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N o U e W

Simple Summary: To evaluate the repair performance of HSGe-C5 carcinoma cell against radiation
induced DNA damage, a Geant4-DNA application for radiobiological research was extended
by using newly measured experimental data acquired in this study. Concerning fast- and slow-
DNA rejoining, the two-lesion kinetics (TLK) model parameters were adequately optimized (the
repair speeds of each process were reasonably close to the DNA-rejoining speed of the NHE] and
HR processes). The lethality rates of the DNA damage induced by complex DSBs and binary-
repair were approximately 3% and 45%, respectively. Using the optimized repair parameters, the
Geant4-DNA simulation was able to predict the SF and the DN A-repair kinetics.

Abstract: Track-structure Monte Carlo simulations are useful tools to evaluate initial DNA
damage induced by irradiation. In the previous study, we have developed a Gean4-DNA-based
application to estimate the cell surviving fraction of V79 cells after irradiation, bridging the gap
between the initial DNA damage and the DNA-rejoining kinetics by means of the two-lesion
kinetics (TLK) model. However, since the DNA repair performance depends on cell line, the same
model parameters cannot be used for the different cell lines. Thus, we extended the Geant4-DNA
application with an updated TLK model for the evaluation of DNA damage repair performance
in HSGc-C5 carcinoma cells which are typically used for evaluating proton/carbon radiation
treatment effects. For this evaluation, we also performed experimental measurements for cell
surviving fractions and DNA-rejoining kinetics of the HSGc-Cbs cells. Concerning fast- and
slow-DNA rejoining, the TLK model parameters were adequately optimized with the simulated
initial DNA damage. Using the optimized TLK model, the Geant4-DNA simulation is now able to
predict cell survival and DNA-rejoining kinetics for HSGc-Cb5s cells.

Keywords: Geant4-DNA; DNA repair; Cell surviving fraction

1. Introduction

Radiation treatment is one of the most widely used therapeutic techniques for
cancer treatment aimed at depriving tumor cells of their reproductive potential [1]. The
investigation of biological responses to radiation, such as reproductive cell death, have
emerged as a multi-scale and multi-disciplinary area of research interest. As a trigger,
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radiation-induced crucial DNA damage represented by double-strand breaks (DSBs)
can be a cause of reproductive cell death [1,2]. However, because of the experimental
requirements, it is difficult to directly observe and quantify the details of such micro-
scopic lesions. Because of this difficulty, indirect measurements of features related to
initial DNA damage, such as physical disconnection of DNA-fiber [3,4], chromosomal
aberrations [5], and phosphorylated H2AX as a marker for DSBs [6-8], have been at-
tempted to further investigate radiation-induced DNA damage. Thus, track-structure
Monte Carlo (MC) simulations have an important role in investigating DNA damage
induced after radiation irradiation [9-11]. In the past decades, many MC codes have
achieved successful outcomes for quantitative investigation of radiation-induced initial
DNA damage within cellular domains and sub-cellular biological components[12-25].

In a previous study [26], Geant4-DNA simulations [28-31], which are an extension
of Geant4 [32-34] for low-energy particle transport, including the simulation of water
radiolysis and geometries of biological targets, successfully estimated not only initial
DNA damage, but also the fraction of surviving V79 cells by using a two-lesion kinetics
(TLK) model [35] that bridges the gap between initial DNA damage and reproductive cell
death. Although V79 is one of the most important cell lines in radiation biology research
field, it is demanding to extend the application to other cell lines used for evaluation of
radiation treatment effects. In general treatment systems, clinically delivered doses to a
target tumor are calculated from the so-called “biological dose” which is the absorbed
physical dose multiplied by the relative biological effectiveness (RBE) representing the
cell-killing effectiveness of the irradiation [36,37]. The RBE tends to be evaluated as the
ratio of the cell survival of the reference cell line to the cell survival of cells irradiated with
gamma rays [38]. A type of human cancer cell HSGc-C5, is widely used for evaluating
the RBE for proton/carbon treatment planning [39-44]. For this reason, we investigated
extending the Geant4-DNA application with a TLK model for performance evaluation
for DNA damage repair in the HSGc-C5 cell line.

