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Unlike biodosimetry of sparsely ionizing photons (X and v rays), radio-
biology and biodosimetry of densely ionizing (characterized by high linear
energy transfer) heavy ions are still relatively poorly developed domains of
science, despite a growing role of hadron beams in cancer therapy and an
increasing frequency of exposure of humans to cosmic radiation. The most
radiosensitive cell structure is the DNA which is responsible for storing
genetic information. Interaction of radiation with the DNA leads to the
formation of different types of DNA damage, the most severe of which are
DNA double-strand breaks (DSBs). Damage to the DNA activates repair
processes and their performance may be significantly reduced or stopped
if the resulting damage is densely localized (clustered) on the distances of
the order of nanometers. Erratic DNA repair leads to changes in the DNA
structure causing rearrangements of the genome (chromosome aberrations),
possibly resulting in subsequent cell death or induction of cancer. Relating
models of chromosome geometry and their spatial position in the nucleus
to a characteristic pattern of energy deposition in the biological target by
incident radiation (track structure) allows us to predict the frequency and
distribution of DSBs, displacement of formed fragments, and probability
of translocation of genetic material between pairs of chromosomes. In this
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work, we analyze results of the biophysical modeling of chromosome pack-
ing in the cell nucleus and confront them with cytogenetic experimental
data evidenced by the former in vitro studies. In the quest for under-
standing effects of interphase chromosome geometry on the induction and
frequency of chromosome aberrations, we have evaluated two models of the
DNA polymer packing within the cell nucleus and validated the predicted
exchange of genome with experimental findings.

DOI:10.5506 / APhysPolB.54.10-A2

1. Introduction

1.1. Importance of statistical analysis for biodosimetry

Understanding of processes involved in the induction and transformation
of radiation-induced biological damage is required for efficient design and
improvement of methods of cancer treatment and radioprotection [1-4]. At
the same time, heavy-ion radiobiology provides insights into evaluation of
health risk related to human space exploration and possible exposure to
charged energetic particles being constituents of galactic cosmic rays [4, 5].

The action of ionizing radiation in biological targets depends on radi-
ation modality and results in alteration and breakage of chemical bonds,
radiolysis of water, disruption of cell membrane integrity, and changes in
active transport — all contributing to cell death and genetic mutations
[6-8]. DNA double-strand breaks (DSBs) are considered to be the most
severe radiation-induced damage for numerous biological endpoints, includ-
ing cell inactivation or chromosomal aberrations. Not only the number of
DSBs but also their spatial distribution appears to be crucial to understand
the biological effects of radiation.

To investigate the impact of localized energy deposition on biological
end-points, it is desirable to exploit models that allow for deduction of the
influence of track structure on the formation of radiation damage in a given
topology of a biological target (cell, cell nucleus, chromatin, DNA polymer).
In cellular systems, it is difficult to separate the influence of track structure
and its corresponding localized ionization events from the effects arising due
to the three-dimensional organization of chromatin and its packing within
the cell nucleus. At a micrometer scale, the energy deposition of X-rays
and other photons is fairly uniform producing DNA damage in a stochastic
manner. In contrast, the spatial distribution of the energy deposition af-
ter exposure to radiations with high linear energy transfer (LET), such as
charged particles, is inhomogeneous [9-13| and reflects localized accumula-
tion of deposit energy along the center of the particle path. Those differences
in the radiation quality are further mirrored in the clustered DNA damages
[6-8, 10, 14-17] following the particle radiations.
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In the conventional X-ray radiobiology, the quantity parametrizing the
ionizing radiation field is the absorbed dose, defined as the amount of energy
delivered by radiation to matter per mass volume. Dose is treated as a collec-
tive, continuous parameter much larger in comparison to the quantum energy
transferred in individual events of the Compton scattering, photo-effect, and
pair production. Therefore, the biological response to photon radiation like
X-ray, can be viewed as a reaction to a continuous perturbation function.
For particle radiation, this is no longer valid even at macroscopically high
doses. For heavy particles, the energy is transferred in local clusters: the
DNA is hit by one particle track containing many electrons or it is not hit
at all. The same occurs to cell nuclei: if an ion traverses a nucleus, many
DNA lesions occur along the trajectory, or the cell nucleus is not affected
by particles at all. Only incorporation of that “grainy” structure of particle
irradiation, if applied to the analysis of experimental data, can lead to a
correct description of the radiation response at all levels of DNA organiza-
tion [14, 18-20|. Precise prediction and quantification of radiation-induced
damage is of great importance for both radiation protection, particularly
in open-space long-term manned missions, and for hadrontherapy of cancer
with proton- and carbon-ion beams. Therefore, further improvements and
possible refinement of existing models aimed at estimating the biological
effectiveness of ions are indispensable.

