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The concept of DNA “repair centers” and the meaning of radiation-
induced foci (RIF) in human cells have remained controversial. RIFs
are characterized by the local recruitment of DNA damage sensing
proteins such as p53 binding protein (53BP1). Here, we provide
strong evidence for the existence of repair centers. We used live
imaging and mathematical fitting of RIF kinetics to show that
RIF induction rate increases with increasing radiation dose,
whereas the rate at which RIFs disappear decreases. We show that
multiple DNA double-strand breaks (DSBs) 1 to 2 pm apart can ra-
pidly cluster into repair centers. Correcting mathematically for the
dose dependence of induction/resolution rates, we observe an ab-
solute RIF yield that is surprisingly much smaller at higher doses:
15 RIF/Gy after 2 Gy exposure compared to approximately
64 RIF/Gy after 0.1 Gy. Cumulative RIF counts from time lapse of
53BP1-GFP in human breast cells confirmed these results. The stan-
dard model currently in use applies a linear scale, extrapolating
cancer risk from high doses to low doses of ionizing radiation.
However, our discovery of DSB clustering over such large distances
casts considerable doubts on the general assumption that risk to
ionizing radiation is proportional to dose, and instead provides
a mechanism that could more accurately address risk dose depen-
dency of ionizing radiation.

NA damage-sensing proteins localize at sites of DNA dou-

ble-strand breaks (DSBs) within seconds to minutes follow-
ing ionizing radiation (IR) exposure, resulting in the formation of
immunofluorescently stainable nuclear domains referred to as
radiation-induced foci (RIF) (1-3). RIF numbers are routinely
used to assess the amount of DNA damage and repair kinetics
after different treatments (4). However, there is a controversy
surrounding the question of whether there is a 1:1 correspon-
dence between RIF and DSBs. For example, pulse field gel
electrophoresis (PFGE) analysis suggests that DSBs decay expo-
nentially with time immediately after exposure (5). In contrast,
DNA damage-sensing proteins do not instantaneously detect
DSBs, leading to delayed kinetics for both detection and resolu-
tion. More specifically, the maximum number of 53BP1 or
yH2AX RIF is not reached until 15 to 30 min after exposure,
and the yield of DSBs predicted by RIF is typically lower than
the expected 25-40 DSB/Gy measured by PFGE (4).

Dose response provides another assay for assessing the rela-
tionship between DSBs and RIF. Based on theoretical Monte
Carlo simulations and PFGE measurements (6, 7), the frequency
of DSBs should be highly correlated with radiation dose. Con-
firming this prediction, two research groups reported that RIF
number is proportional to radiation dosage from 1 mGy to 2 Gy
(8, 9). In both studies, methods were applied to identify “real”
RIF at low doses, where frequencies may be close to background
levels before IR (e.g., 10 mGy would lead to about 0.3 DSB/cell).
They either used cells with very low yH2AX background foci
(i.e., 0.05 background foci/cell in primary human lung MRC-5
fibroblasts) (8), or performed live studies with a tagged DNA
damage marker (i.e., 53BP1-GFP) and disregarded foci that were
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present before exposure to IR (9). However, there were discre-
pancies between these two studies. One study reported a 1: 1 cor-
respondence between RIF and DSBs, with a maximum of 35
YH2AX RIF /Gy at 3 min post-IR exposure (8), whereas the other
study reported RIF frequencies were maximal much later (i.e., 30
to 60 min post-IR), with different proportionality; i.e., 16-20
53BP1-GFP RIF/Gy for human HT1080 and 60 53BP1-GFP
RIF/Gy for immortalized human bronchial epithelial cells (9).
These discrepancies cast some doubts on the one-to-one corre-
spondence between RIF and DSB and also show that cell type
and methods of analysis both play a crucial role in RIF quanti-
fication. Furthermore, dose/response linearity is not always ob-
served. For example, in normal human fibroblasts (1) and in
hamster V79 cells (10), we observed a maximum of 18-24 yH2AX
RIF/Gy after exposure to less than 1 Gy of X-rays, compared to
13-15 yH2AX RIF/Gy for 1-4 Gy. Similarly, human fibroblasts
showed a slight decrease with averages ranging from 21 to 17
RIF/Gy between 0.05 and 0.25 Gy, which was consistent across
18 independent lines (11).

