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Abstract
High-linear-energy-transfer (LET) radiation is more lethal than similar doses of low-LET radiation types, probably a result of the condensed energy deposition pattern of high-LET radiation.
Here, we compare high-LET α-particle to low-LET X-ray irradiation and monitor double-strand
break (DSB) processing. Live-cell microscopy was used to monitor DNA double-strand breaks
(DSBs), marked by p53-binding protein 1 (53BP1). In addition, the accumulation of the endogenous 53BP1 and replication protein A (RPA) DSB processing proteins was analyzed by immunofluorescence. In contrast to α-particle-induced 53BP1 foci, X-ray-induced foci were resolved
quickly and more dynamically as they showed an increase in 53BP1 protein accumulation and
size. In addition, the number of individual 53BP1 and RPA foci was higher after X-ray irradiation,
while focus intensity was higher after α-particle irradiation. Interestingly, 53BP1 foci induced by
α-particles contained multiple RPA foci, suggesting multiple individual resection events, which
was not observed after X-ray irradiation. We conclude that high-LET α-particles cause closely interspaced DSBs leading to high local concentrations of repair proteins. Our results point toward
a change in DNA damage processing toward DNA end-resection and homologous recombination, possibly due to the depletion of soluble protein in the nucleoplasm. The combination of
closely interspaced DSBs and perturbed DNA damage processing could be an explanation for
the increased relative biological effectiveness (RBE) of high-LET α-particles compared to X-ray
irradiation.
Keywords: DNA double-strand breaks; high linear energy transfer; alpha particles; homologous
recombination; live-cell microscopy; nonhomologous DNA end-joining
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Introduction
Double-strand breaks (DSBs) are considered the most dangerous type of DNA damage, as they
lead to cell death or mutations if left unrepaired [1]. Recognition of DSBs is the first step toward
repair. The first response of the cell is to initiate a highly complex DNA damage response (DDR),
in which lesions are identified and marked, thereby initiating DNA repair pathways [2,3]. Activation of DNA repair pathways involves the modification of histones, leading to specific histone
marks. This information eventually results in chromatin remodeling [4]. As a result, the histone
modifications flanking the DSB are expanded, which leads to the recruitment of DNA damage
response proteins like p53-binding protein 1 (53BP1), which can be visualized as nuclear foci
[5]. The accumulation of 53BP1 requires the direct recognition of a DSB-specific histone code
(H4-K20me2 [6]) and can, therefore, be used as a surrogate marker for DSBs. In addition, 53BP1
influences the DNA repair pathway choice by antagonizing long-range DNA end-resection [4].
There are two major pathways by which DSBs can be repaired, nonhomologous end-joining
(NHEJ) and homologous recombination (HR) [7], each of which comprises a number of subpathways. The most direct way to repair DSBs is via the NHEJ pathway, which is active throughout
the cell cycle. After DSBs are recognized, DNA ends are processed and eventually rejoined by
DNA ligase IV [8]. In the S/G2 phases of the cell cycle, HR is active as an additional repair
mechanism. In these phases of the cell cycle, the sister chromatid serves as a template for
repair [9]. During HR, the DSB ends are resected by 5’–3’ exonucleases, and single-stranded
DNA is stabilized by RPA [10]. Replacement with recombination protein RAD51 facilitates the
search for the homologous sister chromatid and error-free repair [11,12].
Different DSB repair pathways have evolved because not all breaks are equal, with the
difference between the repair of one-ended and two-ended breaks being the most obvious;
however, the chemical nature of DNA ends also demands different end-processing factors [7].
By altering radiation types, this difference can be assessed [13]. Differences in ionizing radiation
(IR)-induced DSBs are mostly the result of radiation with high or low linear energy transfer (LET).
The LET of IR describes the amount of energy which is deposited per unit of length in the material it passes through, for example, tissue [14]. X-ray and gamma irradiation are characterized
by a low-LET, inducing sparse and mostly single-strand DNA breaks (SSBs). In contrast, high-LET
α-particles or heavy ions result in very localized DNA damage containing a large amount of DSBs
[15–18]. The difference in LET has a direct effect on the DDR of the treated cells. High-LET IR
mostly induces fewer but larger DSB foci per unit of dose, suggesting multiple DSBs in one focus
[19]. In addition, the nuclear DSB focus resolution is slow after high-LET IR compared to low-LET
IR, indicating that DSBs are processed in a different way and/or with different kinetics [20,21].
Most current knowledge was gathered in formaldehyde-fixed cells and immunostaining
of DSB foci at various time-points. However, fixed samples provide limited options to obtain
information regarding the spatial-temporal behavior of individual DSB foci. The implementation
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of live-cell imaging overcomes these limitations [19,22–25]. Dynamic live-cell imaging offers a
more dynamic view of DSB processing, including the mobility of surrounding chromatin [26].
A previous study showed that α-particle-induced 53BP1 foci are more persistent and larger,
and show high mobility compared to X-ray irradiation-induced 53BP1 foci [19]. To determine
the kinetics and mechanism of DSB processing after high-LET α-particle irradiation compared
to low-LET X-ray irradiation, we repeated the experiment, increased the timeframe, and
investigated DSB repair protein behavior. We observed 53BP1 foci disappearing within a few
hours after X-ray irradiation, and the remaining foci showed an increase in size and intensity. In
contrast, α-particle-irradiated cells showed mainly persistent foci, and remaining foci did not
show any changes in size or intensity. In addition, by combining immunostaining for 53BP1 and
RPA (indicative for resection), we found that α-particle-induced foci contained multiple DSBs
that tend to have a relatively high probability of resection.

Results
Focus Segmentation for Comparison of DSB Processing between High- and
Low-LET Irradiation
To study the progression of DSB foci over time, live-cell microscopy provides an abundance of
information compared to fixed time-point analysis, such as real-time mobility [25]. Using U2OS
cells which stably expressed 53BP1-GFP, we analyzed 53BP1-GFP focus dynamics after irradiation with X-rays or α-particles. Irradiated cells were imaged using confocal microscopy. Images
were taken 20 min apart over a 17 h time period post irradiation. These image sequences were
subjected to an image processing pipeline to extract the real-time changes of 53BP1-GFP foci.
First, cell nuclei were segmented and subjected to a stabilizing correction to compensate
for any changes in nucleus orientation or shape. This ensured analysis of focus dynamics independent of cellular movement (Movie S1). Subsequently, images were further processed by
separating neighboring foci, using the watershed tool in ImageJ (see Section 4). This provided a
dataset of single 53BP1-GFP foci, which could be followed over time (Figure 1A).
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Figure 1. Overview of focus segmentation and focus track analysis. U2OS cells stably expressing p53-binding protein 1 (53BP1)-GFP were irradiated with 2 Gy of α-particle or X-ray irradiation. (A) ImageJ scripts
were using for focus segmentation. (B) Center of mass (COM) per focus was calculated. (C) Center of mass
was linked to consecutive frames (if COM was ≤0.7 µm). Tracks are indicated in red (active track at this
time-point) or yellow (past track not active at this time-point). Scale bar indicates 5 µm. Segmentation of
foci was correlated to manual counts of foci for both α-particle irradiation (D) and X-ray irradiation (E). For
both treatments, three nonconsecutive frames were counted in 10 random nuclei. The averages of these
counts are shown.