The major objective of our prior investigations in this field was to use
statistical physics methods and Monte Carlo simulations to foster biophysi-
cal modeling of radiation-induced damage at different scales of a biological
target, and to compare theoretical results with experimental data to further
calibrate the models. Accordingly, we have focused mainly on two topics:

— Kinetics of processes leading to the formation of chromosomal aber-
rations, by taking into account the profile of damage distribution in
wrradiated cells that is characteristic of low and high LET radiation.
Here, it was shown that the damage distribution reflects the track
structure (ionization distribution) of the applied radiation type, some-
thing that could not be assumed a priori. The clustering of DNA
double-strand breaks, and also of DNA fragment length, has been pre-
dicted by convoluting the deposited form of energy with the effect
expected for similar local doses of photons [14].

— Impact of chromosomal aberrations on synchrony of the cell cycle and
the survival of damaged cells in subsequent mitotic cell divisions.
It has been demonstrated that the delay of the mitotic cycle is corre-
lated with the number of aberrations generated in a cell. The results
obtained have been further used to estimate the relative biological
effectiveness of ions [21].
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As an example, Figs. 1 and 2 present results of our analysis [18, 19]
demonstrating the inter-relationship between the track structure and the
distribution of aberrations induced in human blood lymphocytes at different
time-points after exposure. Figure 1, left panel, displays local dose distribu-
tions of 2 Gy photons (X-rays) to be compared with the right panel picturing
dose distribution of 2.2 Gy of 177 MeV /u Fe-ions (3.7 x 105 ions/cm?, LET
= 355 keV/um) at a micrometer scale, adequate to the size of the cell nu-
cleus. For human lymphocytes the mean geometrical cross section of the cell
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Fig.1. Local dose distribution of photons and ions. The radial dose profiles have
been evaluated by the use of the LEM model [13, 20] developed at GSI.
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Fig. 2. Left panel: Distributions of chromosome aberrations induced by 2 Gy X-rays
and 2.2 Gy of 177 MeV /u Fe-ions in 100 cells scored at 48 h after exposure (sym-
bols) and the corresponding Poisson (X-rays) and Neyman-type-A (ions) fits to the
experimental data. Error bars represent sample variations. Right panel: Distri-
bution of aberrations produced by one particle hit P(X; = x) estimated from the
Monte Carlo modeling of the time-dependent flow of aberrant cells through mitosis
[15, 19] and fitted to experimental data at 72 h and 84 h after exposure. Errors are
estimated by the method of propagation of uncertainty. For details of modeling,
see Section 2.
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nucleus is about 25 ym? and the nuclear region forms approximately 65% of
the total cell area. Consequently, a particle fluence of 4 x 105 ions/cm? corre-
sponds here to a mean number of one direct hit per lymphocyte cell nucleus.
The radial local dose profiles of tracks [19, 20] clearly indicate nonuniform
distribution of energy deposit after ion radiation. As a result, the observed
distribution of biological damage, i.e. frequencies of chromosome aberrations
in irradiated lymphocytes, as visualized by conventional staining techniques
(cf. Fig. 3) follow the pattern of localized ionizations, as displayed in Fig. 2.
Left panel of Fig. 2 shows exemplary distributions of chromosome aberra-
tions induced by 2 Gy of X-rays and 2.2 Gy of 177 MeV /u Fe-ions in 100 cells
scored at 48 h after exposure to radiation. In the right panel, frequencies of
chromosome aberrations produced by one particle hit, as derived from the
Monte Carlo (MC) distributions [19] of aberrations in 100 cells and fitted to
experimental data at 72 h (84 h) are displayed. Progression of aberrations
visible in mitotic cells has been obtained by the use of an MC model which
incorporates delay of hit cells in mitosis as inferred from an experimental
analysis of the mitotic index. Estimated frequencies of first metaphase cells
carrying a distinct number of aberrations are plotted for various fixation
times after irradiation. Non-hit cells are represented by a zero-frequency
class which markedly differs for cells exposed to X-rays and ions. The dif-
ference reflects nonuniformity of the local dose distribution and simulated
frequency spectra conform very well with experimental data [17, 18].

Statistical analysis of data coming from the above experiments has been
further used to refine the Local Effect Model [13] exploited not only in esti-
mation of DSBs yield induced by ion radiation but even more importantly,
also in a treatment planning with carbon ions [4].