2. Materials and Methods

This study comprised two parts: The first part is an experimental study (illustrated
in Section 2.1) to measure cell surviving fractions (SFs) and DNA-rejoining kinetics
as the reference data for the optimization of the TLK model parameters of HSGc-C5.
The second part describes the optimization of the TLK model parameters to evaluate
the repair performance of HSGc-C5 (illustrated in Section 2.2). As inputs of the TLK
models, the initial DNA damage yields and their details were estimated by performing
Geant4-DNA radiobiological simulations.

2.1. Experimental condition
2.1.1. Irradiation condition

All experiments were performed in the cyclotron facility at the National Institute
of Radiological Science (NIRS, QST, Japan). The protons were delivered in the experi-
mental beamline (C8) from the cyclotron (NIRS-930; Thomson CSF, France). A Wobbler
method was used to widely spread field of the primary protons [45] to deliver a uniform
beam field. The energy of the protons was 70 MeV, and the collimated field size was
approximately 8 cm x 8 cm at the isocenter plane. The primary energy of the protons
upon cell entrance was changed between binary choice by inserting a 32 mm thick poly
methyl methacrylate (PMMA) block (just before the Bragg peak of a 70 MeV proton in
the PMMA block as shown in Figure 2).

Dosimetry

The beam-monitor count (count/Gy) and the beam-count rate (count/second) were
calibrated by using a Markus ion chamber (PTW 23343; PTW, Germany) as shown in
panel (A) of Figure 1, and the calibration was repeated for both conditions, with and
without the 32-mm thick PMMA block. In the biological assay, the cultured cells were
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Figure 1. Top (A): Geometrical experimental setup for dosimetry. Top (B): Geometrical experimental setup for colony assay. Top (C):
Geometrical experimental setup for the fraction of activity released (FAR) assay. Bottom: Geometrical simulation setup of the irradiated
cells and sub-components.

plated on the back side of the upstream window of plastic cell-culture flasks (Falcon
353107/353108; Corning Inc., US), as shown in panels (B) and (C) of Figure 1. Therefore,
the water-equivalent thicknesses of the chamber window and of the flask window were
different, so a 0.41 mm thick PMMA sheet was placed in front of the chamber to minimize
the thickness difference.

In the simulation study that followed, the energy spectra of protons at the cell
entrance level were estimated for the biological simulations. For this purpose, the
material properties of PMMA (mass density and mean ionization potential, the so-called
I-value) need to be estimated. Thus, we have also measured the percent depth dose
(PDD) for 70 MeV protons in PMMA by changing the PMMA thickness < 35 mm as the
reference data for estimation of the material properties with the dosimetry setup.

Colony assay

Panel (B) of Figure 1 illustrates the schematic experimental setup for the colony
assay. A T-25 plastic cell-culture flask was used to place the cells in the irradiation field.
A plastic fixing jig was used downstream to fix the flask on the beam line. The target
cells were plated on the back side of the window located at the isocenter. To measure cell
survival for two different radiation qualities, the irradiation experiments were performed
with and without a 32 mm PMMA block. The delivered dose was chosen as 1, 2, 3, 5, or
7 Gy for the irradiation condition without a PMMA block, and as 1, 2, 3, 4, or 6 Gy for the
irradiation condition with a PMMA block. The dose rate was approximately 1 Gy/min
for all conditions. The irradiation experiments for each condition were repeated three
times on the same day, but the experiments with and without a 32 mm PMMA block
were performed on different days.
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Gel electrophoresis assay

Panel (C) of Figure 1 illustrates the schematic experimental setup for electrophoresis
assay. The target cells are confined in a T-12.5 flask placed at the isocenter. To inhibit
DNA rejoining during irradiation and prevent the need to taxi them to the biological
work room the flask was cooled on ice. Pre-cooling on ice was also performed from
5 minutes before of the irradiation. To the cell sample, 200 Gy was delivered at a dose
rate of approximately 100 Gy/min.

