Carlo simulation of the physical stage, the default processes and models were used 

in this version of Geant4-DNA. These processes allow the transport of secondary electrons on 

liquid water down to a few eV (~7 eV) on an event-by-event basis and thus the track structure at 

nanometric scale of the ionizing radiation can be obtained. Nevertheless, they use physical 

models based on liquid water cross sections in order to calculate the type of interaction (elastic, 

ionization, and excitation) and the amount of energy that is deposited at each of the track 

interaction points. Thus, in this simulation, all the volumes in the target geometries were
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considered to be composed of liquid water, the interaction cross sections of which are generally 

believed to be a good approximation for those of biological materials.

All the inelastic interactions leading to an energy deposition within the DNA volumes (sugar, 

phosphate, base, and hydration shell) were recorded to be analyzed afterwards and to calculate 

the number of direct damages as proposed in (38). Indeed, in this work, we considered that a 

direct strand break (SB dir) was created if the amount of energy deposited by the physical 

interactions in the backbone region of one nucleotide (sugar + phosphate + hydration shell) 

exceeds 17.5 eV.

The simulation of the chemical stage

Physical interactions between the ionizing irradiation and the water molecules surrounding the 

DNA lead to water radiolysis and thus to the generation of water-derived radicals and solvated 

electrons that diffuse and react chemically between themselves but also with the DNA 

constituents. Some of these chemical reactions can then break the backbone and generate indirect 

strand breaks (SBind). In this work, the processes and models implemented in the Geant4-DNA 

V10.01 were used for simulating the water radiolysis and the radicals’ diffusion and reactions. As 

explained in (38), new chemical reactions were included in the simulations in order to take into 

account the interactions between the radicals and the DNA constituents. Scavenging processes 

were taken into account by two methods. Firstly a specific reaction between histones (represented 

by a sphere of 2.4 nm radius) and all type of water radicals was included. In this reaction the 

water radical is absorbed and the histone remains unchanged, thus simulating the histone 

scavenging capacity. Nevertheless, in order to better simulate the whole contribution of 

scavengers pertaining to other radicals, other parameters are used in the calculation chain: 

chemical reactions are constrained in each voxel, i.e., chemical species cannot diffuse over the
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voxel dimensions (50 nm length), and the chemical stage simulation is stopped 2.5 ns after the 

end of the physical stage. Finally, for the determination of indirect damage, it was considered that 

40% of the reactions between the OH° radical and the phosphate molecules led to an induced 

strand break.

Clustering algorithm and statistical uncertainties

The locations in the DNA geometrical model of the direct and the indirect strand breaks were 

registered during the simulation for each track. The DBSCAN algorithm (42) was used in order 

to detect the damage clusters: a DSB damage cluster was defined when at least two SBs were 

located at a distance lower than 10 bp in the geometry and on opposite strands. Finally, the initial 

sets of clusters were also analyzed in order to determine whether they can be associated with each 

other and merged into a larger cluster. As a result of this simulation, we obtained a number of 

DSB clusters per track that can have different complexities, meaning a different number of SBs 

involved in the DSB clusters with a minimum of two SBs.

The simulations were performed using only one cell nucleus phantom traversed by 1 000 

particles per energy. The required calculation time for the 1,000 tracks depends on the ionizing 

radiation LET, and for high LET values it could be as long as three weeks. The resulting 

statistical uncertainty (SEM) on the mean number of DSBs per 2 pm track is always lower than 

5%. Finally, in order to calculate the number of foci that the DSBs could produce in the x-y 

plane, the hypothesis was done by considering that all individual DSBs along the track could lead 

to a focus. Therefore, if at least one DSB was formed along the track, whatever its z-coordinate 

is, the probability of observing a foci in the x-y plane was equal to 1. In figure 7, the three curves 

corresponding to the simulated results use this hypothesis but they change the complexity of the
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DSBs that are taken into account in order to be considered as a potential focus (DSBs with at 

least two, three, or four SBs).

Results

Raw distribution of the number of 53BP1 and y-H2AX foci in HUVEC cultures wherein 

each cell nucleus was targeted by 5 ions

Context

To study the interaction between a charged hadronic particle and DNA, we examined y- 

H2AX and 53BP1 radiation-induced foci (RIF) formation in situ on a cell-by-cell basis and on a 

large number of human umbilical vein endothelial cells (HUVEC). As described previously (28), 

cells in G0/Gi were analyzed in order to eliminate potential interpretation issues due to the 

amount of DNA and/or interference from cellular responses to ionizing radiation at other phases 

of the cell cycle (34). Monolayers of primary HUVEC were irradiated perpendicularly with 

single ionizing particles at an ion microbeam that deposits energy along their track (Fig. 1A). 

Ionizing interactions in the cell nucleus lead to the formation of DNA double-strand breaks 

(DSBs) and the ensuing formation of foci (Fig. 1B). The number of produced foci depends on the 

radiation quality and the cell nuclei thickness which was estimated using confocal microscopy on 

the same dishes as used for the experiments and gave a mean thickness of 2.4 ± 0.2 pm (SD).

The radiation-induced 53BP1 or y-H2AX foci in cells were detected in situ using a 

combination of a high-speed microscopy platform and automated image analysis. Images from 

multiple z-planes were acquired and then analyzed as collapsed maximum intensity projections
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for improving the signal-to-noise ratio (43) when quantifying foci on the whole population of cell 

nuclei exposed to the same irradiation condition (Fig. 1C). The aim was to obtain the relative 

frequency of presence (or absence) of radiation-induced foci following one particle traversal 

within a typical endothelial cell nucleus of 2.4 pm mean thickness as a function of particle LET.

Characterization of 53BP1 and y-H2AX foci background

Prior to irradiation, cell nuclei were stained with Hoechst-33342 dye and then scanned in 

order to be identified. This step may induce an increase in the 53BP1 and y-H2AX signal that is 

independent of the irradiation. Therefore, additional cell samples that received no radiation were 

treated in parallel with irradiated dishes to evaluate 53BP1 and y-H2AX foci background. Parts of 

them were sham-treated as they were subjected to cell nuclei recognition (using Hoechst-33342 

staining), whereas other cell cultures were considered as controls.

