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accelerator facilities
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Cellular responses to DNA double-strand breaks (DSBs) not only promote genomic integrity in
healthy tissues, but also largely determine the efficacy of many DNA-damaging cancer treatments,
including X-ray and particle therapies. A growing body of evidence suggests that activation of the
mechanisms that detect, signal and repair DSBs may depend on the complexity of the initiating DNA
lesions. Studies focusing on this, as well as on many other radiobiological questions, require reliable
methods to induce DSBs of varying complexity, and to visualize the ensuing cellular responses.
Accelerated particles of different energies and masses are exceptionally well suited for this task,

due to the nature of their physical interactions with the intracellular environment, but visualizing
cellular responses to particle-induced damage - especially in their early stages - at particle accelerator
facilities, remains challenging. Here we describe a straightforward approach for real-time imaging of
early response to particle-induced DNA damage. We rely on a transportable setup with an inverted
fluorescence confocal microscope, tilted at a small angle relative to the particle beam, such that cells
can be irradiated and imaged without any microscope or beamline modifications. Using this setup,
we image and analyze the accumulation of fluorescently-tagged MDC1, RNF168 and 53BP1—key
factors involved in DSB signalling—at DNA lesions induced by 254 MeV a-particles. Our results provide
a demonstration of technical feasibility and reveal asynchronous initiation of accumulation of these
proteins at different individual DSBs.

The integrity of genetic material in mammalian cells is constantly threatened by both external and endogenous
agents, including UV light, ionizing radiation (IR), mutagenic compounds, (by-products of) metabolic activities
and (errors in) DNA processing or replication. All these agents and processes can induce various types of DNA
lesions™. Among them, DNA double-strand breaks (DSBs) are arguably the most severe, frequently leading to
cell death, potentially oncogenic mutations or chromosome rearrangements, if not repaired timely and correctly.
These dangerous consequences make DSBs a potent, but double-edged sword: on the one hand, DSB-inducing
agents power many among the most effective cancer therapies; on the other hand, DSBs can initiate or contribute
to the deterioration of genetic material and to carcinogenesis. To counteract these detrimental processes, cells
have evolved intricate enzymatic pathways that can efficiently detect, signal and repair DSBs, as well as most
other occurring types of DNA lesions.

Emerging evidence indicates that cellular responses to DSBs are at least partly determined by their complexity,
i.e. the number, structure and distribution of clustered DNA lesions, such as strand cross-links, base/nucleotide
alterations or nicks*. For instance, DSBs induced by the clinically-relevant X-rays, characterized by a low linear
energy transfer (LET), are generally considered to be relatively simple. On the other end of the complexity
spectrum are the DSBs generated by accelerated, high-LET, heavy particles, which are often accompanied by
multiple other lesions, including DSBs, often in close (nanometer-scale) proximity®. These complex DSBs pose
a considerable challenge to the repair machinery, require extensive processing by various enzymes, and have
enhanced relative biological effectiveness (RBE) in inducing genomic rearrangements or cell death, as compared
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Figure 1. Overview of the imaging setup. Schematic overview of the live-cell microscopy setup at KVI-CART
facility in Groningen, The Netherlands. The microscope is positioned on a transportable cart, on a platform at a
low angle (~ 5°). The last photograph is the microscopy setup after installation in the beamline.

to their X-ray-induced counterparts®”’. According to a more recent hypothesis, the increased severity of biological
effects of high-LET radiation may be a consequence of micrometer-scale DSB clustering®.

The differences in cellular responses to simple and complex DSBs are particularly relevant, and somewhat
controversial, in the context of therapeutic accelerated protons, which induce simple, as well as more complex
DNA lesions’®. Results of recent studies suggest, for instance, that repair of proton-induced DSBs may require
a different enzymatic machinery, as compared to X-ray induced lesions'®"'2. Such insights could be potentially
exploited in new therapeutic strategies, combining particle irradiation with small-molecule inhibitors targeting
the relevant DSB repair pathways, or aid in selection of patients harboring tumors with increased sensitivity to
accelerated particles. However, in spite of these important developments, our understanding of cellular responses
to DNA lesions of varying complexity is still limited and methods for studying this aspect of DNA damage
response in detail are urgently needed.

One helpful characteristic, shared by most of the proteins known to be involved in DSB repair, is their high
affinity for the broken DNA ends and/or for the surrounding chromatin, resulting in the formation of micro-
scopically discernible focal accumulations around DSB sites. First discovered over two decades ago'!4, these
so-called “foci’” are indicative of the proper functioning of repair machinery and have, therefore, become an
important biological readout of DSB repair activities that can be visualized and studied using various micros-
copy techniques'®. Notably, real-time imaging of cells that express modified, fluorescent fusion proteins has
revealed important insights into the functioning of DNA repair in response to various lesions, primarily those
induced by visible and UV light'®'”. Such imaging techniques have also been applied to study the accumulation
of repair proteins at sites of DSBs induced by a wide range of IR types and energies'®*°. Most of these studies
are performed at complex particle accelerator facilities and rely on sophisticated microscopy setups, integrated
with the beamline hardware. Some advanced implementations allow precise irradiation of cells with a predefined
number of particles and/or targeting (sub)cellular structures (reviewed in*!~*).