2.1.2. Cell culture and biological processing before irradiation

We selected a cell line that is a typical benchmark cell in radiation therapy. We
selected the HSGc-C5 cell line (No. JCRB1070), distributed by the Japanese Collection of
Research Bioresources (JCRB) Cell Bank (National Institutes of Biomedical Innovation,
Health, and Nutrition, Japan). The cell line was stored at the NIRS as frozen stocks after
culturing in a 5% CO, incubator at 37 °C within Eagle’s minimum essential medium
containing 60 mg/L kanamycin, supplemented with 10% fetal bovine serum (Equitech-
Bio Inc., US). As the first step, approximately 10 days before the irradiation, the frozen
stocked cells were unfrozen by placing them in warm water at 37 °C, then inoculated
and sub-cultured into T-75 flasks (Falcon 353135; Corning Inc., US). Two days before
the irradiation, the sub-cultured cells were trypsinized (2.5% Trypsin, Thermo Fisher
Scientific, US) and inoculated into the T-25 (for the colony assay, Falcon 353018; Corning
Inc., US) or T-12.5 (for the FAR assay, Falcon 353107; Corning Inc., US) flask at a density
of 3.24x10* cells per cm? as a confluent condition.

2.1.3. Cell survival measurement

Within 40 minutes after irradiation, the irradiated cells were taxied to the work
room, rinsed with phosphate-buffered saline (PBS), and trypsinized. The experimental
procedure performed in this study was described previously in reports by Suzuki [46,47].
Then, the trypsinized cells were plated onto plastic culture dishes (Falcon 353002; Corn-
ing Inc., US). After the cells are incubated in the CO? incubator at 37 °C for approximately
14 days, the colonies were fixed and stained with 20% methanol containing 0.2% crystal
violet. Any colony consisting of more than > 50 cells was scored as a surviving clone.
The SF was calculated according to the following equation:

1 plat
1 plat ’
N IC’IC())I’\irI‘ /N nonirr
where N¢! is the number of irradiated cells that create a colony, Nfrlrat is the number of

1rr
cells plated onto the dish after irradiation, N;%lnirr is the number non-irradiated cells

(usually called as control cells) that create a colony, and NELarfirr is the number of control
cells plated onto the dish.

2.1.4. DNA-rejoining kinetics measurement

The cell sample was kept at 4 °C during exposures. As for the colony assay, the
irradiated cell samples were taxied to the work room within 40 minutes after irradiation
but kept on ice to maintain a cold temperature. The experimental procedure performed
in this study was described previously in a report by Hirayama [48]. The cells were lysed
directly or kept in the incubator to allow DNA rejoining under the aerobic conditions
with 5% CO, at 37 °C. The cells were washed twice with cold PBS, rinsed with cold
0.05 % trypsin-EDTA, and kept on ice for 20 minutes. The cells were resuspended in cold
PBS and embedded in 1% SeaPlaque GTG agarose gels (50111; Cambrex, US) plugs at a
density of approximately 1 x 10° cells/ml (1 x 10* cells/plug). All steps were performed
on ice to minimize DNA rejoining. The cells in the agarose plugs were incubated in a
lysis solution (R&D Systems, US) containing 0.5 mg/ml proteinase K (Sigma-Aldrich,
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US) for 1 hour to guarantee the diffusion of chemicals into the agarose. Cell lysis was
performed at 50 °C for 24 hours. The plugs were equilibrated at pH 8 in TE buffer
(Sigma-Aldrich; US) for 1 hour at room temperature and used for electrophoresis. The
plugs were loaded onto 0.6% SeaKem Gold agarose gels (50152; Lonza, Switzerland)
and subjected to electrophoresis at a field strength of 0.6 V/cm in 0.5 x Tris-borate
EDTA (TBE) buffer (GeneMax,Taiwan) for 36 hours. The gel was stained for > 3 hours
with ethidium bromide (2 pg/ml) and maintained overnight at room temperature in
distilled water. The fluorescence intensities were measured with a UV transilluminator
(Mupid-Scope WD; Mupid, Japan) and a digital camera (IXY 220F; Canon, Japan) with
an orange filter, which was connected to a computer with image analysis software (1D
Image Analysis Software; Kodak, Japan).