In terms of biophysical modeling, our interest has been focused on sim-
ulations of radiation damage in various hierarchical models of DNA orga-
nization. For example, in order to predict the number and distribution of
aberrations at various times, we used the Monte Carlo technique tailored to
include effects of delay in cell-cycle progression of injured cells [18]. First,
by knowing the cross-sectional area of the biological target (i.e. assuming a
spherical shape of the cell nucleus of a given diameter), we have estimated
the average number of hits (traversals) per cell nucleus, at a given time t.
For that purpose, the diameter value has been sampled from the Gaussian
distribution around the mean. The whole population (say, 100 cells) has
been then divided into subclasses with different numbers of hits, following
the Poisson distribution with the intensity A proportional to the local dose.
In the next step, for each cell belonging to a specific class, its probability
to reach mitosis at time ¢ has been assigned by comparing the randomly
generated frequency from the interval [0, 1] with the actual value obtained
from the experimental data. According to the experimental observations,
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hit cells are delayed in reaching mitosis, so that at earlier times, the fraction
of cells with one or more hits will be smaller than at later times. The pas-
sage of an ensemble of 100 cells through mitosis has been further generated
[15, 18, 19] by repeating the procedure at different times and by using the
A(t) functional dependence, as determined from the experimental data sets.
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Fig.3. Examples of different chromosome staining techniques (courtesy of
S. Ritter): (a) Giemsa stained metaphase, (b) 2-color FISH stained metaphase,
(¢) mFISH stained metaphase (three-color display is shown). This method al-
lows for full analysis of chromosomal interchanges. Proximity between any two
chromosomes is estimated by the frequency with which they interact in radiation-
induced interchanges. Significant deviations from the null hypothesis of random
chromosome—chromosome spatial associations may be assessed by the use of ded-
icated Monte Carlo simulations [10]. More information about the distribution of
DNA damage in individual chromosomes is of basic interest, as well as the exchange
frequencies between chromosome pairs after irradiation. The former provides a bet-

ter understanding of the induced damage and its repair in individual chromosomes
(e.g. whether gene-rich chromosomes are more sensitive or resistant to radiation
than gene-poor chromosomes). The latter provides information about the chro-
mosome positioning in the interphase cell nucleus, as neighboring chromosomes
are assumed to exchange more frequently than distant ones. The mFISH analysis
can give information about both, the distribution of breakpoints among individual
chromosomes and the exchange frequencies between chromosome pairs. Such data
sets should be obtained and analyzed for different cell lines whose nuclei display
distinctly different geometry (e.g. human fibroblasts and lymphocytes). Since ac-
quisition of the information about exchanges visible in mFISH experiments is time
and funds consuming, further development of physical models of chromosome po-
sitioning is indispensable to test the hypothesis about the formation and frequency
of clusters of genome translocations among the groups of chromosomes [6, 8, 12],
cf. Section 2.
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1.2. Models of chromosome territories

The next step of biophysical modeling assumes using Monte Carlo and
Molecular Dynamics methodologies in description of random interphase po-
sitioning of chromosomes within the cell nuclei. By convoluting spatial dis-
tribution of chromosomes with a track structure model and the statistics of
damage event distributions, we aim to gain understanding of the frequency of
translocations between pairs of chromosomes. If chromosomes are organized
within the cell nucleus in territories which form clusters and if misrejoining of
DSBs occurs mainly between neighboring chromosome territories (i.e. “open
ends” do not travel long distances before reconnection to other ends [7]), the
chromosomal clusters should be detectable on the basis of interchange data
derived from the analysis of radiation-induced aberrations using mFISH or
similar whole-genome staining methods [6].

Chromosome translocations caused by rearrangements of parts of genetic
material between nonhomologous chromosomes are hallmarks of cancer cells
and may indicate gene misregulation [6, 11, 22]. During interphase, chro-
mosomes are confined to so-called territories [23]. In consequence, forma-
tion of translocations is fundamentally a spatial problem: rearrangement
of genetic material between chromosomes requires physical interaction of
partners. Accordingly, implications of the confined geometries and steric
interactions on conformations of fully packed genome in spherical nuclei of
lymphocytes have to be explored to understand the frequency of radiation-
induced translocations. Since most likely, both topology and dynamics can
lead to the efficient segregation of chromosomes [22, 24-26, 28-30], one of the
major issues remains to model dynamics of interphase chromosomes subject
to modified environmental conditions (e.g. medium polarity). The latter can
be incorporated by e.g. varying parameters of the Lennard—Jones potential
in molecular dynamics simulations of a chromatin-polymer model [27].

