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ATM Ataxia-telangiectasia mutated 
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BrdU Bromodeoxyuridine 
CHK1/2 Checkpoint kinase 1/2 
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DNA-PK DNA-dependent protein kinase 
DNA-PKcs DNA-dependent protein kinase catalytic 

subunit
DSB Double-strand break 
dsDNA Double-stranded DNA 
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HLS Heat-labile site 
HR Homologous recombination  
LET Linear energy transfer 
kbp Kilobase pair 
Mbp Megabase pair 
MDC1 Mediator of DNA damage checkpoint 1 
MRN MRE11/RAD50/NBS1 
NBS1 Nijmegen breakage syndrome 1 
NHEJ Non-homologous end-joining 
PARP-1 Poly(ADP-ribose) polymerase-1 
PFGE Pulsed-field gel electrophoresis 
RPA Replication protein A 
SSA Single-strand annealing 
SSB Single-strand break 
ssDNA Single-stranded DNA 
TP53BP1 Tumour protein p53-binding protein 
XLF XRCC4-like factor 
XRCC1/2/3/4 X-ray cross-complementary gene 1/2/3/4 
-H2AX Phosphorylated H2AX 
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Introduction

The DNA double-strand break
We are constantly exposed to agents that can damage our DNA, both 
external agents such as background radiation, X-rays and chemicals, and 
endogenous, such as free radicals formed during the metabolism within our 
cells. DNA can sustain many different kinds of damage, such as base 
modifications, and alterations of the sugar-phosphate backbone, including 
breakage of a phosphodiester bond resulting in a single-strand break (SSB). 
If two SSBs on opposite strands are spaced less than approximately 14 bases 
apart (1), base pairing is generally not sufficient to keep the two strands 
attached to each other, and a double-strand break (DSB) will form. Of all the 
different forms of DNA damage, the DSB is the most serious threat to the 
survival of a cell (2), and incorrectly repaired or unrepaired DSBs will result 
in chromosomal aberrations during mitosis. The aberrations can be lethal, 
such as the formation of dicentric chromosomes, or detrimental to the 
genomic stability if translocations and small deletions affect tumour 
suppression genes and oncogenes (3). Genomic instability is widely 
recognised as an important factor in the development of cancer (4). 
Therefore, to protect the integrity of the genome, it is of utmost importance 
for cells to efficiently and correctly repair DSBs.  

DNA double-strand break repair 
Two major DSB repair pathways are known in mammalian cells. These are 
conserved in all eukaryotes from yeast to man, demonstrating the importance 
of reliable and effective DSB repair for the survival of an organism. 
Although the pathways have been conserved, their relative importance has 
shifted. In diploid yeast the so called homologous recombination (HR) 
pathway is dominant, whereas in mammalian cells non-homologous end-
joining (NHEJ) appears to have the most important role in repairing DSBs, 
although the relative contributions of the two repair pathways in mammalian 
cells are not clear. Both specialised and overlapping roles of the two 
pathways have been demonstrated in cell systems (5,6,7) and mice (8). HR 
seems to have a significant role in embryonic development, since embryonic 
HR deficient mice are radiosensitive (9,10), whereas the corresponding adult 
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mice are not (10). Mice deficient in both an HR and an NHEJ component 
display increased sensitivity to DSB inducing agents compared to the 
respective single mutants (11,12), supporting the idea of co-operation 
between the two pathways. How the contributions of HR and NHEJ in DSB 
repair are regulated is not fully understood, but the cell cycle phase is one of 
the factors involved in the pathway choice. In HR an undamaged sequence 
on the homologous chromosome or sister chromatid is used as a template to 
restore the original nucleotide sequence at the break. In mammalian cells the 
use of HR in the G1 cell cycle phase, when only the homologous 
chromosome is available as a template, could potentially lead to 
homozygosity for recessive mutations, which is not desirable in regard to 
genomic stability. In addition, the homologous chromosomes may be far 
apart, making it difficult and slow to find the correct template (13,14). 
Presumably these are at least some of the reasons for the downregulation of 
HR in the G1 phase in mammalian cells, compared to the S and G2 phases, 
when a sister chromatid is present close at hand and when HR in addition to 
NHEJ repairs DSBs (15,16). NHEJ joins DNA ends without any template, 
and since the ends often need some processing before they can be ligated, 
NHEJ usually results in deletion or addition of a few nucleotides. NHEJ is 
thus an error prone pathway but on the other hand it can quickly rejoin ends 
in all cell cycle phases. 

Non-homologous end-joining 
The NHEJ repair mechanism involves two crucial protein complexes, the 
DNA-dependent protein kinase (DNA-PK or PKRDC) and DNA Ligase 
IV/XRCC4. DNA-PK senses the DSB, binds to it and recruits other repair 
proteins to the break, such as the DNA Ligase IV/XRCC4 complex. Before 
rejoining of the ends by DNA Ligase IV/XRCC4 some end-trimming by 
nucleases and the filling of bases by a polymerase are often needed to create 
clean, ligatible ends (Figure 1). The importance of these proteins in DSB 
repair is evident by the fact that cell lines and mice lacking any of them are 
highly radiosensitive and deficient in DSB repair (17,18). 

DNA-dependent Protein Kinase  
DNA-dependent protein kinase is a serine/threonine protein kinase, which 
requires interaction with double-stranded DNA ends for kinase activation 
(19). DNA-PK is composed of a large, 470 kDa catalytic subunit (DNA-
PKcs) and a regulatory unit called Ku, which is a heterodimer of 70 and 80 
kDa, respectively. The Ku heterodimer has a ring-like structure and 
recognises and binds to DNA ends in a sequence-independent way by 
encircling the DNA (20). After the initial binding of Ku to the DSB ends, 
DNA-PKcs is recruited by an interaction with Ku80 (21). The Ku 
heterodimer slides inwards on the DNA, allowing DNA-PKcs to load onto 
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the ends, and the catalytic subunits on the two DNA ends associate with each 
other, keeping the two ends in proximity (22,23). The alignment of the ends 
is believed to be one of the important roles of DNA-PK in DSB repair. 
Another role is to recruit and activate proteins involved in the DNA end 
processing and ligation, such as Artemis (24) and DNA Ligase IV/XRCC4 
(25,26).  

Figure 1. Schematic view of NHEJ. The first step in NHEJ is the binding of 
Ku70/Ku80 to the DSB ends. Ku70/Ku80 then recruits DNA-PKcs and two DNA-
PKcs interact, thereby keeping the two ends close together. Before the ends can be 
joined by DNA Ligase IV/XRCC4/XLF they may need to be trimmed by nucleases 
such as Artemis and perhaps MRE11/RAD50/NBS1 (MRN). NHEJ is considered to 
be an error prone repair pathway because of the absence of a template and the 
frequent need to modify the ends before ligation. 

The catalytic activity of DNA-PK, which is crucial for a functional NHEJ 
(27), is activated when two DNA-PK catalytic subunits interact to tether the 
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two DNA ends (22). Among the many in vitro and in vivo targets identified 
is DNA-PK itself; at least seven autophosphorylation sites in DNA-PKcs 
have been found so far and autophosphorylation is required for a functional 
NHEJ (28,29). Several studies suggest that autophosphorylation changes the 
conformation of DNA-PKcs, making the ends accessible to nucleases and 
DNA Ligase IV/XRCC4 before the DNA-PKcs finally disassociates from 
the ends (29,30,31). 

