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RADIOTHERAPY 

 

Curative cancer treatment aims to efficiently eliminate cancer cells, leading to the control of the 

tumor and eventually to the cure of the patient. Besides surgery and chemotherapy, 

radiotherapy is one of the three main methods for the treatment of cancer. Radiotherapy uses 

ionizing radiation to induce lethal DNA damage in locally targeted cancer cells, while sparing 

normal, healthy cells as much as possible [1]. Unfortunately, radiotherapy is, like most cancer 

treatments, not specific for tumor cells and can also induce damage to normal tissues. Although 

rapidly dividing cancer cells are thought to be more sensitive to radiation then normal cells, the 

desired radiotherapy dose is limited by the maximum tolerance of the surrounding normal tissue 

[2]. Over the years, technical innovations have significantly improved the practice of 

radiotherapy. Modern anatomic imaging technologies, e.g. computed tomography (CT), 

magnetic resonance imaging (MRI) or positron emission tomography (PET), have been a major 

impetus to the ongoing development of conformal radiotherapy techniques. High precision 

radiotherapy allows for a better identification of tumor volumes and their spatial relationship 

with vital organs [3, 4]. Subsequently, tumors can be targeted with higher radiation doses 

leading to improved tumor control and the radiation dose in surrounding tissues remains 

minimized, thereby reducing the risk of side effects [5]. Furthermore, radiation treatment is 

applied in multiple fractions over time. Fractionation of the total radiation dose, gives normal 

cells time to recover and repair their DNA damage whilst cancer cells are still destroyed 

efficiently. As cancer cells are thought to repair their DNA damage less accurate [6], the time 

between radiation fractions opens a therapeutic window for dose escalation and efficient tumor 

kill. This biological advantage of healthy cells over cancer cells largely explains the effectiveness 

of cancer radiotherapy. 

 

Despite advances in tumor imaging, dose-escalations and targeting, many tumors are poorly 

controlled by radiotherapy alone. Therefore, radiotherapy is frequently combined with other 

treatment modalities [7] to enhance the effect of radiation treatment [1]. The technological 

advances together with a better understanding of various molecular mechanisms involved in the 

radiation response of the tumor [8, 9], have led to increased local tumor control rates and a 

better overall survival of cancer patients [10]. The increase in the number of cancer survivors 

and life expectancy however, also raised the importance of quality of life after treatment. This 

means that not only improvements in tumor control are warranted, but that also the prevention 

or prediction of severe side effects becomes a necessity. Moreover, there are significant 

variations between individuals in their response to therapy, both in tumor and normal tissues. 

This asks for the need of personalized treatment strategies: screening in advance which 

treatment might be most beneficial for the individual patient. As radiotherapy is used in 

approximately 50% of all cancer treatments [11], approaches that can improve tumor control or 
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decrease normal tissue toxicity will affect many cancer patients. Prediction of tumor and normal 

cell sensitivity to ionizing radiation can be used to further optimize and individualize treatment 

strategies. 

 

This thesis will discuss the molecular responses to ionizing radiation in tumors and in normal 

tissues. The DNA damage response is highlighted as the main mechanism that can influence the 

efficacy and outcome of radiation treatment. Part I (chapters 2, 3, and 4) will discuss the 

radiation response in several cancer cell types and how the DNA damage response can be used 

to interfere with cellular sensitivity to radiation treatment. Part II (chapters 5 and 6) will address 

the development of normal tissue toxicity after radiation treatment. Here, the DNA damage 

response in normal cells is elaborated as possible predictor of late radiation toxicity in prostate 

cancer patients. This introductory chapter 1 will provide a general overview of the biological 

responses in mammalian cells after exposure to ionizing radiation and outline the specific 

challenges in studying the radiation response in cancer cells and in normal cells. 

 

 

DNA DAMAGE RESPONSE 

 

Damage to a cell’s DNA is the main cause of cell death induced by ionizing radiation. Ionizing 

radiation can damage the DNA by direct deposition of high energy on the DNA and indirectly by 

ionization of water molecules to produce hydroxyl radicals that attack the DNA [12]. Exposure to 

ionizing radiation may cause several types of DNA-damage: single strand breaks (SSBs), double 

strand breaks (DSBs), base damage and DNA-protein cross-links in the genomic DNA. Among 

those, DSBs are the most deleterious type of DNA damage [13] and the yield of radiation-

induced DSBs increases linearly with the radiation dose [14, 15]. Usually, the dose per fractions 

applied during radiation treatment ranges between 1.5-2.5Gy, and depending on cell type 20 to 

40 DSBs/cell per Gray are induced [16].  

 

As DNA lesions occur frequently in mammalian cells due to a variety of endogenous or 

exogenous processes [17, 18], cells have evolved a multifaceted response to DNA damage. The 

DNA damage response includes cell cycle checkpoint activation to arrest cells in replication or 

division and the induction of DNA repair mechanisms (Figure 1). When the damage is too severe 

for the repair mechanism to cope with, damaged cells might go into senescence, undergo mitotic 

cell death or initiate apoptosis [19]. These natural responses to DNA damage aim at preserving 

genomic integrity and hence cell viability. As previously stated, DNA DSBs are the most lethal 

kind of DNA damage induced by radiation, and failure to repair even a single DNA DSB could 

result in genomic instability, mutagenesis, aging or cell death [20, 21]. Moreover, unrepaired 

DSBs can contribute to various disorders, including carcinogenesis [17, 22]. 
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Figure 1. Schematic overview of the DNA damage response after radiation exposure. After the induction of 

DNA double strand breaks, cell proliferation is halted, severity of the damage is assessed and if possible 

repaired. Misjoining of DNA breaks might result in chromosome translocations, mutations or cancer, whereas 

correct repair leads to cell survival. Unrepaired breaks will eventually lead to senescence or cell death. 

 

 

For proper functioning and survival of a cell, DSBs must therefore be quickly detected and 

repaired. In normal, healthy cells this process is required; however repair of DSBs in tumor cells 

could interfere with treatments that aim to destroy cancer cells by inducing lethal DNA damage. 

Consequently, the efficacy of the DNA damage response plays an important role in determining 

tumor sensitivity and outcome of radiation treatment. 

 

Detection and repair of DSBs 

At a molecular level, the repair of DSBs is the result of an intricate interplay of specific repair 

proteins. A critical cellular response to DNA damage, is the activation of ataxia-telangiectasia-

mutated (ATM) by the Mre11-Rad50-Nbs1 (MRN) complex [23]. ATM is a serine-threonine kinase 

protein and interacts with several proteins, including DNA-dependent protein kinase (DNA-PK), 

AT and Rad3-related (ATR) and Nbs1 [24]. ATM phosphorylates various key regulators of the 

DNA damage response, like p53, H2AX, BRCA1, and Nbs1 [25]. Tumor suppressor p53 is one of 

the key players in the activation of G1/S and G2/M cell-cycle checkpoints after DNA damage [26, 

27], and triggers various cellular responses like cell cycle arrest, differentiation, DNA repair 

(Chapter 2) [28] and apoptosis [29]. After initial recognition of a DNA DSB and the activation of 

the cell cycle checkpoints, the DSB repair cascade is then promoted by the phosphorylation of 

histone variant H2AX by ATM, ATR or DNA-PK in a chromatin region of several megabases 

around the DSB. Multiple phosphorylated H2AX proteins (γ-H2AX) form a platform, which 

subsequently attracts other DSB repair proteins to the site of the break [30, 31]. Among others, 

MDC1, 53BP1 and MRN accumulate closely to the γ-H2AX proteins within minutes after 
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induction of a DSB, together forming a so called ionizing radiation induced foci (IRIF) [32]. γ-

H2AX is, as one of the earliest marker of the DSB repair, essential for efficient repair of DSBs [33-

35]. Furthermore, γ-H2AX can easily be detected by an immunofluorescence staining making it 

an important biomarker for DNA DSBs [32] (Chapter 4). As defects in IRIF formation are linked to 

repair deficiencies [36], the detection and scoring of these foci has become a valuable tool for 

many clinical investigations of mutations in DNA repair and the sensitivity of treatments [37-39]. 

 

Following recognition of a DNA DSB, there are two major pathways for the repair of ionizing 

radiation induced DSBs, that differ in their requirements for DNA homology: homologous 

recombination (HR) and non-homologous end joining (NHEJ) [40-42]. HR is an accurate ‘error-

free’ form of repair, which requires an intact sister chromatid to act as a DNA template and can 

therefore only function during S- and G2-phase of the cell cycle. In contrast, NHEJ is active 

throughout the whole cell cycle and is considered to repair the majority of the DSBs in human 

cells [43]. In its simplest sense, NHEJ entails direct rejoining of the DNA ends. Blunt end joining 

can lead to loss of nucleotides from either side of the break, making NHEJ potentially error 

prone. Both pathways will be briefly described, as well as the recently described alternative 

error-prone form of DSB repair (alternative end joining, alt-EJ). 

 

Homologous Recombination. 

The HR pathway represents the error-free form of DSB repair. Unfortunately, its activity is 

limited to the S- and G2-phase of the cell cycle due to the requirement of a homologous DNA 

template. Therefore, HR only accounts for approximately 20% of the DSB repair induced by 

ionizing radiation [40, 44]. HR is triggered by the resection of 5’ DNA end by the MRN complex. 

After resection, replication protein A (RPA) binds to the 3’ single strand DNA tail (ssDNA) and 

protects the ends from degradation. As soon as BRCA2 protein binds RAD51, the BRCA2-RAD51 

complex replaces RPA on the ssDNA [45]. On the ssDNA tail, RAD51 forms long filaments that 

can bind to the homologous DNA template. During this so-called synapsis phase, promoted by 

the protein RAD54, a D-loop is created between the resected ssDNA and the DNA template. 

Finally, the ssDNA tail primes DNA synthesis by DNA polymerase and the break will be repaired. 

 

Non-Homologous End Joining 

Most of the radiation induced DSBs are repaired via the mutagenic non-homologous end-joining 

(NHEJ) pathway [43, 46]. The NHEJ pathway ligates the DSB ends through a process that is 

independent of DNA sequence homology, and therefore frequently leads to sequence errors. 

Although NHEJ is error prone, it most rapidly repairs DSBs and thereby protects the genome 

integrity. NHEJ pathway is mainly regulated by DNA-PK catalytic subunit (DNA-PKcs), the 

KU70/KU80 complex, DNA ligase IV/XRCC4 and XLF (cernunnos) [41, 47]. The first step in NHEJ 

repair is the accumulation of the KU70/KU80 heterodimer at the site of a DNA DSBs [48]. The 
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heterodimer encircles the DNA ends, keeping them together for the duration of the break repair, 

and attracts DNA-PKcs. Thereafter, DNA-PKcs undergoes auto-phosphorylation and activates the 

recruitment of other NHEJ repair proteins. The second step of NHEJ involves the enzymatic 

processing of the DSB, that often contain non-cohesive or non-ligatable DNA ends [49]. DNA 

ends carrying for instance 3’ phosphates or 5’ hydroxyl groups are polished by the Artemis 

nuclease and other DNA polynucleotide kinases. Finally, the DNA ends are ligated by the DNA 

ligase IV-XRCC4 complex together with the XRCC4-like factor (XLF) [50]. The latter has been 

described to be redundant and not essential for the NHEJ repair [51]. 

 

Alternative End Joining 

In addition to HR and NHEJ, there is increasing evidence for the existence of one or more error-

prone alternative end-joining pathways that ligate DNA ends [52]. The detection of 

translocations in NHEJ deficient cells hinted the activity of some other form of mutagenic repair 

[52]. It was initially thought that alt-EJ mainly served as a backup repair pathway for NHEJ, as it 

occurs more slowly, less efficient and leads to more chromosomal translocations than classical 

NHEJ [53]. However, recent studies suggest that alt-EJ might also compete with HR repair, as 

both HR and alt-EJ require an initial end resection step and alt-EJ uses small homologous DNA 

sequences (microhomologies) to repair the break [54]. Small microhomologies can lead to 

deletions and/or insertions in the DNA, as they not necessarily contain the correct DNA 

sequence. So far, PARP1, XRCC1, LIG1 and LIG3 have been implicated to be involved in the alt-EJ 

pathway [55], but a lot is still unknown. Whether alt-EJ processes are only active in the absence 

of NHEJ and HR or also compete with functional HR or NHEJ repair is not clear and the overall 

significance of these alt-EJ pathways need yet to be determined [50, 52].  
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INTRODUCTION TO PART I: RADIATION RESPONSE IN CANCER CELLS 

 

Approaches that aim to improve tumor control by radiation treatment include developments in 

tumor imaging, defining the different molecular features of tumors and cancer cells to predict 

treatment response and the identification of specific molecular targets for the development of 

new drugs [56]. This section will briefly outline the importance of the latter two as they are 

relevant for the content of this thesis.  

As mentioned before, ionizing radiation produces several molecular events in the irradiated cells 

which can lead to cellular death, a fatal risk that increases with the radiation dose [10]. The 

probability to induce lethal DNA damage is highest in the M-phase of the cell cycle [57], making 

rapidly proliferating cancer cells more vulnerable for ionizing radiation compared to normal cells. 

Moreover, the DNA damage response is thought to be less efficient in cancer cells due to 

mutations in cell cycle checkpoints and DNA repair genes [1, 7]. Depending on the type of 

mutation, cancer cells might therefore choose a different repair pathway or rely more on back-

up repair processes compared to the repair proficient normal cells. Although an active mutated 

DNA damage response is also associated with the development of cancer [22], the cancer-

specific mutations provide opportunities to selectively target cancer cells. However, 

heterogeneity within and between tumors poses a challenge for personalized treatment 

planning, and could hinder correct diagnostics and therapeutic efficacy [58-60]. Furthermore, 

there are parts of the tumor that are more difficult to treat and/or regions wherein the tumor is 

less vulnerable to ionizing radiation. In addition, some cancer cells are able to evade or even 

resist radiation treatment [61]. These surviving cancer cells might cause repopulation of the 

initial tumor once the cancer treatment stops.  

 

Taken together, the outcome of radiation treatment not only depends on the tumor type and 

location but also on its molecular phenotype [60]. Insights in the different molecular phenotypes 

and their specific responses to ionizing radiation opened a window for the development of new 

targeted drugs. Strategies to combine radiation treatment with molecular-targeted therapies, 

alongside chemotherapy or surgery, are evolving more and more, enhancing the effect of 

radiation and increasing tumor control and cure rate. 

 

Resistance to radiation treatment 

A common feature in solid tumors is the presence of oxygen-deficient hypoxia regions. Tumor 

hypoxia negatively influences chemo- and radiotherapy and the level of hypoxia is correlated 

with treatment resistance and poor survival outcome [62, 63]. Due to the low oxygen levels and 

reduced perfusion, delivery of chemotherapy or other reagents in this part of the tumor might 

be minimized. Moreover, hypoxia reduces the indirect effect of ionizing radiation as the 

production of free radicals and reactive oxygen species (ROS) is limited. This prevents to some 
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extent the induction of lethal DNA damage [64]. In the presence of oxygen, DNA lesions 

produced by free radicals can be chemically ‘fixed’, resulting in an irreparable form of DNA 

breaks. In the absence of oxygen however, this reaction cannot take place and as a results all 

DNA breaks can be repaired. In addition, an hypoxic environment can also influences the choice 

of DNA repair processes after initial DSB induction, as it is thought to downregulate the 

expression of proteins involved in HR repair [65]. This might result in enhanced error-prone 

repair processes, introducing a more mutagenic or resistant phenotype of the surviving cancer 

cells [66]. Targeting proteins and genes involved in tumor hypoxia is therefore the focus of many 

studies and could influence the result of cancer treatment tremendously [67]. On the other 

hand, treatment strategies that can induce normal tissue processes like angiogenesis are also of 

interest as they can lead to enhanced tumor responsiveness [68]. 

 

Furthermore, hypoxic areas may represent niches for cells possessing stem cell like 

characteristics [69-71], such as self-renewal, differentiation potential and resistance to apoptotic 

stimuli. These so called cancer stem cells (CSCs) are involved in tumor initiation and tumor 

growth and are assumed to be the major cause of recurrence in cancer patients. It is thought 

that even a single surviving CSC is able to repopulate the initial tumor, highlighting the 

importance of CSC targeting for treatment outcome. Hypoxia can prevent differentiation of 

CSCs, thereby promoting the maintenance of the radio-resistant population [71]. Several 

suggested mechanisms causing treatment-resistance of CSC include an elevated apoptosis 

threshold, drug-efflux pumps and the induction of quiescence [72]. Furthermore, CSCs are 

shown to have a high activity of DNA repair pathways [73, 74]. Therefore, a suggested 

mechanism to sensitize both cancer cells and cancer stem cells to radiation is the inhibition of 

specific DNA DSB repair proteins (chapter 3).  

 

Targeting DNA damage response  

The ability of cancer cells to repair lethal DNA damage strongly determines the success of 

radiation treatment. Targeting proteins of the DNA damage response, especially those of DSB 

repair, with specific inhibitors is therefore an attractive strategy to eliminate cancer cells [75, 

76]. Among others, inhibitors of ATM, PARP1, checkpoint kinases (Chk1/2), and DNA-PKcs have 

been developed and show promising results in facilitating enhanced cancer cell death after 

treatment [75, 77], in both in vitro cell lines and tumor models in vivo.  

Molecular inhibitors could affect tumor cells more effectively than normal cells as they can take 

advantage of the abnormal activated or mutated DNA damage response in cancer cells [22]. For 

example, PARP1 inhibitors lead to specific tumor kill in BRCA1- and BRCA2 deficient tumors by 

inducing so-called synthetic lethality, i.e. that either PARP1 and BRCA1 deficiency alone is 

compatible with viability, but together they will lead to cell death [78]. Synthetic lethal 

approaches could provide treatment strategies that can specifically target tumor cells with 
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Figure 2. Detection and repair of DNA DSBs induced by ionizing radiation. Proteins involved in the DNA DSB 

cascade can be used as targets to improve tumor control and treatment efficacy. The targets depicted here are 

currently being investigated or already implemented in the clinic. 

 

known mutations. Another way to interfere with the efficacy of the DNA damage response is by 

the use of hyperthermia [79]. Hyperthermia affects the DSB repair HR pathway by temporal 

degradation of the BRCA2 protein, preventing RAD51 to bind at the DSB ends [80, 81]. In 

addition, human papillomavirus (HPV) induced cancer types are specifically sensitive for 

hyperthermia, as the HPV produced oncogene E6 is heat labile [82]. HPV proteins E6 interacts 

with p53 and perturbs its tumor suppressing functions, leading to the induction of tumor cell 

growth. Elimination of E6 by hyperthermia enables p53 dependent apoptosis and cell cycle 

control in these cancer types, re-sensitizing them to chemo- or radiotherapy. Hyperthermia 

might also affect hypoxic regions by increasing vasodilation and hence oxygen levels, resulting in 

increasing numbers of DNA damage after radiation. Furthermore, it is an interesting additive 

treatment option with regard to normal tissue complications, as the addition of hyperthermia to 

radiation treatment enables lowering of total dose with similar treatment efficiency [83, 84]. 

 

In conclusion, the identification of resistant cancer cells and hypoxic tumor areas contribute to a 

better understanding of treatment response and tumor sensitivity. Characterization of these cell 

phenotypes can lead to the development of biomarkers and specific molecular-targets for 

treatment. Furthermore, modification of the DNA damage response and targeting of DSB repair 

genes may result in enhanced chemo- and radio-sensitization of cancer cells and CSCs. Together 

they could improve the tumor control significantly and contribute to the development of 

patient-tailored treatment strategies. 
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INTRODUCTION TO PART II: RADIATION RESPONSE IN NORMAL TISSUES 

 

Late radiation toxicity of the healthy tissue around the tumor is the limiting factor for dose 

escalation in radiation treatment. In clinical practice, standardized radiation schedules are 

applied based on the sensitivity of the average patient. This does not take into account the 

presence of individuals with increased or decreased sensitivity to radiation. Some patients 

display severe side-effects despite highly conformal radiotherapy, while others have no 

problems despite extended radiation fields. Development of methods to predict normal tissue 

response to radiation treatment therefore represents an important approach to enable 

individualized treatment planning. For instance, patients at high risk for radiation toxicity may 

profit from a reduced radiation doses combined with chemotherapy or hyperthermia. Patients at 

low risk for radiation toxicity may profit from a higher radiation dose leading to higher cure 

rates. It seems reasonable to assume that the radiosensitivity of normal tissues should be 

regarded as a so-called complex trait depending on multiple clinical, life-style and genetic 

factors. However, studies have shown that clinical factors such as age, comorbidity, radiation 

dose and –volume can only partly explain the risk of late radiotoxicity [2]. In addition, abdominal 

surgery [85], diabetes mellitus [86] and acute toxicity [85] were identified as predictors for late 

side effects. Unfortunately consistent evidence in independent studies is lacking. Patients with 

late radiation toxicity are thought to have a constitutionally altered normal tissue response to 

ionizing radiation compared to patients without toxicity. Therefore, the hypothesis has been put 

forward that normal tissue radiosensitivity is mostly dependent on genetic factors [87].  

 

Incidence of severe side effects 

Patients may develop acute and/or late side effects, different in grade of severity. Acute side 

effects are defined as complications that occur during radiation treatment and disappear within 

3 months after the start of therapy. Late side effects are complications that develop after 3 

months or even years later after radiation treatment and are thought to be more severe and 

chronic. Among others, prostate cancer is very effectively treated by ionizing radiation (± 

hormonal blockade), leading to high survival rates. Prostate cancer is the second most common 

cancer in men worldwide [88], and the number of prostate cancer patients will further rise due 

to the increase in lifespan in Western societies. The introduction of widespread prostate-specific 

antigen (PSA) screening led to early detection of the disease, and resulted in an increased 5-year 

survival rate in many countries. The large number of patients with a relatively high survival rate 

enables the study and monitoring of late radiation toxicities. Approximately 10% of all treated 

prostate cancer patients will develop severe late complications (grade≥3) and approximately 

10% moderate to severe complications (grade 2). Taken together, up to 20% of these patients 

experience moderate to severe side effects. The most severe toxicities caused by radiotherapy 

for prostate cancer are intestinal and rectal morbidities. Symptoms include rectal bleeding, 
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faecal incontinence, tenesmus, increased stool frequency, diarrhea and bowel/abdominal pain 

called the rectal syndrome.  

 

Genetic factors in late toxicity 

The basis for the differences in response to radiation is undoubtedly multi-factorial and 

validation of functional assays that integrate these responses is essential. Little is known about 

the role of genetic predisposition for late radiation damage in patients with cancer. The 

individual variability in normal tissue response after radiotherapy may be caused by subtle 

mutations in genes involved in the cellular response to ionizing radiation. The possible 

relationship between single nucleotide polymorphisms (SNPs) in candidate genes involved in 

apoptosis [89], DNA repair [90-94], steroid metabolism proteins [95] or fibrosis [96] and their 

role in the development of late radiation toxicity has been explored by several studies in a 

retrospective cohort of prostate cancer patients. SNPs in for example XRCC1, XRCC3 LIG4, and 

ERCC2 genes were identified as markers to predict individual risks for complications arising from 

radiotherapy. Unfortunately, an independent validation study of genetic variants and SNPs 

reported to be associated with radiation toxicity could not confirm any of the associations after 

multiple testing correction [97]. Differences in study set-up, size of patient cohort, ways of 

toxicity scoring (acute or late) and the correction for multiple testing might explain these 

conflicting results. The hypothesis that an individual SNP or mutation might serve as a clinical 

relevant marker seems is highly unlikely. Recently, a large GWAS study in over 700 prostate 

cancer patients identified one locus comprising TANC1 at 2q24.1 [98]. Two validation cohorts of 

633 and 368 patients respectively also observed multiple SNPs located in this particular region 

pointed to an association between the TANC1 gene and the development of overall late 

radiation toxicity. 

 

Apart from single nucleotide polymorphism, differences in gene expression have also been used 

to separate patients based on toxicity status. The genetic predisposition for late radiation 

toxicity of individual cancer patients can be investigated by assessing the radiation response in 

normal tissue cells with genome wide expression profiling (chapter 5 and 6). Svensson et al. [99] 

showed that the analysis of expression profiles using gene sets belonging to a functional network 

substantially improved the power of the analysis over the use of single genes. Based on the gene 

expression profiles of ex vivo irradiated lymphocytes, prostate cancer patients with and without 

severe radiation complication could be discriminated. Particularly gene sets involved in the 

apoptosis, ubiquitin and stress signaling networks were involved in the prediction of normal 

tissue damage after radiotherapy. Confirmation of this study in other patient cohort’s remains 

however difficult. The study of Finnon et al [100] showed that array analysis was sufficiently 

robust in detecting differential expression patterns in the radiation response of individual 

patients, but was unable to distinguish patients based on normal tissue complication status with 
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previously described gene sets. They do however suggest the use of gene expression profiles as 

clinically useful assays after further validation of specific signatures in prospective studies. 

  

Predictive test for normal tissue toxicity? 

Although results are conflicting and no reproducible or reliable predictive markers associated 

with late radiation toxicity have been identified yet [97, 101, 102], differences between patients 

in expression profiles, mutational status and in vitro radiosensitivity are detected. All these 

findings together indicate that there is indeed a genetic predisposition for late radiation toxicity 

and possible predictive factors associated with clinical responses to radiotherapy might exist. 

Genome wide screening together with functional studies, may augment the distinction between 

patient with and without late complication. Further research is warranted to uncover robust and 

validated predictive markers that can be used to assess the individual risk for late radiation 

toxicity before start of treatment. 