There is abundant experimental evidence indicating that arrangements
of chromosomes in the eukaryotic cell nucleus is non-random and has been
evolutionary conserved in specific cell types. Moreover, the radial position of
a given chromosome territory (CT) within the cell nucleus has been shown
to correlate with its size and gene density. Usually, it is assumed that chro-
mosomal geometry and positioning result from the action of specific forces
acting locally, such as hydrogen bonds, electrostatic, van der Waals, or hy-
drophobic interactions operating between nucleosomes and within their in-
teriors. However, it is both desirable and instructive to learn to what extend
organization of interphase chromosomes is affected by nonspecific entropic
forces. In this study, we report on results of a coarse-grained analysis of a
chromatin structure modeled by a simplistic approach.
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Namely, we first adhere to purely statistical analysis of chromatin pack-
ing within a chromosome territory. On the basis of the polymer theory,
the chromatin fiber of a diameter of 30 nm is approximated by a chain of
spheres, each corresponding to about 30 kbp (¢f. Fig. 4). Random posi-
tioning of the center of the domain is repeated for 1000 spherical nuclei.
Configuration of the domain is determined by a random packing of a poly-
mer (a string of identical beads) in estimated fraction of space occupied by
a chromosome of a given length and mass. The degree of condensation of
the chromatin fiber is modeled by changing the length of the string: e.g.
loosening of the structure is achieved by distributing the chromosome mass
into a higher number of smaller beads and tighter configuration corresponds
to a lower number of fragments (balls) with a bigger radius. Additionally,
for each configuration, a degree of possible overlapping between domains
is assumed. This procedure effectively intensifies loosening/tightening of
the chromosome structure by changing the radial dimension of the domain
while keeping a constant volume of the polymer chain. Such a positioning
model is further confronted with a minimalistic molecular dynamics model
on a similar structure, in which a chain of beads becomes connected by en-
tropic spring energy and subjected to thermal fluctuations. Comparison of
both Monte Carlo (MC) and Molecular Dynamics (MD) models allows us to
discuss the variability of possible configurations as observed in static and dy-
namic models of chromosome territories along with the effect of compaction
and relative arrangements of territorial polymer structures.

Fig.4. An oversimplified, coarse-grained, and knot-free model of chromatin struc-
ture as used in the MC studies of chromosome positioning within the cell nucleus.
The details of the polymer structure are not taken into account beyond the typical
length L, = 300 nm representing an average diameter of the “swollen” chromatin
fibre in GO/G1 phase. The mass of a genome is distributed uniformly according
to the length of a chromosome. According to the model, each chromosome of the
diploid human genome is approximated by a chain of spherical beads, each of radius
R =0.15 pm.

The volume of a given chromosome configuration can be understood ac-
cording to the Edwards hypothesis [32] which links configuration with the
distribution of “grains”, i.e. of tiny beads constituing interphase chromatin
polymer. The distribution of grains over the available volume states (subject
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to external constraints such as stability under gravity and that the grains are
impenetrable) gives rise to a volume of configuration. In a formal analogy
to energy, the volume V may be used to define the thermodynamic state of
the system and the derivative of entropy with respect to V introduces the
inverse “compactivity”, the parameter isomorphic to the inverse tempera-
ture in a canonical formulation of the Boltzmann equilibrium ensemble [31].
Such a compactivity parameter may serve as a measure of packing and can
discriminate among different classes of confinement, as has been discussed
elsewhere [29, 30].

Here, we refer solely to the analysis of statistical (MC) and dynamic
(MD) models and confront simulated data of chromosome positioning within
the spherical nucleus of human lymphocytes with experimental results.

Our ultimate goal is to shed light on the effect of chromosome packing
within the cell nucleus on the frequency of aberrations induced after irradia-
tion with ions and photons (X-rays). Accordingly, the final stage of modeling
refers to an overlap of track structure with a biological target of interest.

The paper is organized as follows: After briefing advancements in stochas-
tic modeling in biodosimetry and recent investigations on arrangements of
chromosome territories in interphase (Section 1), we proceed with presenting
statistical approach and numerical schemes used to analyze and model ex-
perimental data (Section 2). Most important findings of the devised analysis
are introduced in Section 3 and followed by conclusions in Section 4.

2. Materials and methods

2.1. Modeling induction of chromosome aberrations

For the analysis of the distribution of cytogenetic damage among irradi-
ated cells, the compound Poisson statistics has been used which combines the
concept of primary radiation acts (hits in biological target) with secondary
events, representing induction of cellular damage. Accordingly, in this ap-
proach, the (flux) of aberrant cells (or chromosome aberrations) through mi-
tosis can be modeled as a renewal process |15, 18, 19]. The number of events
(e.g. number of aberrant cells, number of aberrations) at a given time ¢ is
then represented as a random sum of independent and identically distributed
random variables, z(t) = Z?g X; with n(t) = min {n : Z;Vﬂ T; > t} re-
flecting the number of traversals through a cell nucleus and sampled from a
nonhomogeneous (time-dependent) Poisson process. As estimated at time ¢,
each act leads to a statistically-independent formation of X; secondary
events (e.g. aberrations). With an increasing number of particle hits per cell
nucleus, more chromosome damage is produced. In effect, heavily damaged
cells are delayed and enter mitosis later than slightly damaged or undamaged
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cells [15, 21]. The resulting probability distribution of z follows then a gen-
eral law for which the moment generating function @, satisfies the relation
Dy (u) = (eur®)) = Dyy¢) [Px (u)], where brackets denote the distribution
average. By assuming (n(t)) = A(¢), (X;) = p with an average number of
aberrations visible at time ¢, (z(t)) = A(t)p, the logarithm of @, (u) =

