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ABSTRACT 
Radiation therapy is used in attempting to kill tumor cells by inducing DNA double-
strand breaks (DSB), the most critical DNA lesions. Recent and planned radiation 
therapy strategies use high-linear energy transfer (LET) radiation to effectively treat 
malignant tumors. The aim of this thesis was to investigate the mechanisms of DNA 
DSB induction and repair after exposure to ionizing radiation of different ionization 
densities, with focus on the role of DNA damage clustering and chromatin structure, as 
well as the activation of repair-related proteins at clustered damage sites in human cells. 

DSB induction was assessed after exposure to accelerated ions of different 
ionization densities with LET ranging from 40 eV/nm to 300 eV/nm. Exposure of 
human cells to high-LET radiation resulted in clustering of DSB, leading to an excess 
of small DNA fragments (< 1 Mbp), as measured by pulsed-field gel electrophoresis 
(PFGE). Importantly, it was found that DNA organization into chromatin fibers and 
higher-order structures is responsible for most of DSB clustering induced by high-LET 
radiation. 

A newly developed cold lysis protocol for preparation of genomic DNA, which 
avoids release of heat-labile sites (HLS) into DSB at elevated temperatures, was used to 
accurately measure the DSB number. DSB yields and relative biological effectiveness 
(RBE) values were strongly influenced by chromatin compactness. Furthermore, the 
presence of HLS had a substantial impact on DSB induction yields and DSB rejoining 
rates measured by PFGE. The lesions involved in the release of HLS into DSB were 
repaired independent of DNA-PKcs, XRCC1 or PARP-1. Moreover, cells with defect 
or inhibited function of DNA-PKcs did not show any fast rejoining of DSB when HLS 
were eliminated. 

The substructure and spatial dynamics of DNA damage and repair along high-
LET particle tracks was monitored by immunofluorescence. Interestingly, high-LET 
ion track irradiation revealed one of the earliest responses to ionizing radiation, ATM 
phosphorylation at Ser1981, as pATM foci that clearly correlated with γ-H2AX foci 
within particle tracks, as well as punctuated/diffuse staining dispersed throughout the 
whole nucleoplasm, far away from DSB. In addition, the number of γ-H2AX foci 
detected at early time-points was independent of the number of DSB, indicating that a 
single γ-H2AX focus contains clusters of several DSB within 1-2 Mbp of chromatin.  

In summary, the presented data show that DSB yields and distributions are 
greatly influenced by ionization density and chromatin compactness. Clustering of DSB 
and other DNA lesions may affect the reparability. Furthermore, detection of protein 
activation in single cells after ion track irradiation suggested that chromatin changes or 
other signalling processes might take place at distance from DSB. This thesis provides 
new insights on the importance of the chromatin organization and the repair of 
clustered DNA damage sites, as well as the role of repair-associated proteins in DNA 
damage recognition after high-LET radiation. 
 
Keywords: DSB; chromatin structure; high-LET; heat-labile sites; PFGE; DNA-
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1 BACKGROUND 
 
1.1 CARCINOGENESIS AND CANCER THERAPY 

 
Cancer is a disease characterized by cell aggressiveness (uncontrolled growth and 
division), invasiveness (invasion of normal tissues), and eventually metastasis 
(spreading to distant locations in the body). 

Carcinogenesis is a process that consists of multistep mutations (changes in 
genomic DNA) starting with acquired abnormalities in genes, which can be inherited or 
appeared as a result of exposure to environmental factors. Such exposure may generate 
DNA lesions that lead to mutations, which may cause genomic instability. The 
development of a tumor (malignant growth) depends on several essential molecular 
alterations: self-sufficiency in growth signal, insensitivity to growth –inhibitory signals, 
avoidance of apoptosis, unlimited replicative potential, sustained angiogenesis, and 
tissue invasion and metastasis (Hanahan and Weinberg, 2000).  

Current strategies for cancer therapy include surgery, radiation therapy, 
chemotherapy, immunotherapy, targeted therapy or a combination of these. When 
opting for a certain therapy, the tumor type and location, the stage of the disease, as 
well as the general status of the patient are to be considered. The aim of the treatment is 
the complete removal of cancer cells, with minimum damage to the normal tissues. The 
effectiveness of cancer therapy is often limited by adjacent tissue invasion or distant 
metastasis (for surgery), toxicity to the whole body (for chemotherapy), or by normal 
tissue damage (for radiotherapy). In addition, the tumor heterogeneity leads to survival 
of some resistant tumor cells, which increases the risk for recurrence and metastasis.  

Radiation therapy uses ionizing radiation to damage the genetic material of 
cancer cells, making it impossible for them to continue to grow and divide. Radiation 
damages both cancer and normal cells, but most normal cells can recover from the 
effects of radiation and function properly. Radiation therapy aims to kill the tumor 
cells, while limiting the injury to the adjacent healthy tissue.  
 
1.2 IONIZING RADIATION 

 
Ionizing radiation is energetic particles or electromagnetic radiation that transfer their 
energy when interacting with matter, causing ionizations (i.e. emission of electrons 
from atoms). Examples of ionizing radiation are photons, electrons, neutrons and alpha 
particles. Charged particles such as electrons and alpha particles interact strongly with 
electrons, delivering their energy directly and producing ionizations along the particle 
track. In contrast, high-energy photons or neutrons are indirectly ionizing the matter by 
transferring their energy to charged particles, which, in turn, deliver the energy to the 
matter as above.  

In a large number, the ionizations induced by radiation can be harmful to 
biological organisms, and can cause DNA damage in individual cells. On DNA level, 
the damage induced by ionizing radiation consists of single-strand breaks (SSBs), 
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double-strand breaks (DSBs), base damages, sugar damages, DNA-DNA and DNA-
protein cross-links, as well as heat- and alkali-labile sites (revealed as strand breaks 
after alkaline or heat treatment of irradiated DNA) (Ward, 1988). If left unrepaired, the 
most critical lesion, the DSB, is related to cell death, chromosomal aberrations and 
genomic instability (Bryant, 1985; Burma et al., 2006; Goodhead, 1989). Therefore, 
accidental exposure to ionizing radiation may be lethal or lead to cancer development. 
Nevertheless, photons, electrons and more recently, heavy charged particle beams are 
used to treat malignant tumors. The damage on DNA is caused by direct or indirect 
actions of radiation, the latter appearing as a result of the water radiolysis, that forms 
free radicals (e.g. hydroxyl) which then induce lesions on DNA. Radiation therapy 
works by damaging the DNA of cells, and due to their higher cell-cycle turnover, 
cancer cells generally have a reduced capacity to repair the sub-lethal damage, 
compared to normal differentiated cells.  

Radiation quality is a term used to describe different ionization densities 
produced by ionizing radiation delivering its energy to the matter. Linear energy 
transfer (LET) is a measure of the ionization density, and the LET concept is defined as 
the energy transferred per unit length of particle track, in eV/nm (Hall and Giaccia, 
2006). The local complexity of clustered DNA lesions tends to increase with increasing 
LET, and high-LET radiation has a higher biological efficiency than low-LET 
radiation.  
 
1.2.1 Tumor therapy using high-LET ion beams 

 
Charged-particle therapy, such as proton therapy and carbon-ion therapy, is currently 
used to treat patients with deep-seated tumors. Compared to conventional radiation 
therapy with X-rays or gamma rays, the advantage of using protons and heavier 
particles for tumor therapy, is the excellent dose distribution that allows a high energy 
deposit within the tumor target volume, while minimizing the dose delivered to the 
surrounding healthy tissues (Figure 1). The heavy charged particles lose their energy at 
a higher rate when they reach the end of their range, with the peak of energy loss and 
highest dose delivered to the tissue at zero particle motility (the Bragg curve). This 
increased ionization results in a higher DNA damage in the Bragg peak region where 
the tumor is located, leaving a relatively lower risk of genetic mutations in normal 
tissue. This interesting characteristic of the dose-depth distribution is illustrated in 
Figure 1. However, the sharp Bragg peak needs to be spread out, to cover a volume of 
typical tumor dimensions. This can be accomplished by varying absorbers in front of 
the beam, resulting in beams of different energy which sum up forming a plateau with a 
uniform dose over the target tumor volume.  

One of the limitations of radiotherapy is that the cells of solid tumors become 
deficient in oxygen. The hypoxic tumor cells are more resistant to radiation because 
oxygen makes permanent the damage produced by radiation induced free radicals. The 
oxygen enhancement ratio (OER), defined as the ratio of hypoxic to aerated doses to 
produce the same biological effect, decreases with increasing LET (Hall and Giaccia, 
2006). Therefore, high-LET radiotherapy may overcome the resistance of hypoxic 
tumor cells encountered when using conventional radiotherapy. Another advantage of 
high-LET radiotherapy is the high relative biological effectiveness (RBE) for cell death  



 

  3 

 

 

Figure 1. Typical dose-depth distribution for a heavy charged particle beam traversing a 
material (the Bragg curve) and for a photon beam. 