 

 

REFERENCES 

 

1. Bernier J, Hall EJ, Giaccia A: Radiation 
oncology: a century of achievements. 
Nature reviews Cancer 2004, 4(9):737-747. 

2. Begg AC: Can the Severity of Normal Tissue 
Damage after Radiation Therapy Be 
Predicted? PLoS Med 2006, 3(10):e440. 

3. Dawson LA, Jaffray DA: Advances in image-
guided radiation therapy. J Clin Oncol 2007, 
25. 

4. Bhide S, Guerrero Urbano MT, Clark C, 
Hansen V, adams E, Miles E, McNair H, 
Warrington A, Harrington K, Nutting C: 
Results of intensity modulated 
radiotherapy (IMRT) in laryngeal and 
hypopharyngeal cancer: a dose escalation 
study. Radiother Oncol 2007, 82. 

5. Bhide S, Nutting C: Recent advances in 
radiotherapy. BMC Medicine 2010, 8(1):1-5. 

6. Helleday T, Petermann E, Lundin C, Hodgson 
B, Sharma RA: DNA repair pathways as 
targets for cancer therapy. Nature reviews 
Cancer 2008, 8(3):193-204. 

7. Begg AC, Stewart FA, Vens C: Strategies to 
improve radiotherapy with targeted drugs. 
Nature reviews Cancer 2011, 11(4):239-253. 

8. Moding EJ, Kastan MB, Kirsch DG: Strategies 
for optimizing the response of cancer and  

 

 
 
 
 

normal tissues to radiation. Nature reviews 
Drug discovery 2013, 12(7):526-542. 

9. Baskar R, Dai J, Wenlong N, Yeo R, Yeoh K-
W: Biological response of cancer cells to 
radiation treatment. Frontiers in molecular 
biosciences 2014, 1:24. 

10. Allemani C, Weir HK, Carreira H, Harewood 
R, Spika D, Wang XS, Bannon F, Ahn JV, 
Johnson CJ, Bonaventure A et al: Global 
surveillance of cancer survival 1995-2009: 
analysis of individual data for 25 676 887 
patients from 279 population-based 
registries in 67 countries (CONCORD-2). 
Lancet 2014. 

11. Delaney G, Jacob S, Featherstone C, Barton 
M: The role of radiotherapy in cancer 
treatment: estimating optimal utilization 
from a review of evidence-based clinical 
guidelines. Cancer 2005, 104(6):1129-1137. 

12. Azzam EI, Jay-Gerin JP, Pain D: Ionizing 
radiation-induced metabolic oxidative 
stress and prolonged cell injury. Cancer Lett 
2012, 327(1-2):48-60. 

13. Lomax ME, Folkes LK, O'Neill P: Biological 
consequences of radiation-induced DNA 
damage: relevance to radiotherapy. Clinical 
oncology (Royal College of Radiologists 
(Great Britain)) 2013, 25(10):578-585. 



Chapter 1 

 

 

22 

14. Rothkamm K, Lobrich M: Evidence for a lack 
of DNA double-strand break repair in 
human cells exposed to very low x-ray 
doses. Proceedings of the National 
Academy of Sciences of the United States of 
America 2003, 100(9):5057-5062. 

15. Aten J, Stap J, Krawczyk P, Van Oven CH, 
Hoebe RA, Essers J, Kanaar R: Dynamics of 
DNA double-strand breaks revealed by 
clustering of damaged chromosome 
domains. Science 2004, 303(5654):92-95. 

16. Cadet J, Douki T, Ravanat JL: Oxidatively 
generated damage to the guanine moiety 
of DNA: mechanistic aspects and formation 
in cells. Accounts of chemical research 
2008, 41(8):1075-1083. 

17. Jackson SP, Bartek J: The DNA-damage 
response in human biology and disease. 
Nature 2009, 461(7267):1071-1078. 

18. Swenberg JA, Lu K, Moeller BC, Gao L, 
Upton PB, Nakamura J, Starr TB: 
Endogenous versus Exogenous DNA 
Adducts: Their Role in Carcinogenesis, 
Epidemiology, and Risk Assessment. 
Toxicological Sciences 2011, 120(suppl 
1):S130-S145. 

19. Polo SE, Jackson SP: Dynamics of DNA 
damage response proteins at DNA breaks: 
a focus on protein modifications. Genes 
Dev 2011, 25(5):409-433. 

20. van Gent DC, Hoeijmakers JH, Kanaar R: 
Chromosomal stability and the DNA 
double-stranded break connection. Nat Rev 
Genet 2001, 2(3):196-206. 

21. Álvarez-Quilón A, Serrano-Benítez A, Ariel 
Lieberman J, Quintero C, Sánchez-Gutiérrez 
D, Escudero LM, Cortés-Ledesma F: ATM 
specifically mediates repair of double-
strand breaks with blocked DNA ends. Nat 
Commun 2014, 5. 

22. Khanna A: DNA damage in cancer 
therapeutics: a boon or a curse? Cancer 
research 2015, 75(11):2133-2138. 

23. Uziel T, Lerenthal Y, Moyal L, Andegeko Y, 
Mittelman L, Shiloh Y: Requirement of the 
MRN complex for ATM activation by DNA 
damage. The EMBO Journal 2003, 
22(20):5612-5621. 

24. Lamarche BJ, Orazio NI, Weitzman MD: The 
MRN complex in Double-Strand Break 
Repair and Telomere Maintenance. FEBS 
letters 2010, 584(17):3682-3695. 

25. Lee JH, Paull TT: Activation and regulation 
of ATM kinase activity in response to DNA 
double-strand breaks. Oncogene 2007, 
26(56):7741-7748. 

26. Cheng Q, Chen J: Mechanism of p53 
stabilization by ATM after DNA damage. 
Cell cycle (Georgetown, Tex) 2010, 9(3):472-
478. 

27. Giono LE, Manfredi JJ: The p53 tumor 
suppressor participates in multiple cell 
cycle checkpoints. Journal of Cellular 
Physiology 2006, 209(1):13-20. 

28. Franken NA, Van Bree C, Haveman J: 
Differential response to radiation of TP53-
inactivated cells by overexpression of 
dominant-negative mutant TP53 or HPVE6. 
Radiat Res 2004, 161(5):504-510. 

29. Kumala S, Niemiec P, Widel M, Hancock R, 
Rzeszowska-Wolny J: Apoptosis and 
clonogenic survival in three tumour cell 
lines exposed to gamma rays or chemical 
genotoxic agents. Cellular & molecular 
biology letters 2003, 8(3):655-665. 

30. Macphail SH, Banáth JP, Yu TY, Chu EHM, 
Lambur H, Olive PL: Expression of 
phosphorylated histone H2AX in cultured 

cell lines following exposure to Xrays. In: 
International Journal of Radiation Biology. 
vol. 79: Informa Clin Med; 2003: 351-359. 

31. Rogakou EP, Pilch DR, Orr AH, Ivanova VS, 
Bonner WM: DNA double-stranded breaks 
induce histone H2AX phosphorylation on 
serine 139. J Biol Chem 1998, 273(10):5858-
5868. 

32. Goodarzi AA, Jeggo PA: Irradiation induced 
foci (IRIF) as a biomarker for 
radiosensitivity. Mutation research 2012, 
736(1-2):39-47. 

33. Ivashkevich A, Redon CE, Nakamura AJ, 
Martin RF, Martin OA: Use of the gamma-
H2AX assay to monitor DNA damage and 
repair in translational cancer research. 
Cancer Lett 2012, 327(1-2):123-133. 

34. Olive PL, Banath JP: Phosphorylation of 
histone H2AX as a measure of 
radiosensitivity. International Journal of 
Radiation Oncology*Biology*Physics 2004, 
58(2):331-335. 

35. Franken N, ten Cate R, Krawczyk P, Stap J, 
Haveman J, Aten J, Barendsen G: 
Comparison of RBE values of high- LET 
alpha-particles for the induction of DNA-



General Introduction 

 

1 

 

23 

DSBs, chromosome aberrations and cell 
reproductive death. Radiation Oncology 
2011, 6(1):64. 

36. Kato TA, Nagasawa H, Weil MM, Little JB, 
Bedford JS: Levels of gamma-H2AX Foci 
after low-dose-rate irradiation reveal a 
DNA DSB rejoining defect in cells from 
human ATM heterozygotes in two at 
families and in another apparently normal 
individual. Radiat Res 2006, 166(3):443-
453. 

37. Kato TA, Wilson PF, Nagasawa H, Fitzek 
MM, Weil MM, Little JB, Bedford JS: A 
defect in DNA double strand break 
processing in cells from unaffected parents 
of retinoblastoma patients and other 
apparently normal humans. DNA Repair 
2007, 6(6):818-829. 

38. Banath JP, Macphail SH, Olive PL: Radiation 
sensitivity, H2AX phosphorylation, and 
kinetics of repair of DNA strand breaks in 
irradiated cervical cancer cell lines. Cancer 
Res 2004, 64(19):7144-7149. 

39. Redon CE, Nakamura AJ, Martin OA, Parekh 
PR, Weyemi US, Bonner WM: Recent 
developments in the use of gamma-H2AX 
as a quantitative DNA double-strand break 
biomarker. Aging 2011, 3(2):168-174. 

40. Kakarougkas A, Jeggo PA: DNA DSB repair 
pathway choice: an orchestrated handover 
mechanism. The British journal of radiology 
2014, 87(1035):20130685. 

41. Agarwal S, Tafel AA, Kanaar R: DNA double-
strand break repair and chromosome 
translocations. DNA Repair (Amst) 2006, 
5(9-10):1075-1081. 

42. Kanaar R, Hoeijmakers JH, van Gent DC: 
Molecular mechanisms of DNA double 
strand break repair. Trends in cell biology 
1998, 8(12):483-489. 

43. Wang C, Lees-Miller SP: Detection and 
repair of ionizing radiation-induced DNA 
double strand breaks: new developments 
in nonhomologous end joining. Int J Radiat 
Oncol Biol Phys 2013, 86(3):440-449. 

44. Kass EM, Jasin M: Collaboration and 
competition between DNA double-strand 
break repair pathways. FEBS letters 2010, 
584(17):3703-3708. 

45. Liu J, Doty T, Gibson B, Heyer W-D: Human 
BRCA2 protein promotes RAD51 filament 
formation on RPA-covered single-stranded 

DNA. Nat Struct Mol Biol 2010, 17(10):1260-
1262. 

46. Mahaney Brandi L, Meek K, Lees-Miller 
Susan P: Repair of ionizing radiation-
induced DNA double-strand breaks by non-
homologous end-joining. Biochemical 
Journal 2009, 417(3):639-650. 

47. Pierce AJ, Hu P, Han M, Ellis N, Jasin M: Ku 
DNA end-binding protein modulates 
homologous repair of double-strand 
breaks in mammalian cells. Genes Dev 
2001, 15(24):3237-3242. 

48. VANDERSICKEL V, DEPUYDT J, VAN 
BOCKSTAELE B, PERLETTI G, Phillippe J, 
Thierens H, VRAL A: Early Increase of 
Radiation-induced &gamma-H2AX Foci in a 
Human Ku70/80 Knockdown Cell Line 
Characterized by an Enhanced 
Radiosensitivity. Journal of Radiation 
Research 2010, 51(6):633-641. 

49. Tsai CJ, Kim SA, Chu G: Cernunnos/XLF 
promotes the ligation of mismatched and 
noncohesive DNA ends. Proceedings of the 
National Academy of Sciences of the United 
States of America 2007, 104(19):7851-7856. 

50. Kumar V, Alt FW, Oksenych V: Functional 
overlaps between XLF and the ATM-
dependent DNA double strand break 
response. DNA repair 2014, 16:11-22. 

51. Zha S, Guo C, Boboila C, Oksenych V, Cheng 
HL, Zhang Y, Wesemann DR, Yuen G, Patel 
H, Goff PH et al: ATM damage response 
and XLF repair factor are functionally 
redundant in joining DNA breaks. Nature 
2011, 469(7329):250-254. 

52. Boboila C, Alt FW, Schwer B: Classical and 
alternative end-joining pathways for repair 
of lymphocyte-specific and general DNA 
double-strand breaks. Advances in 
immunology 2012, 116:1-49. 

53. Lieber MR: NHEJ and its backup pathways 
in chromosomal translocations. Nat Struct 
Mol Biol 2010, 17(4):393-395. 

54. Ceccaldi R, Rondinelli B, D’Andrea AD: 
Repair Pathway Choices and Consequences 
at the Double-Strand Break. Trends in Cell 
Biology, 26(1):52-64. 

55. Soni A, Siemann M, Grabos M, Murmann T, 
Pantelias GE, Iliakis G: Requirement for 
Parp-1 and DNA ligases 1 or 3 but not of 
Xrcc1 in chromosomal translocation 



Chapter 1 

 

 

24 

formation by backup end joining. Nucleic 
acids research 2014, 42(10):6380-6392. 

56. Coleman CN: Linking radiation oncology 
and imaging through molecular biology (or 
now that therapy and diagnosis have 
separated, it's time to get together again!). 
Radiology 2003, 228(1):29-35. 

57. Bergoni, xe, J., Tribondeau L: Interpretation 
of Some Results of Radiotherapy and an 
Attempt at Determining a Logical 
Technique of Treatment / De Quelques 
Resultats de la Radiotherapie et Essai de 
Fixation d'une Technique Rationnelle. 
Radiation Research 1959, 11(4):587-588. 

58. Gerlinger M, Rowan AJ, Horswell S, Larkin J, 
Endesfelder D, Gronroos E, Martinez P, 
Matthews N, Stewart A, Tarpey P et al: 
Intratumor heterogeneity and branched 
evolution revealed by multiregion 
sequencing. N Engl J Med 2012, 
366(10):883-892. 

59. Anderson K, Lutz C, van Delft FW, Bateman 
CM, Guo Y, Colman SM, Kempski H, 
Moorman AV, Titley I, Swansbury J et al: 
Genetic variegation of clonal architecture 
and propagating cells in leukaemia. Nature 
2011, 469(7330):356-361. 

60. Makinde AY, John-Aryankalayil M, Palayoor 
ST, Cerna D, Coleman CN: Radiation 
Survivors: Understanding and exploiting 
the phenotype following fractionated 
radiation therapy. Molecular cancer 
research : MCR 2013, 11(1):5-12. 

61. Wolfe AR, Woodward WA: Breast Cancer 
Stem Cell Correlates as Predicative Factors 
for Radiation Therapy. Seminars in 
radiation oncology 2015, 25(4):251-259. 

62. Horsman MR, Overgaard J: The impact of 
hypoxia and its modification of the 
outcome of radiotherapy. Journal of 
radiation research 2016. 

63. Peitzsch C, Perrin R, Hill RP, Dubrovska A, 
Kurth I: Hypoxia as a biomarker for 
radioresistant cancer stem cells. 
International journal of radiation biology 
2014, 90(8):636-652. 

64. Barker HE, Paget JTE, Khan AA, Harrington 
KJ: The tumour microenvironment after 
radiotherapy: mechanisms of resistance 
and recurrence. Nat Rev Cancer 2015, 
15(7):409-425. 

65. Chan N, Koritzinsky M, Zhao H, Bindra R, 
Glazer PM, Powell S, Belmaaza A, Wouters 
B, Bristow RG: Chronic hypoxia decreases 
synthesis of homologous recombination 
proteins to offset chemoresistance and 
radioresistance. Cancer Res 2008, 
68(2):605-614. 

66. Subarsky P, Hill RP: The hypoxic tumour 
microenvironment and metastatic 
progression. Clinical & Experimental 
Metastasis 2003, 20(3):237-250. 

67. De Ridder M, Van Esch G, Engels B, Verovski 
V, Storme G: Hypoxic tumor cell 
radiosensitization: role of the iNOS/NO 
pathway. Bulletin du cancer 2008, 
95(3):282-291. 

68. Camphausen K, Tofilon PJ: Combining 
radiation and molecular targeting in cancer 
therapy. Cancer biology & therapy 2004, 
3(3):247-250. 

69. Lin Q, Yun Z: Impact of the hypoxic tumor 
microenvironment on the regulation of 
cancer stem cell characteristics. Cancer 
biology & therapy 2010, 9(12):949-956. 

70. Marie-Egyptienne DT, Lohse I, Hill RP: 
Cancer stem cells, the epithelial to 
mesenchymal transition (EMT) and 
radioresistance: potential role of hypoxia. 
Cancer letters 2013, 341(1):63-72. 

71. Xie J, Xiao Y, Zhu XY, Ning ZY, Xu HF, Wu 
HM: Hypoxia regulates stemness of breast 
cancer MDA-MB-231 cells. Medical 
oncology (Northwood, London, England) 
2016, 33(5):42. 

72. Colak S, Medema JP: Cancer stem cells--
important players in tumor therapy 
resistance. The FEBS journal 2014, 
281(21):4779-4791. 

73. Hussein D, Punjaruk W, Storer LCD, Shaw L, 
Othman RT, Peet A, Miller S, Bandopadhyay 
G, Heath R, Kumari R et al: Pediatric brain 
tumor cancer stem cells: cell cycle 
dynamics, DNA repair, and etoposide 
extrusion. Neuro-Oncology 2011, 13(1):70-
83. 

74. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, 
Hjelmeland AB, Dewhirst MW, Bigner DD, 
Rich JN: Glioma stem cells promote 
radioresistance by preferential activation 
of the DNA damage response. Nature 2006, 
444(7120):756-760. 



General Introduction 

 

1 

 

25 

75. Srivastava M, Raghavan Sathees C: DNA 
Double-Strand Break Repair Inhibitors as 
Cancer Therapeutics. Chemistry & Biology 
2015, 22(1):17-29. 

76. Samadder P, Aithal R, Belan O, Krejci L: 
Cancer TARGETases: DSB repair as a 
pharmacological target. Pharmacology & 
Therapeutics 2016. 

77. Lord CJ, Garrett MD, Ashworth A: Targeting 
the Double-Strand DNA Break Repair 
Pathway as a Therapeutic Strategy. Clinical 
Cancer Research 2006, 12(15):4463-4468. 

78. Gavande NS, VanderVere-Carozza PS, 
Hinshaw HD, Jalal SI, Sears CR, Pawelczak 
KS, Turchi JJ: DNA repair targeted therapy: 
The past or future of cancer treatment? 
Pharmacology & Therapeutics 2016, 160:65-
83. 

79. Oei AL, Vriend LE, Crezee J, Franken NA, 
Krawczyk PM: Effects of hyperthermia on 
DNA repair pathways: one treatment to 
inhibit them all. Radiation oncology 
(London, England) 2015, 10:165. 

80. Krawczyk PM, Eppink B, Essers J, Stap J, 
Rodermond H, Odijk H, Zelensky A, van Bree 
C, Stalpers LJ, Buist MR et al: Mild 
hyperthermia inhibits homologous 
recombination, induces BRCA2 
degradation, and sensitizes cancer cells to 
poly (ADP-ribose) polymerase-1 inhibition. 
Proceedings of the National Academy of 
Sciences of the United States of America 
2011, 108(24):9851-9856. 

81. Bergs JWJ, Krawczyk PM, Borovski T, ten 
Cate R, Rodermond HM, Stap J, Medema JP, 
Haveman J, Essers J, van Bree C et al: 
Inhibition of homologous recombination 
by hyperthermia shunts early double 
strand break repair to non-homologous 
end-joining. DNA repair 2013, 12(1):38-45. 

82. Oei AL, van Leeuwen CM, Ten Cate R, 
Rodermond HM, Buist MR, Stalpers LJ, 
Crezee J, Kok HP, Medema JP, Franken NA: 
Hyperthermia Selectively Targets Human 
Papillomavirus in Cervical Tumors via p53-
Dependent Apoptosis. Cancer Res 2015, 
75(23):5120-5129. 

83. Kok HP, Crezee J, Franken NA, Stalpers LJ, 
Barendsen GW, Bel A: Quantifying the 
combined effect of radiation therapy and 
hyperthermia in terms of equivalent dose 

distributions. Int J Radiat Oncol Biol Phys 
2014, 88(3):739-745. 

84. Crezee J, van Leeuwen CM, Oei AL, van 
Heerden LE, Bel A, Stalpers LJ, Ghadjar P, 
Franken NA, Kok HP: Biological modelling of 
the radiation dose escalation effect of 
regional hyperthermia in cervical cancer. 
Radiation oncology (London, England) 2016, 
11(1):14. 

85. Rancati T, Fiorino C, Fellin G, Vavassori V, 
Cagna E, Casanova Borca V, Girelli G, 
Menegotti L, Monti AF, Tortoreto F et al: 
Inclusion of clinical risk factors into NTCP 
modelling of late rectal toxicity after high 
dose radiotherapy for prostate cancer. 
Radiother Oncol 2011, 100(1):124-130. 

86. Hunter GK, Reddy CA, Klein EA, Kupelian P, 
Angermeier K, Ulchaker J, Chehade N, 
Altman A, Ciezki JP: Long-Term (10-Year) 
Gastrointestinal and Genitourinary Toxicity 
after Treatment with External Beam 
Radiotherapy, Radical Prostatectomy, or 
Brachytherapy for Prostate Cancer. 
Prostate Cancer 2012, 2012(853487). 

87. West CM, Barnett GC: Genetics and 
genomics of radiotherapy toxicity: towards 
prediction. Genome medicine 2011, 3(8):52. 

88. Allemani C, Weir HK, Carreira H, Harewood 
R, Spika D, Wang X-S, Bannon F, Ahn JV, 
Johnson CJ, Bonaventure A et al: Global 
surveillance of cancer survival 1995–2009: 
analysis of individual data for 25 676 887 
patients from 279 population-based 
registries in 67 countries (CONCORD-2). 
The Lancet 2014(0). 

89. Schnarr K, Boreham D, Sathya J, Julian J, 
Dayes IS: Radiation-induced lymphocyte 
apoptosis to predict radiation therapy late 
toxicity in prostate cancer patients. Int J 
Radiat Oncol Biol Phys 2009, 74(5):1424-
1430. 

90. Burri RJ, Stock RG, Cesaretti JA, Atencio DP, 
Peters S, Peters CA, Fan G, Stone NN, Ostrer 
H, Rosenstein BS: Association of single 
nucleotide polymorphisms in SOD2, XRCC1 
and XRCC3 with susceptibility for the 
development of adverse effects resulting 
from radiotherapy for prostate cancer. 
Radiat Res 2008, 170(1):49-59. 

91. Ho AY, Fan G, Atencio DP, Green S, 
Formenti SC, Haffty BG, Iyengar P, Bernstein 
JL, Stock RG, Cesaretti JA et al: Possession 



Chapter 1 

 

 

26 

of ATM sequence variants as predictor for 
late normal tissue responses in breast 
cancer patients treated with radiotherapy. 
Int J Radiat Oncol Biol Phys 2007, 69(3):677-
684. 

92. Cesaretti JA, Stock RG, Lehrer S, Atencio DA, 
Bernstein JL, Stone NN, Wallenstein S, 
Green S, Loeb K, Kollmeier M et al: ATM 
sequence variants are predictive of 
adverse radiotherapy response among 
patients treated for prostate cancer. Int J 
Radiat Oncol Biol Phys 2005, 61(1):196-202. 

93. Andreassen CN, Overgaard J, Alsner J, 
Overgaard M, Herskind C, Cesaretti JA, 
Atencio DP, Green S, Formenti SC, Stock RG 
et al: ATM sequence variants and risk of 
radiation-induced subcutaneous fibrosis 
after postmastectomy radiotherapy. Int J 
Radiat Oncol Biol Phys 2006, 64(3):776-783. 

94. Parliament MB, Murray D: Single nucleotide 
polymorphisms of DNA repair genes as 
predictors of radioresponse. Seminars in 
radiation oncology 2010, 20(4):232-240. 

95. Damaraju S, Murray D, Dufour J, Carandang 
D, Myrehaug S, Fallone G, Field C, Greiner R, 
Hanson J, Cass CE et al: Association of DNA 
repair and steroid metabolism gene 
polymorphisms with clinical late toxicity in 
patients treated with conformal 
radiotherapy for prostate cancer. Clinical 
cancer research : an official journal of the 
American Association for Cancer Research 
2006, 12(8):2545-2554. 

96. Forrester HB, Li J, Leong T, McKay MJ, 
Sprung CN: Identification of a radiation 
sensitivity gene expression profile in 
primary fibroblasts derived from patients 
who developed radiotherapy-induced 
fibrosis. Radiotherapy and Oncology 2014, 
111(2):186-193. 

97. Barnett GC, Coles CE, Elliott RM, Baynes C, 
Luccarini C, Conroy D, Wilkinson JS, Tyrer J, 
Misra V, Platte R et al: Independent 

validation of genes and polymorphisms 
reported to be associated with radiation 
toxicity: a prospective analysis study. The 
Lancet Oncology 2012, 13(1):65-77. 

98. Fachal L, Gomez-Caamano A, Barnett GC, 
Peleteiro P, Carballo AM, Calvo-Crespo P, 
Kerns SL, Sanchez-Garcia M, Lobato-Busto 
R, Dorling L et al: A three-stage genome-
wide association study identifies a 
susceptibility locus for late radiotherapy 
toxicity at 2q24.1. 2014, 46(8):891-894. 

99. Svensson JP, Stalpers LJA, Esveldt-van Lange 
REE, Franken NAP, Haveman J, Klein B, 
Turesson I, Vrieling H, Giphart-Gassler M: 
Analysis of Gene Expression Using Gene 
Sets Discriminates Cancer Patients with 
and without Late Radiation Toxicity. PLoS 
Med 2006, 3(10):e422. 