(eu*®)) can be rewritten as In Dy (u) = [<$(t)> {exp ((X;)[e ™ —1] — 1)}]

(Xi)

This allows to derive factorial moments of the distribution p(x,t) = p(x(t))
by subsequent differentiation of sﬁx(s)(u) and substitution v = 0. The cor-
responding fits to the experimental data at a given time point ¢ can be
performed by the use of a recurrence formula [19] derived from the moment-
generating function. Location of damage in events (ionizations) is achieved
by the use of the track structure models [13, 18|. Yield of specific events, like
e.g. DNA double-strand breaks, or induction of aberrations due to direct
effects can be further obtained from a superposition of a track structure (or
its local dose-deposition equivalent) with a specific target model (DNA at a
given level of its spatial organization).

2.2. Modeling organization of interphase chromosomes

2.2.1. Monte Carlo code for chromosome positioning in cell nucleus

At this level of modeling, the detailed structure of chromatin fiber is
not taken into account. Instead, each simulated chromosome in the GO/G1
phase is positioned in a spherical domain, the volume of which is estimated
based on spatial restraints to be satisfied |23, 24]: The cellular nucleus is
represented as a sphere of radius 2.8 um filled with randomly distributed
spherical domains containing chromosomes. Chromosome sections in the
extended forms have been assumed to form cylinder-like objects of the di-
ameter 300 nm, see Fig. 4. The length of a chromosome has been chosen
according to its mass content and the inner structure has been mapped into
a series of beads, each of a constant radius R = 0.15 ym. Random position-
ing of the model 23 pairs of chromosomes in a cell nucleus has been further
analyzed in terms of the radial distance between the nucleus center and the
center of the domain, cf. Figs. 5 and 6.

2.2.2. Polymer chromosome model and Molecular Dynamics simulations

Self-avoiding, semiflexible chromatin segments and chromosomes have
been also modeled in the simplest possible polymer-alike scenario [28, 30,
32, 34], as chains of beads, each bead (monomer) of mass m and radius
R = 150 nm. The total length of a model chromosome conforms with the
known mass of a given chromosome consisting of n beads. Integrity of a
chromosome has been assured by assuming harmonic interactions between
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Fig.5. Exemplary uniformly random radial distribution of 1000 points in a sphere
of radius 2.8 pm. Solid line represents a corresponding theoretical (normalized)
distribution of radial distances in a sphere.
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Fig.6. Sample random positioning of chromosomes 1, 8, and 21 in a spherical
lymphocyte. Total DNA content has been assumed to fill 65% of nuclear volume.
Results for simulated 100 nuclei.

the nearest neighbors along the chain

Fro = —2H, (é _ 1) , (1)

where r denotes distance between centers of neighboring parts and Hy is a
proportionality parameter. To avoid beads interpenetration, the additional
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repulsive force starts acting when r < 2R

r r\2 :
FEVO _ _EOW [(7}%) — 1:| s if r < 2R, (2)
0, otherwise .

Interaction (1) is assumed to occur only between the nearest neighbors along
the chain, whereas (2) includes potentially all components of a chromosome.
Conservation of a (model) spherical shape of the whole chromosome is as-
sured by another harmonic force, which is switching on only for outlying
monomers. The form of this interaction is similar to (1) but uses parameter
Rcy equal to a chromosome radius varying between 530 nm and 910 nm

{2 (m . 1) . if r> (Ren— R) | -
0, otherwise .

Here, r is a distance between a sphere center and a chromosome mass center.
The force is switching on for only those outlying monomers that recede too
much from the chromosome mass center. Additional dynamics takes place
at the level of a nucleus containing 46 chromosomes. The nucleus radius was
chosen to be Ry = 2800 nm. Its spherical shape is constrained by another
harmonic interaction not allowing a chromosome to move too far away

FH2 _ —2H2 (RN+FECI\ — 1) 5 lf r> (RN - Rch) 5 (4)
0, otherwise .

As previously, the force is applied only to chromosomes crossing the nucleus
border.

Time evolution of chromosomes is further derived using Molecular Dy-
namic techniques, specifically the velocity Verlet algorithm. The singular
simulation step consists of two phases. The first one concerns the internal
dynamics of chromosomes. Here, to assure thermal equilibrium, additional
noise and dissipation terms have to be added

F=Fp—myo+¢, (5)

where Fp is deterministic force (sum of all mechanical forces acting within
the chromosome structure, as described above), m is a mass of a single
chromosome component (ball), v is its velocity, and ~ is a friction constant.
5 is a vector of Gaussian random numbers {1, &2, {3} with vanishing average
and variance fulfilling fluctuation—dissipation theorem

2mykgT

var(;) = A fori=1,2,3, (6)
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where T is absolute temperature, kg is a Boltzmann constant, and At de-
notes the time step used to integrate equations of motion. The second phase
of the algorithm step plays a role at the level of chromosomes. First, basing
on positions and velocities of the monomers, we calculate those values for
each chromosome. Then, forces (3) and (4) are applied, and all kinetics are
translated back to the monomers level.

