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Simple Summary: We used the charged-particle microbeam installed at the AIFIRA facility to
perform micro-irradiation experiments and measure the recruitment kinetics of DNA signaling and
repair proteins. We developed and validated image acquisition and processing methods to enable a
systematic study of the recruitment kinetics of two GFP-tagged proteins (GFP-XRCC1 and GFP-RNF8)
after irradiation with protons and α-particles. Online measurement of fluorescence intensity and
recruitment time as a function of particle type and number allowed us to characterize the differences
in behavior between the two proteins.

Abstract: Time-lapse fluorescence imaging coupled to micro-irradiation devices provides information
on the kinetics of DNA repair protein accumulation, from a few seconds to several minutes after
irradiation. Charged-particle microbeams are valuable tools for such studies since they provide a
way to selectively irradiate micrometric areas within a cell nucleus, control the dose and the micro-
dosimetric quantities by means of advanced detection systems and Monte Carlo simulations and
monitor the early cell response by means of beamline microscopy. We used the charged-particle
microbeam installed at the AIFIRA facility to perform micro-irradiation experiments and measure
the recruitment kinetics of two proteins involved in DNA signaling and repair pathways following
exposure to protons and α-particles. We developed and validated image acquisition and processing
methods to enable a systematic study of the recruitment kinetics of GFP-XRCC1 and GFP-RNF8. We
show that XRCC1 is recruited to DNA damage sites a few seconds after irradiation as a function of
the total deposited energy and quite independently of the particle LET. RNF8 is recruited to DNA
damage sites a few minutes after irradiation and its recruitment kinetics depends on the particle LET.

Keywords: charged-particle microbeam; DNA repair; time-lapse microscopy; recruitment kinetics

1. Introduction

The harmful effects of ionizing radiations can be attributed to the damage of a cellular
target, usually identified as nuclear DNA, via direct absorption of radiation energy [1,2].
Irradiation leads to complex lesions consisting of clusters of damaged bases, single-strand
breaks (SSBs), and double-strand breaks (DSBs) [3]. Cells have developed efficient defense
mechanisms to repair these lesions based on several repair pathways involving various
proteins. These mechanisms can be studied in cellulo and in situ to understand the role
and recruitment of the signaling and repair proteins by visualizing radiation-induced
foci (IRIF). Time-lapse fluorescence imaging coupled to irradiation devices provides in-
formation on the kinetics of protein accumulation, from a few seconds to several minutes
after irradiation [4]. Several methods have been developed to trigger localized DNA le-
sions and analyze subsequent cellular responses in real-time in living cells, immediately
after irradiation. These include laser-based micro-irradiation setups [5–9] and ionizing
radiations [10–15]. In contrast with the photon irradiation offered by lasers, which can
generate a wide variety of lesions depending on photon wavelength, energy, and expo-
sure time [16], charged-particle provide more well-behaved energy deposition equally
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distributed over all molecular species [11,17]. The selection of the charged-particle type
and energy provides a way to vary the density of ionizations at the sub-micrometer scale
depending on their linear energy transfer (LET). This physical quantity is related to the
track structure and characterizes the damage complexity. Densely ionizing radiation, with
a high LET (e.g., α-particles), produces more complex lesions than those produced by radi-
ations with a lower LET [18], which causes significantly sparser damage. Charged-particle
microbeams allow the choice of the incident particle type and energy as well as the number
of particles delivered in micrometric areas inside the cell nucleus [14]. This unique feature
enables modification of the micrometer- and nanometer-scale distributions of the energy
deposited by ionizing radiations and thus the density of DNA damage. In addition to irra-
diations performed experimentally, the energy deposits as well as the spatial distribution
of ionization and excitation events in the target can be calculated using Monte Carlo codes
such as Geant4 and its low energy extension Geant4-DNA [19,20]. Therefore, the biological
response can be related to the physical dose deposited at the micrometric scale.

We report the use of a microbeam installed at the AIFIRA facility (Bordeaux, France) [21]
to selectively irradiate micrometric areas in cell nuclei with protons and α-particles and
measure the recruitment kinetics of the XRCC1 (X-Ray Repair Cross Complementing 1)
and E3 ubiquitin-protein ligase (RNF8) proteins using online fluorescence time-lapse mi-
croscopy. We used the corresponding GFP-tagged proteins to validate our ability to tar-
get precisely cell nuclei, evaluate their behavior and characterize the early events using
online microscopy [15,22]. In this work, we investigate their recruitment kinetics as a
function of the dose and LET by irradiating with increasing numbers of 3 MeV protons
(H+, 12 keV·µm−1) or α-particles (He+, 148 keV·µm−1) focused on a micrometer beam
spot. Briefly, XRCC1 is a scaffold protein involved in DNA single-strand break repair by
mediating the assembly of DNA break repair protein complexes involved in the efficient
repair of DNA single-strand breaks formed by exposure to ionizing radiation and alkylating
agents. This protein interacts with multiple enzymatic components of DNA single-strand
break repair (SSBR) including DNA kinase, DNA phosphatase, DNA polymerase, DNA
deadenylase, and DNA ligase activities that collectively are capable of accelerating the
repair of a broad range of DNA single-strand breaks (SSBs) [7,23–26]. Furthermore, XRCC1
plays a crucial role in directly facilitating the nuclear localization of LIG3, expanding its
function beyond Base Excision Repair (BER). Notably, XRCC1 actively participates in an
error-prone Double-Strand Break Repair process known as alternative end joining (Alt-EJ)
or alternative NHEJ. Unlike the traditional NHEJ pathway, Alt-EJ operates independently
of NHEJ proteins and instead relies on base excision/single-strand break repair proteins,
including PARP1, XRCC1, and DNA ligase 1 or 3 (LIG1/3), as well as XRCC1, for the joining
of Double-Strand Break (DSB) termini [27–30]. The E3 ubiquitin-protein ligase (RNF8) plays
a key role in DNA damage signaling via two distinct roles: (i) by mediating the Lys-63-
linked ubiquitination of histones H2A and H2AX and promoting the recruitment of DNA
repair proteins at double-strand breaks (DSBs) sites, and (ii) by catalyzing Lys-48-linked
ubiquitination to remove target proteins from DNA damage sites. Following DNA DSBs,
it is recruited to the sites of damage by ATM-phosphorylated MDC1 and catalyzes the
Lys-63-linked ubiquitination of histones H2A and H2AX, thereby promoting the formation
of TP53BP1 and BRCA1 ionizing radiation-induced foci (IRIF). Following DNA damage,
RNF8 mediates the ubiquitination and degradation of POLD4/p12, a subunit of DNA poly-
merase delta. In the absence of POLD4, the DNA polymerase delta complex exhibits higher
proofreading activity [9,31–35]. We used two GFP-tagged proteins as biological indicators
to illustrate our ability to micro-irradiate and analyze cell nucleus responses in real-time.
These proteins, XRCC1 and RNF8, have a well-established importance in assessing tem-
poral and spatial recruitment in living cells. Multiple versions of fluorescently-tagged
XRCC1 and RNF8 have been designed and studied using a variety of techniques such
as laser micro-irradiation, soft X-rays, and charged particle microbeams [9,25,36–43]. We
used these two GFP-tagged proteins as biological indicators to demonstrate our ability
to micro-irradiate and analyze in real time cell nuclei responses. We show that XRCC1 is
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recruited to DNA damage sites a few seconds after irradiation as a function of the total
deposited energy and quite independently of the particle LET. RNF8 is recruited to DNA
damage sites few minutes after irradiation as a function of the total amount of deposited
energy. We observed that the particles LET, and thus the lesion complexity, plays a primary
role in driving RNF8 recruitment kinetics.