The fluorescence intensities of DNA that was retained in the plug and released
from the plug were measured by using the image analysis software. The fluorescence
intensities for released DNA were proportional to the total amount of DNA fragments,
which were separated by physical disconnection of the DNA fiber. The FAR calculation
equation was as follows:

I out ( t)
(Tin(£) + Lout(t))’
where, t is the time after irradiation, i, (t) is the fluorescence intensity of DNA retained

in the plug, and Iyt (t) is the fluorescence intensity of DNA released from the plug. Then,
the relative FAR referenced to FAR (0 minutes) as a function of time was calculated.

FAR(t) =

@

2.2. Simulation conditions and model calculation
2.2.1. Calculation of the incident proton energy spectra at cell entrance

To estimate the initial DNA damage by means of Geant4-DNA, the energy of the
incident protons at cell entrance was determined using Geant4 (since Geant4-DNA does
not support particle transport in PMMA, and the spatial resolution of Geant4 is sufficient
to simulate particle transport in millimeter scale volume). In this study, the energy
of the incident protons was downscaled by filttering through a 32 mm PMMA block.
Hence, the incident energy of protons was not mono-energetic but was multi-energetic
due to the energy loss and straggling in the PMMA block. In addition, even when the
PMMA block was not placed upstream, the proton energy spectrum was broadened
when the protons passed through the window of the plastic flask. MC simulation is a
useful tool for estimating the energy spectra at the cell entrance if the properties of the
materials, such as mass density, atomic/molecular composition, and mean ionization
potential (so-called I-value), are known when simulations are performed by using the
condensed-history approach.

However, in general, it is hard to know the precise material properties of organic
materials, such as PMMA. In this study, we have adjusted the material properties,
in particular, the I-value, in a way that was consistent with the measured PDD in the
PMMA block, by comparing with the Geant4 simulations. PMMA is a composite material
consisting of five carbon atoms, eight hydrogen atoms, and two oxygen atoms. The
mass density was selected as the typical PMMA density of 1.190 g/cm?. The absorbed
dose in the sensitive volume of an advanced Markus chamber was simulated for a
PMMA block and for a PMMA sheet, with PMMA block thicknesses <35 mm to adjust
the I-value. For particle transport, QGSP_BIC_EMY is chosen as the condensed-history
particle transport model, which is the recommended particle transport model for protons
in the clinical energy range [49,50]. During the simulations with the adjusted PMMA
properties, the energy of protons at the entrance to the sensitive volume of the advanced
Markus chamber is measured.


https://doi.org/10.20944/preprints202107.0005.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 July 2021 d0i:10.20944/preprints202107.0005.v1

6 of 14

2.2.2. Initial DNA damage
Simulation using Geant4-DNA

To estimate initial DNA damage, the same simulation configuration as in the
previous study was used [23]. The simulation settings are detailed in our previous
papers, thus, only brief details are described in this section. As in the previous stud-
ies [22,23], a geometrical model of cell that imitates a normal human fibroblast cell was
used. The cell geometry is presented in the bottom panel of Figure 1. A cell nucleus
(14.2 ym x 14.2 ym x 5.0 ym) was placed at the center of a water absorber modelling the
cytoplasm (28.0 ym x 28.0 yum x 5.0 ym). In the cell nucleus, a sub-biological component
was assembled (the total number of base pairs (bps) was approximately 6.4 Gbp). A
double-helix DNA fiber consists of spherical phosphate/deoxyribose molecules with
two ellipsoidal nucleotide bases (the combination of the pair was chosen randomly)
as a backbone [51,52] constructed by forming a fractal shape chromatin fibre wrapped
by spherical histones [22,23]. The incident protons were homogeneously irradiated on
the top of the cell nucleus 3.0 um) away from the center plane to the other side of the
cell, as shown by black arrows in the figure. The energy of the protons was randomly
chosen from those in the estimated proton energy spectrum for each PMMA thickness
illustrated in Section 2.2.1.

