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53BP1 Repair Kinetics for Prediction of In Vivo Radiation Susceptibility in
15 Mouse Strains

Eloise Pariset,*” Sébastien Penninckx,* Charlotte Degorre Kerbaul,® Elodie Guiet,” Alejandra Lopez Macha, Egle
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Pariset, E., Penninckx, S., Degorre Kerbaul, C., Guiet, E.,
Lopez Macha, A., Cekanaviciute, E., Snijders, A. M., Mao, J-
H., Paris, F. and Costes, S. V. 53BP1 Repair Kinetics for
Prediction of In Vivo Radiation Susceptibility in 15 Mouse

Strains. Radiat. Res. 194, 485-499 (2020).

We present a novel mathematical formalism to predict the
kinetics of DNA damage repair after exposure to both low-
and high-LET radiation (X rays; 350 MeV/n “Ar; 600 MeV/n
5Fe). Our method is based on monitoring DNA damage
repair protein 53BP1 that forms radiation-induced foci (RIF)
at locations of DNA double-strand breaks (DSB) in the
nucleus and comparing its expression in primary skin
fibroblasts isolated from 15 mice strains. We previously
reported strong evidence for clustering of nearby DSB into
single repair units as opposed to the classic “contact-first”
model where DSB are considered immobile. Here we apply
this clustering model to evaluate the number of remaining
RIF over time. We also show that the newly introduced
kinetic metrics can be used as surrogate biomarkers for in
vivo radiation toxicity, with potential applications in radio-
therapy and human space exploration. In particular, we
observed an association between the characteristic time
constant of RIF repair measured in vitro and survival levels
of immune cells collected from irradiated mice. Moreover, the
speed of DNA damage repair correlated not only with
radiation-induced cellular survival in vivo, but also with
spontaneous cancer incidence data collected from the Mouse
Tumor Biology database, suggesting a relationship between
the efficiency of DSB repair after irradiation and cancer

risk. © 2020 by Radiation Research Society

INTRODUCTION

Identifying biomarkers for individual responses to space
radiation exposure is a high priority for upcoming lunar and
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Mars missions and could enable preventative actions and
countermeasures to avoid radiation-induced risks. Due to
their extreme penetrability and high potential for DNA
damage and cancer incidence (/-3), galactic cosmic rays
(GCRs) are the most harmful component of cosmic
radiation to which astronauts will be exposed during
deep-space exploration missions. It is estimated that
missions on lunar and Mars orbit and surface could induce
up to 10-fold higher exposure rates to GCRs compared to
missions on the International Space Station (ISS) (4). GCRs
are intense ionizing radiation emitted from outside of our
solar system and composed of 90% protons, 9% helium ions
and 1% high-charge and high-energy (HZE) heavy ions,
such as *°Fe, %0, #Si, “*Ti and “°Ar (5).

The health effect of GCRs is particularly difficult to
anticipate as their linear energy transfer (LET) is orders of
magnitude higher than any type of radiation on Earth, and
they induce non-targeted effects in surrounding unexposed
cells, in addition to direct damage in cells traversed by
particles. Both low- and high-LET radiation have demon-
strated acute and chronic pathophysiology, primarily
through DNA damage (6) and oxidative stress (7). In
addition to increased cancer risk, exposure to simulated
space radiation in animal models has been associated with
immune dysfunction (8), central nervous system damage
and cognitive deficits (9), cardiovascular defects (/0) as
well as bone and muscle impairments (/ /). Thus, to prepare
for prolonged deep space exploration it is essential to
understand the mechanisms behind ionizing radiation-
induced systemic health impairments and to identify
biomarkers of radiation responses.

We have previously proposed that the higher relative
biological effectiveness (RBE) of HZE particles is due to
the unique spatial distribution of the double-strand breaks
(DSB) generated along HZE tracks and the active clustering
of DSB into single repair domains (/2). Previously
published results from our group showed that the increased
spatial proximity of DSB is responsible for hypersensitivity
to high LET due to the higher probability for DSB misrepair
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in locations of clustered DSB (/3-15). Our DSB coales-
cence model was confirmed in fibroblast cultures exposed
to X rays and HZE particles, isolated from 15 different
mouse strains with a panel of 10 Collaborative Cross (CC)
mice chosen for their genetic independence (/6, /7) and
five reference strains (C57BL/6J, BALB/cByJ, B6C3F1/J,
C3H/HeMsNrsf and CBA/Cal) that have already been
widely characterized for various radiation phenotypes (/8).
In the latter work, we characterized the dose and LET
dependence of the recruitment of the DNA damage sensing
protein 53BP1, localized at DSB sites to form radiation-
induced foci (RIF). Many other DSB markers can be used,
such as phosphorylated H2AX (/9, 20). Previously
published studies have emphasized the effect of the cell
cycle and the type of fluorescence microscopy implemented
for DSB detection, and our group in particular demonstrated
the influence of the microscope modality, dose and LET on
the size and frequency of detected radiation-induced foci
(21). For these reasons, the work presented here focuses on
53BPI1, which is a particularly robust DSB marker with
consistent expression across species and the entire cell
cycle, unlike other markers typically showing high foci
background in S phase (22). To collect strong statistics, we
also deliberately chose to reduce the microscope resolution
to be able to screen millions of skin fibroblast cells in a
timely manner by three-dimensional (3D) high-throughput
conventional microscopy. Our results showed that multiple
DSB can cluster into single RIF as a function of DSB
proximity and that DSB clustering is modulated by the local
dose in the nucleus that depends both on the total dose and
the LET of the particle considered. All 15 mouse strains
showed the same dose and LET dependence of DSB
clustering into RIF, but strain differences were preserved
under various experimental conditions, suggesting that the
number and sizes of repair domains were at least partially

modulated by the genetics of each strain.