2. Materials and Methods
2.1. Beam Line Characteristics

The micro-irradiation setup installed on the AIFIRA facility (Applications Interdisci-
plinaires des Faisceaux d’Ions en Région Aquitaine) is shown in Figure 1. The accelerator
(SingletronTM, High Voltage Engineering Europa, Amersfoort, The Netherlands) deliv-
ers light ion beams with energies up to 3 MeV [21]. This allows cells to be exposed to
3 MeV protons (H+) and α-particles (He+) presenting a linear energy transfer of 12 and
148 keV·µm−1, respectively. As previously described [22], the beam is strongly collimated
to reduce the particle flux to a few thousand ions per second on target and focused using a
triplet of magnetic quadrupoles to achieve a 1.5 µm beam spot (FWHM). The ion beam is
extracted in air and enters the sample through a 4 µm thick polypropylene foil (Goodfellow
Cambridge Ltd., Huntingdon, England, cat. no. PP301040) used as a cell support. The ion
beam is positioned on the target by means of electrostatic steering. In the case of protons,
the mean number of particles (N) hitting the cells was linearly related to the opening
time and the relative statistical fluctuation in the number of traversals delivered to the
cells decreases as N increases. Considering the mean number of traversals used in this
work, this leads to an uncertainty of 10% in the case of 100 protons and 3% in the case
of 1000 protons. In the case of α-particles, each particle was detected upstream with a
BNCD-coated extraction window (Boron-doped Nano-Crystalline Diamond) from which
secondary electrons are collected using a channeltron electron multiplier [15].
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Figure 1. Scheme of the micro-irradiation line setup and microscopy system at AIFIRA. The charged-
particle beam (red) is collimated in two stages and then focused in a micrometric spot under vacuum
using a triplet of magnetic lenses. The beam is extracted to air through a Si3N4 window or a thin
detector (yellow). The cells are kept in their culture medium and placed vertically in front of the
extraction window. Electrostatic scanning plates, placed just before the extraction window, allow the
positioning of the beam on the target. A fluorescence microscope (Zeiss AxioObserver Z1) equipped
with a CCD camera is placed at the end of the beam line to visualize the sample, locate and target the
region of interest, and perform online time-lapse imaging.

The irradiation end-station consists of a motorized inverted fluorescence microscope
(Carl Zeiss Micro-Imaging S.A.S, Rueil-Malmaison, France, AxioObserver Z1) equipped
with a 14 bits Rolera EM-C2TM Camera (Teledyne Photometrics, Tucson, AZ, USA, cat. no.
QImaging) which is positioned horizontally at the end of the beam line. It is equipped
with 63× objective (LD Plan-Neofluar 63×/0.75, Optical resolution of 400 nm, Carl Zeiss
Micro-Imaging S.A.S, Rueil-Malmaison, France). Fluorescence light is provided by a
Light Emitting Diode (LED) illuminating system (Carl Zeiss Micro-Imaging S.A.S, Rueil-
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Malmaison, France, Colibri2TM) with negligible heat production. The image acquisition is
performed using the Micromanager software [44].

2.2. Dosimetric Simulation Using the Geant4 Monte Carlo Toolkit

We used the Geant4 Monte Carlo toolkit [19], more precisely, its Geant4-DNA processes
and models [20,45] available in Geant4 version 11.0. Simulations are performed in a
homogeneous liquid water cube of 6 µm in thickness corresponding to the average thickness
of a human cell. Energy deposits in the beam spot are calculated using the Livermore
electromagnetic physics constructor. For the simulation of track structures, we used a
Geant4-DNA Physics list based on the “G4EmDNAPhysics_option4” physics constructor.

2.3. Cell Culture, Transfection, and Irradiation

Human osteosarcoma HTB-96TM U-2OS cells (obtained from American Type Culture
Collection (ATCC), France) were maintained in McCoy’s 5A medium (Dutscher, Brumath,
France, cat. no. L0211-500) supplemented with 10% (v/v) Bovine Serum (Thermo Fischer
Scientific, Illkirch, France, cat. no. 16170-078) and 100 µg·mL−1 streptomycin/penicillin
(Thermo Fischer Scientific, Illkirch, France, cat. no. 15140-122). All cell lines were kept in
an incubator at 37 ◦C under a 5% (v/v) CO2 humidified atmosphere. A cDNA of human
RNF8 inserted into pEGFP-C1 (kindly provided by Jiri Lukas) was used as a construct
for stable transfection of GFP-RNF8 [9]. The XRCC1 human cDNA inserted in pEGFP-N1
vectors (kindly provided by Akira Yasui) was used as a construct for stable transfection of
GFP-XRCC1 [46]. Viromer Red transfection reagent (Lipocalyx GmbH, Saale, Germany, cat.
no. Viromer Red) was used for all transfections, in combination with various expression
vectors which were used according to the 125 manufacturers’ guidelines. Transfected
cells were plated 48 h after transfection and different geneticin/G418 dilutions from 0.1 to
1 mg·mL−1 (Thermo Fischer Scientific, Illkirch, France, cat. no. 10131035) were added
72 h after transfection. After 10 days of drug selection, surviving colonies were checked
under fluorescence microscopy and GFP-positive colonies were isolated. Several clones
were selected and expanded into cell lines for further analysis. Stably transfected GFP-
RNF8 and GFP-XRCC1 cells were platted on the polypropylene surface (Goodfellow Cam-
bridge Ltd., Huntingdon, England, cat. no. PP301040) coated with Cell-TakTM (Sigma-
Aldrich, Saint-Quentin Fallavier, France, cat. no. CLS354240) at a density of 14,000 cells per
20 µL drop, 24 h before irradiation. During microbeam irradiation cells were maintained
in FluoroBriteTM DMEM medium (Thermo Fischer Scientific, Illkirch, France, cat. no.
A1896701) that ensures a low background fluorescence during images acquisition. Cell
nuclei were targeted and irradiated with different absorbed doses of protons or α-particles
from 1 to several thousand particles per cell. The protein’s re-localization to the damaged
area was followed for 15 and 30 min for GFP-XRCC1 and GFP-RNF8 proteins, respectively.

2.4. Image Acquisition, Processing, and Fitting Models

Fluorescence images were acquired online at the microbeam end-station. Time-lapse
sequences were chosen to prevent photobleaching and to correct the microscope focus
drift on long time periods. Images are recorded at 1 s intervals for 300 s, then at 10 min,
15 min, and 30 min for 100 s each. Figures 2a and 3a show representative time-lapse images
acquired after micro-irradiation.
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Figure 2. Real-time recruitment of GFP-XRCC1 to the micro-irradiated area. (a) Cell nucleus irradi-
ated with 100 α-particles. The time at which the cell is hit by particles is set as t = 0. At t = 0 min, the
GFP-XRCC1 protein is distributed homogeneously in the nucleus. Selected time points, covering the
signal of the fluorescent spot corresponding to the accumulation of GFP-XRCC1 at the irradiated site
are shown. Scale bar: 10 µm. (b) Kinetics curve showing the normalized data from the cell nucleus in
panel a, fitted using a double-exponential curve and cropped at 15 min.
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Figure 3. Real-time recruitment of GFP-RNF8 to the micro-irradiated area. (a) Cell nucleus irradiated
with 100 α-particles. The time at which the cell is hit by particles is set as t = 0. At t = 0 min, the
GFP-RNF8 protein is distributed homogeneously in the nucleus. Selected time points, covering the
signal of the fluorescent spot corresponding to the accumulation of GFP-RNF8 at the irradiated site
are shown. Scale bar: 10 µm. (b) Kinetics curve showing the data normalized from the cell nucleus
fitted to the first-order model.