Here we describe a simple, inexpensive, transportable, live-cell irradiation and real-time fluorescence imaging
confocal microscopy setup that should be compatible with most particle accelerator beamlines. The setup can
be paired with any inverted fluorescence microscope, assembled and disassembled within ~ 30 min and allows
short- and long-term imaging. In the current proof-of-concept study, we use this setup to analyze the accumula-
tion of signaling proteins MDC1, RNF168 and 53BP1 at DSBs induced by 254 MeV a-particles, in non-cancerous
human retinal pigmented epithelium cells. Our results demonstrate the feasibility of the experimental approach
and confirm the recently-described asynchronicity of protein accumulation at IR-induced DSBs.

Results

The imaging setup. There are at least two major challenges when performing (real-time) microscopy in a
typical particle-accelerator facility. First, the setup of the accelerator beamline must remain flexible to accom-
modate the different types and arrangements of beam instrumentation, which can change depending on other
ongoing experiments. Second, the beam time tends to be very expensive and any beamline setup adjustments
required for microscopy should be minimal and quick. To address both challenges, we designed a simple micros-
copy setup around two concepts. First, all required hardware was fully contained on a small shelved, 4-wheel cart.
Second, the inverted confocal microscope and 37 °C incubator were mounted on an adjustable top platform, at
a small (~5.5°) angle (relative to the horizontal beam, Fig. 1). An interactive version of this and all subsequent
figures, as well as all underlying data, are available via (https://create. FiglinQ.com/dashboard/h.qian:15/#/). This
simple setup was constructed for under 1000 €, without requiring any major modifications of the microscope
or beamline hardware. It can be installed and removed from the beam vault by two operators within ~ 30 min.

Irradiation and dosimetry. Shaping of the radiation field. The irradiations were performed at the in-air
station® of the accelerator facility of KVI-CART, University of Groningen using a 360 MeV “He beam. After exit-
ing from the beam line vacuum into air through a 50 pm Aramica foil, the beam was focused to a circular spot
with a full width half maximum (FWHM) of about 4 mm at the location of a plane Pb scatter foil with a thickness
of 1.16 mm. The angular distribution of the particles after passing through the scatter foil has, according to SRIM
simulations®, a gaussian shape with a FWHM of about 42 mrad, and is essentially determined by the multiple
Coulomb scattering in the foil.
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Figure 2. (A) Simulated dose distribution across the bottom of the cell culture vessel, in the beam direction,
relative to the dose measured with the Markus chamber. (B) Simulated dose-averaged LET along the bottom of
the cell culture vessel in the beam direction. For both, the origin corresponds to the centre of the imaged glass
window. The vertical lines mark the boundary of the window.

The beam then propagates through air to a field shaping collimator of brass with a thickness of 45 mm (suf-
ficiently thick to stop particles that do not pass through the aperture) located 3 m downstream from the scatter
foil, before reaching the irradiation position located 3.65 m downstream from the scatter foil. At the location
of the field shaping collimator, the beam has a circular, gaussian shape with a FWHM of about 125 mm. The
homogeneity of the dose distribution at the irradiation position was verified with a LANEX™ scintillating screen®”
and a CCD camera (0.17 mm/pixel at the screen position)*. The homogeneity in the central 10 mm of the field
corresponding to the cell culture was found to be better than 1%.

Dosimetry. 'The delivered dose is controlled by a large parallel plane beam ionization monitor (BIM) that
encompasses the full beam. It is calibrated in terms of dose at the irradiation location along the lines described
in the IAEA Internal Code of Practice TRS-398% using a PTW 23,343 Markus ionization chamber with 20 mm
polystyrene build-up material in front of it. The calibration of the Markus chamber is traceable to national stand-
ards of the German National Metrology Laboratory, PTB Braunschweig.

The dose delivered to the cell culture cannot be determined directly from the calibration measurements
because of the differences between the geometry of the setup during the calibration measurements and dur-
ing the actual irradiation. Therefore, Monte Carlo simulations have been performed with the simulation codes
MCNPX* and GATE-GEANT4°"2, These simulations include the full irradiation setup, starting at the beamline
exit foil and ending at the irradiation position.

The simulations have been performed for two geometries: one used for the actual cell irradiation, and the
other one for the dosimetric calibration. The ratio of the delivered dose per starting particle for both geometries
yielded a correction factor for the dose calibration obtained from the measurements described above. The cor-
rection factors from both simulation codes agree within the statistical uncertainty of the simulations. Systematic
uncertainties are assumed to be small because inaccuracies in the models used in the simulation cancel each other
out to a large extent: the materials that differ between the two geometries have a comparable atomic number
(C4Hjg versus H,0) and surface density (approximately 1 g/cm?) and thickness (approximately 20 mm).

According to the Monte Carlo simulations, the dose calibration at the centre of the cell imaging vessel had
to be corrected by a factor of 0.986 (+0.005), as compared to the calibration measurements. The dose delivered
to the proximal side of the vessel was approximately 4% lower than the dose delivered to the centre, while the
dose delivered to the distal part was ~ 5% higher (Fig. 2A) (https://create.FiglinQ.com/dashboard/h.qian:15/#/).
The a-particles at the centre of the vessel had an energy of 254 MeV. The dose-averaged LET was found to be
4.54 MeV/mm. LET increased from 4.4 to 4.9 MeV/mm over the length of the images part of the vessel (Fig. 2B).