For the purpose of simulations, dimensionless units have been used. Since
we do not have any information about the relative strength of interactions
described above, we assume that all the components are comparable. There-
fore, Hy = Hy = Hy = Ey = kT, where kT is an energy unit. The time
and frequency units correspond to periodic oscillations of beads caused by

2R
equal to v = 10wp, which corresponds to slightly overdamped dynamics.

The time step has been chosen as At = 0.001%y and the mass unit has
been m. Typically, simulations have been carried out for 10¢y time steps to
ensure that the simulated nucleus reaches its thermal equilibrium state. This
simple dynamic model of a chromosome structure has been tested against
the static MC model to detect possible differences (cf. Fig. 7) in chromosome
positioning caused by excluded volume effects and physical interactions.

interaction (1). Thus, wy = Y240 and ty = i—g. The friction constant was

0.9

@ Molecular Dynamic data
@ Monte Carlo data, 35% permissible overlapping
——; middle distance

Radial distance to nucleus center

0.5

1 2 3 4 5 6 7 X 8 9 1011 12 13 14 15 16 17 18 19 20 22 21
Chromosome

Fig. 7. Radial distances to the nucleus center obtained from a sample configuration
of chromosome packing in an idealized spherical nucleus of human lymphocytes,
and derived from independent MC and MD studies. DNA content has been fixed to
fill 65% of the nuclear volume and 100% of the volume of domains. For simulations
of chromosome territories, a spherical domain model has been assumed (see the
text).

2.2.3. Spatial distribution of DSBs from the Local Effect Model (LEM)

Frequency of gene translocations between pairs of chromosomes and in-
duction of chromosome aberrations is determined from the initial DSB distri-
bution pattern, which in turn, depends on combination of particle traversals
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and ionization events pertinent to the track structure. In order to generate
a spatial distribution of DSBs in a model cell nucleus after irradiation with
2 Gy X-rays and corresponding dose (2.2 Gy) of ions, an extended version
of the LEM model has been used, as implemented by the GSI group [13, 33].
The center of the simulated track has been assumed to traverse through the
nucleus center, although its azimuthal direction has been chosen uniformly
random with an angle a € [0,360°). To further discriminate between ef-
fects induced by a random packing of chromosomes in nuclear volume and
variations of the track, we have performed statistical analysis of

— geometries of 100 simulated target models (cell nuclei) convoluted with
100 independently simulated tracks, each inducing on average the same
amount of DSBs (Model 1),

— 100 model targets overlayed with the same one-track structure (Model 2),

— identical 100 targets (the same topology of chromosome organization
and positioning in a cell nucleus) convoluted with 100 different tracks
(Model 3).

At all stages of simulations, the model of DSBs induction has been cali-
brated by referring to experimental data [6, 15, 18, 19]. In particular, in line
with the analysis of production and distribution of aberrations in resting and
cycling human lymphocytes following Fe-ion irradiation [15], primary radi-
ation damage has been quantified as the number of chromatin fragments
in excess of that measured in non-irradiated control cells. This resulting
number of excess PCC fragments/cell has been further adopted as an indi-
cator of the number of DBSs induced by irradiation. Data obtained for the
GO-lymphocytes showed [6, 15, 18, 19] that for all exposure conditions, the
number of fragments/cell increased linearly with fluence or dose. Compar-
ison of the initial chromatin breakage produced by a mean number of one
particle traversal per cell nucleus revealed that one Fe-ion traversal resulted
in about 28 excess fragments/cell/hit which in the course of time and possi-
ble repair, relaxed to about 15 excess fragments/cell /hit 24 h after exposure
[15]. In contrast, a similar dose of X-rays (2 Gy) resulted in about 18 initial
excess fragments/cell and dropped to about 4.8 excess fragments per cell af-
ter 24 h. Accordingly, the indicative DSB rate induction of about 28 DSBs
per one particle hit has been used in the implemented LEM procedure aimed
to characterize statistics of spatial distribution of breaks in cellular and nu-
clear domains. In brief, intersection of simulated track structures with a
disc-like, cylindrical geometry (an average diameter 10 pum) of a lymphocyte
allows to predict a spatial distribution of damage within the cell volume [13].
In the next step, localization and statistics of breaks within the cell nucleus
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can be analyzed by overlapping the pattern of breaks with a spherical vol-
ume of a cell nucleus (r = 2.8 um). In consequence, this analysis estimated
an average of 15 breaks located directly in the volume of the cell nucleus.