For particle transport in cell and reactions with cellular sub-components, the
G4EmDNAPhysics_option4 set of physics models, was used [53,54]. The production
and reaction schemes of chemical species during radiolysis were simulated with the
independent-reaction time (IRT) method [55,56]. The direct and indirect DNA damage
models were adjusted in the previous study [23]. The adjustment in the proportional
probability direct damage model from 0 at 5 eV to 1 at 37.5 eV was selected as originally
proposed by PARTRAC [16]. As in the previous study [23], we set 0.405 as the probability
of a chemical reaction between a hydroxyl radical and the sugar-phosphate backbone
resulting in an indirect damage. The histones placed in the cell model are modeled as
perfect scavengers for all radiolytic species.

DNA damage classification

The initial DNA damage needs to be classified into two components because the
TLK model considers two types of repair kinetics. As an assumption, we considered that
all simple DSBs are repaired by the fast-repair process, and all complex DSBs are repaired
by the slow-repair process. In this study, as in the previous study, a classification scheme
originally proposed by Nikjoo et al [14] for DSB damage classification was used. Simple
DSBs can be considered to be two-strand breaks (SB) on opposite strands within a short
distance (typically within 10 bps) from each other. We considered two damage types
as complex DSBs. A DSB, requires a DSB and at least one additional SB within 10 bp,
whereas a DSB., ; requires two DSBs or more along the chromatin fibre segment. Each
damage cluster is defined as different from another if no damage can be found in 100
consecutive bps.

2.2.3. Evaluation of repair performance
TLK model

The TLK model proposed by Stewart [35] represents the kinetic processes of fast-
and slow- DNA repair as well as the subsequent SF calculated in accordance with their
residual lethal DNA damage. The number of lesions induced by radiation increases
during the irradiation, then such lesions repaired in the following DNA repair processes
over time. Both fast- and slow- repair consider simple rejoining of bp-break ends at the
same position through the corresponding repair process, expressed in terms of either
single-order repair in which L(t) represents the yield of lesion is proportional to time ¢
or as multiple-lesion repairs (second-order repair) in response to a complex aberration,
possibly by incorrect rejoining of the break ends with two different lesions (binary
mis-repair)) expressed as L(t)L(f).
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In this study, the six parameters TLK model was applied by using the same approach
as used in the previous studies with V79 cells [26,27] as well as the original study
by Stewart [35]. The model parameters can be categorized into two types: 1) repair
probability coefficients, which represent the fraction of rejoined lesions in a unit of time
(A or 17), and 2) parameters for lethality which represent the probability of the residual
lesion leading to cell death (B or y). With these considerations, the six parameters TLK
model can be written as follows,

dLy(t)

e D(t)YZ; — MLy (t) =Ly [L1(t) + La()], 3)
dL;t(t) = D(t)YZy — A2La(t) — nLa[Lq(t) + La(t)], 4)

and 4L (1)
L2 = B () + BaaLa(t) + vy [La () + La(D)]2 ©)

Here L, (t) is the number of lesions in fast-repair per cell at a time ¢ from the start of
irradiation, similarly, L (t) is the number of lesion in slow-repair per cell at #, and L¢(t)
is the number of lethal lesions leading to cell death at t. D(¢)YX; and D(t)YX,; are the
lesion production terms for fast- and slow- lesions, respectively, which are proportional
to the dose rate D(t) multiplied by instantaneous lesions in a unit dose rate per unit
number of bps £ Gy~! Gbp~! and number of bps in a cell Y Gbp. In this study, we
assumed that all simple DSBs underwent the fast-repair process, and that all complex
DSBs underwent that slow-repair process. Thus, the instantaneous lesions are defined
as 21 = NDSB and 22 = NDSB+ + 2NDSB++/ where the NDSB/ I\IDSBJr and I\IDSBJFJr are
the number of simple DSBs, DSB_, and DSB. ;, respectively, as in Nikjoo’s definition.
A1, Az and 7 are the probabilities of rejoined lesions (h~!) by the fast-, slow-, and binary-
rejoining processes, respectively. Similarly, 81, B2, and <y represent the probabilities of
the residual lesions leading to cell death for each rejoining process. In this study, as in
the previous studies [26,35], B1 was forced to 0, since in general, simple-DSBs do not
have much of an effect on cell survival >2 weeks after irradiation. If the first-order repair
is not saturated, the half-life time T of the rejoining can be calculated by 7 = In2/A.
Finally, these yields were numerically integrated to calculate SF