Here we extend this study to model not only the
amount of persistent DNA damage at a given time point
postirradiation, but also the evolution of DSB repair over
time. We use the kinetics of resolution of 53BP1* RIF as
a surrogate biomarker for the kinetics of reparation of
DNA damage. We introduce novel kinetic metrics to
quantify the efficiency of DSB repair in response to X
rays and HZE particles for all 15 mouse strains. We also
demonstrate significant correlations between the newly
introduced kinetic coefficients and the survival rate of
immune cells isolated from 10 irradiated mouse strains,
as well as the spontaneous incidence for 27 cancer types
in a selection of four different mouse strains. To our
knowledge, this study provides one of the most extensive
analyses of DNA damage response, covering a large
cohort of different mouse strains for both low- and high-
LET radiation, and linking in vivo sensitivity data to DSB
repair kinetic phenotype to assess the relevance of such

markers.
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MATERIALS AND METHODS
Isolation of Primary Fibroblasts from Mouse Ears

The complete cell isolation protocol has been described elsewhere
by our group (/8). Briefly, mouse ears were collected from a total of
76 animals (Jackson Laboratory, Bar Harbor, ME) with 15 different
strains (10 CC strains: CC002, CCO11, CCO13, CCO019, CCO032,
CC037, CC040, CC042, CCO51, CCO61; and 5 reference strains:
C57BL/6], BALB/cByJ, B6C3F1/J, C3H/HeMsNrsf, CBA/Cal) and
an average of 3 males and 3 females per strain. Male and female mice,
10-12 weeks old, were euthanized according to IACUC guidelines
[Lawrence Berkeley National Laboratory (LBNL; Berkeley, CA);
protocol file no. 306002]. Fibroblasts were isolated from mouse ears
and cultured at 37°C, 5% CO,, 3% O, in minimum essential medium
(MEM) supplemented with 10% v:v fetal bovine serum and 1% v:v
penicillin/streptomycin (Gibco®/Thermo Fisher Scientific™ Inc.,
Waltham, MA). At passage 3, fibroblasts were collected in freezing
media (90% FBS, 10% DMSO) at 10° cells/ml and stored in liquid
nitrogen.

In Vitro Irradiation

As described elsewhere (/8), irradiations with 350 MeV/n “°Ar (104
keV/um LET) and 600 MeV/n *°Fe (170 keV/um LET) were
performed at Brookhaven National Laboratory (BNL; Upton, NY),
while X-ray irradiation was performed at Lawrence Berkeley National
Laboratory (LBNL) using the 160-kVp Faxitron® X-ray machine
(Lincolnshire, IL). In addition to the nonirradiated control, we studied
two irradiation fluences for high-LET irradiation (1.1 and 3 particles/
100 um?, which correspond to doses of 0.18 and 0.50 Gy for “’Ar, and
0.30 and 0.82 Gy for *°Fe, respectively) and three X-ray doses (0.1, 1
and 4 Gy). The dose rate was 1 Gy/min for all conditions. Each
condition was duplicated.

Fibroblasts were seeded at 10* cells/well in 96-well plates (IBIDI,
Planegg, Germany) and incubated at 37°C, 5% CO, and 3% O, for 4
days before irradiation. Media was replaced at 2 h prior to irradiation.
After irradiation, fibroblasts were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) at 4, 24 and 48 h
postirradiation (with an additional time point at 8 h for high-LET
irradiation). Plates were sealed and stored at 4°C until imaging.

Immunostaining and Imaging

Detailed protocols can be found in our previously published work
elsewhere (/3, 18, 21). Briefly, fibroblasts were permeabilized with
0.1% Triton™ X (Sigma-Aldrich® LLC, St. Louis, MO) for 20 min
and blocked with 3% bovine serum albumin (BSA; Thermo Fisher
Scientific) for 60 min. Then, fibroblasts were incubated with rabbit
polyclonal anti-53BP1 primary antibody (Bethyl Laboratories Inc.,
Montgomery, TX) at 1:400 in 3% BSA for 60 min, followed by
incubation with Alexa 488 goat anti-rabbit secondary antibody
(Thermo Fisher Scientific) at 1:400 in 3% BSA for 60 min. Nuclei
were stained with DAPI (Thermo Fisher Scientific) at 1:1,000 in
phosphate buffered saline (PBS) for 10 min. Plates were washed twice
in 0.1% Tween® 20 (Sigma-Aldrich) between all incubations. The full
protocol was performed at room temperature using a programmed
liquid handler (MultiFlo™ FX, BioTek® Instruments Inc., Winooksi,
VT).

After staining, a target number of 800 cells per well (/3) was
imaged using a high-throughput semi-automated microscope devel-
oped in-house by our group and the number of foci per nucleus was
quantified using an automated algorithm with a wavelet morphological
filter, intensity threshold-based sorting, background subtraction and
watershed algorithm (/8). Statistical analyses were performed using R
packages: ggplot2 package (23) for least-square fits; nlme package
(24) for Gaussian mixed-effects model fits; and corrplot package (25)
for correlation plots.
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FIG. 1. Time dependence of average number of foci per cell in response to 0, 1.1 and 3 particles/100 pm? of
350 MeV/n *°Ar and 600 MeV/n *°Fe, and 0, 0.1, 1 and 4 Gy of X rays. The solid lines indicate the average
across 15 mouse strains for each of the four time points after “°’Ar and *Fe irradiation (at 4, 8, 24 and 48h
postirradiation) and for each of the four time points after X-ray irradiation (at 4, 24 and 48 h postirradiation). The
shaded areas indicate the experimental standard deviation to the mean of average number of foci per cell.
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In Vivo Irradiation

The protocol for in vivo irradiation was approved by the Animal
Welfare and Research Committee of LBNL (protocol file no. 271004),
and described elsewhere (26). Collaborative Cross mice were obtained
from the University of North Carolina at Chapel Hill. Mice were
weaned at 21 days and breeding was initiated after eight weeks of
acclimatization at LBNL. At 12 weeks of age, mice received sham
irradiation, or a single acute 0.1 Gy X-ray dose using a Pantak 320
kVp X-ray machine (East Haven, CT), operated at 300 kV and 2 mA
with a dose rate of 0.185 Gy/min.