100. Finnon P, Kabacik S, MacKay A, Raffy C, 
A'Hern R, Owen R, Badie C, Yarnold J, 
Bouffler S: Correlation of in vitro 
lymphocyte radiosensitivity and gene 
expression with late normal tissue 
reactions following curative radiotherapy 
for breast cancer. Radiotherapy and 
Oncology 2012, 105(3):329-336. 

101. Reuther S, Szymczak S, Raabe A, Borgmann 
K, Ziegler A, Petersen C, Dikomey E, Hoeller 
U: Association between SNPs in defined 
functional pathways and risk of early or 
late toxicity as well as individual 
radiosensitivity. Strahlentherapie und 
Onkologie : Organ der Deutschen 
Rontgengesellschaft   [et al] 2014. 

102. Barnett GC, Thompson D, Fachal L, Kerns S, 
Talbot C, Elliott RM, Dorling L, Coles CE, 
Dearnaley DP, Rosenstein BS et al: A 
genome wide association study (GWAS) 
providing evidence of an association 
between common genetic variants and late 
radiotherapy toxicity. Radiother Oncol 
2014, 111(2):178-185. 

 

 

 



 





 

 

 

PART I 
Radiation Response in Cancer Cells 

 





 

 

CHAPTER 2 

Decay of Gamma-H2AX foci Correlates with Potentially 

Lethal Damage Repair and P53 Status 
 

 

Bregje van Oorschot 

 

Adapted from Bregje van Oorschot, Suzanne E. Hovingh, Hans Rodermond, Ahmed 

Güçlü, Nienke Losekoot, Albert A. Geldof, Gerrit W. Barendsen, Lukas J.A. Stalpers, 

Nicolaas A.P. Franken 

 

Oncology reports, 2013, 29(6):2175-80 

 

and 

 

Bregje van Oorschot, Arlene L. Oei, Anna C. Nuijens, Hans Rodermond, Ron Hoebe, Jan 

Stap, Lukas J.A. Stalpers, Nicolaas A.P. Franken 

 

Cellular & Molecular Biology Letters, 2014, 19(1):37-51 

  



Chapter 2 

 

 

32 

ABSTRACT 

Potential lethal damage repair (PLDR) is an important cellular response after radiation treatment 

and influences tumor radiosensitivity and curability. Here, the influence of the p53 status on the 

repair of potentially lethal damage and DNA double strand breaks (DSBs) was studied in two 

isogenic colorectal carcinoma cell lines: RKO (p53 wild-type) and RC10.1 (p53 null), and three 

prostate cancer cell lines: LNCaP (p53 wt), DU145 (mut p53), and PC3 (p53 null).  

Cell survival was determined by clonogenic assay, directly and 24h after irradiation with doses 

ranging from 0 to 8Gy. Survival curves were analyzed using the linear-quadratic formula: 

S(D)/S(0) = exp-(αD+βD2). To study DNA-DSB kinetics, induction and decay of γ-H2AX foci was 

measured 30 min and 24h post treatment. For this assay, cells were irradiated with single doses 

of 0, 0.5, 1 and 2Gy. Functional p53 status was assessed with cell cycle analysis and western blot. 

Cells with functional p53 (RKO and LNCaP) clearly demonstrated PLDR, which was assessed as 

increased survival levels after delayed plating (24h) as compared to cells plated immediately 

after irradiation. Mutated p53 DU145 cells demonstrated only slight PLDR, and p53 null RC10.1 

and PC3 cells did not show PLDR at all. For all cell lines, levels of γ-H2AX foci 24h after radiation 

were tremendously decreased compared to levels found 30 min after treatment. Interestingly, 

significantly less γ-H2AX foci were detected at 24h in wild-type p53 cells compared to mutated 

or p53 null cells. In addition, cells which demonstrated a clear PLDR also showed the largest 

decay in the number of γ-H2AX foci. In conclusion, functional p53 seems to be necessary for both 

cell survival and γ-H2AX foci decay, i.e. DNA DSB repair. Higher levels of PLDR and less residual 

foci were found in p53 wild type cells compared to p53 mutated or null cells. This study 

demonstrated a clear correlation between the degree γ-H2AX foci decay, and p53 status and 

potentially lethal damage repair. 
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INTRODUCTION 

DNA double-strand breaks (DSBs) are biologically the most lethal lesions produced by ionizing 

radiation. The induction of DSBs can lead to cellular death and when repaired incorrectly, they 

might lead to chromosomal breaks, genomic instability and translocations [1, 2]. Persistent 

breaks could eventually lead to carcinogenesis, through activation of oncogenes or inactivation 

of tumor-suppressor genes [3]. Phosphorylation of the histone protein H2AX (γ-H2AX) on serine 

139[4] is one of the earliest markers of DNA DSBs. The γ-H2AX ionizing radiation induced foci 

(IRIF) appear minutes after exposure with a maximum at 20-30 min, and are supposed to mark 

the locations of DNA double strand breaks [5-9]. After the breaks are rejoined, γ-H2AX is 

dephosphorylated again and thus the disappearance of the foci is related to repair of the 

DNA[10]. The repair of the potentially lethal DNA DSBs is an important factor in responses of 

cells to irradiation. Normally, the potential lethal damage induced by radiation causes cell 

reproductive death if cells are forced to go into mitosis. Preventing cells from proliferation will 

promote the repair of potential lethal damage and could subsequently lead to a decrease in 

radio sensitivity [11]. PLDR can be studied in plateau phase cultures using a clonogenic assay 

setup, wherein the replating is performed immediately after treatment (ip) or with a delay of 

24h after treatment (dp) to allow repair processes to occur [12]. The difference in survival of 

immediately and delayed plated cells is considered to exhibit the cells’ capacity of repairing 

lethal DNA damage.   

Following exposure to radiation, cells with potential lethal DNA damage are normally 

arrested at the G1/S border. Protein p53 is one of the key proteins responsible for correct 

activation of cell-cycle checkpoints [13, 14], and also plays an important role in the regulation of 

apoptosis [15, 16]. Abrogation of p53 is associated with a loss in G1 cell cycle checkpoint control, 

thereby allowing cells with DNA damage to progress into S-phase [17, 18]. Because of this, 

functional p53 status is thought to influence the repair of potentially lethal damage [11, 19]. 

However, some studies have shown that PLDR does not depend on functional p53 [20, 21].  

Survival curves following clonogenic assay are commonly described and analyzed using the 

linear-quadratic model: S(D)/S(0) = exp –(D +D2) [22, 23]. The advantage of using the LQ 

model is that changes in PLDR can be quantitatively determined by analyses of the linear 

parameter alpha, describing the low dose range of the survival curve, separately from the 

parameter  dominating the high dose range [24-26]. Analysis of survival curves from many 

studies has shown that PLDR is most clearly demonstrated by changes of the linear parameter  

[22, 27].  

The relation between PLDR, radiosensitivity and the induction and disappearance of γ-H2AX 

IRIF is not always clear. The induction of γ-H2AX foci is not directly correlated with the overall 

survival after radiation [7, 28]. However, it has been demonstrated that there is a correlation 

between the number of residual DNA DSBs at 10hr after irradiation and cell survival [29, 30]. 

Residual γ-H2AX foci, i.e. DNA DSBs, after irradiation could indicate that cells were not capable of 
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PLDR. The present study was initiated to examine the importance of p53 in the PLDR and DNA 

DSBs repair. The induction and disappearance of γ-H2AX IRIF were scored as a measure of DNA 

DSB repair, and clonogenic assay were performed to detect PLDR. Results were obtained in 

prostate cancer cells and two colorectal cancer cells with different p53 status.  

 

 

MATERIALS AND METHODS 

 

Cell cultures. The human colorectal carcinoma cells RKO and RC10.1 were kindly provided by Dr. 

Kathleen Cho [31]. These isogenic cell lines only differ in p53 status: RKO is wild-type p53 and 

RC10.1 is p53 null. Abrogation of TP53, resulting in a p53 null status, was caused by transfection 

with HPV16-E6. Geneticin (200 μg/ml) was added to the culture flasks to ensure RC10.1 cultures 

consist of transfected cells only. Both cell lines were cultured in McCoy’s 5a medium with 25 mM 

HEPES, supplemented with 10% fetal calf serum, 1 mM glutamine, 100 μg/ml penicillin and 100 

μg/ml streptomycin in a humidified atmosphere of 5% CO2 in air. Human prostate cancer cell 

lines LNCaP (p53 wild type), PC3 (p53 null) and DU145 (p53 mutant) were obtained from 

American Type Culture Collection (ATCC, Rockville). All three cell lines were cultured in RPMI 

1640 (Gibco, Invitrogen) medium supplemented with 10% fetal calf serum, 100 U/ml penicillin/ 

streptomycin and 1 mM glutamine in a humidified atmosphere of 5% CO2/95% air.  

 

Irradiation. Irradiation of colorectal cancer cells was performed with -irradiation using a 137Cs 

source at a dose rate of about 0.5Gy/min. Prostate cancer cells were irradiated with a Siemens 

Stabilipan Orthovolt at a dose rate of 3Gy/min (15 mA, 250 kV) with a 0.5 mm Cu filter. For 

determination of clonogenic survival, the cells were radiated with single doses of 0, 2, 4, 6 and 

8Gy. Detection and scoring of γ-H2AX IRIF was performed after irradiation with 0, 0.5, 1 and 2Gy 

(RKO and RC10.1 cells) or 2Gy (LNCaP, PC3 and DU145 cells). A radiation dose of 4Gy was applied 

for the cell cycle analysis. 

 

Clonogenic assay. Directly and 24h after irradiation cells were trypsinized and replated for 

clonogenic survival assay in appropriate cell numbers in 6-well plates [32]. Subsequently, cells 

were incubated for 10 days. Surviving colonies were fixated and stained with glutaraldehyde-

crystal violet solution and counted. Survival curves were analyzed using IBM SPSS 20 (Chicago, 

USA) by means of fit of data by weighted linear regression, according to the linear-quadratic 

formula: S(D)/S(0)=exp-(αD+βD2) [22, 23]. In the formula the S(D) is the survival at dose D and 

S(0) is the survival at dose 0. As a measure of PLDR, the ratio PLD- is calculated which is the 

ratio of the value of linear parameter  of cells immediately plated (ip) after irradiation and cells 

delayed plated (dp) 24 hours after irradiation.  
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Immunohistochemical detection of γ-H2AX. The γ-H2AX foci assay was used to study the 

induction and repair of DNA-DSBs. For this purpose cells were grown on sterile cover slips (21 x 

26 mm) placed in 60 mm cell culture dishes [2, 33]. Cells were irradiated when a confluent layer 

was obtained. The number of γ-H2AX foci was determined 30 min and 24h after irradiation. After 

irradiation, cells were washed with phosphate buffered saline (PBS) and fixed in PBS containing 

2% paraformaldehyde for 15 min. After three further washes with PBS, cells were treated with 

PBS containing 0.1% Triton X-100 & 1% FCS (TNBS) for 30 min to permeabilize the cells. A 

primary mouse monoclonal anti-γ-H2AX antibody (Millipore) was diluted 1:100 in TNBS. Fixed, 

permeabilized cells on the cover slides were incubated with 50µl primary antibody under a 

parafilm strip for 90 min at room temperature. Cells were then washed with PBS for about 5 min 

and the parafilm strip was removed. After this, cells were washed 2 times with TNBS. Cells on 

cover slides were incubated with 50µl secondary antibody anti-Mouse Cy3 (Jackson) (1:100 in 

TNBS) under a parafilm strip for 30 min at room temperature. Cells were then washed 2-3 times 

with TNBS for about 5 min and the parafilm strip was removed. Nuclei were stained with DAPI 

(2.5µg/ml) for 5 min and embedded in vectashield. Then cover slides were sealed to microscope 

slides. Rubber cement was used to seal the whole construct.  

 

Scoring of γ-H2AX foci. Digital image analysis was performed to determine the number of γ-

H2AX IRIF. Fluorescent photomicrographs of γ-H2AX foci were obtained using Image Pro Plus 

software. Stack images of at least 50 cells were obtained using a Leica DM RA HC Upright 

Microscope equipped with a CCD camera. One stack image consists of 23 slices with a 300 nm 

interval between the slices along the z-axis. Images were then processed and the number of foci 

per nuclei was scored using custom made software [5]. All experiments were carried out in 

triplicates, independently from each other. Numbers of foci in unirradiated control cells were 

subtracted from numbers in irradiated samples. S-phase cells were excluded using an EDU (5-

ethynyl-2'-deoxyuridine) staining (Invitrogen, Eugene, Oregon USA) to mark these cells. The ratio 

of the number of γ-H2AX foci at 30 min and 24h after irradiation was calculated as a measure of 

foci decay resulting from repair of DNA double strand breaks. 

 

Western Blotting. Levels of p53 were determined with Western blotting. Controls and irradiated 

cells were washed with PBS and harvested at 4h after treatment. Pellets were lysed in ice-cold 

RIPA buffer (20mM Tris-HCl, 150mM NaCl, 1mM Na2EDTA, 1% NP-40, 1% sodium deoxycholate, 

2.5mM sodium pyrophosphate, 1mM beta-glycerophosphate, 1mM Na3VO4, 1μg/ml leupeptin) 

for 30 min on ice with protein inhibitors [34]. Laemmli buffer with 2-mercaptoethanol (355mM) 

was added to the supernatant (1:1) and heated in boiling water 2-5 min. Finally samples were 

sonificated (Sonics & Materials Inc). 1 μg of protein was resolved by 10% SDS-PAGE precast gels 

(BioRad) and transferred to PVDF membranes. Equal protein loading was checked by Ponceau S 

staining. Immunodetection was performed for p53 (mAb Do-7, Dako) in combination with a 
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horseradish peroxidase-conjugated secondary anti-mouse IgG (Dako). Housekeeping protein 

ERK2 was detected using (mAb, Bethyl Laboratories) and a secondary anti-rabbit (mAb, 

Invitrogen, California, USA). All were enhanced chemiluminescence (Amersham Pharmacia 

Biotech). Finally, blots were analyzed using LAS4000 (GE, Healthcare life sciences).  

 

 
Figure 1. Function of p53 in colorectal cancer cells and prostate cancer cells. A: Western blot analysis of p53 

levels in whole cell lysates of RKO (wild-type), RC10.1 (p53 null), LNCaP (wild-type), DU145 (p53 mutated) and 

PC3 (p53 null) cells. B: Flow cytometric analysis of cell cycle distributions in RKO and RC10.1 cells. PI 

fluorescence indicates the amount of DNA and FITC fluorescence the incorporation of BrdU. Representative 

data from untreated and treated cells (16h after 4Gy) are shown.  

 

 

Flow Cytometric Analysis. Cell cycle distribution after irradiation was determined in 

exponentially growing cells by flow cytometric analyses of DNA content and BrdU incorporation. 

After 16h post treatment, untreated and irradiated cells were incubated with BrdU (10 M) for 

1h [11, 35], harvested and fixed in 70% ethanol in PBS. After 30 min incubation in 1 ml pepsin-
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HCl (0.4 mg/ml 0.1N HCl), washing with PBS containing 0.05% Tween20 (PBT), 30 min incubation 

in 1ml 2N HCl at 37⁰C and washing with PBT with 20mg/ml BSA (PBTb), cells were incubated with 

100 μl rat-anti-BrdU IgG (Harlan SeraLab LTD) in PBTb for 60 min at 37⁰C. For secondary antibody 

step, cells were washed with PBTg (PBT with 1% v/v normal goat serum (DAKO)) followed by 60 

min incubation at 37⁰C with 0.1 ml fluorescein conjugated goat anti-rat IgG (Jackson 

Immunoresearch) diluted 1:100 in PBTg. PI was added to a final concentration of 20μg/ml in PBS 

and samples were stored at 4⁰C before flowcytometric (FACS Canto, BD Biosciences) analysis.  

 

 

RESULTS 

 

P53 function and cell cycle arrest 

To assess p53 status of the used cell lines, western blot analysis was performed for p53 induction 

at 4h after 4Gy radiation treatment (see Figure 1 A). A clear induction of p53 after irradiation is 

demonstrated for both p53 wildtype cells RKO and LNCaP. In contrast, no p53 could be detected 

in RC10.1 and PC3 cells (p53 null). The p53 mutated DU145 cells showed similar levels of p53 in 

untreated and treated conditions, so radiation did not result in an induction. In addition, cell 

cycle analysis revealed a G1-cycle arrest 16 h after radiation in wildtype RKO cells compared to 

p53 null RC10.1 cells (Figure 1 B). For RC10.1 cells only a G2 arrest was observed after radiation 

treatment. The percentage of RKO cells remaining in S-phase cells is only 21  6%, whereas the 

percentage of S-phase in RC10.1 is 46  2%.  

 

Functional p53 result influences cell survival and PLDR capacity 

PLDR capacity of all cell lines is measured by comparing the survival curves of immediate (ip) and 

delayed plated (dp) cells. As can be depicted from Figure 2 A-B, RKO cells are more sensitive to 

ionizing radiation than the RC10.1 cells when plated immediately after irradiation. This is 

highlighted by the  values of the linear-quadratic model of ip plated cells (table I). The RKO cells 

clearly shows increased survival after delayed plating compared to immediately plated cells after 

irradiation, indicating repair of potentially lethal damage (PLDR). The difference between the ip 

and dp survival curves of the RKO cells is significant (p<0.02). For the RC10.1 cells, no differences 

between ip and dp survival curves were observed. Similar results were obtained for the prostate 

cancer cell lines: LNCaP and DU145 cells clearly showed PLDR, but the p53 null PC3 cells didn’t 

show any difference in survival after ip or dp conditions (Figure 2 C-E). In Table 1, the values of 

the linear and quadratic parameters, α and β, and the PLDR-α ratio (= αip/αdp) as a measure of 

PLDR are presented. 
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Figure 2. Survival curves of the different cancer cell lines, plated immediately (ip) and 24h after (dp) 

irradiation. PLDR is the increase in survival after dp compared to ip, and is most pronounced in p53 wildtype 

RKO (A) and LNCaP (C). Mutated p53 DU145 (D) only shows a slight PLDR, and p53 null cells RC10.1 (B) and PC3 

(E) show no PLDR at all. Error bars indicate standard error of the mean (SEM), N=3. 

 

Lowest number of residual γ-H2AX foci after radiation in p53 wildtype cells 

To measure the efficiency of DNA DSB repair, γ-H2AX foci were measured 30 min and 24h after 

radiation treatment in all cell lines (Figure 3 A). The initial numbers of foci at 30 min elucidated 

differences in radiation response between the different cancer cell types (Figure 3 B-C). Prostate 

cancer cells seem to be less sensitive to radiation (11 to 17 foci/nucleus) as compared to the 

colorectal cancer cells (approximately 25 foci/nucleus) after 2Gy radiation. For this study 

however, the decay of γ-H2AX foci 24h after treatment is more important. By comparing the  

initial induced foci numbers with the residual foci numbers, differences in repair capacity 

between cell types can be observed. Significant more residual γ-H2AX foci were detected 24h 

after radiation in RC10.1 cells compared to the RKO cells (p<0.01). As the initial foci numbers are 

the same for both cell lines, the largest foci decay is therefore observed in wildtype p53 RKO 

cells. Similar for the prostate cancer cells, the highest decline in foci number is detected for 

LNCaP cells (p53 wildtype) and the lowest for PC3 cells (p53 null). Foci decay ratios (initial γ-

H2AX foci numbers divided by residual γ-H2AX foci numbers) and p53 status of the different cell 

lines are presented in Table 1. 
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Figure 3. Induction of γ-H2AX foci scored 30 min and 24h after 2Gy irradiation. A: Visualization of γ-H2AX in 

RKO and RC10.1 colorectal cancer cells. Each foci represent one DNA-DSB. B: Quantification of induced foci 

number in RKO and RC10.1 cells as seen in (A). C: Quantification of induced foci in the prostate cancer cell lines. 

At least 100 cells are counted in 3 different experiments; Error represents standard error of the mean (SEM). 

Bar is 5 μm. 

 

 

DISCUSSION 

The level of PLDR and the decay of γ-H2AX foci was investigated in two isogenic colorectal cell 

lines and in three prostate cancer cell lines with different p53 status (wildtype, null or mutated). 

Results obtained in this study show that both PLDR capacity and the efficient decay of γ-H2AX 

foci are dependent on functional p53 status. Additionally, a correlation is observed between the 

decay of γ-H2AX foci and levels of PLDR. Cells with high residual γ-H2AX foci numbers did not 

show PLDR and vice versa. This indicates that the repair of potential lethal damage is linked to 

DNA DSBs repair. Survival analysis demonstrated that p53 status influences PLDR. RKO and 

LNCaP cells with wild-type p53 protein clearly demonstrated PLDR while the p53 null PC3 and 

RC10.1 cell lines showed no PLDR at all. These findings correspond to earlier studies, which 

demonstrated that an intact TP53 status is required for repair of potentially lethal damage [13, 

18]. PLDR-α values of 1.4  0.2 and 1.0  0.2 for RKO and RC10.1 cells respectively were found, 

which are almost identical to the values observed in the study of Franken et al. [11]. In addition, 
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p53 wild type cells appeared to be more radiosensitive compared to p53 null or mutated cells 

when plated immediately after irradiation. This might be due to the induction of apoptosis [15, 

16] in the p53 wildtype cells. On the other hand, in these cells the p53 induced cell cycle arrest 

allows the cells to recover the radiation damage and consequently the repair of their potentially 

lethal damage. This results in higher survival levels when plated 24h after irradiation [24]. 

Furthermore, the presented data demonstrated that decay of γ-H2AX foci after exposure to 

ionizing radiation is also dependent on p53, and conjointly associated with PLDR. Results show 

that cells with the highest PLDR also had the largest decay in number of foci, resembling a more 

proficient repair of DNA DSB. This is in agreement with results obtained by MacPhail et al. [36], 

which showed that the decay of γ-H2AX foci is associated with cell survival and repair of DSB. 

Moreover, it was reported that cervical cancer cells with wild-type p53 showed a significantly 

faster -H2AX decay rate after irradiation than cells deficient in p53 [30]. Taneja et al. [37] also 

found a correlation between radiosensitivity and residual amounts of γ-H2AX. However, other 

studies did not find a correlation between residual foci and radio sensitivity [28, 38]. A difference 

in study set up might explain these different findings, as they only studied survival of cells plated 

immediately after irradiation. To add, p53 functionality was not examined in these studies. Here, 

cell reproductive death was examined both directly as 24h after irradiation in order to study 

PLDR, which was correlated with foci decay and p53 status. Banath [30] stated that residual γ-

H2AX foci at 24h after irradiation are indicative for lethal DNA damage. Although, the initial 

number of γ-H2AX foci closely correlates with the amount of DSBs, the disappearance of γ-H2AX 

may however differ from the actual DSB repair [39, 40]. As dephosphorylation of γ-H2AX is 

slower than DSB repair, disappearance of γ-H2AX foci could occur while the break is not repaired 

yet [41]. On the other hand, when phosphorylation is hindered and γ-H2AX foci remain visible, it 

is possible that the DNA DSB is already still repaired. Residual foci could also be an indication for 

misrepaired chromosomes [42]. Nevertheless, the decay of γ-H2AX foci is generally used as a 

measure for DSB repair.  

The linear-quadratic model is based on the observation that cell reproductive death results 

from lesions induced by single-particle tracks of ionizing particles or from interaction of sublethal 

damage from two independent particles. As DNA DSBs are considered to be the most lethal 

lesions, PLDR capacity should represent the repair of DNA DSBs. The present results on the decay 

of γ-H2AX foci as indicators of DNA DSBs and the correlation with PLDR are consistent with this 

hypothesis. Furthermore, the results show that functional p53 status is important for efficient 

repair of potential lethal damage and thus DNA DSBs. Efficient PLDR capacity undermines the 

effect of radiation treatment. Therefore studies investigating genes or factors which influence 

PLDR activity are important and may lead to a better tumor control or treatment strategy. 
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Table I. LQ parameters  and  , PLDR-, foci decay ratio and p53 status of the different cancer cell lines. 

LQ, linear-quadratic; PLDR, potentially lethal damage repair; ip, cells immediately plated after irradiation; dp, 

cells delayed plated 24h after irradiation. Error indicates standard error of the mean (SEM), n=3. 
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ABSTRACT 
Radiotherapy is based on the induction of lethal DNA damage, primarily DNA double-strand 

breaks (DSBs). However, effectiveness of therapy is reduced by efficient DSBs repair via Non-

Homologous End Joining or Homologous Recombination. This study aims to enhance the 

radiation effect by suppressing DNA-DSB repair with hyperthermia (HT) and DNA-PKcs inhibitor 

NU7441 (DNA-PKcsi).  

The sensitizing effect of HT for 1 hour at 42⁰C and DNA-PKcsi [1μM] to radiation treatment was 

investigated in cervical- and breast cancer cells, primary breast cancer stem cells (BCSCs) and in 

an in vivo human tumor model. A significant radio-enhancement effect of DNA-PKcsi and HT was 

observed for all cell types, and combination of both enhanced radiosensitivity to an even greater 

extent. Strikingly, combined treatment resulted in significant lower survival rates, 2 to 2.5 fold 

increase of apoptosis, more residual DNA-DSBs 6h post treatment and G2-phase arrest. In 

addition, tumor growth analysis in vivo showed significant reduction in tumor growth and 

elevated CASP3 activity after radiation combined with HT and DNA-PKcsi compared to radiation 

alone. Importantly, no toxic side effects of HT or DNA-PKcsi were found. 

