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Abstract
Gustafsson, A.-S. 2015. Radiation response in human cells. DNA damage formation, repair
and signaling. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Medicine 1157. 52 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9397-4.

Ionizing radiation induces a range of different DNA lesions. In terms of mutation frequency
and mammalian cell survival, the most critical of these lesions is the DNA double-strand break
(DSB). DSB left unrepaired or mis-repaired may result in chromosomal aberrations that can
lead to permanent genetic changes or cell death. The complexity of the DNA damage and the
capacity to repair the DSB will determine the fate of the cell. This thesis focuses on the DNA
damage formation, repair and signaling after irradiation of human cells.

Radiation with high linear energy transfer (LET) produces clustered damaged sites in the
DNA that are difficult for the cell to repair. Within these clustered sites, non-DSB lesions
are formed that can be converted into a DSB and add to the damage complexity and affect
DSB repair and the measurement. Heat-labile sites in DNA are converted into DSB at elevated
temperatures. We show that heat-released DSB are formed post-irradiation with high-LET ions
and increase the initial yield of DSB by 30%-40%, which is similar to yields induced by low-
LET radiation.

DNA-PKcs, a central player in non-homologous end-joining (NHEJ), the major mammalian
DSB repair pathway, has been found to be both up- and downregulated in different tumor
types. In Paper II we show that low levels of DNA-PKcs lead to extreme radiosensitivity but,
surprisingly, had no effect on the DSB repair. However, the fraction of cells in G2/M phase
increased two-fold in cells with low levels of DNA-PKcs. The study continued in Paper IV,
where cells were synchronized to unmask potential roles of DNA-PKcs in specific cell cycle
phases. Irradiation of DNA-PKcs suppressed cells in the G1/S phase caused a delay in cell cycle
progression and an increase in accumulation of G2 cells. Further, these cells showed defects
in DNA repair, where a significant amount of 53BP1 foci remained after 72 h. This further
strengthens the hypothesis that DNA-PKcs has a role in regulation of mitotic progression.

Several cellular signaling pathways are initiated in response to radiation. One of these
downstream signaling proteins is AKT. We identified an interaction between DNA-PKcs and
AKT. Knockouts of both AKT1 and AKT2 impaired DSB rejoining after radiation and low
levels of DNA-PKcs increased radiosensitivity and decreased DNA repair further. 
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Nothing in life is to be feared, it is 
only to be understood. Now is the 
time to understand more, so that we 
may fear less 
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Introduction 

We are constantly exposed to ionizing radiation: cosmic rays, radioactive ma-
terial present naturally in soil and rock, and medical imaging techniques all 
contribute to radiation exposure. As the name suggests, ionizing radiation has 
the ability to ionize atoms and molecules which may lead to breakage of chem-
ical bonds. From a biological point of view, this ionizing event can be very 
dangerous in living cells, where the most critical target is the DNA (1).  

DNA damage by ionizing radiation  
DNA encodes for the genetic information used in the development and func-
tioning of all living organism (2-4). Ionizing radiation can cause base damage, 
sugar damage, single strand breaks (SSBs), double-strand breaks (DSBs) and 
cross-links either between two DNA strands or between a DNA molecule and 
a protein (5). However, the DSB is considered the most critical DNA damage 
since it can be lethal or lead to genomic instability creating cancer. Protecting 
the DNA or keeping radiation exposure to a minimum in living organisms is 
therefore very important.  

Radiotherapy 
Ionizing radiation is used in cancer therapy to eradicate tumor cells and induce 
deleterious DNA lesions (6). It is one of the most successful treatments for 
solid tumors (7). It is also used in combination with surgery and chemother-
apy, as adjuvant, neoadjuvant or palliative therapy in nearly all types of tumors 
(7). The radiation response in a tumor depends on a large number of factors 
and the radiation response, also termed radiosensitivity, varies between differ-
ent cancer types. However, whereas tumor often develop resistance to chem-
otherapy, radiation-induced resistance is rare (8, 9). One challenge in radio-
therapy is to maximize tumor cell killing and, at the same time, minimize the 
normal tissue complications. The goal is to disrupt the DNA to such an extent 
that the tumor cells are forced into cell death, without too much damage to 
normal cells in the close vicinity of the tumor. To some extent, this is accom-
plished by moving and focusing the beam around the tumor, limiting beam 
exposure to healthy cells. Normal cells also have the ability to repair DNA 



 12

damage by means of functional checkpoint proteins that halt the cell in the cell 
cycle until damage is repaired. In addition to proliferating rapidly, most cancer 
cells are also deficient in repair proteins and cell cycle checkpoints making 
them more sensitive to radiation. Broken DNA when cells enter the cell cycle 
could lead to cell death (10). Basic understanding of the interplay between 
radiation damage and cellular response is therefore very important to optimize 
the treatment of cancer with radiotherapy (11, 12). (Figure 1)       
 
 

 

 
 

Figure 1. Ionizing radiation is naturally present in the environment and used in radi-
otherapy to kill tumor cells. DNA damage from environmental and background radi-
ation, i.e. cosmic radiation, soil and rock, causes DNA damage that may lead to ge-
nomic instability which may ultimately develop into cancer. Ideally in radiotherapy 
tumor cells are killed and healthy cells are left unexposed, curing the patient from 
cancer.  

DNA repair 
If one DNA strand of the DNA double helix is damaged, the opposite strand 
is used as a template for repair. The cell has evolved different mechanisms, 
depending on type of damage, to excise the damaged DNA and replace it with 
a new/right nucleotide. Base excision repair (BER) (13), nucleotide excision 
repair (NER) (14) and mismatch repair (MMR) (15) are commonly used to 
repair single-stranded lesions (16-18). If both strands are damaged on the op-
posite side of the DNA double helix, or in close proximity (less than 14 bases 
apart), the helix breaks, creating a DSB. DSB is the most deleterious damage 
for a cell to encounter since, if left unrepaired or mis-repaired, it can result in 
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senescence, induced apoptosis and mitotic cell death, or chromosomal aberra-
tions, including translocation and deletions, which can result in loss of heter-
ozygosity (19-22).  

DNA double-strand break repair 
There are two major DSB repair pathways known in mammalian cells, non-
homologous end-joining (NHEJ) and homologous recombination (HR) (23). 
HR needs a homologous DNA template, a sister chromatid, as a template for 
rejoining, making it in order to be predominantly used in late S phase and G2 
(24). NHEJ does not need a long DNA template and is therefore available 
throughout the cell cycle, making it the major pathway for DSB repair after 
ionizing radiation (21, 25). In recent years the notion of an alternative pathway 
has evolved. However, much remains unclear regarding mechanistic details 
(26). Alternative end-joining (alt-EJ, also called alternative NHEJ or backup 
NHEJ) was first seen in cells deficient in NHEJ, where cells were still able to 
repair DSB via end-joining (27). In the beginning it was believed that alt-EJ 
might be a backup for NHEJ, but it has recently been demonstrated that alt-EJ 
might have a more primary role in repairing DSBs (26). Alt-EJ is active during 
the S and G2 phases and recent data also indicate activation in G1 (28).  

