
Biologie
GSI Helmholtzzentrum für
Schwerionenforschung
GmbH
Biophysik

Beyond the track: The
processing of double strand
breaks after iron-ion irradiation
and the role of base excision
repair
Zur Erlangung des Grades eines Doktors der Naturwissenschaften (Dr. rer. nat.)
Genehmigte Dissertation von Laura Schwan
Tag der Einreichung: 10.06.2025, Tag der Prüfung: 10.09.2025

1. Gutachten: Prof. Dr. Burkhard Jakob
2. Gutachten: Prof. Dr. Alexander Löwer
Darmstadt, Technische Universität Darmstadt



Schwan, Laura: Beyond the track: The processing of double
strand breaks after iron-ion irradiation and
the role of base excision repair
Darmstadt, Technische Universität Darmstadt,
Jahr der Veröffentlichung der Dissertation auf TUprints: 2026
URN: https://nbn-resolving.org/urn:nbn:de:tuda-tuda-153354
Tag der mündlichen Prüfung: 10.09.2025
Veröffentlicht unter CC BY 4.0 International
https://creativecommons.org/licenses/



Ehrenwörtliche Erklärung:

Ich erkläre hiermit, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter angefer-
tigt habe. Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken
sowie sämtliche von Anderen direkt oder indirekt übernommenen Daten, Techniken und
Materialien sind als solche kenntlich gemacht.

Ferner erkläre ich, dass ich bei der Verfassung der Dissertation die ”Grundsätze zur
Sicherung guter wissenschaftlicher Praxis an der Technischen Universität Darmstadt” und
die ”Leitlinien zum Umgang mit digitalen Forschungsdaten an der TU Darmstadt” in den
jeweils aktuellen Versionen beachtet habe. Die Arbeit wurde bisher bei keiner anderen
Hochschule zu Prüfungszwecken eingereicht.

Darmstadt, 10.06.2025
L. Schwan

iii





Abstract

Gebündelte DNS-Schäden sind eines der Hauptmerkmale ionisierender Strahlung und
stellen ein hohes Risiko für die Gesundheit dar. Vor allem können sie zu der Entstehung
von Krebs beitragen. Dabei wird zwischen hoch- und niedrig-LET (Linearer Energietrans-
fer) Strahlung unterschieden, wobei hoch-LET Strahlung, z.B. beschleunigte Schwerionen,
zunehmend komplexere Schäden verursacht als niedrig-LET Strahlung mit Photonen. Auf-
grund des Erdmagnetfelds und der Atmosphäre ist die Gefahr der Schwerionen-Exposition
für auf der Erde lebende Menschen zu vernachlässigen. Sobald diese schützenden Fak-
toren auf Weltraumreisen jedoch überwunden werden, sollten die Risiken, die mit solch
einer Strahlenbelastung verbunden sind, bestens eingeschätzt werden können. Die ra-
diobiologische Wirkung von kosmischer Strahlung wird dabei oft mit Eisenionen an
Beschleuniger-Anlagen simuliert. Während ein Schwerion den Zellkern passiert, entstehen
durch die Wechselwirkung des Ions mit den biologischen Molekülen der Zelle dicht gebün-
delte DNS-Schäden verschiedenster Komplexität entlang der Ionen-Trajektorie. Durch
die Ionisation werden auch sekundäre Elektronen, aufgrund ihrer hohen Energie als
δ-Elektronen bezeichnet, freigesetzt. Diese verursachen wiederum Schäden außerhalb
der Ionenspur, und je nach Energie erreichen sie selbst auch Nachbarzellen. Zu den
Hauptschäden gehören neben DNS-Doppelstrangbrüchen (DSB) und Einzelstrangbrüchen
auch Basenschäden. Letztere werden über die sogenannte Basenexzisionsreparatur (BER)
repariert, wobei nach Entfernen der geschädigten Base ein Einzelstrangbruch als kon-
trollierter Zwischenschritt verursacht wird. In dieser Arbeit wird demnach mithilfe des
Einsatzes von Inhibitoren gegen zwei der in BER involvierten Faktoren gezeigt, dass DSB
durch die gleichzeitige Tätigkeit von mehreren BER-Prozessen an benachbarten Basenschä-
den nach der Gabe von Kaliumbromat (KBrO3) entstehen. Es kann angenommen werden,
dass diese zusätzlichen DSB die Schadenskomplexität nach Schwerionenbestrahlung in
der Ionenspur noch weiter erhöhen. Komplexe Schäden werden sehr häufig mithilfe
von Resektionsprozessen an den Bruchenden repariert, wohingegen weniger komplexe
Schäden, wie solche die durch Photonen oder Elektronen verursacht werden, meistens
über nicht-homologe Endverknüpfung repariert werden. Obwohl die Schadenskomplexität
von δ-Elektronen verursachten DSB denen der Photonen-induzierten DSB ähnelt, wurde
vermehrt Resektion sowie auch homologe Rekombination an DSB außerhalb der Ionenspur
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in G1/G2-Zellen beobachtet. Im Gegensatz dazu zeigen Fibroblasten, fast ausschließlich
in G1, überraschenderweise eine leicht schnellere Reparatur der gleichen Schäden im
Vergleich zu DSB nach Röntgenbestrahlung.
Diese Ergebnisse unterstreichen die Wichtigkeit, die biologische Strahlenantwort nach
Schwerionen-Exposition zu untersuchen. Nicht nur werden relativ simple Basenschäden in
potentiell kanzerogene DSB umgewandelt, sondern auch die Komplexität der Spurschäden
durch zusätzlich entstehende DSB erhöht. Das gleichzeitige Vorhandensein von großer
Schadenskomplexität und weniger komplexen Schäden außerhalb der Spur scheint die
Reparatur von letzteren in Richtung Resektionsabhängigkeit zu beeinflussen. Obwohl
noch weitere Experimente notwendig sind, um die hier gemachten Punkte zu unterstützen,
können die Ergebnisse für die radiobiologische Modellierung der Schadensinduktion und
-reparatur nützlich sein. Die Wirkung von ionisierender Strahlung auf Zellen auf moleku-
larer Ebene ist vor allem wichtig für die Risikoabschätzung bemannter Weltraummissionen.
Radiobiologische Experimente an Beschleuniger-Anlagen auf der Erde unterstützen somit
die Erkenntnisgewinnung und diese Arbeit bildet einen kleinen Teil im Bereich der DNS-
Reparatur nach hoch-LET Eisenionen-Bestrahlung ab.
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Abstract

Clustered DNA damage as one of the hallmarks of ionizing radiation, poses a great risk on
the genomic integrity. High frequencies of clustered DNA damage induced by ionizing
radiation increase the overall cancer risk. The exposure to high linear energy transfer
(LET) charged particles, like heavy ions, leads to the induction of increasingly clustered
DNA lesions compared to low-LET photon irradiation. Although environmental heavy-ion
exposure poses no great risk to humans on Earth due to the Earth’s atmosphere and
magnetic shielding, it represents a significant threat on the human health during deep
space missions. To study the (health) effects of the biologically highly effective heavy-ion
exposure as part of the galactic cosmic ray (GCR) spectrum, irradiation experiments are
commonly performed with accelerated iron (Fe) ions. While heavy ions pass through the
cellular nucleus, they induce highly clustered DNA-lesions along their pathway. Due to
the ion’s interaction with matter, δ-electrons emerge and depending on the ion’s initial
energy, they can deposit energy distant to the ion track (off-track), even in adjacent cells.
Besides single- and double strand breaks (SSBs, DSBs), ionizing radiation leads to a
high abundance of base lesions. Base lesions will be immediately processed by the well
conserved base excision repair (BER) pathway. During the base removal, endonuclease
activity at the damage site leads to the induction of a SSB as an intermediate step. In
this work it was shown that by using inhibitors against two BER-related factors, 8-OxoG
DNA glycosylase 1 (OGG1) and AP endonuclease 1 (APE1), BER processes induced by
administering the oxidizing agent KBrO3 lead to the emergence of additional DSBs in
non-inhibited human cells. The higher DSB load observed in non-inhibited cells after
heavy-ion irradiation suggests that BER processes increase damage clustering within
the ion’s narrow track area. To repair most of the highly clustered track damage, DNA-
end resection needs to be performed first, while less complex photon-irradiation induced
breaks usually do not depend on resection and are ligated via non-homologous end-joining
(NHEJ) predominately. Although the complexity of δ-electron induced DSBs outside of
the track region can be considered almost identical to DSBs induced by low-LET photon
irradiation, increased resection with subsequent processing via homologous recombination
(HR) was observed at off-track DSBs in a mixed population of G1/G2 cells with concurrent
ion tracks. Contrary to the finding of an extended use of resection at off-track DSBs,
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repair kinetics assessed in mainly G1-phase cells are surprisingly faster for off-track DSBs
compared to DSBs induced by low-LET X-rays.
These findings underline the importance of the biological processing of less-serious base
lesions into DSBs, which threaten the genomic integrity especially due to increased damage
clustering in heavy-ion tracks. The simultaneous occurrence of strongly clustered in-track
DNA-damage and less-clustered off-track DSBs seems to further affect the processing of
the latter. Although further work is necessary, the results obtained from this project could
be of interest for the radiobiological modeling of IR induced DNA damage. Understanding
the effects of high-LET irradiation on the molecular level and its consequences on the
cell fate regarding for instance cancer induction, is indispensable for the risk assessment
of manned future deep space missions. Ground-based radiobiological experiments with
heavy ions are of great importance to study the effects of GCR exposure on the human
health and this work contributes to the understanding of the DNA-damage response to
high-LET heavy-ion irradiation.
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1 Theory

1.1 Ionizing radiation and its biological impact

The increasing popularity of space missions leads to growing concerns about the risk
assessment for a human being exposed to different space hazards. NASA’s Human Re-
search Program (HRP) lists them as follows: Isolation and confinement, distance from
Earth, gravity fields, hostile and closed environments and foremost space radiation [1].
There exists a variety of more or less effective counter measurements for the psychological
effects as well as for the impact of microgravity to the general fitness [2]. The exposure
to ionizing radiation (IR) becomes increasingly more prevalent when the space traveller
leaves the atmosphere and Earth’s magnetic field and is completely exposed to the galactic
cosmic radiation (GCR) field of the outer space. On the Moon’s surface, radiation dose
levels are assumed to be 2.6 times higher than on the international space station (ISS)
located in the low Earth orbit (LEO) [3]. Future manned space missions will be of longer
duration than previous missions and in the case of an exploratory long-term mission to
Mars the space explorer will be exposed to GCR for well above six months. Additional
solar particle events (SPE) derived from the Sun complicate the dose estimation further
due to their unpredictable nature. The constant exposure to GCR on the human body
is assumed to result in increased risks of cardiovascular alterations [4], damage to the
central nervous system (CNS) [5] as well as cataracts [6] and cancer due to the increased
carcinogenic effect of heavy ions [7].

Especially the high energy and high charge number Z (HZE) ion part, although with
an abundance of only 1% for Z ≥ 3 of the whole GCR spectrum [8], has a considerable
contribution to the dose-equivalent [9]. Iron (56Fe) ions have a particularly important
role when considering the HZE-ion distribution of the GCR spectrum due to their high
abundance and increased biological effectiveness [8]. For instance, during a three-year
mission through space around 33% of all cellular nuclei in a human body will receive one
HZE-ion hit [10]. Although passive radiation shielding can mitigate the exposure to the
GCR field to some extend [7], very high energetic ions pose especially difficult to shield
with the currently used spacecraft materials, primarily aluminum. With more shielding
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material added, the production of secondary particles due to the interaction of HZE ions
with the shielding material will increase, resulting in a complex radiation field [11, 12].
Additionally, using more material to achieve thicker shielding would add significantly on
the total cost to launch the spacecraft. Also the materials atomic number needs to be taken
into account for designing effective shielding strategies [11]. The interaction of HZE ions
with low Z number shielding materials for instance produces only secondary particles that
are biologically less damaging than the particles emerging from the interaction with high
Z number materials, which favors the implementation of lighter (composite) materials
composed of mainly hydrogen [11]. Epidemiological data to estimate the health risk
for exposure exists only for γ-rays in the high-dose range derived from the historical
atomic bomb incidents [13], not for low-dose rate charged particle exposure as in the
space environment. This leads to high uncertainties in the risk assessment for missions
into space. For instance, the uncertainty of cancer risk due to GCR exposure during an
exploratory Mars mission is estimated to be between 400% and 600% [14].
Other than space, heavy-ion irradiation has an emerging role in the field of radiotherapy
foremost to treat cancer, with the main focus on carbon (12C) ions [15]. Besides C ions,
other potential candidates for radiotherapeutic applications are helium (4He) and oxygen
(16O) ions [16]. More recently, radioactive ion beams (11C) [17] have been explored
for particle therapy (PT) as well. Another important source for the exposure to charged
particles on earth is found in the ground. Besides other naturally occurring radionuclides,
resources of uranium (238U) within the soil decay into gaseous radon (222Rn) which further
decays within a relatively short half-life of 3.82 days while emitting α-particles (Helium
nuclei, He2+), just like the subsequent daughter nuclei with an even shorter half-life of
less than 1 h [18]. Inhaling radon gases thus leads to the exposure to α-particles and
poses the increased risk of developing lung cancer, especially if the (solid) descendants
accumulate around the bronchial tissue [19].

When charged particles, like protons, α-particles or ions, enter (biological) material, like
human tissue, the frequency of interactions with the surrounding molecules and atoms
continues to increase non-linearly until the particle comes nearly to a halt. The amount of
transferred energy per penetration depth has the distinct shape of a so called Bragg curve,
with the Bragg peak marking the maximum of the released energy. The linear energy
transfer (LET) is one important property of accelerated charged particles to understand
their increased biological effectiveness, compared to photons [20]. Especially PT benefits
of this narrow dose deposition around the Bragg peak, while healthy tissue can effectively
be spared in the particle entrance region [21]. Via shifting of the ion’s kinetic energy to
spread out the Bragg peak region (SOBP), the tumor volume can be exposed to a homoge-
nous dose distribution, making it superior to photon irradiation with the exponentially
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decreasing distribution of dose along a photon’s pathway [22]. Due to the sharp fall-off at
the distal region of the Bragg peak (figure 1.1), tissue of high risk can be effectively spared
[22]. LET is inversely related to the square of velocity and it increases with the square of
the charge number of the projectile (ion), which can be derived from the Bethe equation
[23]. Photons interact with matter differently from charged particles. The interaction of
low energetic photons can be described by the photoelectric effect. Energy is transferred
from the incident photon to an atomic-bound electron, leading effectively to its removal if
the photon’s energy is at least the electron-nucleus binding energy. With higher photon
energies around the X-ray regime, scattering events become more prevalent. Within the
Compton scattering, the scattered photon transfers some energy to a target electron,
while it continues with longer wavelengths. The transferred energy removes the recoiled
electron from its bound state. At even higher energies, at least above the resting energy
of one electron and one positron (1.022MeV), pair production within the potential field
of an atomic nucleus may occur more frequently. Since this work focusses solely on the
biological impact of ionizing radiation, X-rays within the keV regime have been utilized
which implies that Compton scattering is the main type of photon-matter interaction in
this case. In contrast to the peak behavior of charged particles, the shape of the photon’s
dose-depth profile is exponentially declining (figure 1.1).
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Figure 1.1: Depth-dose profile of therapeutic photons and C ions with pronounced Bragg
peak in water.

Exposure to heavy ions increases the percentage of tumor prevalence in mice to a larger
degree than same dose photon irradiation [24]. Correspondingly, heavy ions are more
effective than photons in neoplastic transformation of mammalian cells [25]. Due to the
mutational consequences, deoxyribonucleic acid (DNA) resembles a highly sensitive target
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of cells regarding radiation damage. During the interaction with cells, the passage of
charged particles will produce a track of direct ionization events along the ions pathway
and induce clustered and complex DNA damage inside the cellular nucleus. Within these
ionizations, high energetic secondary electrons (δ-electrons / δ-rays) are being released,
while the density of δ-electrons induced ionizations follows an inverse square law [26].
The direction of δ-electron emission is not isotropically but angular from the ion track,
while the angle depends on the kinetic energy of the δ-electron [27]. Those electrons
further induce DNA lesions around the track region and increase the overall damage load
inside the cellular nucleus [26]. Thus, the irradiation with charged particles is of mixed
radiation quality, with high-LET damage along the track and low-LET damage around the
track. If the projectile ion is of high energy, the liberated δ-electrons can even reach the
mm range and deposit energy in adjacent cells not directly hit by the ion [28]. Since more
than half of the ion’s initial kinetic energy is distributed to the δ-electron energy spectrum
[27], the damage induced by those electrons has to be considered while studying the
effects of HZE ions on the DNA integrity.
Irradiating a monolayer of cells with charged particles at low fluences using an accelerator
results in a Poisson distribution of direct hits, with a significant fraction of cells not being
traversed by the particle. Consequently, the use of the macroscopic dose in this regard
may not be the ideal parameter to describe and compare the biological effects of low-
and high-LET irradiation. For instance, high-LET ions would cause way more damage in
traversed cells as cells irradiated with lower LET protons at the same averaged dose [20,
29, 30]. Instead, LET together with the fluence of particles per unit area may be more
appropriate, which are correlated to dose as follows:

𝐷 = 1.6 ⋅ 10−9 𝐿𝐸𝑇 ⋅ 𝑓
𝜌

(1.1)

With dose 𝐷 in Gy, LET in keV/µm, fluence 𝑓 in particles/cm2 and the material density 𝜌
in g/cm3. The factor 1.6 ⋅ 10−9 is needed for the unit conversion.

Upon the traversal of a cell’s nucleus by photons or charged particles, ionization events
can either damage the DNA directly by interacting with the DNA molecules or indirectly
by leading to the production of reactive oxygen species (ROS) in the surrounding water
through water hydrolysis [31]. Additionally, the location of ROS production and diffusion
can be further divided into the two components of the water layer: the first hydration
layer enclosing the DNA structure and bulk water, while only the latter one would include
the possibility of free radical scavengers which might mitigate the damaging abilities of
ROS [31]. The indirect effect accounts for approximately 71% [32] of the total DNA

4



damage after X-ray irradiation and is attributed towards the highly reactive hydroxyl
radical (•HO) as the main contributor [32]. •HO damages prevalently nearby DNA bases
[33, 34] and to a lesser degree sugar moieties [34, 35]. Due to its short mean diffusion
distance of 6 nm it needs to be in direct proximity to the DNA [32]. Other non-radicals
like hydrogen peroxide (H2O2) are able to form highly reactive •HO through a Fenton
reaction with DNA-bound transition metal ions [36]. Cytoplasmic radical scavengers, for
instance glutathione [37], can react with ROS like •HO and non-radicals like H2O2 to
convert those damaging agents into less toxic products, although radicals formed in the
first hydration layer in direct vicinity to the chromatin may not be scavengeable and lead
consequently to several DNA lesions [31, 38].