Proof-of-concept experiments: visualizing the accumulation of MDC1, RNF168 and 53BP1 at
a-particle induced DSBs. To validate our experimental approach, we have performed real-time imag-
ing of accumulation of fluorescently tagged MDC1, RNF168 and 53BP1 in human retinal pigmented epithe-
lium cells (ARPE-19). During the cellular response to DSB induction, the lesions are likely first detected by the
KU70/80 heterodimer and by the MRE11-RAD50-NBS1 complex, with the latter serving as an activator of the
ATM kinase. Activated ATM then phosphorylates the histone variant H2AX, resulting in the so-called yH2AX,
in nucleosomes within 1-2 million base pairs around the DSB site'’. yH2AX is bound by MDC1, which forms
a platform for subsequent recruitment of additional ATM molecules, and the E3 ubiquitin ligases RNF8 and
RNF168. The ubiquitin chains, deposited by RNF8/RNF168 on the neighbouring histones, attract downstream
proteins, such as 53BP1 or BRCA1, which then activate and control proteins that physically repair the broken
DNA, generally via different variants of either the homologous recombination or the non-homologous end join-
ing pathway™.

MDCI1, RNF168 and 53BP1 thus all participate in the early stages of DSB responses, forming clear, micro-
scopically-discernible foci at chromatin surrounding each DSB within minutes after damage induction (Fig. 3A)
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Figure 3. Asynchronous accumulation of MDC1, RNF168 and 53BP1 at a-particle induced DSBs. ARPE19
cells expressing the indicated fluorescently-tagged proteins have been irradiated with ~ 1 Gy of 360 MeV
a-particles and imaged for 16 min at 2-min intervals. (A) Overview of a single imaged field 10 min after
irradiation. All images were 3D scans, processed by deconvolution and then converted into a single maximum
intensity projection. (B) Galleries showing projections of individual 3D images acquired at the indicated time-
points. The white arrows indicate newly appearing foci. (C) A number of foci per cell as a function of time. At
least 30 cells have been analyzed per data point. Error bars: standard error of the mean (SEM). Scale bar: 10 pm.
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Figure 4. RNF168-Clover foci distribution across the imaged areas of the cell culture vessels. After acquiring
time-lapse movies, cells described in the legend in Fig. 3 were fixed and imaged in the indicated areas of two
different vessels. Next, the number of RNF168 foci per cell was determined semi-automatically. All images
were 3D scans, processed by deconvolution and then converted into a single maximum intensity projection.
(A) Representative image of an irradiated area. Scale bar: 10 pm. (B) Quantification of the average number of
RNF168 foci in each area confirms uniform dose distribution. The beam direction is marked with an arrow. 20
cells have been analyzed per area. Error bars: data range.

(https://create.FiglinQ.com/dashboard/h.qian:15/#/), and are thus particularly amenable for real-time imaging®’.
To observe their accumulation at DSB sites in real-time, we exposed cells expressing fluorescently-tagged versions
of these proteins to 1.8+ 0.1 Gy of 254 MeV a-particles (irradiation duration ~ 2 s) and then acquired images
for the next 16 min, at 2-min intervals. All proteins showed the expected accumulation pattern (Fig. 3B), with
first foci appearing within 2 min after irradiation. We then noted, for each cell, the time of the first appearance
of each detected focus, and plotted the fraction of all foci detected at each time point (Fig. 3C). Interestingly,
our results show that the onset of foci accumulation is not synchronous, with new foci continuing to appear for
up to ~ 10 min after irradiation.

To determine whether the entire surface of the imaged vessel area was irradiated uniformly, we fixed the
irradiated cells expressing RNF168-Clover and acquired 3D images of cells in different areas of two different
irradiated vessels (Fig. 4A) (https://create.FiglinQ.com/dashboard/h.qian:15/#/). We then manually counted
the number of RNF168 foci in each cell and found that these numbers were comparable in all analysed areas
(Fig. 4B), confirming uniform dose distribution. On average, we detected ~ 21 foci per cell.

Discussion

In this short report, we describe a simple and inexpensive microscopy setup for real-time fluorescence imaging
of cellular responses to particle-induced DSBs. Our approach is based on a nearly perpendicular arrangement of
the microscope optical axis relative to the beamline, contrasting with most described microscopy setups (Fig. 5A)
(https://create.FiglinQ.com/dashboard/h.qian:15/#/), in which the optical axis is generally aligned with the beam
path. This difference leads to some drawbacks, but also important advantages.

Perhaps the biggest disadvantage of our approach is the difficulty in determining and controlling the length
of the path that the accelerated particles travel in the cell culture vessel and its (plastic) walls, before reaching
the targeted cells (Fig. 1A). In beam-aligned microscope arrangements (with 0° angle between the beam and the
optical axis of the microscope), where particles enter the culture vessel from the top or bottom, this length can
be minimized by using vessels with a low volume of medium and thin lids/bottoms, which allows precise dose
calculation and delivery, as well as targeted irradiation of subcellular compartments, in some advanced facilities

Scientific Reports |

(2021) 11:14528 | https://doi.org/10.1038/s41598-021-92950-1 nature portfolio


https://create.FiglinQ.com/dashboard/h.qian:15/#/
https://create.FiglinQ.com/dashboard/h.qian:15/#/
https://create.FiglinQ.com/dashboard/h.qian:15/#/

www.nature.com/scientificreports/

3) 4) 5)

Y 4 P 4
N Sy

AP
Beam: horizontal Beam: vertical Beam: vertical Beam: horizontal Beam: horizontal
Microscope: inverted Microscope: upright Microscope: inverted Microscope: inverted Microscope: inverted
Angle*: ~85° Angle*: 0° Angle*: 0° Angle* 1: 45° Angle*: 0°
(this study)

* Angle between the beam and the optical axis of the microscope; T Microcapillary-based system.