In conclusion, hampering DNA-DSB repair using HT and DNA-PKcsi before radiotherapy leads to 

enhanced cytotoxicity in cancer cells. This effect was even noticed in the more radio-resistant 

CSCs, which are clearly sensitized by combined treatment. Therefore, the addition of HT and 

DNA-PKcsi to conventional radiotherapy is promising and might contribute to a more efficient 

tumor control and patient outcome.  
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INTRODUCTION 
The working mechanism of many anti-cancer treatments, including ionizing radiation, is the 

induction of lethal DNA double strand breaks (DSBs) [1, 2]. The more rapidly dividing tumor cells 

are thought to be more sensitive to ionizing radiation then healthy cells, and their subsequent 

DNA damage response less efficient[2]. However, tumor cells can still repair the induced DSBs 

thereby undermining the effectiveness of therapy. Furthermore, some tumor cells are thought 

to be less sensitive to radiation treatment[3], i.e. the cancer stem cells (CSC), which might resist 

therapy or repair DNA breaks more efficiently[4]. Therefore, a suggested mechanism to sensitize 

tumor cells and cancer stem cells to radiation is the inhibition of DNA-DSB repair proteins [5, 6]. 

In mammalian cells, DSBs are repaired predominantly by non-homologous end joining (NHEJ) or 

homologous recombination (HR) [7, 8]. A complex cascade of reactions is initiated after a DSB 

has been induced. ATM kinase and the Mre11/Rad50/NBS1 (MRN) complex are triggered and 

subsequently the histone protein H2AX is phosphorylated at the DSB sites to γ-H2AX, presenting 

one of the earliest markers of DSBs [9-11]. Other DSB repair proteins, including MDC1, 53BP1 

and RAD51 are then attracted to the break ends and, accompanied by γ-H2AX, form ionizing 

radiation induced foci (IRIF) [12, 13]. After initial recognition, repair of DSBs can be executed. 

Failure of repair proteins to form IRIF has been linked to damage response deficiencies [14]. 

Interestingly, several studies correlate the induction and disappearance of γ-H2AX IRIF in vitro 

with treatment response in tumors and normal tissue [15-20]. The higher the number of induced 

γ-H2AX foci or slower disappearances rate, the more sensitive tumor cells are to radiation 

treatment. Furthermore, persisting γ-H2AX IRIF in normal cells 24h after radiation are associated 

with the development of late severe side effects.  

HR requires a homologous DNA sequence to repair the broken strand and therefore is 

mainly active during the S and G2 phases of the cell cycle when a DNA template is available in 

the form of a sister chromatid [21]. The major HR factors include Rad51, Rad54, BRCA2 and RPA 

[22]. In contrast, NHEJ is active during all phases of the cell cycle as it ligates DNA break ends 

without requiring a homologous sequence. Therefore NHEJ is thought to be the less accurate 

form of DSBs repair [23]. One of the key proteins in the NHEJ process is DNA-PK. After induction 

of a DSB, the KU heterodimer, consisting of the KU70 and KU80 proteins, binds DNA break ends 

and recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) leading to 

formation of the DNA-PK holo-enzyme [21]. DNA-PK then forms a functional complex with 

Artemis, which provides nucleolytic processing activity required to prepare DNA ends for ligation 

[24].  

Hyperthermia (HT) is currently being used in the clinic and has proven to be a potent 

sensitizer of radiotherapy and/or chemotherapy [25, 26]. Krawczyck et al. [27] showed that 

hyperthermia transiently degrades the BRCA2 protein and subsequently abolishes the RAD51 

protein to accumulate at the break ends. The inactivation of RAD51 and BRCA2 leads to a 

temporarily inhibition of the HR repair. However, blocking HR repair could lead to a 
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compensated NHEJ DSB repair [6, 28]. Therefore, we want to investigate the inhibition of both 

HR and NHEJ repair pathway. Here, NHEJ repair was inhibited by the specific DNA-PKcs inhibitor 

NU7441 (DNA-PKcsi) [29, 30]. Results show that a combination of both repair inhibitory 

modalities clearly enhanced radiosensitivity more than the single treatments, both in 

experimental cell lines and BCSCs as well as in human tumor mouse models.  

 

 

MATERIALS AND METHODS 
 

Cell cultures. Human cervical cancer cells: HeLa and SiHa and human breast cancer cells: MCF7 

and T47D were obtained from the American Type Culture Collection (ATCC). Primary human 

BCSCs were obtained by mechanical and enzymatically digestion of breast cancer tissues, 

collected at the Department of Surgical, Oncological and Stomatological Sciences, in accordance 

with the ethical standards of the University of Palermo institutional committee, as previously 

described [31]. HeLa and SiHa cells were routinely cultured in Eagle’s Minimum Essential 

medium (EMEM, Gibco-brl technologies), MCF7 cells in Dulbecco’s modified Eagles medium 

(DMEM), and T47D cells in Iscove’s Modified Dulbecco’s medium (IMDM), all supplemented with 

8% fetal bovine serum and antibiotic penicillin, streptomycin and glutamine (PSG) at 37ºC in a 

5% CO2 humidified chamber. Primary breast cancer cells were cultured as spheroids in serum-

free DMEM/F12 medium supplemented with 2% B27 (50X, Gibco), basic fibroblast growth factor 

(bFGF; 10ng/mL) and EGF (20 ng/mL) in ultra-low attachment flask (Corning). 

 

Irradiation, hyperthermia and DNAPKcsi treatment. Radiation treatment was performed with γ-

irradiation using a 137Cs source at a dose rate of about 0.5Gy/min. Levels of apoptosis and cell 

cycle distribution were measured after 4Gy irradiation, numbers of IRIF were detected after 1Gy, 

and for clonogenic assay survival analysis cells were irradiated with 0, 2, 4, 6, and 8Gy. 

Hyperthermia treatment was performed by incubating cells at 42ºC for 1h in a thermostatically 

controlled water bath with additional CO2. DNA-PKcs was inhibited using specific inhibitor 

NU7441, also known as KU-57788 (Selleckchem). NU7441 was dissolved in DMSO as 10 mM 

stock, further diluted in PBS to 1mM and added to culture medium at a final concentration of 1 

μM. DNA-PK activity was measured in whole cell lysates from SiHa cells using the promega 

SignaTECT DNA dependent protein kinase assay system, according to manufacturer’s protocol 

(Supplementary Figure S3 C). 

 

In vivo tumor model and xenografts. Human cervical cancer SiHa cells were injected into the 

right hind leg of Athymic mice. In approximately 4 weeks, tumor volumes of 100 mm3 were 

reached and mice were divided randomly in 8 groups (n=6), existing of all different treatment 

combinations and controls. DNA-PKcs inhibitor NU7441 was dissolved in 40% PEG400/Saline and 
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injected i.p. (10mg/kg) [29] for 4 days before start of HT and RT treatment. For hyperthermia, a 

water bath system was used were only the right hind leg was treated for 1h at 42⁰C. HT was 

applied only on the first day of treatment. Mice were cooled to prevent an increase of the body 

core temperature, and anesthetized with a mixture of 2.5% isoflurane in oxygen. Radiation 

treatment was executed for 4 days with a daily dose of 3Gy using a X-ray RS320 Research cabinet 

(X-Strahl, 210kV, 15mA and 0.5mmCu filter). For tumor growth delay analyses, tumor volumes 

were measured twice per week and mice were sacrificed when tumor volumes above 1000mm3 

were reached. Levels of CASP3 and γ-H2AX were detected in xenografts of mice sacrificed 6h, 

24h or 48h after treatment. Per treatment condition, 3 xenografts were analyzed by 

immunohistochemistry. Animal experiments were approved by the animal welfare committee of 

the Academic Medical Center (AMC) as required by Dutch law LEX143. 

 

Clonogenic assay. Adhering cells were plated in appropriate cell numbers in 6-well macroplates 

prior to treatment. After attachment, DNA-PKcsi NU7441 or DMSO only (mock treatment) was 

added and cells were treated with hyperthermia for 1h. Immediately after hyperthermia, cells 

were irradiated with doses up to 8Gy. Cells were incubated for 10 days to form colonies. After 

this period surviving colonies were fixated and stained with glutaraldehyde-crystal violet solution 

and counted manually. Spheroid BCSC cultures were dissociated and FACS deposited using 

FACSaria (BD Biosciences) in a limiting dilution manner at 5, 10, 25, 50, 100 and 200 cells per well 

in ultra-low 96-well plates (Corning). After sorting, DNA-PKcsi was added to medium and plates 

were subjected to HT and RT. Clonal frequency was evaluated with the Extreme Limiting Dilution 

Analysis ‘limdil’ function as described[32].  

 

Immunohistochemistry in vitro and in vivo. Detection and scoring of immunofluorescence γ-

H2AX and Rad51 in cell lines was performed as previously described [15, 27]. Xenografts were 

fixated in 3.6% paraformaldehyde (Aurion) and embedded in paraffin. Sections of 4μm were 

prepared for detection of both cleaved-Caspase3 and γ-H2AX and heat-induced antigen retrieval 

was performed at pH 6. CASP3 sections continued with peroxidase blocking for 20 min and 

serum blocking using Ultra-V (Immunologic) for 5 min. Primary antibody Cleaved-Caspase3 (anti 

rabbit, Cell Signaling) was applied 1:200 overnight at 4⁰C. Afterwards, sections were incubated 

with Powervision Poly-HRP-GAM/R/R IgG (Immunologic) for 30 min and PowerDAB 

(Immunologic) for 1-2 min, counterstained with haematoxylin (Fluka) and mounted with pertex. 

For γ-H2AX, sections were blocked after antigen retrieval in PBTB: PBS containing 0.1% Tween20 

and 2% Bovine Serum Albumin (BSA) and incubated with primary antibody mouse monoclonal 

anti- γ-H2AX (Millipore) for 90 min (1:100 in PBTB) at room temperature. Secondary antibody 

goat anti-mouse Cy3 (Jackson Immunoresearch) was applied for 60min, and DAPI (Sigma-Aldrich) 

was used as counterstain. After washing, sections were embedded in Vectashield and analyzed.  
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Cell Cycle and Apoptosis analyses. Cell cycle analysis was carried out by flow cytometry using 

Bromodeoxyuridine (BrdU) and propidium iodide (PI) staining. BrdU (10μM) was administered to 

cell cultures at 16h after treatment. After 1h at 37⁰C, cells were harvested and fixed overnight in 

70% ethanol in PBS. Fixed cells were centrifuged (1min, 2200 RPM), resuspended in 1ml pepsin-

HCL (0.4 mg/ml 0.1N HCL), and incubated for 30 min. PBT (PBS with 0.05% Tween20) was added 

while vortexing, samples were centrifuged and incubated for 30 min in 1ml 2N HCL at 37⁰C. After 

washing with PBTb (PBT with 20 mg/ml BSA), the pellet was resuspended in 100μl rat anti-BrdU 

(Harlan Seralab) diluted 1:100 in PBTb for 60 min at 37⁰C. For secondary antibody step, cells 

were washed with PBTg (PBT with 1% v/v normal goat serum (DAKO)) followed by 60 min 

incubation at 37⁰C with 0.1 ml fluorescein conjugated goat anti-rat IgG (Jackson 

Immunoresearch) diluted 1:100 in PBTg. PI was added to a final concentration of 20μg/ml in PBS 

and samples were stored at 4⁰C before flowcytometric (FACS Canto, BD Biosciences) analysis.  

 

Apoptosis analysis. The Nicoletti assay [33] was used to study apoptosis in adhering cell lines 

after different treatments. Cells were harvested 48h post treatment and resuspended in nicoletti 

buffer (0.1% w/v Sodium Citrate, 0.1% v/v Triton-X in ddH2O, pH 7.4) and analyzed with flow 

cytometry (FACS Canto).  

 

Statistical Analysis. All experiments were performed at least 3 times, independently, and results 

are shown as mean ± SD. Survival curves were analyzed using SPSS (Chicago) statistical software 

by means of fit of data by weighted linear regression, according to the linear-quadratic formula: 

S(D)/S(0)=exp-(αD+βD2) [34, 35]. For γ-H2AX and Rad51 foci detection, at least 100 cells per 

condition per experiment were scored and the data is presented as the mean ± standard error 

(SEM). GraphPad Prism 6 was used to perform ANOVA analysis, followed by unpaired Student t-

test (two tails) for comparison of independent treatments. Significant P values are given, * 

indicates P<0.05, ** indicate P<0.01 and *** indicate P<0.001. ns indicates non statistically 

significant. 

 

 

RESULTS 
 

DNA-PKcsi and hyperthermia sensitize cancer cells and BCSCs to radiation treatment 

Clonogenic survival assays were performed to study whether inhibition of HR in combination 

with prevention of NHEJ can lead to a more effective therapy. Results demonstrated a clear 

radio-enhancement when the cells are treated with either DNA-PKcsi or hyperthermia prior to 

irradiation. Overall lower survival fractions are found with increasing radiation dose in all 

assessed cell lines (Fig. 1 A-B, Supplementary Fig. S1 A-B). 
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Figure 1: Cancer cells and CSCs are clearly sensitized to ionizing radiation (RT) by DNA-PKcs inhibition and 

hyperthermia (HT). A and B: Clonogenic assay with increasing radiation dose after combined treatment in Siha 

(A) and MCF7 (B) cells. Survival curves were established using the linear quadratic regression model, 

corresponding α and β values can be found in Supplementary Table S1. C: Levels of apoptosis 48 h after 

different combinations of treatment in SiHA cells. D: Levels of apoptosis of MCF7 cells harbouring CASP3 

mutation, treated as in (C). E: Limiting dilution analysis for BCSCs treated as in (C). F: Flow cytometer plots 

presenting results of nicoletti assay in SiHa cells. All experiment were performed at least three times, 

independently and error bars represent SD. 
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Moreover, the radiosensitizing effect is observed in an even greater extent when the 

combination of both treatments is used. In Supplementary Table S1 values of the parameters of 

the Linear Quadratic model are presented. Hyperthermia, DNA-PKcsi and the combination 

resulted in a higher induction of unrepairable DNA damage in cells compared to irradiation 

alone, indicated by the higher α-values after combined treatment strategies. Furthermore, the 

reduced clonogenic survival is confirmed by increasing levels of apoptosis after combination 

treatments (Fig. 1 C and F, Supplementary Fig. S1 C-D). Importantly radiation alone does not 

induce apoptosis, but in combination with DNA-PKcsi and HT a strong apoptotic response is 

detected. As MCF7 cells are deficient of caspase 3, no levels of apoptosis could be measured 

with Nicoletti assay in this cell line (Fig. 1 D)[36]. Limiting dilution analysis with spheroid BCSCs 

(Fig. 1 E) showed a significant decrease in clonogenic growth after radiation, and this decrease is 

further enhanced by HT or DNA-PKcsi. Strikingly, combination of radiation with HT and DNA-

PKcsi resulted in a 3-fold reduction in clonogenic capacity compared to radiation alone 

(p=0.001). 

 

Delayed disappearance of DNA-DSB IRIF after HT and DNA-PKcsi  

To examine whether the radiosensitizing effect of HT and DNA-PKcsi are caused by hampered 

DNA-DSB repair, numbers of γ-H2AX IRIF were scored at several time points post treatment (Fig. 

2 A-C, Supplementary Fig S2 and Supplementary Table S2). The addition of HT and DNA-PKcsi 

didn’t influence the initial induction of DNA-DSBs after radiation. Similar numbers of γ-H2AX foci 

per cell are detected at 30min after different treatments for all cell lines, indicating that the 

amount of radiation-induced damage is the same in all conditions. However, 6h post treatment, 

significantly higher numbers of foci were found after RT combined with DNA-PKcsi and/or HT 

compared to RT alone. The average numbers of DNA-DSBs per cell also highlighted the distinct 

effect of the triple treatment strategy compared to the double (RT with either HT or DNA-PKcsi). 

Nevertheless, persisting DNA-DSBs seemed to be repaired later on, as no differences in numbers 

of IRIF are detected at 24h post treatment. Only for HeLa cells, DNA-DSB repair seemed hindered 

for a longer period as even after 24h significant higher numbers of foci were detected in the 

triple treatment compared to RT alone (Supplementary Fig S2 A). Mechanistically, a temporarily 

decrease of Rad51 accumulation at the site of γ-H2AX IRIF (Supplementary Fig. S3) after 

hyperthermia treatment was indeed observed, and fully restored after 6h.  

 

Radiosensitization after HT and DNA-PKcsi is accompanied with a G2-phase arrest 

The effect of combined treatment modalities on cell cycle distribution was measured 16h post 

treatment. In general, ionizing radiation induced an arrest of cell cycle progression in either G1 

(SiHa, MCF7) or G2 (HeLa, T47D) phase depending on cell type. Interestingly, the combination of 

DNA-PKcsi and HT with radiation resulted for all cell types in a marked accumulation of cells in 

G2 phase (Fig. 3 A-C and Supplementary Fig. S4).   
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Figure 2: Persisting ionizing radiation induced foci (IRIF) in SiHa and MCF7 cells after radiation treatment 

combined with DNA-PKcsi and HT. A: Visualization of γ-H2AX IRIF 30 min, 6h, and 24h after radiation 

treatment (1 Gy), HT 42⁰C and DNA-PKcsi [1μm]. B-C: quantification of γ-H2AX IRIF in SiHa (B) and MCF7 (C) 

cells, For each radiation condition at least 100 cells per experiment (n=3) are counted, error bars are ±SEM. Bar 

is 5μm. 

 

Tumor growth delay in vivo and higher levels of apoptosis in xenografts 

To examine whether in vivo tumors can be radiosensitized to this extent as well, the different 

treatment modalities were investigated in tumors consisting of SiHa cells in athymic mice. DNA 

DSBs and apoptotic markers were analyzed shortly after treatment, while tumor growth was 

followed for approximately 30 days. Induction of DNA-DSBs was measured by scoring γ-H2AX 

IRIFs in xenografts 6h and 24h post treatment. Similar numbers of γ-H2AX foci were detected for 

all irradiated xenografts 6h post treatment, and after 24h numbers were only slightly reduced. 

No correlations were found with in vitro IRIF analysis or hindered DNA-DSB repair after DNA-

PKcsi or HT treatment (Fig 4 A-B). In contrast, levels of apoptosis in vivo were induced to a similar 

extent as measured in the cell lines by the combined treatment. Apoptosis in vivo was measured 

by the detection of cleaved caspase-3 48 h after treatment. Significant higher levels of cleaved 

caspase-3 were detected in xenografts that received radiation combined with HT and/or DNA-

PKcsi (See Figure 4 C-D). Interestingly, only in the xenografts of the triple treatment modality, 
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necrotic regions were observed. Furthermore, the triple treatment, ionizing radiation combined 

with HT and DNA-PKcsi, resulted in a significant tumor growth delay compared to ionizing 

radiation alone (p=0.004) and compared to ionizing radiation combined with only HT (p=0.03). In 

figure 4 E and Supplementary Figure S5, normalized tumor growth curves are presented of all 

treatment groups. 

 

 

Figure 3: Radiosensitization of DNA-PKcsi and HT is accompanied with an induced G2/M arrest 16h after 

radiation. A-B: Cell cycle analysis of SiHa (A) and MCF7 (B) cells treated with radiation, hyperthermia and/or 

DNA-PKcsi. C: Flow cytometry plots of cell cycle distributions measured by the incorporation of 

bromodeoxyuridine (BrdU) in SiHa cells. As can be depicted, HT alone also affected SiHa cells in their cell cycle. 

For MCF7 this effect was not detected. Experiments are performed at least three times, error bars are SD. 
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Figure 4: Higher levels of apoptosis and clear tumor growth delay in vivo after combination treatments. A-B: 

Induction of γ-H2AX IRIF in xenografts collected 6h (A) or 24h (B) post treatment. C: Induced levels of apoptosis 

in xenografts (n=3) treated with radiation in combination with DNA-PKcsi and HT compared to radiation alone. 

Necrotic areas were observed in xenograft of triple treatment. D: Quantification of Caspase 3 staining in 

xenografts, as in (A). E: Tumor growth delay analysis after triple treatment compared to radiation alone. Tumor 

sizes were biweekly measured and normalized to initial size, every treatment group consisted of 6 mice. 
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DISCUSSION 
This study investigated the additional effect of DNA-DSB repair inhibitors added to conventional 

radiotherapy. Our results show that both HT and DNA-PKcsi enhance the effect of radiation 

treatment significantly, especially when both modalities are combined. Lower surviving fractions, 

more residual DNA damage and a G2-phase arrest were detected after combined treatment in 

all examined cervical – and breast cancer cell lines. Interestingly, the assumed radio-resistant 

BCSCs were also affected to a higher degree after combined treatment strategies compared to 

radiation alone. Furthermore, in vivo results verify the importance of adding both HT and DNA-

PKcsi to conventional radiation treatment. The highest level of apoptosis was detected and 

tumor growth was most delayed after the triple treatment strategy. 

Results of the clonogenic survival assay showed that inhibiting both DNA DSB repair 

mechanism has a large radiosensitizing effect. The value of the linear parameter, α, increased 

with the different treatments being applied (HT, DNA-PKcsi and combined treatment 

respectively), corresponding with more cell reproductive dead in lower dose regions. 

Subsequently, the value of the quadratic parameter, β, dropped with each treatment solely and 

almost no functional DNA DSB repair was observed when both repair pathways are inhibited as 

the β-value reached zero. 

In all cell lines, more persisting DNA-DSBs were detected at 6h after combined treatment 

modalities compared to radiation treatment alone. At 24h after treatment, numbers of γ-H2AX 

foci were reduced to numbers found in untreated, control samples, indicating that cells did 

eventually repair their DNA-DSB breaks. Thus the addition of HT and DNA-PKcs to radiation 

resulted in a slower loss of foci, e.g. slower repair rate, rather than no repair in the cancer cells 

who survived treatment. This can be explained by the fact that the effect of hyperthermia and 

NU7441 are only temporarily. Foci results obtained in this study, showed that Rad51 was 

detected at the sites of DSBs again 6h after HT treatment (Supplementary Fig S3 D), indicating 

active HR repair. This is congruent with other studies, which shown that hyperthermia degrades 

BRCA2 only for a few hours [26, 27]. In addition, Zhao et al [29] showed that the required 

concentration of NU7441 was only maintained in vitro up to 4 hours, meaning active NHEJ could 

occur again after 4 hours.  

Furthermore, cell cycle analysis revealed an induced G2/M phase arrest after radiation 

treatment combined with HT and DNA-PKcsi. This is in line with the results of other studies [29, 

30, 37], and might be explained by activation of other DNA damage pathways in the absence of 

HR and NHEJ. For example, activated ATR/Chk1 pathway is related to a profound accumulation 

in G2 phase in response to RT [38]. In addition, back-up End Joining (B-EJ) processes are also 

thought to benefit from a G2 arrest [39], allowing more time to repair DSBs.  

Several studies examined the sensitizing effect of DNA-PKcsi [29, 30, 37] and HT [26, 27] 

separately, but the combination of both repair inhibitors has not been tested. As mentioned, 

blocking one repair pathway is thought to lead to the compensation of other repair pathway 
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[40]. Therefore, inhibiting both at the same time leads to a more complete, and pronounced 

radiosensitization. In vitro and in vivo results obtained in this study showed the largest 

sensitizing effect when both repair mechanisms are inhibited. Especially tumor growth delay and 

xenografts analysis elucidated the distinct effect of radiation combined with HT and DNA-PKcsi. 

Furthermore, the possibility of HT and DNA-PKcsi to sensitize BCSCs to radiation treatment is 

interesting and should be further investigated. CSCs are correlated with radioresistance and poor 

survival [41], and are thought to have an highly active DNA damage response [42]. Therefore, 

the inhibition of DSB repair mechanisms by HT and DNA-PKcsi might have an augmented effect 

in the CSC population of the tumor, leading to a better treatment response in poorly controlled 

tumors. In conclusion, the results obtained in this study elucidate the use of HT and DNA-PKcs 

inhibition together with radiation treatment. The combination treatment enlarges the effect of 

conventional radiotherapy and is promising for clinical use. 

 

 

SUPPLEMENTARY INFORMATION 
Figure S1. Clonogenic survival analysis and apoptosis levels in HeLa and T47D cells. 

Figure S2. DNA-DSBs after different treatment combinations in HeLa, T47D and BCSC cells. 

Figure S3. Specificity of HT treatment and NU7441. 

Figure S4. Cell cycle distributions in untreated and treated HeLa and T47D cells. 

Figure S5. Tumor growth delay in vivo in untreated and non-irradiated control conditions. 
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SUPPLEMENTARY INFORMATION 

 

 

 
Supplementary Figure S1: Clonogenic survival analysis and apoptosis levels after different treatment 

combinations: clear radiosensitization after triple treatment. A-B: Clonogenic survival analysis for HeLa (A) and 

T47D (B) cells. C-D: Nicoletti assay performed on HeLa (C) and T47D (D) cells. All experiment were performed at 

least three times, independently and error bars are SD. 
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Supplementary Figure S2: More residual DNA-DSBs after radiation treatment combined with HT and DNA-PKcsi 

indicate for less efficient DNA repair. A-C: Results of y-H2AX IRIF analysis for HeLa (A), T47D (B) and BCSCs (C) at 

30 min, 6h or 24h post treatment.  
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Supplementary Figure S3: Specificity of HT treatment and NU7441. A-B: Significant decrease of colocalisation 

of Rad51 and y-H2AX foci directly after treatment with hyperthermia. At least 100 cells per condition were 

scored, experiment was done in triplicate, bar is 5 μm. C: DNA-PKcs activity is blocked in presence of DNA-PKcs 

inhibitor NU7441. Hyperthermia doesn’t affect DNA-PKcs activity. D: WB analysis of BRCA2 and DNA-PKcs 

elucidating the effect of HT treatment on HR pathway regulation  
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Supplementary Figure S4: Cell cycle distributions in untreated and treated HeLa (A) and T47D (B) 

cells. Radiosensitization by HT and DNA-PKcsi. Experiments are performed at least three times, 

error bars represent SD.  