In control and sham-treated samples, a significant number of cells also harbored foci, the 

frequencies of which slightly fluctuated between experiments. In Fig. 2, the data are represented 

as distributions of the number of 53BP1 or y-H2AX foci per nucleus for the five and seven 

replicate experiments related, respectively, to control (Panel A) and sham-treated dishes (Panel 

B). For each background estimation experiment, between 427 and 3,793 cell nuclei in Go/G1 

phase of the cell cycle were evaluated. To take into account the inter-dish variability, graphically 

viewable in Fig. 2A and 2B, and to increase the statistical power of the analysis, data were 

pooled. It reached a total of 8,132 and 15,236 cell nuclei for control and sham-irradiated samples, 

respectively. For both, 53BP1 or y-H2AX, the distributions of the number of foci per nucleus are 

significantly different between control and sham-treated samples (p<0.0001). The mean number 

of 53BP1 foci per nucleus ± SD of control samples was 0.24 ± 0.67 while it reached 0.50 ± 0.86
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for sham-treated samples (Fig. 2C). The percentage of cell nuclei without any 53BP1 focus 

decreased from 83.5% for control to 65.4% for sham data while the percentage of cell nuclei with 

at least one focus doubled going from 16.5% to 34.6%. Similarly, the mean number of y-H2AX 

foci per nucleus ± SD doubled from 0.09 ± 0.48 to 0.21 ± 0.72 between control and sham-treated 

samples and the percentage of cell nuclei with at least one y-H2AX focus increased from 5.1% 

for control samples to 13.2% for sham-treated samples. Thus, the protocol of cell nuclei 

recognition induces an increase of the number of cell nuclei harboring 53BP1 and y-H2AX foci 

in sham samples compared with control samples (Fig. 2C). It may be explained by the interaction 

between Hoechst-33342 stain and photons in the 385-405 nm wavelength range exposure during 

cell nuclei recognition, which has been reported to induce DNA damage (44-46). Consequently, 

to obtain a number of radiation-induced 53BP1 or y-H2AX foci per cell nucleus significantly 

higher than the sham background, we performed experiments based on five particle traversals per 

cell nucleus where the different ions were targeted at different positions in the cell nucleus.

Distribution of the number of 53BP1 and y-H2AX foci in HUVEC cell cultures wherein 

each cell nucleus was targeted by five projectiles as a function of particle type and LET

We examined 53BP1 and y-H2AX foci in situ, in HUVEC cell cultures, fixed at 10 or 

30 min after exposure to 1.86, 5.5, or 17.8 MeV a particles with respective LET values in the 

center of the cell nuclei of about 170 keV-pm-1, 85 keV-pm-1, and 36 keV-pm-1 and also to 

1.6 MeV protons (LET ~19 keV-pm-1). Each cell nucleus was targeted by five particles according 

to a cross pattern with the four outer target points located on a square of 4 pm side length and the 

middle one aimed at the barycenter of the cell nucleus (Fig. 3A). In Fig. 3B, 53BP1 (Panel B-2) 

and y-H2AX (Panel B-3) foci formation in a primary HUVEC cell nucleus (DAPI staining, Panel
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B-1) after exposure to 17.8 MeV a particles reveals the irradiation pattern. The merged Fig. 3B 

(Panel B-4) shows a good superimposition of 53BP1 and y H2AX foci. However, despite the 

theoretical five particle hits per nucleus, the number of foci observed per cell is not constant from 

one nucleus to another.

Distributions of the number of 53BP1 and y-H2AX foci per nucleus were evaluated at 10 

or 30 minutes after exposure to 1.6 MeV protons or 17.8 MeV, 5.5 MeV, or 1.86 MeV a particles 

(Fig. 4). 53BP1 foci distributions are similar for the two fixation times studied, either after 

irradiation to 1.6 MeV protons (LET ~19 keV-pm-1) or 5.5 MeV a particles (LET ~85 keV-pm-1) 

(Supplementary Fig. 5). Likewise, the results for DNA damage marker y-H2AX follow the same 

propensity. As the two post-irradiation times tested (10 or 30 min) do not have any influence on 

the foci number distribution, only one time point for each condition of irradiation was considered 

in the further analysis. While theoretically five ionizing particles have reached each cell nucleus, 

the observed number of 53BP1 or y-H2AX foci per nucleus can spread from 0 up to 10 and 

depends on the respective radiation quality used (Fig. 4).

Nonetheless, as previously indicated, our results showed a 53BP1 and y-H2AX foci 

background (Fig. 2) that is not negligible and interferes, inevitably, with the observed results after 

exposure to ionizing particles. Moreover, the original irradiation pattern may have been distorted 

due to physical characteristics of the microbeam, such as detection system and beam size at the 

level of the cell culture, which, related to the size and orientation of cell nuclei, may lead to 

variation in the number of particle traversals per cell nucleus. It also has to be considered that two 

particle hits too close to each other may lead to one big focus instead of two distinct observable 

foci due to the limit of resolution based on the numerical aperture (N.A.) of the objective lens 

used in the microscope.
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The measured distributions of number of detected foci were converted to relative

frequencies of radiation-induced 53BP1 or y-H2AX foci per particle track as a function of the 

radiation’s LET taking into account all these factors biasing the experimental results.

Evaluation of relative frequencies of at least one 53BP1 or y-H2AX focus formation 

following a particle traversal as a function of radiation’s LET

In order to evaluate relative frequencies of at least one interaction between an ionizing 

particle and DNA along its track in nucleus thickness leading to 53BP1 or y-H2AX foci 

appearance, it is necessary to calculate, for each cell monolayer, the ratio by dividing the number 

of appearing foci by the total number of particles emitted. However, corrections, applied on the 

numerator and denominator of the ratio, allow us to apprehend the impact of different factors 

mentioned above.