 

 

as an endpoint. In summary, high-LET ion radiotherapy offers additional benefits such 
as a decreased dependence on oxygen status of the tumor, reduced repair capacity, less 
variation in sensitivity with the cell cycle, and high relative biological effectiveness, in 
addition to the excellent dose-depth distribution (Hall and Giaccia, 2006).  

Recent and planned radiation therapy modalities use high-LET radiation, in 
terms of accelerated ions or radioactive nuclides emitting α-particles, to effectively 
treat malignant tumors. The cell killing efficiency of high-LET radiation could give a 
therapeutic advantage. However, the molecular events transferring a DSB into a dead 
cell are still unknown. Thus, studies of DSB induction and repair in relation to 
radiation quality could help identifying critical steps of this process. 

 
1.2.2 Low- versus high-LET radiation 

 

Ionization density influences the damage distribution in the genome. On the cellular 
level, low-LET radiation, such as X-rays and gamma radiation, induces sparsely 
ionizations which are typically randomly distributed within the nucleus (Figure 2). For 
such radiation, the predominant indirect action via free radicals can cause clusters of 
ionizations that lead to complex DSBs critical for cell survival (Goodhead, 1994). 
However, most of the DNA damage induced by low-LET radiation consists of SSB and 
base damages which are relatively easily repaired; a X-ray dose of 1 Gy induces about 
1000 base damages, 1000 SSB and 40 DSB per cell nucleus (Goodhead, 1994; Hall and 
Giaccia, 2006).  

In contrast to sparsely ionizing radiation, high-LET radiation (e.g. ions, alpha 
particles) leads to the induction of more complex and highly localized DNA damage 
along particle tracks (Goodhead, 1994; Hoglund and Stenerlow, 2001; Lobrich et al., 
1996; Rydberg, 1996). Thus, high-LET induced DNA damage is a clustered lesion 
consisting of multiple strand breaks, base alterations etc., produced by the direct  
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Figure 2. Effects of low- and high-LET radiation on DNA level. Low-LET radiation induces 
sparsely localized ionizations, which are randomly distributed within the nucleus. In contrast, 
high-LET ions are producing clusters of DNA lesions, as a result of the dense ionizations 
formed along the particle tracks. 

 

 

interaction between DNA and the charged particle, which deposits its energy densely 
along its path (Figure 2). For the same radiation dose, the number of induced DSBs is 
only slightly higher after exposure to high-LET radiation, compared to photon exposure 
(Hoglund et al., 2000), but a DSB induced by high-LET radiation is 3-10 times more 
efficient in causing mutations or cell death (Cox et al., 1977). Both the localization and 
the complexity of high-LET induced DSB may influence the cellular capacity to repair 
such damage. The DNA damage induced by charged particles is associated with slower 
rejoining of DSBs (Lobrich et al., 1998; Pinto et al., 2005; Stenerlow et al., 1996), more 
complex mutations (Malyarchuk et al., 2004) and chromosomal instability (Singleton et 
al., 2002), as well as a larger fraction of γ-H2AX foci persistent 8-24 h post-irradiation 
(Karlsson and Stenerlow, 2004), when compared with the response after low-LET 
radiation. The DSBs are randomly distributed in cells exposed to low-LET radiation 
(Hoglund et al., 2000; Lobrich et al., 1998). In contrast, the dense ionizations along the 
charged particle tracks lead to the production of non-randomly distributed DSBs in 
intact cells, detected as an excess of DNA fragments smaller than 1 Mbp (Hoglund et 
al., 2000; Hoglund and Stenerlow, 2001; Lobrich et al., 1996; Newman et al., 1997; 
Rydberg, 1996). The traversal of a charged-particle track through the chromatin fiber 
produces clustering of DSB, and the non-random DNA fragmentation is probably 
influenced by the chromatin organization and track structure (Cucinotta et al., 2000; 
Hoglund and Stenerlow, 2001; Rydberg, 2001), although no direct evidence supported 
this hypothesis.  
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1.3 CHROMATIN ORGANIZATION INSIDE THE CELL NUCLEUS 

 

In eukaryotic cells, compaction of the genome into chromatin fibers is essential to fit 
more than a meter long DNA double helix inside the cell nucleus of 10μm in diameter.  

The basic unit of chromatin, the nucleosome, consists of 146 base pairs (bp) of 
DNA wrapped around a core histone octamer, which contains two copies of histones 
H2A, H2B, H3, and H4 (Figure 3) (Luger et al., 1997). Each histone consists of two 
domains, a histone fold domain that mediates the histone–histone and histone–DNA 
interactions important for building of the nucleosome, and a flexible amino-terminal 
tail domain. In addition, H2A and H2B have a carboxy-terminal tail domain (Downs et 
al., 2007). The tail domains contain sites for various histone post-translational 
modifications, which are shown to be a critical step in controlling the eukaryotic 
genomes by condensing and decondensing the chromatin (Ito, 2007). The enzymatic 
modification of histone tails controls the binding of ATP-dependent chromatin 
remodeling factors (e.g. RSC, SWI/SNF, INO80), which have the ability to alter 
histone-DNA contacts (Chai et al., 2005; Flaus et al., 2006). This, in turn, influences 
the level of chromatin compaction by the sliding of the nucleosomes on DNA, the 
removal of the histone octamer from DNA and other structural changes (Shim et al., 
2007).  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Chromatin organization inside the cell nucleus. Chromatin folding inside the the 
interphase nucleus occurs through various histone-dependent interactions, leading from the 
nucleosome unit, “beads-on-a-string” structure, to 30-nm chromatin fiber. This figure is 
reproduced with the author’s permission. (Hansen, 2002; Horn and Peterson, 2002) 
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In addition, the level of chromatin compaction is also influenced by the binding 
of linker histones H1 and high-mobility group proteins (Downs et al., 2007). Linker 
histones also contain a globular domain essential for stabilizing the nucleosome 
structure and an amino- and a carboxy-terminal tail domains, proposed to be involved 
in chromatin folding (Horn and Peterson, 2002; Parseghian and Hamkalo, 2001; 
Ramakrishnan, 1997). The binding of linker histones leads to the formation of “beads-
on-a-string” structure, and further folding through histone tail–mediated nucleosome-
nucleosome interactions produces the 30-nm chromatin fiber (Figure 3). The 
organization of higher order chromatin structure further than the 30-nm fiber, and how 
the chromatin fiber is folded inside the nucleus, are issues still under investigation.  

When DNA damage occurs, the higher-order chromatin folding represents a 
hinder to the detection and initiation of repair. Recent studies showed that DSB produce 
a local decondensation of the chromatin, as well as histone octamer removal and 
nucleosomes relocation on DNA (Kruhlak et al., 2006a; Shim et al., 2007). Moreover, 
DSB induction also results into post-translational modifications of the histone tails, 
such as the phosphorylation of the histone variant H2AX. Phosphorylated H2AX (γ-
H2AX) spreads within seconds over a DSB flanking chromatin region, comprising of 
several kilobasepairs up to megabasepairs (Rogakou et al., 1999).  
 
1.4 EARLY SIGNALING OF DNA DOUBLE-STRAND BREAKS  

 

The human genome is constantly exposed to endogenous agents, such as free radicals 
generated during metabolic processes, and exogenous agents, such as ionizing 
radiation and chemicals. This exposure threatens the genome integrity and requires 
efficient mechanisms that attempt to alleviate or eliminate the DNA damage. To 
prevent a lethal or mutagenic propagation of the DNA lesion during cell division and 
to allow time to repair the damage, the DNA damage checkpoint arrests the cell cycle 
(Rouse and Jackson, 2002; Zhou and Elledge, 2000). If the damage is too complex to 
be efficiently repaired, the cell could undergo programmed cell death (Bree et al., 
2004).  

 
1.4.1 Early chromatin decondensation, MRN complex and ATM 

activation 
 

Many aspects of DNA damage response initiation, including sensors involved and 
their interactions, are not fully understood. The early activation and recruitment to the 
damage sites of the protein kinase Ataxia-telangiectasia mutated (ATM), play a major 
role in signalling the DSB response pathways (Kastan and Lim, 2000). In connection 
to that, two models have been recently suggested. One hypothesis proposes that the 
MRN complex (consisting of NBS1, Rad50 and MRE11 proteins) is the first to arrive 
at the damaged site and is required both for activation of ATM and for initial 
recruitment of activated ATM to the damaged site (Dupre et al., 2006; Lee and Paull, 
2005). After ATM activation and localization at DSBs, ATM autophosphorylates 
(Lee and Paull, 2005; You et al., 2005). In the second model, ATM is activated at 
distance from DSBs due to local changes in chromatin conformation (Bakkenist and 
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Kastan, 2003), prior to its recruitment to DSBs. ATM is activated by 
autophosphorylation on Ser1981 and dissociation of dimeric ATM (Bakkenist and 
Kastan, 2003), as well as recently identified autophosphorylation on Ser367 and 
Ser1893 (Kozlov et al., 2006).  