3. Results

3.1. Polymer modeling of chromosome organization

Chromosome territories formed by different chromosomes are commonly
believed to have non-random arrangement influenced by gene density and the
chromosome mass. In effect, arrangements of chromosomes within the vol-
ume of a spherical nucleus, and in particular their spatial entanglement, are
expected to influence interactions between radiation-induced breaks and to
correlate with relative participation of various chromosomes in interchanges
[10, 11, 34].

For the purpose of quantifying the effect of chromatin compaction and
curling on the positioning of chromosomes in distinct territories, we have
elaborated a probabilistic scheme of folding based on a minimal polymer
model of decondensed chromosomes. The latter takes into account the self-
avoidance and bending stiffness of the fibre together with the linear connec-
tivity of polymer units (¢f. Section 2.2.2). Figures 7 and 8 summarize our
findings based on the MC/MD modeling: Normalized distances of the do-
main centers from the center of a nucleus are comparable for both modes of
modeling and result in similar trends in positioning of chromosomes. Since
the MD simulations of Brownian dynamics are much more time consuming
than the MC analogs, for the purpose of further investigations, we have lim-
ited our analysis to the superposition of LEM-derived distribution of breaks
over the MC-generated nuclear structure (see Section 2.2.1).

3.2. Correlation of spatial distribution of DSBs with arrangements
of chromosomes in the nucleus territory

For a given pattern of Fe-ion traversal, the local dose deposition can be
derived from the radial profile of the track. Frequencies and distribution of
the total number of DSBs following that pattern have been calculated using
the amorphous track structure LEM model [33]. In turn, to model distri-
butions of DSBs observed after irradiation with photons, we have assumed
a homogeneous scattering of the same number of breaks among 100 nuclei.
This step of modeling requires partitioning of 100 targets into fractions with
0, 1, 2, and more hits, following the Poisson distribution with an average
one particle traversal per cell nucleus. Outcomes of simulations based on
these assumptions reflect the pattern of DNA damage observed after X-ray
irradiation with a uniform spatial distribution of deposited energy.
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Fig.8. Sample configuration of chromosome packing in an idealized spherical nu-
cleus of human lymphocytes. For simulations of chromosome territories, a spherical
domain model has been assumed. In a randomly chosen domain, a subcompartment
model of an interphase chromosome is presented.

Results for 100 simulated nuclei of various organization, each traversed
by a projectile in a different geometry with respect to the target (Model 1)
are summarized in figure 9. Distribution of DSBs in 100 cells is roughly
Poisson with the mean of about 15 DSBs/cell, in accord with experimen-
tal observations [15]. The effect of radial positioning of chromosomes with
respect to the nucleus center has been further analyzed by overlapping the
same track structure with 100 different nuclear arrangements (Model 2).
Participation of various chromosomes in formation of aberrations in dam-
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aged cells remains in this case similar to the pattern observed in Model 1,
see figures 10 and 11, and strongly deviates from the predictions based on
the simulated homogeneous distribution of breaks.
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An interesting comparison is indicated in distribution of breaks per chro-
mosome per cell resulting from models of localized (in the case of ions) versus
uniform (for photons) depositions of ionizing events. Figures 11 and 12 show
that local proximity of ionizations after irradiation with ions results, on one
hand side — in a higher frequency of intact (non-hit) cells with respect to
the zero class predicted by uniform (Poisson) distribution, and on the other
— in much broader, dispersed distribution of breaks in a population of 100
simulated cells.
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Fig. 11. Distribution of 15 breaks in modeled nucleus-track arrangements (see the

text). For comparison with X-rays, we have assumed 15 breaks distributed uni-
formly within the nuclear volume.
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Fig. 12. Frequency of non-hit (undamaged) cells derived from the simulations. For
details, see the text.
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Misrejoining patterns leading to aberrations have been further modeled
by a mechanistic approach described by Sachs et al. [34, 35]. In brief, dis-
tribution of DSBs on chromosome structures produces free ends which can
be correctly or incorrectly rejoined, when the DSB rejoins with its origi-
nal partner or misrejoins with another DSB. In the simplest form of the
breakage-and-reunion model [35], all free ends undergo restitution or partic-
ipate in illegitimate reunions. Out of the chromosome-free-ends formed, only
those located within a certain distance may be rejoined by either restoring
the original structure or producing an aberration. A rearranged chromosome
produced in a complete (no free ends left) reunion and exchange process ei-
ther possesses a telomere at each end or forms a closed ring. The set of all
rearranged chromosomes produces the final configuration of aberrant and
restituted entities. Contemporary experimental assays based on multiplex
fluorescent in situ hybridization (mFISH) allow for painting of chromosomes
thus elucidating fragments coming from misrejoins and complementing kary-
otype changes detected by the standard Giemsa technique (cf. Section 1.1).