Most studies measure RIF only at discrete times after the in-
duction of damage. This means that the temporal complexity of
the biochemical response, primarily initiated by DNA damage, is
often neglected. However, temporal delays in RIF formation re-
lative to DSBs as well as different resolution times for RIF com-
plicate the interpretation of RIF numbers. In addition, even when
kinetic studies are performed, the number of RIF reported at any
given time after IR can never reflect the total number of RIF that
have been produced by IR, as all RIF that have already been
resolved or that have not yet been produced are not counted.

Here, we present a mathematical formalism that extracts the
absolute number of RIF from RIF kinetics data. By integrating
this biophysical model with a standardized high-content imaging
methodology (2), we demonstrate the ability to get reproducible
RIF results from different research laboratories. Miniaturization
of cell cultures, using microwell slide technology, were also ap-
plied to further accelerate and normalize sample treatment and
processing. This comprehensive quantitative analysis challenges
the concept of linearity between IR dose and RIF yield and
suggest the existence of DNA repair center in human cells.
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Results

Validation of RIF Yield and Formation-Disappearance Kinetics Models
Using Live Cells Exposed to X-Rays. We propose a mathematical
model to fit the kinetics of RIF formation, which can deduce the
absolute number of RIF produced by a given dose of IR from the
net number of RIF measured at any time point (see Materials and
Methods). Live cell imaging is ideal to validate such a model, be-
cause it simultaneously measures the number of RIF at any given
time and the number of RIF accumulated since the time of ex-
posure to X-rays. To test the validity of our model, we fitted with
Eq. 1 the number of RIF measured in MCF10A transiently trans-
fected with 53BP1-GFP. Both the number of RIF counted at each
time frame, as well as the cumulative number of RIF counted
after IR exposure, were scored (representative snapshots and ki-
netics are shown in Figs. 14 and 24 for 0.1 and 1 Gy, respec-
tively). If Egs. 1 and 2 were correct, the cumulative RIF counts
(red curves shown in Figs. 1B and 2B) should converge over time
to a constant value equal to the total number of RIF/Gy (x).
Confirming this biophysical model, fits of the net kinetics
(green curves in Figs. 1B and 2B) with Eq. 1 led to an « value
that matched the total cumulated yield. In addition, live cell ima-
ging revealed that the total number of RIF produced by IR was
not proportional to dose, and was relatively lower at higher doses
(73 RIF/Gy vs 28 RIF/Gy at 0.1 and 1 Gy, respectively). In
addition, RIF induced by low doses appeared more slowly and
were resolved faster than after 1 Gy, as indicated by the reported
formation and resolution half-lives on the graph (T',,). Three-
dimensional time lapse using confocal microscopy on human fi-
brosarcoma HT1080 stably transfected with 53BP1-GFP showed
very similar properties for 0.05, 0.1, and 1 Gy (Fig. S1). Finally,
monitoring the intensity profiles of individual RIF during time
lapse imaging identified changes in RIF size and intensity during
focus formation (blue dashed rectangle in Figs. 14 and 24). The
relative intensity profiles for individual foci (1D intensity cross-
section of focus location normalized to the average 53BP1 inten-
sity outside foci regions) and their averages are shown in Figs. 1C
and 2C. Even though no difference in size could be observed, with
an average RIF diameter of 0.64 pm for both high and low dose, a
threefold increase of RIF intensity was measured after high dose.