First of all, the relative frequencies of at least one focus formation per primary particle 

track traversing 2.4 pm thickness of endothelial cell nucleus were determined based on raw data:

raw nb of foci
5 ionizing particles x nb of cell nuclei (eq. 1)

The relative frequencies of at least one focus formation per particle track based on raw 

data are plotted in Fig. 5A and 5B as a function of the LET of protons (circles) and a particles 

(diamonds) for each replicate experiment (open symbols) as well as the mean of all replications 

for each irradiation condition (closed symbols) for, respectively, 53BP1 (Panel A) and y-H2AX 

(Panel B).
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Secondly, as indicated above, for sham-treated samples subjected to cell nuclei 

récognition, around a third of cell nuclei present at least one 53BP1 focus whereas ~10% present 

at least one y-H2AX focus (Fig. 2C). Thus, to remove foci background and consider only 

radiation-inducedfoci, we applied (eq. 2)

raw nb of foci - background nb of foci 
5 ionizing particles x nb of cell nuclei (eq. 2)

where the background number of foci was generated by random sampling based on the 

distribution of pooled sham data.

Third, the interplay of physical characteristics of the microbeam, the cell’s morphology, 

and the choice of the irradiation pattern, together with the detection threshold and noise events in 

the particle counter (as described in the materials and methods section), may affect the hit 

distribution per cell nucleus. To account for these factors, we simulated, for each nucleus of each 

replicate experiment, the microbeam irradiation sampling the ion-hit coordinates from the 

mentioned Gaussian distributions. Examples of graphic outputs of the sampling of hit patterns in 

different cell nuclei are shown in Supplementary Fig. 2. Although each cell nucleus theoretically 

should have received five particles according to the cross pattern, the number of traversing 

particles may vary slightly from one nucleus to another depending on the irradiation 

characteristics and cell nuclei geometry.

Table 2 reports in the fourth column the theoretical number of particles emitted from the 

microbeam (number of cell nuclei times five ionizing particles per nucleus) and in the fifth 

column the mean assessed number of particle hits in cell nuclei for each sample of each 

irradiation condition. On average, around 98% of the emitted particles hit their target (cell 

nuclei), and ~90% of the cell nuclei received five hits while the remaining cell nuclei (~10%)
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were reached by mainly four or six particles. Therefore, the denominator of (eq. 2) was adjusted

by an estimatednumber of particle hits in the cell nuclei such as in (eq. 3):

raw nb of foci - background nb of foci 
estimated nb of particle hits in the cell nuclei (eq. 3)

The relative frequency estimators of at least one 53BP1 or y-H2AX focus formation per 

particle track (± SE) based on raw data (purple symbols), taking into account sham background 

(green symbols) and combined with the accurate number of particles (orange symbols), were 

plotted in Fig. 5C and 5D. Although the general evolution of adjusted results versus LET is 

similar to estimators of the relative frequencies of at least one focus formation per particle track 

based on raw data (purple symbols), they follow a downward trend (green and orange markers). 

However, the corrections linked to real numbers of particles do not affect the results significantly 

(orange markers compared to green markers). The slight uncertainty in the number of ionizing 

particles reaching cell nuclei (Table 2) induces a slight increase in the estimation of relative 

frequencies (Fig. 5C and 5D).

Fourth, another correction factor taken into account in the analysis of the microbeam 

experiment results is the fact that two particle hits reaching a given cell nucleus at a distance less 

than 2 qm from each other may form two foci not distinguishable and analyzed as one focus 

formation. For a given size of the irradiation pattern, the occurrence of this phenomenon depends 

on the size of the particle beam, the number of particles that reach the cell nucleus, and the 

relative frequencies of at least one focus formation per particle traversal itself (that needs to be 

corrected). Therefore, using the simulated coordinates of each particle traversal calculated during 

the previous process of irradiation pattern reconstruction (as described in Supplementary Fig. 1 

and 2C), we simulated an artificial focus formation. This was performed by a Bernoulli schema
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with success (conversion of a particle track into an artificial focus) probability increasing 

iteratively from 0 to 1 by steps of 0.05. For a given probability of conversion, a set of artificial 

foci was generated and pairs of foci located less than 2 pm apart from each other were combined 

into one observable focus. Thus, we obtained a relation between relative frequencies of 

supposedly observable foci and the underlying particles interacting at least once with DNA along 

the particle track in the nucleus’ thickness (Fig. 6). As this relation depends on the initial 

irradiation characteristics (beam size and cell morphology), the relation was established for each 

replicate experiment of each irradiation condition. Using those relations, we converted the 

observed relative frequencies of at least one focus formation per particle traversal obtained by 

(eq. 3) (orange curve in Fig. 5C and D) in the final estimate of relative frequencies of at least one 

focus formation per particle traversal (red curve in Fig. 5C and D). Hence, the red curves of 

Fig. 5C and D represent the most accurate estimates of relative frequencies of at least one 

radiation-induced 53BP1 and y-H2AX focus formation as a function of the particle LET when 

traversing 2.4 pm thickness of an endothelial cell nucleus.

As the LET increases from about 19 keV-pm-1 for 1.6 MeV protons up to 36 keV-pm-1 

and to 85 keV-pm-1 for, respectively, 17.8 and 5.5 MeV a particles, the estimated relative 

frequency of at least one radiation-induced 53BP1 focus formation per particle track (± SE) 

(Fig. 5C, red curve) increase progressively and significantly from 0.23 ± 0.03 up to 0.40 ± 0.01 

and to 0.70 ± 0.02 53BP1 foci per particle hit. Beyond this value for the LET (85 keV-pm-1), the 

relative frequency seems to reach a plateau with 0.66 ± 0.09 53BP1 foci per particle hit traversing 

2.4 pm thickness of endothelial nucleus after exposure to 1.86 MeV a particles (170 keV-pm-1) 

(Fig. 5C, red curve). Concerning y-H2AX foci formation (Fig. 5D, red curve), although the 

estimate of relative frequencies of at least one y-H2AX focus formation per particle track (± SE)
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follows the same increasing trend from 0.22 ± 0.04 for 1.6 MeV protons (19 keV-pm-1) reaching 

0.69 ± 0.04 for 1.86 MeV a particles (170 keV-pm-1), the slope is less pronounced. Besides, 

concerning y-H2AX foci formation, the values are not significantly different between 1.6 MeV 

protons (19 keV-pm-1) and 17.8 MeV a particles (36 keV-pm-1).