Images were processed using the ImageJ software. Only cell nuclei that did not move
during the acquisition were analyzed. The kinetics of GFP-tagged proteins redistribution
were measured by recording the fluorescence in irradiated areas The measured values were
corrected for non-specific fluorescence bleaching during the repeated image acquisition
and were processed as follows:

Rel Int =
(Ifoci − Iback)/(Ires − Iback)

IpreIR
(1)

where Ifoci is the fluorescence intensity in the irradiated area (designated as foci in the
following), Iback is the background mean fluorescence intensity, Ires is the mean fluorescence
intensity of irradiated cell nucleus (protein reservoir), and IpreIR is the mean of irradiated
nucleus fluorescence intensity measured before irradiation.
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The redistribution of fluorescence in GFP-RNF8 cells was fitted with a mathematical
model for a first-order step response as already described [47]. Data from individual cells
were treated individually and fitted with the model:

Rel Int = 1 + A
(

1 − e
(t−t0)

T

)
(2)

The distribution of fluorescence in GFP-XRCC1 cells was fitted to a mathematical
model proposed by Hable et al. [4].

Rel Int = 1 + A
(

1 − e
(t−t0)

T

)
∗ e

(t−t0)
T2 (3)

The first part of the model function is the same as the one used previously and
describes the IRIF formation, in which T represents the mean recruitment time. At the
same time, the intensity decreases and it is described by a mean decay time T2. A is the
highest intensity value reached if a decrease in intensity did not appear. t0 is the time when
focus formation starts. The relevant parameters are A, T, and T2. These parameters were
determined for each cell separately, and then a mean value was calculated. Figures 2b and
3b show representative fits obtained from the cell nucleus from Figures 2a and 3a.

3. Results
3.1. Energy Deposits and Track Structure of 3 MeV Protons and α-Particles

The charged particles used in this work present different LETs. Indeed, 3 MeV α-
particles have a LET of 148 keV·µm−1 and 3 MeV protons have a LET of 12 keV·µm−1 in
liquid water. This lead to a denser spatial distribution of the ionizations and excitations in
the case of α-particle irradiations that can be characterized using Geant4-DNA. Figure 4
shows the track structure calculated for a single proton and a single α-particle when passing
through 1 µm of liquid water. The amount of energy deposited by one 3 MeV α-particles is
about 10 times higher than the one deposited by a 3 MeV proton.
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in the X–Y transverse plane and binned with a 0.2 µm step in order to be comparable with 
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Figure 4. Track structures and number of ionizations of a single 3 MeV α-particle and proton in water
obtained with Geant4-DNA. The particles propagate along the Z-axis. When (a) one α-particle and
(b) one proton traverse 1 µm of liquid water, the density of ionizations and the deposited energy
(Etot) is about ten times higher for α-particles than for protons, due to the α-particle’s higher LET.

Experimentally, we changed the amount of deposited energy per cell nucleus by irra-
diating cells with increasing numbers of particles. These charged particles are delivered
in a Gaussian distribution of 1.5 µm full width at half maximum (FWHM) to reproduce
experimental conditions [15,48,49]. Varying the number and type of incident particles allows
for adjusting both the total energy deposited and its distribution at the nanometer scale. As
the irradiation is not uniform within the cellular volume, the concept of absorbed dose is
of limited use. We chose to calculate the mean deposited energy per spot rather than the
absorbed dose as it better relates to the amount of induced molecular damage [50]. This
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amount of energy deposited is shown in Figure 5. The representation is projected in the
X–Y transverse plane and binned with a 0.2 µm step in order to be comparable with the
fluorescence images. Figure 5a shows a schematic representation of the beam direction and
the geometry used to calculate the deposited energy. The 6 µm depth corresponds to the mean
depth of a cell nucleus. Similar mean total deposited energies per beam spot were reached
after 10 α-particles or 100 protons and after 100 α-particles or 1000 protons irradiations.
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Figure 5. Geant4 simulations of the deposited energy in a simplified cell nucleus. (a) Schematic
representation of the beam direction (red arrow) and the target (cell nucleus), which is divided into
rectangular voxels of 0.2 × 0.2 × 6 µm3. The deposited energy is calculated within these volumes.
The total deposited energy is similar when (b) 10 α-particles and (d) 100 protons are delivered, and
when (c) 100 α-particles and (e) 1000 protons are delivered. Color bars indicate the energy deposited
per pixel expressed in MeV.

Despite the similar mean total deposited energy per spot by 10 α-particles or
100 protons, it is distributed differently at two scales. First, at the micrometric scale
within the beam spot as it can be seen when comparing Figure 5b,c. Even if the total
deposited energy is similar for 10 α versus 100 protons and 100 α versus 1000 protons, the
maximum energy per pixel is about 2 times higher in the case of α-particles. Second, at the
nanometric scale due to the different particle LET as illustrated in Figure 4.

3.2. Recruitment Kinetics of GFP-Tagged XRCC1 to DNA Damage Sites after Irradiations

To study the accumulation of GFP-XRCC1 at DNA damage sites, we irradiated GFP-
XRCC1 cell nuclei with increasing numbers of protons (100, 500, and 1000) and α-particles
(10, 50, 100, and 1000) and we performed online live-cell microscopy. The course of protein
kinetics can be described by curves characterized by a recruitment time (T) and a decay time
(T2), obtained using Equation (3) in the Materials and Methods. The fluctuations of T are
small between different cell nuclei while the intensity of fluorescence reached after irradiation
(A) and the mean decay time (T2) deviate extensively from cell to cell (Tables S1 and S2,
Supplementary Data). We focused on the mean recruitment time T and the fluorescence
intensity A, which are calculated for at least 16 cell nuclei irradiated during three independent
beam times (Tables S1 and S2, Supplementary Data).

Figure 6 shows that T does not vary significantly between 10 and 50 α-particles. When
10 α-particles were delivered, the fluorescent signal was weak and the detection limit of
our system was reached. Following irradiations with 50, 100, and 1000 α-particles the
recruitment time decreased as a function of the number of delivered particles. In the
same manner, a decrease in the mean recruitment time is observed when the number of
delivered protons is increased from 100 to 1000. Considering the LET, T is similar when the
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energy deposited by α-particles and protons is the same. Indeed, the recruitment time after
50 α-particles and 500 protons is the same (the deposited energy per spot is in the same
order of magnitude), as the same recruitment time is observed after 100 α-particles and
1000 protons (similar deposited energy).
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Figure 6. Mean recruitment time (T) and amplitude of the fluorescent intensity (A) of GFP-XRCC1
after proton and α-particle irradiations. (a) Box plots representing the distribution of recruitment
times (T) of GFP-XRCC1 cells after irradiation with increasing numbers of α-particles (green) and
protons (blue). T decreases with increasing numbers of delivered particles independently from
their type and LET. (b) Box plots representing the amplitude of the GFP-XRCC1 intensity with
increasing numbers of α-particles (green) and protons (blue). A = 0 means no increase compared
to the fluorescence intensity measured before irradiation. A increases, indicating that the amount
of GFP-XRCC1 also increases with the number of delivered particles. Mean and median values
are represented as a horizontal line and a cross in the box plots, respectively. Considering the two
parameters T and A together for (c) α-particles and (d) protons, T increases while A decreases when
the number of delivered particles increases.

Although A is varying significantly from cell to cell, this parameter shows a clear
correlation with the recruitment time T.

Summarizing these results, we observe that 10 s after irradiation the fluorescence
intensity increases in irradiated areas as a function of the number of delivered particles
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while the recruitment time decreases. This behavior is correlated to the delivered dose
independently from the particle type and LET.