High-Content Analysis on Fixed Specimens Confirm Nonlinear RIF
Yield with Dose. In order to quantify a larger dataset representing
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Fig. 1. Time-lapse imaging of MCF10A transiently transfected with 53BP1-
GFP after exposure to 0.1 Gy of X-rays. (A) Representative snapshots of best
focal plane for a 3D time lapse. Counting was done manually in two different
ways: (i) static measurement, indicating the number of RIF/cell at the time it is
measured (green numbers and graphs); (i) cumulated measurement, indicat-
ing at any time the overall number of different RIF that have appeared since
time 0 (red numbers and graphs). The 53BP1 nuclear bodies visible before IR
were not included in RIF counts. (B) RIF counts from 40 different time lapses
(three independent experiments) leads to an average for Ty 5, . ... = 15 min,
T1/2,0mien = 1-4 h, @ =73 RIF/Gy. Fits are shown as solid lines, and experi-
mental points as red square for cumulated counts and green triangles for
net counts (R2 = 0.98 and t test P value = 0.005 for the fit). (C) One-dimen-
sional intensity profiles of four different regions of interest indicated by blue
dash box in A. The average profile is indicated by solid curve and used to
evaluate the average size of a focus (defined as the full width at half max-
imum of the peak).
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endogenous levels of proteins, we analyzed arrays of fixed
MCF10A by immunostaining for 53BP1. As described in Materi-
als and Methods, detection of RIF was done automatically, using
improved in-house RIF detection algorithms (2). The computer
scoring obtained in this manner was corroborated for a subset of
cells counted manually at 30 min after different doses of X-ray
(from 0.05 to 2 Gy; Fig. S2). Fig. 3 A-C show representative
images for selected doses, showing the efficiency of the algorithm
for separating touching foci. Applying this approach for fitting
average counts of seven independent experiments measured at
various doses of X-rays collected over a 24-h time course, we
observed excellent agreement with Eq. 1 (Fig. 3D). All fitted
coefficients for Eq. 1 are summarized in Table 1. Similarly to what
we observed with 3D time lapse, the absolute number of 53BP1
RIF normalized to dose (« in RIF/Gy per nucleus) decreased
approximately 4-fold between 0.1 and 2 Gy (approximately 64 +
6 to 16 £2 RIF/Gy, after 0.1 and 2 Gy, respectively). This de-
creasing trend was statistically significant (P value < 0.01 using
t test). RIF kinetics were also dose dependent: RIF formation
was twice as fast and RIF resolution was approximately 5 times
slower at 2 Gy versus 0.1 Gy (see Table 1). Both k; and k, dose
dependence were significant (P value < 0.05 using one-way AN-
OVA). To test if the dose-dependent DNA damage response was
specific to breast epithelial cells, the same measurements were
made on immortalized human skin fibroblasts (HCA2) grown
as confluent populations (1), where we observed a similar trend,
with a 1.7-fold decrease of RIF yield a, a 2.5-fold increase in
53BP1 RIF induction rate, and a 20-fold decrease in RIF resolu-
tion rate between 0.1 and 2 Gy (Fig. S3).

To test the validity of the mathematical model further, we
perturbed the rates of RIF formation or RIF removal by inhibit-
ing ataxia telangiectasia mutated (ATM) kinase activity with
KU55933 (see Materials and Methods). ATM inhibition was con-
firmed by measuring the reduction of phosphorylated p53 at S15
(Fig. 3E). As expected, the overall number of RIF was largely
diminished (Fig. 3F). However, the same behavior was observed;
i.e., RIF yield dropped by 2-fold between 0.1 and 2 Gy (25 £+ 17
vs. 12 + 2 RIF/Gy). Fitted parameters are shown in Fig. 4 A-C.
Interestingly, detection half-lives were comparable with or with-
out ATM inhibition across all doses, whereas resolution was
significantly slower at high doses when ATM was inhibited (sig-
nificant difference between 15.4 & 1.8 h with inhibition and 5.7 £
1.6 h without inhibition, after 2 Gy). This indicates that DSBs
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Fig. 2. Time-lapse imaging of MCF10A transiently transfected with 53BP1-
GFP after exposure to 1 Gy of X-rays. (A) representative snapshots of best
focal plane for a 3D time lapse. (B) RIF counts from 21 different time lapses
(three independent experiments) leads to an average for Ty, . =
6.5 min, Ty o =2.1h, a=28RIF/Gy. R =0.99 and t test P value =
0.003 for the fit. (C) One-dimensional intensity profiles of five different
regions of interest indicated by blue dash box in A.
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requiring longer repair time are still being detected at the same
rate, in the absence of ATM kinase activity.

RIF Analysis in Human Cells Exposed to Dense IR Reveals Self-Exclusion
of Nearby RIF. In order to further explore the saturation effect of
RIF numbers observed at higher dose, one would need to look at
the DNA damage response for doses of X-rays higher than 2 Gy.
However, at such high doses there are several confounding fac-
tors: (i) there is the difficulty of resolving high numbers of RIF
in the nucleus, and (i) the physiological effects on the cells man-
ifest at higher doses (e.g., toxicity, cell cycle arrest, etc.). In order
to circumvent these issues, we used high-energy Fe ions (1 GeV/
atomic mass unit), referred to as HZE (High Z and energy). As
illustrated in Fig. S4, HZE particles typically deposit part of
their energy along linear tracks referred to as cores, and the other
part is deposited from electrons randomly outside the core (i.e.,
delta rays). The radius of the core is about 10 nm for 1 GeV/
atomic mass unit Fe ions, whereas delta rays radiate approxi-
mately 270 pm from the track (12, 13). As we described previously
(2), we have developed imaging tools that automatically identify
these tracks and can discriminate RIF along the tracks from ran-
dom RIF in the nucleus (presumably generated by delta rays;
Fig. S4). In order to account for RIF and physiological chromatin
movement over time, all RIF detected within a 0.5-pm radial dis-
tance from the particle trajectory were considered “core RIE.” As-
suming a radial dose distribution decreasing as the distance
square from the core (14, 15), we estimated a dose of 26 Gy within
the 0.5-pm radius track, and 0.17 Gy from delta rays dispersed
outside that region (Fig. S4). Thus, HZE particle radiation al-
lowed us to compare two compartmentally distinct radiation
doses within the same cell (representative images shown in Fig. 4
A and B). We noted that core RIF sizes and intensities (Fig. 4C)
were comparable to 1-Gy X-ray foci (Fig. 2C) as early as 1.5 min
post-IR. However, core RIF were larger and brighter by 30 min
post-IR. In contrast, delta-ray RIF size and intensity kinetic was
comparable to X-rays (Fig. 4C vs Fig. 1C, respectively).