The local chromatin decondensation initially restricted to the DSB site 
(Kruhlak et al., 2006a; Kruhlak et al., 2006b) has been shown to spread throughout 
the nucleus by an ATM-dependent pathway (Ziv et al., 2006), and this chromatin 
remodeling facilitates the access of repair proteins to DSBs. Active ATM 
phosphorylates various substrates which trigger cell cycle arrest and DNA repair. In 
addition to being downstream phosphorylation targets of ATM and involved in the 
DNA damage checkpoint network (Kurz and Lees-Miller, 2004), it was recently 
shown that NBS1, MDC1 and 53BP1 also operate upstream of ATM, and that these 
proteins are recruited at DSB sites within seconds (Bekker-Jensen et al., 2005; Dupre 
et al., 2006; Lou et al., 2006; Uziel et al., 2003). Thus, it seems that these proteins act 
both as ATM effectors and as sensors/activators of DNA damage response, taking 
part in an early cyclic process that amplifies the damage signal by interactions of the 
sensors with ATM and damaged chromatin (Lavin, 2004; Lou et al., 2006; Shiloh, 
2006; Stucki and Jackson, 2006).  

 
1.4.2 Phosphorylation of H2AX and recruitment of repair proteins at 

DNA DSBs 

 

In close vicinity to a DSB, ATM is the major kinase involved in the phosphorylation 
of the histone H2AX at Ser139 (Hickson et al., 2004) and the phosphorylated form γ-
H2AX can be detected in situ as foci shortly after DSB induction (Burma et al., 2001; 
Fernandez-Capetillo et al., 2004; Rogakou et al., 1998; Stiff et al., 2004). H2AX is a 
variant of H2A histone and represents up to 25% of the total H2A present within 
mammalian cells (Rogakou et al., 1998). Phosphorylation of H2AX is involved in the 
recruitment of chromatin remodeling complexes at DSB lesions (Chai et al., 2005; 
Flaus et al., 2006). These complexes have been suggested to decondense chromatin 
and facilitate the access of DNA repair proteins. The importance of the H2AX-
dependent chromatin remodeling activities is also implied by the fact that 
dephosphorylation of γ-H2AX is required for the checkpoint signal switch off (Keogh 
et al., 2006; Kruhlak et al., 2006b). After DSB induction, γ-H2AX organizes the 
accumulation of repair-related proteins into nuclear foci and co-localizes with the 
MRN complex, MDC1, 53BP1, BRCA1 and phosphorylated ATM (pATM) at the 
DSB-flanking chromatin (Bekker-Jensen et al., 2006; Kobayashi et al., 2002; Paull et 
al., 2000; Schultz et al., 2000; Stucki et al., 2005). These large aggregates of hundreds 
to thousands of copies of each protein were proposed to act as anchors that keep the 
broken DNA ends together during repair (Stucki and Jackson, 2006) and to amplify 
the DSB signal, ensuring efficient cell cycle arrest during repair (Lou et al., 2006). 
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1.5 DNA DOUBLE-STRAND BREAK REPAIR 
 

The survival of an organism is highly dependent of its cells ability to efficiently repair 
the critical DSB lesions. There are two main pathways that repair DSBs in 
mammalian cells: non-homologous end joining (NHEJ) (Figure 4A) and homologous 
recombination (HR) (Figure 4B). Although they are highly conserved in eukaryotes, 
HR is the major repair process in yeast, while NHEJ predominates in mammalian 
cells.  

During HR, a homologous sequence (usually a sister chromatid) is used as a 
template to retrieve genetic information from, and to repair the damage. Therefore, HR 
as a conservative process, is error free. In contrast, NHEJ rejoins the two DNA DSBs 
directly without the requirement for extensive sequence homology between the DNA 
ends. Usually, the ends require processing (i.e. removal of a few nucleotides) before 
ligation, leading to small deletions of DNA sequence. Therefore, NHEJ is considered to 
be an error-prone repair pathway.  

NHEJ was previously shown to act throughout the cell cycle, having a dominant 
role in G1, whereas HR is restricted to late S/G2, when a sister chromatid is available 
(Rothkamm et al., 2003). However, the two pathways can compensate and collaborate 
for efficient DNA double-strand break repair (Delacote et al., 2002; Saintigny et al., 
2007). Thus, NHEJ acts as an immediate repair process, while HR proteins continue for 
a longer time their attempt to repair persistent DSBs (Delacote et al., 2002; Kim et al., 
2005). Moreover, NHEJ protein assembly precedes that of HR proteins even in S/G2 
phases (Kim et al., 2005). The basic mechanisms of these pathways as well as the 
proteins involved are outlined below. 
 
1.5.1 NHEJ 

 

The NHEJ repair pathway is mediated by a set of core proteins and processing enzymes 
(Weterings and van Gent, 2004). The core proteins include the DNA-dependent protein 
kinase (DNA-PK) and DNA Ligase IV/XRCC4/Cernunnos (also named XRCC4-like 
factor, XLF) (Figure 4A) (Ahnesorg et al., 2006; Buck et al., 2006). DNA-PK consists 
of a large catalytic subunit, DNA-PKcs, and its regulatory subunits, Ku70 and Ku80. 
As processing enzymes were suggested Artemis (a nuclease) and DNA polymerases μ 
and λ (Capp et al., 2006; Ma et al., 2002; Mahajan et al., 2002).  

NHEJ repair process is initiated by binding of Ku heterodimer to the ends of 
broken DNA in a sequence-independent manner, by forming a ring-like structure 
around DNA ends (Figure 4A) (Walker et al., 2001). Thereafter, Ku translocates 
inwards along DNA and recruits DNA-PKcs (Hammarsten and Chu, 1998; Yoo and 
Dynan, 1999), which keeps the two ends together, followed by activation of its kinase 
function (DeFazio et al., 2002) and DNA-PK complex formation. Then DNA-PKcs 
autophosphorylates on at least seven sites and this is essential for a functional NHEJ 
(Chan et al., 2002; Reddy et al., 2004). It has been suggested that authophosphorylation 
leads to conformational changes in DNA-PKcs, that makes the DNA ends reachable for 
the next step of processing and ligation (Cui et al., 2005; Reddy et al., 2004).  

In addition to keeping the two broken DNA ends in a close proximity, a very 
important role of DNA-PK complex is the recruitment and activation of proteins that 
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mediate DNA ends processing and ligation. These proteins include Artemis and DNA 
Ligase IV/XRCC4 complex. The ends are processed if necessary by phosphorylated 
Artemis which gains endonuclease activity (Goodarzi et al., 2006) and cuts single-
strand overhangs (Ma et al., 2002).  

The last step, ligation of the DNA ends, is mediated by the DNA Ligase 
IV/XRCC4/XLF complex (Hentges et al., 2006). The newly identified factor XLF 
(Cernunnos) associates with the XRCC4/ligase IV complex and amplifies its ligase 
activity in an unknown manner. XLF was recently shown to be phosphorylated by 
DNA-PKcs and recruited at DSBs (Wu et al., 2007). 

 
 
 

 
 

Figure 4. The two major DNA DSBs repair pathways in mammalian cells. (A) Non-
homologous end joining (NHEJ): Ku heterodimer binds to DNA DSBs and recruits DNA-
PKcs. DNA-PKcs autophoshorylates and gain kinase activity. DNA-PK complex 
phosphorylates and recruits Artemis and DNA Ligase IV/XRCC4/XLF complex to the 
broken DNA ends. Artemis processes the ends and DNA Ligase IV/XRC4/XLF complex 
ligates the DNA ends. (B) Homologous recombination (HR): MRN complex detects the DSB 
and resects the DNA ends to form ssDNA overhangs. RPA, RAD51 and RAD52 proteins 
bind to ssDNA and search for homology in an intact DNA double helix. RAD54 facilitates 
strand invasion. DNA is synthesized and DNA ends are ligated. Adapted by permission from 
Macmillan Publishers Ltd: [Nature] (Downs et al., 2007), copyright (2007). 
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After NHEJ, DNA synthesis may be needed to fill in any remaining gaps, and 
DNA polymerases are mediating this step. The requirement of XRCC4/ DNA Ligase 
IV for polymerase and nuclease activity recently led to a proposal of a mechanism for 
how NHEJ suppresses end processing to preserve the DNA sequence (Budman et al., 
2007).  

 
1.5.2 HR 

 
HR plays an important role during S/G2 phase repair in mammalian cells, but also 
during replication, at stalled replication forks (Lundin et al., 2002).  

HR can occur via two different pathways: RAD51-dependent strand invasion 
and single-strand annealing. HR is initiated by the resection of DNA ends to form 3’-
single-stranded DNA (ssDNA) overhangs, and MRN complex is involved in this end-
processing (Figure 4B) (Adams et al., 2006).  