Artemis and MRE11/RAD50/NBS1 
For the ends to be ligated by DNA Ligase IV/XRCC4 they need to be 
compatible. Artemis is one of the nucleases involved in the trimming of DSB 
ends before ligation, and it achieves this by cleaving single-strand overhangs 
and DNA hairpins (32). Artemis interacts with DNA-PK, and 
autophosphorylation of DNA-PKcs is required for its endonuclease activity 
(33). The autophosphorylation probably results in a conformational change, 
which exposes the junction between ssDNA and double-stranded DNA 
(dsDNA) to Artemis. Another nuclease potentially involved in NHEJ is the 
MRE11/RAD50/NBS1 (MRN) complex (34), but the data are conflicting 
regarding its possible role as a nuclease in NHEJ (35).  

DNA Ligase IV/XRCC4 
The joining of DNA ends by NHEJ is dependent on the activity of DNA 
Ligase IV/XRCC4 (36). XRCC4 stabilises Ligase IV (37) and stimulates the 
ligation activity (38). The Ligase IV/XRCC4 complex requires DNA-PK for 
its recruitment to DSB ends and hence functions only in NHEJ and not in 
any other repair pathway (25,26). Recently an additional factor, XLF (also 
named Cernunnos), was identified as belonging to the DNA Ligase 
IV/XRCC4 complex (39,40). The role of XLF is not yet clear, but it has been 
suggested that it may promote the DNA ligation function of the complex. In 
addition, it is not yet established whether it is required for the repair of all 
DSBs or only a subset. 

Homologous recombination 
In addition to repairing DSBs induced by DNA damaging agents in the S and 
G2 phases in mammalian cells, HR is essential during normal replication, 
where it repairs DSBs formed at collapsed replication forks (41,42).  

HR can be divided into two separate pathways, RAD51-dependent 
invasion and single-strand annealing (SSA) (Figure 2), which are initiated 
by the resection of DSB ends into 3'-single-stranded DNA (ssDNA) 
overhangs. The MRE11 exonuclease has been reported by several 
investigators to be required for the resection (43,44,45), but other nucleases 
might also be involved (46). 
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Figure 2. Schematic view of HR, which is initiated by the resection of DSBs into 3’-
ssDNA ends. If repetitive sequences are revealed by the resection, the DSB can be 
repaired by single-strand annealing, resulting in erroneous repair. In the alternative 
RAD51-dependent pathway a nucleoprotein filament with the ssDNA overhang and 
RAD51 is formed. The nucleoprotein filament searches for a homologous sequence, 
which is used as a template. When a homologous sequence is found, e. g. in a sister 
chromatid, the filament invades the intact dsDNA molecule and new DNA is 
synthesised. Finally the strands are separated and the ends are ligated. See text for 
details. 

RAD51-dependent strand invasion 
The ssDNA overhangs formed at the DSB ends are coated with replication 
protein A (RPA), which has strong affinity for ssDNA and prevents the 
formation of secondary structures on the ssDNA strands. RAD51 replaces 
RPA and forms nucleoprotein filaments on the ssDNA. The binding of 
RAD51 to ssDNA is facilitated by RAD52 and BRCA2, as well as by the 
RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3). 
The precise and individual roles of these proteins in HR are not yet 
completely known. The RAD51 nucleoprotein filament then searches for a 
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homologous sequence and invades an intact double-stranded DNA molecule 
when a correct template is found. The details of this process are not fully 
understood, RAD54 appears to stimulate the strand invasion process. 
Finally, new DNA is synthesised, the strands separate and the ends are 
ligated (Reviewed by 47,48). 

Single-strand annealing 
Single-strand annealing is a RAD51-independent pathway, which can act 
when the generation of ssDNA overhangs uncovers repetitive sequences. 
The repetitive sequences anneal and the bases next to the repetitive regions 
are removed by a nuclease and finally the strands are ligated (Figure 2).
RPA and RAD52 are involved in this pathway, but exactly how they 
facilitate the annealing of the homologous repetitive sequences is not known 
(49). SSA is an error prone mechanism because of the deletion of non-
repetitive DNA.

Signalling of DSBs 
To allow cells time to repair DSBs, before the lethal result of a cell division, 
an advanced damage signalling system exists to induce cell cycle arrest. In 
some cases, for example when the damage is too severe for a cell to repair, a 
halt in the cell cycle progression is not enough and instead signals for the 
cell to undergo apoptosis will be generated (50). How the DSB response is 
initiated and sustained is far from completely known, but at least some of the 
key proteins have been identified.  

ATM
The protein kinase Ataxia-telangiectasia mutated (ATM) is essential for the 
cellular response to DSBs. ATM is rapidly activated by autophosphorylation 
after irradiation (51) and phosphorylates NBS1, CHK1, CHK2 and p53, 
resulting in cell cycle arrest in the G1, S or G2 phase (52). The activation of 
ATM appears to occur at a distance from DSBs, and it has been suggested 
that changes in higher order chromatin structures caused by DSBs are able to 
initiate ATM activation (51). However, the precise mechanism underlying 
the triggering of this activation has not yet been determined (53,54). ATM is 
recruited to DSBs, where it phosphorylates its downstream targets in the 
DSB response (55) by at least two pathways. In one pathway the recruitment 
is dependent on the MRN complex (53,56), and another pathway relies on 
TP53BP1, which binds to methylated histones that are revealed by changes 
in the higher order chromatin structure in response to DSBs. TP53BP1 
interacts with ATM and the TP53BP1 proteins bound to the chromatin 
around a DSB may recruit ATM to the break (57). 
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-H2AX and accumulation of repair proteins at DNA double-
strand breaks 
In addition to activating proteins controlling the cell cycle progression, ATM 
is also the major kinase responsible for the phosphorylation of a histone 
variant called H2AX upon DSB induction (58,59). H2AX constitutes 2-25% 
of the H2A pool in mammalian cells and is incorporated, apparently 
randomly, into nucleosomes (60). The H2AX histones, within several 
kilobases up to a megabase region flanking a DSB, will be rapidly 
phosphorylated within a minute after DSB induction (60). The large amount 
of phosphorylated H2AX ( -H2AX) at a DSB site can be detected by 
immunofluorescence in a microscope as a dot or a so called focus. The 
number of -H2AX foci reaches a maximum 15-30 minutes after irradiation 
and then decreases over time, possibly in correspondence with the repair of 
DSBs (60,61). 

The phosphorylated H2AX has been proposed to have a role in HR, since 
the phosphorylation facilitates the access of nucleases creating ssDNA at the 
DSB ends in yeast (62) and promotes HR in mammalian cells by setting up 
favourable interactions between sister chromatids (63). A function in HR 
would explain the observation in H2AX deficient mammalian cells that 
phosphorylation of H2AX is not essential for DSB repair although cells 
lacking H2AX have increased genomic instability. This indicates that H2AX 
acts as a tumour suppressor, and that its phosphorylation is needed for 
maximal efficiency and fidelity of DSB repair (64,65).  