Non-homologous end-joining 
NHEJ mediates the direct re-ligation of the broken strands. The first step in 
NHEJ is the binding of Ku heterodimer to a broken DNA end (29-31). The Ku 
heterodimer is composed of Ku70 and Ku80 (also called Ku86). Ku70/80 en-
circles the DNA with its ring-like structure and initiates the start of repair (32). 
Ku70/80 interacts with the DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs) forming a complex, DNA-dependent protein (DNA-PK). The 
interaction with Ku enhances DNA-PKcs kinase activity, continuing the repair 
process, and starts the end processing of DNA ends. The damaged ends are 
processed by different nucleases, like exonuclease 1 (Exo1), MRE11 and Ar-
temis, to reveal regions of DNA sequence microhomology that help position 
ends for ligation. The nucleotide gaps or deletions are filled by DNA poly-
merases µ and λ and the ends are religated by DNA ligase IV in combination 
with X-ray cross complementing protein 4 (XRCC4) and XRCC4-like factor 
(XLF) (33-35). The processing of DNA ends is fast but it is not error free and 
may lead to loss or modification of nucleotides (33, 36). There is limited in-
formation about the dissolution of NHEJ after repair of broken ends. Phos-
phorylation events on DNA-PKcs induce conformational changes that likely 
release it from DNA (37). (Figure 2) 
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Figure 2. Schematic view of NHEJ. DSB is induced by radiation and recognized by 
the Ku70/80 heterodimer, which recruits DNA-PKcs. The interaction between Ku 
and DNA-PKcs enhances the kinase activation of DNA-PKcs. The DNA ends are 
processed by different nucleases and DNA polymerases, and then the ends are li-
gated by DNA ligase IV in combination with XRCC4 and XLF. 

 

DNA-dependent protein kinase 
The catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) is a ser-
ine theronine protein kinase of the phosphatidyl inositol 3-kinase-like protein 
kinase (PIKK) family that includes ATM (ataxia-telangiectasia mutated) and 
ATR (ATM-Rad3-related) (38). Besides functioning in NHEJ, DNA-PKcs is 
also required for V(D)J recombination of immune-globulin genes and T-cell 
receptor genes, and telomere length maintenance (39). DNA-PKcs is rapidly 
activated after irradiation. It is phosphorylated at several serine and threonine 
residues that are organized into distinct cluster sites (40). Two major clusters 
found are the ABCDE cluster (41-43) and the PQR cluster (44). The ABCDE 
cluster consists of six well conserved sites, from Thr2609 to Thr2647 and the 
PQR cluster is defined by five conserved sites between residues Ser2023 and 
Ser2056. The clusters are activated in different ways, which may reflect their 
different roles in the NHEJ pathway, DSB signaling and other functions. 
ATM, which plays a key role in general damage signaling and cell cycle reg-
ulation, seems to be required for IR-induced DNA-PKcs phosphorylation at 
both ABCDE and PQR clusters and this activation is critical for radiore-
sistance and DSB repair activity (45).  
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Homologous recombination and alternative end-joining 
The first step in HR is DNA end resection, where nucleolytic degradation of the 
5`strand leaves a long 3`single-stranded DNA overhang (46, 47). The central 
player in this process is the MRN protein complex, comprised of MRE11, 
Rad50 and Xrs2/NBS1 (48). The complex is then replaced and coated by repli-
cation protein A (RPA) and then, to mediate homologous DNA pairing, Rad51 
or Dmc1 is recruited. Rad52 and BRAC2 are involved as mediator proteins in 
this process. A synaptic complex is formed once the homology is found and a 
D-loop is formed by Rad54 and Rdh54 in the next step. From here either the D-
loop is dissociated and the DNA strand is annealed by non-crossover repair, or 
a double Holliday junction is formed that can be resolved into a crossover or a 
non-crossover recombinant (49). The remaining ssDNA gaps and nicks are re-
paired by DNA polymerase and DNA ligase. Recent data have shown that the 
alt-EJ and HR pathways compete for the repair in S-phase (50). They share the 
initial resection mechanism using the MRN complex (51). However, in alt-EJ 
poly(ADP-ribose) polymerase (PARP1) detects the breaks, and MRN complex 
works together with CtBP-interacting protein (CtIP) in end processing and 
XRCC1/Ligase III in DNA end ligation (27, 50-52). (Figure 3) 

 
 

 

  
 

Figure 3. Schematic view over homologous recombination and alt end-joining repair 
of DSBs formed after ionizing radiation. They share the initial resection mechanism 
using the MRN complex, but differ in repair mechanism following end resection.  
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MRE11 
MRE11, part of the MRN complex, plays a critical role in many different cel-
lular processes like NHEJ, HR and alt-EJ repair, DNA recognition and DNA 
replication, cell cycle checkpoint activation and telomere maintenance (50, 
53, 54). MRE11 binds DNA DSBs directly after they are formed and is able 
to bridge broken DNA ends or sister chromatids (55). Mutation in MRE11 
results in radiosensitivity in cells (56).   

Defects in repair proteins 
Patients deficient in NHEJ proteins display radiosensitivity and severe com-
bined immunodeficiency (SCID). So far, mutations in four genes encoding 
components of NHEJ, LIG4 (encoding DNA ligase IV), XLF (encoding XLF), 
PRKDC (encoding DNA-PKcs) and DCLRE1C/SNM3/Artemis (encoding Ar-
temis) have been identified in patients. These are described further in the re-
view by Woodbine et al. (57). Human disorders defective or deficient in ATM 
result in ataxia telangiectasia (A-T), and defects in MRE11 result in AT-like 
disorder, both of which display radiosensitivity and variable levels of immu-
nodeficiency (58, 59).  

The development of cancer is a multi-step process, where modifications in 
multiple cancer susceptibility genes may, in the end, lead to cancer develop-
ment. Many cancers characterized by genomic instability are caused by muta-
tions in DSB-responsive genes, and there is a direct association between DNA 
DSBs and genomic instability and cancer development (60). 

Deficiency of DNA-PKcs 
Human cells maintain a high reservoir of DNA-PKcs: there are around a hun-
dred thousand molecules per cell present in a normal cell (61). Differences in 
DNA-PKcs expression have been found in various tumor types. Overexpres-
sion is often seen in colorectal cancer, esophageal cancer, and non-small cell 
lung cancer, and loss of expression in gastric lung cancer, breast cancer, head 
and neck cancer and lymphoma (62). Both high and low levels of DNA-PKcs 
may result in poor patient survival after therapy. Furthermore, overexpression 
often leads to radioresistance while low expression can lead to increased chro-
mosomal instability and aggressive metastasis (62). Cell lines with total defi-
ciency DNA-PKcs (like M059J) show hypersensitivity to ionizing radiation, 
illustrating the important role of DNA-PKcs in repair capacity and chromo-
some stability (63-65). Recent data have suggested a second critical role of 
DNA-PKcs in the cell cycle controlling human cells (66). It has been impli-
cated in mitosis, microtubule dynamics and proper chromosome segregation 
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(67, 68). Furthermore, inhibition of DNA-PKcs activity results in mitosis de-
lay, abnormal spindle formation and chromosome misalignment (69). How-
ever, how this is related to its repair capacity is not known. 