In addition, our results confirmed what was observed for
X-rays; i.e., high local doses along the track led to much faster
RIF induction (approximately 5-s half-lives) and slower RIF
resolution (approximately 10-h half-lives) than in the low-dose
region of the delta rays (2.8 min and 3.3 h, respectively). The
fitted coefficients are plotted against all other conditions stu-
died in this work in Fig. 5 A-C and listed in Table 1. Note that
the measured RIF yield along the tracks was fitted to be
0.83 RIF/pm but could not be plotted against other o values
in Fig. 54 because it was in a different unit.
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Fig. 3. Representative time response of background
corrected RIF per nucleus in MCF10A exposed to var-
ious doses of X-rays and immunostained for 53BP1.
(A, B, and C) Maximum intensity projections of repre-
sentative 3D stack images at various doses (red dots
indicate detected 53BP1 RIF) are accompanied with
the same nucleus overlaid with the full shape identi-
fication of an RIF and the ability of the algorithm to
separate touching RIF even at the maximum dose (C

.01G

ATM-/- Y —2 Gy, see enlargement). In these images, each RIF is
* 0.4Gy labeled by the algorithm with a different color to fa-
e 1Gy

cilitate individual visualization. (D) Time response un-
der normal media conditions for one experiment out
of seven performed (average R? across all doses is
0.98 and t test P value is less than 0.01). Experimental
data points (circles) get larger with dose (0.1, 0.4, 1,
and 2 Gy, respectively), and they correspond to
averages for approximately 1,000 nuclei per point,
with their corresponding standard deviations. Solid
lines are least-square fits using Eq. 1 for each time
response. (E) Inhibition of ATM measured by Western
blot of P53-S15p. (F) Time response under ATM inhi-
bition (average R? across all doses is 0.99 and t test P
value is less than 0.01), based on one experiment.
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Similar differences in RIF kinetics between track RIF and
delta-ray RIF were also observed in live cell imaging of MCF10A
cells transiently transfected with 53BP1-GFP (Fig. S5). Time-
lapse imaging showed that after initial foci formation there were
few new foci appearing along the tracks, whereas new delta-
ray RIF outside the track kept appearing during the initial 30-min
post-IR period. Similar results were observed also in stably
transfected human bronchial epithelial cells exposed to 1 GeV/
atomic mass unit O ions (Fig. S6).

Discussion

Single time or single dose measurements are snapshots and might
not capture the complexity of the IR response of DNA damage-
sensing proteins. Here, we present a methodology and a mathe-
matical kinetic model that can characterize the DNA damage
response simultaneously across both time and dose levels. Our
results provide a more accurate model of RIF dose response, and
underscore fundamental concerns about static image data analy-
sis in the dynamic environment of the living cell. We observe that
as the number of DSB increases in a cell, the number of RIF does
not increase proportionally and the kinetics of RIF formation/
disappearance is altered; RIF appear faster but remain longer
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Fig. 4. Representative time response of background corrected RIF per
nucleus in MCF10A exposed to 1 GeV/atomicmass unit Fe ions and immunos-
tained for 53BP1. (A) Representative images for 1.5 and 30 min post-IR, illus-
trating which RIF are classified “core RIF” vs “delta-ray RIF”. (B) Time response
averaged over five independent experiments cumulating more than
1,000 tracks per time point and experiment. Delta-ray RIF are reported as
RIF/nucleus per Gy (red), where as core RIF are reported as RIF/um (blue).
(C) Average normalized intensity profiles at 1.5 and 30 min post-IR for
core and deltay-ray RIF (N = 20 for each profile—RIF diameters are shown
as the full width at half maximum of the peaks).
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Fig.5. Average fitted parameters for all time responses measured in human
MCF10A. Four conditions are considered (fixed, normal condition, immunos-
taining of 53BP1, N = 7; fixed-ATM, ATM inihibition and immunostaining of
53BP1, N = 1; fixed-Fe, 53BP1 immunostaining after exposure to 1 GeV/
atomic mass unit Fe, with estimated doses along ion tracks of 26 Gy and out-
side tracks of 0.17 Gy, N = 5; live, time-lapse imaging of MCF10A transiently
transfected with 53BP1-GFP after exposure to 0.1 and 1 Gy of X-rays, N = 3).
All trends are statistically significant with respect to dose using one-way AN-
OVA test (P <0.01 for « and P < 0.05 for k; and k). Statistical differences
between dose points are tested with the Tukey-Kramer test and are indi-
cated by an asterisk with the color corresponding to the group when signif-
icant. (A) Absolute RIF yield « (RIF/Gy per nucleus), showing a decrease with
dose. (B) RIF induction half-life (In(2)/k,), showing a faster induction with
dose. (C) RIF disappearance-resolution half-life (In(2)/k;) showing a slower
RIF resolution with dose.