Considering a particle exposure, convergence of relative frequencies of at least one 

53BP1 focus formation per particle track after exposure to 5.5 and 1.86 MeV a particles with 

respective LETs in the nucleus of 85 and 170 keV-pm-1 is noticeable. This suggests that, for the 

same type of particle with high LETs (85 and 170 keV-pm-1), the probability that an interaction 

occurs between particle and DNA leading to detectable DNA damage (53BP1 or y-H2AX focus 

formation) is similar and is evaluated as ~0.65. As a result, in 35% of cases, high LET a particles 

do not induce DNA damage leading to 53BP1 foci formation.

As explained in the introduction, these biological data were compared with results 

obtained by Monte Carlo simulations, modeling the ionizing particle interactions on a virtual 

phantom of the 2 pm-thick cell nucleus filled with a DNA geometrical model in the G0/G1 phase. 

However, subsequently, the cell nuclei thickness was estimated using a confocal microscope on 

the same dishes used for the experiments as (2.4 ± 0.2) pm (SD). Accordingly, for the sake of 

comparison to the simulations, the biological relative frequencies of at least one focus formation 

following a particle traversal were, beforehand, converted to the probability per 2 pm path length 

using a relation based on Markov property with the quantity of DNA traversed and LETs of the 

particle constant as explained in the materials and methods section. As Fig. 7 shows (light and 

dark grey for, respectively, 53BP1 and y-H2AX foci formation), in doing so, all the frequency 

values were reduced. However, the trend of the curves of converted data as a function of the LET 

of the primary particle is similar to those of the experimental results.
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In silico estimate of probability of at least one radiation-induced focus formation per 

particle track traversing the endothelial cell nucleus and comparison with biological results

Simulation of particle interactions with DNA

The individual energy dépositions originated from the projectile (proton or a particle) or 

the secondary electrons were simulated using the Monte Carlo code Geant4-DNA. This 

simulation allows the calculation of the physical and chemical interactions that can damage the 

DNA target (direct and indirect effects, respectively). In particular, we simulated DNA DSB 

clusters that are related to foci appearance. These are generated by the interaction between initial 

energy depositions caused by ionizing radiation and the cell target as explained in the materials 

and methods section and in (38). From the estimated values of DSB clusters produced along 

particle tracks traversing the cell nucleus, a 2D projection allowed simulated foci to be obtained 

that can be related to what is observable with microscopy methodology used in biological 

experiments (Fig. 1). It is worth noting that, in this work, the hypothesis was made that each 

simulated DSB cluster along the track is converted into a detectable focus. Nevertheless, and as 

explained in the materials and methods section, the definition of the cluster damage that could 

lead to a focus was studied and changed from all DSB clusters (at least two strand breaks with 

one in an opposite strand to the others) to more complex DSB clusters (at least three or four 

strands breaks contained in the clustered damage).

From this consideration, relative frequencies based on Monte Carlo simulation of at least one 

focus formation were estimated for 0.5, 1, 10, or 20 MeV protons or 1.66, 5.27, or 17.39 MeV 

a particles and plotted (blue, green and red lines) as a function of the LET of the primary protons
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(circles) or a particles (diamonds) (Fig. 7). The choice of the a particle’s energy in the simulation 

was chosen to approach the estimated LET of the a particles at the cell center position in the 

microbeam experiment. The additional protons’ energies were also interesting to appreciate the 

evolution of the simulation at lower LET.

Comparable to corrected biological data (light and dark grey for 53BP1 and y-H2AX foci 

formation, respectively), the simulated relative frequencies of at least one radiation-induced focus 

formation per particle track (Fig. 7, blue, green and red lines) increase gradually. Considering 

DSB clusters induced by at least two breaks in opposite strands (Fig. 7, blue line), the values rise 

from 0.058 (corresponding to LET ~2.7 keV-pm'1 for 20 MeV protons) up to 0.9 foci per particle 

track (corresponding to LET ~83 keV-pm'1 for 5.27 MeV a particles). At about a LET value of 

~80 keV-pm'1, the curve seems to reach a plateau with simulated relative frequencies of ~0.9 foci 

per particle hit traversing. Although the simulated relative frequencies follow the same tendency 

of the corrected biological data (grey curves), this simulation (blue line) overestimates the 

relative frequencies of experimental foci, whereas the simulation taking into consideration at least 

four strand breaks to induce a DSB cluster underestimates the relative frequency except for the 

last point (5.27 MeV a particles, LET ~83 keV-pm'1). Moreover, the quasi-plateau found in the 

simulated data (blue line) corresponds to a probability of at least one focus formation within a 

track hitting the cell nucleus of ~1 within the statistical uncertainty and not to a saturation of the 

DNA damage value. Indeed, the mean number of simulated DSB clusters along the track 

increases with the LET of the incident particle going from 6.6 to 18.3 for, respectively, 5.27 MeV 

(LET ~83 keV-pm'1) and 1.66 MeV (LET ~193 keV-pm'1) a particles. Therefore, we can 

conclude that the probability of having at least one focus along a 2 pm track traversing the cell
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nucleus is already ~1 for a particles of 5.27 MeV (LET ~83 keV-pm-1) and thus, still 1 for 

1.66 MeV a particles (LET ~193 keV-pm-1).

Discussion

Computational modeling allows the simulation and the study of the behavior of complex 

systems containing numerous variables that characterize the system being studied. As with all 

computational models, multi-scale approaches of energy deposition of ionizing particles must be 

rigorously tested against relevant biological data for proper validation prior to use as 

experimental constructs (47). Indeed, the multi-scale code developed and applied here should 

give information on how energy is deposited along the track of an ionizing particle and allow the 

biological effects to be predicted. The relation between the topology of energy deposition and the 

initial biological events (mainly DNA damage) is the first step in this process. Here, we provide 

sets of dedicated biological experiments that are compared to results of track structure Monte 

Carlo simulations using the Geant4-DNA multiparticle transport code.