3.3. Recruitment Kinetics of GFP-Tagged RNF8 to DNA Damage Sites after Irradiations

The ability of GFP-RNF8 protein to accumulate at distinct DNA damage sites was
shown previously [15]. In order to monitor the recruitment of GFP-RNF8 at radiation-
induced DNA damage sites, images were taken before, during, and up to 30 min after
irradiation. To quantify the protein recruitment time, the normalized mean fluorescence
intensity of IRIF was plotted as a function of time after irradiation. The protein accu-
mulation follows a curve (Figure 3) characterized by a single time constant (T), obtained
using Equation (2), described in the Materials and Methods. The formation of GFP-RNF8
radiation-induced foci became visible within 2 min. The protein reached a steady-state
equilibrium 30 min after irradiation. The kinetic parameter T and the fluorescence intensity
(A) were calculated after integrating at least 16 cells irradiated over 3 independent beam
times (Table S2, supplementary data) with increasing numbers of protons and α-particles
(Figure 7).
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as a function of the deposited energy when α-particles are increased from 10 to 100; it does not
significantly change for the other irradiation condition. GFP-RNF8 protein accumulates faster when
cells are irradiated with α-particles with respect to protons. (b) Box plots representing the amplitude
of the GFP-RNF8 intensity in cell nuclei after irradiation with increasing numbers of α-particles
(green) and protons (blue). A = 0 means no increase compared to the fluorescence intensity measured
before irradiation. A does not change significantly with the number of delivered particles. Mean
and median values are represented as a horizontal line and a cross in the box plots, respectively.
Considering the two parameters T and A together for (c) α-particles and (d) protons, there is no
dependency between T and A by increasing the number of delivered particles.

By increasing the number from 1 to 10 α-particles, the recruitment time does not signif-
icantly change. These measurements can be influenced by the particles’ lateral distribution.
By contrast, when 100 α-particles are delivered the recruitment time decreases significantly
compared to that obtained after 10 α-particles. When 100 and 1000 protons are delivered,
the mean time does not change significantly. Comparing different particles, but the same
deposited energy (i.e., 100 α-particles and 1000 protons) the mean recruitment time is
shorter when cells are irradiated with α-particles with respect to the mean recruitment time
of cells irradiated with protons. This tendency is also observed when cells are irradiated
with 10 α-particles and 100 protons.

4. Discussion

DNA repair requires a coordinated effort from an array of factors with distinct roles in
the DNA damage response. These factors encompass recognition and signaling of DNA
breaks, creation of a repair-ready environment, and physical repair of the damage. Given
the rapidity of these events, it is imperative to obtain a more comprehensive understanding
of the spatio-temporal dynamics of these repair actors within the cell nucleus following
DNA damage induction. Live-cell fluorescence microscopy is the preferred method to
address this issue [51]. Three approaches are employed for inducing DNA damage in live-
cell imaging: genotoxic drugs, endonuclease targeting, and irradiation utilizing different
sources. DNA damage induced by irradiation encompasses a wide array of approaches,
differing not only in the type of irradiation sources but also in the design of the irradiation
scheme in terms of space and time, as well as the potential utilization of chemical sensitizers.
IR such as γ-rays, X-rays, or ion beams have been extensively employed to generate DNA
lesions, resulting in the formation of IR-induced foci (IRIF) where various repair factors
accumulate [4,10,11,14,52–58]. The types of lesions created primarily consist of SSBs, DSBs,
and more complex forms of damage are also observed.

The charged-particle microbeam installed at the AIFIRA facility is fully equipped to
perform micro-irradiation experiments and to measure the recruitment kinetics of DNA
signaling and repair proteins. We developed and validated the image acquisition and
processing methods to allow for a systematic investigation of these phenomena following
proton and α-particle irradiations. As a first step, we investigated the radiation-induced
behavior of two proteins that respond to DNA damage. Considering the GFP-XRCC1
recruitment time after irradiation by α-particles and protons, different dynamics have
been reported for its recruitment and retention at damaged sites following laser-induced
damage, depending upon the different wavelengths of the laser light used [16,26,36,46].
Following 365 nm and 405 nm laser irradiation, XRCC1 persists at damage sites. On the
contrary, other studies showed that the loss of XRCC1 after irradiation with heavy ions
is inconsistent with these data [11,13]. To explain these differences, the authors speculate
that the damage produced by 365 nm and 405 nm laser light is highly complex, possibly
reflecting a high density of lesions induced. As a consequence, the reparability of such
complex DNA damage is reduced, leading to the persistence of XRCC1 at damage sites [6].
Immediate and fast recruitment of XRCC1 is however observed by all authors [11,59,60].
Considering the recruitment time of XRCC1, we found that it is dependent mainly on the
deposited energy for both α-particles and protons, with a minimum value of 34 s following
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irradiation by 1000 α-particles. The measured recruitment times measured in this study are
compatible with the ones reported by Liu et al. with higher LET charged particles [61].

Interestingly, the recruitment time of XRCC1 is clearly correlated to the amplitude of
the fluorescence intensity in the irradiated spot. Moreover, these parameters only depend
on the total energy deposited in the irradiated spot. It does not depend on the particle
LET and on the relative number of DSBs and SSBs [62]. This indicates that the recruitment
of XRCC1 at damaged sites depends mainly on the total amount of DNA lesions. This is
in accordance with the expected role of XRCC1 as a loading platform for other proteins
after DNA damage, suggesting it is independent of damage complexity. In addition, we
observed that the recruitment of XRCC1 can be up to seven times faster than the RNF8 one.
This probably could be in relation to the nature of our particle in terms of energy and LET
which produces mainly SSBs (as estimated by Monte Carlo simulation, [62]).

RNF8 is involved in the RNF8-RNF168-BRCA1 molecular complex and has been
shown to be a key regulator of DNA repair foci complexes and is mainly involved in the
ubiquitination of proteins such as NBS1, γH2AX, BRCA1, or Ku80 [63–70]. We observed
that the recruitment of GFP-RNF8 to radiation-induced DNA lesions is dependent firstly
on the distribution of ionization. GFP-RNF8 recruitment takes place 1.5 to 4.5 times quicker
after α-particle irradiations compared to proton irradiations, while the deposited energy per
spot is similar (Figure 7). When 1 or 10 α-particles are delivered the GFP-RNF8 recruitment
time does not change but a decrease was observed after 100 α-particles. These responses
can be influenced by the microscopic spatial distributions of ionizations. We did not
observe changes in GFP-RNF8 recruitment time after increasing the deposited energy with
increasing the number of delivered protons. RNF8 behavior induced by charged particles
has not been studied extensively yet but studies conducted with laser systems described
a strong interaction of RNF8 with MDC1 and NBS1, showing the same recruitment time
at DSBs for these proteins [63,66]. This was echoed in a study of MDC1 recruitment time
following carbon ion and proton irradiations, which indicated that its recruitment is LET-
and absorbed-dose-dependent [4]. In the case of GFP-RNF8, we did not observe a clear
correlation of the recruitment time with the fluorescence intensity. Our hypothesis is that
the observed behavior of the GFP-RNF8 protein may be affected by the presence of the
endogenous RNF8 protein (competition effect), but also by the absence of direct physical
interactions with the fragmented DNA strands, or by the potential nature of the primary
lesions induced by our type of particles in favor of the production of single-strand breaks.

The results reported in this study illustrate the technical capabilities of the AIFIRA
microbeam. In the future, it could be improved by the use of multiple fluorescent dyes
enabling to correlate the protein recruitment with the cell cycle phase and/or the chromatin
state. Even if limited by the availability of beam times at accelerators, charged-particle
micro-irradiation experiments provide quantitative data needed as input to model radiation-
induced response and help to understand the relation between dose, radiation-induced
effects, and biological responses.

5. Conclusions

Charged-particle microbeams coupled to time-lapse fluorescence imaging are relevant
tools to study the recruitment kinetics of the proteins involved in DNA repair following
exposure to ionizing radiation. Using the microbeam installed at the AIFIRA facility, we
measured the accumulation behavior of XRCC1 and RNF8 at damaged sites. This study
illustrates the capabilities of our microbeam to trigger localized DNA lesions and follow the
subsequent accumulation of DNA repair protein within the first seconds to minutes after
irradiation. XRCC1 is recruited to DNA damage sites a few seconds after irradiation as a
function of the total deposited energy and quite independently of the particle LET. RNF8 is
recruited to DNA damage sites few minutes after irradiation and its recruitment kinetics
depends on the particle LET. This first study paves the way for the systematic investigation
of various proteins involved in the different DNA repair and signaling pathways.
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α-particle micro-irradiations; Table S2: GFP-RNF8 kinetics after proton and α-particle irradiations.