 

 

 

 
Supplementary Figure S5: Tumor growth delay in vivo in untreated andnon-irradiated control conditions. No 

growth delay between the different conditions could be observed. 
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ABSTRACT 

Gamma-H2AX foci detection is the standard method to quantify DNA double-strand break (DSB) 

induction and repair. In this study, we investigated the induction and decay of γ-H2AX foci of 

different tumor cell lines and fibroblasts with known mutations in DNA damage repair genes, 

including ATM, LigIV, DNA-PKcs, Rad51 and Rad54. A radiation dose of 2.4Gy was used for either 

an acute single high-dose-rate (sHDR) exposure or a pulsed dose-rate (pDR) exposure over 24h. 

The number of γ-H2AX foci was determined at 30 min and 24h after sHDR irradiation and directly 

after pDR irradiation. In a similar manner, γ-H2AX foci were also examined in lymphocytes of 

patients with differences in normal tissue toxicity after a total radiation dose of 1Gy. In an initial 

count of the number of foci 30 min after sHDR irradiation, repair-proficient cell types could not 

be distinguished from repair-deficient cell types. However at 24h post irradiation, while we 

observed a large decrease in foci numbers in NHEJ-proficient cells, the amount of γ-H2AX foci in 

cell types with mutated NHEJ repair remained at high levels. Except for IRS-1SF cells, HR-

deficient cell types eventually did show a moderate decrease in foci number over time, albeit to 

a lesser extent than their corresponding parentals or repair-proficient control cells. In addition, 

analysis of c-H2AX foci after sHDR exposure of patients with different sensitivity status clearly 

showed individual differences in radiation response. Radiosensitive patients could be 

distinguished from the more radioresistant patients with γ-H2AX foci decay ratios (initial number 

of foci divided by residual number of foci). Significantly higher decay ratios were observed in 

patients without toxicities, indicating more proficient repair compared to patients with radiation 

induced side effects. After pDR irradiation, no consistent correlation could be found between 

foci number and radiosensitivity. In conclusion, γ-H2AX formation is a rapid and sensitive cellular 

response to DNA DSBs. Decay ratios after sHDR exposure elucidated large differences in γ-H2AX 

foci kinetics between the repair-proficient or -deficient cell types and patients. This assay may be 

useful for measuring cellular radiosensitivity and could serve as a clinically useful test for 

predicting radiosensitivity ex vivo before treatment. 
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INTRODUCTION 

The most detrimental lesions induced by ionizing radiation are DNA double strand breaks (DSB), 

which are repaired primarily by non-homologous end joining (NHEJ) or homologous 

recombination (HR)[1]. Cells with a defect in one of these repair pathways are more sensitive to 

radiation than normal, healthy cells. In response to DSB induction, histone H2AX located around 

the break site is rapidly phosphorylated (γH2AX ) on serine 139 by members of the PI3 kinase 

family (ATM, DNA-PK and ATR)[2]. Phosphorylation increases with time and reaches a maximum 

after approximately 30 min. γH2AX is regarded as one of the early mediators of repair of DSB. 

With the use of specific antibodies, γH2AX can be detected and DSB are visible as ionizing 

radiation-induced foci at the DSB site [3, 4]. These foci can remain for a long period at the DSB 

site. The number of γH2AX foci is regarded as sensitive and quantitative surrogate marker for the 

number of radiation-induced DSB [5, 6]. The γH2AX foci assay has been suggested as a tool to 

study DSB induction and repair, and some studies have in fact, shown that the disappearance of 

the γH2AX foci is correlated with DSB repair[5, 7-10]. However, there are also a number of 

studies that call into question the link between the decay of γH2AX and DSB repair [11, 12]. In 

addition, the dephosphorylation of y-H2AX and the subsequent decay of ionizing radiation-

induced foci are not necessarily equal to DSB repair [13]. 

The biological response to DSB induction is largely determined by DSB repair processes. DNA 

damage can result in cell death, damage repair or cell cycle arrest [14]. Cells have evolved to 

where they have a number of mechanisms for dealing with the damage arising from DSBs: 

homologous recombination (HR), non-homologous end joining (NHEJ), base excision repair (BER) 

and single-strand annealing. In mammalian cells, HR and NHEJ predominate [1]. Around 80% of 

the repair of DSBs is realized via NHEJ as this form of repair can occur throughout the whole cell 

cycle [15, 16]. HR repair is only feasible in presence of a sister chromatid as a template and 

therefore only active during S- and G2-cell phases[17]. However, due to the template alignment 

HR repair is thought to be error free, while DNA repaired by NHEJ is prone for deletions or 

mutations at the break site. One of the proteins necessary for HR repair is Rad54, which 

performs a supercoiling and opening activity by removing Rad51 from heteroduplex DNA, 

allowing subsequent recombinant synthesis of DNA by DNA polymerase [18]. Rad54-mutated 

cells cannot repair DSB by HR leaving mainly NHEJ as the possible repair pathway. As in a 

previously published study, NHEJ is an inherently error-prone process whereby two DNA ends 

are joined directly without the need for sequence homology [19]. The repair of DSBs by NHEJ 

requires Ligase IV [15]. It has a short linker region that is required for the binding of the XRCC4 

protein, which is in turn important for joining the DNA ends together. Ligase IV mutated cells 

cannot use NHEJ to repair their DSBs, leaving mainly HR as the repair pathway. In addition, when 

NHEJ is not functioning properly cells can employ an alternative NHEJ mechanism involving, 

among others, PARP1 and LIG1, also described as a backup mechanism (alt-NHEJ) [20]. 
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The questions that remain are whether the H2AX assay can discriminate between cell 

strains with a known mutation in the DNA damage repair mechanism and cell strains without a 

mutation, and what would be the radiation scheme that should be used to answer this question. 

Using the H2AX assay it has been shown that is possible to discriminate ATM+/+ from ATM+/- 

fibroblast cells after 24h of continuous (10cGy/h) low dose radiation [21]. Vandersickel et al. [22] 

found an early increase in radiation-induced H2AX foci in radiosensitive human Ku70/80 

knockdown cell lines, however, the effect was lost at later time points. Taneja et al. [23] 

reported that radiosensitive tumor cells retained H2AX foci for a longer period than 

radioresistant tumor cells. Banath et al. [6] showed that there is a correlation between residual 

number of foci at 24h after irradiation and clonogenic survival in cervical cancer cell lines. 

However, in some studies a correlation between residual foci and radiosensitivity was not 

observed [12, 24, 25]. An important step towards clinical applications of y-H2AX foci would be 

the successful prediction radiosensitivity in patients prior to initiating radiation treatment. 

Impaired DSB repair is correlated with cancer formation and normal tissue toxicities [26]. Several 

studies, including previous data of our own group [3], have shown that y-H2AX foci 

measurement can be used to identify patients at risk for severe late radiation toxicity [27, 28]. 

Because of individual differences in radiation response, information collected beforehand using 

a simple foci test could allow for better treatment planning and patient outcome. 

In the current study, induction and disappearance of y-H2AX was examined in a variety of 

cell lines with and without deficiencies in DNA DSB repair mechanisms. In addition, lymphocytes 

of patients with known radiation toxicity status were examined after different radiation 

schemes. Both acute single high-dose-rate (sHDR) and pulsed-dose-rate (pDR) radiation 

treatments were examined. 

 

 

MATERIALS AND METHODS 
 

Cell cultures. The induction and decay of H2AX foci were studied in human cancer cell lines 

U2OS and SW1573, human fibroblast cells with different ATM status, mouse embryonic 

fibroblast (MEF) cells and Chinese hamster fibroblast cell lines (Table 1). U2OS cells, MEFs (p7) 

and human fibroblast (p8) were all cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% or 15% (human fibroblasts) fetal calf serum (FCS), 1% glutamine, 

100U/ml penicillin and 100µl/ml streptomycin. Chinese hamster ovary (CHO) fibroblasts (p12) 

were cultured in Ham’s F-10 and SW1573 in Leibovitz L-15 medium, also supplemented with 10% 

FCS, 1% glutamine, 100U/ml penicillin and 100µl/ml streptomycin. The cultured cells were 

routinely incubated at 37°C in a humidified atmosphere enriched with 5% CO2. All cultures were 

split twice a week. For the H2AX foci assay cells were grown on sterilized plastic cover slips 

(21x26mm) in culture dishes. All experiments were executed with cell cultures in log-phase.  
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Table 1. Cell lines used in this study 

 Cell type  Alterations in DNA DSB repair 

SW1573 Human lung carcinoma Unknown 

U2OS Human osteosarcoma Unknown 

GM08400 Human Fibroblast None, ATM+/+ 

GM03488b Human Fibroblast ATM+/- 

GM03487 Human Fibroblast ATM-/- 

MEF L+R+ Murine Embryonic fibroblast p53-/-, LigIV+/+, Rad54+/+ 

MEF L+R- Murine Embryonic fibroblast p53-/-, LigIV+/+, Rad54-/-, defective in HR repair 

MEF L-R+ Murine Embryonic fibroblast p53-/-, LigIV-/-, Rad54+/+, defective in NHEJ repair 

MEF L-R- Murine Embryonic fibroblast p53-/-, Rad54-/-, LigIV-/-, defective in both HR & NHEJ 

repair 

CHO-AA8 Chinese Hamster Ovary Parental of IRS-1SF 

IRS-1SF Chinese Hamster Ovary XRCC3, Rad51 family, defective in HR repair  

CHO-9 Chinese Hamster Ovary Parental of XR-C1 

XR-C1 Chinese Hamster Ovary XRCC7, DNA-PKcs mutant, defective in NHEJ repair  

Notes. The SW1573 and U2OS are human cancer cell lines. The human fibroblast lines were obtained from 

Coriell Cell Repositories. The MEF cells were kindly provided by Dr. G. Iliakis [29]. The hamster cell lines were 

kindly provided by M. Zdzienicka [30].  

 

 

Lymphocytes of prostate cancer patients. After written informed consent was obtained from all 

participating individuals, whole blood samples were collected from 10 patients according to van 

Oorschot et al [3]. In this study, 5 non-responders (NR) and 5 over-responders (OR), were 

examined. NR patients are defined as those who developed no toxicity up to 2 years post 

treatment, Radiation Therapy Oncology Group (RTOG) grade 0, and over-responders as RTOG 

grade ≥3 toxicities. Blood samples were collected at least 2 years after radiation treatment. 

Lymphocytes were isolated using Ficoll (Ficoll-Paque PLUS, GE Healthcare), gradient separation. 

γ-H2AX foci induction and decay were determined in G0 unstimulated lymphocytes. 

Irradiation. X-ray irradiation was performed with a Siemens Stabilipan Orthovolt at a dose rate 

of 9.16 cGy/min (15 mA, 250 kV) with a 1mm Cu filter for the pulsed doses and with 1Gy/m for 

the acute doses. All different cell lines received a total of 2.4Gy of ionizing radiation at a single 

high-dose rate (sHDR) or pulsed dose rate (pDR) during 24 hours (10 pulses/h, corresponding to 

10cGy/h). Lymphocytes were ex vivo irradiated directly after isolation with a total dose of 1Gy, 

both for sHDR and pDR. During irradiation, the culture dishes were placed in a water bath 

connected with O2 and CO2. After sHDR irradiation, the cells were allowed to recover for 30 

minutes or for 24 hours at 37°C with 5% CO2 before fixation was performed. Fixation of pDR cells 

was performed 5 min after irradiation. For each irradiation modality a control sample was 

prepared that did not receive radiation exposure. 
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Detection of γH2AX: Immunohistochemistry and scoring. To detect γH2AX foci that form at the 

DSB site, cells were grown on plastic cover slips as described previously[31]. The coverslips 

(22x26 mm) were sterilized with alcohol (70%) and placed in 60 mm cell culture dishes. The cells 

were reseeded at a density of 2.5 x 105 cells in cell culture dishes containing sterile cover slips, 

and cells were then irradiated. Lymphocytes were irradiated in the culture dish and dropped on 

poly-D-lysine coated slides afterwards. After fixation for 15 min in 2.5% paraformaldehyde, cells 

were treated with PBS containing 0.1% Triton X-100 & 1% FCS (TNBS) for 30 min. The primary 

antibody used was a mouse monoclonal anti-γH2AX (EMD Millipore, Billerica, MA) diluted 1:100 

in TNBS. Permeabilized cells were incubated with 50µl primary antibody under a parafilm strip 

for 90 min at RT. Cells were then washed with PBS for approximately 5 min. After 2 washes with 

TNBS, 50µl secondary antibody (Goat anti-Mouse Cy3 (Jackson ImmunoResearch, Europe Ltd, 

Newmarket, UK) diluted 1:100 in TNBS was applied for 30 min at RT. Nuclei were stained with 

DAPI (2.5µg/ml) and cover slips were subsequently embedded in vectashield.  

Digital image analysis was performed to determine the number of γH2AX radiation-induced foci. 

Fluorescent photomicrographs of γH2AX foci were obtained using Image-Pro® Plus software 

(media Cybemetics Inc., Rockville, MD). Stack images of cells were obtained using a Leica DM RA 

HC Upright Microscope (Buffalo Grove, IL) equipped with a CCD camera. Stack images of at least 

100 cells per sample were taken using Image pro plus software. One stack image consists of 20 

slices with a 300 nm interval between the slices along the z-axis. Images were then processed 

using custom made software[32] and the number of foci per cell nucleus was scored manually. 

All experiments were performed in triplicate and independent of each other, except for the 

patient lymphocytes, due to limited sample size (n=1). Numbers of foci in control samples were 

subtracted from numbers in irradiated samples. See Supplementary Table S1 and S2 

(http://dx.doi.org/10.1667/RR14098.1.S1) for background foci numbers of the studied cell lines 

and patient lymphocytes. 

Cell Cycle Analysis. Cell cycle distribution was measured in untreated and treated (2.4Gy, pDR 

and sHDR radiation) Chinese hamster ovary cells. Cells were grown exponentially at the time of 

irradiation. At the same time point of the γ-H2AX foci experiments, 24h post sDHR and directly 

after pDR, untreated and treated cells were harvested by trypsinization, washed with PBS and 

fixed overnight in 0.1% Sodium Citrate, 0.1% Triton-X in ddH2O buffer containing 50µg/ml 

propidium iodide (PI). Cell cycle distribution was analyzed by using a FACScan Flow Cytometer. 

Data is shown as the mean ± standard error of the mean (SEM) of at least three independent 

experiments.  
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Table 2. Foci numbers and repair ratio of all studied cell lines after sHDR ionizing radiation treatment of 

2.4Gy 

Repair ratios are statistically tested relative to their respective repair proficient control. Error bars represent 

SEM (n=3). 

 

 
Figure 1. Number of γH2AX foci in SW1573 and U2OS cells after 2.4Gy radiation. The data represented show 

mean number of foci per nucleus ± SEM. Minimal 100 cells per condition are counted (n=3).  

 

 

RESULTS 

Human tumor cell lines  

The number of y-H2AX foci 30 min and 24h after sHDR irradiation and 5 min post pDR irradiation 

are shown in Fig. 1 and Table 2. Significantly higher numbers of foci were detected after pDR and 

24h post sHDR in U2OS cells compared to SW1573 cells, elucidating differences in radiation 

response among different cancer cell types.  

Cell line Foci 30 min Foci 24h Foci Decay ratio P Value 

SW1573 52.1 ± 1.5 8.4 ± 1.0  6.2 ± 0.8  

U2OS 57.0 ± 2.0 14.8 ± 2.2  3.8 ± 0.6  

ATM+/+ 76.2 ± 2.4 6.5 ± 0.7 11.7 ± 1.3  

ATM+/- 71.8 ± 3.0 7.1 ± 0.7 10.1 ± 1.1 0.35 

ATM-/- 58.4 ± 1.8 13.9 ± 0.7  4.2 ± 0.2 <0.01 

CHO-AA8 17.1 ± 0.7 5.3 ± 0.5  3.2 ± 0.3  

IRS-1SF 20.9 ± 0.6 14.7 ± 1.0  1.4 ± 0.1 <0.01 

CHO-9 16.1 ± 0.9 4.4 ± 0.6  3.6 ± 0.5  

XR-C1 22.6 ± 0.7 19.7 ± 0.7  1.1 ± 0.1 <0.01 

L+R+ 56.6 ± 1.7 4.2 ± 1.5 13.3 ± 4.7  

L+R- 64.6 ± 2.3 5.5 ± 2.5 11.7 ± 5.4 0.82 

L-R+ 64.3 ± 2.0 38.2 ± 1.8 1.7 ± 0.1 <0.01 

L-R- 56.4 ± 1.8 40.9 ± 2.4 1.4 ± 0.1 <0.01 
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Directly after sHDR treatment around 50 foci per cell are counted, and this number rapidly 

declined to approximately 8 foci per SW-1573 cell 24h later. The average foci number found in 

U2OS cells 24h post irradiation was almost twice as high. pDR irradiation resulted in foci 

numbers between those found at 30 min and 24h for the sHDR irradiation. In addition, the pDR-

irradiated U2OS cells showed a more sensitive response than SW1573 cells, 33.9 foci per cell 

versus 18.4 foci per cell, respectively. Calculation of the foci decay ratio (initial number of foci 

devided by residual number of foci) emphasizes this twofold difference in y-H2AX foci 

disappearance or repair rate. See Table 2 for an overview of counted foci numbers after sHDR 

exposure and the corresponding foci decay ratios.  

 

Figure 2. Frequencies of γH2AX foci in ATM+/+, ATM+/- and ATM-/- cells 30 min (panel A) and 24h (panel B) 

after acute HDR radiation and 5 minutes after pulsed radiation (panel C) . Mean number of foci per nucleus 

are depicted, error bars represent ±SEM. For each radiation condition at least 100 cells per experiment are 

counted. 

 

 

The ATM genotype cell lines 

In all three genotypes, the number of H2AX foci reaches a maximum at 30 minutes after sHDR 

irradiation. The amount of foci in ATM-/- cells was significantly lower than in ATM+/+ and ATM+/- 

cells (Fig. 2A). When cells were given 24h to recover and possibly repair the radiation-induced 

damage, a drastic decrease in number of foci per cell was observed. Remarkably, the number of 

remaining foci in the ATM-/- was now significantly higher than in the ATM+/+ and ATM +/- cells (Fig. 

2B). This is underscored by the calculation of the DNA DSB decay ratio (see Table 2). ATM-/- had 

a significant lower decay ratio (4.2) compared to ATM+/+ or ATM+/- (11.7 and 10.1 respectively), 

indicating less efficient DSB repair. After pDR irradiation there was no significant difference (Fig. 

2C) among the different ATM genotypes, and the number of foci was in-between the foci 

number observed 30 min and 24h after sHDR irradiation. 
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Figure 3. γH2AX foci in mouse embryonic fibroblasts (MEFs) after 2.4Gy radiation. L+R+: repair proficient cells 

(wildtype), L+R-: MEFS with mutation in Rad54 (HR deficient), L-R+ -: MEFS with mutation in LigIV (NHEJ 

deficient), and L-R-: MEFS with mutation in Rad54 and LigIV (both HR and NHEJ deficient. A: mean foci 

numbers 30 min after sHDR, B: mean foci numbers 24h after sHDR radiation and C: mean foci numbers after 

PDR radiation. Minimal 100 cells per condition are counted per experiment (n=3), error bars are ±SEM.  

 

 

The Mouse Embryonic Fibroblast cells 

The formation and disappearance of γH2AX foci after 2.4Gy was also examined in MEF cell lines 

with a mutation in the HR and/or NHEJ repair pathway (Fig. 3). No significant differences were 

found in initial foci numbers after sHDR treatment among all four cell lines. The number of foci 

was significantly decreased 24h after sHDR compared to 30 min after sHDR (Fig. 3A and B). 

However, in the LigIV-deficient cells the number of residual foci remained significantly higher 

than in the LigIV-proficient cells. Rad54 mutation did not significantly influence the foci induction 

or disappearance, as foci numbers for Rad54 deficient cells are similar to foci numbers in Rad54 

proficient cells both at 30 min and 24h sHDR or pDR (Fig. 3C). Consequently, the foci decay ratio 

of Rad54 deficient cells is similar to the ratio of wild-type cells. The LigIV-/-, Rad54+/+ and LigIV-/-, 

Rad54-/- cells both show a significantly lower ratio compared to repair proficient MEFs (Table 2). 

After pDR, a higher number of foci per cell was found than at 24h after sHDR. In the double 

repair deficient cells, the number of foci per cell was even higher in pDHR compared to 30 min 

after sHDR.  

 

The Chinese Hamster Ovary cell lines 

Chinese Hamster Ovary (CHO) cell lines showed a lower number of foci at 30 min after sHDR 

exposure compared to the other studied cell lines (Fig. 4A). In the repair-deficient cell lines, IRS-

1SF (mutated HR) and XR-C1 (mutated NHEJ), significantly higher initial foci numbers were 

detected than in the parentals. However, after 24h, a large decrease in foci number was 

observed in the CHO repair proficient cells, while the HR- or NHEJ- deficient cells showed only a 

moderate decline. XR-C1 cells even retained approximately 20 foci per cell after 24 hours (Fig. 

4B), relative to the 22.6 foci per cell initially. In addition, decay ratios of the repair deficient cells 

are only 1.1 and 1.4, which is three times as low as their parentals. After pDR irradiation, the 
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number of foci were again in-between the foci number observed after 30 min and 24h sHDR 

irradiation. No significant difference was observed between the IRS-1SF and the parental CHO-

AA8. The residual number of foci detected in the XR-C1 was significantly higher than in its 

parental CHO-9 (Fig. 4C). Cell cycle analysis revealed a G2 arrest after radiation in the NHEJ 

deficient XR-C1 cells, whereas IRS-1SF cells are not significantly altered in their cell cycle by 

radiation exposure (Table 3). Similar percentages were found in untreated and treated cells in 

both parental and HR-deficient IRS-1SF cells. As shown in Table 3, IRS-1SF cells had slightly more 

cells located in G2 phase at the beginning of the experiment compared to the other cell lines. 

Interestingly, pDR radiation induces an increase in S/G2 for all four cell types, and therefore 

might enhance HR-mediated repair. Concordantly, lower residual foci numbers are detected in 

NHEJ-deficient XR-C1 cells after pDR treatment compared to sHDR treatment. 

 

Lymphocytes of prostate cancer patients 

In a previously published study [3], the γH2AX foci assay was used to measure radiosensitivity in 

prostate cancer patients, and the correlation of the γH2AX foci decay ratios with radiation-

induced normal tissue toxicities was investigated. Patients with late toxicities (OR) showed an 

overal lower foci decay ratio, indicating less efficient DSB repair, compared to patients without 

toxicities (NR). Here a subset of the NR and OR patients was re-examined with both sHDR and 

pDR treatments. As shown in Fig. 5 and Table 4, initial numbers of foci after sHDR exposure were 

similar among patients with different sensitivity status. After 24h, all patients showed a decline 

in foci numbers, but even though on average a lower number of foci was observed in patients 

without toxicities (Fig. 5B) compared to patients with toxicities (Fig. 5A), this difference is not 

statistically significant. Also with pDR exposure, no significant differences in foci number were 

found between the two patient groups. However, analysis of individual foci decay ratios, clearly 

distinhuish the OR from NR patients (Fig. 5C; P<0.01). 

 

 

DISCUSSION 

 

In this study of different cell lines with different repair capacities, a comparison was performed 

of the number of γ-H2AX foci induced by sHDR treatment at 30 min and 24h after X-ray 

irradiation to the number of γ-H2AX foci induced by pDR treatment at 5 min after irradiation. 

Background foci numbers of cell lines and patient lymphocytes were measured in untreated 

samples, and subtracted from the results. This number was generally very low, but differed 

among cell types. In both parental and mutated CHO cell lines, relatively high background foci 

numbers were detected. As this was the case for all 4 lines it did not interfere with our results. 