The segmentation of foci in each consecutive frame allowed tracking of individual 53BP1-GFP
foci in time. With the use of an algorithm, on the basis of a threshold of 0.7-µm change, the
individual foci were linked together between consecutive frames, which formed focus tracks
in time. The linking process was based on the distance between the center of mass (COM)
points of the focus in consecutive frames (Figure 1B,C). Focus tracks generated from α-particleirradiated and X-ray-irradiated cells were analyzed. In order to evaluate the quality of our
segmentation method, we analyzed the correlation between manual and script-based counting
measurements of 10 random cell nuclei. The correlation plots showed good correlation for
α-particle-irradiated cells (R2 = 0.89) and X-ray-irradiated cells (R2 = 0.82) (Figure 1D,E). Using
this newly developed semi-automated analysis, we compared the DSB processing dynamics,
marked by 53BP1-GFP, of α-particle-irradiated cells with X-ray-irradiated cells.
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α-Particle-Induced 53BP1-GFP Foci Are Slowly Resolved
The formation and resolving of 53BP1 foci can be used as a surrogate marker to determine the
kinetics of DSB repair [4]. To investigate the kinetics of DSB repair in live cells, we analyzed focus
tracks to measure how individual foci appeared or disappeared and changed position, size, or
intensity after irradiation. First, by measuring how many foci are present at certain time-points,
we determined the number of foci per nucleus over time.
At the start of imaging, 15 min after irradiation, both treatments showed a similar number of
53BP1-GFP foci per nucleus. In addition, after both treatments, the number of 53BP1-GFP was
significantly higher compared to nontreated cells in which an average of 2.3 ± 0.15 53BP1-GFP
foci per nucleus were observed in the investigated timeframe. However, in α-particle-irradiated
cells, this number doubled after 2 h to 14 foci per nucleus. In contrast, X-ray-irradiated cells
showed a reduction in foci per nucleus from 2 h after irradiation onward down to three foci
per nucleus. Moreover, the number of foci per nucleus in α-particle-irradiated cells did not
decline until 13 h after irradiation and was significantly higher compared to X-ray-irradiated
cells between 200 and 960 min after irradiation (Figure 2A). By following the individual foci over
time, we could determine how long a focus was visible after appearance. This was quantified
and referred to as the duration of the focus track (Figure 2B). The focus tracks were binned
into groups with durations of 20–80, 100–160, 180–240, 260–320, and 340–400 min. We found
that, for both treatments, most of the segmented foci were visible between 20 and 80 min.
Interestingly, α-particle-irradiated cells had more focus tracks which were observed for a longer
time than X-ray-irradiated cells.

The Mobility of 53BP1-GFP Foci Is Similar after High- and Low-LET Irradiation
Increased mobility of chromatin surrounding DNA damage has been reported and was suggested to affect DNA repair [27]. As we observed that DSB focus resolving was different in
α-particle-irradiated cells compared to X-ray-irradiated cells, we were interested if chromatin
mobility might have been affected as well. To compare chromatin mobility, we directly measured the mobility of 53BP1-GFP foci upon treatment of the cells with the different irradiation
qualities. By using the same binned groups as before, we investigated differences between foci
which were visible for a short or long period of time.
First, we determined the mean square displacement (MSD) which was plotted per track duration group (Figure 2C–F and Figure S1). The curvature of an MSD plot can indicate whether the
mobility of foci is apparent diffusion (linear line) or confined motion (curved plot). We observed
no difference in mobility of 53BP1-GFP foci when we compared α-particle-irradiated cells to
X-ray-irradiated cells.
The curvature of tracks which were shorter than 100 min showed a linear MSD plot, while
tracks which were longer than 100 min showed a curved MSD plot. Moreover, the curvature of
MSD plots was more apparent with increasing focus track length (Figure S1).
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Figure 2. 53BP1-GFP focus resolving after α-particles is slow compared to X-rays. (A) Average number of
53BP1-foci per cell over time. Foci in α-particle-irradiated (2 Gy) cells are depicted in red and those in X-rayirradiated (2 Gy) cells are depicted in blue. All time-points between the indicated bar are significant differences between X-ray- and α-particle-irradiated cells (ANOVA, p < 0.05). Error bars indicate the standard
error of the mean (SEM). (B) Percentage of detected 53BP1-GFP focus tracks that were present in α-particleirradiated cells (red) or X-ray-irradiated cells (blue) for indicated time. (C–F) Mean square displacement
(MSD) curves of the binned track lengths. α-particle-irradiated cells are depicted using a red line (C,D) and
X-ray-irradiated cells are shown in blue (E–G). The average apparent diffusion coefficient of 53BP1-GFP foci,
which was based on the fit on the first four time intervals.
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The slope of MSD curves defines the apparent diffusion coefficient or rate of movement. By
fitting all the MSD curves on the first time intervals, we compared the diffusion coefficients between different track lengths. We observed no significant differences in the apparent diffusion
coefficient of 53BP1-GFP foci after both treatments (Figure 2G). Interestingly, with increasing
track length, the diffusion coefficient declined, showing that foci which were followed for a
short time moved faster compared to foci which
were followed for a longer time. These results suggest that there is no significant difference
in mobility of 53BP1-GFP foci after X-ray or α-particle irradiation. However, short-lived foci
seemed to show more diffusive behavior while long-lived foci showed confined motion.