1.2 DNA damage response (DDR)

Ionizing radiation (IR) can induce a plethora of different lesions in the DNA. Types of
damage include base damage, apurinic or apurimidinic (AP) sites, single strand breaks
(SSB) and double strand breaks (DSB) with differing complexity. The amount of those
lesions depends strongly on the particles or photon’s initial kinetic energy and thus the
number and location of ionization events inside the nucleus. Most of the lesions induced
by IR are SSBs with a yield of 1000 per cell per Gy [39] and 2 to 2.7 times more base
lesions [39, 40]. The yield of DSBs with 35 to 40 per cell per Gy [39, 41] is much smaller,
since two events on opposite strands with a maximum distance of approximately 10 bp
[42, 43] would be required. Moreover, the number of IR induced DSBs increases linearly
with dose [44]. And more than 17.5 eV of energy deposition at the sugar-phosphate is
needed to induce one single SSB [42, 45].
Singly damaged sites, which compose of only one isolated lesion, should be repaired
efficiently and almost error-free, since the undamaged opposite strand would serve as a
template. Those lesions can be the result of an isolated event, for example a single photon,
particle or radical hitting the DNA molecules directly without the production of additional
radicals. For instance, the interaction of ROS with DNA may lead to the generation of
many isolated SSBs [46, 47]. In contrast, locally multiply damaged sites (LMDS) usually
involve more than one radical species within a small volume and are thus quite common
in energy deposition events of IR [39] and without radiation only achievable for example
with high concentrations of H2O2 treatment [48]. Clustered lesions consist of SSBs, AP
sites, base lesions as well as DSBs at different ratios (figure 1.2) while they have to be
located in close proximity within a 1 nm to 4 nm DNA segment [49], the equivalent of
one or two helical turns. DSBs accompanied directly by base damage, AP sites or strand
breaks to form a cluster are considered to be complex [50]. For low-LET electrons, at
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least 20% of all induced DSBs are already assigned to be of complex type (DSB + strand
break) [50]. With increasing LET, the complexity of DNA damage clusters increases [40].
After high-LET irradiation, around 70% of DSB clusters are accompanied by single SSBs
whereas in 90% of all DSB clusters, SSBs with additional base lesions can be observed
[40]. Consequently, clustered lesions are regarded as one hallmark of high-LET irradiation
[51, 52]. As stated earlier, high-LET radiation is part of the GCR spectrum which poses
increased cancer risks to exposed space travelers [9]. To handle this high diversity of DNA
lesions, mammalian cells have developed different repair pathways.

Base lesion

Simple
DNA damage

Clustered
DNA damage

Base lesion
+ SSB

Complex
DSB

Clustered
DSB

Complex +
Clustered
DSB

AP site

SSB

DSB

Figure 1.2: Simple and clustered DNA damage. Based on Danforth, Provencher, and
Goodarzi [53].

1.2.1 Base excision repair (BER)

Base excision repair (figure 1.3) is a highly conserved pathway, relevant in bacteria up
to mammalian cells, for repairing DNA base lesions of different kind. Since cells pro-
duce endogenous oxidative damage in high abundance, with numbers of steady-state
oxidative base modifications in the range of 1000 to 1260 per genome in mouse [54]
and human cells [55], respectively, this repair mechanism is of great importance for the
general genome maintenance. Guanosine for instance is known for having the lowest
redox potential of all four nucleotides [56]. It is expected to be more frequently affected
by interactions with radicals, and foremost by •HO, to form 8-OH-adduct radicals which
will subsequently transform into 7,8-dihydro-8-oxoguanine (8-OxoG) [57]. During DNA
strand synthesis or by inserting an oxidized deoxyguanosine triphosphate (dGTP) into
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the DNA during replication, 8-OxoG increases the probability of being mis-paired with
adenine [58, 59] and thus forming 8-OxoG:C→ 8-OxoG:A→ T:A transversion mutations
[60].
To efficiently remove the damaged base to prevent further accumulations of mutations,
the (short-patch) BER pathway will begin with the removal of the base to produce an AP
site by a specific DNA glycosylase, depending on the type of base lesion [61]. After the
base removal, the AP endonuclease 1 (APE1) is being recruited to the AP site with high
affinity to open the DNA backbone to facilitate the DNA polymerase (Pol β) activity for
filling in the correct base. The gap is then sealed by a DNA ligase (LIG1 in the nucleus
and LIG3 in mitochondria [62]) accompanied by a scaffolding protein (XRCC1) [63].
Bases are chemically modified foremost by oxidation, deamination and alkylation and
besides of the already mentioned 8-OxoG, some other types of lesion include 2,6-diamino-
4-hydroxy-5-N-methylformamido-pyrimidine (FaPy), thymine glycol (Tg) and uracil (U)
[38, 61]. Around 11 different DNA glycosylases are able to detect the large variety of
base lesions [61] while most of them are monofunctional, like uracil-N glycosylase (UNG),
meaning they can only cleave glycosidic bonds. In contrast, most of the glycosylases
responsible for the removal of oxidative lesions, like endonuclease VIII-like glycosylase 1-3
(NEIL1-3) and 8-OxoG DNA glycosylase 1 (OGG1), are bifunctional and besides similar
glycosylase activity they can additionally induce a strand break through β-lyase activity
[61, 64]. Nevertheless, OGG1 is more efficient in its glycosylase activity than in strand
nicking [65]. 8-OxoG is the main substrate of OGG1 and MutY homolog DNA glycosylase
(MYH) [61, 66] as well as for NEIL1 and NEIL2 [67, 68]. MYH additionally removes
mis-paired A in 8-OxoG:A incorporations to decrease the frequency of T:A transversions
[66].
The presence of clustered damage inhibits further strand nicking by glycosylases [69]
as well as APE1 [70]. While neighboring 8-OxoG do not lead to a strong inhibition,
additional AP sites and SSBs located asymmetrically opposite to the initial lesion (at
base positions ± 1 and ± 3) inhibit the strand incision by APE1 strongly [70]. Nonethe-
less, base lesions induced by ionizing radiation can be converted into DSBs, presumably
through simultaneous processing by BER in damage clusters, as observed in bacteria and
mammalian cells [71–74]. Increasing numbers of DSBs originating from base excision
processes performed at endogenous and peroxide induced base lesions were also observed
in vivo and in vitro in mouse cells, respectively [75]. Since DSBs along heavy-ion tracks
are highly clustered, additional BER processes may add to the DSB clustering. Failure in
the DDR cascade may lead to an accumulation of mutations which increase the probability
of neoplastic transformations and tumorigenesis [76]. In fact, several tumor tissues show
increased levels of endogenous oxidative damage clusters [77] as well as higher numbers
of endogenous DSBs [78] compared to non-malignant cells.
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Figure 1.3: Base excision repair pathway. Based on Krokan and Bjoras [63].

1.2.2 Non-homologous end-joining (NHEJ)

DNA DSBs can pose a great risk regarding the cellular genome stability and may lead
to chromosomal aberrations if they are not resolved rapidly before the next cell cycle
[79]. In addition to induction by IR, DSBs can also be induced by chemical agents, like
the therapeutic agent bleomycin [80], or even endogenously. For instance ROS, which
are generated during normal metabolic processes, induce plenty of SSBs, while a small
fraction of SSBs are being converted into DSBs during DNA replication [81]. It is assumed
that around 10 DSBs per cell per day may emerge [82]. Most of the endogenous (due to
physiological processes) and exogenous (for instance chemicals and radiation) induced
DSBs are being repaired promptly by either one of the following two pathways, non-
homologous end-joining (NHEJ) or homologous recombination (HR). The classical NHEJ
(c-NHEJ) (figure 1.4) is the main DSB repair pathway [83–85] and active during the
whole cell cycle of mammalian cells [86]. In contrast to HR, it does not rely on regions
containing large homology sequences. Although the NHEJ pathway is more efficient
if some microhomology of up to 4 bp at the break site is involved, it is able to directly
ligate non-homologous blunt ends as well [87]. Since this pathway ligates broken ends
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without a template, NHEJ could in principle lead to the introduction of small errors
like deletions or insertions at the break site and is thus regarded as more error-prone
than HR. Nonetheless, the end joining of directly ligatable ends is highly accurate, while
imperfectly complementary DNA ends will be joined with slightly more modifications at
the break sites [88]. The pathway of NHEJ is initialized by the binding of the Ku70-Ku80
heterodimer to both, 3’ and 5’, double stranded DNA (dsDNA) ends with high affinity
[89]. Importantly, Ku70-Ku80 binding is inhibited by long single stranded DNA (ssDNA)
overhangs [89]. Following the DNA binding of Ku, DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) is being recruited to build a synapsis together with Ku [90]. If limited
resection of the small microhomology region is required, the endonuclease Artemis is
being recruited to the synapsis and its endonuclease function is activated via DNA-PKcs
autophosphorylation [91]. Nevertheless, just around 10% of DSBs induced by ionizing
radiation need Artemis-dependent resection during the NHEJ execution [92] and survival
data attest only a small increase in radiosensitivity at low doses (< 6Gy) due to loss of
Artemis [93]. The break is then further processed by the NHEJ-exclusive DNA ligase
IV (LIG4) in conjunction with the stimulating X-ray repair cross-complementing protein
4 (XRCC4) and the XRCC4-like factor (XLF), which forms a complex with XRCC4 [94].
Paralogue of XRCC4 and XLF (PAXX) is another NHEJ factor with Ku binding ability, and
is similar to the structure of the XRCC4-XLF complex [95], although XLF and PAXX are
assumed to be less relevant for the functionality of the LIG4 in contrast to the crucial
presence of the scaffolding protein XRCC4 [96].
Alternative end-joining (a-EJ) and microhomology-mediated end-joining (MMEJ) are
being performed particularly if other factors indispensable for the viability of the c-
NHEJ pathway are absent [97]. These pathways are significantly more error-prone
and substantially slower than c-NHEJ [97]. Cells lacking XRCC4, Ku70 and LIG4 show
increased chromosomal translocations and a higher frequency of deletions (< 100 bp) and
insertions (< 10 bp) at the break sites, due to the use of a-EJ [98]. In contrast to c-NHEJ,
the use of microhomology at the break ends is more extended [99, 100]. Factors involved
in a-EJ are predominantly poly ADP-ribose polymerase 1 (PARP1) [101], C-terminal
binding protein 1 (CtBP1) interacting protein (CtIP), MRE11 double strand break repair
nuclease (MRE11) [102] and polymerase Θ (Pol Θ) [103]. The immediate switch to
alternative end-joining pathways highlights the importance of a fast and reliable ligation
of DSBs.
High-LET irradiation induces an increased frequency of short DNA fragments (< 40 bp) due
to the high density of DSBs [104]. It is proposed that the binding efficiency of Ku70-Ku80
to DSB ends of short fragments is impeded which in turn leads to a decreased repair using
NHEJ [105]. This suppression of the NHEJ pathway can be observed at complex DSBs
induced by high-LET irradiation [106]. Additionally, Ku70-Ku80 deficient cells show an
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increased use of HR, which suggests that the missing binding of Ku70-Ku80 at the DSB
site shifts the DDR in favor of homology directed repair (HDR) [107]. Although if repair
via HR is not feasible, cells may use more error-prone repair pathways. For instance,
NHEJ mutant fibroblasts show increased levels of chromosomal aberrations [108], which
emphasizes the protecting role of the NHEJ pathway for chromosomal maintenance.
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3' 5'

End processing
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Ionizing
radiation

DNA-PKcs

XRCC4-
LIG4-XLF

Figure 1.4: DSB repair by non-homologous end-joining. Based on Lieber et al. [109] and
Goodarzi and Jeggo [110].

1.2.3 Homologous recombination (HR)

Homologous recombination (figure 1.5) is the other major DSB repair pathway besides
NHEJ in mammalian cells [111]. In contrast to NHEJ, HR depends on the intact sister
chromatid, identical to the broken strand, to be used as a template and thus can only
operate in S and G2 phase of the cell cycle [44, 86, 112]. Moreover, it was shown that HR is
predominately active during S phase, with lower activity in G2 and basically no use of HR in
early G1 phase [85]. Since this pathway uses the available sister chromatid as a template,
the repair of DSBs by HR is supposed to be highly accurate. Although, experiments with
yeast show that recombinational repair can also be slightly mutagenic due to the rate of
DNA polymerase misincorporation [113]. Besides ionizing-radiation induced DSBs, HR
also plays an important role in the repair of DSBs arising from replication fork collapses
[114]. DNA end resection at the broken strands is a crucial step before repair via HR can
be accomplished, and is initiated by binding of the MRE11-RAD50-NBS1 (MRN) complex
to the break site [115]. By endonuclease activity of the dimerized MRE11 at the break
ends [116], extended ssDNA overhangs are being produced via 5’ to 3’ end resection.
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MRN activity together with other resection related factors as CtIP, exonuclease 1 (EXO1)
and DNA replication nuclease 2 (DNA2)/Bloom’s syndrome protein (BLM), is further
being facilitated by breast cancer type 1 susceptibility protein (BRCA1) [115]. These
factors are also in concert with the ssDNA-binding replication protein A (RPA), which is
being recruited to resected strand ends for stabilization and to prevent the formation of
secondary structures within the ssDNA [117]. RPA is further being replaced by directly
interacting with DNA repair protein RAD51 homolog 1 (RAD51) [118], which forms a
filament on the ssDNA strand [119] to invade and search the homologous sister strand
for the identical base pair sequence [120]. BRCA1, BRCA2 and RAD51 are supposed
to co-localize, foremost during S phase, and a depletion of each of those factors seems
to have strong adverse effects on genome integrity [121–123]. BRCA1 is furthermore
supposed to be responsible for preventing TP53-binding protein 1 (53BP1) binding upon
emerging DSBs in favor of HR, while 53BP1-binding itself would promote NHEJ due to the
inhibition of resection [124]. Last but not least, with the prerequisite of RAD54-binding,
the break will be newly synthesized by DNA polymerases, supposedly α, δ, ε and ζ [125],
while ligase I (LIG1) is assumed to be involved in the ligation step [126]. Non-conservative
HR, also called single-strand annealing (SSA), is an alternative mechanism of HDR. As
HR, SSA depends on resected break ends and instead of a sister chromatid, homologous
repeats in proximity to the DSB will be annealed, leading to the removal of DNA patches
in between those repeats [127]. Consequently and in contrast to HR, DSB repair by SSA
is regarded as more error-prone. Slightly elevated SSA-use at DSBs can be observed for
instance in Ku80-deficient cells, while the extend of SSA increases even further if HR is
additionally impaired via RAD51-loss [128]. Similar to a-EJ, SSA seems to be the backup
option for resected DNA break ends if the main DSB repair pathways are unavailable
[128].
The more complex the DSB cluster, the more HR is being used in G2-phase cells [83],
although alternative pathways like a-EJ or SSA emerge more frequently with increasing
DSB complexity as well [129]. After α-particle irradiation for instance, an increased
amount of RPA at DSB sites was observed, indicating that repair at those lesions requires
resection [130]. Thus, the extended use of resection seems to be correlated to DSB
complexity and DSBs become more resected after high-LET irradiation, even in G1-phase
cells [131]. Since the repair accuracy of these alternative mechanisms is significantly
inferior, increased use at complex lesions may disrupt the genomic stability by increasing
the formation of chromosomal aberrations (CA) [106, 129].
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Figure 1.5: DSB repair by homologous recombination with the double Holliday junction
(DHJ) sub-pathway. The other sub-pathway, synthesis-dependent strand an-
nealing (SDSA), instead involves just a single HJ and leaves the donor DNA
unmodified. Based on Wright, Shah, and Heyer [120] and Nickoloff et al. [132].

1.2.4 Pathway choice and cellular consequences

To prevent cells with damaged chromatin from entering into S phase and to avoid the
accumulation of CAs, cell cycle checkpoints, for instance the G1/S checkpoint, can be
activated [133]. Although the activation itself does not occur immediately and can take
several hours after damage induction by ionizing radiation [134]. Cells irradiated in late
G1 phase will enter subsequently S phase even upon unresolved damage [135], while
this accumulated damage may be further processed by HR after proceeding into the S
phase [85]. Another checkpoint in the G2 phase, G2/M checkpoint, prevents the cell
from entering into mitosis with broken DNA strands [136]. However, it was observed that
exponentially growing fibroblasts irradiated with 1Gy X-rays are released from the G2/M
checkpoint after a few hours while they still exhibit around 20 DSBs per nucleus [137].
Also cells irradiated with Fe ions leave this G2 checkpoint after some time and enter into
mitosis, even though they possess unresolved complex lesions, which subsequently are
assumed to lead to the formation of CAs [138].
The chromatin structure is influencing the repair pathway as well. For example, DSBs lo-
cated in transcriptionally active genomic regions enrichedwith the histonemark H3K36me3
are supposed to be processed more frequently with HR [139]. With its length of around
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2m with more than 6 × 109 bp [140], the DNA fiber is wrapped around histones to form
nucleosomes, while one nucleosome consists of eight histones. Two of each of the four
histone family members, H4, H3, H2B and H2A, assemble one nucleosome and in be-
tween nucleosomes, H1 serves as a linker histone [141]. The H2A variant H2AX, with a
prevalence of 2% to 10% of all mammalian H2A, plays a major role in the DSB response
[142]. Upon the induction of a DSB, the ataxia telangiectasia mutated kinase (ATM)
phosphorylates H2AX rapidly (1 to 10 min) on the residue serine 139, denoted as γH2AX
[142, 143]. Due to the widespread phosphorylation of H2AX involving megabase regions
around the DSB [142], the γH2AX signal forms microscopically observable foci and it
can be assumed that each focus resembles one DSB [144], although this is only true
for sparsely ionizing radiation at low doses where no foci overlap would be expected.
Using immune fluorescence (IF) imaging of radiation induced foci (RIF) of γH2AX, the
induction and repair of DSBs can be assessed quite precisely [145], while this technique
even enables the visualization of heavy-ion tracks via γH2AX and other repair factors
accumulating along the track [146]. Frequently after high-LET irradiation, a pan-nuclear
γH2AX distribution can be observed, which does not seem to influence the induction of
γH2AX at DSB sites [147].
One purpose of the modification of histones is the recruitment and accumulation of further
factors involved in DSB repair [148] and chromatin remodeling [149]. Euchromatin
(relaxed chromatin) is assumed to be more accessible for repair factors in contrast to the
much more dense heterochromatin (condensed chromatin), which can be found predom-
inately at repetitive, pericentromeric and telomeric chromosomal regions with general
reduced transcription rates [150]. Subsequently, repair in euchromatin is accelerated and
DSBs are resolved faster than in heterochromatin due to the need for decondensation
of the dense chromatin structure first [151]. Within the tracks after particle irradiation,
the chromatin structure, assessed by transmission electron microscopy (TEM), seems to
become less dense in the time frame of 0.5 to 24 h [152].