in the cells as dose levels increase. These nonlinear processes cast
considerable doubts on the general assumption that risk to IR is
proportional to dose and could be interpreted as the consequence
of DNA repair centers in human cells.

Clustering of DSB into Repair Centers at High Dose. As recently re-
viewed (4), most studies in the literature report RIF yield well
below the expected 25-40 DSB/Gy measured by PFGE in cells
in the G1 part of the cell cycle (5, 8). This probably reflects the
fact that what is measured at any time point is the net number of
RIF that have formed since radiation, which does not account for
RIF that have already been resolved, or for RIF that have not yet
appeared. The time-lapse imaging presented here shows clearly
that RIF formation continues to occur well beyond initial IR
exposure time. In addition, our biophysical model fits well the
kinetics curves observed for the number of RIF per nucleus and
accounts for these missing RIF. These fits suggest that the abso-
lute RIF yield normalized to dose (a) is not constant but drops
4-fold between 0.1 and 2 Gy. The lower yield of a at high dose
cannot be explained by depletion of the pool of 53BP1. Indeed,
protein depletion would only lead to dimmer foci, not fewer foci.
Furthermore, RIF number saturation cannot be due to over-
lapping foci because the expected spatial random distribution of

Table 1. Fitted parameters for various doses of X-rays, and for delta
rays and track core time response to 1 Gy of
1 GeV/atomic mass unit Fe

Average Standard error
Dose (Gy) o, RIF/Gy T1/2_1, min T1/2_2, h o, RIF/Gy T1/2_1, min T1/2_2, h
Controls MCF10A (N =7)
0.1 64 5.6 1.4 6 1.3 0.5
0.4 38 34 2.0 2 0.4 0.6
1 23 2.8 3.8 3 0.5 0.6
2 15 2.4 5.7 2 0.1 1.6
ATM inhibition MCF10A (one experiment)
0.1 25 8.3 0.7 17 5.8 0.5
0.4 25 5.9 3.5 4 1.1 0.6
1 19 4.2 8.7 2 0.5 1.1
2 12 2.6 15.4 2 0.3 1.9
Live 53BP1-GFP in MCF10A (N = 3, 5 to 10 cells per experiment)
0.1 73 15.4 1.4 5 1.6 0.2
1 28 6.5 2.1 3 2.1 0.1
1 GeV/atomic mass unit Fe in MCF10A (N = 5)
0.17 (delta rays)* 43 2.8 33 9 0.2 0.8
27 (core)* — 0.1 9.6 — 0.01 1.6

*Dose estimation, based on microdosimetry computations of 1 GeV/atomic
mass unit Fe exposure (Fig. S7)
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DSBs simulated by computer (see Materials and Methods) pre-
dicts average distances easily resolvable by light microscopy at
the highest dose considered (2 Gy). Similarly, using radiation that
deposits a high amount of energy along a tightly defined track, we
observe approximately 0.7-0.8 RIF/pum along 1 GeV/atomic
mass unit Fe (linear energy transfer, LET = 150 keV /pm), con-
trary to a theoretical value based on physical considerations of
approximately 1.1 DSB/pm (2). In addition, when cells are ex-
posed to ions with a hundred times higher energy densities (e.g.,
uranium ions with LET of 14,300 keV/um and expected approxi-
mately 100 DSB/um), RIF frequencies remain in the same order
of magnitude (i.e., 0.96 XRCC1 RIF/pm) (16), suggesting full
saturation of the number of RIF. One potential explanation for
this apparent saturation is the existence of repair centers with a
minimum interdistance of approximately 1 pm. If repair centers
exist, as the local dose increases, the probability of having two
DSBs migrating into one common RIF increases, leading to lower
RIF counts per dose, faster induction, and slower resolution.