The aim of this study was to validate and optimize the γ-H2AX assay by using it to discriminate 

among cell strains with and without mutations in the DNA damage repair mechanisms. 
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Figure 4. Numbers and visualization of γH2AX foci in Chinese Hamster Ovary (CHO) fibroblasts after 2.4Gy 

radiation. A: mean foci numbers 30 min after sHDR, B: mean foci numbers 24h after sHDR radiation and C: 

mean foci numbers after pDR radiation. D- E: representative microscopic images are shown of all cell lines. Bar 

is 5μm. For each radiation condition at least 100 cells per experiment are counted, error bars are ±SEM. 
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Many different assays have been used to investigate the number of DSBs to quantify the 

radiosensitivity of cells, such as the clonogenic assay, comet assay or PFGE [14, 33, 34]. All these 

tests are time consuming and require a relatively high radiation dose. The γ-H2AX assay is a 

relatively fast way to identify the amount of DSBs, and foci can be detected after doses as low as 

5 mGy [35, 36]. The γ-H2AX assay performed after pDR irradiation for this study was based on 

the assay described by Kato et al. [21], with some differences. In this study, cells were irradiated 

with a pulsed dose every 6 min and not with a constant low dose of 10cGy/h. This difference 

might be the reason that we could not observe a difference between foci numbers in the ATM+/+ 

and ATM+/- fibroblast cells after pDR irradiation. Here, a difference was only detected at 24h 

after sHDR irradiation between the ATM+/+ or ATM+/- and the ATM-/- cells. Apart from the LigIV-/-

/Rad54-/- MEF cells and the end-joining (XR-C1) deficient hamster cells, pulsed radiation 

treatment induced numbers of foci in-between the foci numbers found at 30 min and 24h after 

sHDR irradiation. While at first thought, the total induction of DSB should be similar to acute 

high-dose treatment, the 6 min between each pulse might give enough time to repair some DNA 

damage, resulting in less ionizing radiation-induced foci at the time of fixation. At 30 min after 

sHDR irradiation no clear correlation could be found between the number of foci in repair 

proficient cell types and the number of foci in repair deficient cell types. No distinct induction of 

foci was observed among the different assessed cell types. At 24h after sHDR irradiation in the 

ATM-/-, LigIV-deficient MEF and the XR-C1 (Chinese hamster deficient NHEJ) cells the number of 

residual γ-H2AX foci remained much higher compared to the parentals or repair-proficient 

controls, which enabled distinctions between repair-proficient cells and those that lack ATM or 

LigIV. Cells with HR deficiency showed foci numbers that were closely similar to control or 

parental cells at this time point. In agreement with the findings of Wang et al.[15] and Takahashi 

et al.[16], this highlights a dominant role of NHEJ in the DNA damage response of DSBs. 

Examination of the cell cycle distribution after sHDR exposure in the Chinese hamsters ovary 

cells revealed that differences in cell cycle progression did not necessarily affect DNA DSB repair. 

Although NHEJ-deficient cells showed a higher G2 arrest after irradiation compared to HR-

deficient cells, this does not affect the repair of the radiation-induced DSBs. As the working 

repair mechanism HR in these cells is only possible in S or G2 phase, NHEJ deficient cells 

experiencing a G2 arrest are even allowed more time to repair their DSBs. No sHDR radiation-

induced alteration in cell cycle distribution was observed for parental and HR-deficient cells.  

However, treatment with pulsed radiation also drives parental and HR-deficient cells into 

S/G2 phase, thereby perhaps favoring HR-mediated repair in all four cell types. However, residual 

foci numbers remained much higher in the NHEJ-deficient XR-C1 cells compared to parental and 

differences in repair capacity or radiosensitivity were still found. In contrast to Vandersickel et al. 

[37], who found significantly higher numbers of γH2AX in repair-deficient cells compared to 

repair-proficient cells at early times post irradiation, we found significantly higher numbers of 

residual foci in repair-deficient cells after 24h. Yoshikawa et al. [12] observed that residual γ-
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H2AX foci show a loss of colony-forming potential after irradiation and were closely correlated 

with lethal sensitivity in normal human cells but not in some tumor cell lines. Therefore, they 

concluded that residual γH2AX foci after irradiation can be used to investigate the 

radiosensitivity in normal human cells but not to determine the radiosensitivity of tumor cells. 

This is in contrast with our findings regarding the tumor cells SW1573 and U2OS. As 

demonstrated by clonogenic assays in an earlier study[38], U2OS cells are more sensitive to 

ionizing radiation than SW1573 cell. In this study, higher number of γH2AX foci and lower decay 

ratio confirmed the more radiosensitive status of U2OS cells as compared to SW1573 cells.  

In conclusion, this work demonstrates that it is possible to distinguish between cell strains 

with a known mutation in the DNA damage repair mechanism and those without by using the 

H2AX assay when the number of foci are studied both at initial time points and late at 24h after 

irradiation using sHDR. In particular, the inclusion of the later time point and the subsequent 

calculation of the foci decay ratios are important for identifying repair deficiencies and thus 

radiosensitivity of the cell lines. The pDR irradiation technique appeared to be less useful, as it 

was more laborious and the results of the foci assay were less discriminative. In the studied 

subset of NR and OR patients, the measurement of foci decay ratios also seems to enable 

prediction of late radiation toxicity. In the clinic, the sHDR exposure might be used to study 

radiosensitivity of patients with differences in repair capacities before the start of treatment, 

allowing adjustment of treatment planning and radiation dose for each individual. However, 

before clinical application the potential of the γH2AX foci assay requires further confirmation in 

larger patient studies.  

 

 

Table 3. Cell cycle distribution of CHO cell lines, untreated and treated with 2.4Gy sHDR or pDR radiation.  

Radiation treatment type Cell line G0/G1 (%) S(%) G2(%) 

Untreated CHO-9 71.7 ± 2.4 15.6 ± 1.3 12.5 ± 2 

XR-C1 73.2 ± 7.9 17.9 ± 4.7 7.3 ± 2.9 

CHO-AA8 79.5 ± 5.6 12.7 ± 1.3 9.9 ± 5.6 

IRS-1SF 60.3 ± 4.2 19.5 ± 0.8 18.8 ± 4.0 

sHDR exposure (2.4Gy) CHO-9 

XR-C1 

CHO-AA8 

IRS-1SF 

70.0 ± 4.0 

53.9 ± 6.8 

70.4 ± 8.9 

66.0 ± 1.7 

16.1 ± 1.2 

18.0 ± 4.9 

11.0 ± 0.5 

13.4 ± 1.3 

13.6 ± 2.8 

27.6 ± 2.7 

18.3 ± 8.7 

20.8 ± 1.0 

pDR exposure (2.4Gy) CHO-9 50.1 ± 2.9 20.5 ± 0.2 27.3 ± 2.8 

XR-C1 53.3 ± 2.8 24.9 ± 1.1 21.6 ± 1.6 

CHO-AA8 44.6 ± 9.6 22.4 ± 2.8 32.6 ± 9.9 

IRS-1SF 37.6 ± 0.6 25.8 ± 6.3 35.3 ± 6.4 

Notes. CHO-9 as parental of XR-C1 and CHO-AA8 as parental of IRS-1SF. Means with standard errors of the 

mean (n=3). 
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Figure 5. Representation of γH2AX foci numbers in patients with different normal tissue toxicities, 30 min 

and 24h post sHDR and directly after pDR with a total dose of 1Gy. Over-responders (OR), RTOG grade ≥3, are 

shown in panel A, non-responders (NR), RTOG grade = 0, are shown in panel B. Panel C represent the individual 

foci decay ratio. Significant lower decay ratios are found in OR patients compared to NR patients. Due to 

limited patient material experiments are performed once, at least 100 cells per radiation treatment are 

counted. Error bars represent SD. 

 

 

Table 4. Foci numbers and decay ratio of ex vivo irradiated lymphocytes of prostate cancer patients 

 

 

 

 

 

 

 

 

 

 

 

  

Notes. OR=over-responding and NR=non-responding patients to radiation treatment. Means with SD. 

 

 

 

SUPPLEMENTARY INFORMATION 

Table S1. Background foci numbers of all studied cell lines and patient lymphocytes. 

Table S2. Background foci numbers found in patient lymphocytes. 

Fig. S1. Cell cycle distributions in all four Chinese hamster ovary cell strains, untreated as well as 

treated with 2.4Gy sHDR and pDR radiation. 

 

 

 

Patient Foci 30 min Foci 24h Foci Decay ratio 

OR06 5.9 ± 0.3 2.7 ± 0.3 2.2 ± 0.3 

OR11 9.0 ± 0.9 2.7 ± 0.5 3.3 ± 0.7 

OR13 9.9 ± 0.5 5.9 ± 0.7 1.7 ± 0.2 

OR16 4.8 ± 0.3 1.9 ± 0.2 2.5 ± 0.3 

OR18 6.3 ± 0.7 2.5 ± 0.4 2.5 ± 0.5 

NR04 10.8 ± 0.5 2.6 ± 0.4 4.2 ± 0.6 

NR06 7.2 ± 0.3 1.2 ± 0.2 5.9 ± 1.1 

NR11 7.6 ± 0.5 1.8 ± 0.2 4.1 ± 0.6 

NR13 9.1 ± 0.5 1.6 ± 0.3 5.6 ± 0.9 

NR16 9.3 ± 0.4 2.2 ± 0.3 4.3 ± 0.6 
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SUPPLEMENTARY INFORMATION 

Supplementary Table S1. Background foci numbers of all studied cell lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Notes. This background number is subtracted from the number of foci found after irradiation, used in the 
manuscript. At least 50 cells per cell line were counted, error represents SEM (n=3). 

 
 
 
Supplementary Table S2. Background foci numbers found in patient’s lymphocytes. 

 
 
 
 
 
 
 
 
 
 
 
 

Notes. This background number is subtracted from the number of foci found after irradiation. At least 50 cells 
per cell line were counted, error represents SD (n=1). 

Cell line Background foci number 

SW1573 1.0 ± 0.7 
U2OS 2.2 ± 0.5 

ATM+/+ 2.2 ± 0.4 
ATM+/- 1.1 ± 0.2 
ATM-/- 1.6 ± 0.2 

CHO-AA8 16.3 ± 0.3 
IRS-SF1 18.1 ± 0.4 

CHO-9 15.8 ± 0.5 
XR-C1 17.2 ± 0.5 

L+R+ 1.7 ± 0.8 
L+R- 1.8 ± 0.5 
L-R+ 3.2 ± 0.4 
L-R- 3.1 ± 0.7 

Patient Background foci number 

OR06 1.1 ± 1.6 
OR11 1.2 ± 1.5 
OR13 2.3 ± 2.5 
OR16 1.3 ± 0.9 
OR18 1.6 ± 2.2 

NR04 0.8 ± 1.5 
NR06 1.5 ± 2.0 
NR11 1.4 ± 1.8 
NR13 1.4 ± 2.1 
NR16 1.5 ± 2.4 
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ABSTRACT 

Purpose: Late radiation-toxicity in irradiated prostate cancer patients can severely affect the 

quality of life. Here, clinical parameters and the DNA damage response are investigated as 

possible risk factors for radiation-toxicity.  

Methods and Materials: Clinical parameters of 61 prostate cancer patients, 34 with (over-

responding, OR) and 27 without (non-responding, NR) severe late radiation-toxicity were 

assembled. In addition, for a matched subset the DNA damage repair kinetics (γ-H2AX assay) and 

expression profiles of DNA repair genes were determined in ex-vivo irradiated lymphocytes. 

Results: Examination of clinical data indicated none of the considered clinical parameters to be 

correlated with the susceptibility of patients to develop late radiation-toxicity. While frequencies 

of y-H2AX foci induced immediately after irradiation were similar (p=0.32), significantly higher 

numbers of y-H2AX foci were found 24h post irradiation in OR compared to NR patients 

(p=0.03). Patient specific y-H2AX foci decay ratios were significantly higher in NR patients than in 

OR patients (p<0.0001). Consequently, NR patients appear to repair DNA-DSB more efficiently 

than OR patients. Moreover, gene expression analysis indicated several genes of the 

Homologous Recombination pathway to be stronger induced in NR compared to OR patients 

(p<0.05). A similar trend was observed in genes of the Non-Homologous End Joining repair 

pathway (p=0.09). This is congruent with more proficient repair of DNA-DSB in patients without 

late radiation-toxicity. 

Conclusions: Both gene expression profiling and DNA-DSB repair kinetics data imply that less 

efficient repair of radiation-induced DSB may contribute to the development of late normal 

tissue damage. Induction levels of DSB repair genes (e.g. RAD51) may potentially be used to 

assess the risk for late radiation-toxicity.  
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INTRODUCTION 

Radiotherapy is a very effective treatment for prostate cancer. Survival rates for prostate cancer 

are relatively high compared to other types of cancer and most patients are cured by 

radiotherapy [1, 2]. However, there are marked differences between patients in their normal 

tissue response after similar radiotherapy schemes. Some patients undergo treatment with no or 

very few complications, whereas a small proportion (5-10%) is more susceptible to radiation-

toxicity and may develop severe side-effects in the years after radiotherapy [1, 3]. Severe normal 

tissue toxicity includes disturbed rectal, bladder and sexual functioning [3, 4]. Identification of 

patients at high risk to develop severe normal tissue damage prior to irradiation exposure may 

help physicians to apply alternative treatments. To allow patient-tailored therapy, markers with 

high predictive power for late radiation toxicity are a prerequisite.  

The risk of late complications can partly be explained by clinical factors such as age, 

condition of the patient and co-morbidities[5]. Development of severe radiation-toxicity has 

been associated with abdominal surgery[6], diabetes mellitus[7] and acute side-effects[6]. 

Studies aiming to distinguish patients with severe late radiation toxicity from those without, 

have applied e.g. gene expression profiling of radio-responsive genes [8], association studies of 

single nucleotide polymorphisms (SNP) in DNA repair genes [9-12], and the detection of repair 

deficiencies in patients’ lymphocytes. However, the results are conflicting and no reliable 

predictive test has been established.  

Ionizing radiation induces DNA double-strand breaks (DSB), which are thought to represent 

the most important lesion causing cell reproductive death, chromosomal aberrations and 

mutations [13]. Phosphorylation of histone protein H2AX (γ-H2AX) is one of the earliest markers 

of DNA damage after ionizing radiation [14]. The γ-H2AX foci mark the locations of DNA-DSB [15, 

16] and can be measured by immunohistochemical staining [14, 17]. DNA-DSB can be repaired 

based on three different mechanisms: homologous recombination (HR)[18], non-homologous 

end joining (NHEJ), and its back up pathway (B-NHEJ)[19]. Whereas end-joining repair 

mechanisms occur throughout the whole cell cycle, HR is mainly active in the late S and G2 

phase[20]. After the breaks are re-joined γ-H2AX is dephosphorylated again, hence the 

disappearance of the foci is correlated to repair of the DNA [21, 22]. In lymphocytes of 

radiosensitive breast cancer patients, Chua et al. found significantly more residual DNA-DSB 

compared to control patients[23], suggesting a role for genes involved in DNA damage response 

as determinants of severe late radiation toxicity[24]. In addition, residual γ-H2AX foci in head-

and-neck cancer patients were also found to be correlated with the severity of radiation toxicity 

[25].  

The present study assesses clinical factors, γ-H2AX foci kinetics and expression profiles of 

DNA repair genes, in ex vivo irradiated blood lymphocytes [26]. Comparing the DNA-DSB repair 

capacity of NR and OR patients may lead to the development of a predictive marker for late 

radiation toxicity.  
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MATERIALS & METHODS  

Patient selection. Late toxicity was recorded in over 500 patients with prostate cancer irradiated 

at the Academic Medical Center (AMC) of the University of Amsterdam (between 1996 and 

2009) using the European Organization for Research and Treatment of Cancer (EORTC) SOMA 

scale [27]. Patients with no clinical progression or PSA rise 2 years after curative external beam 

radiotherapy were treated and selected as earlier described [8]. OR patients were defined by the 

radiation oncologist as those with grade III toxicity to the bladder and/or rectum at more than 1 

time point beyond 2 years of follow-up. Different from the SOMA scale, patients with severe or 

frequent blood loss requiring medical intervention were also classified as OR with grade III 

toxicity. NR patients were defined as those that experienced no adverse effects (grade 0 

toxicity). Patients were prevalent cases. 

Clinical data analysis. Case Record Forms (CRFs) were developed according to AMC Clinical 

Research Unit guidelines to gain information about patients’ clinical characteristics. PSA, age, T-

classification, comorbidities and treatment characteristics (i.e. radiation dose, fractionation and 

volumes) were recorded from 61 patients: 34 OR and 27 NR. Clinical data were analyzed in 

GraphPad Prism version 5.0. Continuous variables were first tested for normality using the 

Shapiro-Wilk test (p>0.05); normal distributed data were analyzed with an unpaired Student’s t-

test and no-normal distributed data with a Mann-Whitney test. Discrete variables were analyzed 

using the Chi-square test. Patients’ overall survival (OS) was calculated from the first day of 

radiotherapy until death, and plotted by the Kaplan-Meier method with intergroup comparison 

using the log-rank test. A p-value of <0.05 was considered to be statistically significant. 

 

Immunohistochemistry for γ-H2AX foci. After written informed consent, whole blood samples 

were collected of 24 out of the 61 patients used for the assessment of clinical characteristics, 11 

NR and 13 OR patients respectively. Blood samples were collected at least 2 years post radiation 

treatment; therefore it is very unlikely that the lymphocytes used for our study are affected by 

the radiotherapy. Lymphocytes were isolated using Ficoll (Ficoll-Paque PLUS, GE Healthcare), 

gradient separation. γ-H2AX foci induction and decay was determined in G(0) unstimulated 

lymphocytes. Directly after isolation, peripheral lymphocytes were ex vivo irradiated with 1Gy X-

rays (250 KeV, 15 mA, 0.5 mCu). At 30 min and 24h post irradiation, lymphocytes were dropped 

on poly-D-lysine coated slides and fixed in 4% paraformaldehyde. After 25 min, slides were 

washed with PBS and ready for immunostaining. The γ-H2AX foci staining was performed 

according to Franken et al. (2011) [14]. 

 

γ-H2AX foci scoring. Digital image analysis was performed to determine the number of 

radiation-induced γ-H2AX foci. Fluorescent photomicrographs of γ-H2AX foci were obtained 

using Image Pro Plus software. Stack images of cells were obtained using a Leica DM RA HC 
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Upright Microscope equipped with a CCD camera. Stack images of cells were taken using Image 

pro plus software. One stack image consists of 20 slices with a 200-nm interval between the 

slices along the z-axis. Images were then processed and the number of foci in cells was scored 

[14, 17, 28]. The ratio of the number of γ-H2AX foci at 30 min and 24h after irradiation was 

calculated as a measure of foci decay (resulting from repair of DNA-DSB). Statistical analysis was 

performed using the Shapiro-Wilk test for normality (p>0.05), followed by an unpaired Student’s 

t-test. For every donor the kinetics of γ-H2AX foci decay was determined in at least 100 

lymphocytes. 

 

Microarray analysis. Lymphocytes of a matched subset (7 NR and 9 OR patients) were cultured 

for 2 weeks and stimulated with phytohemagglutinin (PHA) (concentration of 1μg/ml). 

Subsequently, cells were irradiated at room temperature with 0Gy or 2Gy X-rays (250kV, 15mA, 

0.5mCu). At 24h post irradiation, RNA was extracted using RNeasy Mini Kit (Qiagen) according to 

manufacturer’s protocol and RNA quality was assessed with BD bioanalyser. Biotin-labeled cRNA 

probes were generated and RNA was hybridized to HT HG-U133+ PM GeneChip® array 

(Affymetrix, Santa Clara CA, USA) according to manufacturer’s protocol. Scanning of the array 

was conducted by the MicroArray Department (MAD) of the University of Amsterdam, and 

images were processed to obtain an intensity value for each oligonucleotide probe. Standardized 

microarray data quality control was performed by MAD using the R/Bioconductor package array 

QualityMetrics. Data were normalized and summarized to the probe set level using the robust 

multi-array average (RMA) algorithm[29]. For each gene, the ratio of its expression at 2Gy and 

0Gy for the same patient was calculated as a measure of the response to radiation. Differential 

expression of the resulting ratios (on a log2 scale) between NRs and ORs was assessed via a 

moderated t-test using the R/Bioconductor package limma. 

 

Gene set enrichment analysis. Gene sets were established of known HR genes and NHEJ/BEJ 

genes which are described to be specific for each pathway [30, 31]. The difference in radiation 

response between NRs and ORs was assessed with ROAST gene set tests[32] using limma. If 

there were multiple probe sets mapping to the same gene symbol according to the 

R/Bioconductor annotation package hgu133plus2.db, the probe set with highest standard 

deviation was chosen. P-values were calculated for each gene set for three possible alternative 

hypotheses (up, down, mixed) using 10,000 rotations and default parameters. To validate our 

results, we downloaded the normalized data from Mayer et al.[33] available at GEO 

(http://www.ncbi.nlm.nih.gov/projects/geo/; accession no. GSE40640). Separate gene set 

analyses were performed as described above (using the annotation package 

illuminaHumanv2.db) for the difference in radiation response between NR patients and OR 

patients in the breast cancer patient cohort and the head-and-neck cancer patient cohort.  

http://www.ncbi.nlm.nih.gov/projects/geo/
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Quantitative Real-Time polymerase chain reaction (PCR). cDNA of the patients was prepared 

with reverse transcriptase III (SuperScript, Invitrogen) according to the manufacturer’s protocol. 

Real-time PCR analysis of RAD51 was performed using a LightCycler480 system (Roche 

Diagnostics, Germany). 10ng cDNA was amplified in a 10μl final volume containing 2X Syber 

Green Master (Roche, Germany), 500nM of each primer pair Rad51_F 5’-

CCCATTTCACGGTTAGAGCAG-3’ and Rad51_R 5’-TAGCTCCTTCTTTGGCGCATA-3’. All samples were 

tested in triplicate and normalized to the housekeeping gene GAPDH. Analysis was done using 

the comparative Ct value method.  

 

 

RESULTS 

 

Clinical characteristics of patients with or without late radiation toxicity 

To assess possible clinical differences between patients with and without severe late side-

effects, general information, medical history and treatment characteristics of 34 OR and 27 NR 

patients were compared. Baseline characteristics were well matched between the two cohorts 

(Table 1). OR patients tended to have slightly lower PSA levels compared to NR patients, 

although in both groups PSA levels were in a similar range (p=0.12; see Supplementary Fig. S2). 

In contrast to other studies, in this patient cohort, abdominal surgery was not a predictive event 

for late radiation toxicity. In addition, Kaplan-Meier curves show similar survival rates for both 

patient groups at 10 years post-radiotherapy (p=0.93) (Fig. 1). 

 

 

 

 

Figure 1: Kaplan-Meier curves of 27 NR and 34 OR prostate cancer patients. Kaplan-Meier curves were 

calculated from the completion of radiotherapy. For those alive in the study cohort, the median follow-up was 

60 months. Differences in survival curves are not significant (p=0.93). 
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Table 1. Patient Characteristics of NR and OR patients indicate that the patient groups are well-matched. 

*Karnofsky Performance Status (KPS), an index used to classify patients to their functional impairment. 
†
Gleason grading system based on microscopic analysis of tumor samples evaluates the prognosis of patients 

(the higher the Gleason score, the more aggressive the tumor is and the worse prognosis). 
††

Prostate-specific 

antigen, an important biochemical marker for prostate cancer; normal value <4ng/ml. 
||

T-classification: clinical 

classification for primary tumor extension; T1, non-palpable; T2, palpable within prostate; T3, extension 

beyond prostate; T4, invasion of adjacent organs. 
¶
TURP: transurethral resection of the prostate, urological 

operation to reduce urinary symptoms if medical treatment fails. 

 
 

More residual γ-H2AX foci in ex vivo irradiated lymphocytes of over-responders 

For the analysis of γ-H2AX foci, a matched subset of 13 OR patients and 11 NR patients were 

examined. As before, the clinical characteristics and OS were comparable for this smaller cohort 

(data not shown). Figure 2 shows the radiation-induced number of γ-H2AX foci in patients with 

and without severe late radiation toxicity. Figure 2 shows the radiation-induced number of γ-

H2AX foci in patients with and without severe late radiation toxicity. At 30 min after irradiation, 

both groups showed on average similar numbers of γ-H2AX foci per cell (p=0.33). In contrast, at 

24h post-treatment, significantly higher residual foci numbers were observed in OR patients 

compared to NR patients (p=0.032). In contrast, at 24h post-treatment, significantly higher 

residual foci numbers were observed in OR patients compared to NR patients (p=0.032). Initial 

numbers of foci per cell ranged from 6-13 (mean 9.3) in OR patients and from 7-13 (mean 9.9) in 

Variable Subcategory 
NR (n=27) OR (n=34) 

p-Value 
n range mean n range mean 

Age  27 50-82 69.9 34 50-79 70.4 0.85 

KPS*  27 90-100 96.5 34 80-100 93.5 0.45 

Gleason score†  27 4-9 6.3 34 3-8 6.4 0.69 

PSA†† before 
radiotherapy 

 
 

27 1.2-70 17.9 34 
2.0-
43.8 

11.6 0.12 

T-classification|| 

T1 
T2 
T3 
T4 

2 
6 

17 
2 

  

6 
7 

20 
1 

  0.59 

Radiotherapy 
Local only 
Loco-regional 

14 
13 

  
15 
19 

  0.54 

Hormonal 
Therapy 

Yes 
No 

17 
11 

  
23 
11 

  0.57 

Abdominal 
surgery 

Yes 
No 

3 
24 

  
5 

29 
  0.68 

TURP¶ 
Yes 
No 

6 
21 

  
7 

27 
  0.87 

Diabetes Mellitus 
Yes 
No 

0 
27 

  
1 

33 
  0.37 

Cardiovascular 
disease 

Yes 
No 

6 
21 

  
7 

27 
  0.87 
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NR patients. At 24h after treatment, the numbers of foci ranged from 1-6 (mean 3.5) in OR 

patients and from 1-3 (mean 2.3) in NR patients. The decay of γ-H2AX foci 24h post-radiation is a 

measure for DNA repair capacity of cells[22]. As initial foci numbers were not similar, the ratio of 

immediately plated foci divided by delayed plated foci was calculated for each patient 

separately. Patients with late radiation toxicity had a lower foci decay ratio (Fig. 3) compared 

with patients without toxicity (p<0.0001), indicating a lower repair rate.  