SF(t) = In(—Lg(t)). ©)

The differential equation has been solved numerically by means of the 4th order Runge-
Kutta method in the boost/numerical C++ library. The SF is calculated at t = 336
hours since the number of colonies is counted after 14 days from the irradiation in the
experimental assay. Additionally, D(#) is set to 60 Gy /h until the target dose is delivered.
The time step of the integration is set to 1 x 10~* hour.

Random-breakage model

FAR is a method for quantitative investigation of the number of fragments separated
by physical disconnection of DNA fiber, such as DSBs. According to the random-
breakage model [57-59], the equation can convert the number of the unrejoined DSBs
((L1(t) + La(t))/Y) in the FAR is given by the following equation:

FAR(t) = Fmax{l — [1 + K(Li(t) + Lz(t))/Y<1 - AI;)}exp_K(Ll(tHLZ(t))/Y}, @)
0

where F;y is the maximum fraction of the DNA that can enter the gel plug, My is
the average DNA length in a chromosome, and K is the detection limit length (DNA
fragments shorter than K do not move out of the gel wall). In this study, F;.x was set
to 1, My ~ 139 Mbp (6.4 Gbp/46 chromosomes) and K = 1 Mbp is the limit of the FAR
assay (measured with the fiducial DNA marker). To match the experimental definition,
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to calculate the relative FAR, the FAR values were scaled by applying FAR(ty), where tj
is the time when irradiation stopped.

Parameter optimization

To evaluate the repair performances represented as A1, A2, 77, B1, B2 and 7, these
model parameters in Eqs.(3)-(5) were optimized for HSGc-C5, in a way that was consis-
tent with the experimentally measured SF and relative FAR. To optimize the parameters,
we performed Ceres Solver [60], which is an open-source C++ library based on the nonlin-
ear least-squares method for solving optimization problems. SPARSE_ NORMAL_CHOLESKY
was selected as the algorithm of the solver. The residual cost for each data point was
calculated as Vg — Vexp, where V. was calculated as the value with simulated DSBs
and V,y, was calculated as the value of experimental data with the same weight all
configurations of both the SF and relative FAR.

3. Results
3.1. Incident energy spectra at cell entrance

To estimate the energy spectra of the incident protons at cell entrance in the irradia-
tion experiments for the colony assay and FAR assay, the I-value of the PMMA used in
the experiments was estimated. After adjustment to gain agreement with the measured
PDD, we selected 65 eV as the I-value. Figure 2 shows the PDD of 70 MeV protons in
PMMA. The Bragg peak of 70 MeV protons occurred between PMMA from 32 mm to
33 mm thick. Thus, in this study, we selected a PMMA thickness of 32 mm to downscale
the energy of the incident protons.

8 8 | | Proton 70 MeV
o | [ PMMA: p = 1.19 g/cm®, I-value = 65 eV
Q | | PMMA sheet thickness not included in X-axis
g.) 6 Simulated (QGSP_BIC_EMY) S I | B
o - | —@— Measured (Advanced Markus) b
4 LAY -0 SRR
o i
| e
N o
: ' ¥
: @9
2 [ o @O i
b
B : ®
oL9"—-— . e
0 10 20 30 40

PMMA thickness [mm]

Figure 2. Percent depth dose (PDD) of 70 MeV protons in PMMA.

Figure 3 shows the energy spectra of the incident protons at the entrance (the
thickness of PMMA sheet is not considered), scaled to the maximum of the number
of protons at a 0 mm PMMA thickness. The energy is downscaled with increasing
PMMA thickness, and the width of a spectrum broadens due to the energy losses and
energy straggling while passing through the PMMA. Even when the PMMA block is
not inserted, the protons will lose their energy when passing through the PMMA sheet
and the window of the advanced Markus chamber. The average proton energies were
approximately 68.5,18.7, and 10.8 MeV, and the standard deviations of the spectra were
0.5, 1.7, and 2.1 MeV at PMMA thicknesses of 0, 30, and 32 mm, respectively. The
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corresponding unrestricted linear energy transfer (LET) values were 0.05, 0.60 and
0.96 keV/um [61], respectively.