The consequences for cells exposed to high-LET irradiation reach from genomic mutations
and CAs to cancer, senescence and cell killing [24, 153]. Compared to photon irradiation,
the relative biological effectiveness (RBE) of particle irradiation increases with LET [154],
while the curve’s shape depends on the studied biological end point. In the case of cell
survival, the RBE reaches a maximum at LET values of around 100 keV/µm to 200 keV/µm
after which the RBE declines (”overkill effect”) [155]. The RBE is estimated by the ratio
of the reference photon dose (𝐷𝑅), usually X- or γ-rays, to the dose of the specific particle
radiation (𝐷𝑃) at the same biological effect (isoeffect), for instance the same percentage
of cell survival:
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𝑅𝐵𝐸 =
𝐷𝑅

𝐷𝑃
(1.2)

Importantly, the RBE varies for different cell types as well as particle species and energy
[156, 157]. RBE values are especially important in particle-therapy planning to increase
the effectiveness in tumor cell killing [157].

Early on it was found that ionizing radiation is an effective initiator of carcinogenesis and
neoplastic transformation of mammalian cells [158]. High-LET Fe-ion irradiation in mice
for instance induces tumors at higher frequencies and faster onset as compared to the
irradiation with γ-rays [159]. Foremost the high number of complex lesions induced by
Fe-ion irradiation seems to be repaired with slower kinetics and a substantial fraction
of those damage sites remain unrepaired [160] and may even last beyond days [161].
Unresolved complex DSBs increase the frequency of CA-formation which marks Fe-ion
irradiation as carcinogenic [162]. It is assumed that two distinct events leading to DSBs
are responsible for the formation of each CA [163]. This also requires for both of the
DSBs to be left unrepaired for a certain amount of time to have a higher probability
for a translocation event [164]. Additionally it is suggested that the breaks of different
chromosomes involved in this translocation event have to be very close to each other
[165], and experiments show an increased number of DSBs at chromosome borders after
carbon-ion irradiation [166]. Nonetheless, DSBs induced by heavy-ion irradiation do
not show movement over larger distances which excludes large scale chromatin mobility
as the main reason for the occurrence of CAs after ion exposure [167]. Chromosomal
exchanges can be classified into simple and complex. The formation of simple exchanges
requires two chromatin breaks, while for complex exchanges, at least three breaks in two
or more different chromosomes need to be involved [168]. After high-LET irradiation,
an elevated frequency of complex chromosomal exchanges in human cells was observed,
for instance after α-particle irradiation alone [169, 170] as well as after the exposure
to mixed beams of α-particles and X-rays [171]. Interestingly, the number of complex
aberrations after mixed beams irradiation increases more than expected for each single
radiation quality alone [171]. Mixed beams, which are composed of different radiation
qualities with simultaneous low- and high-LET properties, simulate the situation of the
exposure to HZE ions and can be used to observe whether effects on the DDR for example
are of synergistic or additive nature.

Since the DDR of cells with concurrent higher and lower complex damage is currently
not well understood, this work focusses on the processing of DNA damage in human cells
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after Fe-ion irradiation, as part of the GCR spectrum. The exposure to high-LET ions is
cancerogenic [172] and it is of high interest to study the molecular mechanisms leading to
a possibly increased health risk of space travellers, considering future deep space missions.
Although it is well known that the complex damage produced by ionization events along
the trajectory of a charged particle is being processed differently than simple and sparsely
distributed photon induced DSBs, it is unknown whether this high damage load has an
effect on the processing of the surrounding less complex DSBs emerging from δ-electron
interactions. For this purpose, the use of resection as well as HR at δ-electron induced
DSBs in cells with at least one Fe-ion hit was studied. Clustered damage in general is being
resected more often than single DSBs, suggesting that pathway choice in favor of resection
is decided solely by the damage quality itself. Nonetheless, the degree of resection use at
DSBs of δ-electron events outside the track region could differ to cells irradiated just with
photons, due to the strongly clustered damage in the track region. Depending on the cho-
sen repair pathway, the resolving of DSBs can be more or less time consuming [173]. Thus,
besides resection, DSB repair kinetics can provide insight into the efficiency of break rejoin-
ing. Last but not least, since adjacent BER processes may lead to the formation of DSBs,
the complexity and clustering of proximate DSBs could be increased. This would have
significant consequences on the already high damage density within heavy-ion trajecto-
ries, as an increased amount of clustered DSBs would be more difficult to resolve efficiently.

Parts of the results of this dissertation have been published in Schwan et al. [174].
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2 Material and Methods

2.1 Cell culture

Primary human foreskin fibroblasts (AG1522D, Coriell Institute) and human osteosarcoma
cells (U2OS, ATCC (American Type Culture Collection)), as well as U2OS-NBS1-2GFP,
kindly provided by Claudia Lukas (Danish Cancer Society, Institute of Cancer Biology
in Copenhagen, Denmark) [175], were kept at 95% humidity, 5% CO2 and 37 °C in
Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/l glucose, 15% fetal bovine serum
(FBS) (AG1522D) or 10% FBS (U2OS, U2OS-NBS1-2GFP), 1% non-essential amino acids
(AG1522D) and 400µg/ml Geneticin (G418) with 1 µg/ml Puromycin (U2OS-NBS1-2GFP
cells only). AG1522D fibroblasts were accumulated in G1 phase via contact inhibition,
while the cumulative doubling time (CPD) was calculated using equation 2.1 to determine
the cellular viability numerically in addition to optical observations. With 𝐶𝑃𝐷𝑜𝑙𝑑 as the
previous CPD, 𝑁𝑐𝑜𝑢𝑛𝑡𝑒𝑑 as the number of cells counted and 𝑁𝑠𝑒𝑒𝑑𝑒𝑑 as the number of cells
seeded. Cells in the CPD range of 20 to 30 were seeded for each experiment, since the
general viability of passages reaching values well above 30 declined rapidly with increasing
numbers of cells detaching from the vessel’s bottom.

𝐶𝑃𝐷𝑛𝑒𝑤 = 𝐶𝑃𝐷𝑜𝑙𝑑 +
log 𝑁𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑁𝑠𝑒𝑒𝑑𝑒𝑑

log2
(2.1)

For experiments, cells were seeded either in single 35mm Petri dishes or on 24x24 or
18x18mm2 glass cover slips (#1.5 (170µm thickness)) for the fixed cell experiments or in
chambered coverslips (#1.5) with four wells (ibidi) for live cell imaging. All experiments
were performed with 70% to 80% confluency of the cell layer.

2.2 BER inhibitor treatment

To block the BER pathway, a combination of two inhibitors was added to the cell-culture
medium, with TH5487, an OGG1 inhibitor and methoxyamine hydrochloride (MX), an
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APE1 inhibitor. MX was dissolved in cell culture medium at room temperature with 2x
(40mM) the end concentration of 20mM. The pH value of the mixture was adjusted
between 6.5 to 7.5 using KOH and TH5487 dissolved in DMSO was added with 2x (20 µM)
the end concentration of 10 µM. Half of the volume of each cell dish was discarded and
replaced with the 2x BERi working solution. Control cells were treated with DMSO, while
adding the same volume of DMSO as the volume of TH5487 used in the inhibitor group.
Incubation time was at least 1 h at 37 °C prior each experiment and the inhibitor mixture
was always prepared shortly before.

2.3 KBrO3 treatment

To induce oxidative base damage, cells were treated with KBrO3 in culture medium. KBrO3
was dissolved in the cell’s specific medium to a concentration of 80mM. Half of each
sample’s medium was discarded and replaced by the KBrO3 medium, thus, reaching a
KBrO3 end concentration of 40mM. Incubation was carried out at 37 °C for about 1 h,
after which the cells were either fixed immediately, see section 2.5 and 2.6, or washed
twice with phosphate buffered saline (PBS) and continued incubating with their specific
medium without KBrO3.

2.4 Cell irradiation

2.4.1 X-ray irradiation

X-ray irradiation of AG1522D fibroblasts and U2OS cells was performed with a dose of
0.5Gy and a dose-rate of approximately 2.5Gy/min. The X-ray tube’s peak voltage was
set at 250 kV along with the tube current at 16mA.
For each irradiation session, large Petri dishes (⌀ = 145mm) containing 8 smaller
dishes, were homogeneously irradiated consecutively. Non-irradiated control samples
were removed prior irradiation to ensure equal environmental conditions for all groups,
including the transportation between laboratories.

2.4.2 Heavy-ion irradiation

Fe-ion irradiation

Iron (Fe) ion irradiation was performed at the GSI synchrotron SIS18 at an energy
of 350MeV/n and a fluence of 3 × 106 particles/cm2. The resulting LET was around
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224 keV/µm and the dose 1Gy.
Petri dishes were placed inside empty T25 cell culture flasks (figure 2.1) which were
subsequently placed on a moving conveyor in front of the beam line to automatically
irradiate several stacks of T25 flasks containing the cell dishes without human intervention.
Cells were irradiated angular on glass coverslips with a slight tilt towards the beam line
by raster scanning over the sample within the irradiation window of 2x2 cm. Control cells
were carried to the cave as well and returned to the incubator together with the irradiated
ones.
For live cell imaging of the chambered coverslips directly at the beam line, only the outer
chambers were irradiated and imaged simultaneously, since the irradiation of directly
neighboring chambers may contribute to the dose.

(a) Numbered T25 cell culture flask
with removed top part and
marked beam target.

Coverslip with
cell layer

Petri dish

Microscope
slides

Medium

Direction of
ion beam

(b) Front view of stacked T25 cell culture flasks contain-
ing Petri dishes separated by microscope slides.

Ion beam

Side view

Nucleus
Cell
3°

}

(c) Side view of a cell traversed by an
ion.

Figure 2.1: Synchrotron SIS18 irradiation in horizontal direction of Petri dishes inside cut
open T25 cell culture flasks. One flask could fit four Petri dishes in total, with
two flasks simultaneously irradiated at a time. Additionally, flasks were tilted
slightly (around 3°) towards the beam direction.
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Li-ion irradiation

Lithium (Li) ion irradiation was performed at the GSI linear accelerator (UNILAC) at an
energy of 11.4MeV/n and a fluence of 3 × 106 particles/cm2. Neglecting the energy loss
in air, the LET within the first water layers would be around 38 keV/µm with a mean dose
of 0.18mGy, although the LET is expected to be slightly higher at the cell layer.
Coverslips containing the cells were placed inside custom designed holders (figure 2.2)
and inserted into a tank containing the cell’s medium with or without inhibitor. Cells
were irradiated consecutively and without medium via lifting each holder in front of the
beam window. Due to the low energy and high LET, Li ions were not able to penetrate the
accumulated thin medium layer at the lower back. Thus only cells close to the edges are
exposed to the ions. After irradiation, all coverslips were removed from the tank and put
back into their dedicated sample dish into the incubator. Control cells were carried to the
cave as well and returned to the incubator together with the irradiated ones.

Coverslip
with 

cell layer

Direction of
ion beam

Mediumdroplet

4°
}

Figure 2.2: Custom cell holder for the horizontal ion irradiation at the UNILAC. Coverslips
were inserted upside down with a slight tilt of 4° and the cell layer facing
downwards. Only cells outside the thin medium layer were exposed to ions.

2.5 Cell fixation with formaldehyde

Cells were put back into the incubator and fixed at defined time points after KBrO3
treatment or irradiation using 2% formaldehyde solution in phosphate buffered saline
(PBS) for 15 min, 0.5% Triton™ X-100 in PBS for 10 min and after two washing steps
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with PBS, incubation with 0.4% bovine serum albumin (BSA) with azide in PBS, or just
PBS with azide, for at least 30 min or overnight at 4 °C before immunofluorescence (IF)
staining was carried out.
If the samples were IF stained with the 8-OxoG antibody, cells were fixed with aceton-
methanol instead, see next section 2.6.

2.6 Cell fixation with aceton-methanol

For staining of 8-OxoG base lesions after KBrO3 treatment using the anti-8-hydroxy-
2’-deoxyguanosine (8-OxoG) antibody, cells were fixed with −20 °C cold acetone and
methanol (1:1) on ice for 20 min. The cell’s membranes were subsequently permeabilized
using 0.5% Triton™ X-100 in PBS at room temperature for 5 min. For RNA digestion,
permeabilized cells were incubated at 37 °C for 1 h with the following buffer: 10mM
Tris-HCl at pH 7.5, 1mM EDTA, 0.4mM NaCl and 100µg/ml RNAse A. The DNA was
afterwards denatured using 2.5N HCl at room temperature for 30 min and subsequently
neutralized with 0.1M Na2B4O7 at room temperature for 10 min. Cells subsequently
incubated with 0.4% BSA in PBS for 30 min at room temperature or overnight at 4 °C,
before 8-OxoG IF staining was performed.

2.7 Immunofluorescence staining

Carl Roth’s ROTI®kit for Imaging (EdU Click-647, 7777.1) was used to exclude S-phase
nuclei by adding 4 µl of 10mM 5-ethynyl 2’-deoxyuridine (EdU) to each 2ml sample dish
15 min prior fixation, to a final concentration of 20 µM per sample. Since pre-incubation
with buffer containing BSA before performing the click-reaction deteriorates the signal,
PBS was used instead. For the click-reaction mixture with a total volume of 200µl per dish,
following reaction components were added within same order: 151.6 µl millipore water,
20 µl 10x reaction buffer, 8 µl catalyst solution, 0.4 µl 10mM Eterneon Red 645 Azide
or AZDye647-Azide (Jena Bioscience, CLK-1299-1) and 20µl 10x buffer additive. After
incubation with the click-reaction mixture at room temperature for about 30 min, cells
were washed twice for 3 min with PBS and blocking for subsequent IF staining procedures
was performed by adding 0.4% BSA in PBS for at least 30 min at room temperature or
overnight at 4 °C to the cell dish.
After blocking with 0.4% BSA in PBS, blocking buffer was removed and cells were stained
by using primary antibodies against Serin 139 phosphorylated histone H2AX (γH2AX),
centromere protein F (CENPF), replication protein A 32 kDa subunit (RPA), TP53-binding
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protein 1 (53BP1), DNA repair protein RAD51 homolog 1 (RAD51), 8-oxoguanine gly-
cosylase (OGG1) and 8-oxo-2’-deoxyguanosine (8-OxoG) mixed with 0.4% BSA in PBS.
Fixed cells incubated for about 1 h at room temperature or overnight (12 h – 16 h) at 4 °C
with the primary antibody solution. After primary antibody incubation, cells were washed
three times with PBS for 5 min each. Subsequently, cells incubated with the secondary
antibodies for 1 h at room temperature. Cells were washed twice with PBS for 5 min
each and DNA was stained with 1 µg/ml 4,6-Diamidin-2-phenylindol (DAPI) in PBS for
10 min at room temperature. After incubation with DAPI, cells were washed twice for
5 min with PBS and each coverslip was dipped into millipore water to remove salt residues
before attaching the coverslip to the microscope slide with a thin layer of 5 µl to 10 µl
SlowFade™ Diamond Antifade Mountant (Invitrogen™). All used antibodies are listed in
the following tables, see 2.1 for the primary and 2.2 for the secondary antibodies.

Immunogen Manufacturer Clone Catalogue Host Conc. IF
number dil.

γH2AX Millipore JBW301 5-636-I Mouse 1mg/ml 1:500
53BP1 Calbiochem PC712 Rabbit 2mg/ml 1:500
OGG1 Novus NB100-106 Rabbit 1mg/ml 1:500

Biologicals
CENPF Novus NB500-101 Rabbit 1mg/ml 1:750

Biologicals
RAD51 Abcam 14B4 ab213 Mouse 1mg/ml 1:200
RPA Santa Cruz 9H8 sc-56770 Mouse 200µg/ml 1:300
8-OxoG JaICA N45.1 JAI-MOG-020P Mouse 100µg/ml 1:100

Table 2.1: Primary antibodies used for IF staining.

Name Manufacturer Catalogue Species Host Conc. IF
number dil.

Alexa Fluor™ 488 Invitrogen A11017 anti-Mouse Goat 2mg/ml 1:400
Alexa Fluor™ 488 Invitrogen A11008 anti-Rabbit Goat 2mg/ml 1:400
Alexa Fluor™ 568 Invitrogen A11019 anti-Mouse Goat 2mg/ml 1:400
Alexa Fluor™ 568 Invitrogen A21069 anti-Rabbit Goat 2mg/ml 1:400

Table 2.2: Secondary antibodies used for IF staining.
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2.8 Image acquisition

Images were acquired using a Leica TCS SPE confocal microscope equipped with a 63x
/ 1.4 oil immersion lens together with the Leica Application Suite X (LAS X) imaging
software (Leica Microsystems) or a Nikon Eclipse Ti spinning disk confocal microscope
equipped with a 40x or 100x /1.4 oil immersion lens, an Andor-DU8285 VP-3884 EM-CCD
camera and Andor iQ 3 v3.6.1 (Andor Technology) for imaging of fixed and live cell
samples. Resolution of acquired images was 0.121 µm/px (40x) or 0.072 µm/px (100x)
with an image dimension of 1004 x 1002 pixel. Increment between image slices was set
between 0.2 µm to 0.3 µm, with a total amount of 20 to 30 slices per Z-stack.
Directly at the beam line, live cell images of U2OS-NBS1-2GFP cells on chambered
coverslips were acquired using a modified remote-controlled OLYMPUS IX73 microscope
equipped with an UPlanFL 60x / 1.2 water or 100× / 1.4 oil immersion lens and a 1.6x
optovar, an Andor Ixon Ultra DU-888 EM-CCD camera and Andor iQ 3 v3.6.1 (Andor
Technology). Image dimensions were 1024 x 1024 pixel, with 0.081 µm/px resolution.
Imaging frequency was set to one Z-stack of 7 slices per minute at 12 to 16 locations per
sample.

2.9 Image and statistical analysis

For further microscope image processing, image deconvolution with Huygens Essential
v19.04 (Scientific Volume Imaging, SVI) was performed. ImageJ v1.53j to v1.54p [176]
together with custom developed scripts was used for image analysis and Python v3.9 to
v3.13 (Python Software Foundation) along with the main packages Matplotlib, Pandas,
Numpy, Scipy and Seaborn was used for generating the plots and performing the statistical
evaluation.

2.9.1 Foci analysis

The evaluation of nuclear foci was performed semi-manually on confocal microscope
images using ImageJ. After generating a maximum’s projection of the Z-stack, thresholding
methods, for instance Otsu [177], were used to extract foci from the nuclear background.
Due to some variation in background intensity, each thresholded image was manually
assessed by eye to minimize over- or underestimation of foci signal.
In cells with ion tracks, damage marker foci with at least 1 µm distance from the track
center were assigned as off-track foci, whereas all foci within the track area of less than
2µm diameter were classified as in-track foci (figure 2.3). Furthermore, only images of
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cells with clearly discernible tracks were evaluated to reduce the number of in-track foci
misclassified as off-track foci.
To evaluate the fraction of co-localizing foci, an overlay in the maximum projection was
generated and the number of overlapping foci of the two different IF markers was assessed.
Regarding this, the area of overlap was required to be of sufficient size which was further
determined manually by eye to conclude whether the two markers co-localize.