Inhibition of DNA-PKcs 
Different inhibitors have been developed to target and inhibit DNA-PKcs activ-
ity in the hope of enhancing radiotherapy by radiosensitizing cells without caus-
ing cellular toxicity. Vanillin, SU11752, IC87361, NU7026 and NU7441 are 
small-molecule ATP-competitive inhibitors that have been developed to target 
DNA-PKcs (62). The most promising drug among these is NU7441 (70). They 
induce cell killing after irradiation by inhibiting DSB repair, followed by cell 
death through mitotic catastrophe, apoptosis and senescence. Inhibitors for 
DNA-PKcs hold promising results for improving cancer therapy, but the mole-
cules known so far are limited by poor pharmacokinetics (71, 72). 

Non-DSB lesions: Heat-labile sites 
Ionizing radiation induces prompt SSB and DSB in DNA. In addition, labile 
sites are induced that can be converted into a DSB if they are in close vicinity 
to another lesion on the opposite strand. Heat-labile sites (HLS) represent ox-
idative damage in the sugar-phosphate backbone of the DNA that can be con-
verted to a DSB upon heat treatment (73). It has been suggested that HLS are 
formed during the warm lysis step in DSB assays as pulsed-field gel electro-
phoresis (PFGE), misguiding the DSB measurement, although it has been pro-
posed that they may also transfer into DSB in living cells (74).This led to the 
development of a new cold DNA extraction protocol (75), that in comparison 
to warm lysis resulted in the release of a smaller number of DNA fragments 
from irradiated cells, indicating the elimination of HLS in the analysis. HLS 
are repaired rapidly after formation. Measuring HLS after irradiation can, 
when using warm lysis, misguide the DSB repair capacity by 40%, and the 
removal of these artefactual DSBs decreases the fast rejoining to less than 50% 
in gamma-irradiated human cells. HLS repair is also independent of DNA-
PKcs, XRCC1 and PARP1 (76), indicating that neither NHEJ nor SSB repair 
is important for removal of HLS. Importantly, and in contrast to previous find-
ings, removal of HLS from the analysis has shown that in cells without func-
tional DNA-PK activity, there is no fast repair of DSBs.        

Radiation-induced cell signaling 
Ionizing radiation activates multiple signaling pathways in cells, particularly the 
activation of signal transduction pathways and regulation of survival (77). These 
are specific growth factor receptors in the plasma membrane, such as epidermal 
growth factor receptor (EGFR) and insulin-like growth factor receptor 1 (IGFR-
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1) (78), and signaling proteins like ATM and p53 (79). The receptor activation 
activates downstream pathways involved in the promotion of cell survival and 
gene transcriptional changes or programmed cell death (77).  

EGFR 
EGFR is a member of the human EGFR (HER/ErbB) family consisting of four 
members: EGFR/HER1/ErbB1, HER2/neu/ErbB2, HER3/ErbB3, and 
HER4/ErbB4 (78). EGFR is a transmembrane tyrosine kinase receptor with 
an extracellular ligand binding site and an internal tyrosine kinase domain. 
EGFR has several ligands, such as epidermal growth factor (EGF), transform-
ing growth factor (TGF), transforming growth factor alpha (TGFα) and neu-
rogulins (77). After ligand binding and activation of EGFR, three major path-
ways can be initiated, the phosphoinositide 3-kinase (PI3K) cascade, the rat 
sarcoma (RAS)/v-raf murine sarcoma viral oncogene (RAF) pathway and sig-
nal transducer and activator of transcription protein (STAT) (80, 81). Activa-
tion of these pathways starts a cascade of events leading to cell proliferation, 
survival, migration, differentiation, inhibition of apoptosis, angiogenesis, ad-
hesion, or metastatic invasion. Alterations in EGFR occur in multiple cancers, 
and include receptor amplification, gain-of-function mutations and autocrine 
stimulation. These alterations make the EGFR a suitable target for therapy (48, 
82). Cancer with overexpressed EGFR can be inhibited using specific receptor 
antibodies and inhibitors. The overall outcome after treatment is slowed-down 
proliferation and increased sensitivity to DNA damaging drugs or ionizing ra-
diation. EGFR has been linked to interaction with DNA-PKcs, and the con-
nection has been linked to cancer development (62, 83). Furthermore, the in-
teraction has been shown to be required for radiation-induced AKT phosphor-
ylation and cell survival (84). (Figure 4) 

AKT 
AKT (also known as PKB) is an important kinase in the cell signaling down-
stream of several growth factors and cytokines. AKT is also involved in sur-
vival, growth, proliferation, glucose uptake, metabolism and angiogenesis 
(85). It is a serine/threonine kinase and there are three isoforms, AKT1, AKT2 
and AKT3. These genes are located on separate chromosomes and are be-
lieved to have different physiological functions, properties and expression pat-
terns (86, 87). AKT1 is involved in cellular survival pathways, by inhibiting 
apoptosis. AKT1 and AKT2 may function as an oncogene, promoting cell sur-
vival by blocking apoptosis. AKT3, however, may function as a tumor sup-
pressor. AKT is also hyperactivated in several cancer forms and is associated 
with resistance to radiotherapy and chemotherapy (88). Recently it has been 
shown that AKT interacts with MRE11, and that activation of AKT is depend-
ent on MRE11 (89). On the contrary, the expression of MRE11 is believed to 
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be dependent on AKT (90). AKT is mainly activated via the PI3K pathway 
where PI3K converts phosphateidylinositol-4,5-diphosphat (PIP2) to phos-
phatidylinositol-3,4,5-triphosphate (PIP3). PIP3 then bind to AKT, inducing 
conformation changes on AKT allowing for phosphorylation on Thr308 and 
Ser473. Phosphorylation on Thr308 is carried out by phosphoinositide-de-
pendent kinase-1 (PDK1) however phosphorylation on Ser473 is not known. 
Ser473 is suggested to be phosphorylated by PDK1, but also by an unknown 
protein called PDK2. PDK2 has been linked to integrin-linked kinase 1 (ILK-
1), mTOR (91), ATM (92), DNA-PKcs (93, 94) and MRE11 (89). AKT has 
also been shown to be involved in DNA repair, were AKT activates DNA-
PKcs after exposure to ionizing radiation (88, 95). (Figure 4) 

 

 
Figure 4. A simplified schematic illustrating the interaction between activation of 
AKT, and DNA-PKcs. AKT is activated by EGFR- PI3K pathway, PI3K phosphory-
lates PIP2 to PIP3. Binding of PIP3 to AKT further enhances the phosphorylation of 
AKT by PDK1 and perhaps PDK2. AKT is involved in cell proliferation and signal-
ing for cell death. AKT is also involved in the activation of DNA-PK after radiation. 