When DNA is exposed to DNA-damaging agents, a plethora of damage-sensing and 

repair proteins localize at the site of DNA damage. Here, we used the formation of 53BP1 and y- 

H2AX foci as a biomarker of DNA double-strands breaks (24, 48) to investigate radiation- 

induced damage per particle track in primary human endothelial cell (HUVEC) cultures after 

exposure to 1.6 MeV protons or to 1.86, 5.5, or 17.8 MeV a particles using the microbeam 

facility at the PTB. Due to the orthogonal configuration of the irradiation, 53BP1 and y-H2AX 

foci observed in irradiated cell culture were expected to represent one ionizing particle traversal.
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To estimate accurately the relative frequencies of at least one focus formation related to a 

particle traversal, large numbers of cell nuclei were analyzed, and results were represented as a 

function of the particle LET.

Beforehand, it is interesting to highlight the variabilities in control and in sham-treated 

samples, namely in the number of cells that harbored 53BP1 or y-H2AX foci which slightly 

fluctuated between experiments (Fig. 2). First of all, the number of 53BP1 foci per nucleus is 

higher than the number of y-H2AX foci per nucleus, both in control and in sham-treated samples. 

Indeed, it appeared that 53BP1 foci recognition in both control and sham-treated samples was 

impeded due to basal pan nuclear distribution with some large nuclear “dots”, whereas post

irradiation analysis is more reliable due to protein relocation to the site of DNA damage (49). 

Conversely, as the selection of cell nuclei in G0/G1 phase of cell cycle was based on integrated 

intensities of DAPI and Alexa Fluor® 488 (28), it may have induced a more stringent 

discrimination based on y-H2AX, hence a more robust measure of y-H2AX foci in control and 

sham samples compared to the 53BP1 foci measure. However, although the y-H2AX foci 

background is lower, the speckled nuclear patterns do not disappear post-irradiation; thus 

radiation-induced y-H2AX foci detection is less accurate. Moreover, the increased number of cell 

nuclei with 53BP1 and y-H2AX foci in sham samples compared to control samples (Fig. 2C) 

confirms that pretreatment with Hoechst-33342 enhanced mainly the UV-induced (385-405 nm) 

y-H2AX foci formation (44-46). Consequently, in both cases, it is required to take into 

consideration respective sham-induced foci in the post-irradiation analysis. However, for the 

analysis of radiation-induced 53BP1 foci, the “clearing” based on 53BP1 expression in sham- 

treated samples may have induced the removal of non-specific 53BP1 foci. There is no perfect 

biomarker, but it is necessary to know the pros and cons of each of them. Therefore, the intrinsic 

difference between the two biomarker curves should not be interpreted as any difference between
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53BP1 or Y-H2AX foci formation following ionizing exposure in our experiment (Fig. 5). In this 

study, we focus on the trend of the relative frequencies of DNA DSBs, induced by ionizing 

particles with different LET values traversing 2.4 pm thickness of endothelial cell nucleus.

Even though the impact of background foci corrections based on sham data is important 

(Fig. 5, purple to green curve), the uncertainties associated with corrections are small compared 

to variabilities between replicate experiments on the raw data. The same applies to the 

uncertainties of adjustments related to physical microbeam characteristics as well as to the 

correction based on the size and distance between foci.

Once all corrections are considered (Fig. 5C and D, red curves), for none of the radiation 

qualities tested do the relative frequencies of at least one 53BP1 or y-H2AX focus formation per 

particle track traversal reach 1. In both cases, the relative frequencies increase with the LET up to 

85 keV-pm-1 (5.5 MeV a particles) where a quasi-plateau is observed. At this LET value, ~30- 

40% of particle hits do not induce DNA damage detected by a 53BP1 or a y-H2AX focus. In this 

case, either the primary ionizing particle does not hit any DNA on the 2.4 pm-thick nucleus 

traversed, or the induced DNA damages does not lead to a 53BP1 or y-H2AX signal observable 

10 or 30 minutes post-irradiation or, possibly, with a different kinetic. Considering the first 

assumption, if the DNA was occupying the cell nucleus evenly (about 2.2% in volume for the 

endothelial cell nucleus used in our experiments), the generation of DNA damage following 

ionizing particle traversal would be a certain event. The relative frequencies of at least one 

53BP1 and y-H2AX focus per particle track would then be 1. The probability of DNA damage is 

linked primarily to track structure (i.e. ionization density and core size) in relation to target 

density (i.e. chromatin structure) (50-53).
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The trend of relative frequencies of at least one focus formation per particle track 

traversing a certain thickness of endothelial nucleus is confirmed by the simulation (Fig. 7). From 

the estimated values of DNA DSBs produced along the particle tracks, a 2D projection allowed a 

number of simulated foci to be obtained that can be related to what is observable with 

microscopy.