After DSB induction, a rapid relocalisation to DSBs of various proteins 
involved in the DSB response is detected. ATM, MRN, MDC1, TP53BP1 
and BRCA1 are some of the proteins that have been found to colocalise with 
-H2AX along the entire region of modified chromatin (66,67,68,69). The 

recruitment of these proteins to DSBs is independent of H2AX, but 
accumulation of the proteins into visible foci has been shown to require 
phosphorylated H2AX (65). The role of these vast assemblies of hundreds to 
thousands of copies of each protein is still obscure but it has been proposed 
that the large amount of proteins present at and in the vicinity of the DSB 
ends might function as an anchor, preventing the two ends from separating 
before ligation (70). Another possible function of the accumulation of 
proteins could be to enhance the DSB signal to achieve an efficient cell cycle 
arrest, especially when only one or a few DSBs have been induced in a cell, 
or to ensure that the arrest is maintained until all of the DSBs have been 
repaired (71,72). In addition, some of the proteins that bind to -H2AX also 
participate in the modification of the chromatin around the break, thereby 
probably increasing the accessibility of the damaged DNA to repair proteins 
(73).
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Ionising radiation 
Ionising radiation damages the DNA in a cell by localised energy 
depositions, which ionise and disrupt the chemical bonds between 
molecules. Examples of DNA lesions induced by ionising radiation are base 
damage, sugar damage, SSBs, DSBs, and cross-links either between two 
DNA-strands or between a DNA molecule and a protein (74). It is therefore 
important to prevent unnecessary exposure to ionising radiation since this 
may be lethal or lead to genomic instability and cancer. However, the cell 
killing properties of ionising radiation are also utilised in the treatment of 
cancer, where external radiotherapy or targeted nuclide therapy is used to 
eradicate tumours or kill single cancer cells, respectively (75). There are 
several different types of ionising radiation and they differ in the way in 
which their energy is transferred to a biological target, a phenomenon 
described by the concept linear energy transfer (LET). LET is defined as the 
energy transferred to the target per unit length of the particle’s track and is 
expressed in the unit keV/ m (76). The more energy deposited per length 
unit, the higher the intensity of ionisation and thereby the greater the amount 
of biological damage. Low-LET radiation delivers an ionisation density in 
the range of 1 keV/ m, whereas the corresponding values for high-LET are 
100-200 keV/ m (76).

Low-LET radiation 
X-rays and -radiation, i. e. photons, are examples of low-LET radiation, 
which causes randomly scattered ionisations separated by fairly large 
distances (Figure 3). The probability that a single photon will induce a DSB 
is thus low; for example 1000 -photons (~ 1 Gy) induces only about 25-30 
DSBs in an average nucleus (77). Although the ionisations are usually 
distributed far apart, creating well separated DNA damage, free radicals 
produced from water molecules can cause clusters of ionisations in the close 
vicinity of DNA, resulting in more complex DSBs, even in low-LET 
irradiated cells (74,78). 

High-LET radiation 
-Particles (for example from decay of radon), low-energy protons and 

accelerated ions deposit energy densely along their passage through the 
nucleus, and the probability that these different types of high-LET radiation 
will induce several lesions to the DNA within a small range is much higher 
than for low-LET radiation (Figure 3). However, for the same dose, the total 
number of ionisations within a cell nucleus is similar for low- and high-LET 
radiation. The survival of cells after high-LET irradiation is lower than that 
after low-LET irradiation (79), and high-LET irradiation results in more 
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complex mutations (80), moreover the repair of DSBs after high-LET 
irradiation has been shown to be slower (81,82). Together these findings 
indicate that the damage induced by high-LET radiation is more difficult for 
a cell to repair compared to the majority of DSBs in low-LET irradiated cells 
(78,83). This has been attributed to the more complex damage induced by 
high-LET radiation, where a cluster of multiple strand breaks, base damage 
and other lesions may be concentrated to a very local site of the DNA helix 
on account of the high density of the ionisation (Figure 3). In addition, an 
excess of DNA fragments smaller than 1 Mbp has been detected in high-
LET irradiated cells, in contrast to the random induction of DSBs in cells 
exposed to low-LET radiation (84,85,86). This non-random distribution of 
DSBs has been found to be a consequence of the organisation of the DNA 
into chromatin structures (77), which results in DNA fragments of specific 
sizes due to the clustering of DSBs along the passage of a high-LET particle. 

Figure 3. Comparison of low- and high-LET radiation. For the same dose the total 
number of ionisations within a cell nucleus is similar for low- and high-LET 
radiation but their interactions with matter are quite different. Low-LET radiation, 
such as -photons, causes randomly scattered ionisations, usually well separated. 
High-LET particles, on the other hand, deposit the energy densely along the passage 
through the nucleus, causing several ionisations close to its path. This results in 
clusters of multiple lesions on the DNA along the path of a high-LET particle, in 
contrast to the less complex DNA damage in low-LET irradiated cells. 
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Quantification of DNA double-strand breaks 
Pulsed-field gel electrophoresis 
A common method of detecting DNA molecules is standard gel 
electrophoresis, in which a constant electric field is used to separate DNA 
fragments. However, a constant electric field cannot separate DNA 
fragments larger than approximately 50 kbp, which limits its use for relative 
measurement of DNA damage, since only much larger DNA fragments are 
formed after exposure to moderate doses of radiation (87). To separate 
fragments measuring up to 13 Mbp and to perform absolute measurements of 
DSBs, a method named pulsed-field gel electrophoresis (PFGE) can be used 
(88). In PFGE, the direction of the electric field is changed periodically, i. e. 
it is pulsed, and most common is a 120º reorientation of the electric field. 
The theory underlying the ability of alternating fields to increase the 
resolution of megabase fragments is incomplete (87), and complex models 
have been used to try to describe the mobility of large DNA fragments in the 
gel. By changing various parameters, such as pulse duration, field strength, 
agarose concentration and temperature, PFGE can be optimised for 
separation of fragments in different size areas (88). 

A limitation of PFGE is the fairly high radiation dose required to obtain a 
significant signal. A dose of 5 Gy have been used (81), but 20-40 Gy is more 
reliable in studies for detecting fragments in the megabase region and is a 
necessity for detecting smaller fragments. 

Two different protocols have been used in the studies described in this 
thesis, one for separating 1-6 Mbp DNA fragments and the other for 
separating shorter fragments in the kbp range (Table 1).  

Table 1. Running conditions in pulsed-field gel electrophoresis 

Protocol Total time  
(h:min) Phase Phase time  

(h:min) 
Pulse time 
(min:sec) No. of pulses 

1-6 Mbp, 56V 45:40 1  3:00  10:00  18 
(papers I-IV)  2  5:20  20:00  16 

  3  8:00  30:00  16 
  4  9:20  40:00  14 
  5  20:00  60:00  20 

0-1500 kbp, 17:01 1  7:00  0:10  2520 
200V  2  5:00  0:40  450 

(paper IV)  3  5:01  1:10  258 

After electrophoresis the gel is stained in ethidium bromide to visualise the 
DNA, and fragments of different sizes are cut out according to DNA size 
markers. The lanes in the 1-6 Mbp gel were sliced into two segments 
containing DNA fragments of lengths <5.7 and >5.7 Mbp (Figure 4). The 0-
1100 kbp gel was sliced into nine segments: 0-48.5, 48.5-97, 97-145.5, 
145.5-225, 225-375, 375-680, 680-930, 930-1100 and >1100 kbp. To 
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measure the amount of DNA in the different size intervals, the DNA was 
labelled with 3H- or 14C-thymidine in the living cells before irradiation and 
the 3H or 14C present in each gel segment was detected by liquid scintillation. 

Figure 4. Image of a 1 - 6 Mbp PFGE gel. Cells were irradiated with different doses 
and after cell lysis the DNA fragments created as a result of DSBs were separated by 
PFGE. The DNA in the gel was stained with ethidium bromide and visualised by 
UV light. DNA fragments smaller than 5.7 Mbp were used as a measure of the 
amount of DNA damage in the cells. 