53BP1-GFP Protein Concentration and Focus Size Increase after X-ray
Irradiation
Focus characteristics such as the intensity of 53BP1-GFP and focus size potentially reveal how
DSB processing progresses over time [28]. In addition, focus size might give an indication of the
extent of DNA damage. Pixel intensity can be used as a measure of the amount of fluorescent
molecules, present at sites of DNA damage [29]. Therefore, we calculated the average pixel
intensity within 53BP1-GFP foci.
The average pixel intensity of 53BP1-GFP foci showed similar values at the start of imaging,
for both treatments. After 400 min, an increase in intensity of 53BP1-GFP foci was observed
in X-ray-irradiated cells, but not in α-particle-irradiated cells (Figure 3A). The large difference
in focus intensity and increased error bars could have been caused by a change in population
distributions of the analyzed foci. Therefore, we generated distribution plots of the average
pixel intensity at the start of imaging (0 min), and after 300 min, 600 min, and 900 min (Figure
3B–E). Indeed, we observed a gradual shift toward higher average pixel intensities of foci
induced by X-rays (Figure S2). Interestingly, at 900 min after irradiation, two clear populations
were present, which did not arise in the α-particle-irradiated cells (Figure 3E).
Average pixel intensity indicates differences in 53BP1-GFP molecules present per volume, but
does not reflect the area in which the chromatin might be damaged. Therefore, we analyzed
the area of individual foci over time. We observed that X-ray-induced 53BP1-GFP foci showed
a sudden growth after 500 min, increasing from 0.8 to 1.3 µm2 (Figure 3F and Figure S3).
Interestingly, the foci in α-particle-irradiated cells were initially larger compared to foci in X-rayirradiated cells (1.1 vs.
0.8 µm2), but showed little or no increase in size over time.
The increase in focus size does not necessarily imply that the intensity of 53BP1-GFP increases at a similar rate. For example, when a focus increases in size but no additional 53BP1 is
recruited, this focus decreases in average pixel intensity. Indeed, we observed a linear increase
in average pixel intensity per focus from the start of imaging after X-ray irradiation, but focus
growth only occurred after 500 min. Multiplying the average pixel intensity by the focus area
leads to the total amount of 53BP1-GFP present in the focus. Using this parameter, the focus
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growth can be related to the corresponding intensity, indicating whether more protein is recruited to the visible focus or not.
The initial amount of 53BP1-GFP per focus was similar for both α-particle- and X-rayirradiated cells. However, the amount of 53BP1-GFP in X-ray-induced foci showed an increase
over time (Figure 3G and Figure S4). For α-particle-induced foci, the amount of 53BP1-GFP
showed no change until later than 900 min, where the amount slightly decreased, possibly due
to fluorescent bleaching. We conclude that 53BP1-GFP foci increase more in intensity and size
after X-ray irradiation than after α-particle irradiation.

Figure 3. 53BP1-GFP protein accumulation and focus size increase after X-ray irradiation. (A) Average
53BP1-GFP intensity per focus (average pixel intensity) over time after treatment using α-particle (red) or Xray (blue) irradiation (2 Gy). (B–E) Overview of focus population distribution at 0, 300, 600, and 900 min after
the start of imaging. Graphs shown kernel density estimations with the area under the curve being equal
to the area of the histogram. The 0 AUs are the consequence of the smoothing procedure used for density
estimations. (F) Average 53BP1-GFP focus area trough time. The average of foci induced by α-particles (red)
or foci induced by X-ray (blue). (G) Total amount of 53BP1-GFP (product of focus area and pixel intensity) on
foci through time after α-particle (red) or X-ray (blue) irradiation. SEM is indicated in gray.
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Dose-Dependent Characteristics of Foci in EdU-Positive Cells after Both
Treatments
The differences in foci intensity and size over time after X-ray or α-particles could be related to
differences in DNA damage load. Therefore, we performed a dose gradient experiment using
both α-particle and X-ray irradiation, ranging from 0.5 to 6 Gy and fixed cells 1 h post irradiation.
In addition, to investigate functional protein and minimize the interference of overexpression
constructs, cells were stained for endogenous 53BP1 and RPA as markers for DSBs and resection, respectively (Figure 4A,B). Quantification of both 53BP1 and RPA was done by creating a
segmentation mask using standard thresholds (see Section 4). The segmentation provided the
number of foci, and the signal within the mask could be used to determine the average pixel
intensity of a focus.
The number of 53BP1 foci per cell increased in a dose-dependent manner for both treatments
(Figure 4C). X-ray irradiation resulted in more 53BP1 foci per cell compared to α-particleirradiated cells for all doses. Interestingly, 53BP1 focus intensity decreased in a dose-dependent
manner after α-particle irradiation compared to little to no change after X-ray irradiation (Figure
4D). Moreover, the intensity of 53BP1 foci was fourfold higher after induction by α-particles
than X-rays at a dose of 0.5 Gy.
Subsequently, we investigated the reason for the differences in protein recruitment after
α-particle and X-ray irradiation. We considered that different DSB repair pathways might be
activated. In addition, the extent of resection at the DNA ends determines what pathway is
activated for DSB repair. Therefore, we quantified RPA foci in EdU-positive cells to investigate
possible differences in resection events.
In X-ray-irradiated cells the number of RPA foci per cell increased significantly at a dose of
4.5 Gy and higher (Figure 4A,E). In addition, the average RPA focus intensity showed a dosedependent increase, only at a dose of 4.5 or higher (Figure 4F). This suggests that, at this dose
and above, DSBs seemed to be more susceptible to resection after X-ray irradiation. Interestingly, after α-particle irradiation, the number of RPA foci per cell did not increase until the dose
of 5.5 Gy (Figure 4E). However, the average RPA intensity of foci induced by α-particles showed
an increase at 4 Gy, the dose at which the number of foci increased in X-ray irradiated cells
(Figure 4F).
The high accumulation of 53BP1 and RPA protein in a single focus after α-particle irradiation
suggests that there is more extensive resection or that multiple DNA ends are present in one
focus.

α-Particle-Induced 53BP1 Foci Show Multiple Individual Resection Events
Subsequently, we investigated whether the observed RPA foci colocalized with the 53BP1 foci.
The location of RPA and 53BP1 foci showed differences after α-particle or X-ray irradiation (Figure 5A). RPA foci induced by X-rays did not colocalize with 53BP1 foci and appeared mutually
exclusive, while, after α-particle irradiation, we observed mixed 53BP1/RPA foci. To quantify
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Figure 4. Focus kinetics of 53BP1 and RPA are dose- and radiation type-dependent. Overview of 53BP1 and
RPA staining after X-ray (A) and α-particle (B) irradiation using a dose gradient. Cells were fixed 1 h after
irradiation. Quantification of 53BP1 foci per EdU-positive cell (C) and intensity (D). Quantification of RPA
foci per EdU-positive cell (E) and intensity (F). More than 100 EdU-positive cells were analyzed in two independent experiments. Data points in the plot indicate single nuclei treated with X-ray irradiation (purple) or
α-particles (orange). Error bars indicate SEM. Black bars indicate the mean. The statistical differences are indicated by asterisks (***, p < 0.001) and determined by ANOVA followed by Tukey’s multiple comparison test.
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this observation, we used the segmentation mask of 53BP1 foci to measure the pixel intensity
of RPA within these foci. The average pixel intensity of RPA colocalizing with 53BP1 foci was
significantly higher after α-particle treatment than after X-ray irradiation (Figure 5B).