The quasi-plateau observable in vitro is also observable in silico above a LET of 

~80 keV-pm'1. However, as indicated in the results section, this quasi-plateau represents a 

probability of ~1 within the statistical uncertainty as demonstrated by the mean number of 

simulated DSBs per track that continue to increase between LETs of ~83 and ~193 keV-pm'1 

(6.576 and 18.342 respectively) (Supplementary Table 1). This result is intimately linked to the 

hypothesis used in the simulation that every calculated DNA DSB leads to a visible focus 

independent of its complexity or location in the DNA structure. Therefore, we decided to take 

into consideration this complexity and test if this could be an indicator of foci formation. To do 

so, we evaluated the probability of foci formation depending on the number of DNA strand 

breaks (SBs) contained in the clustered damage and we increased from the minimum of two DNA 

SBs used in the results to clustered DNA damage with a minimum of three or four DNA SBs 

required to induce DNA DSB (Supplementary Table 1). As it can be seen in Fig. 7, the absolute 

values on the calculated probability of foci formation are quite close to the experimental data for 

clusters with a minimum of three SBs. Nevertheless, no saturation is observed for probabilities 

between LET values of ~83 and ~193 keV-pm'1, which indicates that, despite a decrease in the 

absolute values compared to the initially simulated results, the increase in the number of 

simulated foci with LET does not follow the biological observations and thus DSB complexity 

itself cannot be the explanation of this observed quasi-plateau at probabilities around 0.7.
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In the current state of this simulation, as in other models (54), a homogeneous distribution 

of DNA inside the nucleus is assumed and a unique chromatin structure (close to 

heterochromatin) is considered. In reality, local DNA concentration and compaction may vary in 

the nucleus. Differences in DNA density between euchromatin and heterochromatin likely 

influence the probability of inducing DNA damage but also the accessibility of DNA lesions and 

the speed of their processing (55). In addition, the chromatin remodeling process must not be 

forgotten, as it may play an essential role in orchestrating the recruitment of repair proteins and 

their access to the damaged regions of the DNA (56-58). Taking into account DNA density and 

compaction is in development and is expected to influence the simulation results. The possibility 

that 53BP1 and y-H2AX foci formation may give a signal only for a subsection of DNA DSB 

damage or that it does it with a different kinetic and leads to underestimation from the present 

biological data cannot be excluded either.

The data reported here highlight that biological data such as the frequency of DNA DSB 

damage induced along an ionizing particle track may not only be a function of the macroscopic 

parameter LET. The results show an initial increase of at least one focus formation along the 

track as the LET increases until saturation occurs at a LET around 85 keV-pm"1. Additional 

experiments are necessary to complete the current curve with ions with intermediate LETs or 

with LETs higher than those analyzed and by using biomarkers known to be more specific to 

other types of DNA damage (DNA single strand break, base damage, sugar damage etc.). Other 

configurations of irradiation which provide access to the number of foci formed along the track 

(50, 51, 59-61) and not only in 2D projection associated to binary response (presence or absence) 

would be of interest to nourish the simulation.

Based on the same analysis, studying the early biological effects of two types of ions with 

the same LET would be of great interest to study the effects of their specific track diameter and
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ionization density. In this context, the improvement of DNA density description in silico that 

varies as a function of cell types and phase of cell cycle needs to be developed in order to be 

implemented in the simulation. The combination of biological experiments and simulation 

developments allow the nature of biological effects induced by radiation to be deciphered along 

with all reactions around the primary ionizing events. It is highly informative towards 

understanding the spectrum of biological effects induced after exposure to single high-LET 

particles. Together, these studies may greatly contribute to our understanding of the link between 

energy deposition along the track and the initial DNA damage induced.
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Supporting information

Fig. 1: Représentation of the microbeam irradiation (14). [A] and [B] An endothelial cell 

monolayer is positioned perpendicularly to the beam (red arrows) so that each charged particle 

traversing the cell nucleus (average thickness 2.4 pm) deposits its energy along the particle track. 

The yellow dots symbolize clusters of energy deposition in the cell nucleus. [C] In the 

observation with microscopy methodology for in situ 53BP1 or y-H2AX foci detection, foci 

within a track overlap. For comparison of the simulations with the observations, multiple z-planes 

were collapsed as 2D projection to obtain a number of simulated foci.

Fig. 2: Characterization of 53BP1 and y-H2AX foci background. Distribution of the number 

of 53BP1 or y-H2AX foci per nucleus in Go/G1 phase of the cell cycle for the five and seven 

replicate experiments related, respectively, to control (Panel A) and sham-treated dishes (Panel 

B). For each replicate experiment (noted C1, C2 ...and S1, S2 ...), the number of cell nuclei is 

indicated between parentheses. To take into account the inter-dish variability and to increase the 

statistical power of the analysis, control and sham data were individually pooled with the total 

number of cell nuclei indicated between parentheses (Panel C). The mean number of foci per 

nucleus (mpool) represents the mean of the distribution of given pooled data and is associated with 

the standard deviation (SD) computed as the square root of the variance of the given pooled 

distribution.

Fig. 3: Definition of square pattern of irradiation and revelation of irradiation pattern by 

53BP1 and y-H2AX foci formation. [A] Each cell nucleus was targeted by five particles
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according to a cross pattern with the middle one positioned at the barycenter of the cell nucleus. 

The sides of the square measure 4 pm. [B] The cultures were fixed for analysis at 10 min after 

exposure to 20 MeV a particles. [B-1]: stained with DAPI, [B-2]: 53BP1 immunodetection (red), 

[B-3]: y-H2AX immunodetection (green), [B-4]: images in panels A-C are superimposed. (scale 

bar = 6 pm).

Fig. 4: Distribution of number of 53BP1 and y-H2AX foci per nucleus following exposure of 

each cell nucleus of each replicate experiment by five distinct particles placed at different 

positions. For each irradiation condition (type and quality of ionizing radiation listed in Table 1), 

and for each replicate experiment (noted I1, I2 ...), the number of cell nuclei is indicated between 

parentheses. The mean number of 53BP1 and y-H2AX foci per nucleus, mr ± SE, expressed as 

the mean of the means and as the SE between the means obtained between replicate experiments 

are indicated on each graph as well as the standard error of the mean (SEM), computed as the SE 

divided by the square root of the number of replicates. While five ionizing particles have 

theoretically reached each cell nucleus, the distribution can spread from zero up to ten 53BP1 or 

Y-H2AX foci per nucleus and differs as a function of the respective radiation quality used.