Fraction of activity released 
The amount of DNA in each gel section is proportional to the amount of 
radioactivity in the section, and by dividing the radioactivity in the segment 
by the total radioactivity for the whole lane, the fraction of activity released 
(FAR) is determined. In the 1-6 Mbp gel the fraction of activity 
corresponding to DNA fragments smaller than 5.7 Mbp (FAR <5.7 Mbp) is 
used as a measure of the DNA damage. The number of DSBs is related to 
the FAR value in a non-linear fashion and the number of DSBs can be 
calculated using an equation presented by Blöcher (89), assuming random 
induction of DSBs: 

F<k = 1-e-rk/n(1+rk/n(1-k/n)),  k<<n 
r = number of DSBs/chromosome 

 n = average number of base pairs/chromosome 
 k = cut-off size 
 F<k = fraction of DNA smaller than k base pairs 

The standard FAR assay gives poor resolution for separation of small DNA 
fragments (85) and to determine the size distribution of small DNA 
fragments, the FAR value for the nine segments in the 0-1100 kbp gel is 
normalised with the molecular weight range in each segment.  
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-H2AX foci 
The large chromatin area containing phosphorylated H2AX around a DSB 
can be detected in a cell by using immunofluorescence. Antibodies 
recognising the phosphorylated form of H2AX bind to it and secondary 
antibodies labelled with a fluorescent dye visualise the site of a DSB. The 
fluorescent signal can be detected by microscopy (Figure 5) (60,69) or flow 
cytometry (90,91). -H2AX foci have been shown to correlate well with the 
number of DSBs in a cell (61,92). In contrast to PFGE, the number of breaks 
in a cell can be detected after more physiologically relevant doses of 
radiation, around 1 Gy. 

Figure 5. -H2AX foci (red) in a cell nucleus (blue DAPI stain) irradiated with 1 Gy 
and allowed to repair the DNA for 30 minutes. 
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Present Investigation  

Cancer therapy with ionising radiation attempts to eradicate tumour cells by 
inducing DSBs in their DNA. The survival of the cells is determined by their 
capability of repairing the breaks and a basic understanding of the 
mechanisms in DNA repair could thus be of importance for improved 
treatment of malignant tumours. 

The aims of this research were to study repair of DSBs caused by ionising 
radiation and to identify variables influencing the ability of cells to repair 
DSBs, such as the complexity of the breaks and the DSB repair pathways 
available. Cell lines expressing a mutated repair protein resulting in either 
complete loss of protein function or impaired function are very useful in 
studies of the importance of specific repair proteins and their respective 
repair pathways in DSB repair. The cell lines used in the present studies are 
listed in Table 2. 

Table 2. Cell lines with a defective DSB response

Name Deficiency Cell type Name of cell line used as 
a control 

M059J DNA-PKcs Human glioma cells M059K 
V3 DNA-PKcs Chinese Hamster Ovary cells V3 + wt DNA-PKcs 
V3 + ABCDE DNA-PKcs Chinese Hamster Ovary cells V3 + wt DNA-PKcs 
Irs20 DNA-PKcs Chinese Hamster Ovary cells  
Xrs5 Ku80 Chinese Hamster Ovary cells CHO-K1 
Xrs6 Ku80 Chinese Hamster Ovary cells CHO-K1 
GM16147 XRCC4 Chinese Hamster Ovary cells CHO-K1 
Irs1SF XRCC3 Chinese Hamster Ovary cells AA8 
GM2052D ATM Human fibroblasts  
A11 PARP-1 Mouse fibroblasts  
EM9 XRCC1 Chinese Hamster Ovary cells AA8 

Exclusion of heat-labile sites during DSB measurement 
(I)
Development of a new, cold DNA extraction protocol 
PFGE has during the last 15 years been the main method used for detection 
of DSBs in cells. The method involves lysis of cells to extract naked DNA, 
usually at 50ºC for 17 h or longer in a buffer containing EDTA, sarkosyl and 
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proteinase K (Warm protocol, Table 3). The incubation at high temperature 
has been motivated by the fact that proteinase K has optimal enzymatic 
activity around 65ºC. 

Table 3. DNA extraction (lysis) protocols 

Name of protocol Protocol Conditions 

Warm (standard) ESPa, 50ºC, 18 h 
Cold (new) ESP, 0ºC, 18 h + HSb, 0ºC, 18 h 
aESP: 0.5 M EDTA, 2% N-lauroylsarcosine, 1 mg/ml Proteinase K 
bHS: 1.85 M NaCl, 0.15 M KCl, 2 mM EDTA, 4 mM Tris, 0.5% TritonX-100, pH 7.5 

Ionising radiation induces a large variety of lesions in the DNA besides 
DSBs, and when several non-DSB lesions are clustered within a short 
distance along the DNA, or close to a DSB, they may interfere with the 
repair of DSBs and/or affect the analysis of DSB induction and repair. 
Among these non-DSB lesions are so called heat-labile sites (HLS), which it 
is proposed may be oxidative damage in the sugar backbone of the DNA 
(86,93). It has been suggested that the elevated temperature during the warm 
lysis may convert HLS into SSBs and that when HLS are in proximity to 
each other or to an SSB, a DSB will form (Figure 6) (86), and the standard 
PFGE procedure will include these sites in the DSB measurement. 

Figure 6. Schematic illustration of the suggested mechanism underlying the 
conversion of heat-labile sites into DSBs when DNA is exposed to elevated 
temperatures during lysis. Two heat-labile sites or a heat-labile site and an SSB 
close together on opposite strands could form a DSB when heat-labile sites are 
transformed into SSBs during the warm lysis. 

To exclude HLS from the measurement of DSBs a new lysis protocol was 
developed in study I (paper I). This new lysis procedure, named the cold 
protocol, is performed at 0 C and involves a first step with sarkosyl and 
proteinase K and a second step with 2 M salt extraction (Table 3). This two-
step combination was found to be the most effective protocol for lysing cells 
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and releasing DNA onto the gel among those that were tested at 0 C
(Figure 7). As expected, the new cold lysis resulted in release of a smaller 
number of DNA fragments onto the gel from irradiated cells (Protocol 5, 
Figure 7) compared to the standard warm (ESP) lysis (Protocol 1, Figure 7),
supposedly because of the exclusion of non-true DSBs originating from 
HLS.

Figure 7. The amount of damage (FAR < 5.7 Mbp) in human fibroblasts (GM5758) 
lysed according to five different protocols. The cells were in agarose plugs during 
the irradiation with 46 Gy photons and were not allowed to repair any damage 
before lysis. The means and SDs from four to five experiments are shown. 

To make certain that the initial smaller number of DSBs seen with the new 
cold DNA extraction protocol compared with the standard protocol was not a 
result of inefficient lysis and removal of protein residues affecting DNA 
mobility during electrophoresis, but due to the elimination of HLS, several 
control experiments were performed. One of the tests was to measure the 
remaining protein content in the agarose plugs after lysis in different buffers 
and temperatures by using 14C-labelled proteins. Proteins remaining after 
lysis were visualised by a phosphorimager (Figure 8A) and quantified by 
liquid scintillation (Figure 8B). The protocols most effective for removing 
proteins were the warm lysis (Protocol 1) and the cold lysis (Protocol 5), 
which released 99% of the proteins; thus the standard protocol and the new 
cold protocol had the same efficiency in creating naked DNA.  