Figure 5. Multiple individual resection events after α-particle irradiation. Representative confocal images
of induced 53BP1 and RPA foci by X-ray (A.1) or α-particles (A.2). Scale bar indicates 5 µm. (B) Quantification
of RPA focus intensity. (C) Percentage of 53BP1 foci colocalizing with 0, 1, or >1 RPA foci. In total, 15 EdUpositive cells were analyzed using structured illumination microscopy for each treatment. (D) Representative images of 53BP1 exclusion at RPA foci after α-particle irradiation. Scale bar indicates 0.8 µm. Per assay,
>100 EdU positive cells were analyzed. Error bars indicate SEM. The statistical differences are indicated by
asterisks (***, p < 0.001) and determined by student’s t-test.

With the use of structured illumination microscopy (SIM), we obtained higher-resolution images, doubled in the x-, y-, and z-axis, to zoom in on individual 53BP1 foci. Using the same
segmentation masks of 53BP1 as above, we identified individual RPA foci within a 53BP1 focus.
We observed 40% of α-particle-induced 53BP1 foci with one or more colocalizing RPA foci,
compared to 5% of the X-ray-induced foci (Figure 5C). Moreover, none of the 53BP1 foci in
X-ray-irradiated cells had more than two RPA foci. Notably, the enhanced resolution of SIM
revealed exclusion of 53BP1 at RPA foci at the nanoscale level (Figure 5D). These results suggest
that multiple individual DNA ends are present in one focus after α-particle irradiation, of which
one or more can be resected followed by RPA protein accumulation.

Discussion
Cellular survival is impacted more after receiving high-LET radiation types compared to low-LET
radiation. The increased biological effectiveness of high-LET radiation is thought to be the result
of the highly condensed energy deposition pattern. To study how cells cope with high- or low-
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LET radiation types, we compared α-particle irradiation (high LET) to X-ray irradiation (low LET)
using live-cell imaging. We observed differential processing of DSBs after α-particle irradiation
compared to X-ray irradiation. Cells treated with α-particles show slow DSB repair and differences in 53BP1-GFP accumulation and focus growth. Endogenous focal accumulation of the
proteins 53BP1 and RPA was much higher after α-particles than X-rays. The high accumulation
of these markers in α-particle-irradiated cells suggests multiple individual resection events
within single DSB foci.
Our observations highlight a substantial difference in DSB processing after X-ray irradiation
compared to α-particle irradiation. Employing live-cell imaging to compare α-particle- to X-rayirradiated cells revealed large differences in the processing of 53BP1-GFP foci. We found that
foci induced by α-particles (a) are eliminated more slowly compared to X-ray-induced foci, (b)
show no average pixel intensity increase over time, in contrast with X-ray-induced foci, (c) are
initially larger than X-ray-induced foci but show no increase in size, which is prominent in X-ray
induced foci, and (d) accumulate larger amounts of 53BP1-GFP in foci than X-ray-induced foci.
The repair of induced DSBs in α-particle-irradiated cells appears to be minimal and slow, while
X-ray-induced DSBs are repaired quickly, most likely via NHEJ [30]. However, repair via NHEJ can
be divided into a fast (in euchromatin) and slow (in heterochromatin) component [31,32]. The
slow component of NHEJ repair involves local chromatin decondensation, regulated by factors
such as 53BP1, ATM, and KAP-1 [18,31,33].
Chromatin decondensation could be the factor which causes a delay in DSB processing, which
we observed after X-ray irradiation (Figure 3F). Additionally, chromatin decondensation could
widen the area around DSBs, a possible explanation for 53BP1 focus size increase. Interestingly,
during DSB focus enlargement, we observed an increase in 53BP1-GFP intensity per focus. This
is contradictory to our argument of chromatin widening, which would be expected to result in
a dilution of GFP signal. However, this is not necessarily true; fast resolution of 53BP1 foci in
the early phase of DSB repair would result in increasing free 53BP1 in the nucleus, which could
then relocate to the remaining slowly repaired DSBs, thereby increasing focus intensity. Indeed,
we observed an increase in the total amount of 53BP1-GFP per focus in X-ray-irradiated cells,
suggesting relocalization of 53BP1-GFP (Figure 3G).
Chromatin condensation and decondensation in response to DNA damage leads to largescale reorganization of chromatin fibers [26]. The consequence of chromatin (de)condensation
is the accessibility of many factors. Additionally, the loosening of chromatin could alter chromatin mobility. Numerous reports showed that DNA damage increases the mobility of chromatin
and the induced DSBs, as elaborately reviewed in [26] and [34]. The highly condensed energy
pattern of high-LET irradiation reduces efficient DNA repair and causes the chromosomal reorganization to be disrupted [18,35]. Another report showed higher DSB mobility after α-particle
irradiation when compared with X-ray irradiation, using similar live-cell techniques to those in
our study [19]. We observed no apparent difference in chromatin mobility between α-particle
or X-ray irradiation. A possible explanation could be the difference between the 20-min interval
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(this report) and the 1-min interval [19]. Chromatin motion at different time scales can be different [36]. Therefore, comparing 20-min intervals to 1-min intervals would not be correct. To
compare DSB mobility in our setting to other mobility studies within the chromatin, we should
consider shorter time intervals. The difficulty lies in keeping the possibility to image for several
hours; 1-min intervals for several hours could induce photo bleaching. A possible
way to overcome this difficulty is to capture multiple frames with a short interval, every so
often. This would capture the mobility of DSB foci whilst keeping the possibility to image for
several hours.
We observed that most 53BP1 foci disappeared in time after X-ray irradiation, but not after
α-particle irradiation, suggesting that high-LET DSBs are not repaired in the timeframe (17 h) of
this experiment. The remaining question relates, therefore, to the cause of this delay of focus
resolving compared to X-ray-induced damage.
Clustered or complex DNA damage is suggested to be an important cause of the increased
biological effectiveness of high-LET radiation, and both terms are used to describe multiple
types of DNA damage in close vicinity [17,37–39]. We observed multiple independent resection
events, marked by RPA, localizing to single 53BP1 foci. These structures are best described
as “closely interspaced DSBs”, leading to increased biological effectiveness when not properly
repaired [23,40]. Indeed, super-resolution techniques previously uncovered “nanoclusters”
in previously thought single DSB foci [37]. Closely interspaced DSBs would explain why we
observed a relatively low number of 53BP1 and RPA foci, which have in turn high intensity. In
addition, we could speculate that closely interspaced DSBs cause hyper-resection, causing a
lack of repair in the G1 phase with no HR factors available, leading to persistent DSBs. Another
possibility in G1 phase would be slow resection-dependent NHEJ, leading to microhomologymediated end-joining [41].
53BP1 is active in a delicate balancing act to regulate the extent of resection in the S and G2
phases of the cell cycle. 53BP1 pool depletion by high-dose X-ray irradiation would limit the
DNA end protection and lead to increased DNA resection [42,43]. Indeed, we found that the
number and intensity of RPA foci increased with increasing X-ray dose, indicating that more
resected DNA is present. In addition, 53BP1 intensity decreased with increasing α-particle
dose, mimicking the 53BP1 depletion at high X-ray dose. The 53BP1 depletion is suggested
to be caused by an abundance of DSBs, causing insufficient 53BP1 binding. Interestingly, the
retention of 53BP1 is efficient up to 20–40 DSBs simultaneously, and exceeding this number
may result in failing NHEJ and increased HR-directed repair [44]. Low α-particle dose could
reach these numbers due to closely interspaced DSBs as a result of the condensed energy
deposition pattern of high-LET radiation. Indeed, 53BP1 foci intensity decreased while RPA
intensity increased after α-particle irradiation, suggesting impaired 53BP1 retention leading to
resection (Figure 5). Interestingly, we observed a substantial increase in the number of RPA foci
at a similar dose for X-ray and α-particle irradiation, suggesting that susceptibility to resection
is not radiation type-dependent. However, the high RPA focus intensity after α-particles and
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colocalization with 53BP1, which is not observed after X-rays, might be an explanation for the
difference in biological effectiveness between X-rays and α-particles.
The discussed results could be summarized in a working model in combination with the
recent reports of 53BP1 exhaustion (Figure 6). We argue that the available 53BP1 pool is sufficient after 2 Gy of X-ray irradiation, leading to full coverage of the DNA ends and efficient DSB
repair via NHEJ. At the later time-points, most DSBs are repaired, leading to increased numbers
of 53BP1 molecules available for growth of the few remaining foci. However, the 53BP1 pool
is insufficient at similar α-particle dose due to closely interspaced DSBs, leading to insufficient
amounts of 53BP1 to cover all DNA ends, which allows resection. 53BP1 depletion becomes
prominent and most DSBs are resected only at higher doses. In the S/G2 phase, this leads to
HR-directed repair, whereas, in the G1 phase, repair would result in persistent DSBs.