Genotyping

DNA extraction was performed using QIAGEN® AllPrep DNA/
RNA mini kit (Valencia, CA). Concentration and purity of extracted
DNA were assessed from the 260 nm/280 nm and 260 nm/230 nm
ratios using a NanoDrop 2000 UV-vis spectrophotometer (Thermo
Fischer Scientific). A minimum concentration of 20 ng/ul DNA per
sample was shipped to GeneSeek® (Neogen® Genomics Inc., Lincoln,
NE) for single-nucleotide polymorphism (SNP) analysis using the
MegaMouse Universal Genotyping Array (MegaMUGA) platform.
MUGA was developed on Illumina Infinium platform in cooperation
with Neogen Genomics, Inc. and contains 7851 SNP markers spaced
uniformly by approximately ~325 kb across the mouse reference
genome. The SNP positions refer to the mouse reference library
GRCm38/mm10.

RESULTS

Comparison of DSB Repair Kinetics in Response to
Different LETs and Doses across 15 Mouse Strains

To analyze the kinetics of DSB formation and repair, we
irradiated non-immortalized mouse primary skin fibroblasts
isolated from 76 animals across 15 different strains (10 CC
strains: CC002, CCO11, CCO013, CC019, CC032, CC037,
CC040, CC042, CCO51, CCO061; and 5 reference strains:
C57BL/6J, BALB/cByJ, B6C3F1/J, C3H/HeMsNrsf, CBA/
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Cal) using two different fluences (1.1 and 3 particles/100
um?) of 350 MeV/n “°Ar (104 keV/um) and 600 MeV/n *°Fe
(170 keV/um), and three different doses (0.1, 1 and 4 Gy) of
160 kVp X rays, in addition to the nonirradiated controls.
We quantified the number of 53BP1* foci per cell for all 15
mouse strain fibroblasts at 4, 24 and 48 h postirradiation,
and an additional time point at 8 h for *°Ar and *‘Fe
particles. Figure 1 represents the average number of foci/cell
over time for all 15 strains at the three fluences of **Ar and
*Fe and at the four doses of X rays.

Even with no exposure to radiation, we observed a
background average level of foci/cell, showing that
spontaneous foci are constantly formed in the cells. At
early time points, the background level of foci was higher
for *°Ar background, with 1.11 foci/cell on average across
strains at 4 h compared to 0.28 foci/cell and 0.20 foci/cell
for *°Fe and X rays, respectively (Fig. 1). This discrepancy
may have occurred because “°Ar cells were irradiated earlier
than *°Fe and X-ray cells after plating and could have been
cycling, leading to significantly higher background DNA
damage and repair, as previously reported elsewhere (22,
27).

At later time points, the background level of foci becomes
well conserved across strains independent of plating
conditions as the confluence reaches 100%. In agreement
with our previously published studies (/8), we observed that
some mouse strains, such as CC032, CCO11 and CC002,
consistently show higher background foci relative to other
strains (Fig. 1), suggesting genetic associations with the
baseline clustering of spontaneous DSB. Another charac-
teristic of each strain is the residual amount of DNA damage
at 48 h postirradiation. While 0.1 and 1 Gy X-ray doses did
not lead to persistent damage at 48 h postirradiation, *°Ar
and *°Fe irradiation induced persistent damage in some
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strains at 1.1 particles/100 pm? (equivalent to 0.18 Gy for
“Ar and 0.30 Gy for *Fe) and in all strains at 3 particles/
100 um? (equivalent to 0.50 Gy for *°Ar and 0.82 Gy for
*Fe) (Fig. 1). This suggests that persistent RIF are induced
by the higher complexity of DNA damage after high-LET
irradiation compared to X-ray irradiation at equivalent
doses. Note that at 24 and 48 h after a much higher dose of 4
Gy X rays, high levels of residual RIF are also observed for
all strains. However, RIF levels at such high doses are also
reflecting other processes in addition to the difficulty in
repairing DSB, with cell death and abnormal mitosis being a
significant confounding factor (28).

Using the Metric of RIF Number/Track Length in HZE-
Irradiated Cells for Comparing Radiation Repair Kinetics
between Mouse Strains

To compare the repair kinetics between strains, all RIF/
cell values were background corrected by subtracting the
baseline level of foci with no irradiation. For example, Fig.
2A represents the evolution of the corrected RIF numbers
over time for the strain C3H/HeMsNrsf at each of the three
X-ray doses. Background foci number was estimated using
a linear fit with least-square fits method (R statistics
package, see Materials and Methods) over the full data
separately for each strain, time point and irradiation type,
which provides stronger statistical power to the background
correction as opposed to simply averaging the number of
RIF/cell at 0 Gy. The RIF number at 4 h after 4 Gy X-ray
irradiation was excluded from this linear fit because of its
non-linear dependence due to DSB clustering, as reported
elsewhere previously (/8). As an example, C3H/HeMsNrsf
shows a saturation of the dose response between 1 and 4 Gy
that is twice as large as the saturation between 0.1 and 1 Gy
of X rays (Fig. 2A). Indeed, there is a 7.2-fold increase in
the number of RIF/cell at 4 h postirradiation for a 10-fold
increase in radiation dose between 0.1 and 1 Gy X rays,
while there is only a 1.7-fold increase of RIF/cell for a 4-
fold increase in dose between 1 and 4 Gy X rays.