__Radiation shielding
Beam

‘ - Precision linear rail system

Microscope engaged Microscope disengaged

Figure 5. Different arrangements of the microscope, relative to the particle beam, in existing imaging setups
at particle accelerator facilities. (A) Schematic illustration of the existing arrangements, with references to
the relevant publications. (1) this study; (2) refs!®31323538; (3) Refs.22344%; (4) Ref.””; (5) Refs.*192336395455 (B)
Considered future automated microscopy setup at the KVI-CART facility in Groningen, The Netherlands.

paired with the ability to irradiate individual cells with predefined particle numbers*~**. Our Monte Carlo
simulations of the beam transport inside the culture dishes indeed show that the particle count and energy can
be considerably different in different locations of the imaged vessel area, especially for low-energy particles that
will be stopped by the cell culture vessel wall and medium therein. The slightly angled walls of the used vessels
are an additional complication in simulations, as well as in performing precise dosimetry.

Among the advantages of our approach are flexibility, low cost and simplicity. The beam-perpendicular
arrangement (with particle beam at near-90° angle to the optical axis of the microscope) relies on a standard,
unmodified microscope and on a transportable platform that, with a footprint of ~ 1 m?, should be compatible
with most existing accelerator facilities. Beam-aligned arrangements, in contrast, require either beam bending,
which is costly, complex, and may be incompatible with accelerator facility layouts, or—more often—rotating the
microscope by 90°. The latter approach, adopted by multiple facilities (Fig. 5A5), requires a robust, heavy-weight
support structure, as well as major, destructive modifications of the microscope body, since all beam-blocking
parts must be permanently removed. These modifications often render the microscope incapable of transmitted
light imaging, which is essential for non-fluorescent samples. Moreover, such perpendicular arrangements or
modifications may be not recommendable for some microscopes and require customized, water-tight cell imaging
chambers, since gravity would otherwise cause the draining of the culture medium. Perpendicular setups may
also be more time-consuming to assemble in the beamline, although one can also mount them permanently on
a transportable cart, similar to our approach, to reduce installation time.

The presented set of proof-of-concept experiments was limited by using an older-generation microscope
model that is characterized by relatively slow image acquisition and lack of auto-focusing hardware, such that
the focus needed to be maintained manually by microscope operators. Even with this setup, however, we were
able to image the accumulation of three different DSB signalling proteins after 254 MeV a-particle irradiation.
Our results confirm the recently reported non-synchronous foci formation that was previously detected when
observing the accumulation of 53BP1 proteins around DSBs induced by X-rays and accelerated heavy ions™.
Nevertheless, the interpretation of these results is difficult because of our inability to image the entire 3D volume
of cell nuclei, and also because of the relatively low time resolution (2 min) that was chosen in our proof-of-
concept experiments. We are currently investigating the mechanisms driving this highly interesting phenomenon
using our ultra-soft X-ray irradiator?.
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In the future, we plan to upgrade our imaging setup based on a state-of-the-art microscope that will allow
fast, multi-channel imaging of two- and three-dimensional cell cultures (e.g. organoids or spheroids). Further,
we will investigate the feasibility of a motorized platform on a permanent rail system that would allow fast and
precise relocation of the microscope from a radiation-shielded area of the bunker into a predetermined position
in the beamline. This would allow prolonged imaging sessions and optimized use of spare beam-time during
other experiments, without the need of (dis)assembly (Fig. 5B).

Methods

Microscopy setup. The microscope was fixed on an angled platform, resting, via rubber dampers, on an
optical breadboard, which itself also rested on additional dampers to provide maximum resistance to vibrations.
The height of the platform was chosen such that the tip of the objective in its working position was located in
the centre of the beam cross-section. The microscope was aligned relative to the beam using three laser planes
materializing the XY, XZ and YZ planes, where the Z-axis corresponds to the beam axis, and an additional laser
along the Z-axis. The positioning accuracy of the microscope was better than 1 mm in all three directions. This
accuracy is more than sufficient given the 20 mm width of the radiation field and the 10 mm width of the imaged
coverslip. To allow the penetration of the beam into the microscope imaging area, a circular opening was cut out
in the perspex incubator wall perpendicular to the beam and sealed with a 12.5 um-thick mylar foil (Fig. 1A).
Once samples were positioned on the microscope stage, the microscope was operated remotely from the accel-
erator control room, via a wired networking connection, using standard Windows Remote Desktop software,
such that imaging could be started in sync with irradiation and the microscope controlled in real-time. Cells
were cultured and imaged in modified 25 cm? vessels (T25 cell culture flasks, Fig. 4B) on glued-in glass coverslips
for optimal optical performance.