Figure 6. Working model of the role of radiation type in double-strand break (DSB) repair pathway choice.
Both X-ray irradiation and α-particle irradiation induce DSBs. The DNA ends induced by X-ray irradiation are
protected by 53BP1 and are repaired by the nonhomologous end-joining (NHEJ) machinery. Repair of DSBs
reintroduces 53BP1 back into the general pool and causes the remaining foci to recruit more 53BP1, leading
to an increase in focus intensity. Repair via the slow component of NHEJ involves chromatin decondensation, leading to focus growth. On the other hand, after α-particle irradiation, the 53BP1 pool is insufficient,
thereby limiting end protection and leading to resection. Resection in the S/G2 phase would activate homologous recombination (HR)-directed repair.

In conclusion, our results indicate that the condensed energy deposition pattern of high-LET
α-particles induces closely interspaced DSBs. The abundance of multiple DSBs in close vicinity
throughout the cell nucleus leads to 53BP1 protein insufficiency and ineffective DNA end protection. This cascade of events might be an explanation of the increased biological effectiveness
of high-LET α-particle irradiation, compared to low-LET X-ray irradiation.
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Materials and Methods
Cell Culture
U2OS cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with
1% penicillin/streptomycin (PS) and 10% fetal calf serum (FCS). Cells were incubated at 37 ◦C
in a water-saturated atmosphere with 5% CO2. The 53BP1-GFP U2OS cell line was previously
described and characterized [45]. In short, full-length m53BP1 was cloned into a pEGFP-C1
vector and transfected into U2OS cells.

X-ray and α-Particle Irradiation
Irradiated cells were cultured on round glass coverslips (diameter: 18 mm). X-ray irradiation
was performed using the RS320 (Xstrahl Live Sciences), a self-contained cabinet, with a dose
rate of 1.6554 Gy/min and working voltage of 195 kV and 10 mA. Alpha irradiation was performed as described before [46]. In brief, coverslips containing cultured cells were washed with
PBS and placed upside down (cells facing down) on a Mylar dish. The Mylar dish was placed
in the irradiation set-up with the cells facing down to the 241Am source. The center area of the
coverslip was subsequently irradiated using alpha particles passing vertically through the cells,
with the requested dose. In this study, the a-particles had an LET of 115 ± 10 keV/µm [47].

Immunofluorescence
Cells were washed with ice-cold PBS 1 h post irradiation. For RPA staining, cells were extracted
with cold CSK buffer (10 mM HEPES-KOH, pH 7.9, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2,
1 mM EGTA, 0.5% (v/v) Triton X-100) and cold CSS buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 3
mM MgCl2, 1% (v/v) Tween-20, 0.5% (w/v) sodium deoxycholate) for 5 min each before fixation
in 4% PFA in PBS for 30 min at room temperature. Fixed cells were washed two times in PBS
plus 0.1% Triton X-100 and washed 30 min in blocking solution (0.5% BSA plus 0.15% glycine
in PBS). Primary rabbit anti-53BP1 (1:1000, Novus Biologicals, Centennial, CO, USA), mouse
anti-RPA (1:1000, Calbiochem, San Diego, CA, USA), and mouse anti-yH2AX (1:1000, Millipore,
Burlington, MA, USA) antibodies were diluted in blocking solution, and cells were incubated
at 4 ◦C overnight. Hereafter, cells were washed two times for 10 min with PBS plus 0.1% Triton
X-100 and washed shortly in blocking solution. Secondary antibodies Alexa Fluor goat antirabbit 594 and goat anti-mouse 488 (1:1000, ThermoFisher Scientific, Waltham, MA, USA) were
diluted in blocking solution, and cells were incubated for 1 h at room temperature. S-phase
cells were detected by EdU incorporation (10 µM, Merck, Darmstadt, Germany). Cells were
labeled with EdU 30 min before fixation, which was detected using a Click-IT reaction according
to the manufacturer’s protocol (Invitrogen, Waltham, MA, USA).
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Confocal (Live-Cell) Imaging
To capture the progression of 53BP1-GFP foci, live-cell confocal microscopy was performed
using a Leica SP5 confocal microscope. Immediately after irradiation (2 Gy for both X-ray and
α-particles), coverslips were placed in a live-cell chamber and filled with prewarmed medium.
The live-cell chamber was placed in a PeCon small chamber incubator with 37 ◦C, 5% CO2 regulation. Images of randomly selected groups of cells were acquired using a 40× HCX PL APO CS
(NA = 1.25) oil objective at an interval of 20 min. GFP signal was detected using a laser line of
488 nm and emission filter of 500–550 nm. Three independent experiments were conducted
capturing three distinct groups of cells at every experiment, for both treatments and for nontreated conditions.
To image the stained samples, a Leica SP5 confocal microscope was used. For each experiment,
five images were acquired using a 40× HCX PL APO CS objective (NA = 1.25) and the appropriate
laser lines and emission filters (DAPI/Atto Azide 390; excitation 405 nm, emission 435–480 nm,
Alexa 488; excitation 488 nm, emission 500–550 nm, Alexa 594; excitation 561 nm, emission
570–630 nm). For image analysis, z-projections were made. Immunostained 53BP1 and RPA
foci were quantified using ImageJ scripts (https://imagej.nih.gov/ij/download.html). In short,
EdU-positive cells were segmented using auto-thresholds. Within the segmented nuclei, segmentation masks were made for individual foci using auto-thresholds and the watershed tool
[48]. The mean intensity, area, and number of the segmented foci were measured using ImageJ.