After resection of DNA ends, the 3’-ssDNA overhangs are protected by 
filaments of replication protein A (RPA), whereas processing of ends is prevented by 
the binding of RAD52 protein (van Dyck et al., 1999). RAD51 binding to ssDNA is 
mediated by RAD52, BRCA2 and RAD51 paralogs, and RAD51 replaces RPA. Then 
the ssDNA-protein filament searches for a homologous region and invades an intact 
DNA double helix (Figure 4B). RAD54 promotes RAD51-mediated DNA strand 
invasion. It was recently suggested that RAD54-mediated chromatin remodeling 
coincides with DNA homology search by the RAD51 filament (Kwon et al., 2007). 
Many aspects of HR pathway, including protein functions and the mechanism of strand 
invasion are still not completely understood. The last step of HR repair consists of 
DNA synthesis, disconnection from the template and DNA ends ligation (Krogh and 
Symington, 2004; Wyman et al., 2004).  
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2 THE PRESENT STUDY 
 

2.1 AIMS  

 

The present investigation aims to clarify important aspects regarding DNA DSBs 
induction and repair in human cells exposed to high-LET radiation. The general aim 
is to understand how high-LET ions interact with DNA and activate the DNA repair 
pathways.  

 
Specific aims 

 

Specific aims are to determine the importance of chromatin organization for the 
induction of DNA double-strand breaks, to characterize critical steps in the repair of 
clustered damage sites and to develop new ways to study DNA repair mechanisms after 
high-LET radiation exposure.  
In particular,  

• To analyse the DNA damage induction in human cells irradiated with 
different radiation qualities (Paper I)  

• To determine the relationship between the non-random distribution of DNA 
DSBs and different types of chromatin organization after irradiation with 
low- and high-LET radiation (Paper II)  

• To quantitate DSBs for different chromatin structures exposed to low- and 
high-LET radiation (Paper II)  

• To study the effects of radiation-induced heat labile sites (HLS) on the 
analysis of DSB induction and repair in various irradiated mammalian cells 
(Paper III)  

• To investigate the substructure of DNA damage, repair and signalling along 
high-LET particle tracks (Paper IV)  

• To improve qualitative analysis of DBSs in human cells after exposure to 
high-LET radiation (Paper IV)  
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2.2 MATERIALS AND METHODS 

 
2.2.1 Cell cultures and inhibitors 

 
In the present studies the following cell lines were used: normal human skin fibroblasts 
(GM5758), NBS1 defective human fibroblasts (GM7166) or fibroblasts defective in 
ATM (GM2052D) (Human Genetic Mutant Cell Repository, Camden, NJ, USA); 
human glioma cells M059J (DNA-PKcs defective) and wild-type M059K (American 
Type Culture Collection, Manassas, VA, USA); non-small cell lung carcinoma cells U-
1810 and erythroblastoid K562 cells; and hamster cell lines AA8 (wild-type) and EM9 
(XRCC1 mutant), and mouse fibroblasts A11 (PARP1 mutant). Normal human skin 
fibroblasts (GM5758) are a stable cell line system, with confluent cells resting in G0/G1 
and normal DSB rejoining. NBS1 defective human fibroblasts GM7166, human 
glioblastoma cell line M059K and human lung carcinoma cells U-1810 have been used 
for their normal DSB rejoining kinetics. The cells were cultured at 37°C, 5% CO2, and 
were, for the pulsed-field gel electrophoresis experiments, labeled with 1.2 kBq/ml 
[methyl-14C]thymidine (Amersham, UK) for about two doubling times.  

In some experiments, the influence of inhibition of the phosphatidylinositol-3-
OH kinase-like kinases (PIKKs) or PARP was examined by using 50μM wortmannin 
(Sigma-Aldrich) or 5 mM 3-AB (3-aminobenzamide, Sigma-Aldrich), respectively. 
Cells were incubated with inhibitors before, during and after irradiation. 
 
2.2.2 Description and preparation of the chromatin structures 

 
The different chromatin structures used in Paper II represent a wide range of chromatin 
compactness, from intact nucleus to naked genomic DNA. Permeabilization of intact 
cells and removal of soluble proteins lead to condensed chromatin (Figure 5). To 
preserve the chromatin conformation of the intact cells, a physiological concentration 
of Mg2+ and Na+/K+ was used. A further relaxation of the condensed chromatin, 
obtained by using hypotonic ion concentration, produces decondensed chromatin. The 
condensed and decondensed chromatin are found within the permeabilized nuclei and 
are attached to the nuclear matrix (Ljungman, 1991; Nygren et al., 1995) (Figure 5). 
Nucleoid chromatin is prepared by removal of all soluble proteins and histones 
(Ljungman, 1991), leading to a structure consisting of chromatin loops attached to 
nuclear matrix (Figure 5). The naked genomic DNA produced by lysis of the intact 
cells is almost totally without protein content (Stenerlow et al., 2003). 

Agarose plugs containing 2x106 diploid GM5758 cells/ml from confluent 
cultures were prepared (Hoglund et al., 2000) and treated with four different nuclear 
preparation buffers, mainly according to Nygren et al. (Nygren et al., 1995) and 
Oleinick and Chiu (Oleinick and Chiu, 1994). Briefly, a condensed nuclear chromatin 
organization was obtained by treating plugs for 18 h with an ice-cold solution 
containing 0.5 % (w/v) Triton X-100, 4 mM Tris, 142 mM KCl, and 0.8 mM MgCl2, 
pH 7.4. Decondensed nuclear chromatin was attained from condensed chromatin after 
washing for 3 h in a decondensed solution (0.2 mM EDTA, 8 mM Na2HPO4, 1.5 mM 
KH2PO4, pH 7.5) and seven or eight washes (1 h each) in PB- (8 mM Na2HPO4, 1.5 
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mM KH2PO4, pH 7.4). To prepare nucleoid chromatin, agarose plugs containing 
GM5758 cells were incubated on ice for 18–20 h in a 2 M salt solution [0.5% (w/v) 
Triton X-100, 4 mM Tris, 1.85 M NaCl, 0.15 M KCl, 5 mM MgCl2, pH 7.5]. ‘‘Naked’’ 
genomic DNA was prepared by treating the cells for 18 h with a lysis buffer containing 
2% (w/v) sarcosyl, 1 mg/ml Proteinase K (Boehringer-Mannheim, Germany) in 0.5 M 
EDTA, pH 8.0; the samples were incubated on ice for 1 h and were then put at 50°C 
under gentle shaking. To ensure complete removal of EDTA, proteins and cell debris 
from the agarose plugs, samples for condensed, nucleoid and DNA structures were 
washed seven or eight times (≥1 h each) in PB+ (8 mM Na2HPO4, 1.5 mM KH2PO4, 
133 mM KCl, 0.8 mM MgCl2, pH 7.4). Intact cells and naked DNA from K562 cells in 
agarose plugs (containing 5 x 106 cells/ml) were prepared as above. The agarose plugs 
were irradiated in serum-free medium (for intact cells), in PB+ (condensed, nucleoid 
and DNA structure), or in PB- (decondensed chromatin). The agarose plugs containing 
naked DNA from K562 cells were irradiated in the presence of a scavenger (200 mM 
Tris-HCl and 2 mM EDTA, pH 7.5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic representation of different chromatin structures preparation. See text for 
details. Adapted and modified from (Ljungman, 1990). 
 
 
 
2.2.3 Irradiation 

 
Cells grown in dishes were irradiated with low-LET 60Co (Paper IV) or 137Cs photons 
(Gammacell 40 Exactor MDS Nordion, Canada; 1.3 Gy/min dose rate), or with high-
LET radiation (80 - 320 eV/nm nitrogen ions, 40-160 eV/nm boron ions and 225-300 
eV/nm neon ions) at The Svedberg Laboratory, Uppsala University, as previously 
described (Stenerlow et al., 2000). To avoid initiation of repair and signaling processes, 
cells were placed on ice prior and during irradiation. 
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For the foci analysis, cells cultured on microscope slides were irradiated with 
80 – 320 eV/nm high-LET nitrogen ions under a low angle (< 5°) between the ion beam 
direction and the cell monolayer plane (Figure 6).  

 
 

 
 
 
 
 

 

Ion beam (5°) Slide with cells

Figure 6. Low angle irradiation 
 
 
 
The average nuclear area of a flat confluent fibroblast (GM5758) was 230 μm2 

on a horizontal projection (Karlsson and Stenerlow, 2004), with a mean diameter of the 
nucleus of 17.1 μm and a mean nuclear thickness of 2 μm. For irradiation under an 
angle of 5º, the elliptical area of the mean cross section of (17.1 μm/2 x [2 μm/2 + (17.1 
μm x sin 5º)/2] x π) = 47 μm2 was calculated, as described by Jakob et al. (Jakob et al., 
2003). The irradiation doses (0.56 – 2.25 Gy) were chosen to give an average of 2 
particle tracks/ nucleus, and calculated by using  

 

LET
ADN ⋅

⋅=
1602.0
1 

 
 
where N is the number of hits per nucleus, D dose in Gy, A cross sectional area of the 
nucleus in μm2 and LET is the LET in keV/μm. The term 1602.01  comes from the 
conversion from J to eV ( ). The number of tracks per nucleus 
follows a Poisson distribution with an average of 2 particle traversals/ nucleus. The 
irradiation parameters are stated in Table 1. 