In contrast, at 24h post-treatment, significantly higher residual foci numbers were observed in 

OR patients compared to NR patients (p=0.032). Initial numbers of foci per cell ranged from 6-13 

(mean 9.3) in OR patients and from 7-13 (mean 9.9) in NR patients. At 24h after treatment, the 

numbers of foci ranged from 1-6 (mean 3.5) in OR patients and from 1-3 (mean 2.3) in NR 

patients. The decay of γ-H2AX foci 24h post-radiation is a measure for DNA repair capacity of 

cells[22]. As initial foci numbers were not similar, the ratio of immediately plated foci divided by 

delayed plated foci was calculated for each patient separately. Patients with late radiation 

toxicity had a lower foci decay ratio (Fig. 3) compared with patients without toxicity (p<0.0001), 

indicating a lower repair rate.  

 

Figure 2: Radiation induced foci repair in NR and OR patients after 1Gy radiation. A: Visualization of γ-H2AX 

foci results (B); in NR patients more γ-H2AX foci have disappeared 24h-post radiation compared to OR patients. 

Each focus represents a single DNA-DSB. B: Mean number of γ-H2AX foci 24h post treatment was 2.3 foci/cell 

in NR patients relative to 3.5 foci/cell in OR patients (p=0.03). At 30 min after radiation, foci numbers were 

similar (on average 9.8 and 9.3 foci/cell respectively). At least 100 lymphocytes are counted per patient. 
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Figure 3: Ratios of foci decay as measurement for DNA-DSB 

repair. (Foci decay ratio: number of foci at 30 min/number of foci 

at 24h). Decline in foci numbers is higher for NR patients 

compared to OR patients. NR patients have a mean foci decay 

ratio of 4.5 relative to 2.8 in OR patients (p=0.0001; bars 

represent geometric mean with 95% CI). Every square represents 

an individual patient. 

 

 

 

Differential expression of DNA repair genes between NRs and ORs 

To further investigate whether DNA repair is impaired in OR patients, gene expression changes 

of genes involved in the HR and NHEJ pathways were examined. Microarray data analysis 

indicated a stronger induction of genes involved in the HR pathway in NR patients compared to 

OR patients, i.e. levels of RAD51 in NR patients were 1.6 times greater than in OR patients 

(p=0.0036) (Supplementary Fig. S3). Other important HR genes like BRCA1 [30, 31] and the NHEJ 

gene XRCC5 (Ku80) also showed significant up-regulation in NR patients compared to OR 

patients (Supplementary Table S1 & S2).  

Gene expression analysis by quantitative real-time PCR confirmed these findings (Figure 4B): 

mRNA levels of RAD51 were 1.4 times greater in NR patients compared to OR patients (p=0.049). 

Figure 4A shows the differences in radiation response for the HR and NHEJ genes between the 

two groups. A negative fold change means that the gene was induced to a lesser degree in OR 

patients compared to NR patients. NR patients showed an increased induction of the HR genes 

after 2Gy radiation, whereas no clear induction was observed in OR patients. The difference in 

radiation response (2Gy minus 0Gy) was assessed with ROAST gene set tests[32], highlighting an 

overall down-regulation of the HR gene set in OR compared to NR (p=0.037). The same analysis 

for NHEJ genes (Supplementary Table S2) revealed a trend towards down-regulation in OR 

patients (p=0.09). 

 

DISCUSSION 

 

The present study supports the hypothesis that late normal tissue toxicity after radiotherapy in 

prostate cancer patients is associated with insufficient repair of DNA-DSBs. It is reported that 

disappearance of foci corresponds with repair of radiation-induced DNA damage[22]. The 

present study shows that γ-H2AX foci kinetics correlate well with late radiation toxicity. This is 

corroborated by the different expression profiles of a majority of the genes involved in the HR 

repair pathway. 
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Figure 4: 

Radiation responses of DNA repair genes for NR and OR patients after 2Gy radiation. Relative expression 

levels (2Gy minus 0Gy) of HR repair genes were overall more induced in NR patients as compared to OR 

patients (p=0.037). A: Volcano plot show that most HR genes have a negative fold change, meaning less 

induction in OR patients compared to NR patients. Although some NHEJ genes also have negative fold changes, 

the NHEJ gene set overall did not show any significant difference in fold induction between OR and NR patients. 

B: BOX plot showing the distribution of radiation-induced fold changes among OR and NR patients as 

determined by real-time PCR for RAD51 mRNA expression. The average fold induction is higher in NR versus 

OR: factor 1.4; p=0.049.  

 

 

A significant difference in foci decay was found between radio-sensitive and radio-resistant 

prostate cancer patients (p<0.0001). These findings are in agreement with earlier studies[23, 25], 

demonstrating that the number of residual γ-H2AX foci increased with the severity of late 

normal tissue responses in breast cancer and head-and-neck cancer, respectively. Other studies 

failed to observe an association between γ-H2AX foci kinetics and normal tissue radio-sensitivity 

[34, 35]. However, Finnon et al. [34] and Greve et al. [35] used a flow cytometric assay to 

determine γ-H2AX foci, which may not be as sensitive as visual assessment of foci by microscopy 

as applied by Chua et al.[23], Goutham et al. [25], and this study. Moreover, in the study of 

Finnon et al. the classification of OR and NR patients was based on different criteria. In the 

present study, patients without toxicity served as controls (EORTC scale grade 0 toxicity), 

whereas Finnon et al. used patients with mild late adverse reaction as controls. Gene expression 

profiling by microarrays and qPCR subsequently confirmed the γ-H2AX foci results. Genes 

involved in DNA-DSB repair pathway HR showed (overall) a lower induction in OR patients 

compared to NR patients (p=0.037) while, in particular, mRNA levels of RAD51 showed 

significantly less induction in OR patients after 2Gy radiation (p=0.049). Genes for the end-

joining pathway demonstrated a marginally significant difference (p=0.09). Analysis of the 

radiation response in breast or head and neck cancer gene expression in an earlier dataset [8, 

33] (Supplementary Table S3) did not show a clear correlation between OR and NR patients. 

However, in the head and neck cancer dataset genes of the NHEJ pathway were down regulated 
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in OR patients compared to NR patients (p=0.06). Mayer et al. [33] examined lymphocytes of 8 

breast cancer patients and 4 head-and-neck cancer patients with acute radiation toxicity based 

on common toxicity criteria or RTOG/EORTC grading. Patients were defined as hypersensitive 

(OR) if they experienced acute reactions 3 weeks post-radiation, whereas in our study late 

radiation toxicity is scored 2 years post-radiation. The correct classification of patient status is 

very important in the aim for meaningful comparison of different studies and results. The 

current retrospective study is relatively small and they need to be confirmed in a prospective 

study in a larger patient cohort. 

In summary, we found a more proficient repair of DNA DSB in prostate cancer patients 

without late radiation toxicity (NR), compared to patients with severe radiation toxicity (OR). The 

finding that more residual DNA damage (more γ-H2AX foci) was present in lymphocytes of OR 

patients at 24h post-treatment is in accordance with the result that OR patients have a lower 

induction of DSB repair genes relative to NR patients. As gene expression levels are a 

determinant for protein activity, OR patients seem to have a less active DNA damage response. 

Radiation-induced DNA-DSBs are still repaired in OR patients (foci decay is observed), but to a 

lesser extent. Mutational analysis of DNA repair genes is needed to determine the mechanism 

causing the differences in radiation response. This might augment the distinction between the 

two groups and enable development of a predictive clinical test to assess the individual risk for 

late radiation toxicity. Patients at high risk to develop severe side-effects might alternatively be 

treated by surgery (prostatectomy) or brachytherapy. On the other hand, patients who are less 

susceptible to radiation toxicity (NR) might be treated with higher doses, leading to higher cure 

rates. 

 

SUPPLEMENTARY INFORMATION 

Figure S1. NR and OR patients scheme examined in this study. 

Figure S2. Initial PSA levels of studied prostate cancer patients 

Figure S3. Expression levels of RAD51. 

Figure S4. Reproducibility of y-H2AX foci assay. 

Table S1. Radiation Response of HR gene set in OR and NR patients. 

Table S2. Radiation Response of NHEJ gene set in OR and NR patients. 

Table S3. Radiation Response of the HR (A) and NHEJ (B) gene set Mayer et al. (2012) 
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SUPPLEMENTARY INFORMATION 

 
Supplementary Figure S1: NR and OR patients scheme examined in this study. Of the 61 patients selected 

according to EORTC scale, 24 patients were able to donate blood for γ-H2AX foci assay and gene expression 

profiling study 

 

 

 

 
Supplementary Figure S2: Initial PSA levels of 

studied prostate cancer patients. 

 

 

 

  

 
Supplementary Figure S3: Expression levels of 

RAD51. A significantly higher induction of the 

expression levels of homologous recombination 

gene RAD51 is measured in NR patients compared 

to OR patients. Expression levels after 2Gy 

irradiation are represented relative to 0Gy. 

(p=0.0036 and 
2
log=-0.54).  
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Supplementary Figure S4: Reproducibility of y-H2AX foci assay. Foci formation was re-evaluated on a distinct 

blood sample from 4 of the patients (2 NR and 2 OR) and scored foci numbers at 30 min and 24h after 1Gy 

radiation. From these patients, blood samples were collected at different time points with one year in 

between. As can be observed, foci numbers are highly reproducible at distinct time points of assaying as well as 

between blood samples. 

 

Supplementary Table S1: Radiation Response of HR gene set in OR and NR patients. Increased induction in NR 

patients is observed (2Gy versus 0Gy). In OR patients almost no or no clear induction is seen. ROAST analysis of 

the fold changes showed an overall down regulation of the HR gene set in OR compared to NR patients 

(p=0.037).  

Supplementary Table S2: Radiation Response of NHEJ gene set in OR and NR patients. Less induction of NHEJ 

genes is observed in OR patients compared to NR patients after 2Gy irradiation. ROAST analysis of the fold 

changes showed a trend towards down regulation of the NHEJ gene set in OR compared to NR patients 

(p=0.09). 

Supplementary Table S3: Radiation Response of the HR (A) and NHEJ (B) gene set in the gene expression data 

set of Mayer et al. (2012), breast cancer (left) and head-and-neck cancer (right).  
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Supplementary Table S1: 
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Supplementary Table S2: 
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Supplementary Table S3: 
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ABSTRACT 

Purpose: Severe late normal tissue damage limits radiotherapy treatment regimens. This study 

aims to validate γ-H2AX foci decay ratios and induced expression levels of DNA double strand 

break (DSB) repair genes, found in a retrospective study, as possible genetic predictors for late 

radiation toxicity.  

Methods and Materials: Prospectively, decay ratios (initial/residual γ-H2AX foci numbers) and 

genome-wide expression profiles were examined in ex vivo irradiated lymphocytes of 198 

prostate cancer patients. All patients were followed ≥2 years after radiotherapy, clinical 

characteristics were assembled and toxicity was recorded using the Common Terminology 

Criteria (CTCAE) v4.0.   

Results: No clinical factors were correlated with late radiation toxicity. Analysis of γ-H2AX foci 

uncovered a negative correlation between the foci decay ratio and toxicity grade. Significantly 

smaller decay ratios were found in grade≥3 compared to grade 0 patients (p=0.02), indicating 

less efficient DNA-DSB repair in radio-sensitive patients. Moreover, utilizing a foci decay ratio 

threshold determined in our previous retrospective study correctly classified 23 of the 28 

grade≥3 patients (sensitivity, 82%) and 9 of the 14 grade 0 patients (specificity, 64%). Grade of 

toxicity also correlated with a reduced induction of the homologous recombination (HR) repair 

gene-set. The difference in average fold induction of the HR gene-set was most pronounced 

between grade 0 and grade≥3 patients (p=0.008).  

Conclusions: Reduced responsiveness of HR-repair genes to irradiation and inefficient DSB repair 

correlate with an increased risk of late radiation toxicity. Using a decay ratio classifier, we could 

correctly classify 82% of the patients with grade≥3 toxicity. This study is of utmost importance 

for the identification of patients who are sensitive to radiation and likely to have a genetic 

predisposition to develop late radiation toxicity. 
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INTRODUCTION 

Radiotherapy is a widely used anti-cancer treatment, applied in approximately 50% of all cancer 

patients [1]. Prostate cancer is well controlled by external beam radiotherapy, leading to high 

survival rates [2]. However, the development of severe late side effects induced by radiotherapy 

remains a heavy burden. Severe late radiation toxicity occurs in approximately 10% of the 

treated patients, and only a small group of patients undergo treatment with no or very few 

complications. Early identification of patients at high risk for late radiation toxicity may help 

selection for alternatives, such as surgery or brachytherapy. 

Clinical factors like age, radiation-dose or volume can only partly explain the risk of late 

radiation toxicity [3, 4]. In addition, previous abdominal surgery [5-7], diabetes mellitus [8] and 

cardiovascular disease [6, 9] have been incriminated as possible predictors but there is a lack of 

confirmation in independent studies. Patients with radio-resistant normal tissue (toxicity grade 

0) are thought to have an altered radiation response compared to radio-sensitive normal tissue 

patients (toxicity grade≥3). Therefore, it has been suggested that there is a genetic 

predisposition for the risk of severe late side effects [10]. Several studies investigated genetic 

variations of genes involved in apoptosis [11, 12], DNA repair [13, 14] or fibrosis [15] and their 

role in the development of late radiation toxicity. Genome-wide association studies (GWAS) in 

large patient cohorts uncovered other possible genetic risk factors [16, 17]. Apart from 

mutations or polymorphisms, also gene expression profiles have been explored as prognostic 

markers for late radiation toxicity [18, 19]. However, overall results are conflicting[20] and no 

reproducible or reliable prognostic markers [21-23] associated with late radiation toxicity have 

been identified yet. In 2013, we retrospectively showed reduced induction of DNA repair gene 

expression levels after radiation in lymphocytes of patients with late complications compared to 

those without [24]. 

Furthermore, monitoring the induction and repair of individual DNA double strand breaks 

(DSBs) in lymphocytes has been proposed as a method to predict normal tissue radiation 

sensitivity [25-27]. The assay uses the immuno-fluorescent detection of γ-H2AX, a well-

established biomarker for radiation-induced DNA DSBs [28, 29]. DSBs represent the most lethal 

DNA damage induced by radiation treatment and may lead, if unrepaired, to cell death. The two 

major pathways involved in the repair of DNA-DSBs are Homologous Recombination (HR) and 

Non-Homologous End Joining (NHEJ). In our retrospective study more residual γ-H2AX foci were 

found in ex vivo irradiated lymphocytes of radio-sensitive patients compared to radio-resistant 

patients, indicating less efficient repair of DNA-DSBs in patients with radiation toxicity. 

This study aims to validate the findings of our retrospective study [24], where DNA-DSB foci 

decay ratios and induction levels of HR DSB repair genes were significantly different between 

lymphocytes of radio-sensitive and radio-resistant prostate cancer patients. Prospectively, 200 

prostate cancer patients were included and the application of foci decay ratios and induction 

levels of DSB repair genes to predict late toxicity was investigated.  
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MATERIALS & METHODS  

Patient inclusion and sample collection 

Between 2009 and 2013, we accrued 200 patients diagnosed with prostate cancer receiving 

curative external beam radiotherapy in combination with hormonal therapy at the Academic 

Medical Center (AMC) of the University of Amsterdam, with a follow-up of ≥2 years. We 

analyzed data from 198 patients with full information about PSA, age, T-classification, and 

comorbidities. After written informed consent, 40 ml whole blood was collected of all patients 

before start of treatment. Peripheral lymphocytes were isolated using Ficoll (Ficoll-Paque PLUS, 

GE Healthcare) gradient separation, and stored in liquid nitrogen. Development of late toxicities 

was monitored over more than 2 years after treatment using the National Cancer Institute 

Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Toxicity grade was 

determined mainly focusing on late gastrointestinal (GI) and genitourinary (GU) toxicities. 

 

Immunohistochemistry for γ-H2AX foci 

Peripheral lymphocytes were thawed and ex vivo irradiated with 1Gy γ-rays using a 137Cs source 

with a dose rate of approximately 0.5Gy/min. Induction and decay of radiation induced γ-H2AX 

foci was measured in unstimulated G(0) cells. At 30 min and 24 h post irradiation, lymphocytes 

were dropped on poly-D-lysine coated slides and fixed in 4% paraformaldehyde. After 25 min, 

slides were washed with PBS and ready for immunostaining. The γ-H2AX foci immunostaining 

was performed as previously described[30].  

 

γ-H2AX foci scoring 

The number of radiation-induced γ-H2AX foci was determined in fluorescent stack images using 

Image-Pro Plus software. Slices of 20 stacks with a 200-nm interval were obtained using a Leica-

DM-RA-HC Upright Microscope. Stacks were deconvolved as 1 photomicrograph and the number 

of foci per nucleus was scored[31]. Decay ratios were calculated by dividing the number of γ-

H2AX foci found at 30 min by the number of γ-H2AX foci found at 24 h post irradiation. For every 

patient the kinetics of γ-H2AX foci decay was determined in at least 100 cells.  

 

Foci decay threshold determination 

In our previous retrospective study [24], foci decay ratios were determined in lymphocytes of 24 

patients, 11 patients with Grade 0 and 13 patients with Grade 3 late radiation toxicity (See 

Supplementary Figure 1). Receiver-operator characteristics (ROC) and area under the curve 

(AUC) were computed in GraphPad-Prism 6 (California, USA) using the method of Hanley & 

McNeil and resulted in an AUC=0.970±0.03, 95% CI 0.91–1.00 and p<0.0001. A threshold ratio to 

separate both groups was determined at the highest sensitivity value with a 100% specificity. In 

this way, all grade 0 patients are correctly identified as negative for radiation toxicity as 
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treatment regimens should not be adjusted in this group of patients. The threshold ratio was 

calculated as the mean of the lowest decay ratio in the grade 0 and the highest in the grade 3 

group (excluding the decay ratio that was higher than the lowest grade 0 decay ratio). This 

resulted in a threshold decay ratio of 3.41, which separated both groups with 92.1% sensitivity 

and 100% specificity. 

 

Microarray analysis 

Similarly to the retrospective study, lymphocytes were cultured stimulated by 

phytohemagglutinin (concentration of 1μg/ml). After two weeks, half of the cells were irradiated 

at room temperature with 2Gy gamma rays from a 137Cs source, dose rate of approximately 

0.5Gy/min and the other half of the cells was left untreated. Isolation of RNA was executed 24h 

post radiation using RNeasy Mini Kit (Qiagen) according to manufacturer’s protocol. RIN value 

and RNA quality of both treated as untreated RNA was assessed with a BD Bioanalyzer. Biotin-

labeled cRNA probes were generated and RNA was hybridized to HT HG-U133+ PM GeneChip® 

array (Affymetrix, Santa Clara CA, USA) according to the manufacturer’s protocol. Scanning of 

the array was conducted by the MicroArray Department of the University of Amsterdam, and 

images were processed to obtain an intensity value for each oligonucleotide probe. Standardized 

microarray data quality control was performed using the R/Bioconductor package 

arrayQualityMetrics. Data were normalized and summarized to the probe set level using the 

robust multi-array average (RMA) [32].  

Genes that respond differently to irradiation between patient groups were determined using a 

linear model with a fixed main effect for grade, and nested interactions of grade with patient 

and radiation (2Gy or 0Gy). Significant differences in response between grade 0 and the other 

grades were determined using the appropriate contrasts and empirical Bayes moderated F- and 

t-statistics (R/Bioconductor package limma). Resulting p-values were corrected for multiple 

testing using the Benjamini-Hochberg False Discovery Rate adjustment. See supplementary 

Information B for a detailed description of the microarray analysis and additional results. 

 

Gene-set enrichment analysis 

To validate the retrospective study, the HR gene-set was a used to determine differences in 

radiation response between patients of the four toxicity groups. Probesets for the HR gene-set 

were chosen based on our retrospective study [24]. Induction levels were assessed with a ROAST 

gene set test [33] (limma package). ROAST P-values were calculated using the nested interaction 

design described above for three possible alternative hypotheses using 50,000 rotations and 

default parameters. The alternative ‘up’ tests whether the genes in a gene-set tend to be up-

regulated, the alternative ‘down’ tests whether the genes in a gene-set tend to be down-

regulated, the alternative ‘mixed’ tests whether the genes in the set tend to be differentially 

expressed, without regard for direction. The two-sided directional p-value is reported. 
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Figure 1. Calculation of γ-H2AX foci decay ratios after 1Gy radiation and classification model. A: Visualization 

of γ-H2AX foci at 30min and 24h post irradiation in a patient with grade 0 and a patient with grade 3 toxicities. 

Bar is 5μm. B: Foci decay ratios of all assessed patient per toxicity group as scored by CTCAE 4.0 grading 

system. A significant negative correlation is detected between toxicity grade and foci decay ratios (dashed line). 

Foci decay ratio: number of foci at 30 min/number of foci at 24h. At least 100 cells per patient per condition 

are counted. C: Receiver operating characteristic curve for foci decay ratios of patients with toxicity grade 3 

versus toxicity grade 0. Based on decay ratios, the diagnostic accuracy as quantified by the area under the 

curve is 73%. D: Foci decay ratios of grade 0 and grade 3 patients; every point represents an individual patient. 

Geometric mean±95% confidence interval within each group is shown. A threshold of 3.41 determined in our 

retrospective study (pink dashed line) correctly classified 82.1% of grade 3 patients with 64.3% specificity. 

 

 

Statistical Analysis 

Clinical data was analyzed in IBM SPSS statistics 22. Numbers of induced γ-H2AX foci and decay 

ratios were analyzed in GraphPad Prism version 5.0. Ordinal and categorical data were assessed 

with a cross tab chi-square analysis. Continuous variables were first tested for normality using 

the Shapiro-Wilk test (p>0.05), followed by either one-way ANOVA (normally distributed; post 

hoc analysis using Holm-Sidak test) or non-parametric Kruskal-Wallis (post hoc analysis using 
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Dunn’s multiple comparisons test). ROC, AUC and confidence interval were computed using the 

method of Hanley and McNeil. Significant P values are given: * indicates P<0.05, ** indicate 

P<0.01 and *** indicate P<0.001, ns indicates not statistically significant. 

 

 

RESULTS 

Toxicity score determination 

Out of 198 patients, 28 patients (14%) displayed grade≥3 toxicity to the bladder and/or rectum 

at more than one time point within two years post treatment. Grade 2 was recorded in the 

majority of the patients (109 patients, 55%), 47 (24%) patients developed grade 1 and 14 (7%) 

patients were recorded as grade 0. As expected, the incidence of both extreme patient groups, 

either no side effects at all (grade 0) or severe late side effects (grade≥3) are approximately 10%. 

 

Clinical characteristics  

General information, baseline characteristics and medical history were recorded of all patients 

and correlated to the incidence and severity of normal tissue damage (Table 1). Interestingly, a 

higher dose of radiation did not influence the development of severe late side effects. Only 12 

patients received 70Gy instead of 77Gy, and they were evenly distributed among patient groups. 

Furthermore, no significant differences in baseline characteristics or medical history were 

detected between grade 0, 1, 2 and 3 respectively. In conclusion, the four patients groups were 

well-matched and no clinical prognostic events for the development of late radiation toxicity 

were observed. 

 

γ-H2AX foci decay ratios  

The induction and decay of radiation induced DNA–DSB breaks was monitored in ex vivo 

irradiated lymphocytes by detecting γ-H2AX foci 30min and 24h post radiation as depicted in Fig. 

1A. Similarly to the retrospective study, radio-sensitive patients appear to have a less efficient 

DNA-DSB damage response. Calculation of foci decay ratios revealed significant differences 

between grade≥3 and grade 0 patients (P=0.02). Subsequent linear regression analysis confirmed 

a significant negative correlation between foci decay ratios and the severity of normal tissue 

damage (R2=0.03, P=0.01; Fig. 1B). Furthermore, based on their foci decay ratios, patients with 

severe radiation toxicity (grade≥3) can be discriminated from those without (grade=0) fairly 

accurately (AUC= 0.73, 95% CI 0.55-0.92; Fig. 1C). A threshold foci decay ratio of 3.41 was 

determined in the retrospective patient cohort, where only grade 0 and grade 3 patients were 

included [24] (Materials & Methods, Supplementary Figure 1). Based on this threshold 82% (23 

out of 28) of grade≥3 patients could be correctly classified and 64% (9 out of 14) of grade 0 

patients (Fig. 1D).  
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However, an overlap between the foci decay ratios of all 4 patients groups can be observed. 

Using the threshold of 3.41 incorrectly classified 36.2% of the grade 1 and 29.4% of the grade 2 

patients as grade 0.  