These results and results of additional tests show that the cold DNA 
extraction protocol is as capable of creating naked DNA as the standard, 
warm protocol and that the initially higher yield of DSBs detected by the 
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standard, warm protocol is the result of inclusion of artifactual DSBs in the 
measurement. 

Figure 8. (A) Phosphorimage of 14C-labelled proteins after treatment of human 
fibroblasts (GM5758) in agarose plugs with five different lysis protocols. Intact cells 
not lysed are shown to the left. (B) Protein content relative to that in intact cells, 
measured by liquid scintillation after treatment of GM5758 fibroblasts in different 
lysis buffers. Means and SDs are from four experiments. 

Rejoining of DSBs in repair proficient cells 
The rejoining of DSBs in normal repair proficient fibroblasts after irradiation 
with 40 Gy photons was studied in order to compare the new cold DNA 
extraction protocol with the standard warm protocol (Figure 9). The initial 
number of DNA fragments was about 30% larger in cells lysed with the 
warm DNA extraction protocol than in those lysed with the cold protocol. 
This larger number of initial DSBs consists of HLS converted to breaks. 
After less than 1 h the rejoining curves were identical, indicating that the 
HLS had been repaired.

Rejoining of DSBs in DNA-PK deficient cells 
NHEJ is an important repair pathway in mammalian cells, especially in the 
G1 and early S phase of the cell cycle. DNA-PK is a crucial protein in NHEJ, 
and DNA-PK deficient cells have a defective, slower, repair but still retain 
the capacity to rejoin a significant number of the DSBs by fast kinetics (94). 
We examined the rejoining in the cell lines M059J (lacking DNA-PKcs) and 
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Figure 9. Rejoining of DSBs in human fibroblasts (GM5758) irradiated with 40 Gy 
photons, expressed as FAR < 5.7 Mbp. Cells were lysed with the warm or cold 
protocol after different repair times at 37ºC. Means and maximum deviations are 
from two experiments. 

Xrs6 (lacking Ku80) using the standard and new cold DNA extraction 
protocols after irradiation with 40 Gy or 60 Gy photons (Figure 10). When 
the cold DNA extraction protocol was used, the fast rejoining of DSBs was 
almost totally abolished, indicating that the fast repair component seen in 
these cells after the standard DNA extraction protocol corresponds to heat-
labile sites, which in vivo apparently do not need the NHEJ mechanism to be 
repaired.

Figure 10. Rejoining of DSBs in cells deficient in NHEJ measured by the warm and 
cold lysis protocols. Xrs6 cells (Ku80 deficient) were irradiated with 60 Gy photons. 
Means and SEM are from three independent experiments. M059J (DNA-PKcs 
deficient) and M059K (DNA-PKcs proficient; controls) human glioma cells were 
irradiated with 40 Gy photons. Error bars represent the SD from three to four 
experiments 
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When the heat-labile sites are excluded from the measurement, very little 
rejoining of DSBs is seen, suggesting that any NHEJ independent DSB 
repair process in these cells is quite slow. The M059K cell line used as a 
control originates from the same tumour as M059J but has normal 
expression of DNA-PKcs. The rejoining in M059K cells (Figure 10) was 
very similar to that in the repair proficient fibroblasts seen in Figure 9.

In conclusion, a new cold DNA extraction protocol, which excludes HLS 
from DSB quantification, was developed. Results in cell lines with normal 
repair capacity show that 30% of the initial yield of DNA fragments 
corresponds to HLS when the warm, standard protocol is used. In addition, 
the fast repair component seen in NHEJ deficient cells is due to repair of 
HLS and not true DSBs. 

Repair of heat-labile sites (II) 
Repair kinetics, in terms of fast and slow rejoining of DSBs, has been linked 
to different repair processes (95) and an important purpose of study II  
(paper II) was to gain further knowledge of the way in which HLS affect the 
kinetics in DSB repair and the quantification of DSBs in a number of cell 
types. To determine the influence of HLS on the rejoining kinetics, four cell 
lines with apparently normal DSB repair kinetics were irradiated with 
photons and assayed by PFGE using standard warm lysis (50 C) or a new 
cold lysis protocol to extract naked DNA (paper I).  

Figure 11. Rejoining of DSBs in four human cell lines GM5758, GM7166, M059K 
and U-1810 after irradiation with 40 Gy photons. (A) Cells were lysed using a 
standard, warm protocol or a cold DNA extraction protocol. Bi-exponential curves 
were fitted to the data (the individual data points are excluded from the plot for 
clarity). (B) Rejoining of heat-labile sites that were released as DSBs in the PFGE 
assay. Each data point represents the difference between the number of DSBs 
obtained by the standard protocol and the cold protocol in A. Data are from 3-5 
experiments for each cell line. 
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The pooled results from the normal human diploid fibroblast cell line 
GM5758, the NBS1 deficient human fibroblasts GM7166, the human glioma 
cell line M059K and the human lung carcinoma cells U-1810 were used to 
fit two-phase exponential curves, which are shown in Figure 11A. The warm 
DNA extraction protocol resulted in a higher initial yield (at t=0 h) of DSBs. 
However, after 60-90 minutes of repair the rejoining curves for the two 
protocols coincide, indicating that all HLS were repaired. In Figure 11B the 
differences between the warm and cold protocol are plotted, thus 
representing the repair of heat-released DSBs, and show that the HLS 
correspond to more than 10 extra DSBs/cell/Gy. Apart from affecting the 
initial DSB yield, conversion of HLS into DSBs influences the estimates of 
DSB rejoining. The fitted curves presented in Figure 11A, representing 
biphasic rejoining, showed half-times of 7.4 min and 2.5 h for the fast and 
slow rejoining, respectively, and did not differ between the two DNA 
extraction protocols (Table 4). However, the fraction of DSBs rejoined in the 
fast phase decreased and was below 50% with the cold protocol. 

Table 4. DSB rejoining in human cell lines after exposure to photons 

Protocol T1/2 fast (min) T1/2 slow (h) Ffast DSBs/cell/Gy 

Warm 7.3 ± 0.8 2.3 ± 0.3 0.56 ± 0.03 37.9 ± 1.4 
Cold 7.5 ± 0.8 2.7 ± 0.4 0.48 ± 0.04 27.3 ± 1.2 
Based on curve-fitting to data points for all cell lines in Figure 11A 

Repair of HLS is independent of DNA-PKcs 
To further analyse the removal of HLS and its affects on the estimates of 
DSB rejoining, human M059K cells were incubated with the DNA-PK 
inhibitor wortmannin before and after irradiation with 40 Gy. When the cold 
DNA extraction protocol was used, apparently no fast DSB repair occurred 
(Figure 12A). In contrast, DSB analysis using the standard warm protocol 
resulted in a higher initial DSB yield and a significant fast component of the 
repair. Almost identical results were obtained when DNA-PKcs deficient 
M059J cells were used (Figure 12B). It is thus concluded that the repair of 
HLS is independent of DNA-PKcs. 
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Figure 12. Rejoining of DSBs in human cells without functional DNA-PKcs after 
irradiation with 40 Gy photons. (A) M059K (DNA-PKcs proficient) cells treated 
with 50 M wortmannin. (B) M059J (DNA-PKcs deficient) cells. For cell lysis a 
standard warm protocol at 50ºC or a cold protocol at 4ºC prior to PFGE analysis was 
used. Means and SEM are from 3-5 experiments.  