Irradiation and dosimetric calibration. The irradiation was performed with a 360 MeV a-particle beam
delivered by the AGOR cyclotron at the KVI-Center for Advanced Radiation Technology (KVI-CART) of the
University of Groningen. The irradiation beamline used for the experiment is described in more detail in ref*.
The beam was focused to a spot with a full-width half maximum of about 4 mm at the location of a 1.16 mm
thick lead scatter foil. The radiation field at the irradiation position 3.65 m downstream from the scatter foil is
shaped with a 45 mm thick brass collimator positioned 3.00 m downstream from the scatter foil. For the dose
calibration, a 70 mm circular collimator was used, while a 20 x 20 mm? square collimator was used for the actual
irradiation. The radiation field in the central 10 mm corresponding to the width of the imaged cell culture dish
surface, imaged with a LANEX™ scintillation screen (LANEX Screens) and a CCD chamber, is homogeneous to
better than 1% (Figure S1) (https://create.FiglinQ.com/dashboard/h.qian:15/#/).

The dose administered during the irradiation was controlled with a parallel plate beam ionisation monitor
(BIM) of 100 mm diameter, mounted 1.60 m downstream from the scatter foil. The beam passing through this
ionisation chamber is collimated to a diameter of 66 mm by upstream collimators. The BIM is calibrated accord-
ing to the procedure described in the IAEA International Code of Practice TRS-398* by measuring the absolute
dose at the irradiation position with a Markus Chamber (type 23,343, PTW, Freiburg) in a 70 mm diameter field
to ensure that the Bragg-Gray condition is met. To approximate the water layer at the imaged location of the cell
culture dish, a 20 mm thick polystyrene plate was placed in front of the Markus chamber. The systematic error
of this calibration for heavy ion beams is in TRS-398* estimated to be 3.4%.

Monte Carlo simulations. The geometry of the cell culture vessel is such that direct, precise measurement
of the dose delivered to the imaged location is not feasible. Therefore, Monte Carlo simulations with MCNPX>
and GATE-GEANT4°"** were performed to establish the relation between the dose measured with a calibrated
PTW 23343 Markus ionization chamber at the irradiation location, and the dose delivered to the cell culture.
In both simulations, the configuration of the complete beamline as used for the calibration and the actual irra-
diations, respectively, was implemented. The detailed geometries for the Markus chamber and for the imaging
cell culture vessel are displayed in Figure S2 (https://create.FiglinQ.com/dashboard/h.qian:15/#/). The Markus
chamber was modelled as a 30 mm diameter cylinder filled with water. The deposition dose was scored in its
sensitive volume of 5.3 mm in diameter and 2 mm thickness, located 1.06 mm (water equivalent thickness of the
window) from its front face.

The following particles were tracked in the simulations:*He; *He; 'H; *H; neutrons; electrons and photons.
Particles were tracked as long as their energy exceeded the following limits: 0 eV for neutrons; 1 keV for electrons
and photons; 1 MeV/amu for the hydrogen and helium isotopes. In the MCNPX simulations standard settings
of the program were used, with the exception of the EFAC setting, which was increased from its default value of
0.917 t0 0.99 in order_ BERT_HP physics list was used.

The simulation of the radiation transport through the beamline was started at the 50 pum Aramica exit foil,
through which the beam passes from the beamline vacuum into the air. The beam of 360 MeV a-particles was
defined to have a gaussian shape with an FWHM of 4 mm, of which the tails were cut in the MCNPX simula-
tion, and a zero divergence. This definition of the initial phase space of the beam has essentially no impact on
the simulated field shape at the irradiation position. The field shape is almost entirely (> 99%) determined by the
multiple scattering in the 1.16 mm Pb scatter foil, mounted 100 mm downstream from the exit foil. After passing
through the scatter foil, the beam propagates through 3 m of air to the field-shaping collimators (45 mm thick
brass). Along this path, several brass collimators with sufficient thickness to stop particles incident on their front
face have been installed to intercept particles that would anyway not contribute to the radiation field. The beam
also passes through the ionization monitor used to control the irradiation. In the simulation, this ionization
monitor is modelled as a single aluminium foil of 55 pm thickness.
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In the simulations, multiple scattering in the air, in the various collimators, and the nuclear interaction in all
materials traversed, was taken into account. A comparison of the profiles of the radiation field measured using a
scintillating screen and a CCD camera®® with the simulations shows a good agreement, as is evident in Figure S1.

The correction factor for the dose delivered to the cell cultures, with respect to that measured with the ioniza-
tion chamber, is given by the ratio of the doses obtained from the simulations for both geometries, normalized to
the number of particles in each simulation. The combined statistical uncertainty in both doses was less than 0.5%.
The systematic uncertainty in the ratio between the two doses is estimated to be approximately 1% because the
individual systematic uncertainties cancel each other out to a very large extent. The effects of multiple scattering
and of the nuclear interaction in the polystyrene and water are similar and the particle energy at the location of
the jonization chamber and at the centre of the cell culture vessel differed by less than 10 MeV, while the varia-
tion in the particle energy over the length of the cell culture vessel amounted to about 40 MeV. The variation in
this ratio in the cell culture vessel along the direction of the beam is displayed in Fig. 2A. Furthermore, the very
good agreement of the results obtained with the two completely independent codes supports our assumption
that the systematic error in the dose ratio is small.