Author Contributions: Conceptualization, P.B.; Funding acquisition, H.S.; Investigation, G.M., E.T.,
M.S. and G.D.; Methodology, G.M., M.S., G.D., H.S. and P.B.; Software, E.T.; Supervision, H.S.;
Writing—original draft, H.S. and P.B. All authors have read and agreed to the published version of
the manuscript.

Funding: The AIFIRA facility is financially supported by the CNRS, the University of Bordeaux and
the Région Nouvelle Aquitaine. G.M. is supported by the European Community as an “Integrating
Activity Supporting Postgraduate Research with Internships in Industry and Training Excellence”
(SPRITE) under EC contract no. 317169.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, PB, upon reasonable request.

Acknowledgments: We thank the technical staff members of the AIFIRA facility, P. Alfaurt and S.
Sorieul. We thank Merete Grofte and Jiri Lukas from Novo Nordisk Foundation Center for Protein
Research for their generous gift (plasmids GFP-RNF8), and Akira Yasui from Tohoku University,
Institute of Development, Aging and Cancer for his generous gift (plasmids GFP-XRCC1).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maxwell, C.A.; Fleisch, M.C.; Costes, S.V.; Erickson, A.C.; Boissière, A.; Gupta, R.; Ravani, S.A.; Parvin, B.; Barcellos-Hoff,

M.H. Targeted and Nontargeted Effects of Ionizing Radiation That Impact Genomic Instability. Cancer Res. 2008, 68, 8304–8311.
[CrossRef] [PubMed]

2. Desouky, O.; Ding, N.; Zhou, G. Targeted and Non-Targeted Effects of Ionizing Radiation. J. Radiat. Res. Appl. Sci. 2015, 8,
247–254. [CrossRef]

3. Sage, E.; Shikazono, N. Radiation-Induced Clustered DNA Lesions: Repair and Mutagenesis. Free Radic. Biol. Med. 2017, 107,
125–135. [CrossRef] [PubMed]

4. Hable, V.; Drexler, G.A.; Brüning, T.; Burgdorf, C.; Greubel, C.; Derer, A.; Seel, J.; Strickfaden, H.; Cremer, T.; Friedl, A.A.; et al.
Recruitment Kinetics of DNA Repair Proteins Mdc1 and Rad52 but Not 53BP1 Depend on Damage Complexity. PLoS ONE 2012,
7, e41943. [CrossRef]

5. Mortusewicz, O.; Leonhardt, H.; Cardoso, M.C. Spatiotemporal Dynamics of Regulatory Protein Recruitment at DNA Damage
Sites. J. Cell. Biochem. 2008, 104, 1562–1569. [CrossRef]

6. Gassman, N.R.; Wilson, S.H. Micro-Irradiation Tools to Visualize Base Excision Repair and Single-Strand Break Repair. DNA
Repair 2015, 31, 52–63. [CrossRef]

7. Solarczyk, K.J.; Kordon, M.; Berniak, K.; Dobrucki, J.W. Two Stages of XRCC1 Recruitment and Two Classes of XRCC1 Foci
Formed in Response to Low Level DNA Damage Induced by Visible Light, or Stress Triggered by Heat Shock. DNA Repair 2016,
37, 12–21. [CrossRef]

8. Feng, L.; Chen, J. The E3 Ligase RNF8 Regulates KU80 Removal and NHEJ Repair. Nat. Struct. Mol. Biol. 2012, 19, 201–206.
[CrossRef]

9. Mailand, N.; Bekker-Jensen, S.; Faustrup, H.; Melander, F.; Bartek, J.; Lukas, C.; Lukas, J. RNF8 Ubiquitylates Histones at DNA
Double-Strand Breaks and Promotes Assembly of Repair Proteins. Cell 2007, 131, 887–900. [CrossRef]

10. Drexler, G.A.; Ruiz-Gomez, M.J. Microirradiation Techniques in Radiobiological Research. J. Biosci. 2015, 40, 629–643. [CrossRef]
11. Tobias, F.; Durante, M.; Taucher-Scholz, G.; Jakob, B. Spatiotemporal Analysis of DNA Repair Using Charged Particle Radiation.

Mutat. Res. /Rev. Mutat. Res. 2010, 704, 54–60. [CrossRef] [PubMed]
12. Mosconi, M.; Giesen, U.; Langner, F.; Mielke, C.; Dalla Rosa, I.; Dirks, W.G. 53BP1 and MDC1 Foci Formation in HT-1080 Cells for

Low- and High-LET Microbeam Irradiations. Radiat. Environ. Biophys. 2011, 50, 345–352. [CrossRef] [PubMed]
13. Guo, N.; Du, G.; Liu, W.; Guo, J.; Wu, R.; Chen, H.; Wei, J. Live Cell Imaging Combined with High-Energy Single-Ion Microbeam.

Rev. Sci. Instrum. 2016, 87, 034301. [CrossRef] [PubMed]
14. Schettino, G.; Ghita, M.; Richard, D.J.; Prise, K.M. Spatiotemporal Investigations of DNA Damage Repair Using Microbeams.

Radiat. Prot. Dosim. 2011, 143, 340–343. [CrossRef]
15. Muggiolu, G.; Pomorski, M.; Claverie, G.; Berthet, G.; Mer-Calfati, C.; Saada, S.; Deves, G.; Simon, M.; Seznec, H.; Barberet, P.

Single Alpha-Particle Irradiation Permits Real-Time Visualization of RNF8 Accumulation at DNA Damaged Sites. Sci. Rep. 2017,
7, 41764. [CrossRef]

https://www.mdpi.com/article/10.3390/biology12070921/s1
https://www.mdpi.com/article/10.3390/biology12070921/s1
https://doi.org/10.1158/0008-5472.CAN-08-1212
https://www.ncbi.nlm.nih.gov/pubmed/18922902
https://doi.org/10.1016/j.jrras.2015.03.003
https://doi.org/10.1016/j.freeradbiomed.2016.12.008
https://www.ncbi.nlm.nih.gov/pubmed/27939934
https://doi.org/10.1371/journal.pone.0041943
https://doi.org/10.1002/jcb.21751
https://doi.org/10.1016/j.dnarep.2015.05.001
https://doi.org/10.1016/j.dnarep.2015.10.006
https://doi.org/10.1038/nsmb.2211
https://doi.org/10.1016/j.cell.2007.09.040
https://doi.org/10.1007/s12038-015-9535-3
https://doi.org/10.1016/j.mrrev.2009.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19944777
https://doi.org/10.1007/s00411-011-0366-9
https://www.ncbi.nlm.nih.gov/pubmed/21559952
https://doi.org/10.1063/1.4943257
https://www.ncbi.nlm.nih.gov/pubmed/27036791
https://doi.org/10.1093/rpd/ncq485
https://doi.org/10.1038/srep41764


Biology 2023, 12, 921 13 of 15

16. Reynolds, P.; Botchway, S.W.; Parker, A.W.; O’Neill, P. Spatiotemporal Dynamics of DNA Repair Proteins Following Laser
Microbeam Induced DNA Damage – When Is a DSB Not a DSB? Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2013, 756, 14–20.
[CrossRef]

17. Tobias, F.; Loeb, D.; Lengert, N.; Durante, M.; Drossel, B.; Taucher-Scholz, G.; Jakob, B. Spatiotemporal Dynamics of Early DNA
Damage Response Proteins on Complex DNA Lesions. PLoS ONE 2013, 8, e57953. [CrossRef]

18. Vadhavkar, N.; Pham, C.; Georgescu, W.; Deschamps, T.; Heuskin, A.-C.; Tang, J.; Costes, S.V. Combinatorial DNA Damage
Pairing Model Based on X-Ray-Induced Foci Predicts the Dose and LET Dependence of Cell Death in Human Breast Cells. Rare
2014, 182, 273–281. [CrossRef]