Fig. 5: Estimated relative frequencies of at least one 53BP1 or y-H2AX focus formation 

following a particle traversal as a function of the LET of the radiation and impact of 

different corrections due to experimental conditions. Relative frequencies of observed foci 

formation per particle track traversing 2.4 pm thickness of endothelial cell nucleus based on raw 

data (purple symbols) as a function of the LET of protons (circles) and a particles (diamonds) for 

each replicate experiment (open symbols) as well as the mean of all replications for each 

irradiation condition (closed symbols) are plotted for, respectively, 53BP1 [A] and y-H2AX [B].
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[C] and [D] represent, respectively for 53BP1 and y-H2AX, the previous curve (purple symbols), 

sham background subtracted curve (green symbols), combined with the corrections for the 

number of particles hitting cell nuclei (orange symbols) and for foci related to different particle 

tracks that are too close to be distinguished (red symbols). The LET of primary ionizing particles 

was ~19 keV-pm-1 (1.6 MeV protons), ~36 keV-pm-1 (17.8 MeV a particles), ~85 keV-pm-1 

(5.5 MeV a particles) (LET), 1.86 MeV a particles (LET ~170 keV-pm-1). The red curve 

represents the best estimates of relative frequencies of at least one radiation-induced 53BP1 and 

Y-H2AX focus formation as a function of the LET of the ionizing particle traversing 2.4 pm 

thickness of endothelial cell nucleus. (* P<0.05; ** P<0.01, *** P<0.001)

Fig. 6: Example of the relation between the relative frequencies of foci per particle traversai 

“observable in microscopy” and the assumed probabilities of conversion from a particle 

track into an artificial focus. From simulated coordinates of each particle traversal in a given 

nucleus, a Bernoulli schema with success probability of conversion of particle tracks into foci 

from 0 to 1 by steps of 0.05 was applied. For a given probability of conversion, a set of artificial 

foci is generated, and only the pairs of them located less than 2 pm away are combined 

(reflecting the observable foci, as they are not distinguishable in microscopy). Thus, we obtain a 

relation between relative frequencies of supposedly observable foci (after association of foci in 

too close proximity) and the underlying theoretical probabilities of particles interacting at least 

once with DNA along the particle track in nucleus thickness. As this relation depends on the 

initial irradiation characteristics (beam size and cell morphology), the relation was established for 

each replicate experiment of each irradiation condition.
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Fig. 7: Comparison of relative frequencies of at least one focus formation per particle track 

converted from 2.4 to 2 pm-thick endothelial cell nucleus and results based on Monte Carlo 

simulation with cell nucleus thickness of 2 pm as a function of LET of incident projectile.

For the sake of comparison to the simulations, the biological relative frequencies of at least one 

focus formation following a particle traversal were, beforehand, converted to the probability per 

2 pm path length based on Markov property (memoryless property) with quantity of DNA 

traversed and constant LET of the particle. In simulated results, we considered that each 

simulated DNA DSB was induced by a minimum number of clustered DNA SBs varying here 

from to two to four and that every simulated DNA DSB along the track is converted into a 

detectable focus (blue curves).

Supplementary Fig. 1: Visualization of variation in cells’ morphology and fixed irradiation 

pattern. [A] Simulation of each cell nucleus of the cell population, as an ellipse considering their 

specific major and minor axes and their orientation; [B] Each cell nucleus was exposed to the 

same theoretical pattern of five particles placed at the extremity of a 4 pm side square with one in 

the middle, positioned at the barycenter of each cell nucleus; [C] The coordinates of each particle 

hit of the irradiation pattern with respect to the nominal position were sampled from a Gaussian 

distribution along the x- (p = 0, o1 = d1/2.355) and y- (p = 0, o2 = d2/2.355) axes. 

Supplementary Fig. 2: Examples of graphic outputs concerning the reconstruction of hit 

patterns in different cell nuclei. [A] Real nuclei of cell population from irradiated dish; [B] 

Simulation mimicking the respective cell nucleus as an elliptic shape; [C] Simulated positions of 

particle hits indicated by red stars and estimated number of particle hits in the cell nuclei that may 

vary slightly from one nucleus to another depending on irradiation characteristics and cell nuclei 

geometry. Although each cell nucleus theoretically should have received 5 particles according to
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the cross pattern, the number of traversing particles may vary slightly from one nucleus to 

another depending on the irradiation characteristics and cell nuclei geometry.

Supplementary Fig. 3: Relative frequency distribution of the équivalent ellipse [A] major 

and [B] minor axis, and [C] area of the totality of cell nuclei analyzed in this study. m and 

SD represent, respectively, the mean of the distribution and the standard deviation (SD) 

computed as the square root of the variance of the distribution for each parameter analyzed. 

Supplementary Fig. 4: Optimization of the irradiation pattern size. Probability of getting two 

particle hits at a distance of less than 2 pm from one another in a given nucleus (red curves) and 

percentage of cell nuclei receiving less than five particle hits (blue curves) were calculated from 

simulation and plotted as a function of irradiation pattern size taking into account the real size of 

every cell nuclei analyzed for each of the 14 dishes used in this study.

Supplementary Fig. 5: Influence of time post-irradiation (10 or 30 minutes) on distribution 

of number of 53BP1 and y-H2AX foci per nucleus following exposure to 1.6 MeV protons 

(LET in the nucleus ~19 keV-pm-1) or 5.5 MeV a particles (LET in the nucleus 

~85 keV-pm-1). Panel A: Distribution of number of 53BP1 and y-H2AX foci per nucleus 

evaluated for each of the five and six replicate experiments (noted I1, I2, ...) 10 min and 30 min, 

respectively, after exposure to 1.6 MeV protons and on three replicate experiments both 10 min 

and 30 min after exposure to 5.5 MeV a particles. For each replicate experiment, the number of 

cell nuclei is indicated between parentheses. Panel B: Distribution of number of 53BP1 and y- 

H2AX foci per nucleus evaluated as pooled data according to time point. Total number of cells 

counted is indicated between parentheses.