Super Resolution Microscopy
Structured illumination microscopy (SIM) imaging was performed on a Zeiss Elyra PS1 with an
Andor iXon DU 885 EMCCD camera (Carl Zeiss AG, Oberkochen, Germany) and 63× Plan
Apochromat DIC oil lens (NA = 1.4) using 488- and 561-nm diode lasers with 100-ms exposure
times. Samples were illuminated with a spatial line pattern that was shifted in five phases and
rotated in five orientations.
The raw images were reconstructed into a high-resolution three-dimensional (3D) dataset
using the Zeiss 2012 PS1 ZEN software. RPA foci in SIM images were quantified manually.

Image Processing
Image sequences from live-cell experiments were analyzed in ImageJ using maximum-intensity
projections. Using the 53BP1-GFP nuclear signal, cell nuclei were segmented for individual
analysis. To minimize the translational and rotational motion of nuclei, a stabilizing correction
was used on the basis of rigid body transformations (StackReg plugin by Philippe Thévenaz,
Biomedical Imaging Group, Swiss Federal Institute of Technology Lausanne, https://imagej.
net/StackReg). Single-image sequences containing single cells were subsequently analyzed to
isolate and measure the 53BP1-GFP foci within nuclei. The first timeframe (t = 0) image containing the maximum projection of the z-stacks was duplicated and Gaussian-blurred with σ = 1. To
segment foci within the nucleus, a lower threshold was manually set on this smoothed image
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of the first timeframe (with the upper threshold always being 255). Using the threshold option
in ImageJ, an appropriate threshold was chosen, visually comparing an adjustable threshold image to the original input image. A visually accepted threshold led to an automatically calculated
factor, depicted in Equation (1).

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝑡𝑡 = 0
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝑡𝑡 = 0

(1)

The threshold used on each consecutive timeframe (t ≥ 1) subsequently differed according
to Equation (2).

𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡) + 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
× 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑡𝑡)

(2)

The factor was held constant for each frame of the same cell but could differ between cells
to reach optimal 53BP1-GFP focus segmentation. If 53BP1-GFP foci were adherent due the
threshold, the Watershed tool was used for foci separation [48]. The mean intensity, area, and
coordinates of the center of mass of the segmented foci were measured using ImageJ.

Image Analysis
An algorithm was developed in MatLab to link individual foci between consecutive timeframes
to form a focus track over time. The center of mass from one focus was compared to all the
centers of mass from the foci in the consecutive timeframe. Based on the distance between
the center of mass of a focus in one timeframe (t = tn) and a center of mass of a focus in
a subsequent timeframe (t = tn + 1), foci were linked through time if the Euclidian distance
between the center of masses was below 0.7 µm in two consecutive timeframes.
The track length was calculated based on the time interval used in the live-cell imaging and
the number of frames the focus was visible in the track (Equation (3)).

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ (min)
= (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 1)
× 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (= 20 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

(3)

This process continued for the total number of timeframes imaged (in this case, 51 frames),
equaling 1000 min (t = 0 was also a frame). The Matlab code was capable of detecting the
splitting or merging of foci if one focus of a timeframe was linked to two distinct foci in the
consecutive frame or if two distinct foci from one timeframe linked to the same focus in the
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consecutive frame, respectively. Through this process, a total of 2541 foci tracks were formed in
37 cells irradiated by α-particles and 970 foci tracks were formed in 26 cells irradiated by X-rays.
Tracks were not allowed to have a gap, i.e., a focus had to be present in every consecutive
frame. Additionally, tracks could start or end at any given time point in the image sequence.
Relative frequency plots were fitted by Kernel density estimates using the “fitdist” command
in Matlab. The “kernel” option was applied, which fits a kernel to the data of a histogram. A
smoothing bandwidth of 6, 0.3, and 220 was used for the kernel density estimations of the
53BP1 signal intensity per focus, focus area, and total 53BP1 on active foci, respectively. The
area under the kernel density curve was normalized to be equal to the area of the histogram.
The area of the histograms of α-particle- and X-ray-induced foci was scaled to be equal; hence,
the areas under the curves were equal.
A normalization factor was determined at t = 0 which made the highest peak of the histogram
equal to 1, and this normalization factor was applied to each distribution at later time points.
The mean square displacement was calculated via the MSDanalyzer MatLab plugin [49].
Curves were fitted with the “fit” command in MatLab from the curve-fitting toolbox. The
typical MSD curve for confined motion was linearly fit on a selected portion of the curve to yield
an estimate for the diffusion coefficient D. As confined motion shows only after some time has
passed, the first few data points of the MSD curve indicate diffusive motion, i.e., the curve is a
straight line. The fit was made on the first four data points for each category.
The mean square displacement for diffusive motion in two dimensions (2D) is given by the
Equation (4).
where d = 2 is the dimension, and D is the diffusion coefficient.

𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) = < 𝑟𝑟 2 > = 2𝑑𝑑𝑑𝑑𝑑𝑑

(4)

This formula was approximated by the “fit type” command in MatLab, using independent x
and dependent y with a fit method of “nonlinear least squares” and a start point in the origin.
The approximation formula is shown in Equation (5), where a is calculated by Equation (6).

𝑦𝑦 = 𝑓𝑓(𝑥𝑥) = 𝑎𝑎𝑎𝑎
𝑎𝑎 = 4𝐷𝐷

(5)
(6)

This made it possible to calculate the diffusion coefficient directly from the fit as a value for the
variable given by Matlab.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.
com/1422-0067/21/18/6602/s1.