In-track

Off-track

Figure 2.3: Definition of in-track and off-track RIF in cells with
ion tracks. DSB markers were used to discriminate
between in-track (box) and off-track (arrows) RIF. Only
foci with at least 1 µm distant from the track’s center
were classified as off-track foci. Scale bar: 10 µm.

2.9.2 NBS1-GFP foci emergence time analysis

To determine the emergence time and location of NBS1-GFP foci induced by Fe-ion
irradiation, confocal microscope images were processed via using a custom developed
ImageJ script. First, each individual focus was highlighted to manually define whether
the focus’ location was in- or off-track. Next, while going through the time stack, the time
point [min] at which the previously classified focus becomes visible was estimated. This
so-called foci emergence time was further collected in a table together with the focus’
location and the cell’s inhibition-status (control or treated with BERi prior irradiation).

2.9.3 Nuclear IF intensity analysis

To quantify the 8-OxoG signal after KBrO3 treatment, see section 2.3, the intensity of the
8-OxoG IF signal within the whole nuclear area was evaluated by generating a maximum
projection along the Z-axis. The DAPI signal served as an outline for the nuclear area to
measure the mean gray value of the 8-OxoG channel within the nucleus in cells with or
without BER inhibitor and at different time points after KBrO3 treatment.

2.9.4 Statistical analysis

If not indicated otherwise, errors show the standard error of the mean (SEM). If needed, for
instance after subtracting mean background values from the whole data set, propagation
of the SEM was performed with equation 2.2.
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𝑆𝐸𝑀𝑗 = √𝑆𝐸𝑀2
𝑖 + 𝑆𝐸𝑀2

𝐵𝐺 (2.2)

With 𝑆𝐸𝑀𝑖 as the SEM of the observed values and 𝑆𝐸𝑀𝐵𝐺 as the SEM of the background.
In the case of the γH2AX assay of δ-electrons presented in section 3.4, the calculation
of the error bars was slightly modified. First, both sets of the same beam time (Fe-ion
beam time of 2022) were averaged, ̄𝑥1. This mean value was then averaged with the
mean of the other independent beam time (Fe-ion beam time of 2021), ̄𝑥2, (equation 2.3).
The average background value obtained from this equation, ̄𝑥𝐵𝐺, was then subtracted
from each average, ̄𝑥, (equation 2.4). Thus, not only error propagation was performed for
averaging both mean values but also for subtracting the background values.

̄𝑥 =
̄𝑥1 + ̄𝑥2

2
(2.3)

̄𝑥𝑗 = ̄𝑥 − ̄𝑥𝐵𝐺 (2.4)

The standard deviation (SD) ,𝜎, was obtained from equation 2.5, with 𝑥𝑖 as observed
values within one data set, ̄𝑥𝑖 as the mean value of the observations from this data set
and 𝑁 as the number of observations.

𝜎 =
√√
⎷

∑𝑛
𝑖=1(𝑥𝑖 − ̄𝑥𝑖)2

𝑁
(2.5)

The SEM of each data set, 𝑆𝐸𝑀, was calculated with equation 2.6, with 𝜎 as the SD of the
different time points and 𝑁 as the number of observations.

𝑆𝐸𝑀 =
𝜎
√𝑁

(2.6)

Since both data sets were averaged with equation 2.3 and background values were
subtracted via 2.4, the propagation of the SEM was calculated with 2.7, with 𝑆𝐸𝑀1 as
the SEM of the first beam time data set and 𝑆𝐸𝑀2 as the SEM of the second beam time
data set as well as the respective SEM of the background values of both sets, 𝑆𝐸𝑀𝐵𝐺1

and
𝑆𝐸𝑀𝐵𝐺2

, obtained from equation 2.6.

𝑆𝐸𝑀𝑗 =
1
2
√𝑆𝐸𝑀2

1 + 𝑆𝐸𝑀2
2 + 𝑆𝐸𝑀2

𝐵𝐺1
+ 𝑆𝐸𝑀2

𝐵𝐺2
(2.7)

Data was either represented as point plots, box plots or scatter plots. Point plots show the
mean values with error-bars within the range of the SEM or propagation of the SEM, if
not indicated otherwise. Box plots depict the range from the first to third quartile (box),
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while the whiskers extend to the 1.5x inter quartile range (ICR), with outliers outside
of this range represented as circles and the line within the box as median. Scatter plots,
which show all observations, were combined with point plots to represent the mean and
the respective SD. To prevent extended overlapping of data points in scatter plots, random
jitter was used to distribute the points position along the X-axis.
Due to the skewed distribution of the foci data, statistical analysis was performed by using
the nonparametric Mann-Whitney U test and statistical significance was determined by
p-values below 0.05. Statistical significance inside plots was indicated by asterisks with
the following convention: p ≥ 0.05 is not shown, p < 0.05 is indicated with one asterisk
(*), p ≤ 0.01 with two asterisks (**) and everything below p ≤ 0.001 with three asterisks
(***).

2.10 Flow cytometry

The flow cytometry measurement of normal human fibroblasts (AG1522D) was performed
to visualize the cell-cycle distribution in contact-inhibited cell cultures. First, the cells of
three separate Petri dishes (⌀ = 35mm) were detached using 0.5ml Accutase® (Sigma-
Aldrich) for 5 min at 37 °C per Petri dish. The cell suspension was subsequently pipetted up
and down several times in order to get single cells, transferred into a 50ml tube containing
10ml PBS and centrifuged at 520 g for 8min at room temperature. After removing the
supernatant, the cells were resuspended in 1ml PBS. 5ml PBS was then added to the
cell suspension, while taking 10µl of the cell suspension to count by using the TC20
Automated Cell Counter (Bio-Rad). The cell suspension was centrifuged again at 520 g for
8min at room temperature. After removing the supernatant, the tube containing the cells
was inverted onto a napkin to prevent back flow of the PBS. The cells were resuspended
in the remaining PBS drop and isolated thoroughly while vortexing. 1ml of 70% Ethanol
per each 1 × 106 cells was added to the cell suspension and the ethanol-fixed cells were
stored at least for 30 min at −20 °C.
To stain the DNA for the flow cytometry measurement, 1 × 106 cells of the previously
frozen ethanol-fixed sample were transferred into a 15ml tube and centrifuged at 500 g
for 10 min at 4 °C in a swing out bucket. After removing the supernatant, the cells were
resuspended in 1ml PBS and centrifuged again at 500 g for 10 min at 4 °C in a swing
out bucket. This time, after removing the supernatant, the cells were resuspended in
425µl PBS. 50 µl RNAse A was added to the cell suspension and after 20 min of incubation
time at 37 °C, DNA was stained via adding propidium iodide (PI) at a concentration
of 50 µg/ml to the cell suspension. The cell suspension was then subsequently filtered
through a cell strainer cap to remove cell agglutinations and to increase the amount of
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single cells. Immediately afterwards, the well separated cell suspension was analyzed
via flow cytometry using the S3 Cell Sorter (Bio-Rad) with 50 000 events recorded per
sample.
Analysis of the gathered flow cytometry data was performed by using FlowJo™ v10.6.2
Software (BD Life Sciences). The area of the side-scattered (SSC) versus area of the
forward-scattered (FSC) pulses were plotted to gate for the living cells, whereas gating
within the PI fluorescence peak’s height versus area subsequently resulted in a population
containing foremost single cells. This population served as the input for the cell cycle
distribution analysis by generating a histogram of all the PI intensity peak area counts
which enabled the annotation of the G1, S and G2/M cell cycle phase peaks.
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3 Results

3.1 Induction of DSBs by BER

The repair of clustered base lesions via the well conserved BER pathway may lead to
the formation of harmful DSBs, which was observed for instance after X-ray irradiation
[74]. In contrast to sparsely ionizing radiation, heavy ions induce clustered lesions in a
constrained volume along their track. Due to the narrow distribution of DSBs in the track
area, the emergence of additional lesions in direct proximity to the track damage may
increase the DSB complexity even further. It can therefore be expected that foremost BER
processes within the track region contribute to the DSB clustering. The following section
thus investigates the extend of BER-induced DSBs in tracks of heavy ions. To determine the
fraction of DSBs which are formed due to BER activity, an inhibitor combination against
two BER factors was used. The first part of this section presents some results obtained via
inducing oxidative damage in cells treated with and without BER inhibitor to confirm the
efficiency of the inhibition.

3.1.1 KBrO3 induces 8-OxoG-base lesions

Potassium bromate (KBrO3) is a strong oxidizing agent that induces damage to DNA bases
and was used to investigate the efficacy of the applied BER inhibitor (BERi). To inhibit
BER, a combination of the OGG1 inhibitor TH5487 and the APE1 inhibitor methoxyamine
hydrochloride (MX) was used. At first, the ability of KBrO3 to induce oxidative base
lesions within the experimental conditions of this project was assessed. KBrO3 is able
to oxidize DNA within the presence of reduced glutathione (GSH) [178, 179] with 7,8-
Dihydro-8-OxoGuanine (8-OxoG) as its main DNA modification [180]. Non-inhibited
and BER-inhibited normal human fibroblasts (AG1522D) were treated with KBrO3 for
1 h. After changing back to normal medium, the cells were fixed using ice-cold methanol-
aceton immediately (0 h), 15 min, 30 min and 1 h after stopping the KBrO3 treatment.
By subsequent IF staining and imaging (figure 3.1) the 8-OxoG signal intensity per time
point and condition was assessed (table 3.1 and figure 3.2).
The integrated intensity of the 8-OxoG signal should be proportional to the amount of
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8-OxoG antibody bound to the sample and the intensity values between the control
and KBrO3 treated samples should thus reflect the induction and consecutive repair of
base lesions induced by KBrO3 incubation. As expected, after the KBrO3 treatment the
intensity of the 8-OxoG signal increases compared to the control without any prior KBrO3
incubation, with the highest intensity peak 15 min after the 1 h KBrO3 pulse, while
30 min after the KBrO3 treatment the intensity levels decreased tremendously. After 1 h,
the intensity values have dropped further, and the 8-OxoG base lesions seem to have
decreased nearly completely back to the mean background values, indicating a successful
removal of oxidative lesions by the BER pathway. Although there seems to be less 8-OxoG
signal directly after removal of KBrO3 in the BER-inhibited sample in contrast to the
control group, this difference diminishes with time. Since both groups, with and without
BERi, show decreasing 8-OxoG intensities during the 1 h recovery time, 8-OxoG is being
effectively removed despite the concurrent OGG1 inhibition.
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Figure 3.1: IF staining of 8-OxoG (green) in AG1522D fibroblasts with (+ BERi) or without
(control) inhibitor pre-incubation, without KBrO3 treatment (no KBrO3) and
directly (0 h), 0.25 h, 0.5 h and 1 h after KBrO3 treatment. Scale bar: 10 µm.

Treatment Time after Control BERi
KBrO3 treatment [h] [mean ± SEM] [mean ± SEM]

No KBrO3 0 753.8 ± 4.9 729.3 ± 7.8

KBrO3 0 1526 ± 28 1390 ± 31
0.25 1661 ± 30 1633 ± 30
0.5 1037 ± 16 1086 ± 11
1 877.7 ± 9.1 837.8 ± 8.8

Table 3.1: 8-OxoG IF intensity values [A.U.] per nucleus in AG1522D fibroblasts with and
without BERi pre-incubation after KBrO3 treatment with corresponding control
cells without KBrO3 incubation. With N=2 independent experiments including
nControl=1118 and nBERi=980 cells.
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Figure 3.2: Induction and repair of oxidative base damage after KBrO3 treatment. 8-
OxoG IF intensity values per nucleus in AG1522D fibroblasts with and without
BERi pre-incubation after KBrO3 treatment with corresponding control cells
without KBrO3 incubation represented on the left side of the dashed line. With
N=2 independent experiments including nControl=1118 and nBERi=980 cells.

3.1.2 KBrO3 incubation leads to accumulation of DSBs

The previous section, 3.1.1, showed the increase of oxidative base lesions in AG1522D
fibroblasts upon treatment with KBrO3. In case a SSB is produced by APE1 activity, a DSB
may be generated via concurrent BER processes on the opposite strand, although some
inhibition on DSB formation by neighbouring AP-sites and SSBs is expected [70, 181].
To assess the degree of DSB formation during KBrO3 incubation, human osteosarcoma
(U2OS) cells tagged with the DSB-marker 53BP1 linked to GFP were imaged directly after
adding KBrO3 to the cell’s medium (figure 3.3). 53BP1 accumulates at DSB sites and can
be observed as foci [182, 183], which co-localize with other DSB markers like γH2AX
[145]. With a frequency of one image per 10 min, the amount of 53BP1-GFP foci per
nucleus was evaluated to quantify the number of DSBs emerging during 1 h of KBrO3
incubation.
During 1 h of imaging, the mean number of 53BP1-GFP foci per nucleus increases almost
perfectly linear with time (figure 3.4). Although the imaging stopped after 1 h, the curve
does not seem to change it’s shape, suggesting that the amount of observable 53BP1-GFP
foci is not yet saturated and could increase further during prolonged KBrO3 incubation.
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The linear increase is around 1.8 foci per 10 min KBrO3 incubation time, while the linear
shape of the curve indicates ongoing processing and simultaneous induction of base lesions.
This first observation of a steady increase in DSBs while cells incubate with KBrO3 suggests
that processing of damaged bases in close proximity, presumably due to the high KBrO3
concentration used in this experiment, leads to the formation of significant amounts of
detectable DSBs. This indicates the further processing of the KBrO3 induced 8-OxoG
lesions measured in the previous section.

10 min 
with KBrO3

20 min 
with KBrO3

30 min 
with KBrO3

40 min 
with KBrO3

50 min 
with KBrO3

60 min 
with KBrO3

53BP1-
GFP

Figure 3.3: Live cell imaging of U2OS-53BP1-GFP cells during 1 h of KBrO3 incubation.
Images show the 53BP1-GFP signal (white) of the same nucleus during the
time course of 1 h with one image each 10 min. Scale bar: 10 µm.
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Figure 3.4: Induction of 53BP1-GFP foci in living cells during KBrO3 incubation. Number
of 53BP1-GFP foci during KBrO3 incubation within live cell imaging of U2OS-
53BP1-GFP cells for 1 h with images taken every 10 min. Diamond-shaped
dots represent the data’s mean per time point with error-bars within the 95%
confidence interval. With N=1 experiment including n=28 cells.

3.1.3 A combination of OGG1 and APE1 inhibitor effectively decreases DSB
induction by KBrO3 treatment

To compare the impact of BER on the DSB load, inhibitors were used to prevent cells
from using the BER pathway. While inhibiting the AP endonuclease activity to prevent
the formation of SSBs would also result in decreased numbers of BER-induced DSBs,
additional inhibition of an early BER factor could increase the inhibitory effect even
further. To test the single BER inhibition against the combination of two BER inhibitors,
AG1522D fibroblasts were exposed to KBrO3 for 1 h while being pre-treated with either
the OGG1 inhibitor TH5487, the APE1 inhibitor methoxyamine hydrochloride (MX) or a
combination of both (BERi). The small molecule inhibitor TH5487 binds at the active site
of OGG1 [184] and therefore prevents the direct binding of OGG1 to the base lesion, with
8-OxoG as the main target of OGG1 [185]. MX on the other hand undergoes chemical
bonding with deoxyribose directly at AP sites [186, 187], and thus prevents the further
processing by the AP-endonuclease APE1 [188]. Since both, APE1 and to a weaker extend
OGG1, induce SSBs [65], impairing the activities of both BER factors may lead to an
overall stronger BER inhibition.
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As observed in the previous experiment (figure 3.4), the incubation with KBrO3 leads
to the accumulation of DSBs, which can as well be observed via IF imaging of the DSB
marker γH2AX (figure 3.5). To evaluate the effect on the DSB reduction of each inhibitor
as well as the inhibitor combination after KBrO3 incubation, γH2AX and OGG1 foci per
nucleus have been evaluated (table 3.2). The OGG1 signal hereby served as evidence for
the ability of TH5487 to prevent OGG1 binding at lesion sites. Although the additional
evaluation of APE1 focus formation in samples treated with the APE1 inhibitor MX would
have been an useful indicator for the prevention of APE1 accumulation at AP sites due to
MX, the non-specific binding of several APE1 antibodies tested impaired the evaluation
substantially and thus are not included in this work.
OGG1, besides the relatively high nuclear background, can be observed as visible foci
via IF imaging and co-localizes with γH2AX most of the time. Interestingly, OGG1 tends
to accumulate inside nucleoli, as assessed by additional 5-ethynyl uridine (EU) staining
(appendix 4.1). As expected, the combination of TH5487 and MX was most effective
in reducing both, γH2AX and OGG1 foci almost to the background level of the control
samples (figure 3.6). γH2AX foci were reduced by a factor of 7 and OGG1 foci by around
5.7 compared to non-inhibited KBrO3 treated cells. The increase of OGG1 in MX-incubated
samples in comparison to the decrease found in TH5487-treated cells could be explained
by the inhibitors individual mechanisms. Since TH5487 prevents the active binding of
OGG1 to the base lesion [184], it can be expected to observe a diminishing effect on
the overall OGG1 signal. In contrast, MX is blocking AP sites for further processing
after OGG1 removed the damaged base successfully, while the binding of OGG1 should
not be impacted crucially by the mode of action of MX. Looking at the literature, it is
well observed that alternative factors can take over main tasks of the BER pathway to
ensure the unrestricted progression. The DNA glycosylases NEIL1 and NEIL2 for example
may acquire the function of OGG1 in removing 8-OxoG lesions if OGG1’s recruitment
is hindered through inhibition [68]. This could explain the relatively high DSB amount
during OGG1 inhibition, since the BER pathway still seems functional. Using only MX
leads to a very significant decrease of DSBs to almost 1/4 of the initial non-inhibited sample
treated with KBrO3. In conclusion, the combination of two BER inhibitors, TH5487 and
MX, prevents the formation of BER-induced DSBs more pronounced as compared to both
inhibitors individually and thus increases the inhibitory effect even further.
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Figure 3.5: IF images of AG1522D fibroblasts stained against the DSB marker γH2AX
(magenta), BER marker OGG1 (green) and DNA (blue) before (control) and
immediately after KBrO3 treatment, while cells pre-incubated either without
inhibitor (KBrO3), with OGG1 inhibitor TH5487 (TH5487 + KBrO3), with APE1
inhibitor MX (MX + KBrO3) or with the combination of both (BERi + KBrO3).
Scale bar: 10 µm.
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Treatment γH2AX OGG1
[mean ± SEM] [mean ± SEM]