Cell cycle 

The cell cycle is the process in which one cell is divided into two new daughter 
cells with identical DNA. When a cell receives signals to divide, the interphase 
is initiated. The first part is called G1 (G for gap). In this step the cell increases 
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its supply of proteins, increases the number of organelles (such as mitochon-
dria, ribosomes), and grows in size. This is followed by the S-phase (S for 
synthesis), where the DNA is copied and the chromosomes double, creating 
two sister chromatids. The last step of the interphase is called G2. In G2 the 
cell continues to grow, making sure everything is ready for the next phase. 
Following interphase, mitosis is initiated (M-phase). In the M-phase, the cell 
condenses its chromosomes and divides into to two daughter cells. This phase 
is sub-divided in to five phases: prophase, prometaphase, metaphase, ana-
phase and telophase. The phase when the cell is in a resting non-dividing stage 
before interphase takes place is called G0. (Figure 5) 

 
 

 
 

Figure 5. Schematic view of the cell cycle, regulation steps and DSB repair path-
ways.  

 
Cell cycle check points 
The regulation of cell cycle progression is tightly controlled and there are 
many checkpoints during the progression (96). After DNA damage or abnor-
mally structured DNA, the cell responds by initiating a response, such as DNA 
repair, chromatin remodeling, transcriptional programs and other metabolic 
adjustment or cell death. The cycle is arrested or delayed until the damaged is 
repaired, or, if the damage is too great, initiation and signaling for cellular 
senescence is started. The most important check points are at the end of G1 
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and G2 and during the M-phase. The different check point pathways are re-
viewed by Lukas et al. (97). Radiosensitivity varies between the different cell 
cycle phases: the M-phase followed by G2 are the most sensitive phases, and 
late S-phase is believed to be more radioresistant (1).  

DNA repair in the cell cycle 
Upon DNA damage the cell has the ability to reversibly arrest cell cycle pro-
gression to allow time for DNA repair. Cell cycle transitions are driven by 
regulatory cyclins and cyclin-dependent kinases (Cdks). Cdks require cyclin 
binding for their activity and substrate selectivity, and are regulated by acti-
vating and inhibitory phosphorylation (98). In response to DNA damage, the 
activity of cyclin-Cdk complexes can initiate a cell cycle arrest in the G1 or 
G2 phase, or slow downregulation in the S-phase. Mitotic spindle checkpoints 
are activated indirectly by sensing the consequences of the damage. There are 
different damage response pathways that are activated in different cell cycle 
phases, and inactivation of a pathway has a different outcome in the different 
phases.  

In response to damage in G1, ATM and Chk2 are activated around the damage 
area and contribute to the response (99). ATM and Chk2 stabilize p53, which 
results in stimulation of transcriptional targets, such as Cdk inhibitor protein 
p21 (100, 101). Accumulation of p21 binds to and blocks cyclin-Cdk com-
plexes and hinders cell cycle progression. Loss of p53 or p21 will result in 
complete loss of the G1 checkpoint (102). To prevent S-phase entry, ATM 
activates the p38 MAPK family to degrade cyclin D and hinder the activity of 
Cdk2. DNA damage in the early S-phase is particularly harmful because dam-
age can interfere with replication fork progression and simple base damages 
can result in mutational changes. During this phase, another response to dam-
age is triggered, namely ATR and Chk1 (103). Cdk2 activity in the S-phase 
and G2 enables extensive resection of DSB ends (through phosphorylation of 
CtIP and Exo1) to promote HR, causing the additional activation of ATR ki-
nase. Cdk2-dependent phosphorylation of ATR interacting protein (ATRIP) 
and Chk1 further restrict full activation of ATR and Chk1 to the S and G2 
phases. G2/M arrests function via Chk1 and Chk2, which are primarily phos-
phorylated by ATM and ATR. During S-phase, downstream p21 accumulation 
is prevented by the PCNA-associated CRL4 ubiquitin ligase. Instead the path-
way relies on Wee1 kinase, which becomes expressed in S-phase, to target 
Cdc25A for degradation to impose an immediate break on further Cdk activa-
tion. ATR and Chk1 signaling are essential for checkpoint maintenance in G2, 
and ATM and Chk2 are needed to control the arrest. However, the G2 arrest 
does not depend on ATM, p53 and p21, instead also in G2 Wee1 remains 
crucial for checkpoint control. During mitosis, DNA repair and checkpoint 
signaling are inhibited. However, DSBs formed during mitosis still activates 
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ATM but further downstream signaling does not occur. NHEJ is suppressed 
by phosphorylation of XRCC4 by mitotic kinase polo-like kinase 1 (Plk1) and 
Cdk1 (98). (Figure 6) 

 

 
Figure 6. A schematic representation of molecular pathways involved in transmit-
ting the signal from sites of DNA damage to delay or halt of the cell cycle in the dif-
ferent phases. 

Limitation in cell cycle checkpoints 
Cell cycle checkpoints have significant limitations (96). It is believed that a 
difference in sensitivity between early and late-G1-phase affects the cell´s 
ability to undergo checkpoint arrest. The late G1, close to S-phase checkpoint 
seems to be less sensitive and not always completely respond to DNA damage. 
All breaks are not repaired before moving on to the next step and the fraction 
of damaged cells undergoing arrest at this stage seems to decrease compared 
to damage in early G1. The limitation in the G2 checkpoint seems to allow a 
certain number of DSBs to bypass regulation and cells are released from G2 
arrest when the level of DSBs has fallen below a certain threshold (10-20 
DSBs) (104). The cell then undergoes mitosis with unrepaired DSBs, and el-
evates the risk for chromosomal misalignments leading to cell death or persis-
tent DNA damage in the following G1 (105). When the cell in the following 
G1 phase enters the cell cycle with unrepaired damage, it is believed to be 
arrested in a p53-dependent manner. This suggests that p53 plays a prominent 
role in the regulation of DNA damage response over multiple cell cycles.  
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Cell death by radiation 
The most common cell death pathway after radiation is mitotic cell death 
(106). This is mainly because mitotic catastrophe is promoted in cells with 
impaired p53 (107). This is a delayed type of cell death, executed days after 
irradiation. Mitotic catastrophe occurs during mitosis as a consequence of ab-
normal mitosis. The process is characterized by the formation of giant cells 
and abnormal nuclear morphology, multiple nuclei and several micronuclei 
following cell division. It is believed that mitotic catastrophe is a consequence 
of DNA damage and deficient cell cycle check points. An alternative cell 
death mechanism is apoptosis (108). Apoptosis is a fast process, where initia-
tion and execution are completed within hours of radiation (10, 109). The pro-
cess is characterized by, and known to include, pyknosis, cell shrinkage and 
internucleosomal breakage of chromatin (10). Unfortunately, many tumors 
have mutations in the signaling pathway for apoptosis, so that apoptosis can-
not be performed. One of these signaling proteins is p53 which is mutated in 
more than half of all human malignancies (110). Radiation-induced senes-
cence is a form of cell death where the cell enters permanent cell cycle arrest. 
In normal cells, cellular senescence is the term used to describe cells that have 
reached their proliferation limit as a consequence of telomere shortening. 
Characteristically, cells that have entered senescence are enlarged and flat-
tened cells with an increased granularity. Senescence is promoted by p53, 
which eliminates radiation-induced senescence in cells with impaired p53 
(10). 