An estimate of the dose-averaged linear energy transfer (LET) in the cell culture vessel, which is not easily
measured, has been obtained from the GATE simulation. In Fig. 2B, the variation of the dose-averaged LET
in the cell culture vessel is shown. The spread between the points is indicative of the statistical accuracy of the
simulation.

Cell lines and cell culture. All cell lines and plasmids have been described previously?. Briefly, proteins
of interest tagged with Clover—a GFP derivative (Ex A=505 nm and Em A=515 nm) were transfected into
ARPE-19 (human retinal pigmented epithelium, ATCC, CRL-2302). Cells were cultured in DMEM with 4.5 g/L
D-glucose, 1 mM sodium pyruvate and 4 mM L-glutamine (Gibco, Life Technologies), supplemented with 100
units/ml of penicillin G (Gibco, Life Technologies), 100 pg/ml of streptomycin (Gibco, Life Technologies) and
10% (v/v) fetal bovine serum (Gibco, Life Technologies). Customized T25 flasks (Thermo Fisher Scientific) were
used as cell culture and imaging vessels. As shown in Fig. 4B, the 15 mm-diameter round openings were cut in
the centre of the vessel bottoms. The openings were sealed with 25 mm-diameter round glass coverslips (170 pm
thickness, no. 1.5H) using a medical-grade silicone kit, and air-dried for 48 h at room temperature. Cells were
seeded on the coverslips 24 h before irradiation and incubated at 37 °C and 5% CO,.

Cell imaging and fixation. Real-time imaging was performed using a Nikon C1 inverted confocal fluo-
rescence microscope, mounted in the accelerator beamline (see above for detailed description), equipped with a
40x/0.75 oil immersion objective and a 37 °C incubator (Okolab). The time-lapse series were recorded for 16 min
at 2-min intervals. During imaging, the focus was maintained manually, based on phase-contrast image, due to
the absence of auto-focusing hardware. Imaging was limited to single, 2D sections of the cell nuclei due to the
relatively slow scanning speed of the microscope. After imaging, cells in each vessel were washed twice with PBS
(Lonza), fixed using a 3% formaldehyde solution in PBS, and stored in dark at 4 °C. 3D images of the fixed cells
expressing RNF168-Clover were acquired in nine areas of coverslips (Fig. 4B, twenty randomly selected cells per
area) of two different vessels, with a 63x/1.32 oil-immersion objective mounted on an inverted wide-field Leica
DMi8 microscope.

Image processing and analysis. Individual cells from the 2D real-time confocal imaging series were
cropped and stabilized using the Image] StackReg plugin. The time of appearance of repair protein foci was then
manually determined using the Cell Counter ImageJ plugin. 3D wide-field images of fixed cells were decon-
volved using Huygens Professional (SVI Imaging) and maximum-intensity projections were generated using
Image]. To determine the dose distribution on the coverslips, repair protein foci were counted manually using
the Cell Counter ImageJ plugin in twenty, individual, randomly selected cells per area. Data was analyzed and
results plotted using GraphPad Prism 8.3.0 (538).

Received: 4 February 2021; Accepted: 25 May 2021
Published online: 15 July 2021

References

1. Ravanat, J.-L. & Douki, T. UV and ionizing radiations induced DNA damage, differences and similarities. Radiat. Phys. Chem.
Oxf. Engl. 1993(128), 92-102 (2016).

2. Tubbs, A. & Nussenzweig, A. Endogenous DNA damage as a source of genomic instability in cancer. Cell 168, 644-656 (2017).

3. Khanna, K. K. & Jackson, S. P. DNA double-strand breaks: Signaling, repair and the cancer connection. Nat. Genet. 27, 247-254
(2001).

4. Sage, E. & Shikazono, N. Radiation-induced clustered DNA lesions: Repair and mutagenesis. Free Radic. Biol. Med. 107, 125-135
(2017).

5. Nickoloff, J. A., Sharma, N. & Taylor, L. Clustered DNA double-strand breaks: Biological effects and relevance to cancer radio-
therapy. Genes 11, 99 (2020).

6. Hable, V. et al. Recruitment kinetics of DNA repair proteins Mdc1 and Rad52 but not 53BP1 depend on damage complexity. PLoS
ONE 7, 41943 (2012).

7. Oeck, S. et al. Relating linear energy transfer to the formation and resolution of DNA repair foci after irradiation with equal doses
of X-ray photons, plateau, or Bragg-peak protons. Int. J. Mol. Sci. 19, 3779 (2018).

8. Vadhavkar, N. et al. Combinatorial DNA damage pairing model based on X-ray-induced foci predicts the dose and LET depend-
ence of cell death in human breast cells. Radiat. Res. 182, 273-281 (2014).

Scientific Reports |

(2021) 11:14528 | https://doi.org/10.1038/s41598-021-92950-1 nature portfolio



www.nature.com/scientificreports/

9. Cuaron, J. J. et al. Exponential increase in relative biological effectiveness along distal edge of a proton bragg peak as measured by
deoxyribonucleic acid double-strand breaks. Int. J. Radiat. Oncol. Biol. Phys. 95, 62-69 (2016).