Repair of HLS is independent of XRCC1 and PARP-1 
The exact nature of HLS is not fully understood but it has been suggested 
that oxidative damage to sugar residues in DNA are potential break sites 
upon heat treatment, forming SSBs (86,96). The presence of heat-induced 
DSBs should then depend both on SSB repair (in cases where an SSB is 
opposed to an HLS on dsDNA) and on repair of HLS themselves. The repair 
of SSBs involves several proteins and both XRCC1 and PARP-1 
(poly(ADP-ribose) polymerase-1) have important roles in this process (97). 
PARP-1 rapidly binds to the SSB and is believed to recruit the molecular 
scaffold protein XRCC1 to the break site, where it interacts with ligase III 
(97). EM9 cells have an XRCC1 defect and consequently decreased ligase 
III activity (98) but are still capable of repairing SSBs, although at a lower 
rate than normal cells (99,100,101). Neither EM9 cells (Figure 13A) nor 
PARP-1 deficient A11 cells (Figure 13B) showed any delay in removing 
heat-induced DSBs compared to normal hamster cells (Figure 13C). Thus, 
the repair of lesions involved in the transformation of heat-labile sites into 
DSBs is independent of XRCC1 and PARP-1. Since the XRCC1 and  
PARP-1 proteins are important for SSB repair, these data suggest that SSB 
repair is not important in removal of potential heat-induced DSBs at sites 
containing an HLS opposite an SSB within clustered lesions. 

In conclusion, the presence of HLS has a substantial impact on DSB 
induction yields and DSB rejoining rates as measured by PFGE. The lesion 
involved in the transformation of HLS into DSBs at an elevated temperature 
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is repaired independently of the NHEJ component DNA-PKcs as well as of 
the SSB repair proteins XRCC1 and PARP-1. 

Figure 13. Rejoining of heat-labile sites that were released as DSBs in a standard 
PFGE assay. Cells were irradiated with 40 Gy photons and incubated for repair at 
37ºC. The standard warm protocol or a cold protocol was used for cell lysis. Each 
data point represents the difference between the number of DSBs obtained by these 
two protocols. (A) EM9 cells with a defect in XRCC1. (B) A11 cells with a defect in 
PARP-1. (C) Normal repair proficient AA8 cells. Bi-exponential curves were fitted 
to the data from 1-4 experiments. 

Repair of DSBs induced by high-LET irradiation (III) 
High-LET radiation induces clustered DNA lesions, which are more difficult 
for a cell to repair than less complex damage. Recent studies have shown 
that high-LET irradiated cells display large foci of accumulating repair 
proteins and a delayed disappearance of these compared to foci in low-LET 
irradiated cells (102,103). To further investigate the impact of high-LET 
radiation on DSB repair we quantified DSBs by in situ detection of 
phosphorylated H2AX and by PFGE analysis in repair proficient and 
deficient cell lines.  

DSB detection by PFGE and -H2AX foci in repair proficient 
cells
The slower rejoining of DSBs as measured by PFGE in high-LET (nitrogen 
ions, 125 keV/µm) irradiated normal human fibroblasts (GM5758) compared 
to low-LET -photon irradiated cells is illustrated in Figure 14A. To 
determine whether this difference in repair kinetics could also be detected by 
quantification of -H2AX foci, the GM5758 cells were irradiated with low-
LET photons or high-LET nitrogen ions. The appearances of the foci in cells 
irradiated with the two radiation qualities were quite different. The -H2AX 
foci in high-LET irradiated cells were quite large compared to those in low-
LET irradiated cells, and the number of foci corresponded well with the 
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number of ion hits/nucleus, 9-10/cell. The increased size of these foci 
compared to those in low-LET irradiated cells is probably due to the fact that 
each focus represents about 5 DSBs induced close to the ion path through the 
nucleus. At 8 and 24 h of repair, a larger proportion of -H2AX foci 
remained in high-LET irradiated cells than in those that received low-LET 
irradiation (Figure 14B), a finding compatible with the slower DSB rejoining 
shown by PFGE.  

Figure 14. DSB rejoining and -H2AX foci in repair proficient human fibroblasts 
(GM5758). (A) The relative amount of initial damage in cells irradiated with 20 Gy 
high-LET nitrogen ions (125 keV/µm) or low-LET -photons (from a 60Co source). 
Means and SEM are from two experiments with duplicates. (B) The relative number 
of initial -H2AX foci in GM5758 fibroblasts irradiated with 1 Gy high-LET 
nitrogen ions or 5 Gy low-LET photons. The number of -H2AX foci in photon 
irradiated cells at 0.5 h was estimated to be 135 on the basis of the induction of 27 
DSBs/Gy/cell (77). Error bars represent the SD of three experiments. 

DSB detection by PFGE and -H2AX foci in repair deficient 
cells
The rejoining of DSBs in M059J cells (lacking DNA-PKcs) and GM2052D 
cells (lacking ATM) was studied for up to 22 h after irradiation by PFGE 
assay after low- or high-LET irradiation and was compared with the number 
of -H2AX foci detected. In the M059J cells the low level of repair shown in 
study I using the cold DNA extraction protocol was confirmed for longer 
repair times (22 h) and for both radiation qualities (Figure 15A). The number 
of -H2AX foci at 0.5 h was about 15/cell in photon irradiated cells  
(Figure 15B), which is smaller than expected from the dose given (1 Gy) and 
could be a sign of abnormal H2AX phosphorylation. However, after high-
LET irradiation the number of large foci correlated well with the number of 
expected ion hits. Interestingly, at 21 h the number of foci had not decreased 
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relative to that at the early repair time (Figure 15B), an observation in 
agreement with the absence of DSB rejoining detected by PFGE.  

Figure 15. DSB rejoining and -H2AX foci in M059J cells (lacking DNA-PKcs). 
(A) The relative number of DSBs as measured by the PFGE assay after irradiation 
with 40 Gy high-LET nitrogen ions or low-LET photons. The means and SDs are 
from two or three experiments. (B) The number of -H2AX foci at 0 and 21 h after 
irradiation with 1 Gy nitrogen ions or photons. The means and SEM are from two 
experiments. 

ATM deficient cell lines have been reported to be hypersensitive to ionising 
radiation (104,105), possible as a result of a combined effect of defective 
damage checkpoint signalling and defective repair (106,107,108). The 
GM2052D cells were competent in DSB rejoining as measured by PFGE; 
after 22 h the rejoining was complete in photon irradiated cells and about 
20% of the initial DSBs remained in high-LET irradiated cells (Figure 16A), 
probably reflecting the more severe properties of the high-LET induced 
damage. Nine to ten large -H2AX foci/cell were detected at 0.5 h after 
high-LET irradiation, corresponding well with the expected number of ion 
hits. In photon irradiated cells only about 10 foci/cell were detected (Figure
16B), which is a smaller number than in normal repair proficient fibroblasts, 
indicating aberrant H2AX phosphorylation in the ATM deficient cells. ATM 
is believed to be the major kinase responsible for the rapid phosphorylation 
of H2AX; ATM deficient cells have been reported to almost completely lack 
-H2AX foci 0.5 h after irradiation (109), and it is therefore possible that the 

smaller number of -H2AX foci detected at 0.5 h in the GM2052D cells 
could have been caused by a slow phosphorylation of H2AX. At 21 h, the 
number of -H2AX foci was still above background in low-LET irradiated 
cells, and in high-LET irradiated cells the number of foci remained at the 
same level as at 0.5 h. This contradicts the rejoining of DSBs detected by 
PFGE, indicating that the foci seen in the ATM mutated cells may not solely 
represent unrejoined DSBs, but that the large unchanged foci in these cells 
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could perhaps represent signs of persisting problems at the break site even 
though the DNA fragments are rejoined. 