—
<

Proton 70 MeV

= PMMA 0 mm

—_
<
N

= PMMA 30 mm

—_
<
W

= PMMA 32 mm

—
<
S

0 20 40 60
Proton Energy at entrance of cell [MeV]

—_i
<
a1

Relative Number of protons

Figure 3. Scaled energy spectra of the protons at the cell entrance, downscaled by a PMMA block
and a PMMA sheet. The thickness of the PMMA sheet is not considered in the figure legend.

3.2. Initial DNA damage

The simulated initial number of DSBs for each damage type is shown in Figure 4.
For all damage types, the numbers of DSBs were slightly larger with a 32 mm PMMA
block than the numbers without a PMMA block. The average numbers of DSBs were
4.09 and 0.72 Gy 'Gbp~! for simple-DSB and complex-DSB without a PMMA block,
respectively. With a PMMA block, the average numbers of DSBs were 4.69 and 1.04
Gy~ 'Gbp~!, respectively.

—_k
o

= PMMA 0 mm

= PMMA 32 mm

—
<

DSB DSB+ DSB++

Damage Type

Number of DSBs [Gbp™! Gy ]

Figure 4. The simulated number of DSBs for each damage type.

3.3. Optimized repair performance

As shown in Figure 5, the model parameters are reasonably optimized to reproduce
both SF and relative FAR. In other words, using the optimized parameters, Geant4-DNA
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simulations are now able to predict cell survival and DNA-rejoining kinetics of HSGc-C5
via a model calculation with a TLK model.

—e— Exp. PMMA 0 mm EE i ® Exp. PMMA O mm
—e— Exp. PMMA 32 mm L 1 —— Cal. PMMA 0 mm
= —— Cal. PMMA 0 mm o
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. 0.6 .
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Figure 5. Left: SF of HSGc-C5 as a function of delivered dose. Right: Relative FAR of HSGc-C5 as a function of time after irradiation.
The curve is calculated with the optimized TLK model parameters from the simulated initial DNA damage.

The optimized parameters are presented in Table 1. Through the fast-repair process,
the probability of the repair was approximately 3.3 h™! (the half-life time is approxi-
mately 12.7 minutes). Through the slow-repair process, the probability of the repair was
approximately 0.01 h~! (the half-life time is approximately 65.1 hours). The probability
of the binary repair was significantly small (4.3912 x 10~ h~!) relative to that of single
rejoining. In contrast, the lethality of binary-repair was very high (probability of repair
leading cell death, possibly mis-repair, in the binary-repair process ~ 45%). Compared
with the lethality of binary repair, the lethality of residual complex DSBs was relatively
small (~ 3%).

Table 1: Optimized repair parameters [HSGc-C5]

MG [A (™D n (1 B B2 Y
3.2763 1.0651 x 1072 | 4.3912 x 10~ | 0. 2.7773 x 1072 | 0.4500

4. Discussion

As shown in Figure 4, the differences among the number of DSBs for each damage
type appear to be small but this is not surprising, when considering LET value at this
energy (LET«=0.96 keV/um at 10.8 MeV [61]). However, considering only complex
DSBs, the number of DSBs was increased 43% when a PMMA block was inserted. When
a 32 mm PMMA block was inserted and the PMMA thickness is close to the Bragg
peak position, the average energy of the protons was approximately 10.8 MeV (both the
CSDA range and projected range of 10.8 MeV protons in PMMA were approximately
0.52 mm [61]). This fact also means that it is hard to downscale the energy of protons
more using PMMA blocks at 1 mm step. Hence, to perform the experiments for higher-
LET protons, we need to perform the experiments with thinner PMMA blocks, otherwise
we need to use low energy proton beam facilities.