Linear energy transfer of ionizing radiation 

The damage created by ionizing radiation depends on the amount of local en-
ergy deposited and where that energy is deposited. The term linear energy 
transfer (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/µm or eV/nm (1). Low- 
LET radiation (e.g. gamma radiation and X-rays) delivers an ionization den-
sity in the range of 1 keV/µm and high-LET radiation (e.g. alpha particles and 
accelerated heavy ions) in the range of 100-200 keV/µm. The more energy 
deposited per length unit, the higher the density of ionization and the proba-
bility of creating a DSB increases. High-LET produces clustered, damaged 
DNA sites which are difficult to repair. In addition to damage clustering on 
the bp-level, high-LET radiation has been shown to induce clustered DSB in 
relation to chromatin loops, resulting in the release of DNA fragments in the 
range of 100 bp to 1 Mbp (111-113).  Figure 7.  
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Figure 7. Illustration of the difference in ionization density between low and high 
LET when hitting the DNA. Low-LET radiation gives a random scattered ionization 
that is separated on the DNA by a larger distance than high-LET. High-LET hits the 
cell with a few particle tracks, but everything that passes through is destroyed. 
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Aim 

The overall aim of this thesis was to study DSB formation and repair in cells 
after exposure to ionizing radiation. Ionizing radiation is used within cancer 
therapy to induce damage to the DNA. The cell’s ability to repair the damage 
determines the survival of the cell. It is therefore important to understand the 
basic mechanisms of DNA repair to improve cancer therapy.  

 
The specific goals were as follows: 
 

 To evaluate the formation of cluster damage on the DNA after 
high-LET radiation, and the conversion of non-DSB lesions to 
DSBs post-irradiation  

 
 To investigate how low levels of DNA-PKcs affect repair, cell cy-

cle regulation and cell survival after ionizing radiation  
 
 To examine the role of the signaling molecule AKT in relation to 

DNA repair after ionizing radiation 
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Results  

Paper I 

Formation and repair of clustered damaged DNA sites 
in high LET irradiated cells 
Aim and background 
Ionizing radiation with high-LET produces clustered damaged sites within the 
DNA. These clustered damages are more severe and more difficult to restore 
by the DNA repair mechanism than damage induced by low-LET (114). The 
clustered sites are composed of a variety of DNA lesions, not only DSBs 
(115). When these non-DSB lesions are close to another lesion or a DSB, they 
may interfere with DSB repair and/or analysis of DSB. Non-DSB lesions may 
also be transformed to a DSB, thus adding to the complexity of DSB repair 
and affecting analysis (116). One example of a non-DSB lesion is the heat-
labile site (HLS) (73). With low-LET, it has been shown that during 
preparation of DNA for DSB analysis using electrophoretic assays, HLS are 
transformed into DSB during warm lysis, which will have a significant effect 
on the estimated DSB yield (73, 75, 76). Importantly, the presence of HLS in 
the analysis may largely affect the estimates of cellular repair capacity. There 
is limited information about the contribution of HLS to DSB measurements 
after high-LET irradiation. The aim of this study was to determine the distri-
bution of DNA HLS in cells irradiated with high-LET ions using DNA frag-
mentation analysis.  

Methods 
Normal human skin fibroblast (GM5758) was used to study the repair process 
after irradiation with accelerated carbon and nitrogen ions (LET of 125 
eV/nm). DNA fragmentation was analyzed by pulsed-field gel electrophoresis 
(PFGE) (111-113).  

Results 
We studied the initial formation and repair of clustered damaged sites in cells 
irradiated with accelerated carbon and nitrogen ions. We could differentiate 
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between prompt DSB and heat-released DSB by varying lysis protocols (two 
temperatures: cold 0°C and warm 50°C). For both carbon ions (Figure 8.A) 
and nitrogen ions (Figure 8.B), the warm lysis resulted in a larger fraction of 
released DNA.  

 
Figure 8. A and B: initial DNA fragmentation (t=0) as a function of DNA fragment 
size after irradiation of human fibroblast cells with carbon ions 80 Gy (A) or nitro-
gen ions 100 Gy (B) both with a LET of 125 eV/nm. Cells were irradiated and naked 
DNA was prepared by lysis with two different protocols (0°C and 50°C). C: fraction 
of DNA as a function of nitrogen ion dose 100 Gy (125 eV/nm) for human fibroblast 
cells. Data are plotted for exclusion size of the double-stranded DNA fragments 
<375 kbp. 

We plotted the fraction of DNA as a function of dose for four different cut-off 
sizes. For the fraction of DNA <5.7 Mbp there was no significant difference 
between the two protocols but as the exclusion size decreased (Figure 8.C), 
the warm lysis was more effective in releasing DNA. This shows that heat-
released DSBs are mainly clustered on small DNA fragments, less than 1 Mbp 
in size. 

We also compared DNA fragment distribution over time to study how the ad-
ditional heat-released DNA fragments (<1 Mbp) changed. The DNA frag-
ments analyzed showed fast rejoining after both protocols. For carbon ions 
there was a 2- to 5-fold decrease in the fractions of small DNA fragments after 
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0.4 hour, but the rejoining appeared faster in the heat-treated samples. This 
was even more evident in cells irradiated with nitrogen ions where a large 
fraction of the small DNA fragments were rejoined within 0.1 hour (Figure 
9).  

 

 
Figure 9. A and B: DNA fragment size of distribution-released DNA fragments (<1 
Mbp) changed over time after irradiation of human fibroblast cells with nitrogen 
ions (100 Gy). Cells were irradiated and naked DNA was prepared by lysis with two 
different protocols, 50°C (A) and 0°C (B). 

When the total number of DSBs over all fragment-sizes (0-5700 kbp) was 
calculated, the initial yield at t=0 was 35%-40% higher in heat-treated DNA, 
compared to DNA extracted with the cold lysis protocol. 

Conclusion and discussion 
In this study, we show for the first time that clustered non-DSB lesions formed 
by high-LET can be converted into DSB upon heat treatment. Heat-released 
DSBs, created by warm lysis, increased the initial yield of DSBs by 30%-40%. 
These damages appeared clustered on DNA fragments less than 1 Mbp in size, 
making them hard to detect in standard PFGE assay where mainly large DNA 
fragments are studied. This highlights the importance of using DNA fragment 
analysis to evaluate DNA DSB induction and rejoining after high-LET irradi-
ation.  
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Paper II 
Suppression of DNA-dependent protein kinase sensitize 
cells to radiation without affecting DSB repair 
Aim and background 
Deficiency of both DNA-PKcs and Ku70/80 has been found and characterized 
in different tumor types (117-119), indicating that deficiency of proteins in-
volved in DSB repair may contribute to an increased risk of developing cancer 
(62, 120). Increased levels of DNA-PKcs have also been found in various tu-
mor types and linked to poor survival (121). DNA repair proteins are ex-
pressed in large amounts in the cell at all times. It is believed that the reason 
for this expression is to protect the DNA with fast signaling and repair to min-
imize damage in the cell. There are nearly half a million Ku molecules and 
around one hundred thousand DNA-PKcs molecules per cell (61). The aim of 
the study was to investigate the repair of DSB after ionizing radiation in cells 
with low levels of DNA-PKcs. 