To compare the outcomes of different HZE irradiation
qualities, we have applied another metric that was
previously introduced by our group: the average number
of RIF per unit length of track traversed by the particle (/2).
The number of RIF/um is obtained by normalizing the
background-corrected number of RIF/cell by the fluence of
the irradiation and the average volume of the irradiated cells

(/8). This RIF/um metric is particularly beneficial for
comparing the differences between strains over time and
between LETs. An example of the kinetics of RIF/um is
represented for the strain C3H/HeMsNrsf (Fig. 2B) and
shows comparable normalization across fluences for both
“°Ar and °Fe irradiation. No saturation was induced by HZE
particles: a 1.6-fold increase on average for the number of
RIF/um at 4 h postirradiation between “°Ar and >°Fe
irradiation corresponds exactly to the ratio of their
respective LETs [170 keV/um (°°Fe)/104 keV/um (*°Ar)].
Notably, no significant difference was observed between
males and females in terms of DNA damage response for
any of the radiation qualities.

Introducing an Exponential Decay Model of DSB Repair
Kinetics

We next modeled the kinetics of DSB repair over time
after irradiation using a new model of exponential decay
function, with an intercept forced to be proportional to the
LET for HZE irradiation and the dose for X rays:

RIF /um(1) = Ot/CI.LET(p.exp(*%) +(1- p)), (1)

RIF /cell(t) = B/Cl.dose.(p.exp(%) +(1— p)), (2)

with T being the repair time constant and p the repaired
fraction of DSB. o and [ represent the number of DSB
generated at time O per unit HZE LET and X-ray dose,
respectively. C, is the number of DSB per RIF, which
reflects the amount of clustering at a given dose and LET,
depending on the species and cell type. Thus, in our model
the factor (o/C))*LET is the maximum number of RIF at
time O (RIF,.,), which is higher for strains showing less
DSB clustering into RIF. In other words, higher RIF,,,
should lead to quicker resolution of the RIF as there are less
DSB on average per RIF to repair and probably a less
complex repair process.

For HZE irradiation, the parameter RIF,,,, was obtained
for each strain by fitting the repair kinetics of both **Ar and
*Fe irradiation simultaneously, as the parameters in Eq. (1)
should be the same for any LET. The kinetics coefficients p
and t were then determined for each strain separately for
“Ar and *°Fe irradiation using a least-square fits method
(Fig. 3A). Table 1A shows the Pearson correlation
coefficients (with highlighted statistically significant corre-

FIG. 2. Time dependence of the normalized number of RIF/cell for the C3H/HeMsNrsf strain in response to
(panel A) 0.1, 1 and 4 Gy of X rays, and (panel B) 350 MeV/n “’Ar and 600 MeV/n *Fe. For X rays, the average
number of RIF/cell was corrected to the background level of foci without irradiation (RIF/cell-Bgd). For HZE
particles, the corrected number of RIF/cell was normalized by the irradiation fluence and the cell volume (RIF/
cell - Bgd)/(fluence*volume). Each symbol represents an animal and a duplicate (round symbols for females,
triangles for males). The lines indicate mean values across all animals at a given time point, dose and radiation
quality. At 4 h postirradiation, we report a 7.2-times fold difference between the average levels of normalized
RIF/cell at 0.1 Gy vs. 1 Gy X-ray irradiation, 1.7-times fold difference between 1 Gy and 4 Gy X-ray irradiation,
and 1.6-times difference between “°Ar and *°Fe irradiation.
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TABLE 1
Pearson’s Coefficients for Correlations between Kinetic Coefficients of the Proposed Model for 15 Mouse Strains
Irradiated with HZE Particles (A) or X Rays (B)

A. HZE particles

RIF, .« T (*°Ar) T (*°Fe) p (*°Ar) p (°Fe)
RIF, .« 1 -0.52 -0.76 0.49 0.10
T (“°Ar) 1 0.56 0.13 0.18
T (*°Fe) 1 -0.59 -0.31
p (*°Ar) 1 0.54
p ("Fe) 1
B. X rays
7 (0.1 Gy) T (1 Gy) T (4 Gy) p (4 Gy)
7 (0.1 Gy) 1 -0.24 -0.08 -0.04
T (1 Gy) 1 -0.26 -0.06
T (4 Gy) 1 -0.75
p (4 Gy) 1

Note. Significance is highlighted for P < 0.05, which corresponds to Pearson’s coefficients > 0.52 in absolute value for 15 pairs of
measurements. Significant negative and positive correlations are indicated in bold face.

lations) for fitted HZE kinetics coefficients compared across
all 15 mouse strains. Correlations were considered signif-
icant for P values < 0.05, which corresponds to Pearson’s
coefficients > 0.52 in absolute value for 15 pairs of
measurements.

We observed a strong correlation across HZE radiation
types both for the repair time constant t and for the repaired
fraction p. However, the values of t and p appear to be
independent of each other, even for the same radiation type,
which indicates that the duration of repair does not
determine the final efficiency of repair. In addition, we
demonstrate that the parameter RIF,,, is anti-correlated with
7, which confirms our hypothesis that the higher RIF,,,,, the
less DSB per cluster, the easier the repair and thus the
shorter the repair time.

Regarding X-ray irradiation, our group has previously
shown a linear dependence of the number of 53BP1* RIF
with dose below 0.1 Gy (/3). This result suggests no DSB
clustering, and thus a clustering factor C, set to 1 for 0.1 Gy
X ray irradiation. In addition, the number of DSB/Gy of
low-LET irradiation [f in Eq. (2)] is predicted to be constant
within the same animal species and cell types, and directly
proportional to the total amount of DNA in the cells. This
value is typically found to be between 25 and 35 DSB/Gy in
G, (12, 22). However, the number of DSB/Gy that are
experimentally detected also reflects the resolution of the
imaging system being used, and in our case, using high-
throughput 3D conventional images, we expect our
detection to be significantly lower than the actual value of
DSB/Gy.