Control 3.20 ± 0.46 0.53 ± 0.12

KBrO3 43.0 ± 1.2 52.4 ± 4.5
TH5487 + KBrO3 29.9 ± 1.1 14.0 ± 1.1
MX + KBrO3 11.80 ± 0.61 43.9 ± 2.7
BERi + KBrO3 6.11 ± 0.51 9.15 ± 0.48

Table 3.2: Mean number of γH2AX and OGG1 foci in AG1522D fibroblasts without inhibitor
(KBrO3), with TH5487 (TH5487 + KBrO3), with MX (MX + KBrO3) and with the
combination of both (BERi + KBrO3) 1 h after KBrO3 incubation. With N=1–2
independent experiments including n=200 cells.
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Figure 3.6: Combination of BER inhibitors prevents BER-induced DSB formation strongly.
Number of γH2AX and OGG1 foci in AG1522D fibroblasts without inhibitor
(KBrO3), with TH5487 (TH5487 + KBrO3), with MX (MX + KBrO3) and with
the combination of both (BERi + KBrO3) 1 h after KBrO3 incubation. Control
samples without inhibitor or KBrO3 treatment are represented to the left of
the dashed line. With N=1–2 independent experiments including n=200 cells.
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3.1.4 Slow repair of BER-induced DSBs after KBrO3 treatment

To further characterize the quality of KBrO3-induced DSBs, DSB-repair kinetics were
performed. Experimentally derived DSB-repair kinetics via the γH2AX assay show the
time course of the resolving of γH2AX foci, which is assumed to correlate with the repair
of DSBs [44, 189], although with some limitations [145]. Depending on the complexity
of the DSB, repair may take longer due to an extended use of resection, which can be
observed as the second component of biphasic repair kinetics [190, 191]. Due to the
observation of large amounts of DSBs upon the applied KBrO3 concentration, it can be
assumed that KBrO3-induced base lesions are densely distributed. This may lead to more
complex DSBs accompanied by additional base lesions, reflected by slower repair kinetics.
AG1522D fibroblasts were IF stained against γH2AX in the time range of 30 min up to
24 h after treatment and subsequent removal of KBrO3 with or without the pre-incubation
of BER inhibitor (figure 3.7).
30 min after KBrO3 treatment, the non-inhibited group’s mean γH2AX-foci count reaches
a maximum of more than 50 foci per nucleus, whereas the inhibited cells’ foci number
increases slightly above the background level below 8 foci per nucleus (table 3.3). While
a pronounced DSB repair can be observed in non-inhibited cells during the whole time
course, BER-inhibited cells show no decline of γH2AX foci. Besides a small increase of
less than 4 foci 2 h after KBrO3 treatment in inhibited cells, the foci number of BER-
impaired cells remains almost unchanged. At the last measured time point 24 h after
KBrO3 treatment, almost 33% of the initial DSB amount seems to be not resolved yet,
suggesting that BER-induced DSBs after KBrO3 treatment are processed slowly.
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Figure 3.7: IF images of AG1522D fibroblasts stained against the DSB marker γH2AX
(magenta) before (no KBrO3) and 30 min, 3 h, 6 h and 24 h after KBrO3 treat-
ment, while cells pre-incubated either with (+ BERi) or without (control) BER
inhibitor. Scale bar: 10 µm.

γH2AX foci

Time after Control BERi
KBrO3 treatment [h] [mean ± SEM] [mean ± SEM]

No KBrO3 0 1.44 ± 0.20 2.56 ± 0.23

KBrO3 0.5 53.9 ± 1.3 7.76 ± 0.32
1.0 47.6 ± 1.1 8.12 ± 0.34
2.0 47.2 ± 1.5 11.36 ± 0.62
3.0 37.1 ± 1.4 11.57 ± 0.52
6.0 30.6 ± 1.1 10.97 ± 0.70
24.0 17.65 ± 0.66 8.05 ± 0.78

Table 3.3: γH2AX assay after KBrO3 treatment with (+ BERi) or without (control) BER inhi-
bition in the time course of 30min up to 24 h after KBrO3 treatment in AG1522D
fibroblasts. With N=3 independent experiments including nControl=1035 and
nBERi=960 cells.
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Figure 3.8: Slow repair of BER-induced DSBs after KBrO3 treatment. γH2AX assay in
AG1522D fibroblasts +/−BERi after KBrO3 treatment. With N=3 independent
experiments including nControl=1035 and nBERi=960 cells.

3.2 Impact of BER on the DSB load after heavy-ion irradiation

Besides oxidizing agents like KBrO3, a large quantity of base lesions are produced in
particular after the exposure to IR [192]. This raises the question whether the transfor-
mation of base lesions into DSBs during BER processes adds significantly to the overall
DSB load after heavy-ion exposure, and distinctively within the track region. Since the
track is composed of highly clustered DSBs, the emergence of additional DSBs due to BER
activity can be assumed to increase the general complexity of clustered DSBs even further.
Damage clustering impairs the accuracy of DSB repair and may lead to CAs [106]. The
exposure to heavy ions and their impact on the genome integrity is especially relevant
within space exploration missions.
To study the impact of BER on the induction of additional potentially harmful DSBs un-
der space radiation conditions, AG1522D fibroblasts were irradiated horizontally with
350MeV/n 56Fe ions at a fluence of 3 × 106 particles/cm2. The horizontal irradiation
geometry with subsequent IF staining and imaging allows for the distinction of heavy-ion
induced in-track foci from sparsely distributed δ-electron induced off-track foci. Additional
Li-ion irradiation experiments were performed to support the in-track data. With a simi-
lar irradiation geometry, fibroblasts were exposed to 6Li ions at energies of 11.4MeV/n
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and the same fluence of 3 × 106 particles/cm2. Due to the relatively low Li-ion energy,
emerging δ-electrons are not expected to contribute to the dose outside of the visible
track region. In both experimental setups, cells were fixed 15 min, 30 min and 1 h after
irradiation and subsequently stained with antibodies against the DSB marker γH2AX and
the BER marker OGG1 (figure 3.9). 15 min marks the earliest time point samples became
accessible after heavy-ion irradiation.
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Figure 3.9: IF images of AG1522D fibroblasts stained with antibodies against γH2AX
(magenta), OGG1 (green) and the DNA stain DAPI (blue) 15 min after (a) Fe-ion
irradiation and (b) Li-ion irradiation. Scale bar: 10 µm.

3.2.1 Decreased number of OGG1 foci off-track after Fe-ion irradiation during
BER inhibition

To assess the BER activity after Fe- or Li-ion irradiation in cells treated with or without BER
inhibitor, the OGG1 signal along the ion track and outside the track region was evaluated
per condition. In most cells observed, OGG1 foci accumulate along the ion track in both
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groups, control and BERi, as verified by the pronounced γH2AX-streaks. Both signals,
γH2AX and OGG1, are not perfectly congruent and occasionally, cells with γH2AX tracks
and OGG1 background signal do not show OGG1 tracks at all. Since track lengths varied
between individual nuclei, the in-track data was normalized with the number of foci per
track length, while the latter was measured using the γH2AX signal. Larger gaps within
the γH2AX tracks can be explained by the presence of nucleoli [146]. Common in almost
all cells assessed was the relatively high and evenly distributed OGG1 background in the
whole nucleus. Similar to the KBrO3 data, γH2AX off-track foci usually co-localize with
OGG1 foci, although far more off-track OGG1 foci than off-track γH2AX foci for both
groups, control and BERi, were observed. Additionally, the off-track OGG1 foci count
of non-irradiated cells was subtracted from the OGG1 values of all irradiated cells. The
mean value together with the SEM of each condition and time point is listed in table 3.4.
15 min after Fe-ion irradiation, the number of OGG1 foci along the track is lower in the
BER-inhibitor treated group in comparison to the control cells (figure 3.10a). In-track, a
reduction by around 25% 15 min after Fe-ion irradiation can be observed. Nonetheless,
this difference disappears at longer time points, 30 min and 1 h after irradiation. After
Li-ion irradiation, there is no difference observable between both groups (figure 3.10c).
The Fe-ion off-track data on the other hand (figure 3.10b) shows clearly a lower number
of OGG1 foci dispersed around the track in cells treated with BER inhibitor. Off-track
OGG1 foci are up to 75% reduced as compared to the control sample 15 min after Fe-ion
irradiation. The following later time points show a decrease of more than 90% in contrast
to the respective control samples. In general, comparing the numbers of OGG1 foci per
track length, Li-ion tracks are composed of less foci per track (between 0.59 foci/µm to
0.976 foci/µm) compared to the numbers of in-track foci observed after Fe-ion irradiation
(between 0.758 foci/µm to 1.243 foci/µm). As mentioned at the beginning of this section,
it is not expected to observe a dose contribution off-track by δ-electron interaction due
to the very short electron-tracks in Li-ion irradiated cells. To conclude the results so far,
OGG1 as one of the first factors being recruited to base lesions and hence an early (base)
damage responder can be observed in ion tracks within the cellular nucleus. Whereas in
the track area itself, the amount of accumulated OGG1 is decreased 15 min after Fe-ion
irradiation in cells treated with BER inhibitor prior irradiation. However, this finding
could not be replicated by using another ion species with lower LET (Li ions). Outside the
trajectory, BER inhibition reduces the number of OGG1 foci massively at all time points.
Thus, off-track the recruitment of OGG1 seems to be affected more strongly than in-track
in BER-inhibited cells.
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OGG1 foci

Irradiation Location Time Control BERi
after irradiation [h] [mean ± SEM] [mean ± SEM]

Fe ions In-track 0.25 1.013 ± 0.054 0.758 ± 0.045
[foci/µm] 0.5 0.874 ± 0.066 1.010 ± 0.049

1 1.243 ± 0.071 1.114 ± 0.058

Off-track 0.25 12.5 ± 2.9 3.2 ± 1.4
0.5 11.5 ± 2.8 0.49 ± 0.34
1 21.7 ± 4.6 2.00 ± 0.62

Li ions In-track 0.25 0.664 ± 0.055 0.59 ± 0.11
[foci/µm] 0.5 0.832 ± 0.073 0.807 ± 0.088

1 0.976 ± 0.074 0.830 ± 0.072

Table 3.4: Mean number of OGG1 foci per track length (in-track) and per nucleus excluding
the track area (off-track) in control or BERi treated AG1522D fibroblasts after
Fe-ion or Li-ion irradiation. With NFe=2 independent experiments including
nFe=397 cells and NLi=1 experiment including nLi=130 cells.
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(a) In-track OGG1 foci after Fe-ion irradiation.
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(b) Off-track OGG1 foci after Fe-ion irradiation.
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(c) In-track OGG1 foci after Li-ion irradiation.

Figure 3.10: Less OGG1 foci off-track after Fe-ion irradiation in BER-inhibited cells.
Distribution of (a, c) OGG1 foci per track length and (b) off-track OGG1 foci
per nucleus excluding the track area in control or BERi treated AG1522D
fibroblasts after (a, b) Fe-ion or (c) Li-ion irradiation. Statistical analysis via
Mann-Whitney U test: (a) in-track OGG1: p=0.0013 (0.25 h), p=0.062 (0.5 h)
and p=0.24 (1 h), (b) off-track OGG1: p=5.9 × 10-5 (0.25 h), p=0.00011 (0.5 h)
and p=0.0026 (1 h), (c) in-track OGG1: p=0.67 (0.25 h), p=0.90 (0.5 h) and
p=0.27 (1 h). With NFe=2 independent experiments including nFe=397 cells
and NLi=1 experiment including nLi=130 cells.

3.2.2 BER inhibition causes less DSBs after heavy-ion irradiation

In order to evaluate DSBs along and outside of ion tracks after low angle Fe- or Li-
ion irradiation of AG1522D fibroblasts, the γH2AX signal was assessed. Similar to the
evaluation of OGG1 foci described in the previous section, the in-track γH2AX foci count
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was normalized to the track’s length. γH2AX foci around the track area have been
regarded consequently as off-track DSBs, while γH2AX foci in non-irradiated cells served
as background which was subsequently subtracted from all irradiated cells. Table 3.5 lists
the mean γH2AX values together with the SEM per time point and condition of the Fe-
and Li-ion irradiation experiments.
Comparing the control and inhibitor treated group 15 min after Fe-ion irradiation, the
number of γH2AX foci is decreased in BER-inhibitor treated cells by around 13% in-track
and 62% off-track (figure 3.11a). While in-track, this difference disappears latest 30 min
after irradiation, it can still be observed outside the ion trajectory for the off-track DSBs,
with a decrease of 61% 30 min and 21% 1 h after Fe-ion irradiation (figure 3.11b). Similar
to the observation of the OGG1 signal, the impact of BER on DSB induction after heavy-ion
irradiation seems to be more pronounced for off-track DSBs and the largest difference
in DSB numbers are within short times after irradiation. Additionally, BER-inhibited
fibroblasts after Li-ion irradiation show decreased numbers of in-track foci per track length
30 min after irradiation (figure 3.11c), although the difference is not significant. Since
Li ions have a far smaller nuclear charge (Z) number (ZLi = 3) than Fe ions (ZFe = 26),
the LET of Li ions at energies of 11.4MeV/n is far lower than for Fe ions at energies of
350MeV/n. This LET difference theoretically leads to less DSBs along the track, which
can qualitatively be even observed in the acquired IF images of the γH2AX staining
(figure 3.9). Less foci could therefore mean less overlap, which may in principle facilitate
the observation of additional in-track γH2AX foci in non-inhibited cells. However, the
observed difference of in-track γH2AX foci numbers after Li-ion irradiation in cells +/−
BER inhibitor is far less pronounced than for Fe ions. Taken together, these findings show
that after Fe-ion irradiation, a substantial amount of DSBs outside the track region are
induced via BER processes, while the impact on in-track DSBs is less pronounced and
foremost only observable shortly after heavy-ion irradiation.
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γH2AX foci

Irradiation Location Time Control BERi
after irradiation [h] [mean ± SEM] [mean ± SEM]

Fe ions In-track 0.25 0.851 ± 0.024 0.741 ± 0.020
[foci/µm] 0.5 0.852 ± 0.026 0.868 ± 0.027

1 0.807 ± 0.023 0.805 ± 0.027

Off-track 0.25 5.72 ± 0.69 2.16 ± 0.28
0.5 5.62 ± 0.52 2.18 ± 0.33
1 5.19 ± 0.50 4.08 ± 0.35

Li ions In-track 0.25 0.657 ± 0.032 0.619 ± 0.070
[foci/µm] 0.5 0.727 ± 0.040 0.580 ± 0.039

1 0.758 ± 0.033 0.729 ± 0.042

Table 3.5: Mean number of γH2AX foci per track length (in-track) and per nucleus exclud-
ing the track area (off-track) in control or BERi treated AG1522D fibroblasts
after Fe- or Li-ion irradiation. With NFe=2 independent experiments including
nFe=397 cells and NLi=1 experiment including nLi=130 cells.
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(a) In-track γH2AX foci after Fe-ion irradiation.
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(b) Off-track γH2AX foci after Fe-ion irradiation.
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(c) In-track γH2AX foci after Li-ion irradiation.

Figure 3.11: Less 𝜸H2AX foci off-track and in-track after Fe- and Li-ion irradiation in
BER-inhibited cells. Distribution of (a, c) γH2AX foci per track length and (b)
γH2AX foci per nucleus excluding the track area in control or BERi treated
AG1522D fibroblasts after (a, b) Fe-ion or (c) Li-ion irradiation. Statistical
analysis via Mann-Whitney U test: (a) In-track γH2AX: p=0.00046 (0.25 h),
p=0.66 (0.5 h) and p=0.82 (1 h), (b) off-track γH2AX: p=1.9 × 10-7 (0.25 h),
p=2.8 × 10-8 (0.5 h) and p=0.095 (1 h), (c) in-track γH2AX: p=0.27 (0.25 h),
p=0.015 (0.5 h) and p=0.44 (1 h). With NFe=2 independent experiments
including nFe=397 cells and NLi=1 experiment including nLi=130 cells.

To support the hypothesis of an early impact on the DSB load due to BER processes after
heavy-ion irradiation, the recruitment of another DSB marker after Fe-ion irradiation
was observed via live cell imaging. U2OS cells tagged with NBS1-2GFP were irradiated
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horizontally with Fe ions at 350MeV/n with a fluence of 3 × 106 particles/cm2. The total
duration of live cell imaging (figure 3.12) was 45 min, including 1 min of imaging prior
irradiation and 44 min of imaging after irradiation with one image stack each minute,
directly at the beam line. In-track NBS1-GFP foci were counted along the track and divided
by the respective track length and off-track foci were assessed in the area around the track,
while the number of background foci to subtract was counted with the image gathered
1 min before irradiation (table 3.6).
Similar to the γH2AX data, NBS1-GFP foci numbers are decreased during the inhibition
of the BER pathway, in- as well as off-track, with a reduction of around 26% for in-track
and 59% for off-track NBS1-GFP foci (figure 3.13). While in-track, the reduction is higher
for NBS1-GFP foci (26%) compared to γH2AX foci (13%) of fixed fibroblasts, the amount
of reduced off-track foci is proportionally quite similar (59% less NBS1-GFP foci versus
62% less γH2AX foci during BER inhibition). In contrast to the fixed cell experiments, the
sum of NBS1-GFP foci during the whole 44 min of imaging was counted, which leads to
increased foci numbers due to the consideration of foci that are only visible for a short
amount of time. In contrast to fibroblasts which undergo contact-inhibition at high cell
densities, U2OS cells proliferate continuously, leading to a variety of different cell cycle
stages (G1, S or G2 phase) within the acquired microscope image data. Due to the higher
chromatin content in S and G2 cells at the time of irradiation, higher DSB numbers can
be expected [145, 193]. Compared to the fibroblast data (table 3.5), this may explain the
increased numbers of observed off-track NBS1-GFP RIF. Nonetheless, the live cell data
supports the fixed fibroblast data in regards of showing the reduction of RIF within and
around Fe-ion tracks in BER-impaired cells.
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Figure 3.12: Live cell imaging of U2OS cells tagged with the DSB marker NBS1 (U2OS-
2GFP) for 45 min with 1 min before and 44 min after horizontal Fe-ion irra-
diation. With (a) control cells and (b) BER-inhibitor treated cells. Scale bar:
10 µm.
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Location NBS1-GFP foci

Control BERi
[mean ± SEM] [mean ± SEM]

In-track [foci/µm] 1.524 ± 0.095 1.125 ± 0.058

Off-track [foci/nucleus] 14.7 ± 3.1 6.1 ± 1.7

Table 3.6: Mean number of NBS1-GFP foci per track length (in-track) and per nucleus
excluding the track area (off-track) in control or BERi treated U2OS-NBS1-2GFP
cells within 44 min after Fe-ion irradiation. With N=1 experiment including
nControl=10–19 and nBERi=9–11 cells.
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Figure 3.13: Less NBS1-GFP foci off-track and in-track during live cell imaging after
Fe-ion irradiation in BER-inhibited cells. NBS1-GFP foci number (a) per track
length and (b) per nucleus, excluding the track area in U2OS-NBS1-2GFP
cells observed during 45 min of live cell imaging, with 1 min before and
44 min after Fe-ion irradiation. Statistical analysis via Mann-Whitney U test:
p=0.0032 (in-track) and p=0.040 (off-track). With N=1 experiment including
nControl=10–19 and nBERi=9–11 cells.