Note that a distance of 1-2 pm is in good agreement with pre-
vious estimate of the distance between two separate DSBs which
can explain DSB misrejoining data leading to the classic supra-
linear dose dependence observed for radiation-induced chromo-
somal rearrangements (17, 18). Time-lapse imaging also suggests
that if DSB clustering takes place, it happens before an RIF is
formed, because RIF clustering was not observed within the first
30 min post-IR. On the other hand, we did observe the merging of
RIF over hours post-IR. RIF merging over long time course has
already been described along high energy density tracks (19), and
has been interpreted as transient clusters that eventually separate
again (20).

In this work, we hypothesize that DSB clustering occurs rapidly
after IR and that RIF formation reflects the repair machinery
put in place around one cluster of DSBs. DSB clustering can then

be rewritten as follows: § X DSBﬁRIFgRIFmon, where (D)
is the average number of DSB within one RIF Assuming
35 DSB/Gy, f = 35/a and based on our data, it increases with
dose: f~ 1 DSB/RIF at 0.4 Gy, suggesting a one-to-one corre-
spondence, whereas there would be  ~ 2.3 DSB/RIF after 2 Gy.
Resolving these equations would then show that the real induc-
tion rate for RIF is in fact k| = p.k, where k; is dose independent
and only reflects the time it takes to detect one DSB. The increas-
ing induction rate with doses would then simply reflect p increas-
ing with dose. Our data also show that RIF intensity is larger
for higher doses while RIF sizes are similar. This suggests the
existence of a well defined chromatin scaffold for these repair
centers, with the presence of multiple DSB requiring more
53BP1 proteins compacted within the same structure. Note, how-
ever, that the rigidity of these repair centers is not absolute; this
is because we noticed that RIF are both brighter and larger for
extremely high doses along HZE tracks.

DNA damage repair centers have been clearly established
in Saccharomyces cerevisiae (21), but they remain hypothetical in
mammalian cells, as initially suggested by Savage (22, 23). How-
ever, there are some data suggesting their existence in human
cells. For example, there were indications in human blood cells
that chromosomal rearrangements observed after exposure to
high LET could be explained by localized movement of chromatin
containing damaged DNA into local repair centers (24). Follow-
ing up on this work, it was more recently shown that increasing
LET of an a particle did not increase the total number of aber-
rations per track traversal, and instead increased the ratio of
complex to total aberrations (25). Therefore, if DSB clustering
occur, as LET goes up (for LET > 100 keV/um), RIF linear
frequencies would not change significantly but each RIF would
be made of more DSBs, increasing the probability of complex
chromosomal rearrangements. In agreement with this theoretical
argument, high-resolution imaging of high-LET tracks in combi-
nation with Monte Carlo simulation have suggested recently the
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presence of multiple DSBs within one single RIF (26). Similarly,
a recent theoretical follow-up study taking into account the track
structure of high-energy ions and the supercoiled topography
of DNA confirmed that multiple DSB can be contained within
one single RIF (27). Finally, we previously showed that spatial
RIF distribution along high-LET tracks implied relocalization
of DSBs rapidly post-IR (2), and an independent study reached
the same conclusion as 53BP1 RIF pattern along tracks differed
significantly from theoretical expectations assuming a simple
model of homogenous chromatin distribution (28). Whereas our
data bring additional evidence of the existence of repair centers
in human cells, the mechanisms by which such clustering take
place remain entirely unknown at this point: Are DSB clusters
the result of random coalescence induced by DNA damage bind-
ing complexes (19) or is there an active transport of DSB toward
preexisting repair centers?