We determined our DSB/Gy resolution by applying a
least-square fit on the parameter 3 using Eq. (2) for each
strain at 0.1 Gy X-ray irradiation, which does not induce
any clustering, and found values for B ranging from 7.0 to
12.8 DSB/Gy. Since the same imaging system was used for
all mouse strains, and since the number of radiation-induced
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breaks per Gy only depends on the genome size (29), we
forced the B parameter to be equal to the maximum fitted
value, i.e., 12.8 DSB/Gy across all strains. Repeating the fit
for all strains using the same 3 parameter we observed that
the repaired fraction p was found to be 0.99 for most strains,
leading to a simplified kinetic model for RIF repair after 0.1
Gy X-ray irradiation (Fig. 3B):

RIF [cell(t) = 1.28 exp(fﬁ). (3)

For all other X-ray doses (1 and 4 Gy), the B parameter was
also set to 12.8 DSB/Gy. Because the X-ray data only had
three time points, the usage of the complete Eq. (2) was not
possible to find all parameters. Thus, approximations were
made on the parameter p to fit the data, as described below.

First, at 1 Gy X-ray irradiation, we performed an initial
evaluation of the parameter p assuming a constant clustering
factor equal to 1. Again, all strains fitted best with no
residual damage (p = 1), which is in accordance with the
kinetic evolution of the RIF number represented for all
strains in Fig. 1. Since clustering is known to occur at 1 Gy
X-ray irradiation (/3), the only parameter we had to fit for 1
Gy was the clustering factor, using the following simplified
equation (Fig. 3B):

RIF Jcell(t) = B exp(-9). (4)

Parameter approximation was more difficult for 4 Gy X
rays, for which there is a residual damage at 48 h
postirradiation, with a repaired fraction p dependent on
the strain (Fig. 1). In addition, we expect a strain-specific
clustering factor C, to be involved at this dose. Thus, the
model has three unknown coefficients: C,, T and p, but only
three time points, leading to a lack of convergence for the
fit. To set one parameter, the model assumes the residual
damage to be proportional to the remaining RIF level at 48
h. Testing the fit for a range of proportionality factors, we
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concluded that a residual damage equal to a factor of 70% of
the remaining RIF/cell at 48 h after 4 Gy X-ray irradiation
led to satisfactory fits using the simplified equation (Fig.
3B):

RIF(1) = o.exp(™) + 0.7 RIF(t = 48h),  (5)

from which we extract the coefficients p and C;:

o

T 0.8+ RIF(r = 48h) +
B dose

T 0.8 «RIF(t = 48h) + o’

p and C;

(6)

While the parameters T were shown to correlate between
“Ar and °°Fe irradiation (Table 1A), there was no
correlation between the values of 1T obtained for 0.1, 1
and 4 Gy X-ray irradiation (Table 1B). This is not surprising
regarding the variability of DNA and cellular damage
induced by these three different doses: low-dose responses
without DSB clustering at 0.1 Gy (30), high-dose responses
with DSB clustering at 1 Gy (3/) and the same high-dose
responses with DSB clustering in addition to cell death at 4
Gy (28), each inducing a different mechanism of repair,
associated to a different repair kinetics. While the repaired
fraction was shown to be close to 1 experimentally for all
strains at 0.1 and 1 Gy X-ray irradiation, the parameter p
strongly anti-correlated with T at 4 Gy (Table 1B). Thus, we
observed that the efficiency of DSB repair after X-ray
irradiation is positively correlated with faster repair kinetics,
which is different from responses to HZE radiation, in
which t and p are not correlated.

Classifying 15 Mouse Strains Based on Their DSB Repair
Kinetics

We define four classes of kinetic behavior of DSB repairs
based on the two introduced kinetic parameters: the speed of
repair, characterized by the time constant of repair t (higher
T representing slower repair), and the completeness of
repair, characterized by the repaired fraction p (higher p
modeling more complete repair). Figure 4 classifies all 15
mouse strains used in this study based on their p and t
coefficients for exposure to HZE radiation (Fig. 4A) and X
rays (Fig. 4B). In both cases, most strains fall into one of the
two categories: either slow and incomplete repair (high T,
low p) or fast and complete repair (low 1, high p). The
different classes of responses are illustrated for *°Fe
irradiation with a fast and complete repair for CC051 mice
(Fig. 5A), a slow and incomplete repair for CBA/CaJ mice

(Fig. 5B), and a slow and complete repair for CC019 mice
(Fig. 50).

Interestingly, most strains do not have the same behavior
after HZE versus X-ray irradiation (Table 2). They often
show a slow and incomplete repair after 4 Gy X-ray
irradiation, but a fast and complete repair after HZE
irradiation (CC002, CC013, CC032, CC061), or a fast and
complete repair after X-ray irradiation but a slow and
incomplete repair after HZE irradiation (B6C3F1/J, C57BL/
6J, CBA/CalJ, CC037). A potential explanation for the
difference between X-ray- and HZE-induced DNA damage
repair kinetics is the type of pathway involved. While
growing evidence indicates that DSB repair in response to
low-LET irradiation involves the non-homologous end-
joining (NHEJ) pathway (32), the complexity of high-LET-
induced DNA damage requires other mechanisms, possibly
involving homologous recombination (HR) pathways (33—
35). Thus, deficiency in genes involved in either homolo-
gous or non-homologous pathways can specifically affect
the efficiency and kinetics of repair for either X-ray- or
high-LET-induced DNA damage. For example, based on
the value for the repair efficiency coefficient p, BALB/cBylJ
mice were found to better repair DNA damage induced by
HZE particles compared to X rays (Fig. 4, Table 2). Indeed,
BALB/cByJ mice were reported to have reduced DNA-
PKecs expression, known to be involved in NHEJ pathways,
which could predispose them to abnormally detrimental
effects of low-LET irradiation (repaired by NHEJ) and
lower radiosensitivity to high-LET irradiation (repaired by
HR) (36).