Figure 16. DSB rejoining and -H2AX foci in GM2052D human fibroblasts 
(lacking ATM). (A) The relative number of DSBs as measured by the PFGE assay 
after irradiation with 40 Gy nitrogen ions or photons. The means and SDs are from 
two or three experiments. * Value calculated from (77). (B) The number of -H2AX 
foci at 0 and 21 h after irradiation with 1Gy nitrogen ions or photons. The means and 
SEM are from two experiments. 

In conclusion, the proposed difficulty in rejoining high-LET induced DSBs, 
which are often in proximity to each other and other DNA lesions, was also 
observed by detection of -H2AX foci. Furthermore, the spatially restricted 
DSBs caused by ion irradiation may also serve as a tool for analysis of the 
complex dynamics in the DNA damage response.  

ssDNA formation at DSBs in NHEJ deficient cells (IV) 
In study I and III the rejoining of DSBs in DNA-PK mutant cell lines was 
shown to be considerably lower when a new cold DNA extraction protocol 
was used than had previously been determined with a standard, warm 
protocol. In study IV (paper IV) we found that in all NHEJ deficient cell 
lines tested, a larger number of unrejoined DNA fragments was detected 
after  1 h of repair with use of the new, cold DNA extraction protocol 
compared to the standard, warm protocol (Figure 17). This was unique to 
NHEJ deficient cell lines, and no other cell lines so far tested in our studies 
have displayed this difference, for example cells deficient in ATM, XRCC1, 
PARP-1, and XRCC3, as well as many cell lines containing no known 
mutation in repair proteins (Figure 17 and data not shown). 
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Figure 17 (see previous page). (A) NHEJ proficient cells (M059K, V3+wt DNA-
PKcs, CHO-K1, AA8 and Irs1SF (XRCC3 mutant)) or (B) NHEJ deficient cells 
(M059J (DNA-PKcs mutant), V3 (DNA-PKcs mutant), Irs20 (DNA-PKcs mutant), 
GM16147 (XRCC4 mutant) and Xrs5 (Ku80 mutant)) were irradiated with 40 Gy 
and allowed to repair the DNA for up to 24 h. Naked DNA was generated either by a 
warm or cold DNA extraction protocol and was separated by PFGE. The initial 
amount of damage detected in cells lysed by the cold protocol was set to 100%. The 
damage above this level detected by the warm DNA extraction protocol at 0 h 
consists of non-true DSBs, because of inclusion of artifactual DSBs at 50 C; these 
non-true DSBs are repaired within 1h after irradiation. Error bars represent the SDs 
of at least three experiments. 

The difference in the number of DSBs detected between the two DNA 
extraction protocols was temperature dependent, since the heat treatment of 
unrejoined DNA fragments in NHEJ deficient cells reduced the DNA 
mobility in PFGE gels. We speculated that incubation at 50 C results in 
fusion of DNA fragments, perhaps by hybridisation of ssDNA ends at DSB 
sites. This was tested by treating the naked DNA, created from the lysis of 
cells 24 h after irradiation, with Exonuclease VII (ExoVII), which only 
digests ssDNA but not dsDNA. In Figure 18A five different treatments are 
outlined. In treatment 1 the cells were lysed with the cold DNA extraction, in 
2 the DNA was first extracted with the cold lysis and then the naked DNA 
was incubated at 50 C for 18 h. The heating of the DNA resulted in 
detection of an almost 40% lower amount of DNA fragments in the NHEJ 
deficient M059J cells (compare treatments 1 and 2 in Figure 18B). However, 
when the DNA was incubated with ExoVII after cold DNA extraction and 
then incubated at 50 C, there was no decrease in the number of DNA 
fragments (compare treatments 3 and 1 in Figure 18B). Generation of naked 
DNA by the warm protocol (treatment 4) followed by ExoVII incubation 
(treatment 5) resulted in the same small number of DNA fragments as 
treatment 2. In the NHEJ proficient M059K cells none of the treatments 
caused any significant difference in the number of DNA fragments detected 
(Figure 18C). These results strongly suggest that ssDNA ends are created at 
DSBs in NHEJ deficient cells; in treatment 3 the ssDNA is digested, 
preventing hybridisation of ssDNA ends during the incubation at 50 C,
whereas in treatments 2 and 4 the ssDNA ends would still be available for 
hybridisation, reducing the number of unrejoined DNA fragments.  
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Figure 18. Single-stranded DNA ends at DSBs are created in NHEJ deficient cells. 
(A) Cells 24 h after irradiation with 40 Gy were treated in five different ways:  
1. Cold DNA extraction; 2. Cold DNA extraction + 18h at 50 C; 3. Cold DNA ex-
traction + ExoVII + 18 h at 50 C; 4. Warm DNA extraction; 5. Warm DNA extrac-
tion + ExoVII. In (B) and (C) the relative amount of initial damage in the NHEJ 
deficient M059J cell line and the NHEJ proficient M059K cell line, respectively are 
shown after the different treatments outlined in A. The level of damage at 0 h with 
the cold DNA extraction protocol was set to 100%. The error bars represent the SD 
of three experiments (M059J) or the maximum deviations of two experiments 
(M059K). 

DNA Ligase IV/XRCC4 binding to DSBs prevents ssDNA 
formation
To test the availability of DSB ends for single-strand processing when fast 
and efficient rejoining of DSBs by NHEJ is not possible, the kinase activity 
of DNA-PKcs was inhibited by wortmannin or NU7026 in M059K cells. 
The inhibition of autophosphorylation prevents the release of DNA-PKcs 
from the DNA (26) and the rejoining of DSBs. More than 70% of the DNA 
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fragments were still unrejoined after 4 h (Figure 19A), compared to < 10% 
in non-inhibited cells, but there was no difference in the number of DNA 
fragments detected between the two DNA extraction protocols, contrary to 
cells lacking DNA-PK, such as M059J. This suggests that the presence of 
DNA-PKcs at the ends, even when catalytically inactive, prevents ssDNA 
processing.

Figure 19. (A) The catalytic activity of DNA-PKcs was inhibited by 50 µM NU7026 
or 50 µM wortmannin in M059K cells and XRCC4 deficient GM16147 cells. At 4 h 
after irradiation with 40 Gy the DNA was extracted either with the warm or cold 
protocol and the number of DNA fragments was determined by PFGE. The initial 
number of DNA fragments detected by the cold protocol was set to 100%. The error 
bars represent the maximum deviation of two experiments for M059K+NU7026, 
and the SEM of three experiments for M059K+wortmannin and GM16147. (B)
BrdU corresponding to ssDNA was detected 4 h after irradiation in GM16147 cells 
treated with 50 µM NU7026 and cells were scored as belonging to one of the fol-
lowing categories: I. Weak staining in the whole nucleus; II. Increased staining in 
the nucleus compared to I or > 20 strong dots in the nucleus; III. Strong dots in the 
whole nucleus and background staining in the whole nucleus. At least 100 cells in 
three experiments were scored. Error bars represent SD. (C) BrdU staining (green) 
in GM16147 cell nuclei (blue DAPI staining) treated as described in B.