10. Grosse, N. et al. Deficiency in homologous recombination renders Mammalian cells more sensitive to proton versus photon
irradiation. Int. J. Radiat. Oncol. Biol. Phys. 88, 175-181 (2014).

11. Deycmar, S. et al. The relative biological effectiveness of proton irradiation in dependence of DNA damage repair. Br. J. Radiol. 93,
20190494 (2020).

12. Szymonowicz, K. et al. Proton irradiation increases the necessity for homologous recombination repair along with the indispen-
sability of non-homologous end joining. Cells 9, 889 (2020).

13. Rogakou, E. P, Boon, C., Redon, C. & Bonner, W. M. Megabase chromatin domains involved in DNA double-strand breaks in vivo.
J. Cell Biol. 146, 905-916 (1999).

14. Rogakou, E. P, Pilch, D. R,, Orr, A. H,, Ivanova, V. S. & Bonner, W. M. DNA double-stranded breaks induce histone H2AX phos-
phorylation on serine 139. J. Biol. Chem. 273, 5858-5868 (1998).

15. Lukas, C., Bartek, J. & Lukas, J. Imaging of protein movement induced by chromosomal breakage: tiny ‘local’lesions pose great
‘globalchallenges. Chromosoma 114, 146-154 (2005).

16. Kochan, J. A. et al. Meta-analysis of DNA double-strand break response kinetics. Nucleic Acids Res. 45, 12625-12637 (2017).

17. Aleksandrov, R. et al. Protein dynamics in complex DNA lesions. Mol. Cell 69, 1046-1061.e5 (2018).

18. Randers-Pehrson, G., Geard, C. R., Johnson, G., Elliston, C. D. & Brenner, D. J. The Columbia University single-ion microbeam.
Radiat. Res. 156, 210-214 (2001).

19. Hauptner, A. et al. Microirradiation of cells with energetic heavy ions. Radiat. Environ. Biophys. 42, 237-245 (2004).

20. Aten, J. A. et al. Dynamics of DNA double-strand breaks revealed by clustering of damaged chromosome domains. Science 303,
92-95 (2004).

21. Gerardi, S., Galeazzi, G. & Cherubini, R. Single-ion microbeam as a tool for low-dose radiation effects investigations. In Journal
of Physics: Conference Series vol. 41 282 (IOP Publishing, 2006).

22. Greif, K. et al. The PTB microbeam: A versatile instrument for radiobiological research. Radiat. Prot. Dosimetry 122, 313-315
(2006).

23. Heiss, M. et al. Targeted irradiation of Mammalian cells using a heavy-ion microprobe. Radiat. Res. 165, 231-239 (2006).

24. Kim, E. H,, Sun, G. M. & Jang, M. An electron microbeam cell-irradiation system at KIRAMS: Performance and preliminary
experiments. Radiat. Prot. Dosimetry 122, 297-300 (2006).

25. Stap, J. et al. Induction of linear tracks of DNA double-strand breaks by a-particle irradiation of cells. Nat. Methods 5, 261-266
(2008).

26. Funayama, T. et al. Heavy-ion microbeam system at JAEA-Takasaki for microbeam biology. J. Radiat. Res. 49, 71-82 (2008).

27. Kochan, J. A. et al. Ultra-soft X-ray system for imaging the early cellular responses to X-ray induced DNA damage. Nucleic Acids
Res. 47, €100 (2019).

28. Cao, Z. et al. Use of a microscope stage-mounted Nickel-63 microirradiator for real-time observation of the DNA double-strand
break response. Nucleic Acids Res. 38, e144 (2010).

29. Harken, A. D., Randers-Pehrson, G., Johnson, G. W. & Brenner, D. J. The Columbia University proton-induced soft x-ray micro-
beam. Nucl. Instrum. Methods Phys. Res. B 269, 1992-1996 (2011).

30. Wéra, A.-C,, Riquier, H., Heuskin, A.-C., Michiels, C. & Lucas, S. In vitro irradiation station for broad beam radiobiological
experiments. Nucl. Instrum. Methods Phys. Res. B 269, 3120-3124 (2011).

31. Wang, X. F. et al. Current progress of the biological single-ion microbeam at FUDAN. Radiat. Environ. Biophys. 50, 353-364 (2011).

32. Merchant, M. J. et al. A focused scanning vertical beam for charged particle irradiation of living cells with single counted particles.
Radiat. Res. 178, 182-190 (2012).

33. Kar, S. et al. First results on cell irradiation with laser-driven protons on the TARANIS system. In AIP Conference Proceedings vol.
1546 87-89 (American Institute of Physics, 2013).

34. Sheng, L. et al. Focusing giga-electronvolt heavy ions to micrometers at the Institute of Modern Physics. Rev. Sci. Instrum. 84,
055113 (2013).

35. Konishi, T. et al. SPICE-NIRS microbeam: A focused vertical system for proton irradiation of a single cell for radiobiological
research. J. Radiat. Res. 54, 736-747 (2013).

36. Bourret, S. et al. Fluorescence time-lapse imaging of single cells targeted with a focused scanning charged-particle microbeam.
Nucl. Instrum. Methods Phys. Res. B 325, 27-34 (2014).

37. Mickel, V. et al. A novel facility for 3D micro-irradiation of living cells in a controlled environment by MeV ions. Rev. Sci. Instrum.
85, 14302 (2014).