JeV 19106.11 −×=

 

 
Table 1. Irradiation with nitrogen ions under 5º angle. 

LET (eV/nm) Energy (MeV/nucleon) Dose (Gy)a

  80 36.0 0.6 
160 15.4 1.1 
320   6.1 2.2 

a Assuming a mean of two particle traversals per nucleus for irradiation under an angle of 5º.  
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2.2.4 Pulsed-field gel electrophoresis (PFGE) and DSB analysis 

 
After irradiation, cells were allowed to repair for 0 – 20 h and then were embedded in 
agarose plugs. The cells were lysed for 24 h in ice cold lysis buffer (2 % (w/v) sarcosyl, 
1 mg/ml Proteinase K (Roche Diagnostics, Mannheim, Germany) in 0.5 M EDTA, pH 
8.0), followed by ≥10 h treatment with ice cold 2 M salt solution (1.85 M NaCl, 0.15 M 
KCl, 5 mM MgCl2, 2 mM EDTA, 4 mM Tris, 0.5% Triton X-100, pH 7.5), in order to 
ensure the DNA extraction without induction of additional DSB originating from heat-
labile sites (Stenerlow et al., 2003) (Figure 7). The warm lysis protocol, consisting of 
cell lysis overnight at 50°C (2 % sarcosyl, 1 mg/ml Proteinase K in 0.5 M EDTA, pH 
8.0) was also used in Paper I and Paper III. 
 
 
 

Ionizing radiation 

50°C lysis 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Proposed model for conversion of heat-labile sites (X) into DSBs, as a result of post-
irradiation heat exposure during conventional lysis. Two HLS or a SSB and a HLS located 
closely but on opposite DNA strands, could be revealed as a DSB during the warm lysis 
protocol used in the standard PFGE assay. 
 
 
 

The DNA fragments within the agarose plugs were separated in the size range 5 
kbp - 6 Mbp by running two different PFGE protocols, and the fraction of [14C] –DNA 
radioactivity released was analyzed by liquid scintillation for each gel segment, as 
previously described (Hoglund and Stenerlow, 2001). For correct determination of 
DSB after high-LET irradiation, the number of DNA fragments (n) in each size range 
(Table 2) can be calculated by: 

 
( )

i

i
i M

FMn ≅   DNA fragmentation analysis 
 
 

where Fi is the fraction of DNA in a gel segment with the mean fragment size Mi within 
that segment. The total number of DSBs induced is assessed by adding the yields for 
every size interval. After more than 10 h repair, the DNA-fragment distribution in high-
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LET irradiated cells becomes close to random (Stenerlow et al., 2000), and calculation 
of the remaining DSBs after 20 h of repair was therefore based on the fraction of DNA 
<5.7 Mbp, assuming random distribution of DSBs (Blocher, 1990; Stenerlow and 
Hoglund, 2002). Thus, the number of randomly induced DSBs is related to the fraction 
of activity released (FAR) in a non-linear manner: 
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where F<k is the fraction of DNA with sizes smaller than the threshold size k (5.7 x 106 
bp), r is the number of DSBs per chromosome, and n is the mean size of a chromosome 
(130.4 x 106 bp). 

 

 
Table 2. Gel segments 

DNA size interval 
(kbp) 

Mean size, Mi (kbp) Width, δMi (kbp) 

3500-5700 4600 2200 
1110-3500a 2305 2390 
930-1110 1020 180 
680-930 805 250 
375-680 527 305 
225-375 300 150 
145-225 185 80 
97-145 121 48 
48-97 73 48 
0-48 24 48 

aThe segment originates from two different PFGE gels, optimized to separate DNA fragments 
of different sizes. The fraction of DNA <1110 kbp in the 5-1500 kbp gel was subtracted from 
the fraction of DNA <3500 kbp in the 1-6 Mbp gel.  

 

 
2.2.5 Immunofluorescence detection and analysis of foci 

 
After indicated repair times, cells grown on microscope slides were washed in serum 
free medium and fixed for 20 min in methanol (- 20°C), followed by permeabilization 
in ice-cold acetone for 10 s. After washing and blocking in 10% FCS-PBS for 1 h at 
room temperature, cells were incubated for 1 h at 37°C with the following primary 
antibodies (dilution 1:250 – 1:1000 in 1% FCS-PBS): anti-phospho-H2AX (Ser139) 
(mouse; Upstate Biotechnology, Lake Placid, NY), anti-phospho-ATM (Ser 1981) 
(rabbit; Rockland Immunochemicals for Research, Gilbertsville, PA), anti-MRE11 
(rabbit; Oncogene Research Products, San Diego, CA), and anti-53BP1 (rabbit; Bethyl 
Laboratories, Montgomery, TX). After washing in PBS, the cells were incubated for 1 
h at 37°C with secondary antibodies Alexa Flour 488 and Texas Red or Alexa Flour 
555 (Molecular Probes, Eugene, OR) (dilution 1:400). Nuclei were counterstained with 
DAPI (0.1 µg/ml) for 1 min at room temperature, followed by 10 min air dry, and the 
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slides were mounted in Vectashield antifade solution (Vector Laboratories, 
Burlingame, CA). 

Images of cells were captured with a CCD camera on a Zeiss LSM 510 META 
confocal microscope using a 100x objective, and processed using Adobe Photoshop 
6.0. From each slide, images containing about 40 nuclei were recorded at a 0.3 μm 
interval, as sets of optical sections across the thickness of the cells. For computer 
analysis of foci, images were acquired as 24-bit RGB images using a Spot Insight 
Colour CCD camera (Diagnostic Instruments, Sterling Heights, MI) coupled to a Nikon 
Eclipse E400 fluorescence microscope with a Plan Flour 40x objective (Nikon 
Corporation, Tokyo, Japan). All digital image analysis methods have been implemented 
in Java as plug-ins to the digital image analysis software ImageJ (Abramoff et al., 
2004). The image analysis process of the γ-H2AX images was based on a Gaussian 
filter followed by an edge detecting Laplace filter and thresholding, which extracts the 
foci from the background (Qvarnstrom et al., 2004; Sonka et al., 1998). The processed 
foci images were merged with threshold images of the nuclear stainings resulting in 
images with defined regions of foci, nuclear area and background. These images were 
used as templates to measure inter foci distances. Tracks with four or more foci (50 -
177 tracks per data point) were included in the analysis, and number of foci and total 
track length was recorded for each track using a plug-in to ImageJ that labels and 
counts the foci. 

 
 
 
 

 
2.3 SUMMARY OF THE PAPERS 

 
2.3.1 Paper I 

Radiation quality dependence of DNA damage induction 

Analysis of DNA fragmentation and repair in relation to radiation quality may give 
important information about the role of break complexity and correlated DSBs.  

In this study we used pulsed-field gel electrophoresis (PFGE) to analyse the DNA 
fragment distribution after exposure to radiation of different ionisation densities. 
Normal human fibroblasts were irradiated with boron ions (40-160 keV/µm), nitrogen 

ions (80-225 keV/µm) and neon ions (225-300 keV/µm). We reported that the 
amount of DNA less than 1.1 Mbp decreased with increasing LET for all three ions.  

In conclusion, high-LET nitrogen ions were shown to produce an excess of DNA 
fragments up to 1-3 Mbp. This non-random distribution of fragments, probably 
produced by intra-track correlated DSBs, may constitute a significant fraction of the 
total number of DSBs.  
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2.3.2 Paper II 

Chromatin organization contributes to non-randomly distributed double-
strand breaks after exposure to high-LET radiation 

Little is known about the cause of the non-random fragmentation of DNA, but it has 
been suggested that both higher-order chromatin organization and the track structure 
of high-LET radiation are important.  

In this study, the influence of higher-order chromatin structure on the non-random 
distribution of DNA DSBs induced by high-LET radiation was investigated. Five 
different chromatin structures (intact cells, condensed and decondensed chromatin, 
nucleoids and naked genomic DNA) from GM5758 fibroblasts or K562 tumor cells 
were irradiated with 137Cs γ-ray photons and 125 keV/μm nitrogen ions. DNA was 
purified with a modified lysis procedure to avoid release of heat-labile sites, and 
fragment size distributions and DSB yields were analysed by PFGE. We found that 
while DSBs in photon-irradiated cells were randomly distributed, irradiation of intact 
K562 cells with high-LET nitrogen ions produced an excess of non-randomly 
distributed DNA fragments 10 kb–1 Mbp in size. Moreover, complete removal of 
proteins eliminated this non-random component. There was a gradual increase in the 
yield of DSBs for each chromatin decondensation step. The corresponding relative 
biological effectiveness (RBE) decreased from 1.6–1.8 for intact cells to 0.49 for the 
naked DNA.  