Methods 
Cell types used in this study were: human epithelial cancer cell line A431, 
human oral squamous carcinoma cell line H314, human colorectal carcinoma 
cell line HCT116, human glioma cell line M059J and normal human skin fi-
broblast GM5758. SiRNA transfection was used to downregulate DNA-PKcs. 
Western blot (WB) was used to detect protein expression. Cell survival was 
studied by clonogenic survival assay. Mitotic analysis was analyzed by scor-
ing positive p-H3 cells. Cells were synchronized with nocodazole treatment. 
DNA repair was studied in single cells by the formation and clearance of γ-
H2AX and 53BP1 foci using immunofluorescence staining and detection with 
confocal microscopy. DSB rejoining was studied with PFGE. 

Results  
Cells were transfected with siRNA against DNA-PKcs (siDNA-PKcs) and ex-
periments were performed at DNA-PKcs levels around 10%-20% of normal 
levels. Low levels of DNA-PKcs led to radiosensitivity shown by largely re-
duced survival and proliferation after irradiation (Figure 10).  
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Figure 10. Reduction of DNA-PKcs leads to extreme radiosensitivity. Clonogenic 
survival in three cell lines, A431 (A), HCT116 (B) and H314 (C), transfected with 
siRNA against DNA-PKcs (siDNA-PKcs) for 3 days or treated with non-specific 
siRNA (mock). In comparison, survival for M059J cells (lacking DNA-PKcs) and 
M059K (with DNA-PKcs) are shown (D). Colonies with >50 cells were scored 10-
15 days after irradiation. SF= surviving fraction. Data represent mean ±SD of at 
least three independent experiments for each cell line. 

 

We also strengthen the hypothesis that DNA-PKcs is involved in mitotic pro-
gression, by showing an accumulation of deficient cells in G2 (Figure 11A, 
B), indicating that DNA-PKcs plays a role in mitotic progression.  

 
Figure 11. Cells with low levels of DNA-PKcs are delayed in the mitotic progres-
sion. A: accumulation of mitotic cells in asynchronous A431 cells with low levels of 
DNA-PKcs. Cells were irradiated with 5 Gy and scored for p-H3-positive cells 24 
hours after irradiation. Data represent mean ±SD of two independent experiments. 
At least 250 cells/time point were scored per experiment. B: representative image of 
G2/M positive cell nuclei (p-H3, red) stained with DAPI (blue). 
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Since cells with defective DNA-PKcs have a reduced repair capacity, it is rea-
sonable to assume that the extreme radiosensitivity and the mitotic failure seen 
in DNA-PKcs depleted cells above, can be explained by inability to repair 
DSB. However, depleted cells demonstrated normal repair of DSBs as well as 
rejoining of broken ends (Figure 12A-D). Inhibition of DNA-PKcs activity, 
on the other hand, showed a large impact on cell survival and DSB repair after 
ionizing radiation. This strongly suggests that there are different mechanisms 
for DNA-PKcs in the cell, where loss of activity impairs DSB repair and de-
creased levels affect mitotic progression.  

 

 
Figure 12. Cells with low residual levels of DNA-PKcs have apparently normal 
DSB repair. A: representative images of GM5758 cells mock treated or siDNA-
PKcs transfected, irradiated with 1 Gy, and allowed to recover for the indicated 
times. Cells were fixed and immunostained with 53BP1 (red) and nuclei were 
stained with DAPI (blue). B: kinetics of 53BP1 foci in cells treated as in A. At least 
100 cells/time point were scored for foci. Data represent mean ±SD of three inde-
pendent experiments. C: dose response for residual number of 53BP1 foci per cell 
24 hours after irradiation. Cells were either mock transfected or siDNA-PKcs trans-
fected and then irradiated at indicated doses and allowed to recover for 24 hours be-
fore fixation and immunostaining. Counting and statistics performed as in B. D: re-
joining of DSBs in GM5758 cells mock-transfected or siDNA-PKcs transfected be-
fore irradiation. Cells were allowed to recover for the indicated times prior to PFGE 
analysis. M059K and M059J cells (completely lacking DNA-PKcs) are shown for 
comparison. Data were normalized to the DSB level at t=0h and each data point rep-
resents mean ±SD of three independent experiments. 
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Next we looked at phosphorylation of DNA-PKcs (Thr2609 and Ser2056). 
Decreased levels of DNA-PKcs did not affect the formation of Thr2609 and 
Ser2056 foci around the DSB breaks and the foci also follow the pattern of 
normal gathering and clearance of DSB foci. Cells inhibited with NU7441 
showed normal formation of foci but with slow clearance, further strengthen-
ing the hypothesis of a multifunctional DNA-PKcs.   

Conclusion and discussion 
We show that downregulation of DNA-PKcs, a critical DSB repair protein, 
leads to extreme radiosensitivity without any apparent effect on the repair in 
asynchronous cells. The high levels of DNA-PKcs in normal cells may indi-
cate important roles in other cellular functions and that an excess of molecules 
must be present in the stress response to severe DNA damage. We also show 
that low levels of DNA-PKcs halts cell mitosis, by a two-fold increase in the 
fraction of cells arresting in G2/M. These observations are consistent with re-
cent studies showing that inactivation of DNA-PKcs causes multipolar spin-
dles and mitotic catastrophe after DNA damage (69). This study suggests that 
DNA DSB repair capacity is not the limiting factor in cells with low DNA-
PKcs levels. This is important for the understanding of the complexity of the 
DNA damage stress response and, specifically, the multifunctional roles of 
DNA-PKcs. Further studies on DNA-PKcs function are important for deeper 
understanding of the regulation of genomic stability, which will be important 
to keep in mind for the development of new therapeutic approaches targeting 
the DNA damage signaling and repair pathways.  

Paper III  
The influence of AKT isoforms on radiation sensitivity 
and DNA repair in colon cancer cell lines 
Aim and background 
The aim of this study was to investigate the role of the AKT isoforms AKT1 
and AKT2 in cellular response to radiation exposure and their effects on DNA 
repair proteins (DNA-PKcs and MRE11) in colorectal cancer cell lines. Col-
orectal cancer is the third most common type of cancer in the world (122). The 
only curative treatment for colorectal cancer is surgery. However, metastatic 
spread interferes with the treatment outcome (123). Radiotherapy in combina-
tion with chemotherapy is sometimes used preoperatively or postoperatively 
to reduce tumor burden or to diminish recurrence risk (124-126). There is a 
great need for new drugs with better radiosensitizing properties if patients are 
to benefit most from radiotherapy. It is therefore important to understand the 
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molecular mechanism underlying a radiosensitive outcome. AKT is a central 
player in the signaling downstream of many growth factors and cytokines (85). 
AKT also seems to interact with proteins with distinct function in DNA recog-
nition and repair, and it has been shown to interact with both MRE11 and 
DNA-PKcs (88, 89, 127). The isoforms of AKT have different functions, 
properties and expression patterns (86, 87). This makes AKT a potential target 
for therapy in combination with a DNA repair inhibitor during radiotherapy 
in colorectal cancer patients.  