RIF Resolution Kinetics Reflect both Break Complexity and Break
Density. If we were to accept the classic definition that a complex
DSB is made by at least three single-strand breaks within 10 base
pairs (29), then it is estimated that 20 to 30% of DSBs are
complex after exposure to low-LET radiations. In contrast, 70%
of the damage induced by the ion used in this work is complex
(30). The resolution kinetics constants reported here show large
difference of resolution kinetics between these two radiation
qualities, with half-lives for RIF resolution as fast as 1.4 h after
0.1 Gy of X-rays and as slow as 10 h after high-LET for an es-
timated local dose of 26 Gy along Fe ions tracks. In comparison,
using PFGE after higher doses of X-ray (>10 Gy), the fast
repair half-life associated with simple DSB is approximately
5-30 min and the slow repair half-life is approximately 4-10 h
(31, 32). Therefore, even though RIF resolution does not only
reflect DSB repair, but delays due to the clearing of 53BP1 after
repair (33, 34), IR-induced DSB repair kinetics correlate well
with RIF disappearance. Classically, the different DSB repair ki-
netics between different LET has been interpreted as additional
delays for repairing complex DSBs. However, our work suggests
that using the same LET, local dose effects alone can affect re-
solution kinetics: There is a 4-fold increase in RIF resolution half-
lives between 0.1 and 2 Gy of X-rays (5.7 h at 2 Gy). Therefore,
we conclude that slower DSB repair kinetics may not only reflect
the presence of complex breaks, but also the presence of multiple
DSB within one repair center, leading to a repair machinery hav-
ing difficulty handling multiple ends of DNA strands in the same
location.

High RIF Yield at Low Dose for MCF10A. Under normal conditions,
we detect many more RIF than expected in MCF10A after 0.1 Gy
(64 RIF/Gy detected vs 35 RIF/Gy expected), especially in live
cell imaging (73 RIF/Gy). Note that this leads to f value less than
1. This effect seems to be cell dependent: similar but more mod-
est yields were observed for live imaging of fibrosarcoma cells
HT1080 with 49 RIF/Gy and 40 RIF/Gy following 0.05 and
0.1 Gy, respectively; and 30 RIF/Gy following 0.1 Gy in fixed
normal human skin HCAZ2. In addition, we have not confirmed
that the increase of RIF yield at low dose correlates with other
surrogate markers of DNA damage such as chromosomal aberra-
tions or micronuclei.

We also show here that ATM inhibition result in 3-fold reduc-
tion of a after 0.1 Gy of X-rays with a yield of 25 RIF/Gy,
whereas no significant reduction of a is observed after 2 Gy with
a yield of 12 RIF/Gy comparable to 15 RIF/Gy under normal
conditions. This suggests that the higher RIF yield at low-dose
IR is ATM dependent. Because IR can induce heterochromatin
decondensation in Drosophila cells (35) or in mammalian cells
(36), one could thus hypothesize that low doses of IR induce a
global but subtle chromatin reorganization, which could lead
to increase foci that may not necessarily relate to more DNA da-
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mage. In agreement with this hypothesis, ATM has been shown to
autophosphorylate and consequently phosphorylate H2AX when
nuclear volumes are dilated by using hypotonic media (37). Simi-
larly, it has been shown that hypotonic conditions alone are
sufficient to induce binding of 53BP1 to chromatin (38).

Impact of Results for Regulating Risk of IR on Human Populations. The
current literature has assumed the linear-no-threshold hypothesis
(LNT), which implies that any amounts of IR are harmful. LNT
is used to set dose limits for radiation occupational workers or
the general public. The LNT is based mainly on data from the
Japanese atomic bomb survivors and secondarily on arguments
involving the dose-response of surrogate endpoints. Gene muta-
tions are thought to be the initiating events of cancer and they can
occur via misrejoining of two DNA DSBs or via point mutation.
Physical laws lead us to believe DSB frequencies are proportional
to dose. Therefore, it is well accepted that point mutations are
linear with dose because it requires only one DSB, whereas DSB
misrejoinings are dependent to the dose squared (39). In the dose
range of radiation cancer epidemiology, the quadratic term is
almost always negligible, especially at low dose rates, as the first
lesion is probably repaired before the second mutation occurs
(40). However, the amount of DSB clustering at 1 Gy suggests a
much higher quadratic term for DSB misrejoining than expected.
Therefore, extrapolating risk linearly from high dose as done with
the LNT could lead to overestimation of cancer risk at low doses.

Materials and Methods

Cell Culture. Nonmalignant human mammary epithelial cells (MCF10A,
purchased from ATCC) were grown on 8-well Lab-Tek chambered cover-
glass (Nalge Nunc International) or on 48-spot functionalized glass slides
(AmpliGrid, Beckman Coulter GmbH). The cells were grown until they formed
a monolayer (approximately 85% confluent) prior to irradiation. See
SI Materials and Methods and Fig. S7 for full details.