Therefore, we collected transcriptomic data of genes
encoding for the HR pathway (Brcal, Rad51, Brca2 and
Ctip) and for the NHEJ pathway (Xrcc4, Ku70, DNA-PKcs,
XIf, Ku80 and Lig4) in C57BL/6J and C3H/HeMsNrsf mice
(37). According to our kinetic-based classification (Fig. 4,
Table 2), both C57BL/6J and C3H/HeMsNrsf mice were
shown to have slow repair with high residual damage after
high-LET irradiation. However, C57BL/6J mice demon-
strated faster and more efficient repair in response to X rays
compared to C3H/HeMsNrsf mice. Interestingly, the
number of transcripts per kilobase million (TPM) was
similar in both strains for genes encoding for the HR
pathway, with C57/C3H TPM fold change values of 0.81
for Brcal, 1.12 for Rbbp8, 1.22 for Brca2 and 1.26 for
Rad51. However, C57BL/6J mice showed higher expres-
sion levels of NHEJ-encoding genes compared to C3H/
HeMsNrsf mice, with C57/C3H TPM fold changes of 3 for
Xlf, 2.41 for Ku80, 2 for DNA-PKcs and 1.86 for Ku70.

FIG. 4. Classification of the 15 mouse strains based on their DNA damage repair kinetics. Quantification of
the repair time constant T and the repairable fraction p in all mouse strains in response to (panel A) HZE and
(panel B) X-ray irradiation. Mouse strains are classified into four groups depending on the speed (t) and the
efficiency (p) of repair. The three strains shown in Fig. 5 are labeled, and arrows indicate strains with particular
SNP expression for HR and NHEJ genes highlighted in Fig. 6.
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CcCco19

FIG. 5. Representative images of 53BP1* foci at 4 h and 24 h after 600 MeV/n *°Fe irradiation at 3 particles/
100 pm? and control images without irradiation at 24 h after plating for (panel A) CC051, (panel B) CBA/CaJ

and (panel C) CCO019. Scale bar = 50 pm.

This suggests an association of faster repair after low-LET
irradiation with more NHEJ pathway activation.

We further studied the genomic associations with kinetic
responses by genotyping each of the 15 mouse strains for
SNP analysis (using the MegaMUGA platform; see
Materials and Methods). Our entire genome-wide associa-
tion study includes several radiation-induced phenotypes,
such as the number of RIF per unit dose of radiation, and
will be published separately. Here we performed a brief
analysis focused on SNPs located in genes associated with
the HR and NHEJ pathways to identify any patterns that
may follow the kinetic-based classification of the 15 mouse

strains (Fig. 6). We have discovered that multiple SNPs for
Rad51b, which is a gene that has been shown to be involved
in the HR pathway (38), completely separated the strains
associated with slow repair kinetics (high t) and low repair
efficiency (low p) in response to HZE irradiation (C3H/
HeMsNrsf, CC037, CBA/CaJ, C57BL/6J, B6C3F1/J). On
the other hand, strains associated with fast and efficient
repair of HZE-induced damage but slow and incomplete
repair in response to X rays (CC002, CCO013, CCO061,
CC032) were found to have the same SNPs located in the
Nhejl gene (39). These results suggest that the kinetics of
DSB repair after low- and high-LET irradiation are at least

TABLE 2
Classification of the 15 Mouse Strains Based on Their Level of Repair Efficiency (Characterized by the Coefficient p)
and Repair Kinetics (Characterized by the Coefficient t) for HZE Particles and X Rays

Repair efficiency (p)

X rays low | X rays high | X rays low | X rays high |
HZE low HZE high HZE high HZE low
Repair X rays slow | HZE slow C3H CC040
kinetics X rays fast | HZE fast CCo11 CCO051
(1) X rays slow | HZE fast CC042 CC002, CCO013, CC032, CCo061
X rays fast | HZE slow CCO019 BALBC B6C3, C57, CBA, CC037

Downloaded From: https://bioone.org/journals/Radiation-Research on 27 Nov 2020
Terms of Use: https://bioone.org/terms-of-use



REPAIR KINETICS AND RADIATION SUSCEPTIBILITY

Vo

495

v v

Pathway _Gene Chromosome_Position (B38) [CC002 CC013 CC081 CC032 CC011JCC051 CC042 CCO19 BALBC CC040] C3H CC037 CBA _C57_B6C3
HR Rad51b 12 79313459 G G A A G A A A A G A A A A A
HR Rad51b 12 79330617 T T © T T © T € < T © € © © ©
HR Rad51b 12 79349660 T T G T G G T G G T G G G G G
HR Rad51b 12 79451711 T T C C C C C C C T C C C C C
HR Rad51b 12 79458713 G G G N G G H G H G H H H H H
HR Rad51b 12 79478161 A A G G A G G G G A G G G G G
HR Rad51b 12 79499820 C C T C C T C T T C T T T T T
HR Rad51b 12 79531445 T T C C T C C C C T C C C C C
HR Rad51b 12 79541295 A A A A A A A A C© A © € © © ©
HR Rad51b 12 79606634 C C T C T Cc C T T C T T T T T
HR Rad51b 12 79648026 T T T T T T T T G T G G G G G
HR Rad51b 12 79776108 T T T T © T T T © T © € © © ©
HR Rad51b 12 79782229 C C C C C C C C T C T T T T T
HR Rad51b 12 79789025 C C C C C C C C T C T T T T T
HR Rad51b 12 79811829 T T T T C T T T C T C C C C C
HR Rad51b 12 79827878 G G A G G G G A A G A A A A A
HR Rad51b 12 79845837 € © T T € T T T T © T T T T T
NHEJ Nhej1 1 74972645 © © € © T T © € - N T T T © H
NHEJ Nhejl 1 75012441 A A A H G G A A A G G G G A H
NHEJ Nhejl 1 75017060 A A A A A A A A A A A G G A A
NHEJ Nhej1 1 75040866 A A A A A A A A A A A G G A A
NHEJ Nhejl 1 75046214 A A A H A A A A A G A G G A A
NHEJ Nhejl 1 75053349 G G G G A A G G G G A A A G H