38. Barber, P. R. et al. The Gray Institute open microscopes applied to radiobiology and protein interaction studies. In Three-Dimen-
sional and Multidimensional Microscopy: Image Acquisition and Processing XXI vol. 8949 89490D (International Society for Optics
and Photonics, 2014).

39. Tao, Y. et al. The radiobiology beam line facility at the Centre for Ion Beam Applications, National University of Singapore. Nucl
Instrum. Methods Phys. Res. B 456, 26-31 (2019).

40. Funayama, T. et al. An irradiation device for biological targets using focused microbeams of cyclotron-accelerated heavy ion. Nucl.
Instrum. Methods Phys. Res. B 465, 101-109 (2020).

41. Schettino, G., Al Rashid, S. T. & Prise, K. M. Radiation microbeams as spatial and temporal probes of subcellular and tissue
response. Mutat. Res. 704, 68-77 (2010).

42. Durante, M. & Friedl, A. A. New challenges in radiobiology research with microbeams. (2011).

43. Barberet, P. & Seznec, H. Advances in microbeam technologies and applications to radiation biology. Radiat. Prot. Dosimetry 166,
182-187 (2015).

44. Ghita, M. et al. Microbeam evolution: From single cell irradiation to pre-clinical studies. Int. J. Radiat. Biol. 94, 708-718 (2018).

45. van der Graaf, E. R. et al. AGORFIRM, the AGOR facility for irradiations of materials. In 2009 European Conference on Radiation
and Its Effects on Components and Systems 451-454 (IEEE, 2009).

46. Ziegler, ]. E, Ziegler, M. D. & Biersack, J. P. SRIM—the stopping and range of ions in matter. Nucl. Instrum. Methods Phys. Res. B
268, 1818-1823 (2010).

47. LANEX Screens. https://www.carestream.com/en/us/medical/products/radiography/film-systems/film-solutions-for-radiology/
lanex-screens.

48. Boon, S. N. et al. Fast 2D phantom dosimetry for scanning proton beams. Med. Phys. 25, 464-475 (1998).

49. Andreo, P. et al. IAEA TRS-398-absorbed dose determination in external beam radiotherapy: an international code of practice
for dosimetry based on standards of absorbed dose to water. Tech. Rep. Ser. IAEA 398, 242 (2000).

50. Pelowitz, D. B. MCNPX USER'S MANUAL Version 2.7. 0-LA-CP-11-00438. Los Alamos National Laboratory (2011).

51. Sarrut, D. et al. A review of the use and potential of the GATE Monte Carlo simulation code for radiation therapy and dosimetry
applications. Med. Phys. 41, 64301 (2014).

52. Agostinelli, S. et al. Geant4—a simulation toolkit. Nucl. Instrum. Methods Phys. Res. A 506, 250-303 (2003).

53. Daley, J. M. & Sung, P. 53BP1, BRCAL, and the choice between recombination and end joining at DNA double-strand breaks. Mol.
Cell. Biol. 34, 1380-1388 (2014).

Scientific Reports |  (2021) 11:14528 | https://doi.org/10.1038/s41598-021-92950-1 nature portfolio


https://www.carestream.com/en/us/medical/products/radiography/film-systems/film-solutions-for-radiology/lanex-screens
https://www.carestream.com/en/us/medical/products/radiography/film-systems/film-solutions-for-radiology/lanex-screens

www.nature.com/scientificreports/

54. Jakob, B. et al. Differential repair protein recruitment at sites of clustered and isolated DNA double-strand breaks produced by
high-energy heavy ions. Sci. Rep. 10, 1443 (2020).
55. Drexler, G. A. et al. Live cell imaging at the Munich ion microbeam SNAKE—a status report. Radiat. Oncol. 10, 42 (2015).

Author contributions

S.B., M.].v.G., R.H. and PM.K. conceptualized and designed the experimental setup; H.Q., M.R.E, M.].v.G., S.B.,
R.H. and PM.K. performed the experiments; E.v.d.G. and C.M. performed MCNPX and GEANT4 simulations;
S.B., M.J.v.G. and H.K. performed and analyzed the dosimetric measurements; H.Q. and PM.K. analyzed the
data; H.Q., PM.K. and S.B. wrote the manuscript; All authors reviewed the manuscript.

Funding
Funding was provided by Dutch Cancer Society grant number 12092 and European Union’s Horizon 2020
research grant number 721624 RADSAGA ITN.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-92950-1.

Correspondence and requests for materials should be addressed to PM.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:14528 | https://doi.org/10.1038/s41598-021-92950-1 nature portfolio


https://doi.org/10.1038/s41598-021-92950-1
https://doi.org/10.1038/s41598-021-92950-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A simple microscopy setup for visualizing cellular responses to DNA damage at particle accelerator facilities
	Results
	The imaging setup. 
	Irradiation and dosimetry. 
	Shaping of the radiation field. 
	Dosimetry. 

	Proof-of-concept experiments: visualizing the accumulation of MDC1, RNF168 and 53BP1 at α-particle induced DSBs. 

	Discussion
	Methods
	Microscopy setup. 
	Irradiation and dosimetric calibration. 
	Monte Carlo simulations. 
	Cell lines and cell culture. 
	Cell imaging and fixation. 
	Image processing and analysis. 

	References