19. Agostinelli, S.; Allison, J.; Amako, K.; Apostolakis, J.; Araujo, H.; Arce, P.; Asai, M.; Axen, D.; Banerjee, S.; Barrand, G.; et al.
Geant4—A Simulation Toolkit. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2003, 506,
250–303. [CrossRef]

20. Bernal, M.A.; Bordage, M.C.; Brown, J.M.C.; Davídková, M.; Delage, E.; Bitar, Z.E.; Enger, S.A.; Francis, Z.; Guatelli, S.; Ivanchenko,
V.N.; et al. Track Structure Modeling in Liquid Water: A Review of the Geant4-DNA Very Low Energy Extension of the Geant4
Monte Carlo Simulation Toolkit. Phys. Med. Eur. J. Med. Phys. 2015, 31, 861–874. [CrossRef]

21. Barberet, P.; Jouve, J.; Sorieul, S.; Alfaurt, P.; Mathieu, L. AIFIRA: A Light Ion Beam Facility for Ion Beam Analysis and Irradiation.
Eur. Phys. J. Plus 2021, 136, 67. [CrossRef]

22. Bourret, S.; Vianna, F.; Deves, G.; Atallah, V.; Moretto, P.; Seznec, H.; Barberet, P. Fluorescence Time-Lapse Imaging of Single Cells
Targeted with a Focused Scanning Charged-Particle Microbeam. Nucl. Instrum. Methods Phys. Res. Sect. B-Beam Interact. Mater. At.
2014, 325, 27–34. [CrossRef]

23. Hanssen-Bauer, A.; Solvang-Garten, K.; Akbari, M.; Otterlei, M. X-Ray Repair Cross Complementing Protein 1 in Base Excision
Repair. Int. J. Mol. Sci. 2012, 13, 17210–17229. [CrossRef] [PubMed]

24. Caldecott, K.W. XRCC1 Protein; Form and Function. DNA Repair 2019, 81, 102664. [CrossRef] [PubMed]
25. Campalans, A.; Kortulewski, T.; Amouroux, R.; Menoni, H.; Vermeulen, W.; Radicella, J.P. Distinct Spatiotemporal Patterns and

PARP Dependence of XRCC1 Recruitment to Single-Strand Break and Base Excision Repair. Nucleic Acids Res. 2013, 41, 3115–3129.
[CrossRef] [PubMed]

26. Wei, L.; Nakajima, S.; Hsieh, C.-L.; Kanno, S.; Masutani, M.; Levine, A.S.; Yasui, A.; Lan, L. Damage Response of XRCC1 at Sites
of DNA Single Strand Breaks Is Regulated by Phosphorylation and Ubiquitylation after Degradation of Poly(ADP-Ribose). J. Cell
Sci. 2013, 126, 4414–4423. [CrossRef]

27. Sallmyr, A.; Tomkinson, A.E. Repair of DNA Double-Strand Breaks by Mammalian Alternative End-Joining Pathways. J. Biol.
Chem. 2018, 293, 10536–10546. [CrossRef]

28. Dueva, R.; Iliakis, G. Alternative Pathways of Non-Homologous End Joining (NHEJ) in Genomic Instability and Cancer. Transl.
Cancer Res. 2013, 2. [CrossRef]

29. Frit, P.; Barboule, N.; Yuan, Y.; Gomez, D.; Calsou, P. Alternative End-Joining Pathway(s): Bricolage at DNA Breaks. DNA Repair
2014, 17, 81–97. [CrossRef]

30. Boboila, C.; Oksenych, V.; Gostissa, M.; Wang, J.H.; Zha, S.; Zhang, Y.; Chai, H.; Lee, C.-S.; Jankovic, M.; Saez, L.-M.A.; et al.
Robust Chromosomal DNA Repair via Alternative End-Joining in the Absence of X-Ray Repair Cross-Complementing Protein 1
(XRCC1). Proc. Natl. Acad. Sci. USA 2012, 109, 2473–2478. [CrossRef]

31. Yan, J.; Jetten, A.M. RAP80 and RNF8, Key Players in the Recruitment of Repair Proteins to DNA Damage Sites. Cancer Lett. 2008,
271, 179–190. [CrossRef] [PubMed]

32. Thorslund, T.; Ripplinger, A.; Hoffmann, S.; Wild, T.; Uckelmann, M.; Villumsen, B.; Narita, T.; Sixma, T.K.; Choudhary, C.;
Bekker-Jensen, S.; et al. Histone H1 Couples Initiation and Amplification of Ubiquitin Signalling after DNA Damage. Nature 2015,
527, 389–393. [CrossRef] [PubMed]

33. Doil, C.; Mailand, N.; Bekker-Jensen, S.; Menard, P.; Larsen, D.H.; Pepperkok, R.; Ellenberg, J.; Panier, S.; Durocher, D.; Bartek, J.;
et al. RNF168 Binds and Amplifies Ubiquitin Conjugates on Damaged Chromosomes to Allow Accumulation of Repair Proteins.
Cell 2009, 136, 435–446. [CrossRef] [PubMed]

34. Chen, B.-R.; Sleckman, B.P. The Regulation of DNA End Resection by Chromatin Response to DNA Double Strand Breaks. Front.
Cell Dev. Biol. 2022, 10, 932633. [CrossRef] [PubMed]

35. Kolobynina, K.G.; Rapp, A.; Cardoso, M.C. Chromatin Ubiquitination Guides DNA Double Strand Break Signaling and Repair.
Front. Cell Dev. Biol. 2022, 10, 928113. [CrossRef]

36. Mortusewicz, O.; Leonhardt, H. XRCC1 and PCNA Are Loading Platforms with Distinct Kinetic Properties and Different
Capacities to Respond to Multiple DNA Lesions. BMC Mol. Biol. 2007, 8, 81. [CrossRef]

37. Menoni, H.; Wienholz, F.; Theil, A.F.; Janssens, R.C.; Lans, H.; Campalans, A.; Radicella, J.P.; Marteijn, J.A.; Vermeulen, W. The
Transcription-Coupled DNA Repair-Initiating Protein CSB Promotes XRCC1 Recruitment to Oxidative DNA Damage. Nucleic
Acids Res. 2018, 46, 7747–7756. [CrossRef]

38. Mok, M.C.Y.; Campalans, A.; Pillon, M.C.; Guarné, A.; Radicella, J.P.; Junop, M.S. Identification of an XRCC1 DNA Binding
Activity Essential for Retention at Sites of DNA Damage. Sci. Rep. 2019, 9, 3095. [CrossRef]

39. Zhao, M.-L.; Stefanick, D.F.; Nadalutti, C.A.; Beard, W.A.; Wilson, S.H.; Horton, J.K. Temporal Recruitment of Base Excision DNA
Repair Factors in Living Cells in Response to Different Micro-Irradiation DNA Damage Protocols. DNA Repair 2023, 126, 103486.
[CrossRef]

https://doi.org/10.1016/j.mrgentox.2013.05.006
https://doi.org/10.1371/journal.pone.0057953
https://doi.org/10.1667/RR13792.1
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.ejmp.2015.10.087
https://doi.org/10.1140/epjp/s13360-020-01045-9
https://doi.org/10.1016/j.nimb.2014.02.004
https://doi.org/10.3390/ijms131217210
https://www.ncbi.nlm.nih.gov/pubmed/23247283
https://doi.org/10.1016/j.dnarep.2019.102664
https://www.ncbi.nlm.nih.gov/pubmed/31324530
https://doi.org/10.1093/nar/gkt025
https://www.ncbi.nlm.nih.gov/pubmed/23355608
https://doi.org/10.1242/jcs.128272
https://doi.org/10.1074/jbc.TM117.000375
https://doi.org/10.3978/j.issn.2218-676X.2013.05.02
https://doi.org/10.1016/j.dnarep.2014.02.007
https://doi.org/10.1073/pnas.1121470109
https://doi.org/10.1016/j.canlet.2008.04.046
https://www.ncbi.nlm.nih.gov/pubmed/18550271
https://doi.org/10.1038/nature15401
https://www.ncbi.nlm.nih.gov/pubmed/26503038
https://doi.org/10.1016/j.cell.2008.12.041
https://www.ncbi.nlm.nih.gov/pubmed/19203579
https://doi.org/10.3389/fcell.2022.932633
https://www.ncbi.nlm.nih.gov/pubmed/35912102
https://doi.org/10.3389/fcell.2022.928113
https://doi.org/10.1186/1471-2199-8-81
https://doi.org/10.1093/nar/gky579
https://doi.org/10.1038/s41598-019-39543-1
https://doi.org/10.1016/j.dnarep.2023.103486