3.2.3 Delayed emergence time of in-track NBS1-GFP foci after Fe-ion
irradiation during BER inhibition

Besides the counting of NBS1-GFP foci, the live cell imaging data was used to assess the
time point of focus appearance after Fe-ion irradiation (emergence time). The previous
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fixed cell experiments suggest that foremost early DSBs may be additionally induced by
BER processes and the evaluation of the foci emergence time could further support this
assumption. As can be observed in the graphical representation of the data’s cumulative
distribution function (figure 3.14), the appearance of foremost early in-track NBS1-GFP
foci in BER inhibited cells was delayed. Half of the foci are visible 3 min after Fe-ion
irradiation in control cells in contrast to 5 min after irradiation in BER-inhibitor treated
cells. This difference is even more pronounced one minute later. While around 80%
of control cells’ NBS1-GFP foci along the track appeared 4 min after Fe-ion irradiation,
only 45% of BER impaired cells’ NBS1-GFP foci are yet visible. It takes 8 min within
the inhibitor group to reach 80% of the maximum foci number inside the ion trajectory.
However, no apparent delay was observed within off-track NBS1-GFP foci (data not shown).
In conclusion, DSBs seem to be induced foremost in the first 10 min due to BER processes
within heavy-ion tracks and BER inhibition leads to the suppression of the induction of
those early DSBs.
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Figure 3.14: Delayed emergence time of in-track NBS1-GFP foci after Fe-ion irradiation
during BER inhibition. Emergence time of NBS1-GFP foci in U2OS-NBS1-
2GFP cells observed during 45 min of live cell imaging, with 1 min before
and 44 min after Fe-ion irradiation. The empirical cumulative distribution
function (ECDF) represents the data in a cumulative histogram. With N=1
experiment including nControl=17 cells with nControl=371 foci and nBERi=9 cells
with nBERi=175 foci.
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3.3 Higher resection and HR rates at in- and off-track DSBs after
Fe-ion irradiation

3.3.1 Increased resection frequency at in- and off-track DSBs of Fe-ion hit
nuclei

High-LET heavy ions induce a plethora of clustered and complex lesions along their path
[138, 194–196]. As the previous findings show, BER processes seem to increase the
number of DSBs along ion tracks, which may subsequently have consequences on the
degree of DSB clustering within this confined track area. To cope with high-complex
damage, for instance after particle irradiation, cells perform resection-dependent repair
pathways [131, 197]. Resected DSB ends will then further undergo HR or alternative
pathways like MMEJ, since extended resection at DSBs has a strong inhibitory effect on
NHEJ [83]. Although the complexity of off-track δ-electron induced DSBs is considered to
be similar to that of DSBs induced during photon irradiation [28, 74, 198], the concurrent
high damage load of the ion track may influence the degree of resection at simpler off-track
DSBs additionally.
To study whether DSBs induced by δ-electrons are being processed via resection more
frequently in cells directly hit by Fe ions compared to non-hit and photon-irradiated cells,
proliferating U2OS cells were irradiated either with 350MeV/n Fe ions with a fluence of
3 × 106 particles/cm2 or 0.5Gy X-rays. Cells were stained 1 h, 2 h and 5 h after irradiation
with antibodies against the resection marker RPA and DSB marker 53BP1 (figure 3.15).
S-phase cells were excluded via pulse-labeling with EdU. In contrast to the confluent
fibroblast culture, U2OS cells divide rapidly and perform no contact inhibition, resulting
in a mixed population of different cell cycle phases (data not shown).
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Figure 3.15: IF images of U2OS cells stained with antibodies against the DSB marker
53BP1 (magenta), resection marker RPA (green), cell cycle marker EdU (yel-
low) and the DNA stain DAPI (blue) after (a) Fe-ion irradiation or (b) X-ray
irradiation. Scale bar: 10 µm.
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Out of all the cells evaluated, EdU-positive and RPA-negative nuclei were discarded. This
decision was made since radiation-independent DSBs may as well emerge from replication
fork collapses in S-phase cells and subsequent repair of these DSBs primarily relies on
HR [114]. Mainly EdU-negative nuclei were selected already during image acquisition,
leading to low numbers of EdU-positive nuclei in the overall data set. The fraction of
resected DSBs was calculated via the amount of RPA foci co-localizing with 53BP1 foci per
total 53BP1 foci number, while discriminating between in- and off-track foci (table 3.7).
The fraction of in-track RPA-53BP1 foci increases from 31% (1 h) to 61% (5 h), while
the fraction observed at off-track foci is lower with 18% (1 h) up to 40% (5 h). Thus
off-track, the fraction of RPA positive 53BP1 foci is between 34% and 42% lower than
what is observed in-track. The higher RPA frequency at in-track DSBs confirms that repair
of complex damage as in ion-tracks requires resection-dependent pathways.
Furthermore, comparing the Fe-ion data with X-ray irradiated cells, it can be observed that
the fraction of RPA-positive 53BP1 off-track foci is higher than RPA-positive 53BP1 foci
induced by X-rays (table 3.7 and figure 3.16). Just around half of the co-localization events
assessed at off-track foci can be observed at X-ray induced RIF within the first 2 h after
irradiation. While the fraction of RPA-positive off-track DSBs rapidly increases 5 h after
irradiation, it remains low at X-ray induced DSBs. The broad distribution of observations
within the Fe-ion dataset (figure 3.16), suggests a higher variation in resection use at in-
as well as off-track DSBs in contrast to the smaller SD observed after X-ray irradiation.
Nonetheless, off-track DSBs seem to be resected more frequently than X–ray induced DSBs
while they show significantly more 53BP1 co-localizing with RPA at all observed time
points after Fe-ion irradiation.
To determine whether the presence of complex track damage influences the degree of
resection use at off-track DSBs, non-hit nuclei from the same data set were evaluated and
added to the overall evaluation. Due to the broad energy deposition of high-energetic
δ-electrons after the exposure to HZE ions [26], adjacent nuclei not initially hit by Fe ions
show increased numbers of 53BP1 RIF, as compared to non-irradiated control cells. Due
to the high fluence of 3 × 106 particles/cm2 of the Fe-ion irradiation, the average number
of ion traversals is theoretically between one and two per nucleus with only a few nuclei
having no ion track at all (appendix 4.5). Interestingly, the ratio of RPA positive 53BP1 foci
in Fe-ion irradiated but not directly hit nuclei is in between the off-track and X-ray data.
The RPA-53BP1 co-localization obtained of nuclei without ion traversal is reduced by 38%
compared to the off-track DSBs of nuclei with track but increased by 66% in perspective
of the X-ray set. Since the decrease of resection use at δ-electron induced DSBs in non-hit
cells is far from significant compared to the off-track data of directly hit cells and due
to the scarce amount of non-hit cells that qualified for evaluation, no conclusions can be
drawn without repeating the experiment.
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Time Fe-ion irradiation X-ray irradiation

In-track Off-track Off-track (no track)
[% ± SEM] [% ± SEM] [% ± SEM] [% ± SEM]

1 h 31.3 ± 2.4 18.1 ± 1.5 – 8.4 ± 1.1
2 h 37.2 ± 3.2 24.4 ± 3.0 – 13.2 ± 1.5
5 h 61.2 ± 3.2 40.0 ± 3.8 24.9 ± 7.9 15.0 ± 1.5

Table 3.7: Distribution of the mean percentages of DSB marker 53BP1 co-localizing with
resection marker RPA per respective 53BP1 foci amount in- or off-track or per
nucleus in U2OS cells after Fe-ion or X-ray irradiation. With N=2–3 independent
experiments including n=127–206 cells, except the off-track (no track) data
with N=1 experiment and n=7 cells.
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Figure 3.16: Increased RPA at in- and off-track DSBs after Fe-ion irradiation compared
to X-ray induced DSBs. Fraction of the DSB marker 53BP1 co-localizing
with the resection marker RPA in- or off-track after Fe-ion or X-ray irradiation
of U2OS cells. Statistical analysis via Mann-Whitney U test: In-track vs.
off-track: p=0.0058 (1 h), p=0.065 (2 h) and p=0.00078 (5 h); Off-track vs.
X-ray: p=3.7 × 10−8 (1 h), p=0.00016 (2 h) and p=8.4 × 10−10 (5 h). With N=2–3
independent experiments including n=127–206 cells each, except the off-
track (no track) data with N=1 experiment and n=7 cells.

3.3.2 Increased HR frequency at DSBs in- and off-track after Fe-ion irradiation

Extended DNA end resection is a fundamental step for repair by HR [120], and since
this pathway relies on homologous sequences in sister chromatids as template, it can be
only performed during S and G2 phase in proliferating human cells. Usually, G1- as well
as G2-phase cells primarily rely on NHEJ for repair of exogenous DSBs, even with an
available template in G2-phase cells [83, 84, 86]. Although NHEJ factors are initially being
recruited to almost every DSB site, the repair pathway will switch to resection-dependent
HR if NHEJ did not succeed to ligate the break ends promptly [83]. Additionally, already
resected DNA break ends with substantially long ssDNA overhangs have a strong inhibitory
effect on Ku binding [89], thus promoting HR even further. To follow up with the finding of
an increase of resection use at in- and off-track DSBs, the frequency of RAD51 recruitment
at DSB sites after Fe-ion irradiation was assessed. U2OS cells were irradiated with either
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350MeV/n Fe ions with a fluence of 3 × 106 particles/cm2 horizontally or 0.5Gy X-rays.
Subsequently after 2 h of incubation time, the cells were IF stained against the HR
marker RAD51 and the DSB marker 53BP1. RAD51 is involved in the homology search
and ATP-dependent strand invasion during HR [119, 199] and can be further observed
as microscopically detectable foci at high complex lesions, for instance after α-particle
irradiation [200]. IF images of RAD51 recruitment after Fe-ion or X-ray irradiation are
shown in figure 3.17.
To assess the frequency of HR use at DSB sites, the amount of 53BP1 co-localizing with
RAD51 in RAD51-positive cells directly hit by Fe ions was quantified (table 3.8). Similar
to the distribution of resection frequency in- and off-track after Fe-ion irradiation (figure
3.3.1), HR signal is found less frequently at off-track DSBs compared to in-track DSBs
(figure 3.18). For instance, 38% less RAD51-positive DSBs can be observed off-track. This
difference is in line with the resection data that shows 34% less off-track DSBs positive for
RPA as compared to the in-track data. Although cells were initially EdU pulse labeled,
due to the small sample size and single time point of 2 h after Fe-ion irradiation, cells of
all cell cycle phases were included in the HR data set. While S-phase cells may be more
frequently RAD51-positive due to HR activity at DSBs emerging during replication [114],
the difference of 53BP1 foci showing RAD51 signal between in- and off-track remains
almost the same if S-phase cells are included in the overall evaluation (table 3.8). In
total, 55% of the cells that are part of this evaluation are EdU positive (predominately S
phase) while 45% of the remaining cells account for being most probable in G2 phase.
Compared to the resection data set which specifically excludes S-phase cells (table 3.7),
the mean percentages of RAD51-positive 53BP1 foci are higher (table 3.8). Since HR is
being used more frequently mid-S phase [85], a change in the overall distribution with
a higher percentage of DSBs being processed with HR is to be expected if S-phase cells
are being included. For instance, excluding S-phase cells from the HR data set shifts the
mean percentage of RAD51-positive 53BP1 foci down to 34.7% ± 5.8% and 21.1% ±
3.3% for in-track and off-track DSBs, respectively. These values are quite similar to the
fraction of RPA-positive 53BP1 foci with 37.2% ± 3.2% and 24.4% ± 3.0% for in-track
and off-track DSBs, respectively. This finding suggests that almost all resected break-ends,
in- and off-track after Fe-ion irradiation, are further being processed by HR, with higher
HR frequencies at more complex and clustered in-track DSBs.
Between off-track after Fe-ion and X-ray irradiation, a similar difference of RAD51-positive
53BP1 foci can be observed as between RPA co-localizing with 53BP1 of the previous
section. After X-ray irradiation, around 52% less RAD51-positive 53BP1 foci can be
found compared to off-track DSBs. Although the X-ray HR data set includes S-phase cells
as well, the degree of HR use at DSBs (14.5%) is remarkably similar to the frequency
of RPA-positive DSBs of the resection data (13.2%) 2 h after X-ray irradiation (table
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3.7). In conclusion, Fe-ion irradiation induced off-track DSBs in directly hit cells are
more frequently processed by HR, in contrast to similar complex DSBs induced by X-ray
irradiation. Together with the resection data, this finding suggests that the presence
of complex track damage seems to enhance the nuclear-wide recruitment of resection
factors to even lower complex DSBs, while the extend of resection leads to the subsequent
processing via the HR pathway.
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Figure 3.17: IF images of U2OS cells stained against the DSB marker 53BP1 (magenta),
HR marker RAD51 (green), and DNA (blue) 2 h after Fe-ion or X-ray irradiation.
Scale bar: 10 µm.

Time Fe-ion irradiation X-ray irradiation

In-track Off-track
[% ± SEM] [% ± SEM] [% ± SEM]

2 h 48.4 ± 3.0 30.1 ± 4.3 14.5 ± 1.5

Table 3.8: Distribution of the mean values of DSB marker 53BP1 foci co-localizing with
the HR marker RAD51 per respective 53BP1 foci amount in- or off-track or
per nucleus in U2OS cells 2 h after Fe-ion or X-ray irradiation. With N=1–2
independent experiments including n=51–88 cells.
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Figure 3.18: Increased RAD51 at in- and off-track DSBs after Fe-ion irradiation compared
to X-ray induced DSBs. Fraction of the DSB marker 53BP1 co-localizing with
the HRmarker RAD51 in- or off-track or per nucleus in U2OS cells 2 h after Fe-
ion or X-ray irradiation. Statistical analysis via Mann-Whitney U test: In-track
vs. off-track: p=0.0019 and off-track vs. X-ray: p=2.0 × 10−6. With N=1–2
independent experiments including n=51–88 cells.

3.3.3 Less HR signal at DSBs in Fe-ion tracks during BER inhibition

Heavy-ion induced clustered and complex DSBs depend on resection to be resolved [197].
BER processes within ion tracks are assumed to increase clustering due to the emergence
of additional BER-induced DSBs in close proximity (section 3.2.2). Since the number
of RPA foci within DSBs increases with LET [201], it can be hypothesized that RAD51
recruitment may increase with complexity as well. To test this assumption, AG1522D
fibroblasts were treated either with or without BER inhibitor and subsequently irradiated
horizontally with Fe ions at energies of 350MeV/n and a fluence of 3 × 106 particles/cm2.
Cells were fixed 3 h after irradiation and IF stained with the DSB marker 53BP1 and HR
marker RAD51 (figure 3.19), to assess the fraction of 53BP1 co-localizing with RAD51
(table 3.9, figure 3.20).
During BER inhibition, less RAD51 foci can be observed at in-track DSBs. This suggests
that DSBs are less frequently repaired via the HR pathway in presumably S- or G2-phase
cells unable to perform BER. Off-track on the other hand, there was no difference in
RAD51 recruitment between these two conditions observable (data not shown). However,
BER processes are not expected to add significantly to the clustering of δ-electron induced
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DSBs due to their dispersed and foremost non-overlapping distribution. Although the
number of cells evaluated is quite small due to the low number of S- and G2-phase cells
in confluent fibroblast cultures, this finding suggests an impact on DSB clustering by BER
processes in Fe-ion tracks. Not only do BER processes lead to additional DSBs after Fe-ion
irradiation (section 3.2.2), but those BER-induced DSBs seem to add to the in-track DSB
clustering, which are repaired more frequently via resection and subsequently HR in S
and G2 cells.
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Figure 3.19: IF imaging of AG1522D fibroblasts stained against the DSB marker 53BP1
(magenta), HRmarker RAD51 (green) and DNA (blue) with (+ BERi) or without
(control) BER inhibitor 3 h after Fe-ion irradiation. Scale bar: 10 µm.

Time Condition Fe-ion irradiation

In-track
[% ± SEM]

3 h Control 62.1 ± 6.1
3 h BERi 37.8 ± 6.3

Table 3.9: Distribution of the mean values of DSB marker 53BP1 foci co-localizing with
the HR marker RAD51 per respective 53BP1 foci amount in- or off-track or
per nucleus in AG1522D fibroblasts with (+ BERi) or without (control) BER
inhibitor 3 h after Fe-ion irradiation. With N=1 experiment including nControl=8
and nBERi=7 cells.
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Figure 3.20: Less RAD51 foci at DSBs in Fe-ion tracks during BER inhibition. Distribution
of DSBmarker 53BP1 foci co-localizing with HRmarker RAD51 per respective
53BP1 foci amount in-track in AG1522D fibroblasts with (+ BERi) or without
(control) BER inhibitor 3 h after Fe-ion irradiation. Statistical analysis via
Mann-Whitney U test: p= 0.019. With N=1 experiment including nControl=8
and nBERi=7 cells.