19

20

Erasmus Medical Center Rotterdam

Author Contributions: Conceptualization, S.J.R., I.v.d.B., R.K., D.C.G., and J.E.; methodology,
S.J.R., I.v.d.B.,
T.E.A., and J.E.; software, I.v.d.B., W.A.v.C., and M.W.P.; validation, S.J.R., I.v.d.B., T.E.A., and
M.W.P.; investigation, S.J.R. and I.B.; writing—original draft preparation, S.J.R.; writing—review
and editing, I.v.d.B., W.A.v.C., M.W.P., R.K., A.B.H., D.C.v.G., and J.E.; visualization, S.J.R., D.C.v.G.,
and J.E.; supervision, R.K., A.B.H., D.C.v.G., and J.E. All authors read and agreed to the published
version of the manuscript.
Funding: The project was funded by Technologie stichting STW, project number 13577. This
research was funded by the Dutch Cancer Society and by the Gravitation program CancerGenomiCs.nl from the Netherlands Organization for Scientific Research (NWO) and is part of the
Oncode Institute, which is partly financed by the Dutch Cancer Society.
Acknowledgments: We would like to thank G. van de Kamp and J. Nonnekens for critically
evaluating the manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

High- and low-LET irradiation induced DSB processing

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.

13.
14.
15.

16.
17.

18.

Shibata, A.; Jeggo, P.A. DNA double-strand break repair in a cellular context. Clin. Oncol. (R. Coll.
Radiol.) 2014, 26, 243–249.
Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461,
1071–1078.
Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell 2010,
40, 179–204.
Panier, S.; Boulton, S.J. Double-strand break repair: 53bp1 comes into focus. Nat. Rev. Mol. Cell Bio.
2014, 15, 7–18.
Rothkamm, K.; Barnard, S.; Moquet, J.; Ellender, M.; Rana, Z.; Burdak-Rothkamm, S. DNA damage
foci: Meaning and significance. Environ. Mol. Mutagen. 2015, 56, 491–504.
Botuyan, M.V.; Lee, J.; Ward, I.M.; Kim, J.E.; Thompson, J.R.; Chen, J.J.; Mer, G. Structural basis for
the methylation state-specific recognition of histone h4-k20 by 53bp1 and crb2 in DNA repair. Cell
2006, 127, 1361–1373.
Hoeijmakers, J.H.J. Genome maintenance mechanisms for preventing cancer. Nature 2001, 411,
366–374.
Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA endjoining pathway. Annu. Rev. Biochem. 2010, 79, 181–211.
Wyman, C.; Kanaar, R. DNA double-strand break repair: All’s well that ends well. Annu. Rev. Genet.
2006, 40, 363–383.
Chen, H.; Lisby, M.; Symington, L.S. Rpa coordinates DNA end resection and prevents formation of
DNA hairpins. Mol. Cell 2013, 50, 589–600.
Liu, J.; Doty, T.; Gibson, B.; Heyer, W.D. Human brca2 protein promotes rad51 filament formation on
rpa-covered single-stranded DNA. Nat. Struct. Mol. Biol. 2010, 17, 1260–1262.
Li, J.; Holzschu, D.L.; Sugiyama, T. Pcna is efficiently loaded on the DNA recombination intermediate to modulate polymerase delta, eta, and zeta activities. Proc. Natl. Acad. Sci. USA 2013, 110,
7672–7677.
Goodhead, D.T. Energy deposition stochastics and track structure: What about the target? Radiat.
Prot. Dosim. 2006, 122, 3–15.
Danzker, M.; Kessaris, N.D.; Laughlin, J.S. Absorbed dose and linear energy transfer in radiation
experiments. Radiology 1959, 72, 51–61.
Aten, J.A.; Stap, J.; Krawczyk, P.M.; Van Oven, C.H.; Hoebe, R.A.; Essers, J.; Kanaar, R. Dynamics of
DNA double-strand breaks revealed by clustering of damaged chromosome domains. Science 2004,
303, 92–95.
Eccles, L.J.; O’Neill, P.; Lomax, M.E. Delayed repair of radiation induced clustered DNA damage:
Friend or foe? Mutat. Res. Fundam. Mol. Mech. Mutagenesis 2011, 711, 134–141.
Hagiwara, Y.; Niimi, A.; Isono, M.; Yamauchi, M.; Yasuhara, T.; Limsirichaikul, S.; Oike, T.; Sato, H.;
Held, K.D.; Nakano, T.; et al. 3d-structured illumination microscopy reveals clustered DNA doublestrand break formation in widespread gammah2ax foci after high let heavy-ion particle radiation.
Oncotarget 2017, 8, 109370–109381.
Timm, S.; Lorat, Y.; Jakob, B.; Taucher-Scholz, G.; Rube, C.E. Clustered DNA damage concentrated
in particle trajectories causes persistent large-scale rearrangements in chromatin architecture.
Radiother. Oncol. 2018, 129, 600–610.

21

22

Erasmus Medical Center Rotterdam

19.

20.

21.
22.

23.
24.
25.
26.
27.

28.
29.
30.
31.

32.
33.
34.
35.

36.
37.