Biology 2023, 12, 921 14 of 15

40. Luijsterburg, M.S.; Acs, K.; Ackermann, L.; Wiegant, W.W.; Bekker-Jensen, S.; Larsen, D.H.; Khanna, K.K.; van Attikum, H.;
Mailand, N.; Dantuma, N.P. A New Non-Catalytic Role for Ubiquitin Ligase RNF8 in Unfolding Higher-Order Chromatin
Structure. EMBO J. 2012, 31, 2511–2527. [CrossRef]

41. Luijsterburg, M.S.; van Attikum, H. Close Encounters of the RNF8th Kind: When Chromatin Meets DNA Repair. Curr. Opin. Cell
Biol. 2012, 24, 439–447. [CrossRef] [PubMed]

42. Kochan, J.A.; van den Belt, M.; von der Lippe, J.; Desclos, E.C.B.; Steurer, B.; Hoebe, R.A.; Scutigliani, E.M.; Verhoeven, J.; Stap, J.;
Bosch, R.; et al. Ultra-Soft X-Ray System for Imaging the Early Cellular Responses to X-Ray Induced DNA Damage. Nucleic Acids
Res. 2019, 47, e100. [CrossRef] [PubMed]

43. Tan, Q.; Niu, K.; Zhu, Y.; Chen, Z.; Li, Y.; Li, M.; Wei, D.; Balajee, A.S.; Fang, H.; Zhao, Y. RNF8 Ubiquitinates RecQL4 and
Promotes Its Dissociation from DNA Double Strand Breaks. Oncogenesis 2021, 10, 24. [CrossRef]

44. Edelstein, A.D.; Tsuchida, M.A.; Amodaj, N.; Pinkard, H.; Vale, R.D.; Stuurman, N. Advanced Methods of Microscope Control
Using MManager Software. J. Biol. Methods 2014, 1, e10. [CrossRef] [PubMed]

45. Incerti, S.; Ivanchenko, A.; Karamitros, M.; Mantero, A.; Moretto, P.; Tran, H.N.; Mascialino, B.; Champion, C.; Ivanchenko, V.N.;
Bernal, M.A.; et al. Comparison of GEANT4 Very Low Energy Cross Section Models with Experimental Data in Water. Med. Phys.
2010, 37, 4692–4708. [CrossRef] [PubMed]

46. Lan, L.; Nakajima, S.; Oohata, Y.; Takao, M.; Okano, S.; Masutani, M.; Wilson, S.H.; Yasui, A. In Situ Analysis of Repair Processes
for Oxidative DNA Damage in Mammalian Cells. Proc. Natl. Acad. Sci. USA 2004, 101, 13738–13743. [CrossRef]

47. Lukas, C.; Melander, F.; Stucki, M.; Falck, J.; Bekker-Jensen, S.; Goldberg, M.; Lerenthal, Y.; Jackson, S.P.; Bartek, J.; Lukas, J. Mdc1
Couples DNA Double-Strand Break Recognition by Nbs1 with Its H2AX-Dependent Chromatin Retention. EMBO J. 2004, 23,
2674–2683. [CrossRef]

48. Barberet, P.; Vianna, F.; Karamitros, M.; Brun, T.; Gordillo, N.; Moretto, P.; Incerti, S.; Seznec, H. Monte-Carlo Dosimetry on a
Realistic Cell Monolayer Geometry Exposed to Alpha Particles. Phys. Med. Biol. 2012, 57, 2189–2207. [CrossRef]

49. Barberet, P.; Pomorski, M.; Muggiolu, G.; Torfeh, E.; Claverie, G.; Huss, C.; Saada, S.; Deves, G.; Simon, M.; Seznec, H. Cell
Micro-Irradiation with MeV Protons Counted by an Ultra-Thin Diamond Membrane. Appl. Phys. Lett. 2017, 111, 243701.
[CrossRef]

50. Ghita, M.; Fernandez-Palomo, C.; Fukunaga, H.; Fredericia, P.M.; Schettino, G.; Bräuer-Krisch, E.; Butterworth, K.T.; McMahon,
S.J.; Prise, K.M. Microbeam Evolution: From Single Cell Irradiation to Pre-Clinical Studies. Int. J. Radiat. Biol. 2018, 94, 708–718.
[CrossRef]

51. Zentout, S.; Smith, R.; Jacquier, M.; Huet, S. New Methodologies to Study DNA Repair Processes in Space and Time Within Living
Cells. Front. Cell Dev. Biol. 2021, 9, 730998. [CrossRef] [PubMed]

52. van Veelen, L.R.; Cervelli, T.; van de Rakt, M.W.M.M.; Theil, A.F.; Essers, J.; Kanaar, R. Analysis of Ionizing Radiation-Induced
Foci of DNA Damage Repair Proteins. Mutat. Res./Fundam. Mol. Mech. Mutagen. 2005, 574, 22–33. [CrossRef] [PubMed]

53. Jakob, B.; Splinter, J.; Durante, M.; Taucher-Scholz, G. Live Cell Microscopy Analysis of Radiation-Induced DNA Double-Strand
Break Motion. Proc. Natl. Acad. Sci. USA 2009, 106, 3172–3177. [CrossRef]

54. Costes, S.V.; Chiolo, I.; Pluth, J.M.; Barcellos-Hoff, M.H.; Jakob, B. Spatiotemporal Characterization of Ionizing Radiation Induced
DNA Damage Foci and Their Relation to Chromatin Organization. Mutat. Res. 2010, 704, 78–87. [CrossRef]

55. Hanton, F.; Chaudhary, P.; Doria, D.; Gwynne, D.; Maiorino, C.; Scullion, C.; Ahmed, H.; Marshall, T.; Naughton, K.; Romagnani, L.;
et al. DNA DSB Repair Dynamics Following Irradiation with Laser-Driven Protons at Ultra-High Dose Rates. Sci. Rep. 2019, 9, 4471.
[CrossRef] [PubMed]

56. Lorat, Y.; Reindl, J.; Isermann, A.; Rübe, C.; Friedl, A.A.; Rübe, C.E. Focused Ion Microbeam Irradiation Induces Clustering of
DNA Double-Strand Breaks in Heterochromatin Visualized by Nanoscale-Resolution Electron Microscopy. Int. J. Mol. Sci. 2021,
22, 7638. [CrossRef] [PubMed]

57. Nakajima, N.I.; Brunton, H.; Watanabe, R.; Shrikhande, A.; Hirayama, R.; Matsufuji, N.; Fujimori, A.; Murakami, T.;
Okayasu, R.; Jeggo, P.; et al. Visualisation of ΓH2AX Foci Caused by Heavy Ion Particle Traversal; Distinction between Core Track
versus Non-Track Damage. PLoS ONE 2013, 8, e70107. [CrossRef]