7 (all LET)

p (all LET)
1 (4 Gy X rays)
p (4 Gy X rays)

FIG. 6. List of SNPs located in the Rad51b gene, involved in the HR pathway, and in the Nhejl gene,
involved in the NHEJ pathway for the 15 mouse strains classified based on the repair time constant (t) and the
repaired fraction (p) after irradiation with high-LET particles or 4 Gy X rays. The color code was defined from
strains showing two extreme responses: Fast and efficient response to HZE particles and slow and incomplete
repair of X-ray-induced damage (CCO002); or slow and incomplete response to HZE particles and fast and
efficient repair of X-ray-induced damage (CBA/CalJ). Arrows match strains indicated in Fig. 4.

partially driven by the primary mechanism of DSB repair
(HR vs. NHEJ), which is in turn associated with the genetic
background of the mice.

Associations between In Vitro Measurements of DSB Repair
Kinetics and In Vivo Radiation Susceptibility Levels and
Spontaneous Cancer Incidence

We evaluated the relevance of our model for DNA
damage repair kinetics for predicting in vivo outcomes in
the same mouse strains. Two types of in vivo responses
were considered: the survival rate of B lymphocytes after
whole-body 0.1 Gy X-ray irradiation of 10 CC mouse
strains (CC002, CCO11, CCO013, CC019, CC032, CC037,
CC040, CC042, CCO51 and CCO061) acquired in a larger
study conducted at LBNL under the DOE low dose program
(see Acknowledgements), and previously published infor-
mation on the spontaneous incidence of 27 cancer types in
four reference mouse strains (B6C3F1/J, CBA/Cal, C57BL/
6] and BALB/cByJ) obtained from the Mouse Tumor
Biology (MTB) database (40).

As shown in Fig. 7A, cell death is triggered by the
unrepaired fraction of DNA damage, because unrepaired
DSB lead to cell death during mitosis. Meanwhile, cancer is
induced by misrepaired damage, which is more likely to
correlate with slow repair kinetics, suggesting difficulty in
the repair process. Thus, we propose to compare in vivo B-
cell survival collected from irradiated mice to the repaired
fraction of DNA damage (p), while cancer incidence is
compared to the speed of repair (t). For comparison to in
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vivo survival rate of mouse B cells, we computed the
Pearson correlation coefficient between the repaired fraction
p obtained for in vitro irradiation of mouse fibroblasts using
high-LET particles, and the proportion of surviving B cells,
collected at 24 h after in vivo irradiation, normalized to the
baseline level of circulating B cells with no irradiation,
across all 10 CC strains. A significant correlation was
found, with a Pearson coefficient at 0.61 (Fig. 7B). This
suggests that the level of low-dose radiation-induced cell
death in blood cells relates to DNA damage repair efficiency
measured after exposure to relatively low doses of space
radiation components.

Next, we computed the Pearson correlation coefficients
between the coefficient T obtained for these four reference
mouse strains from the kinetics of DNA damage repair in
fibroblasts irradiated in vitro with 0.1 Gy X rays and each of
the in vivo spontaneous cancer incidences collected from the
MTB database (Fig. 7C). The spontaneous cancer incidence
data for four of the reference mouse strains, for which we
previously computed the kinetic coefficients, included 27
cancer types with an average of 464 studies for C57BL/6J,
223 studies for CBA/Cal, 168 studies for BALB/cByJ and
401 studies for B6C3F1/J (40). All cancer incidence values
were weighted by the number of animals involved in the
respective studies. Note that among all kinetic coefficients,
we selected the time constant of repair at 0.1 Gy X rays as a
potential biomarker of cancer incidence since it is the
irradiation condition that best models the genetic predispo-
sition to having spontaneous misrepaired DSB during
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FIG. 7. Kinetic parameters correlate with in vivo data. Panel A: Schematic representation. The parameter p
quantifies the fraction of repaired DNA damage, which relates to cell survival, while the parameter T best
correlates to the amount of misrepaired damage and subsequent cancer incidence. Panel B: Correlation between
the survival rate of mouse B cells at 24 h after in vivo irradiation with 0.1 Gy X rays and the p coefficient
obtained from “°’Ar and *°Fe data combined for in vitro irradiated mouse fibroblasts, for the same 10 CC strains.
Panel C: Pearson’s correlation coefficients between the spontaneous cancer incidence data collected for four
mouse strains in vivo from the MTB database and the T coefficient obtained from mouse fibroblasts irradiated in
vitro with 0.1 Gy X rays.

natural cell division. For cancer types affecting specific =~ 7C), confirming a higher probability of misrepair-induced
male organs (seminal vesicle and testis) or female organs  mutations in animals with slower repair kinetics.