Sollazzo, A.; Brzozowska, B.; Cheng, L.; Lundholm, L.; Scherthan, H.; Wojcik, A. Live dynamics of
53bp1 foci following simultaneous induction of clustered and dispersed DNA damage in u2os cells.
Int. J. Mol. Sci. 2018, 19, 519. [CrossRef]
Nikitaki, Z.; Nikolov, V.; Mavragani, I.V.; Mladenov, E.; Mangelis, A.; Laskaratou, D.A.; Fragkoulis, G.I.;
Hellweg, C.E.; Martin, O.A.; Emfietzoglou, D.; et al. Measurement of complex DNA damage induction and repair in human cellular systems after exposure to ionizing radiations of varying linear
energy transfer (let). Free Radic. Res. 2016, 50, S64–S78.
Hada, M.; Georgakilas, A.G. Formation of clustered DNA damage after high-let irradiation: A review.
J. Radiat. Res. 2008, 49, 203–210.
Neumaier, T.; Swenson, J.; Pham, C.; Polyzos, A.; Lo, A.T.; Yang, P.; Dyball, J.; Asaithamby, A.; Chen,
D.J.; Bissell, M.J.; et al. Evidence for formation of DNA repair centers and dose-response nonlinearity in human cells. Proc. Natl. Acad. Sci. USA 2012, 109, 443–448.
Asaithamby, A.; Chen, D.J. Mechanism of cluster DNA damage repair in response to high-atomic
number and energy particles radiation. Mutat. Res. 2011, 711, 87–99.
Jakob, B.; Splinter, J.; Durante, M.; Taucher-Scholz, G. Live cell microscopy analysis of radiationinduced DNA double-strand break motion. Proc. Natl. Acad. Sci. USA 2009, 106, 3172–3177.
Sung, M.H.; McNally, J.G. Live cell imaging and systems biology. Wiley Interdiscip. Rev. Syst. Biol.
Med. 2011, 3, 167–182.
Smith, M.J.; Rothstein, R. Poetry in motion: Increased chromosomal mobility after DNA damage.
DNA Repair 2017, 56, 102–108.
Krawczyk, P.M.; Borovski, T.; Stap, J.; Cijsouw, T.; ten Cate, R.; Medema, J.P.; Kanaar, R.; Franken,
N.A.; Aten, J.A. Chromatin mobility is increased at sites of DNA double-strand breaks. J. Cell Sci.
2012, 125, 2127–2133.
Fernandez-Vidal, A.; Vignard, J.; Mirey, G. Around and beyond 53bp1 nuclear bodies. Int. J. Mol. Sci.
2017, 18, 2611.
Coffman, V.C.; Wu, J.Q. Every laboratory with a fluorescence microscope should consider counting
molecules. Mol. Biol. Cell 2014, 25, 1545–1548.
Lees-Miller, S.P.; Meek, K. Repair of DNA double strand breaks by non-homologous end joining.
Biochimie 2003, 85, 1161–1173.
Noon, A.T.; Shibata, A.; Rief, N.; Lobrich, M.; Stewart, G.S.; Jeggo, P.A.; Goodarzi, A.A. 53bp1-dependent robust localized kap-1 phosphorylation is essential for heterochromatic DNA double-strand
break repair. Nat. Cell Biol. 2010, 12, 177–184.
Goodarzi, A.A.; Jeggo, P.; Lobrich, M. The influence of heterochromatin on DNA double strand break
repair: Getting the strong, silent type to relax. DNA Repair 2010, 9, 1273–1282.
Goodarzi, A.A.; Kurka, T.; Jeggo, P.A. Kap-1 phosphorylation regulates chd3 nucleosome remodeling
during the DNA double-strand break response. Nat. Struct. Mol. Biol. 2011, 18, 831–839.
Mekhail, K. Defining the damaged DNA mobility paradox as revealed by the study of telomeres,
dsbs, microtubules and motors. Front. Genet. 2018, 9, 95.
Lorat, Y.; Timm, S.; Jakob, B.; Taucher-Scholz, G.; Rube, C.E. Clustered double-strand breaks in
heterochromatin perturb DNA repair after high linear energy transfer irradiation. Radiother. Oncol.
2016, 121, 154–161.
Mine-Hattab, J.; Recamier, V.; Izeddin, I.; Rothstein, R.; Darzacq, X. Multi-scale tracking reveals
scale-dependent chromatin dynamics after DNA damage. Mol. Biol. Cell 2017, 28, 3323–3332.
Scherthan, H.; Lee, J.H.; Maus, E.; Schumann, S.; Muhtadi, R.; Chojowski, R.; Port, M.; Lassmann,
M.; Bestvater, F.; Hausmann, M. Nanostructure of clustered DNA damage in leukocytes after insolution irradiation with the alpha emitter ra-223. Cancers 2019, 11, 1877.

High- and low-LET irradiation induced DSB processing

38.

39.

40.
41.
42.
43.

44.

45.

46.
47.
48.
49.

Jezkova, L.; Zadneprianetc, M.; Kulikova, E.; Smirnova, E.; Bulanova, T.; Depes, D.; Falkova, I.; Boreyko, A.; Krasavin, E.; Davidkova, M.; et al. Particles with similar let values generate DNA breaks of
different complexity and reparability: A high-resolution microscopy analysis of gammah2ax/53bp1
foci. Nanoscale 2018, 10, 1162–1179.
Carter, R.J.; Nickson, C.M.; Thompson, J.M.; Kacperek, A.; Hill, M.A.; Parsons, J.L. Complex DNA
damage induced by high linear energy transfer alpha-particles and protons triggers a specific cellular DNA damage response. Int. J. Radiat. Oncol. Biol. Phys. 2018, 100, 776–784.
Asaithamby, A.; Hu, B.; Chen, D.J. Unrepaired clustered DNA lesions induce chromosome breakage
in human cells. Proc. Natl. Acad. Sci. USA 2011, 108, 8293–8298.]
Lobrich, M.; Jeggo, P. A process of resection-dependent nonhomologous end joining involving the
goddess artemis. Trends. Biochem. Sci. 2017, 42, 690–701.
Ochs, F.; Somyajit, K.; Altmeyer, M.; Rask, M.B.; Lukas, J.; Lukas, C. 53bp1 fosters fidelity of
homology-directed DNA repair. Nat. Struct. Mol. Biol. 2016, 23, 714–721.
Mladenov, E.; Staudt, C.; Soni, A.; Murmann-Konda, T.; Siemann-Loekes, M.; Iliakis, G. Strong suppression of gene conversion with increasing DNA double-strand break load delimited by 53bp1 and
rad52. Nucleic Acids Res. 2019, 48, 1905–1924.
Gudjonsson, T.; Altmeyer, M.; Savic, V.; Toledo, L.; Dinant, C.; Grofte, M.; Bartkova, J.; Poulsen, M.;
Oka, Y.; Bekker-Jensen, S.; et al. Trip12 and ubr5 suppress spreading of chromatin ubiquitylation at
damaged chromosomes. Cell 2012, 150, 697–709.
Bekker-Jensen, S.; Lukas, C.; Kitagawa, R.; Melander, F.; Kastan, M.B.; Bartek, J.; Lukas, J. Spatial
organization of the mammalian genome surveillance machinery in response to DNA strand breaks.
J. Cell Biol. 2006, 173, 195–206.
Roobol, S.J.; Kouwenberg, J.J.M.; Denkova, A.G.; Kanaar, R.; Essers, J. Large field alpha irradiation
setup for radiobiological experiments. Methods. Protoc. 2019, 2, 75.
Kouwenberg, J.J.M.; Wolterbeek, H.T.; Denkova, A.G.; Bos, A.J.J. Fluorescent nuclear track detectors
for alpha radiation microdosimetry. Radiat. Oncol. 2018, 13, 107.
Soille, P.; Vincent, L. Determining watersheds in digital pictures via flooding simulations. P. Soc.
Photo Opt. Ins. 1990, 1360, 240–250.
Tarantino, N.; Tinevez, J.Y.; Crowell, E.F.; Boisson, B.; Henriques, R.; Mhlanga, M.; Agou, F.; Israel, A.;
Laplantine, E. Tnf and il-1 exhibit distinct ubiquitin requirements for inducing nemo-ikk supramolecular structures. J. Cell Biol. 2014, 204, 231–245.

23