In conclusion, we found that DNA organization into chromatin fiber and higher-order 
chromatin structures is responsible for most of non-random distributed DSBs induced 
by high-LET radiation. In addition, DSB yields calculated by fragmentation analysis 
and RBE values were strongly influenced by chromatin compactness. However, our 
data suggest a complex interaction between track structure and chromatin 
organization over several levels. 

 
2.3.3 Paper III 

Repair of radiation-induced heat-labile sites is independent of DNA-
PKcs, XRCC1 or PARP

When several non-DSB lesions are clustered within a short distance along DNA, or 
close to a DSB, they may interfere with the repair of DSBs and affect the 
measurement of DSB induction and repair. It was recently shown that a large fraction 
of DSBs measured by PFGE is due to radiation-induced heat-labile sites (HLS) 
within clustered lesions, as a result of an artifact that occurs during preparation of 
genomic DNA at elevated temperatures.  

The newly developed cold lysis protocol was used to accurately measure the number 
of DSBs. To further characterize the influence of HLS on DSB induction and repair, 
four human cell lines (GM5758, GM7166, M059K, U-1810) with apparently normal 
DSB rejoining were tested for bi-phasic rejoining after gamma irradiation. Removal 
of artifactual DSBs decreased the fraction of fast rejoining to less than 50%. At t=0 
the HLS accounted for more than 40% of the DSBs, corresponding to 10 extra 
DSB/cell/Gy in the initial DSB yield. These heat-released DSBs were rejoined within 
60-90 min in all tested cells, including M059K cells treated with wortmannin or 
DNA-PKcs defect M059J cells. Furthermore, cells lacking XRCC1 or Poly(ADP-
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ribose) polymerase-1 (PARP-1) rejoined both total DSBs and heat-released DSBs 
similar to normal cells. 

In summary, the presence of HLS has a substantial impact on DSB induction yields 
and DSB rejoining rates measured by PFGE. Our data suggest that the lesions 
involved in the release of HLS into DSBs are repaired independent of DNA-PKcs, 
XRCC1 or PARP-1, and that human cells without functional DNA-PK activity have 
no fast rejoining of DSBs.  

 
2.3.4 Paper IV 

ATM phosphorylation and formation of repair protein foci at clustered 
DNA damage sites 

In connection to the use of high-LET radiation in tumor therapy, there is a strong 
need for more knowledge on the cellular processes involved in the repair of clustered 
DNA lesions induced by such radiation.  

In this study we monitored, by immunofluorescence, the spatial dynamics of DNA 
damage signalling proteins in human fibroblast cells exposed to high-LET ions. Foci 
of γ-H2AX, 53BP1 and MRE11 rapidly co-localized and formed tracks of ion 
trajectories through the cell nucleus. Track morphology varied with LET and repair 
time. However, the mean distance between two adjacent γ-H2AX foci was constant 
irrespective of LET (80-320 eV/nm) and repair time (5-240 min). This was in strong 
contrast to the number of DSBs present on each track, indicating that a single γ-
H2AX focus may contain clusters of several DSBs within 1-2 Mbp of chromatin. 
Interestingly, high-LET ion track irradiation revealed one of the earliest responses to 
ionising radiation, ATM phosphorylation (Ser1981), as pATM foci that clearly 
correlated with γ-H2AX foci within ion tracks, as well as punctuated/diffuse staining 
dispersed throughout the whole nucleoplasm (5-240 min post-irradiation). Thus, we 
suggest that most of ATM phosphorylation might be associated with chromatin 
changes or other signalling processes that take place at distance from DSBs.  
In conclusion, our data provide new insights on the spatial dynamics of DNA damage 
signalling and repair on a subnuclear level along high-LET ion tracks. 
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2.4 DISCUSSION AND CONCLUSIONS 

 

Radiation therapy is used in attempting to kill tumor cells by producing DNA double-
strand breaks. To efficiently treat malignant tumors that are deeply seated, current 
tumor therapy uses high-LET radiation, such as accelerated ions or radioactive 
nuclides emitting α-particles. Radiation of various LETs differ in their biological 
effectiveness. However, the molecular mechanisms linking DSB incidence to cell 
death are still unknown. Therefore, studies of DSB induction and repair in relation to 
radiation quality could help identifying critical steps of this process and be of great 
importance for improvement of tumor therapy. DSB is probably a very heterogeneous 
type of damage and several factors might influence their recognition and reparability, 
including the amount of DSBs, the distribution within chromatin and the complexity 
(i.e. the presence of additional DSBs or other DNA lesions in close vicinity). In the 
present investigation we studied several aspects of DNA DSBs induction and repair 
after exposure to ionising radiation of different qualities, including the role of DNA 
damage clustering and chromatin organization, as well as the activation of repair-
associated proteins at clustered DNA damage sites in human cells.  

 

 
2.4.1 High-LET radiation induce a significant non-random distribution 

of DNA fragments  

 
Analysis of DNA fragmentation after exposure to high-LET radiation can 

bring information on break complexity and clustered DSBs. DNA fragment 

distribution in human fibroblasts after exposure to different radiation qualities has 
been analysed by using pulsed-field gel electrophoresis. We reported that the amount 
of DNA less than 1.1 Mbp decreased with increasing LET for all ions used. The 
normalized fraction of DNA versus fragment size showed that, after high-LET 
radiation, DSBs were non-randomly distributed, with an excess of fragments up to 1-
3 Mbp in size (Figure 8) (Paper I). This was not found after exposure to low-LET 
photons, when the breaks are following a random Poisson distribution (Hoglund and 
Stenerlow, 2001; Newman et al., 1997). The excess of small fragments represents half 
of the total number of DSB that is measured by fragmentation analysis (Hoglund et 
al., 2000). Thus, high-LET radiation induces a significant non-random distribution of 
DNA fragments, probably due to intra-track correlated DSBs. To extrapolate to a 
single particle traversal, it was calculated that a single particle traversal could produce 
several DNA fragments less than 1Mbp in size.  
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Figure 8. Fraction of DNA, normalized for the molecular weights within the different gel 
segments, versus fragment size in normal human fibroblasts irradiated with nitrogen ions of 225 
eV/nm. The curves without data points represent random theoretical distribution of the breaks, 
according to Blocher’s model (see section 2.2.4).  

 

 

 
2.4.2 Chromatin organization is responsible for non-random 

distribution of DSB after high-LET radiation 

 
The non-random distribution of DSBs after high-LET radiation was suggested 

to be linked to the chromatin organization into loops, and also to the particle track 
structure (Hoglund and Stenerlow, 2001; Rydberg, 1996; Rydberg, 2001), but direct 
evidence to support this hypothesis has not been presented. By modifying the 
chromatin structure, we found that DNA organization into chromatin fiber and higher-
order chromatin structures is responsible for most of non-random distributed DSBs 
induced by high-LET radiation (Paper II). This was clearly seen when irradiating intact 
K562 cells or naked genomic DNA from K562 cells under high-scavenging conditions 
(200 mM Tris-HCl and 2 mM EDTA), to study only the direct effect of radiation 
(Figure 9). After high-LET ion irradiation, the difference in DSBs distributions for 
small fragments (10 kbp – 1 Mbp) was only due to chromatin organization (Figure 9B). 
In contrast, the DSB distributions for intact cells and naked DNA after photon 
irradiation were both close to random (Figure 9A). Assuming that the high-LET 
induced DNA fragmentation consists of one random and one non-random component 
(Hoglund and Stenerlow, 2001), the non-random component alone can give 
information on the intratrack ion interaction with chromatin. However, complex 
interactions between the particle track and different levels of chromatin organization 
may require simulation using several probability functions to approximate the 
experimental data.  
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Figure 9. The normalized fraction of DNA, as a function of DNA fragment size, for intact K-
562 cells irradiated with 80 Gy (•) and naked DNA irradiated with 40 Gy in the presence of 200 
mM Tris and 2 mM EDTA (o). The dotted curves represent random theoretical distribution of 
the breaks, according to Blocher’s model (see section 2.2.4). 
 