Irradiation and ATM Inhibition. The cells were fixed for immunofluorescence
at specific intervals after exposure to X-rays. We typically refer to “low dose”
or “high dose"” as doses below or equal to 0.1 Gy or larger than 1 Gy, respec-
tively. For high-LET IR, cells were irradiated at the accelerator beam line
of the National Aeronautics and Space Administration Space Research
Laboratory at Brookhaven National Laboratory. ATM activity was inhibited
by incubating cells with 10 uM of ATM specific inhibitor KU55933 (Calbio-
chem) from 1 h pre-IR until cells were fixed, as previously described (41).

Immunostaining and Imaging. We are only briefly describing these procedures.
For complete information, see S/ Materials and Methods. Immunostaining
using anti-53BP1 (rabbit polyclonal, Bethyl Laboratories A300-272A) was
performed according to previous staining protocol (1). For image acquisition,
both live and fixed MCF10A were imaged using a Zeiss plan-apochromat 40X
dry objective (N.A. of 0.95) at a fixed exposure time. Nondeconvolved 3D
stacks were acquired and used for image analysis (10 slices of 0.5-um steps
for fixed cells and 3 slices of 1-um step for live cells). All image manipulations,
foci analysis, and statistics were done with Matlab (MathWorks, Inc.) and DIP-
image (image processing toolbox for Matlab, Delft University of Technology).
In contrast to previous intensity-based methods for RIF identification (42),
we used a pattern recognition approach to detect RIF by applying a wavelet
morphological filter to enhance RIF peaks in the image while reducing noise
from nonspecific signals (43). Nuclear space occupied by RIF was identified by
applying a constant threshold on the wavelet filtered image, and watershed
algorithm was used to separate touching RIF. To test if focus size could affect
the accuracy of automatic RIF detection, we applied the software on simu-
lated data where foci sizes and densities had different values (i.e., 1 to
40 foci/nucleus were simulated with four distinct sizes: 0.1, 0.4, 1.3, and
2.4 um3; Fig. S8). We concluded that foci overlap at the highest foci density
(40 foci/nucleus) would be negligible in real data and therefore would not
impact RIF counts. Finally, in order to extract the number of “real” RIF from
the number of background foci in each scored nucleus, we introduced a
background subtraction method that assumes the measured RIF distribution
is the result of a convolution between the “real” RIF distribution and the
background foci distribution (Fig. S9). For quantification of RIF in live cells,
we counted both the cumulative and instantaneous number of RIF manually
in 3D time-lapse images. Time interval varied between experiments and
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was generally set to 10-min interval for the first hour, followed by 30-min
interval afterwards. This setting was optimum to minimize phototoxicity
and specimen bleaching. Because of the difficulty of software to track indi-
vidual foci in successive time lapse, analysis had to be done manually in a
blind manner on processed images.

Mathematical Model of DSB Detection and RIF Formation. In order to interpret
RIF kinetics in an unbiased manner, we introduce a simple mathematical
model describing RIF formation where one DSB is detected at a rate k;
leading to one RIF, and one RIF is resolved after repair at a rate k,, assuming
both processes are irreversible. This model can be noted as followed:
DSBﬁRIFgRIF,emNed. Let Co and C; be the average number of DSB and RIF
per nucleus at time t, respectively. This kinetic model translates then into
the following set of differential equations:

{ddc;o =-k,Cy ¢ (0):0{ Co(t) = aD.e k! "
% = kICO —k2C| C] (t) = %(e_klt _ e‘kl’)

where « is the number of naked DSB/Gy before formation of RIF and D is the
dose delivered to the cell. a should be constant for all doses. Further details
are provided in S/ Materials and Methods regarding the way Eq. 1 is fitted.
Note that one could modify the kinetic model presented here to separate
rapid repair of simple lesions and slow repair of complex lesions as it has been
previously suggested from PFGE DSB kinetics (31, 32). This would, however,
lead to an additional kinetic constant, which would result in multiple
solutions for the same fit. We therefore opted for a mathematical model that
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can be resolved with less ambiguity, using only one rate for induction and
one rate for resolution.

Cy(t) in Eg. 1 can be used to fit the number of RIF at a given time (static
measure). However, one can also measure using time-lapse imaging the total
number of RIF that have been produced since t = 0 (cumulated measure).
This can be described mathematically as

C.(t) = aD(1 —e7™1), [2]

Eq. 2 is derived simply by setting k, = 0 and using the same formalism as
in Eq. 1.

Note that the corresponding half-life for k; and k; (i.e., t;,5, = In(2)/k)
are reported in the text. t; 5,1 represents the time it takes for half of all DSBs
to be detected as RIF. t;;,, represents the time it takes for half of the total
number of RIF to be resolved.
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