The final stage of our modeling aimed to confront simulated patterns
of aberrations, as experimentally detected by either the Giemsa or mFISH
techniques. The first step of this analysis yields the probability of rejoin-
ing. Its assignment to any pair of induced free ends is based on estimated
(and normalized to one) distribution of distances between the breaks. Ac-
cordingly, the faithful or illegitimate rejoinings become influenced by the

Chromosome: 1, 1', 2, 2, ..., 22, 22", X, X'
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Fig. 13. Models of chromosomes analyzed in the paper. Symbols p and ¢ denote a
short and a long chromosome arm, respectively. Grey spheres represent telomers
(chromosome terminus) and black ones indicate the centromers’ positions. Left
figure shows an exemplary slide of aberration-free chromosomes, as observed in a
standard Giemsa staining. Right figure refers to the same set in a model FISH
staining where every pair of chromosomes is painted with a different color.
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proximity of free ends. As a result, the employment of this procedure al-
lows us to determine the idealized pattern of aberrations, as exemplified in
Fig. 14 in comparison with the control, Fig. 13.

§ :

l

Fig.14. Results of modeling radiation-induced translocations (exchanges) among

the group of chromosomes (c¢f. Fig. 13). Right figure shows a model rearrange-
ment of broken arms among the group of chromosomes hit by 1 particle traversal.
Resulting misrejoinings, as observed in the FISH staining, involve various colors
indicating participation of various chromosomes. Non-homologous end joining has
been modeled based on the spatial juxtaposition of genomic loci as derived from
the spatial distribution of radiation-induced breaks, see the text.

4. Discussion

Chromosome aberrations are large-scale illegitimate rearrangements of
the genome and ionizing radiation is a potent inducer of those exchanges.
In various former studies, it has been indicated that formation of chromo-
some territories in cell nuclei and their mutual proximity have an impact on
the frequency of radiation-induced aberrations. Understanding the chromo-
somal damage induced by sparsely as well as densely ionizing radiation is
an important research topic, as environmental, medical, and occupational
radiation-exposure can be a potential health risk. It is known that the biolog-
ical effects of sparsely and densely ionizing radiation can be quite different,
as equal physical doses have different biological effects (described by the rel-
ative biological effectiveness — RBE) and they induce different chromosome
aberration patterns with densely ionizing radiation inducing a higher frac-
tion of complex aberrations (c¢f. [40, 41]). Chromosomal aberration analysis
is a time-consuming and (in the case of mFISH) expensive method, thus
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modeling is a valuable complement to experimental data to better under-
stand the biological consequences of densely and sparsely ionizing radiation
exposure.

Our work was meant to present contemporary approaches to biophysical
modeling which simulates the induction of chromosome aberrations by differ-
ent radiation modalities, such as particles and photons. Special emphasis has
been devoted to pointing out distinctive differences between the distribution
of biological damage caused by low- and high-LET exposure. An approxi-
mate stochastic MD description of a Rouse-like polymer model confined in a
spheric domain allowed us to follow the frequency of encounter events when
chains representing different chromosomes intertwined within the cell nucleus
being simultaneously traversed by projectiles’ tracks. The spatial distribu-
tion of the latter and corresponding induction of breaks following a local dose
distribution have been simulated based on the LEM model developed at GSI,
one of a few models developed to predict the response to charged particle
radiation for all clinically-relevant situations [36, 37]. Different exposure se-
tups are often used to study the relation between biological responses and
LET [38, 39]. Our statistical tests are grounded on three models adapted
for analysis of effects of random packing of chromosomes in nuclear volume
and variations of the track captured degree of uncertainties in derived fre-
quencies of induced breaks. It has been shown that chromatin compaction
influences DNA repair. Further developments of the model could take this
into account by distinguishing between euchromatin and heterochromatin,
as it is done in the case of other models of radiation-induced DNA damage
[42]. In particular, it has been argued that in decondensed eurchromatin, a
lower proportion of direct strand breaks is observed in line with fewer DNA
targets per unit volume crossed by a given projectile. Therefore, differences
in induced DSB yield should be observed, determined by the degree of chro-
matin compaction and concentration of histone proteins which play a role of
radical scavengers. These problems could be addressed in future simulations
aimed to provide better models of chromatin structure.

Physical differences in DNA damage represent only the first stage in
radiation’s biological effects which are further processed dependent on the
cell’s ability to detect, respond, and repair the damage. Mechanistic and
stochastic models, as described here, can provide a basis for more advanced
approaches to probabilistically link early DNA damage with biological ef-
fects including the type of damage complexity, misrepair kinetics, and cell
survival.

In conclusion, computer simulations offer new insights into experimen-
tally-observed and clinically-relevant endpoints enabling at the same time
a better understanding of processes involved in the biological response to
ionizing radiation.
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