 
 

To investigate in greater detail the influence of higher-order chromatin 
organization on DNA fragment distributions, we used five different chromatin 
structures from GM5758 human fibroblast cells: intact cells, condensed chromatin, 
decondensed chromatin, nucleoids and naked genomic DNA without any proteins. The 
DSB distribution was clearly non-random for intact cells irradiated with nitrogen ions, 
while for all the other chromatin structures they approached the random theoretical 
curves for fragments smaller than 1 Mbp. The strong deficiency of fragments larger 
than 1 Mbp (as in Figure 9B) might be due to the fact that there is a low probability that 
high-LET nitrogen ions would produce sparsely located breaks which lead to Mbp-
sized fragments. A particle track will most probably intercept the chromatin fiber in the 
close vicinity of a previous hit, producing smaller size DNA fragments. Since the 
irradiation was performed under low scavenging conditions, the high-energy δ 
electrons (ejected from atoms by the passage of nitrogen ions) may produce a 
significant fraction of low-LET radiation, which may mask a potential non-random 
component in condensed and decondensed chromatin. In accordance, it was found that 
DSB distribution for cell monolayers and nuclear monolayers with condensed or 
decondensed chromatin from Chinese hamster V79 cells after exposure to α particles, 
were non-random for fragments of 10 – 300 kbp in size (Newman et al., 2000). Our 
data also suggest clustering of breaks within chromatin loops of 10 kbp – 1 Mbp in 
size, after nitrogen ion irradiation. The chromatin loop sizes are not exactly known, but 
several studies have indicated that they are in the range of 10 – 200 kbp (Filipski et al., 
1990; Jackson et al., 1990), while fluorescence in situ hybridization (FISH) studies on 
G0/G1-phase human cells found loops in the Mbp range (Sachs et al., 1995). Moreover, 
it was shown that the non-randomly distributed breaks could contribute to fast rejoining 
(Stenerlow et al., 2000), which could be explained by rapid misrejoining of breaks 
found in a close vicinity (Kuhne et al., 2000). 
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2.4.3 DSB yields and RBE values vary strongly when the chromatin 
structure becomes more open and the proteins are extracted 

 
It was recently shown that a large fraction of DSBs measured by PFGE is due to 

radiation-induced heat-labile sites (HLS) within clustered lesions, as a result of an 
artifact that occurs during preparation of genomic DNA at elevated temperatures 
(Stenerlow et al., 2003). The newly developed cold lysis protocol was used to 
accurately measure the number of DSBs, which can, otherwise, be overestimated by 
35-40% in intact cells irradiated with low-LET photons (Stenerlow et al., 2003). In 
addition, a detailed analysis of smaller fragments lead to a precise determination of 
DSBs, their number increasing with about 100% (Hoglund et al., 2000). Extraction of 
nuclear proteins and a more open chromatin structure leads to increased DSB yield for 
each decondensation step (Table 3). Compared to intact cells, the yields for naked DNA 
(in buffer without scavengers) increased 83 and 25 times after photon and nitrogen-ion 
irradiation, respectively. This increase mainly depends on the relative contribution of 
direct and indirect effects of radiation. Thus, in terms of DSB yields, the removal of 
nuclear proteins was more effective for photon irradiation than for high-LET radiation 
(Table 3), in accordance to the data by Newman et al. (Newman et al., 2000).  

 
 

Table 3. DNA DSB yields after γ and N ion irradiation of different chromatin structures from 
GM5758 cells 
 

DSB/cell/GyaChromatin structure 

γ radiation N ions irradiation 

RBE 

Intact cells 27 44 1.6 

Condensed chromatin 156 66 0.42 

Decondensed chromatin 498 126 0.25 

Nucleoids 2526 1062 0.42 

Naked DNA 2238 1128 0.49 

aAssuming that the cell is diploid and contains 6x109 bp 
 
 
 

2.4.4 Heat-labile sites (HLS) affect the fast component of DSB rejoining 

 
In addition to the substantial impact on DSB induction yields, the presence of 

HLS influences also the DSB rejoining rates measured by PFGE. In agreement with 
previous data (Stenerlow et al., 2003), it was found that the conversion of HLS into 
DSB during the warm lysis led to an increase of the initial DSB yield by 10 
DSBs/cell/Gy, when four different human cell lines were exposed to gamma radiation 
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(Figure 10) (Paper III). A similar contribution of HLS to the total DSB yield was 
observed in human M059K cells treated with wortmannin, in M059J cells (DNA-PKcs-
/-), and three rodent cell lines. About 27 prompt DSBs/cell/Gy (no artifactual release of 
HLS into DSBs) are induced in human diploid cells (Paper II-III), which is in line with 
previous studies reporting 23-27 γ-H2AX foci/cell/Gy (Leatherbarrow et al., 2006; 
MacPhail et al., 2003; Rothkamm et al., 2003; Schultz et al., 2000). Moreover, the 
presence of HLS generating additional DSBs influences also the bi-phasic DSB 
rejoining. In particular, the fraction of DSBs rejoined by the fast phase decreased for 
the cold lysis protocol, while the fast and slow rejoining half-times were similar for 
both lysis protocols.  
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Figure 10. Rejoining of DSBs in GM5758, GM7166, M059K and U-1810 human cells after 
exposure to 40 Gy gamma radiation. (A) Cells were lysed using standard warm protocol at 
50°C measuring total DSBs (○), or a cold protocol at 4°C measuring prompt DSBs (▲). (B) 
Rejoining of HLS that are released as DSBs in standard PFGE assay. Data points represent the 
difference between the DSB number obtained by standard warm protocol and by the cold 
protocol, in A.  
 
 
 
2.4.5 Heat-released DSBs are repaired independent of DNA-PKcs, 

XRCC1 or PARP-1 

 
In addition, cells lacking functional DNA-PKcs did not show any fast DSB 

rejoining. The only fast rejoining seen in these cells was due to HLS repair, which is 
monitored using conventional lysis. This might explain previous data on fast rejoining 
in NHEJ mutants (Chen et al., 1996; Dahm-Daphi et al., 1993; DiBiase et al., 2000; 
Wang et al., 2001). Our results are similar to recent data on DNA-PK deficient cells 
(Gulston et al., 2004; Stenerlow et al., 2003), and suggest that the repair of heat-
released DSBs is through a non-DSB repair mechanism, which does not involve DNA-
PK. 

It was proposed that radiation-induced HLS are sugar damages caused by 
hydroxyl radicals and they can be converted to SSB after alkaline or heat treatment 
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(Rydberg, 2000) (Figure 7). As a result, two HLS or a SSB and a HLS located closely, 
but on opposite DNA strands, could be revealed as a DSB during the warm lysis 
protocol used in the standard PFGE assay. Therefore, heat-induced DSBs persistence 
would be related with both HLS repair and with SSB repair (when a SSB is opposed to 
an HLS). It is possible that the repair of HLS involves the repair mechanism for sugar 
damages, which is not well known at the moment. The removal of potential heat-
released DSB was fast in eight tested cell lines, with no heat-released DSBs unrejoined 
after 1-1.5 h post-irradiation (Figure 10). The fast kinetics had a half time of 2-3 min, 
which is in the range of 2-14 min reported for SSB repair (Dahm-Daphi et al., 2000; 
Potter et al., 2002). It was shown that PARP-1 (poly(ADP-ribose) polymerase-1) and 
the nuclear scaffold protein XRCC1 play important roles in the SSB repair process 
(Caldecott, 2003). However, both EM9 (deficient in XRCC1) and A11 (deficient in 
PARP-1) cells removed potential heat-released DSBs at similar rates as wild type AA8 
cells. Thus, the lesions involved in the release of HLS into DSB are repaired 
independent of XRCC1 or PARP-1, through a non-SSB repair process.  
 