3.4 Faster repair of 𝜹-electron (Fe-ion irradiation) induced
off-track DSBs compared to X-ray induced DSBs

The previous experiments suggest a different processing of Fe-ion induced off-track DSBs
compared to X-ray inflicted DSBs. Resection and foremost HR are being used predomi-
nantly in (mid) S and early G2 phase, although as stated earlier, use of resection is as
well observed after high-LET irradiation throughout the cell cycle, including G1-phase
cells [131]. In fact, this may suggest an increased use of resection at off-track DSBs
also in G1-phase cells, as demonstrated in the previous section with a mixed G1- and
G2-phase population (section 3.3.1). To further elucidate on the hypothesis of an impact
on the processing of off-track DSBs due to the high in-track damage load, repair kinet-
ics via the γH2AX assay in confluent human fibroblasts (mainly G1 phase) within 10 h
after 350MeV/n Fe-ion (off-track) or 0.5Gy X-ray irradiation were assessed. Resection-
dependent pathways, like homology-directed repair, are assumed to be responsible for the
slow component of experimentally derived biphasic DSB repair kinetics in G2 cells [83]

62



and resection-dependent alternative end-joining pathways, which are active throughout
the cell cycle, are supposed to be slower than the classical NHEJ as well [97]. Thus a
direct comparison of repair dynamics in off-track DSBs after heavy-ion irradiation and
X-ray induced DSBs could reinforce the hypothesis of a differing off-track DSB processing
within the presence of clustered track damage.
To measure DSB repair kinetics, IF staining of AG1522D fibroblasts using antibodies
against the DSB marker γH2AX, centromere protein F (CENPF) to label G2-phase cells and
the DNA stain DAPI was performed in the time course of 15 min up to 10 h incubation after
Fe-ion or X-ray irradiation (figure 3.21). The fibroblasts used in this project have slower
proliferation rates as rapid dividing tumor cells, like for instance the human osteosarcoma
(U2OS) cell line used prior. Due to their ability of contact-inhibition, confluent fibroblast
cultures can be enriched in G1 phase. Although most of the cells were stalled in G1 phase
after 10 days of incubation period, see histogram of the cell cycle distribution assessed
via flow cytometry 3.22, CENPF staining was used to exclude residual G2-phase cells
from the evaluation. To increase the total amount of cells within the evaluation, nuclei
with more than one track were included as well. As can be observed in figure 3.23, the
number of ion-tracks per nucleus does not influence the repair kinetics of off-track DSBs
significantly. Although with increasing numbers of tracks, the off-track area decreases
and thus the amount of off-track DSBs, the number of observed γH2AX foci is more or
less stable between one track and two tracks per nucleus. Hence, cells with two nuclear
ion traversals and thus higher complex damage load seem to be as fast as singly hit cells
regarding the repair of δ-electron inflicted DSBs.
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(a) γH2AX assay after Fe-ion irradiation.
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Figure 3.21: IF images of AG1522D fibroblasts stained against the DSB marker γH2AX
(magenta) and DNA (blue) after (a) Fe-ion or (b) X-ray irradiation. Scale bar:
10 µm.
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Figure 3.22: Confluent AG1522D fibroblasts are mainly in G1 phase. Cell cycle distri-
bution of confluent AG1522D fibroblasts after 10 days in culture measured
by flow cytometry via propidium iodide (PI) staining. With N=1 experiment
including n=24997 cells.
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Figure 3.23: Similar repair kinetics for off-track DSBs in cells traversed by one or two
Fe ions. Mean number of off-track γH2AX foci per nucleus in AG1522D
fibroblasts after Fe-ion irradiation with either one or two ion traversals. With
N=2 independent experiments including n=1248 cells.

In general there are less off-track DSBs observable in Fe-ion irradiated fibroblasts compared
to the X-ray counterpart (figure 3.24a). After an initial rise to a maximum number of
γH2AX foci 30 min after irradiation for both radiation qualities, surprisingly, the number
of δ-electron induced γH2AX foci seems to decline faster than the amount of X-ray induced
γH2AX foci. The difference can be observed more clearly while normalizing both data sets
to the highest foci count 30 min after irradiation (figure 3.24b). To gain more detailed
insight into this apparent difference and to diminish the impact of any data normalization
that was used to prepare figure 3.24b, the logarithm of the non-normalized mean values
was fitted via linear regression (figure 3.24c). Since the exponential decline is most pro-
nounced in the segment between 1 h and 6 h, the linear regression was performed solely
within this time interval. By retrieving the fitting parameters, the difference in inclination
for both radiation qualities can be assessed. The repair curve of X-ray inflicted DSBs is
less steep (slope ± SD: −0.2463 h-1 ± 0.0093 h-1) than the repair curve of δ-electron
induced DSBs (slope ± SD: −0.306 h-1 ± 0.012 h-1), supporting the observation of the
faster repair of δ-electron induced DSBs. The time point at which half of the initial amount
of RIF has disappeared, can be calculated using the fitting coefficients and the half-life
equation 𝑡1/2 =

ln2
𝜆 which leads to 2.81 h ± 0.11 h and 2.263 h ± 0.084 h for the X-ray and

δ-electron data set, respectively. Although repair kinetics of DSBs in general are assumed
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to be biphasic with a fast and slow component [202], these biphasic tendencies are not
evident in the curves represented in 3.24. The slow part of DSB repair kinetics usually
starts past 10 h after exposure to IR [83], which is the last time point in the repair kinetics
in 3.24. Due to the decreasing number of cells showing a complete ion track more than
10 h after irradiation, later time points were not assessed.
To strengthen the hypothesis of an enhanced DDR at off-track DSBs due to the concurrent
complex track damage, non-hit cells exposed to δ-electrons were evaluated as well. Unex-
pectedly, cells without track show higher fluctuations regarding the number of γH2AX
foci per time point. For instance, non-hit cells show two maxima, one at 30 min (not
shown) and, surprisingly, another one at 2 h after Fe-ion irradiation (figure 3.24c). This
impedes a direct comparison to the other two kinetics and a repetition of this experiment
is indispensable to prove the impact of track damage on the nuclear wide enhancement
on the DDR.
In conclusion, the simultaneous presence of clustered track damage seems to enhance
repair at simpler off-track DSBs in foremost G1-phase fibroblasts.
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(a) Mean number of γH2AX foci per nucleus.
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(c) Logarithmic representation of the mean
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Figure 3.24: Faster repair kinetics for off-track DSBs after Fe-ion irradiation. (a) Mean
number of γH2AX foci and (b) remaining γH2AX foci in AG1522D fibrob-
lasts after X-ray or Fe-ion irradiation. (c) Logarithmic representation of the
mean γH2AX foci number between 1 h and 6 h after irradiation with lin-
ear regression and additional Fe-ion data set including non-hit cells (no
track). Linear fitting parameters are as follows: X-ray: yX=−0.2463 x + 2.506,
Fe ion δ-electrons: y

δ
=−0.306 x + 2.278 and Fe ion δ-electrons no track:

y
δ,−track=−0.213 x + 2.15. Error-bars are within the propagation of the SEM.

With N=2–3 independent experiments including n=1223–1786 cells.
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4 Discussion

The scope of this work was to investigate the impact of HZE ions on the DDR in vitro,
regarding the influence of base repair to the overall DSB load as well as the impact of
clustered track damage on the nuclear wide processing of δ-electron induced DSBs. For
this purpose, human cells were irradiated with high-LET Fe ions and IF stained with
several factors involved in BER and DSB repair. The horizontal irradiation geometry
enabled the visualization of heavy-ion tracks surrounded by δ-electron inflicted DSBs.

4.1 BER leads to increased DSB load after heavy-ion irradiation

To study the impact of BER on the DSB load via IF staining against γH2AX in cells exposed
to heavy ions, human fibroblasts were pre-incubated with a combination of BER inhibitors
and compared to non-treated control cells. Combining two inhibitors was significantly
more effective in reducing DSBs than each inhibitor on its own (figure 3.6). While the
inhibitor effect on the reduction of γH2AX and OGG1 foci number was quite pronounced,
there was no difference observable on the resolving of 8-OxoG base lesions in inhibitor-
treated cells (figure 3.2), as opposed to similar studies [184, 203]. Although OGG1 is
the main glycosylase regarding the excision of 8-OxoG, other factors may take over this
task if the function of OGG1 is compromised. For instance, NEIL1 can excise base lesions,
primarily oxidized pyrimidine lesions, like Tg and 5-OHU, and to a smaller degree oxidized
purine lesions, like 8-OxoG, and thus effectively compensate for the loss of OGG1 [67,
68]. Nonetheless, the 8-OxoG data suggests that the major fraction (control: 69%, BERi:
61%) of base lesions are being resolved within 30 min after damage induction by KBrO3
incubation and subsequent removal. Although cells were washed twice with PBS after
KBrO3 treatment, the slight increase of 8-OxoG signal between 0 min and 15 min suggests
that residual nuclear low concentrations of KBrO3 further induce base lesions at a higher
rate than the base removal during BER. The pronounced decline 15 to 30 min after damage
induction suggests a high BER activity with an efficient 8-OxoG base removal at foremost
early time points.
The repair of KBrO3 induced base lesions via the BER pathway leads to significant amounts
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of DSBs (figure 3.6 and 3.8). These BER-induced DSBs seem to be repaired particularly
slow, especially when compared to the DSB repair after X-ray irradiation (appendix 4.3).
This observation leads to the following assumptions: In non-inhibited cells, BER-induced
DSBs may be more complex and hence processed more slowly as observed by the overall
slow decline and the well noticeable remaining fraction of DSBs 24 h after KBrO3 treatment.
On the other hand it cannot be excluded that residual traces of nuclear KBrO3 lead to
ongoing BER activity above the endogenous level. Additional BER processes thus may
induce DSBs during the whole time course of the experiment, resulting in simultaneous
DSB repair and induction. If DSB repair rates are higher than the rates for induction,
overall slower repair kinetics may be observed. Due to the ambiguity of the interpretation,
statements regarding the DSB quality upon KBrO3 treatment should be made with caution.
Experiments with the oxidizing agent KBrO3 were performed at high concentrations of
40mM and the mechanism of damage differs distinctly to the damage induction by
exposure to IR. In contrast to IR, bromine dioxide BrO2, bromine monoxide BrO radicals
and bromine Br• radicals are assumed to be the main cause for the generation of 8-OxoG
during the treatment with KBrO3 [179]. Ionizing radiation on the other hand most
prevalently leads to the production of hydroxyl (•HO) radicals [180] and non-radical
oxidants like hydrogen peroxide (H2O2) [179]. Interestingly, the presence of intracellular
antioxidants such as glutathione (GSH) are required for the base damaging effect of
KBrO3 [180]. Nonetheless, despite those differences in mechanism of action between IR
and KBrO3, the number of observable OGG1 and γH2AX foci is strongly reduced in BER-
impaired cells exposed to heavy ions or KBrO3. Surprisingly, the number of 53BP1-GFP
foci upon KBrO3 treatment was far less enhanced in non-inhibited cells compared to the
large amount of γH2AX foci (figure 3.4). Considerably lower 53BP1 foci numbers were also
observed in fixed and IF stained AG1522D fibroblasts (appendix 4.2). The accumulation
of 53BP1 proteins at DSB sites is supposed to undergo liquid-liquid phase separation [204,
205]. Liquid-liquid phase separation describes the formation of two phases with high and
low densities, allowing for a closed compartment of the dense phase and exchange with the
diluted phase [206]. They can be found for instance in membraneless organelles like the
nucleolus and nuclear speckles [206]. These compartments seem to be disrupted during
osmotic stress induced by the administration of sorbitol or salt [204], thus preventing foci
formation. Since KBrO3 is the potassium salt of bromic acid and the assessment of 53BP1
foci formation was done during or immediately after KBrO3 treatment, it could be possible
that salt-induced changes in osmotic pressure prevented the accumulation of 53BP1 at
DSBs. This would also be supported by the unaffected γH2AX foci formation, since this
histone modification does not seem to be influenced by osmotic stress [204]. However, the
osmotic concentration of the applied KBrO3 treatment with around 𝑐𝑜𝑠𝑚 = 80mosmol/l
was far lower than the concentration of the NaCl solution with 𝑐𝑜𝑠𝑚 = 500mosmol/l, as
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described in [204], which seemed to effectively prevent 53BP1-GFP foci formation. In
addition, the number of 53BP1 foci remains quite low even after the complete removal of
KBrO3 (appendix 4.2). Hence, the reason for this discrepancy cannot be explained solely
by differences in osmotic concentration and needs to be explored further.
The OGG1 signal served the purpose to monitor the reduction in BER activity in inhibited
cells. Unexpectedly, the damage pattern assessed by IF imaging of the base lesions (figure
3.1) and OGG1 signal after KBrO3 treatment (figure 3.5) differs greatly. While the 8-OxoG
signal is evenly distributed throughout the whole nucleus, OGG1, besides the punctate
background signal, accumulates foremost at γH2AX clusters. This behavior of the OGG1
staining was observed after KBrO3 treatment as well as after heavy ion exposure. In the
case of an ion traversal, OGG1 can be found very pronounced along the track as well as at
off-track γH2AX foci. The reason why OGG1 accumulates at DSBs is not quite obvious.
While this finding may be attributed to some degree of uncertainty of the OGG1 antibody
binding, OGG1 foci co-localizing with DSB-marker were observed as well in the literature
after high-LET exposure [138] and at sites of laser-induced damage [207]. Additionally,
other groups also observed the punctate nuclear background signal of OGG1 [208], which
supports to some degree the validity of the OGG1 staining presented in this work. Whilst
the OGG1 signal accumulates very pronounced along the ion trajectory of Fe- and Li-ion
irradiated cells (figure 3.9), the effect of BER inhibition on the OGG1 foci count per track
length varies greatly and is in general less strong than the difference observed off-track.
The fact that OGG1 recruitment can still be observed within tracks even during the BER
inhibition may be explained by the inhibitor combination not preventing the formation
of OGG1 foci completely. Highly clustered base lesions inside the track might lead to
the accumulation of large amounts of OGG1 and the inhibitor combination used in this
work clearly does not prevent OGG1-binding entirely. Hence, OGG1 signal would still be
observable at ion-tracks in OGG1-impaired cells, even though the foci may consist of less
molecules.
Furthermore, the OGG1 data in- and off-track after Fe- and Li-ion irradiation suggests that
the signal of the glycosylase OGG1 increases during DSB repair time and is highest 1 h
after irradiation. A previous study found that another DNA glycosylase, NEIL1, is being
removed from the DSB site in the time course of 15 to 30 min after the exposure to IR
while it returns back around 1 h after irradiation [209]. The reason for the absence of
NEIL1 during this time is the binding of Ku to the DSB ends, which is supposed to prevent
the activity of NEIL1 at neighboring base lesions until the DSB is resolved [209]. Ku and
DNA-PK are assumed to bind less efficiently to short DNA fragments induced by high-LET
irradiation [105, 210]. However, Ku is supposed to bind to almost all DSBs [211] and
DNA-PK signal can be observed in Fe-ion tracks [212]. It remains unclear if the initial
binding of Ku to complex DSB ends in ion tracks effectively inhibits the further recruitment
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of BER factors. PARP1, which is involved in the repair of SSBs [213], competes with
Ku at DSB sites and high concentrations of PARP1 may inhibit Ku recruitment [101].
Although the role of PARP1 in BER is not well understood [63] it was found to directly
interact with XRCC1 [214] and OGG1 during BER [215], while OGG1 is assumed to
stimulate the activation of PARP1 upon the induction of oxidative damage [215, 216].
Importantly, PARP1 is known to be involved in error-prone a-EJ pathways [101]. It can
thus be hypothesized that base clusters at complex DSBs in ion tracks are processed more
frequently via BER due to less effective Ku-binding. If PARP1 is being recruited to the
BER complex, it may prevent the accumulation of additional Ku molecules, increasing the
probability of the processing of complex in-track DSBs as well as BER-induced DSBs via
alternative pathways [209].
Overall, the experimental setup might not be sensitive enough to detect those changes,
including the number of DSBs in ion tracks. Although the treatment with BER inhibitors
prior and during KBrO3 incubation prevents the formation of DSBs significantly (figure
3.6), there was a huge difference observable regarding BER inhibitor treatment between
in- and off-track RIF after Fe- and Li-ion irradiation. 15 min after Fe-ion irradiation,
BER-inhibited cells demonstrate a decrease in off-track γH2AX foci of around 62% (figure
3.11). The reduction observed during 45 min of live-cell imaging of U2OS cells tagged
with NBS1-GFP after Fe-ion irradiation was around 59% for off-track NBS1 foci (figure
3.13), which is in line with the γH2AX data, but slightly more than a reduction of 43%
obtained from similar experiments with the same cell line irradiated with X-rays [74].
In-track γH2AX foci on the other hand show a far less pronounced decrease of 13%
15 min after Fe-ion irradiation in BER-inhibited cells. However, this apparent lack of BER
inhibition in ion tracks could be explained by the high damage density within the track
region. Due to the higher LET, Fe ions induce an increased number of DSBs and thus
more RIF along the ion trajectory, in contrast to Li ions with a lower LET. With increasing
LET values, the amount of observable RIF will reach a certain limit. Below this LET
threshold of 200 keV/µm to 300 keV/µm, a dependence of track structure and LET may
still be observable [146, 217], as demonstrated by other groups in cells exposed to Fe-
and Si-ions [217]. However, at high-LET values in-track RIF may become more difficult
to distinguish due to the increased clustering of DSBs and overlapping foci. Regarding
the optical resolution limit of the microscope and the mean focus diameter, especially
for damage markers with a broad extension around the DSB such as the mega-base wide
phosphorylation of H2AX histones [142], the number of DSBs along ion tracks will be
underestimated. For instance, the DSB marker NBS1 used for the live cell experiments
accumulates at DSB sites to foci of much smaller size than the other two frequently used
DSB marker γH2AX and 53BP1. Presumably due to the small NBS1 foci size, the difference
observed between the number of foci per track length in inhibited and non-inhibited cells
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was the highest of all the experiments performed. Nonetheless, to improve the γH2AX
foci detection in tracks, cells were exposed to lower LET Li ions. Although there are in
general less γH2AX foci per track length observable after Li-ion irradiation as compared to
Fe ions, the BER inhibitor effect on the in-track foci number is no more pronounced than
what was observed in Fe-ion tracks. Hence, this experimental setup may not be sensitive
enough to reliably detect changes in the amount of DSBs in heavy-ion tracks. Future
experiments could elucidate further on this finding by employing more advanced high-
resolution microscope techniques and extensive pre-extraction [218–220]. Additionally,
emerging techniques like expansion microscopy, which relies on the physical isotropic
expansion of the specimen, could potentially enlarge the track area [221, 222]. However,
difficulties may occur at the evaluation step due to the nano-foci structure of DSB marker
with increased resolution [223–227], since this substructure cannot be correlated reliably
to the actual DSB number.
With increased numbers of DSBs inside the ion trajectory due to BER, neighbouring DSBs
may become more clustered and difficult to repair. Importantly, DNA break ends within
complex DSBs will be resected more often [197]. While DNA end-resection is required
as a preliminary step for performing HR in S- and G2-phase cells [120, 228] it can be
observed as well in G1-phase cells at high-complex damage lesions [131], for instance
after heavy-ion irradiation. Since G1-phase cells cannot repair DSBs within an error-free
pathway, complex damage induced by high-LET irradiation may lead to an accumulation
of mutations due to mis-repair [79, 138, 229]. While almost no complex chromosomal
aberrations were observed after photon irradiation [162, 169], these mutagenic exchanges
were found in more than 20% of cells surviving the irradiation with Fe ions [162]. In line
with the in vitro data, lymphocytes derived from astronauts after exposure to the space
environment for prolonged time have shown increased frequencies in the occurrence of
chromosomal aberrations, with complex exchanges being more prevalent than simple
chromosome lesions [230].
Supporting the notion of the increased DSB clustering within ion tracks due to BER
processes, higher frequencies of the HR-marker RAD51 at in-track DSBs in non-inhibited
cells were observed (figure 3.20). The increase of RAD51 foci at in-track RIF could thus
reflect the increase of DSB clustering. Multiple RPA foci for instance were also observed in
α-particle irradiation induced DSB clusters [130] as well as after C-ion irradiation [201].
The frequency of RAD51 co-localization at off-track DSBs on the other hand does not
differ between inhibited and non-inhibited cells. Since BER leads to dispersed DSBs it
would not be expected to observe increased DSB clustering outside the track region.
The biological processing of base lesions induced by ionizing radiation, which may itself
lead to an increased damage load, is not only important for the risk assessment of heavy-
ion irradiation in space but could also serve as input for radiobiological modeling of DNA
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damage induction and repair [231–233], reviewed in Baiocco et al. [234].