However, when the activity of DNA-PKcs was inhibited in the XRCC4 
deficient cell line GM16147, presumably blocking the removal of DNA-PK 
from the ends, ssDNA was still formed at repair times  1 h, since a larger 
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amount of damage was detected in cells lysed by the cold DNA extraction 
protocol compared to the warm protocol (Figure 19A). To further test for the 
presence of ssDNA the thymidine analogue bromodeoxyuridine (BrdU) was 
incorporated into the DNA of cells and ssDNA was visualised by using an 
antibody that only recognises BrdU in ssDNA but not in dsDNA (110). In 
accordance with the PFGE results, the majority of the irradiated GM16147 
cells with incorporated BrdU and incubated with NU7026 had a larger (II) or 
much larger amount (III) of ssDNA compared to the control cells  
(Figure 19B and C). These data suggest that it is the recruitment of Ligase 
IV/XRCC4 to the ends by DNA-PK that is the important factor for end 
protection; in NU7026 or wortmannin treated cells Ligase IV/XRCC4 is still 
able to bind to DSB ends, since the kinase activity of DNA-PKcs is 
dispensable for the binding of Ligase IV/XRCC4 to the ends (26). Ligase 
IV/XRCC4 apparently prevents the processing of DSBs even though the 
ligation of ends is inhibited. 

ssDNA formation at DSBs is cell cycle phase dependent 
The processing of DSB ends into ssDNA in NHEJ deficient cell lines was 
dependent on the cell cycle position. The number of unrejoined DNA 
fragments in G1-synchronised V3 (DNA-PKcs deficient) and GM16147 
(XRCC4 deficient) cells was independent of the choice of DNA extraction 
protocol (Figure 20), showing that ssDNA ends are not generated in the G1
phase of the cell cycle. 

Figure 20. G1-synchronised DNA-PKcs deficient V3 cells (A) and XRCC4 deficient 
GM16147 cells (B) were irradiated with 40 Gy photons, and the DNA was extracted 
with the warm or cold protocol at different repair times. The number of DNA 
fragments was detected by PFGE and the initial number detected with the cold 
protocol was set to 100%. The corresponding remaining damage at 4 h in 
asynchronous cells is plotted for comparison. Error bars represent the SD of three 
experiments. 
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In conclusion, extensive ssDNA formation at DSB ends in NHEJ deficient 
cells is generated by an as yet unidentified cell cycle specific process, which 
can gain access to DSB ends in the absence of the NHEJ core proteins. 
These ssDNA ends hybridise when a standard DNA extraction protocol at 
50°C is used in the quantification of DSBs by PFGE, causing an 
overestimation of DSB rejoining in NHEJ deficient cells.  
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Summary and future studies 

The DNA double-strand break is the most critical type of DNA damage 
induced by ionising radiation and cytotoxic drugs. Increased knowledge of 
DNA damage repair after exposure to ionising radiation might help to 
develop improved methods for radiotherapy of tumours and also contribute 
to better estimates of radiation exposure risks. To fully understand the 
complex DSB response pathways and roles of specific repair proteins, 
correct assays for DSB detection are important. The work presented in this 
thesis mainly deals with different aspects of DSB detection in wild type or 
repair deficient mammalian cells exposed to ionising radiation.  

A cold DNA extraction protocol was developed, which excludes heat-labile 
sites from DSB quantification. The cold protocol was found to be as efficient 
in creating naked DNA as the warm, standard protocol. The exclusion of 
non-true DSBs from the DSB quantification had a large impact on the initial 
yield of DSBs after irradiation. Results in normal repair proficient cell lines 
showed that 35-40% of the initial number of DSBs were due to artifactual 
DSBs when the warm, standard protocol was used. The influence of 
inclusion of non-true DSB on the repair kinetics was determined. In normal 
repair proficient cell lines the half-times of the fast and slow rejoining 
phases (assuming biphasic repair) were independent of the protocol used. 
However, the fraction of DSBs repaired in the fast phase decreased when the 
DSBs corresponding to HLS were excluded. 

The heat-labile sites were repaired relatively quickly in vivo, and after 60-
90 minutes no difference between the two DNA extraction protocols was 
observed, indicating that most heat-labile sites had been repaired by that 
time. The nature of the DNA lesion corresponding to a heat-labile site is not 
known, but the repair of these sites did not require the SSB repair proteins 
PARP-1 and XRCC1, or DNA-PKcs, a critical protein in NHEJ. In fact, the 
fast repair component seen in DNA-PK deficient cells is due completely to 
the repair of HLS and not of true DSBs, and in the DNA-PKcs deficient 
human glioma cell line M059J almost no rejoining of DSBs was detected 
even after 24 h of repair when the new, cold DNA extraction protocol was 
used. The low level of repair was supported by the unchanged number of -
H2AX foci in irradiated M059J cells between 0.5 h and 22 h after 
irradiation.
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Upon exposure to high-LET radiation, highly localised ionisation clusters 
are formed and there was a rapid formation of -H2AX and MRE11 foci at 
the sites of ion passages through the nucleus. DSBs induced by high-LET 
radiation are repaired slower compared to low-LET induced DSBs, and this 
was confirmed by prolonged presence of -H2AX foci.  

The rejoining of DSBs is slower in NHEJ deficient cells and we showed 
that the DSBs are processed into long ssDNA ends after  1 h of repair in 
these cells. The generation of ssDNA ends was blocked in the G1 phase of 
the cell cycle or when DNA-PK and DNA Ligase IV/XRRC4 were binding 
to the ends. The data suggest that the binding of NHEJ proteins at the ends 
apparently protects the ends even when actual DSB repair by NHEJ is 
inhibited.  

The presence of ssDNA at the DSB ends in NHEJ deficient cells proved 
to be of major consequence for the quantification of DSBs by PFGE. The 
ssDNA ends hybridise when DNA is incubated at an elevated temperature, 
as in the standard, warm protocol, which results in fewer DNA fragments 
and an overestimation of the DSB rejoining capacity in NHEJ deficient cell 
lines.

The mechanism underlying the formation of ssDNA ends at double-strand 
breaks in NHEJ deficient cell lines is not yet known, but presumably the 
ssDNA generation is a step in the attempt to rejoin the breaks, which makes 
HR an obvious candidate. HR is downregulated in the G1 phase of the cell 
cycle and moreover is initiated by the formation of ssDNA overhangs at 
double-strand breaks. 

The possible role of HR in the formation of ssDNA ends at DSBs in 
NHEJ deficient cells will of course be a highly interesting subject of further 
studies. One approach to such an analysis would be to inhibit HR in cells 
lacking DNA-PK or DNA Ligase IV/XRCC4. This could be done by using a 
CDK inhibitor or blocking the expression of MRE11, which has been 
suggested as responsible for ssDNA resection in HR initiation. Further 
characterisation of the possible proteins involved would also be of interest,  
e. g. studies of DNA-protein or protein-protein interactions. 

The DSB is most likely a heterogeneous type of damage. Those induced 
by high-LET radiation, for example, are repaired more slowly than low-LET 
induced DSBs. This suggests that in some way they have different 
properties, although failure of specific steps in the repair of high-LET 
induced damage has not yet been identified. A better understanding of DSB 
repair in relation to LET, or to DSB complexity, could help to identify sub-
groups of critical DSB. The strong and clear foci formed after high-LET 
particle irradiation may also be utilised as a tool to detect the presence of 
specific repair proteins at the DSBs. Another interesting subject for further 
studies is the apparent discrepancy between the few remaining DSBs and the 
persistence of -H2AX at longer repair times in ATM deficient cells, as 
reported in paper III.  
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