 
2.4.6 ATM phosphorylation is independent of the localization and level 

of DNA damage 

 
In relation to the use of high-LET radiation in tumor therapy, there is a strong 

need for more knowledge on the cellular processes involved in the repair of clustered 
DNA lesions induced by such radiation. The substructure and spatial dynamics of DNA 
damage signaling proteins were monitored by immunofluorescence in human 
fibroblasts cells exposed to high-LET ions (Paper IV). By using low angle high-LET 
irradiation, we found that phosphorylated ATM, one of the earliest responses to 
ionizing radiation, accumulated into few pATM foci that clearly correlated with the ion 
track, and also a punctuated and/or diffuse random staining throughout the nucleoplasm 
(Figure 11). This is in agreement with previous findings suggesting that chromatin 
alterations might trigger ATM activation even at distance from the DSB site (Bakkenist 
and Kastan, 2003). Recently, Kruhlak et al. (Kruhlak et al., 2006a) found that pATM 
initially accumulated at the DSB sites concomitantly with local chromatin 
decondensation, while at 5 min after laser microirradiation, pATM started to migrate 
from DSB to the neighboring nucleoplasm. In line with previous findings (Bakkenist 
and Kastan, 2003), we observed a diffuse pATM staining pattern at 5 min after high-
LET ion irradiation, and it is possible that observations at earlier time points could add 
important information on ATM phosphorylation in response to high-LET irradiation. 
The presence of pATM far away from the DSB sites from 5 – 240 min brings up 
several important questions: 1) what initiates/mediates the ATM relocalization and 
phosphorylation, 2) what is the role of ATM at these sites, and 3) is the 
nucleoplasmatic pATM bound to chromatin? It also remains unclear if the chromatin 
relaxation is local (at the DSB sites) or if it is spread throughout the whole nucleus. The 
early local and ATM-independent chromatin relaxation at DSB sites (Kruhlak et al., 
2006a) was suggested to be followed by a wave of chromatin decondensation (ATM-
dependent) that is sensed throughout the whole genome (Ziv et al., 2006). Furthermore, 
the checkpoint protein CHK1 is rapidly phosphorylated by ATM/ATR at sites of DSB 
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Figure 11. Partial co-localization of pATM and γ-H2AX foci in human GM5758 cells exposed 
to high-LET ion tracks. Cells unexposed or exposed to nitrogen ions under a low angle were 
fixed 5 min, 60 min or 240 min post-irradiation. A 10 Gy 60Co-photon irradiation was used as 
single irradiation or in addition to the low angle nitrogen ions irradiation, and cells were fixed 
after 60 min. Cells were immunostained against γ-H2AX (green) and pATM (red). 
Magnification was x1000 for enlarged images and x200 for the rest.  
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and dissociates from chromatin (Smits et al., 2006). Aside from chromatin relaxation as 
a possible requirement for correct repair, it is possible that pATM presence at a distance 
from DSB sites might have a role in cell cycle checkpoint activation. Moreover, the 
pATM staining pattern showed high similarity for doses between 1-11 Gy of nitrogen 
ions and/or photons (Figure 11), strongly suggesting that most of the ATM 
phosphorylation after irradiation is not related to the number of DSBs, and is not 
dependent on the radiation quality. This observation supports the finding that the whole 
cellular content of ATM can be activated by very few breaks in the DNA (Bakkenist 
and Kastan, 2003). 

In response to DSB induction, ATM activates both cell cycle arrest and an end-
processing pathway involved in DNA repair (Riballo et al., 2004). The ATM-Artemis-
dependent end-processing pathway, which includes NBS1, MRE11, 53BP1 and H2AX, 
is proposed to act prior to NHEJ ligation, especially on a subset of highly complex 
DSBs that are rejoined with slow kinetics (Riballo et al., 2004). Thus, the track-related 
pATM foci that we found in high-LET irradiated cells may represent complex DSBs 
that require ATM-Artemis-dependent pathway, and are slowly rejoined, gaining 
advantage of the ATM-dependent cell cycle arrest (Jeggo and Lobrich, 2006; Riballo et 
al., 2004). Furthermore, HR may also be involved in the repair of clustered damages, 
since this pathway was reported to be more active after high-LET radiation, compared 
to photon radiation (Olsson et al., 2004).  
 

 
2.4.7 Single foci of γ-H2AX, MRE11 and 53BP1 may represent clusters 

of DSBs 

 
High-LET radiation induce DSBs that are mainly localized in the center of the 

track, along the ion trajectory, in contrast to the random nuclear distribution of DSBs 
observed for γ-radiation (Paper II). At early time points, the mean distance between 
two adjacent γ-H2AX foci was constant irrespective of the number of induced DSBs 
(3.5 times more breaks per track unit for 320 eV/nm compared to 80 eV/nm, as 
measured by PFGE) (Table 4). This implicates that each focus represents multiple 
DSBs for the higher LET (160 - 320 eV/nm) and supports previous observations of  

 
Table 4. Mean distance between γ-H2AX adjacent foci and the number of DSBs per ion track, 
shortly after irradiation with nitrogen ions of different LET 

LET 
(eV/nm) 

Mean distance 
between foci (μm) 

DSB/cell/track 
unita

Protein focus: 
DSB 

80 1.7 ± 0.4 6.5 1:1 
160 1.6 ± 0.3 14.7 1:2.5 
320 1.6 ± 0.3 21.2 1:3.5 

a One track unit is 10μm in length. 
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Figure 12. Nuclear distribution of γ-H2AX and 53BP1 foci in GM5758 cells irradiated with 
nitrogen ions of different LETs (80-320 eV/nm), under a low angle. Cells were exposed to an 
average of two high-LET ion tracks/cell, fixed 5 min after irradiation, and immunostained 
against γ-H2AX (red) and 53BP1 (green). Magnification was x1000 for enlarged images and 
x200 for the rest. 

 

 

similar foci patterns for a wide range of LETs (Jakob et al., 2003). Moreover, the 
initial phosphorylation of H2AX protein may not be correlated with the number of 
DSBs, since multiple DSBs within 1-2 Mbp may saturate the phosphorylation of 
H2AX (Rogakou et al., 1998). MRE11, 53BP1 and γ-H2AX protein foci co-localized 
along high-LET ion tracks, indicating the presence of these proteins at identical DSB 
clusters (Figure 12). A similar foci pattern, characterized as protein assembly at the 
DSB-flanking chromatin, was also seen at 1 h after microlaser irradiation (Bekker-
Jensen et al., 2006). Although the functional significance of protein assembly into 
large foci at DSBs is not fully understood, chromatin modification appears to be a key 
event in recruiting/activating DNA damage response proteins at DSB sites. These 
chromatin modifications most likely involve relaxation and disruption of nucleosome 
stacking (Huyen et al., 2004). Considering the clustering of DSBs after high-LET 
irradiation, it is possible that such modified regions of chromatin will overlap and this 
may greatly influence the repair/misrepair of clustered DSBs. At 20 h post irradiation, 
about 60% of the cells showed 1-5 large and co-localized γ-H2AX, 53BP1 and 
MRE11 foci per nucleus, that most likely represent complex breaks that are still 
unrepaired. This assumption is supported by the fact that a higher LET resulted in 
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more DSBs and higher number of foci still present at 20 h post-irradiation, suggesting 
that DSB clusters within some megabasepairs of chromatin have a large impact on the 
repair. Recent data on γ-H2AX foci formation on rejoined chromosomes (Suzuki et 
al., 2006) might also indicate that late large γ-H2AX foci are a result of chromatin 
alteration after DNA rejoining. Thus, it is possible that some of the γ-H2AX foci 
remaining after 20 h post irradiation may also represent misrepair of DSBs.  

 

 

 
2.5 GENERAL CONCLUSIONS 

 

In connection to the use of radiation for cancer therapy, that is both efficient in killing 
the tumor cells and safe for the surrounding healthy tissues, more knowledge is needed 
on the mechanisms involved in the DNA damage induction and repair. To correctly 
estimate the cellular responses to DNA damage, it is crucial to accurately measure the 
number of DSB induced. Assessment of the DNA damage induction and the signaling 
response pathways are influenced by several biological, physical, as well as 
methodological aspects. In this thesis was shown that the quantification of DSB yields 
is influenced by the methodology used, radiation quality, chromatin structure and lysis 
temperature. In summary, the presented data demonstrate that DSB yields and 
distributions are greatly influenced by ionization density and chromatin compactness. 
Clustering of DSB and other DNA lesions may affect the reparability. Furthermore, the 
detection of protein activation in single cells after ion track irradiation suggested that 
chromatin changes or other signaling processes might take place at distance from DSB. 
The data presented in this thesis provide new insights on the importance of the 
chromatin organization and the repair of clustered damage sites, as well as the role of 
repair-associated proteins in DNA damage recognition after high-LET radiation.  
 

 

 
2.6 FUTURE STUDIES 

 

In relation to cancer radiotherapy, many aspects regarding the mechanisms involved in 
the induction and repair of DNA damage are still not fully understood. Identifying the 
steps by which the DNA repair-related proteins are activated in response to ionizing 
radiation, as well as the roles of DNA damage clustering and chromatin structure in the 
repair process, might provide critical information that may lead to development of more 
effective cancer treatment strategies in the future.  

The DNA damage and repair processes are associated with the occurrence of 
repair foci and other modifications in the nuclear architecture, at the sites of DSBs and 
throughout the nucleus. The detailed investigation of a potential link between DNA 
damage response and the changes of the subnuclear domains, as well as the chromatin 
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disassembly and reassembly, may prove useful in elucidating the DNA repair 
mechanisms and in placing the cellular responses to DNA damage into a broader 
context. Moreover, the interplay between the chromatin disassembly/reassembly, cell 
cycle checkpoints and repair mechanisms in response to DNA damage, is not 
completely characterized. 

In response to DSB induction, ATM protein kinase activates both cell cycle 
arrest and an end-processing pathway involved in the repair of a subset of highly 
complex DSBs, such are those induced by high-LET radiation. Thus, the track-related 
pATM foci that we found in high-LET irradiated cells (Paper IV) may represent 
complex DSBs that require ATM-Artemis-dependent pathway, and are slowly rejoined, 
gaining advantage of the ATM-dependent cell cycle arrest. Therefore, it would be of 
interest to further study the interaction between ATM-dependent signaling and NHEJ 
pathway in relation to high-LET induced DSBs. In addition, more knowledge on the 
repair of DSB of various complexities could be useful in recognizing particular subsets 
of critical DSBs. 
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