4.2 Higher break-end resection frequency and increased use of
homologous recombination after Fe-ion irradiation

In line with other studies showing an LET-dependence of the amount of RPA foci at DSB
sites, which are supposed to reflect the increase of clustering [130, 201], strongly clustered
in-track DSBs co-localized more frequently with RPA after Fe-ion irradiation than less
clustered off-track or X-ray induced DSBs (figure 3.16). This supports the observation that
repair pathway choice depends on the degree of damage complexity [83]. Nonetheless, the
increased frequency of resection-use at sparsely dispersed DSBs around the ion trajectory
in comparison to cells after X-ray irradiation (figure 3.16), could indicate that besides
damage quality alone, chromatin condensation and thereby accessibility to the damage
site seems to influence pathway choice as well [86]. The complexity of DSBs induced
by δ-electrons emerging from heavy-ion interactions is assumed to be almost identical to
DSBs induced by photon irradiation [28, 74, 198]. Thus, it could be hypothesized that
the concurrent high complex track damage may impact the DDR nuclear wide. However,
the analysis of not directly hit nuclei did not reveal significant differences between the
resection use at off-track DSBs and X-ray irradiation induced DSBs due to the small sample
size. With a fluence of around 3 × 106 particles/cm2, most of the nuclei have been hit by
one or two ions (appendix 4.5). Repeating this experiment while using a lower fluence
might clarify whether the prevalence of complex track damage may shift the DDR at lower
complex DSBs towards resection.
The ratio of resected DSBs is more or less reflected in the number of RAD51-DSB events
observed in- and off-track (figure 3.18), suggesting that most of the resected DNA ends
will be further processed via HR. Although it cannot be certainly excluded that some of
the resected off- and in-track DSBs will be repaired by error-prone alternative mechanisms,
especially in G1 cells. Usually NHEJ is the main DSB repair pathway after low-LET
irradiation in human cells, even if the cell enters the G2 phase and would be able to perform
HR due to the presence of sister chromatids [83, 84]. Yet after high-LET irradiation,
for instance after Fe-ion irradiation, cells enhance their use of HR [235], as well as
resection after C-ion irradiation with almost all DSBs accompanied by RPA in G2 [83]
and importantly also a substantial fraction in G1 cells [131]. In contrast to high-LET
irradiation only 20% to 25% or 15% to 20% of X-ray induced DSBs are being resected or
processed via HR, respectively, in G2 cells [86], similar to the data presented in section
3.3.1 and 3.3.2. However, HR-independent resection in G1 cells via error-prone MMEJ is
less pronounced than the extended resection during HR and may not always be observable
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via RPA foci analysis, especially for lower complex off-track and photon-induced DSBs
[236].
Previous experiments in confluent fibroblast cultures show similar frequencies of resection
and HR use at off-track DSBs as for X-ray induced DSBs (data not shown) in contrast
to the higher frequency observed in the G1/G2-phase U2OS cell population. Different
cell lines may differ in their use of resection and HR [237] and cancer cells may resect
DNA break ends more often than normal fibroblasts. For instance, variation in chromatin
condensation between cancer cells and fibroblasts may lead to a difference in frequency
of resection used at DSBs [238].
Results obtained by irradiation of a mixed cell cycle population of U2OS cells with isolated
or mixed beams of α-particles and γ-rays suggest a slower repair for small foci if both
radiation qualities are administered simultaneously [239, 240]. Although the radiation
geometry in this publication prevents the direct correlation of focus location and radiation
quality, photons seem to induce smaller 53BP1 foci compared to α-particles [239]. Besides
53BP1, this focus size difference after high-LET irradiation perpendicular to the cell
monolayer was also observed for the DSB marker γH2AX, which tends to be larger due
to the occurrence of several DSBs along the track [241, 242]. While assuming a similar
cell cycle distribution of U2OS cells, this mixed beams study supports the observation of
increased resection and HR use at off-track foci after heavy-ion irradiation by showing a
slower processing of small foci. Resection-dependent pathways like HR as well as a-EJ are
both considered to be responsible for the slow part of DSB repair kinetics [97].
Although 53BP1 is supposed to inhibit resection at break ends [124], it can be used
as a general DSB marker since 53BP1-RIF co-localize with γH2AX foci (appendix 4.4)
up to several hours after photon-irradiation with almost identical repair kinetics [193].
Furthermore, 53BP1 signal has been observed at DSBs determined for repair by HR [243].
Confocal microscope images also show the co-localization of 53BP1 with RPA foci, for
instance after laser or high-LET irradiation [160, 244, 245]. Observing the concurrent
recruitment of 53BP1 and the HR marker RAD51 via high resolution microscopy, the
regions of RAD51 and 53BP1 signal do not overlap and RAD51 accumulates foremost
inside the surrounding 53BP1 intensity [246]. Nonetheless, due to the resolution limit,
both signals show an overlap in confocal microscope images.
Follow-up experiments should in particular focus on the cell cycle distribution to assess
the extend of resection at simple off-track DSBs in G1-phase cells. Resected break ends
cannot be ligated via NHEJ [83] and thus require either alternative repair in G1 phase or
HR in S and G2 phase. Resected DSBs induced in G1 cells may even remain unrepaired
until the cell enters S phase enabling the further processing by HR [193]. For instance,
unrepaired RAD51-positive DSBs in G2 phase were found to progress into G1 phase [193].
Alternative repair as well as the proceeding of the cell cycle with remaining DSBs are both
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highly error-prone processes and future work should elucidate on the likelihood of those
events after high-LET irradiation as well as the cellular consequences.

4.3 Accelerated repair kinetics for Fe-ion induced off-track DSBs

Surprisingly, repair kinetics of δ-electron induced off-track DSBs in G1 cells after Fe-ion
irradiation are slightly faster compared to DSB repair after X-ray irradiation (figure 3.24).
Complex in-track DSBs on the other hand are partially even observable more than 10 h
after irradiation (data not shown), indicating that they are more difficult to repair while
some in-track DSBs may even pose non-repairable [161]. Since off-track DSBs appear to
be processed with fast kinetics in mainly G1-phase cells (figure 3.22), resection-dependent
repair can almost be completely excluded to be relevant for repair at δ-electron induced
DSBs, at least in normal fibroblasts. Confluent human primary fibroblasts in G0/G1 for
instance were observed to show almost no resection activity after heavy-ion irradiation,
indicating a cell line specific resection activity [197]. Nonetheless, the apparent lack
of resection at off-track DSBs in G1 cells emphasizes the great similarity in complexity
between off-track DSBs and DSBs induced by photon irradiation. Although the difference
between the kinetics of X-ray and off-track DSB repair is quite small, it could hint towards a
more enhanced DDR through concurrent high-complex track damage in the same nucleus.
Research on δ-electron damage due to heavy-ion irradiation is quite scarce, but looking at
the data of Nakajima et al. [198], δ-electron induced DSBs after Fe-ion irradiation seem
to be repaired somewhat faster in contrast to their X-ray data. Importantly, Nakajima et
al. [198] used confluent human fibroblasts primarily in G0/G1 phase to assess the repair
after Fe-ion irradiation.
Although cells without tracks but with δ-electron contribution have been evaluated as
well (figure 3.24c), the outcome was ambiguous. Strong fluctuations of the DSB number’s
mean especially within the early time points up to 2 h impair the comparison with the
X-ray curve. An inhomogeneous distribution of δ-electron track ends between individual
ion tracks could be assumed to be the reason for these fluctuations. However, Monte
Carlo simulations performed with high energetic (270MeV/n) uranium (U) ion beams
showed an almost evenly dispersed background of δ-electron induced DSBs between
the ion-tracks [247]. While these simulations were performed with particle fluences of
around 6 × 106 particles/cm2, the discussed experiment was carried out with just half of it
(3 × 106 particles/cm2). Thus, inhomogeneities of the δ-electron distribution could be in
fact responsible for the fluctuation of off-track DSBs observed in non-hit cells. Nonetheless,
the standard deviation of the DSB number in non-hit cells is within the same magnitude
as for cells traversed by Fe ions, suggesting rather small variations between cells and little
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influence of distance to the ion tracks. Since the number of non-hit cells evaluated is
around half as much as for cells hit by Fe ions and the whole experiment was repeated
just once, additional data from at least another independent set would be required to
draw any conclusions.
The presented repair kinetics suggest that the large majority of off-track DSBs in G1 cells
are ligated via the fast NHEJ. Although a slight decrease in the time required for DSB
resolving was observed for the off-track DSBs in contrast to X-ray irradiation induced
DSBs, there is currently no plausible explanation for the exact mechanism behind this
acceleration of repair. Since G1-phase cells irradiated solely with low-LET X-rays do not
show any significant resection signal via RPA accumulation at DSBs [131], the hypothesis
of a resection-caused slower DSB-repair in a minor fraction of the X-ray γH2AX assay
presented in this work is unlikely. Whilst the electron’s kinetic energy spectrum presumably
differs between X-ray and Fe-ion irradiation, the large majority of simple damage clusters
will be induced solely by the slow electron part, the electron track ends. Nonetheless, it
could be of interest to determine the fraction of low-energetic electrons which contribute
to the DSB load within the same nucleus. More low-energetic electrons thus results in
more electron track ends which consequently increase the probability of the induction of
DSB clusters.
DNA damage repair kinetics are also affected by the level of chromatin condensation. Less
dense euchromatin for instance allows for faster DSB end joining than the more compact
heterochromatin region, presumably due to a variation in accessibility of repair factors to
the DNA strand [151]. It can thus be speculated whether chromatin decondensation is
more extended after heavy-ion exposure including the area around off-track DSBs. Mixed
beam experiments with the simultaneous irradiation of γ-rays and alpha-particles and
subsequent evaluation using transmission electron microscopy (TEM) show an inverse
correlation of electron density and damage cluster size, indicating that smaller foci are
surrounded by less dense chromatin and thus easier to access for repair factors [220].
Especially after mixed beams, the brightness around clusters of small bead numbers
seems higher as compared to photons only. This would support the finding of increased
rejoining efficiency at off-track DSBs due to an enhanced accessibility as well as higher
frequencies of resection and HR use in S and G2 cells since histone acetylation, which
leads to the relaxation of the chromatin, is supposed to promote HR [248]. Nonetheless,
the method utilized in this study of Akuwudike et al. [220] involves the use of uranyl
acetate to measure the electron density via TEM, and uranyl acetate is supposed to bind
non-specifically to nuclear components, for instance RNA. Thus, areas of low density
(increased brightness) within and around RIF are diminished of RNA, while the structure
of chromatin inside RIF resembles non-irradiated euchromatin [249].
Moreover, it was shown that the irradiation of normal human fibroblasts with low and
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high X-ray doses does not alter the expression of NHEJ proteins 0 to 5 h after irradiation
significantly [250], although there is no similar data in the case of high-LET irradiation.
Compared to photon irradiation, the exposure to charged particles leads to stronger
effects on changes in general gene expression [251, 252] with dependence on LET [253].
While there may be some changes in repair gene expression induced by charged particle
traversals, fast chromatin modifications are probably more relevant. Pan-nuclear γH2AX
signal for instance was shown to be induced shortly after heavy-ion irradiation through
ATM and DNA-PK activity, while it was not observed after irradiation with 1Gy X-rays,
indicating a dependence on dose [147]. Thus, ion-induced complex DNA damage seems
to trigger fast nuclear-wide chromatin modifications [147]. Upon local DSB induction via
laser irradiation, a pan-nuclear distribution of phosphorylated KRAB-associated protein
1 (KAP-1) can be observed [254]. The ATM-dependent phosphorylation of KAP-1 is
assumed to be involved in chromatin decondensation processes to increase accessibility
to sites of DSBs [254, 255]. Interestingly, cells with partial loss of the linker histone H1,
which is correlated with less chromatin condensation [256], show an enhanced DDR with
slightly faster repair kinetics after the exposure to IR compared to wild-type cells [257].
Whether nuclear-wide chromatin modifications induced by ion traversals contribute to the
facilitated DDR observed for off-track DSBs in mostly G1-phase fibroblasts needs to be
further explored.

4.4 Conclusion and outlook

This work particularly emphasizes the different damage qualities a cell experiences after
being exposed to heavy ions. High-energetic Fe ions relevant for space radiation research
inflict strongly clustered DSBs along their trajectory while δ-electrons induce additional
sparsely distributed DSBs around the ion track. The maximum δ-electron range can reach
up to the mm-scale [28] and thus adds to the dose contribution in adjacent cells not
initially hit by the ion. It was estimated for one cell hit by 600MeV/n Fe ions, more than
30 surrounding cells will be exposed to δ-electrons solely [258]. This mixed radiation
quality property of HZE ions is unique, as for instance the exposure to alpha particles
emitted from radioactive sources does not deposit dose on non-hit cells. In cells hit by Fe
ions, the clustered track damage seems to impact the DDR overall, with implications on the
processing of δ-electron induced off-track DSBs. While an increased use of resection and
HR was observed at off-track DSBs in G1/G2-phase cancer cells, the same type of lesion
was repaired faster in mainly G1-phase normal fibroblasts. Although both observations
are quite contradictory, one could attempt to explain this finding with an increased
accessibility for off-track DSBs in cells with concurrent high damage loads. Furthermore,
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the data suggests that simple off-track DSBs in confluent fibroblasts are presumably not
processed via alternative repair pathways. Contrarily, in-track DSBs within the same
cell line remain for several hours, indicating an extended need for break-end processing
[83]. Since high resection rates were observed in G1 cells after the exposure to heavy
ions [131] it can be assumed that foremost clustered track damage may be processed
via resection-dependent alternative repair in G1 cells which are unable to perform HR.
Additionally, it may even be possible that unresolved but resected DSBs transition from
G1 into S and G2 phase to enable repair via factors involved mainly in HR [85, 193].
Due to the missing DNA template in both scenarios, the repair outcome may be highly
error-prone. Although in G1/G2 cells almost the same fraction of off-track DSBs shows
resection and HR signal, whether alternative mechanisms are involved at off-track DSB-
repair in G2-phase cells remains unresolved. Additionally, the assessment of not directly
hit cells exposed to δ-electrons would be of great interest to determine the impact of
clustered track damage on the processing of off-track DSBs. Due to the BER activity in
close proximity to in-track DSBs, additional BER-induced DSBs are assumed to increase
the damage clustering within ion tracks even further. Although the data suggests that
the increase of observed in-track DSBs is accompanied by an increase of HR signal, it
is not clear yet whether the presumable increase of damage clustering leads to a more
pronounced impact on the overall DDR. Since the assessed fibroblasts show HR signal,
they need to be in S or G2 phase. Nonetheless, off-track DSBs do not differ in their use of
HR between fibroblasts with more (non-inhibited) or less (BER inhibited) in-track damage
clustering. Future experiments may elaborate more on the correlation of the amount and
degree of damage clustering and the impact on the nuclear-wide DDR at distant off-track
DSBs, possibly also in different cell lines and precisely estimated cell cycle phases.
In conclusion, the hereby presented data suggests that the exposure to space relevant HZE
ions impacts the nuclear-wide DDR, while BER processes increase the overall DSB load and
supposedly add to the damage clustering within the narrow ion-track area. Importantly, IR
induced damage clusters correlate strongly with genomic instability [106] and processes
like BER which add to the clustering may increase the risk of cancer. Regarding future
deep space missions, the exposure to HZE ions, despite shielding, is not negligible. During
missions extending the duration of several years, the probability of multiple ion hits in
long living cells increases [10], while each nuclear ion traversal induces clustered damage
which is difficult to repair [160, 197]. Last but not least, ground-based radiobiological
experiments studying the underlying molecular mechanisms are indispensable to reduce
the uncertainties related to cancer risk from exposure to space radiation [259].
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Appendix

4.1 OGG1 IF signal accumulates inside nucleoli

MergedEUOGG1
+DNA

γH2AX 

Figure 4.1: Accumulation of OGG1 signal inside nucleoli. IF images of AG1522D fibrob-
lasts + BERi and after KBrO3 treatment stained against the DSBmarker γH2AX
(magenta), BER marker OGG1 (green), RNAmarker EU (yellow) and DNA (blue).
Since nucleoli contain transcriptionally active ribosomal DNA (rDNA), nascent
RNA can be detected via a click iT reaction with incorporated EU. OGG1 signal
seems to accumulate inside nucleoli in AG1522D fibroblasts +/−BERi and can
be observed in KBrO3 treated as well as in non-treated cells. Scale bar: 10 µm
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4.2 Comparison of 𝜸H2AX and 53BP1 foci after KBrO3 treatment
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Figure 4.2: Different number of 53BP1 foci after KBrO3 treatment. γH2AX and 53BP1
foci numbers in AG1522D fibroblasts were assessed directly after KBrO3
treatment or 1 h after 0.5Gy X-ray irradiation. Statistical analysis via Mann-
Whitney U test: KBrO3: p=1.4 × 10−9 and X-ray: p=0.57. With N=1 experiment
including n=25 cells per treatment.
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4.3 Comparison of DSB repair kinetics between KBrO3 treated
and X-ray irradiated cells
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Figure 4.3: Comparison of repair kinetics of cells treated with KBrO3 or irradiated with
X-rays. Comparison of the remaining amount of γH2AX RIF after treatment
with KBrO3 or after irradiation with 0.5Gy X-rays in AG1522D fibroblasts. X-ray
data was obtained from 3.24b. KBrO3 data was fitted biexponentially. With
N=3 independent experiments including nKBrO3 ,Control

=1035, nKBrO3 ,BERi
=960 and

nX-ray=522 cells.
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4.4 Comparison of 53BP1 and 𝜸H2AX foci number
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Figure 4.4: Similar 53BP1 and 𝜸H2AX foci numbers after X-ray irradiation. Mean number
of 53BP1 and γH2AX foci in AG1522D fibroblasts 15 min and 1 h after 0.5Gy
X-ray irradiation. Statistical analysis via Mann-Whitney U test: 0.25 h: p=0.080
and 1 h: p=0.15. With N=1 experiment including n0.25h=31 and n1h=25 cells.
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4.5 Poisson distribution
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Figure 4.5: Poisson distribution of nuclei hits with Fe ions. Poisson distribution of the
probability (P

λ
(k)) of the number of nuclear ion traversals (k) with λ=1.8, es-

timated by assuming a fluence of 3 × 106 particles/cm2 and a mean U2OS
nucleus area of 6 × 10−7 cm2 (60 µm2), as the vertical plane through the nu-
cleus orthogonal to the direction of irradiation.
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Contributions

The experiment behind the data presented in section 3.3.3 was performed by Prof. Dr.
Burkhard Jakob, including sample preparation, Fe-ion irradiation and image acquisition.
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