(ovary, uterus, vagina, mammary gland), we considered the
t coefficients fitted from data with only male or female
animals, respectively. A positive correlation was observed
between spontaneous cancer incidence and the characteristic Here we propose a novel mathematical formalism to
time of repair for most organs and tissues considered (Fig.  model the kinetics of repair of radiation-induced DNA

DISCUSSION
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damage, based on the experimental results obtained from
non-immortalized mouse primary skin fibroblasts derived
from 76 different individual mice across 15 strains with
equal numbers of males and females. This model was
validated in response to both low- and high-LET irradiation,
using 160 kVp X rays and two LETs of HZE particles (104
keV/um 350 MeV/n “Ar and 170 keV/um 600 MeV/n
*Fe), by quantifying 53BP1" RIF between 4 h and 48 h
postirradiation in a total number of 5 million skin fibroblast
cells.

Our model predicts the exponential decay of the number
of RIF over time. It is based on the concept of DSB
clustering into repair domains previously introduced by our
group (/4). In 2004, Aten et al. (41) were the first to provide
evidence for the mobility of chromosome domains into
clusters of DSB, invalidating the static ‘‘contact-first”
theory where DSB are assumed to be immobile (42, 43).
More recently, our group reported RIF movement after X-
ray irradiation in immortalized human mammary epithelial
cells using time-lapse fluorescent microscopy of 53BP1
fused to GFP (/5). We then showed that DSB clustering
into RIF is a conserved biological property across species,
with further observation of nonlinear dose dependency of
DNA damage in non-immortalized mouse fibroblasts (/8).

Here we report that the amount of 53BP1* RIF that was
imaged experimentally over time is proportional to the X-
ray dose or HZE LET, and depends on three characteristics
of the mouse strain, cell type and irradiation conditions: the
clustering factor (average number of DSB per RIF); the
speed of repair (inversely proportional to the time constant
of the exponential decay of RIF over time, t1); and the
amount of residual damage after repair (1 — p, defined from
the fraction of repaired DSB, p). This formalism recapit-
ulates the interdependence between two processes occurring
simultaneously after the induction of DNA damage: DNA
repair and DSB clustering. Thus, the number of RIF
decreases throughout the process of DNA repair, but it is
also modulated by the capacity of the cell to initially cluster
DSB into RIF.

In concordance with previously published results, we
have also observed that low-LET irradiation below 1 Gy
generates DSB randomly in the nucleus and does not cause
DSB clustering (/3). In this case, represented by 0.1 Gy X-
ray irradiation in our experiments, we observed complete
DSB repair with no residual damage by 48 h postirradiation.
Thus, the decay of RIF over time had only a kinetic
component, while the number of DSB/RIF remained close
to 1 for all strains. For HZE irradiation, we demonstrated
that the capacity of clustering, quantified by the initial
number of RIF after clustering and before DNA repair,
RIF,..., anti-correlates with the speed of repair (Table 1),
with higher number of RIF, and thus less DSB per RIF and
less complex damage for faster kinetics of repair.

At X-ray doses above 1 Gy, we reported a significant anti-
correlation between the speed of DSB repair and the amount
of residual DNA damage after repair by 48 h postirradiation.
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This is expected for NHEJ repair pathways primarily
involved in the repair of DSB induced by low-LET
irradiation, with complete repair achieved for faster kinetics
(44). Unlike X-ray irradiation, no correlation was found
between the speed and the efficiency of repair for HZE-
induced DNA damage, with fast and incomplete repair, or
slow and complete repair observed for some strains. This
confirms that different mechanisms of repair, such as
homologous recombination, are involved for HZE- versus
low-LET-induced DNA damage. Thus, the strength of our
model is the ability to recapitulate the kinetics of repair
across LETs, independent of the process of repair involved.

In the first part of this project (/8), we showed that
genetic differences between mouse strains were associated
with differences in the number and size of repair domains,
across 15 mouse strains for a given LET, dose and fluence.
Here we observe that the kinetics of repair is also modulated
by genetics, with different speed and completeness of repair
depending on the type of radiation, which is likely
determined by deficiency in genes involved in either
homologous or non-homologous repair pathways, suggest-
ing potential targets for future analysis and validation.

Finally, our work demonstrates significant correlations
between the kinetics of DNA repair measured in vitro, and
in vivo data of cell survival from whole-body irradiated
mice and spontaneous cancer incidence across mouse
strains. B-lymphocyte survival levels at 24 h after 0.1 Gy
X-ray irradiation showed significant correlation with the
repaired fraction of DNA damage in mouse fibroblasts from
the same mouse strains irradiated in vitro. This suggests that
the persistent number of 53BP1* RIF found in skin is a
surrogate marker for in vivo radiation sensitivity in other
tissues, such as circulating immune cells, and that such
response is in part modulated by genetic variability as well.
Our results expand the scope of recent correlations
demonstrated between the persistent level of y-H2AX foci
in bronchial cells measured in vitro and the susceptibility to
radiation-induced lung cancer in 17 mouse strains in vivo
(45). While the level of RIF has been shown to reflect the
survival rate in tumor cells in vitro (46, 47), here we
demonstrate that it is also a biomarker of cell survival in
vivo. In addition, the speed of repair in fibroblasts irradiated
with 0.1 Gy of X rays in vitro appeared to correlate with
spontaneous cancer incidence of several organs and tissues
in vivo, suggesting that radiation-induced kinetics of DNA
damage is also correlated with the frequency of spontaneous
mutations.

In summary, our results show the benefit of combining
information on both clustering and repair processes in a
unified model of DNA repair kinetics to better anticipate
cellular responses to radiation-induced and spontaneous
DNA damage. We demonstrate that our model can be
utilized to compare ionizing radiation responses between
multiple commonly-used mouse strains, suggest genomic
associations that may underlie these differences and reveal
correlations between in vivo and in vitro outcomes. We
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expect that a similar model could be established and
validated to compare ionizing radiation outcomes in other
contexts, including human responses to therapeutic or space
radiation, using a set of multiple biomarkers complementary
to 53BP1* foci detection, such as additional DNA damage
markers, cell death quantification and measurements of
radiation-induced radical production.
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