In general, cells rely on two highly regulated DSB repair pathways: the non-
homologous end-joining (NHE]) pathway and homologous recombination (HR) pathway.
Our results indicate that the HSG cell is also relies on the NHE] and HR for DNA damage-
repair processes. This was more evident when we compared the speed of the rejoining
with the measured repair speed. According to the experimental measurements, NHE]
processes can be completed in approximately 0.5 hour, whereas HR is much slower and
takes dozens of hours to complete [62]. In the case of HSGc-C5, the fast-repair process
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was very fast. This fact indicates, even when we consider the lethality of residual simple
DSBs, the number of residual lethal lesion can be very small 2 weeks after the irradiation.
Hence, the simple DSBs should not have much of an effect on the SF calculations, as we
ignored in this study. This insensitivity of the fast-repair component is briefly discussed
in the appendix A. HR is regarded as one of the most accurate repair processes. Accord-
ing to the estimated lethality, only 3% of repaired lesions through the HR process lead
to reproductive cell death of HSGc-C5 cells. This finding indicates that, assuming of
that all mis-repaired lesions lead to cell death, HR can repair ~ 97% of complex DSBs.
However, repairing binary lesions is rather difficult. Even if the cell repaired a binary
lesions, 45% of rejoined DNA can be mis-repaired and leads to cell death.

5. Conclusions

To evaluate the repair performance of HSGc-C5 cell against radiation induced
DNA damage, the Geant4-DNA application was extended by using newly measured
experimental data acquired in this study. Concerning fast- and slow-DNA rejoining, the
TLK model parameters were adequately optimized (the repair speeds of each process
were reasonably close to the DNA-rejoining speed of the NHE] and HR processes). The
lethality rates of the DNA damage induced by complex DSBs and binary-repair were
approximately 3% and 45%, respectively. Using the optimized repair parameters, the
Geant4-DNA simulation was able to predict the SF and the DNA-repair kinetics.
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Abbreviations

The following abbreviations are used in this manuscript:

bp base pair

DSB double-strand break

MC Monte Carlo

TLK two-lesion kinetics

RBE relative biological effectiveness

PMMA  poly methyl methacrylate
PDD percent depth dose

SF surviving fraction

FAR fraction of activity released
LET linear energy transfer

NHE] non-homologous end-joining
HR homologous recombination

Appendix A. Limitation of the application

The TLK model considers only two major repair pathways, however, for human
cells, the alternative-NHE] and single-strand annealing can be important pathways [63].
If the number of dominant repair pathways is more than two, the TLK model cannot be
used to evaluate repair performance and cell survival. As an example, the study was
repeated for a type of normal human skin fibroblast cells, named NB1RGB (No. RCB(0222),
distributed by the RIKEN BioResource Center Cell Bank (RIKEN, Japan). The TLK model
could not adequately describe the DN A-rejoining kinetics of NB1RGB, as shown in the
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right panel of the Figure 1, although the model can be optimized for SE, as shown in the
left panel of the Figure 1.

= Exp. PMMA 0 mm E:( E Exp. PMMA 0 mm
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N  Cat. PuwiA 33 e 2
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Figure 1. Left: SF of NB1RGB as a function of the delivered dose. Right: Relative FAR of NBIRGB as a function of time after irradiation.
The calculated curve is calculated byusing the optimized TLK parameters from the simulated initial DNA damage.

Table 2: Optimized repair parameters [NB1RGB]

MbBDH TAamh n ) B B2 Y
33062.9 1.2540 x 10~2 | 7.5701 x 10~ | 0. 1.9552 x 1072 | 0.1914

It is possible for the optimized parameters to have unsubstantial effects. In the case
of NB1RGB cells, the optimized TLK model predicted that 3 x 10° % simple-DSBs can
be repaired in 1 hour, even if the value is not realistic. Comparing with the results of
HSGc-C5, the order of magnitude of Ay, %, B1, B2, and ¥ were the same even though
Aq is 1000 times larger than A; of HSGc-C5 cells. The SF is calculated from the residual
lethal lesions at 2 weeks after the irradiation and is not sensitive to the fast-DNA-repair
process. To overcome this limitation of the TLK model, further study considering minor
repair pathways, as in the approach used in the study by Belov [64], might be required.
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