58. Wu, J.; Hei, T.K. Focus Small to Find Big–the Microbeam Story. Int. J. Radiat. Biol. 2018, 94, 782–788. [CrossRef]
59. Jakob, B.; Splinter, J.; Conrad, S.; Voss, K.-O.; Zink, D.; Durante, M.; Löbrich, M.; Taucher-Scholz, G. DNA Double-Strand Breaks

in Heterochromatin Elicit Fast Repair Protein Recruitment, Histone H2AX Phosphorylation and Relocation to Euchromatin.
Nucleic Acids Res. 2011, 39, 6489–6499. [CrossRef]

60. Asaithamby, A.; Chen, D.J. Mechanism of Cluster DNA Damage Repair in Response to High-Atomic Number and Energy
Particles Radiation. Mutat. Res./Fundam. Mol. Mech. Mutagen. 2011, 711, 87–99. [CrossRef]

61. Liu, W.; Wu, R.; Guo, J.; Shen, C.; Zhao, J.; Mao, G.; Mou, H.; Zhang, L.; Du, G. High Turnover and Rescue Effect of XRCC1 in
Response to Heavy Charged Particle Radiation. Biophys. J. 2022, 121, 1493–1501. [CrossRef] [PubMed]

62. Sakata, D.; Lampe, N.; Karamitros, M.; Kyriakou, I.; Belov, O.; Bernal, M.A.; Bolst, D.; Bordage, M.-C.; Breton, V.; Brown, J.M.C.;
et al. Evaluation of Early Radiation DNA Damage in a Fractal Cell Nucleus Model Using Geant4-DNA. Phys. Med. Eur. J. Med.
Phys. 2019, 62, 152–157. [CrossRef]

63. Kolas, N.K.; Chapman, J.R.; Nakada, S.; Ylanko, J.; Chahwan, R.; Sweeney, F.D.; Panier, S.; Mendez, M.; Wildenhain, J.; Thomson, T.M.;
et al. Orchestration of the DNA-Damage Response by the RNF8 Ubiquitin Ligase. Science 2007, 318, 1637–1640. [CrossRef] [PubMed]

https://doi.org/10.1038/emboj.2012.104
https://doi.org/10.1016/j.ceb.2012.03.008
https://www.ncbi.nlm.nih.gov/pubmed/22464734
https://doi.org/10.1093/nar/gkz609
https://www.ncbi.nlm.nih.gov/pubmed/31318974
https://doi.org/10.1038/s41389-021-00315-0
https://doi.org/10.14440/jbm.2014.36
https://www.ncbi.nlm.nih.gov/pubmed/25606571
https://doi.org/10.1118/1.3476457
https://www.ncbi.nlm.nih.gov/pubmed/20964188
https://doi.org/10.1073/pnas.0406048101
https://doi.org/10.1038/sj.emboj.7600269
https://doi.org/10.1088/0031-9155/57/8/2189
https://doi.org/10.1063/1.5009713
https://doi.org/10.1080/09553002.2018.1425807
https://doi.org/10.3389/fcell.2021.730998
https://www.ncbi.nlm.nih.gov/pubmed/34589495
https://doi.org/10.1016/j.mrfmmm.2005.01.019
https://www.ncbi.nlm.nih.gov/pubmed/15914204
https://doi.org/10.1073/pnas.0810987106
https://doi.org/10.1016/j.mrrev.2009.12.006
https://doi.org/10.1038/s41598-019-40339-6
https://www.ncbi.nlm.nih.gov/pubmed/30872656
https://doi.org/10.3390/ijms22147638
https://www.ncbi.nlm.nih.gov/pubmed/34299263
https://doi.org/10.1371/journal.pone.0070107
https://doi.org/10.1080/09553002.2017.1364801
https://doi.org/10.1093/nar/gkr230
https://doi.org/10.1016/j.mrfmmm.2010.11.002
https://doi.org/10.1016/j.bpj.2022.03.011
https://www.ncbi.nlm.nih.gov/pubmed/35276132
https://doi.org/10.1016/j.ejmp.2019.04.010
https://doi.org/10.1126/science.1150034
https://www.ncbi.nlm.nih.gov/pubmed/18006705


Biology 2023, 12, 921 15 of 15

64. Huen, M.S.Y.; Grant, R.; Manke, I.; Minn, K.; Yu, X.; Yaffe, M.B.; Chen, J. The E3 Ubiquitin Ligase RNF8 Transduces the DNA
Damage Signal via an Ubiquitin-Dependent Signaling Pathway. Cell 2007, 131, 901–914. [CrossRef] [PubMed]

65. Bartocci, C.; Denchi, E.L. Put a RING on It: Regulation and Inhibition of RNF8 and RNF168 RING Finger E3 Ligases at DNA
Damage Sites. Front. Genet. 2013, 4, 128. [CrossRef] [PubMed]

66. Mok, M.T.S.; Cheng, A.S.L.; Henderson, B.R. The Ubiquitin Ligases RNF8 and RNF168 Display Rapid but Distinct Dynamics at
DNA Repair Foci in Living Cells. Int. J. Biochem. Cell Biol. 2014, 57, 27–34. [CrossRef] [PubMed]

67. Lu, C.-S.; Truong, L.N.; Aslanian, A.; Shi, L.Z.; Li, Y.; Hwang, P.Y.-H.; Koh, K.H.; Hunter, T.; Yates, J.R.; Berns, M.W.; et al. The
RING Finger Protein RNF8 Ubiquitinates Nbs1 to Promote DNA Double-Strand Break Repair by Homologous Recombination. J.
Biol. Chem. 2012, 287, 43984–43994. [CrossRef]

68. Yamamoto, T.; Taira Nihira, N.; Yogosawa, S.; Aoki, K.; Takeda, H.; Sawasaki, T.; Yoshida, K. Interaction between RNF8 and
DYRK2 Is Required for the Recruitment of DNA Repair Molecules to DNA Double-Strand Breaks. FEBS Lett. 2017, 591, 842–853.
[CrossRef]

69. Hodge, C.D.; Ismail, I.H.; Edwards, R.A.; Hura, G.L.; Xiao, A.T.; Tainer, J.A.; Hendzel, M.J.; Glover, J.N.M. RNF8 E3 Ubiquitin
Ligase Stimulates Ubc13 E2 Conjugating Activity That Is Essential for DNA Double Strand Break Signaling and BRCA1 Tumor
Suppressor Recruitment. J. Biol. Chem. 2016, 291, 9396–9410. [CrossRef]

70. Brown, J.S.; Lukashchuk, N.; Sczaniecka-Clift, M.; Britton, S.; le Sage, C.; Calsou, P.; Beli, P.; Galanty, Y.; Jackson, S.P. Neddylation
Promotes Ubiquitylation and Release of Ku from DNA-Damage Sites. Cell Rep. 2015, 11, 704–714. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cell.2007.09.041
https://www.ncbi.nlm.nih.gov/pubmed/18001825
https://doi.org/10.3389/fgene.2013.00128
https://www.ncbi.nlm.nih.gov/pubmed/23847653
https://doi.org/10.1016/j.biocel.2014.09.027
https://www.ncbi.nlm.nih.gov/pubmed/25304081
https://doi.org/10.1074/jbc.M112.421545
https://doi.org/10.1002/1873-3468.12596
https://doi.org/10.1074/jbc.M116.715698
https://doi.org/10.1016/j.celrep.2015.03.058

	Introduction 
	Materials and Methods 
	Beam Line Characteristics 
	Dosimetric Simulation Using the Geant4 Monte Carlo Toolkit 
	Cell Culture, Transfection, and Irradiation 
	Image Acquisition, Processing, and Fitting Models 

	Results 
	Energy Deposits and Track Structure of 3 MeV Protons and -Particles 
	Recruitment Kinetics of GFP-Tagged XRCC1 to DNA Damage Sites after Irradiations 
	Recruitment Kinetics of GFP-Tagged RNF8 to DNA Damage Sites after Irradiations 

	Discussion 
	Conclusions 
	References