Methods 
We used colon cancer cell lines DLD-1 and HCT116 with different AKT 
isoforms genetically knocked out (parental, AKT1 KO, AKT2 KO, AKT1/2 
KO). AKT3 is not expressed in these cells. SiRNA was used to decrease the 
levels of DNA-PKcs (siDNA-PKcs) and MRE11 (siMRE11) to approximately 
10%-20%. Western blot analysis was used to study protein expression. Im-
munohistochemistry with proximity ligation assay (PLA) was used to study 
protein-protein interaction. Cell survival was studied using clonogenic sur-
vival assay. Cell cycle analysis was performed with flow cytometry. PFGE 
was used to analyze rejoining of DNA after induced damage.    

Results  
We investigated the interaction between DNA-PKcs and activation of AKT 
after ionizing radiation. This indicated a complex interaction between the pro-
teins. In DLD-1, knockout of all AKT isoforms increased the protein and 
mRNA level of DNA-PKcs (Figure 13A), and decreased levels of DNA-PKcs 
by siRNA reduced AKT phosphorylation (Figure 13C). In HCT116 cells, 
MRE11 levels increased when all AKT isoforms were knocked out, which 
was not shown in DLD-1 cells (Figure 13B). However, AKT phosphorylation 
was independent of MRE11 in both cell lines (Figure 13C, D).  
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Figure 13. Expression of DNA-PKcs and MRE11 in the colorectal cancer cell lines 
DLD-1 (A) and HCT116 (B) and their corresponding AKT isogenic knock-out. Cell 
lysates were prepared before and after irradiation (1 hour post IR 6 Gy).  C and D: 
western blots were performed to study the protein expression of AKT, DNA-PKcs 
and MRE11. DNA-PKcs and MRE11 expression was suppressed with siRNA 
against either DNA-PKcs or MRE11 in DLD-1 (C) and HCT116 (D). Lysates were 
prepared 1 hour after irradiation with 2 Gy.  

Radiation sensitivity increased in all AKT isoforms, and decreased levels of 
DNA-PKcs increased the radiosensitivity further. Low amounts of serum 
(0.5%), to simulate the tumor microenvironment, increased the sensitivity 
even more, acting independently of AKT (Figure 14A, B). 

 
 
 

 
Figure 14. Cell survival analyzed with clonogenic assay (4 Gy). A: survival assay of 
DLD-1 AKT isoforms in 10% and 0.5% FBS. B: survival assay in DLD-1 AKT 
isoforms treated with siRNA against DNA-PKcs.  
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Further, we investigated the rejoining capacity of DNA ends after radiation. 
The result showed that deficiency of AKT1 or/and AKT2 results in decreased 
DNA DSB rejoining after irradiation. Decreased levels of DNA-PKcs in-
creased radiation sensitivity and decreased DNA repair further. This decrease 
is independent of the AKT isoforms. Furthermore, treatment with low serum 
level media (0.5% FBS) further impairs the rejoining of DNA (Figure 15A, 
B).  

 
 

 
Figure 15. DSB rejoining rate, evaluated with PFGE after irradiation (40 Gy), in 
DLD-1 AKT 1/2 knock-out cell line in 10% FBS (A) and 0.5% FBS (B), and either 
treated with siRNA against DNA-PKcs or mock treated. 

Conclusion and discussion 
Our results indicate an interaction between the different AKT isoforms and 
DNA-PKcs and MRE11. However, the interactions between AKT and DNA-
PKcs and MRE11 are complicated, and are probably dependent on a number 
of factors, such as cell-type, genotype and microenvironment. We investigated 
isogenic knock-outs of AKT and showed that both AKT1 and AKT2 are in-
volved in the response to radiation and that elimination of either AKT1 or 
AKT2 isoforms alone or together increases the radiation sensitivity. We have 
also shown that deleting both AKT1 and AKT2 isotypes simultaneously im-
pairs the DNA rejoining of DSBs.  

Further, we show that reducing MRE11 with siRNA did not affect the DSB 
rejoining in either DLD-1 or HCT116, and had no effect on the phosphoryla-
tion of AKT in either cell line.  
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Paper IV 
Role of DNA-PKcs in DNA damage response and cell 
cycle regulation 
Aim and background 
The aim of this study was to further characterize the role of DNA-PKcs in 
DSB repair and cell-cycle regulation in response to ionizing radiation. Paper 
II demonstrated that downregulation of DNA-PKcs in asynchronous cells 
leads to extreme radiosensitivity without any apparent effect on repair. To fur-
ther unmask the potential roles of DNA-PKcs in specific cell cycle phases, we 
here used synchronized cells to try to distinguish the role of DNA-PKcs in 
DSB repair and cell cycle regulation.   

Methods 
Cell lines used in this study were human epithelial cancer cell line A431 and 
normal human skin fibroblast GM5758. Downregulation of DNA-PKcs was 
performed with siRNA (siDNA-PKcs). Cell synchronization was carried out 
by the thymidine double-blocking method (128, 129). Protein expression was 
analyzed by western blot. Cell cycle analysis was performed with flow cytom-
etry and immunostaining for positive p-H3 and Edu. DSB repair was studied 
by analyzing 53BP1 foci in single cells. 

Results  
Cells were synchronized with thymidine, irradiated at the G1/S boundary and 
analyzed at various time points. Using both single cell analysis and flow cy-
tometry we found an accumulation of cells in the G2/M phase when treated 
with siDNA-PKcs compared to mock treated 72 hours after irradiation (Figure 
16.).  
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Figure 16. Low levels of DNA-PKcs lead to accumulation of mitotic cells after 
irradition at the G1/S boundary. A: A431 cells were synchronized with thymidine 
and released. Cells were irradiated with 5 Gy directly after release (in G1/S) and 
scored for p-H3-positive cells 72 hours after release. For comparison, unirradiated 
cells are shown. Data represent mean ±SD of three independent experiments. At 
least 250 cells/time-point were scored in each experiment. B: reduction of DNA-
PKcs leads to accumulation in the G2/M phase. A431 cells, siDNA-PKcs treated or 
mock treated, were synchronized with thymidine, irradiated with 5 Gy and collected 
(fixated) 72 hours later. Cell cycle distribution was analyzed by flow cytometry. 

 
In Paper II we showed that DSB repair was not affected by low levels of DNA-
PKcs. In this study, by using synchronized cells irradiated in G1/S phase, we 
could identify an increase in DSB foci after time in siDNA-PKcs treated cells 
compared to mock treated (Figure 16). This increase was sustained 72 hours 
after irradiation, and the foci were homogenously distributed in all cells.   
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Figure 17.  Irradiation of G1/S cells leads to persistent 53BP1 foci in DNA-PKcs 
depleted cells. A: A431 cells were synchronized by thymidine, released and irradi-
ated (2 Gy) in G1/S phase, and then fixated at different time points (4, 24 and 72 h). 
Cells were immunostained and 53BP1 foci were scored. B: GM5758 cells were syn-
chronized with thymidine, released and irradiated (5 Gy) in G1/S phase, and then 
fixated at different time points (12, 24 and 72 h). Cells were immunostained and 
53BP1 foci were scored. A and B: at least 100 cells/time-point were scored for foci 
and data represent mean ±SD of three independent experiments. 