Supplementary Fig. 6: 3D representation of cell nucleus in the simulations through three 

levels of zoom (38). The cell nucleus phantom is represented by a cylinder with elliptical base of 

major semi-axis a = 9.5 pm, minor semi-axis b = 5.5 pm, and 2 pm height. The whole genome of
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1079 a eukaryotic cell (~6 Gbp) is distributed in spherical régions representing chromatin domains

1080 containing ~1 Mbp. These are placed homogeneously within the cell nucleus phantom in order to

1081 simulate cells in the G0/G1 phase of the cell cycle. Each of these chromatin domains was filled

1082 with voxels containing a geometrical representation of the chromatin fiber of helicoidal shape.
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Table 1: Physical characteristics of the beam for the different projectiles and energies used 

for biological experiments

Selected

Beam
Energy

Scintillator
Thickness

(pm)

Biofoil
Thickness

(pm)

Estimated
energy in the
center of cell

nucleus
(MeV)

Estimated 

average LET
values in the
center of cell

nucleus
(keV-pm-1)

Beam size
FWHM 0

di x d2 
(pm x pm)

Detection thresholds
and noise events in the 
particle counter (n0/n2)b

Protons
3 MeV

40 25 1.6 ±0.2 19 ±2 4.8 x 4.8 1% /1% c

Alpha

20 MeV
10 25 17.8 ±0.2 36 ± 1 4.2 x 3.9 1% /1% c

Alpha

10 MeV
10 25 5.5 ±0.4 85 ±4 4.5 x 3.5 1% /1% c

Alpha

8 MeV
10 25 1.9 ±0.6 170 ± 40 4.5 x 3.5 0.1% /1% d

Full Width at Half Maximum. Values were measured just before irradiation for each microbeam setup with the same dish full 
of medium as for cell irradiation.
b n0 represents the percentage of particles NOT emitted but considered as delivered due to detection of noise events, being zero 

particle delivered instead of one at each position of the pattern.
n2 represents the percentage of particles emitted but NOT detected leading to delivery of a second particle, being two 

particles delivered instead of one at each position of the pattern. 
c Estimation of scintillator signal 
d Evaluation of scintillator signal

Table 1



Table 2: Number of cells analyzed, theoretical number of emitted particles, mean assesses 

number of particles hits, percentage of ionizing particle hitting a cell nucleus and 

percentage of cell nuclei receiving exactly 5 particles hits for each dish as a function of type 

and quality of ionizing radiation

Samples
number

Number 
of cells 

(n)

Theoretical 
number of 

emitted particles 
(n X 5 particles hits)

Mean assessed 

number of 
particle hits in 

nuclei

Percentage 
of ionizing 

particle 
hitting a cell 

nucleus

Percentage of 
cell nuclei 
receiving 
exactly 5 

particles hits1

1.6 MeV 
protons

(19keV-|j.m )

1 709 3545 3478.6 98.1 90.4
2 997 4985 4907.4 98.4 90.6
3 751 3755 3688.3 98.2 90.6
4 793 3965 3879.9 97.9 87.8
5 888 4440 4376.6 98.6 91.6
6 868 4340 4265.7 98.3 91.2

Pool 5006 25030 24596.5 98.3 90.4

17.8 MeV 
a particles

(36keV-|j.m )

1 3374 16870 16275.2 96.5 89.0
2 3703 18515 18338.9 99.0 93.8
3 4156 20780 20565.9 99.0 93.5

Pool 11233 56165 55180 98.2 92.2

5.5 MeV 
a particles

(85 keV-|j.m )

1 2864 14320 13854.0 96.7 83.7
2 2794 13970 13816.6 98.9 93.1
3 3058 15290 15137.4 99.0 93.6

Pool 8716 43580 42808 98.2 90.2

1.86 MeV 
a particles

(170keV-|j.m )

1 2697 13485 13407.6 99.4 95.3
2 3071 15355 15290.7 99.6 95.8

Pool 5768 28840 28698.3 99.5 95.6

1 Most ofthe remaining cell nuclei were hit by4or6 particles.

Table 2



[A] Passage of ionizing 
particle through the 

nucléus

[B] Energy déposition and [C] 2D projection permits observing 
radiation-induced foci formation radiation-induced foci with

along the particle track microscopy methodology used
in biological experiments
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[A] Définition of the square pattern of irradiation

Cell nucléus

[B] Révélation of the irradiation pattern by 53BP1 
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Figure 4 53BP1 Y-H2AX
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Figure 6

Relative frequency of observable foci per particle track
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Supplementary Table 1: Mean number ± SEM of simulated DNA DSB along the track in a 
2 pm-thick simulated nucleus as a function of radiation type (0.5, 1, 10, 20 MeV protons, 
and 1.66, 5.27, 17.39 MeV a particles) and of minimum number of clustered DNA damages 
taken into account to produce a DNA DSB. The standard error of the mean (SEM) is 
computed as the SE divided by the square root of the number of incident projectiles 
simulated.

LET at the cell 
center position

(keV-y.m1)

Mean number of predicted DNA DSB along the track in a
2 pm-thick simulated nucleus according to the minimum 

number of clustered DNA damages inducing one DNA DSB
2 3 4

20 MeV protons 3 0.1 ±0.0 0.0 ±0.0 0.0 ±0.0
10 MeV protons 5 0.1 ±0.0 0.0 ±0.0 0.0 ±0.0
1 MeV protons 26 1.4 ±0.0 0.3 ±0.0 0.0 ±0.0

17.39 MeV 
a particles 32 1.5 ±0.0 0.3 ±0.0 0.0 ±0.0

0.5 MeV protons 43 2.8 ±0.1 0.8 ±0.0 0.2 ±0.0
5.27 MeV 
a particles 83 6.6 ±0.2 2.3 ±0.1 0.7 ±0.0

1.66 MeV 
a particles 193 18.3 ±0.5 11.0 ±0.3 5.8 ±0.2

Supplementary Table 1
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