Conclusion and discussion  
We revealed that suppression of DNA-PKcs causes delayed cell cycle progres-
sion and increases the accumulation of G2 cells significantly, after irradiation, 
compared to cells with normal DNA-PKcs levels. In contrast, this was not seen 
in cells irradiated in G2 phase. Furthermore, the results demonstrate that irradi-
ation in G1/S phase initially caused the same amount of DSB in the cells, but, 
over time, deficient cells changed their pattern and DSB foci persisted at high 
levels in cells with low levels of DNA-PKcs. We suggest that this accumulation 
is due to checkpoint failure, were the cell may undergo mitosis with unrepaired 
DSBs, leading to cell death or persistent DNA damage in the following G1 
phase (105). This could be an indication that DNA-PKcs plays a role in the cell 
cycle regulation checkpoints as do other DNA repair proteins (104).  

 
The question of whether regulation of DNA-PKcs in mitosis contributes to in-
activation of DSB repair in mitosis or whether DNA-PKcs has additional, DSB 
repair independent roles in mitosis and other phases of the cell cycle, is chal-
lenging and complex. Our data indicate that DNA-PKcs play an important role 
when DNA damage occurs in G1/S phase. We conclude that DNA-PKcs defi-
ciency causes a delay in mitotic progression as well as persistent DSB in the 
following G1, indicating that DNA-PKcs plays an important part in mitotic pro-
gression and regulation.    
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Concluding remarks 

This work has focused on DNA damage formation, and the role of repair and 
signaling after ionizing radiation. Clustered damage sites formed after high-
LET irradiation are difficult for the cell to repair. To gain more knowledge 
about clustered damage it is important to have the right analysis method. By 
using DNA fragmentation analysis we were able to distinguish these clustered 
sites and also by varying lysis temperatures we could distinguish, for the first 
time, heat-released DSB from prompt DSB after high-LET irradiation. This is 
important for a proper understanding of pathways involved in the repair of 
clustered damage sites and for estimates of rejoining capacity, which could be 
overestimated if heat-released DSBs are included in the analysis. A specific 
focus in this thesis has been to gain more knowledge about DNA-PKcs, a cen-
tral player in NHEJ, the major DSB repair pathway in mammalian cells. There 
is a heterogeneous expression pattern between different cancer types, where 
DNA-PKcs is over- or under-expressed. Most importantly, we showed that 
proliferating cells with suppressed DNA-PKcs expression, accumulate in 
G2/M after irradiation and this process was uncoupled from the DSB repair 
capacity. However, the function of DNA-PKcs seems highly complex and our 
results indicate that the radiation response in cells with low DNA-PKcs levels 
is closely related to cell cycle regulation. We have only just begun to reveal 
the full potential of this large and multifunctional protein kinase. We also 
identified an interaction between DNA-PKcs and AKT. AKT is a downstream 
signaling protein that is activated after irradiation, and play a role in survival, 
growth, proliferation, glucose uptake, metabolism and angiogenesis. Target-
ing both AKT and DNA-PKcs in combination could have therapeutic impli-
cations in radiotherapy. 
 
The main findings of the thesis are as follows: 

 
 Clustered non-DSB lesions in high-LET irradiated cells can be converted 

into DSB upon heat treatment. 
 Non-DSB lesions that are converted to a DSB after heat treatment appear 

clustered on DNA fragments with sizes of 1 Mbp or less. 
 Analysis of rejoining over time showed that small DNA fragments rejoin 

faster in heat treated samples, indicating that the fast repair is mainly HLS 
repair.  
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 Low levels of DNA-PKcs markedly reduced survival and proliferation. 
 Reduced levels of DNA-PKcs lead to accumulation of cells in G2/M phase 

after irradiation, which was further enhanced when cells where irradiated 
in G1/S phase.   

 Low levels of DNA-PKcs do not affect DSB repair, in proliferating, asyn-
chronous, cells. 

 Phosphorylated DNA-PKcs (Thr2609) in mitotic cells was dislocated 
from chromatin and concentrated at two distinct foci around the midbody 
of the nucleus suggesting a different role than in DSB repair. 

 Low levels of DNA-PKcs and loss of function by inhibiting activation of 
DNA-PKcs, lead to different outcomes. Loss of function by the inhibitor 
NU7441 resulted in high radiosensitivity and impaired DSB repair. 

 Phosphorylation of Ser2056 and Thr2609 in DNA-PKcs was not affected 
by low levels of DNA-PKcs, and 53BP1 and γ-H2AX foci were formed 
directly after irradiation and almost cleared 24 hours post-irradiation.  

 In cells irradiated in G1/S phase, low levels of DNA-PKcs affected DNA 
repair after irradiation. A high number of 53BP1 foci remained for a long 
time after irradiation.  

 In cells irradiated in G2 phase, low levels of DNA-PKcs did not result in 
accumulation of cells in G2/M phase.  

 Knockout of AKT1 and/or AKT2 effected the radiation sensitivity, and 
the lack of both isoforms impaired the rejoining of radiation-induced 
DNA DSBs. 

 Low levels of DNA-PKcs had a radiosensitizing effect, which was further 
enhanced in combination with disrupt AKT and low serum levels.  
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Future perspectives 

The observation that many cancer cells are impaired by the DSB repair mech-
anism emphasizes the connection between DSB repair and carcinogenesis. 
This generates opportunities for cancer treatment, and a greater understanding 
of DSB repair and its central players can be beneficial in optimizing radiother-
apy.  

Clustered lesions induced by high-LET radiation are much more difficult to 
repair than those from low-LET radiation. Information about the repair pro-
cess and its potential  failure in specific steps, e.g. due to damage clusters in 
relation to chromatin, is of great interest for a general understanding of DSB 
repair and for optimizing radiotherapy in the future. Identification of the lo-
calization and clustering of DNA damage and how that may influence repair 
can be analyzed by immunogold electron microscopy, using high resolution 
to identify changes in chromatin structure at DSB foci. Also, using a high res-
olution technique, deeper knowledge could be gained about DNA repair pro-
teins and how they assemble within single DSB foci.  

The cellular response to DNA damage caused by radiation is complex, and the 
more knowledge we gain, the more complex it appears. Identifying the role of 
DNA-PKcs in DNA repair has simultaneously identified a multifunction pro-
tein playing a part in many cellular steps. Future studies should continue to 
evaluate the role of DNA-PKcs in the repair and regulation of the cell cycle, 
including mitosis. Our understanding of the exact activation mechanism of 
DNA-PKcs and the kinase targets remains incomplete. By using and studying 
DNA-PKcs inhibitors, cells deficient DNA-PKcs and cells with low levels, 
we can begin to loosen the knot and the role of DNA-PKcs can be further 
clarified. The levels of DNA-PKcs should be further studied using a more sta-
ble transfection such as short hairpin RNA (shRNA). Likewise, studies on the 
influence of DNA-PKcs regulation through the cell cycle, mitosis and stabili-
zation of the mitotic spindle need to be further evaluated.    

Paper III shows an interaction between DNA-PKcs and AKT that should be 
further investigated. Using inhibitors in combination could give the tumor cell 
an important increase in radiosensitivity. The interaction may be cell type spe-
cific and therefore more information is needed about the cell signaling path-
ways in different cell lines.    
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