 
Figure 2. Comparison of the radiation response of HR gene-set between grade 3 and grade 0 patients after 

2Gy irradiation. A: Volcano plot shows that all HR genes have a negative fold change, meaning that the gene 

was induced to a lesser degree in grade≥3 patients compared to grade 0 patients. B: Receiver operating 

characteristic curve for the mean log2 fold induction of HR gene-set. Diagnostic accuracy to discriminate grade 

3 from grade 0 patients based on HR expression levels is 74%, as quantified by the area under the curve. C: 

Average induction levels of HR-set as single value show a significant difference between grade 0 and grade 3 

patients, indicating a less active DNA-DSB HR repair in radiosensitive patients. Geometric mean±95% 

confidence interval within each group is shown; every point represents an individual patient. 
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Differences in gene expression of HR DNA repair genes among patient groups  

Gene expression levels of our previous established gene-set for the DNA-DSB repair pathway HR 

were examined for all patients. Fig. 2A shows the differences in radiation response for the HR 

genes between the two groups. Concordant with the retrospective study, the HR repair gene-set 

was significantly down-regulated after radiation (2Gy versus 0Gy) in grade≥3 patients compared 

to grade 0 patients (P=0.008; Fig. 2C). Although HR induction levels distinguished radio-sensitive 

patients from radio-resistant patients (AUC=0.75, 95% CI 0.60-0.89; Fig. 2B), reliable 

classification based on gene expression levels was not possible. A linear support vector machine 

classifier fit on the HR induction levels of the retrospective cohort correctly classified only 13 of 

the 28 patients developing grade 3 toxicity in the prospective cohort (sensitivity 46%; 

Supplementary Information B, section 5). 

 

 

DISCUSSION 

Radiotherapy aims to precisely target the tumor, while sparing the normal healthy tissue[34]. 

However, using external beam therapy the surrounding normal tissue is unavoidably exposed to 

radiation. The possible appearance of normal tissue complications is therefore a limiting factor 

for radiation treatment. In concordance with our retrospective results [24], our present study 

prospectively confirms a significant correlation between the severity of late radiation toxicity in 

prostate cancer patients and the ability of their normal cells to repair DNA-DSBs. Both gene 

expression profiling and γ-H2AX foci decay data after in vitro irradiation of patient lymphocytes 

show that inefficient repair of radiation-induced DSB is highly associated with the development 

of severe late normal tissue damage.  

This study uses the ratio of γ-H2AX foci numbers 24h after radiation treatment to γ-H2AX 

foci numbers 30 min after radiation treatment as a measure for the efficiency of DNA-DSB 

repair. Whether disappearance of foci corresponds to the actual repair of a DSB is still subject of 

discussion[35]. Several studies have shown that residual, persisting γ-H2AX foci are associated 

with DNA-repair deficiencies or radio-sensitivity [25, 28], indicating that the γ-H2AX foci assay 

can be used to study DNA-DSB repair. Here we show that foci decay ratios correlate well with 

late radiation toxicity. Significantly lower foci decay ratios were found in patients with severe 

late radiation toxicity (grade≥3) compared to patients developing no or mild complications 

(grade 0; P=0.02). In addition, less efficient DNA damage response is reflected by a reduced 

transcriptional responsiveness of HR genes to irradiation. Gene expression levels of HR-set are 

overall down-regulated in radio-resistant grade 0 patients compared to radio-sensitive patients 

(grade≥3; P=0.008). An increased complication rate seems to correlate with lower activity of HR 

genes.  
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None of the patients’ characteristics that have been described as prognostic marker for late 

radiation toxicity were predictive in the present prospective study. We could not confirm the 

observations by Peeters et al[36] that the risk of radiation-related late rectal bleeding increased 

with a higher radiation dose. In addition, no association was found between previous abdominal 

surgery, diabetes mellitus or cardiovascular disease and a higher risk for radiation toxicity. This 

might be due to the fact that procedures to determine the toxicity score of patients differ 

considerably. Valdagni et al. [5, 6, 37] used a patient-administered RTOG/EORTC questionnaire 

to score rectal and intestinal toxicities whereas we used the clinician-based CTCAE system. 

Similar classification of patient status is very important for meaningful comparison of different 

studies and results. Most clinical trials track patient toxicity symptoms by the CTCAE system, 

however no standardized implementation of the system exists and interpretation of symptoms 

varies among clinicians. It has been reported that patients can effectively report toxicity using 

patient-reported outcomes (PRO) [38, 39], but the results are more subjective compared to 

clinician-based scoring and reflect daily health status [40]. 

Over the years, significant progress has been made toward the effectiveness of radiation 

treatment and tumor control. The resulting increase of cure rates in cancer patients also 

increases the importance of minimizing the radiation impact to normal tissues. Prevention or 

reduction of late normal tissue toxicity can lead to an improved quality of life after treatment. 

Patients at high risk to develop late radiation toxicity might alternatively be treated by surgery or 

brachytherapy. In combination with hyperthermia, patients can be treated with lower radiation 

dose while maintaining clinical effectiveness [41]. On the other hand, patients who are less 

sensitive to radiation toxicity might be treated with higher doses. Especially for other types of 

cancer, with worse survival rates than prostate cancer, grade 0 patients might benefit from a 

higher radiation dose. However, care must be taken with right classification of the patients and 

possible change of treatment plan. Patients who develop late toxicities should not be irradiated 

with higher dose, while on the contrary grade 0 patients will not be disadvantaged from a 

different treatment regime if it results in similar outcomes.  

In conclusion, this study confirmed that there are marked differences between prostate 

cancer patients in their DNA damage response in normal tissues. An altered or less efficient 

DNA-DSB response correlates with severe late radiation toxicity. Therefore, it is worthwhile to 

further investigate the DNA damage response or other DSB markers to elucidate the 

mechanisms which underlie the differences in radiation response. The ability to separate 

patients suffering from severe late radiation toxicities (grade≥3) from those without toxicities 

(grade 0) by γ-H2AX foci decay ratio measurement is already promising. Since the γ-H2AX assay 

is a robust and highly reproducible technique, it should be possible to develop a standardized 

method for clinical use. However, due to the large overlap with patients experiencing milder 

toxicities, results need to be further validated before implementation in the clinic is warranted.  
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SUPPLEMENTARY INFORMATION 

Figure S1.  

Information file B 
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SUPPLEMENTARY INFORMATION A 

 

 

 

Supplementary Figure S1. Receiver operating characteristic (ROC) curve (A) and foci decay ratios (B) from our 

retrospective study. This study included a total of 24 patients, 11 grade 0 and 13 grade 3 patients. A: ROC 

curve and a diagnostic accuracy of 97% as quantified by the area under the curve. Threshold was determined at 

the highest sensitivity value with a specificity of 100%. This resulted in a threshold of 3.41. B: Foci decay ratios 

are significantly different between patients with (grade 3) and without (grade 0) severe late radiation toxicities 

(p=0.0001). The threshold of 3.41 correctly identified all grade 0 patients (pink dashed line). Every point 

represents an individual patient. Geometric mean±95% confidence interval within each group is show.
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1. REPRODUCIBILITY 

All analyses were performed using R/Bioconductor packages in the statistical software 

environment R(v3.1.2). Versions of the main packages used were: affy (1.44.0), 

arrayQualityMetrics (3.22.0), e0171(1.6-7), hgu133plus2.db (3.0.0), limma (3.22.7), MCRestimate 

(2.22.0), org.Hs.eg.db (3.0.0), and pROC (1.8). 

 

 

2. MICROARRAY PRE-PROCESSING 
Raw data were extracted from the CEL files using the affy package. Data was normalized and 

summarized at the probeset level using robust multiarray averaging (RMA) with default settings 

(function rma, package affy) [1]. The package arrayQualityMetrics was used to assess the quality 

of the microarray data both before and after normalization. In the raw data both the Relative 

Log Expression (RLE) and Normalized Unscaled Standard Error (NUSE) showed slightly deviating 

distributions for some of the arrays. After normalization, there were no clear indications for 

arrays of lower quality. We therefore decided to not remove any arrays based on quality control. 

Samples were hybridized in two batches, the first batch consisting of 104 arrays on five 

Affymetrix HT HG-U133+ PM array plates (2x16, 3x24) and the second batch of 336 arrays on five 

plates (2x24, 3x96). Clear differences between the two batches and, to a lesser extent, between 

the plates within batches were still present after normalization. For all patients the irradiated 

and the control sample had by design been hybridized in the same batch and, for the second and 

largest batch, on the same plate. Since in all analyses the pairing of the patient samples was 

explicitly taken into account, differences between batches and plates were automatically 

corrected for. The most dominant signal in the data was patient-specific and in general the 

irradiated and the control sample of the same patient clustered closely together (data not 

shown).  

Twelve technical replicates arrays had been included in the first batch. Replicated samples 

were in general very similar and were therefore replaced with their averages. Twenty eight 

arrays were used for samples from our retrospective study [2] and were left out. Furthermore, 

four arrays were left out for two patients for whom the toxicity score was missing. In total, the 

prospective cohort therefore consisted of 396 arrays for 198 prostate cancer patients. Probesets 

were annotated using the package hgu133plus2.db. 
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3. RADIATION SENSITIVITY 

We first determined the genes that most changed their expression levels upon irradiation in any 

of the four patient groups, corresponding to the four toxicity score levels. Overall a large 

radiation response was observed with 18,480 genes differentially expressed (adjusted P<0.05). 

The most differentially expressed genes consisted of well-known radiation-sensitive genes (for 

example, FDXR, MDM2, XPC, and DDB2; Table S1). 

 

Table S1: Top-25 probesets differentially expressed between irradiated (2Gy) and control (0Gy) lymphocytes. 

For each grade (0, 1, 2, ≥ 3) the differentially expressed probesets were determined by extracting the 

appropriate coefficients from the linear model fit with the nested interaction design described in the main text. 

Fold changes are given on a log2 scale. P values were calculated on the basis of the moderated F-statistics for 

the four comparisons. Correction for multiple testing was performed using the Benjamini-Hochberg false 

discovery rate (adj. P Value). 

 

 

We used the systematic upregulation of three genes (FDXR, MDM2, and TRIM22) to check for 

possible sample swaps. For this purpose, we calculated the log2 fold change between the 

expression levels at 2Gy and 0Gy within each patient. For all patients except one, expression of 

the three selected genes was indeed upregulated. Induction levels after correcting for this 

sample swap are depicted in Figure S1.  

A geneset analysis of the response to radiation confirmed that the signature identified in the 

current experiment is largely concordant with previously identified radiation signatures and 

related pathways, such as the P53 signaling pathway (Table S2, Figure S2). 
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4. DIFFERENCES IN RESPONSE TO IRRADIATION BETWEEN PATIENT 

GROUPS 

In our retrospective study, we found that expression of a set of genes involved in homologous 

recombination (HR) was less induced upon irradiation in 9 patients with Grade 3 than in 7 

patients with Grade 0 late radiation toxicity [2]. In the main text the prospective validation of 

this observation is described. Here, these and related results are presented in more detail.  

We first determined genes that respond differently to irradiation between the four toxicity 

score-based patient groups. After correction for multiple testing, no genes were differentially 

expressed (adj. P≥0.7, Table S3). Differences in fold induction were in general small and the fold 

induction was highly variable within patient groups. Limiting the analysis to the 14 patients with 

Grade 0 and the 28 patients with Grade 3 late radiation toxicity, the most differentially 

expressed probesets were 230409_PM_at (MAGI3, adj. P=0.16), 1556817_PM_a_at (adj. P=0.16) 

and 235059_PM_at (RAB12, adj. P=0.23). We next investigated the response to irradiation of the 

HR genes. The large majority of HR genes was less induced upon irradiation in Grade 3 patients 

compared to Grade 0 patients (Table S4) in line with the findings in our retrospective study. A 

ROAST geneset test [4] (see main text for details) confirmed that although the effects at the 

individual gene level were modest at best, the HR geneset was clearly downregulated in Grade 3 

versus 0 (P=0.008; Figure S3). For Grade 2 and Grade 1 versus Grade 0, the HR geneset was not 

significantly downregulated (P=0.17 and P=0.11, respectively; Figure S3). In our retrospective 

study a trend towards downregulation was observed for the genes involved in non-homologous 

end-joining (NHEJ) and its back-up pathway (BEJ) [2]. In the current study, such a trend could not 

be observed (Table S5). This was confirmed by ROAST geneset tests: Grade 3 versus 0, P=0.38; 

Grade 2 versus 0, P=0.83, Grade 1 versus 0, P=0.17. 

 
Figure S1: Induction of gene expression upon irradiation calculated within each individual patient (indicated by 

the index on the x-axis) for three selected radiation-sensitive genes (Table S1). Note that the induction levels 

were sorted separately for each gene and that therefore expression levels for the same value of the sample 

index should not be compared. 
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Figure S2: Enrichment of the set of 439 probesets included in the HALLMARK P53 PATHWAY geneset that was 

strongly induced upon irradiation (Table S2). The lower panel shows the moderated t-statistics on the x-axis, 

vertical bars indicate the position of the probesets included in the genseset. The upper panel contains a worm 

plot illustrating the enrichment of the geneset relative to random ordering. 

 

 
Table S2: A CAMERA geneset test was performed to identify sets consisting of genes that are highly ranked in 
terms of differential expression upon irradiation relative to genes not in the set [3]. CAMERA was applied using 
genesets from the Hallmark and C2 collections from the Molecular Signatures Database (MSigDB v5.0, Entrez 
Gene ID version). P values were calculated for each gene set for two alternative hypotheses (up, down) and 
corrected for multiple testing using the Benjamini-Hochberg false discovery rate. For more information about 
the genesets, see http://software.broadinstitute.org/gsea/msigdb/genesets.jsp. Note that these results are 
based on a simple additive model using patients as a blocking variable, effectively performing a paired 
comparison between irradiated versus not irradiated lymphocytes. 
 
 
 
 

http://software.broadinstitute.org/gsea/msigdb/genesets.jsp
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5. CLASSIFICATION 

Next we asked whether a classification model could be built for prediction of late radiation 

toxicity from HR gene expression levels. First, the patient-specific fold inductions (on log2 scale) 

of the HR genes were calculated for the prospective cohort. The receiver operating characteristic 

(ROC) curve for the mean log2 fold induction has an area under the curve (AUC) of 0.75 (95% CI: 

0.6 – 0.89; calculated using DeLong’s method for determining AUC variance). At 100% specificity, 

such that all Grade 0 patients are correctly identified as negative for radiation toxicity, the 

sensitivity is 50% (Figure S4). Next a linear support vector machine (SVM) classifier was 

constructed for prediction of late radiation toxicity from the patient-specific HR log2 fold 

inductions. Predictive performance was estimated using nested cross-validation (5-fold inner 

cross-validation, 3-fold outer cross-validation, with ten repeats). The parameter class.weights 

was used to set weights inversely proportional to the class frequencies, in order to compensate 

for the unbalanced class distributions. Optimal values for the `cost' parameter were selected in 

the inner cross-validation loop (cost={2-3; 2-2;…; 210}) and predictive performance was calculated 

in the outer cross-validation loop (package MCRestimate). In the retrospective cohort 5 of 9 

(sensitivity, 56%) of Grade 3 patients were correctly classified and 4 of 7 (specificity, 57%) of 

Grade 0 patients. In the prospective cohort 19 of 28 (sensitivity, 68%) of Grade 3 patients were 

correctly classified and only 5 of 14 (specificity, 36%) of Grade 0 patients.  

 

Finally, a linear SVM classifier was fit on the retrospective cohort using the function `tune' 

(package e1071) with 5-fold inner cross-validation to select optimal values for the `cost' 

parameter. The resulting SVM was applied to the prospective cohort with 13 of 28 (sensitivity, 

46%) Grade 3 patients correctly classified and 5 of 14 (specificity, 36%) Grade 0 patients. 

 

 

 
Table S3: Top-10 probesets with a different response to irradiation between the four patient groups. For grade 
(1, 2, ≥ 3) the probesets differentially induced with respect to Grade 0 were determined by extracting the 
appropriate coefficients from the linear model fit with the nested interaction design described in the main text. 
Fold changes are given on a log2 scale. P values were calculated on the basis of the moderated F-statistics for 
the three comparisons. Correction for multiple testing was performed using the Benjamini-Hochberg false 
discovery rate (adj. P Value). 
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Figure S3: Volcano plots for the comparison of response to irradiation between Grade 3, 2, 1 and Grade 0 

patients. Fold change is indicated on log2 scale on the x-axis. The nominal P value is indicated on log10 scale on 

the y-axis. Probesets that are part of the HR geneset (Table S4) are highlighted in red and labelled with their 

corresponding gene symbol. For LIG1, the most differentially expressed gene between Grade 3 and Grade 0 

patients, the patient-specific fold inductions (on log2 scale) are shown. 

 

 

Probesets were chosen based on our retrospective study [2]. 
Table S4: Differential response to 
irradiation between Grade 3 and Grade 0 
patients for the probesets part of the HR 
geneset. Fold changes are given on a log2 
scale. P values were calculated on the 
basis of the moderated t-statistics. 
Correction for multiple testing was 
performed using the Benjamini-Hochberg 
false discovery rate (adj. P Value).  

 
 
Table S5: Differential response to 
irradiation between Grade 3 and Grade 0 
patients for the probesets part of the 
NHEJ/BEJ geneset. Fold changes are given 
on a log2 scale. P values were calculated 
on the basis of the moderated t-statistics. 
Correction for multiple testing was 
performed using the Benjamini-Hochberg 
false discovery rate (adj. P Value).  
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Figure S4: Receiver operating characteristic curve 
for the mean log2 fold inductions of the HR 
geneset. Diagnostic accuracy was evaluated by 
determining the area under the receiver operating 
characteristic curve (AUC, pROC package). 
DeLong's method for determining AUC variance 
was used for the calculation of the AUC 95% 
confidence interval. 
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SUMMARY AND GENERAL DISCUSSION 

This thesis discussed the two contrasting sides of radiotherapy: tumor control and normal tissue 

toxicity. On one hand, radiation treatment aims to kill the tumor with the highest possible 

radiation dose, by inducing as much lethal DNA damage as possible, eventually eradicating the 

whole tumor. On the other hand, escalation of the radiation dose will also result in an increase 

of normal tissue damage and hence of the normal tissue complication rate. Unfortunately, 

ionizing radiation cannot distinguish cancer cells from normal, healthy cells and will cause 

damage to all cells in the irradiated area. However, the biological differences between the tumor 

and normal cells in particularly proliferation rate and DNA-repair capacity provide a therapeutic 

window for radiation treatment. This therapeutic window is widest at a relatively low dose, 

typically at 2Gy per day. Therefore, dividing the required dose in daily small fractions, so-called 

fractionated radiotherapy, allows optimal time for normal cells to repair the induced DNA 

damage while cancer cells are destroyed efficiently. Next to these biological differences, new 

image-guided technologies are improving the precision of radiotherapy significantly, and 

minimize the irradiated normal tissue volume. Improvements in radiotherapy remain however 

necessary as several tumors are still poorly controlled by radiation treatment alone and on the 

other hand, in cases where tumor control is achieved the resulting improved survival rates make 

the issue of quality of life in cancer survivors, which may experience complications from 

radiation damage, more and more important. Exploring the molecular events after radiation 

treatment, not only in cancer cells but also in normal cells, might unravel mechanistic insight of 

the radiation responses and possibly lead to the identification of new therapeutic targets or 

biomarkers.  

In the studies described in this thesis, the molecular events involved in the repair of radiation 

induced DNA damage were investigated. By interfering with the DNA double strand break repair 

processes, we aimed to sensitize tumors and cancer cells to ionizing radiation and we measured 

the activity of these processes to predict tumor sensitivity and normal tissue toxicity. Chapter 1 

provided a general overview of the biological effects of ionizing radiation and the DNA damage 

response in mammalian cells. Furthermore, this chapter described important factors involved in 

the radiation response in cancer cells and in normal cells separately, introducing the two 

contradictive sides of radiotherapy. Both sides will be discussed in the following sections. 

 

 

PART I: RADIATION RESPONSE IN CANCER CELLS 

The combination of ionizing radiation with other therapies is the focus of many studies that aim 

to improve currently applied radiation treatment. The combination of radiotherapy with 

chemotherapy is widely used for the treatment of cancer, and in the Academic Medical Center 
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there is a long tradition of combining radiation with hyperthermia, i.e. heating of the tumor to 

41-43⁰C. Heat sensitizes cancer cells to radiation by altering proteins involved in the DNA 

damage response. 

Compared to radiotherapy alone, the combination of radiotherapy with chemotherapy has been 

shown to improve local tumor control and to prevent local recurrences or metastasis [1, 2]. In 

rectal cancer patients, neoadjuvant chemo-radiation treatment before surgery even reduced the 

local recurrence rate to less than 10% [3]. However, adding chemotherapy to radiation 

treatment also results in a significant increase of acute and late normal tissue damage [1, 4]. As 

the quality of life after cancer becomes increasingly important, we instigate the search for a 

combined radiation treatment strategy that can improve local disease control without increasing 

the normal tissue toxicity rate. The effect of hyperthermia on normal tissues might be minimal 

due to the fact that the tumor is locally targeted, but long term effects need to be studied in 

clinical trials. In recent years, there has been an exponential growth in the knowledge of 

molecular mechanisms and gene mutations involved in the treatment response of tumors; this 

knowledge could contribute to the development of molecular-targeted drugs that might 

augment the effect of ionizing radiation in cancer cells [5-7]. Due to the wide heterogeneity of 

tumors between patients and cancer types, personalized medicine and targeted therapies 

becomes more important. The first part of this thesis discussed the role of key factors involved in 

the DNA damage response, possible therapeutic targets and biomarkers for clinical use. 

 

Targeting the DNA damage response to enhance tumor control. 

In chapter 2 study results on the role of tumor suppressor p53 in the repair of potential lethal 

damage (DNA double strand breaks (DSBs)) after radiation treatment are described and it is 

concluded that functional p53 is necessary for the repair of DSBs [8, 9]. The important role of 

p53 as tumor suppressor, by inducing cell cycle arrest, cell cycle checkpoints, apoptosis or 

senescence, is widely appreciated and chapter 2 further confirmed this role by showing its 

involvement in the repair of potentially lethal damage. It is thought that without functional p53, 

normal cells lose the ability to control their growth and death and are able to proliferate 

regardless of the amount of DNA damage. Uncontrolled dividing cells with unrepaired DNA 

damage could give rise to a mutagenic cell type and may eventually lead to cancer [10, 11]. In 

addition, more than 50% of all cancers harbor mutated or functionally deficient p53 [12], 

explaining several malignant features of cancer cells: aberrant cell cycle progression and loss of 

apoptotic capability [13]. Furthermore, it is thought that mutated p53 not only loses its tumor 

suppressive function but also gains oncogenic activities [14], contributing to chemo- and 

radiotherapy resistance and metastasis. Targeting p53 has therefore been proposed as possible 

anti-cancer treatment. Targeting strategies either aim to reactivate the loss of functional p53 to 

induce death in cancer cells, to deplete mutated p53 to reduce oncogenic processes [15], or to 

inactivate p53 to protect normal cells from death and possible normal tissue toxicity [16]. 
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Unfortunately, the complexity of the p53 pathway and the large variety in mutation types make 

the development and implementation of p53 target drugs challenging. Whether the mutant p53-

depleting drugs or p53-reactivors could have an effect on all p53 mutants or only specific ones, 

and the possible effects of these drugs on other proteins and pathways needs to be further 

investigated. In addition, the underlying mechanisms on how mutant p53 promotes 

tumorigenesis are also not completely understood. Moreover, the effects of p53-reactivation 

seem to be tumor specific: restoration of p53 in lymphomas led to increased apoptosis levels, 

whereas other solid tumors only showed an induction in cell cycle arrest [17]. The induction of 

cell cycle arrest could indicate that tumors with a low apoptotic response will progress again 

once the reactivating drug is withdrawn. Despite the above mentioned challenges, some 

promising p53 therapeutics have been developed and are currently emerging in clinical trials 

[16]. Optimization of p53-targeted drugs could lead to an increase in cell death and reduction of 

oncogenic activities, thereby possibly preventing therapy resistance and improve tumor control. 

 

Repair of potentially lethal DNA damage may also undermine the efficacy of radiation treatment. 

Because of the multiple functions of p53, genes and proteins involved in the actual repair of DNA 

DSBs may be more suitable as targets. Many studies investigated the inhibition of either of the 

two main DNA DSB break repair pathways: homologous recombination (HR) or non-homologous 

end joining (NHEJ) [6, 18-21] with varying outcomes. One of the most promising targeted 

treatments so far are the PARP1 inhibitors. PARP1 is one of the protein enzymes involved in the 

repair of single strand breaks, and has been suggested to play a role in the alternative form of 

DNA DSB repair. Inhibition of PARP1 can lead to unrepaired single strand breaks, resulting in the 

formation of lethal DSB after DNA replication [22]. PARP1 inhibitors are shown to be extremely 

toxic in homologous recombination deficient cancer cells [23], and may therefore be useful or 

the treatment of for example the BRCA1/BRCA2 mutated breast and ovarian cancers. Several 

clinical trials are being conducted, and the PARP1-inhibitor olaparib has already progressed to 

phase III-studies. The first results show a longer progression-free survival of high-grade ovarian 

patients [24], but effects on overall survival need to be yet determined as well as the effects in 

low or intermediate grade cancer patients. Furthermore, the development of dose-limiting 

hematologic toxicities after olaparib treatment in combination with standard chemo- and 

radiotherapy make successful implementation for curative treatment more complex [20, 25-27].  

In this thesis however, we did not only want to interfere with HR but also with the DSB pathway 

that repairs the majority of the DNA DSB breaks: NHEJ [28]. Blocking one repair pathway is 

thought to lead to the compensation by the other repair pathway [29, 30]. Therefore, inhibiting 

both at the same time could lead to a more complete, and more pronounced radio-sensitization. 

In chapter 3, the combination of hyperthermia and the DNA-PKcs inhibitor NU7441 – to block HR 

[31] and NHEJ [32] respectively – before radiation treatment is exploited to destroy cancer cells 

more efficiently. Our results show that either one of the treatments already enhances the effect 
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of radiation, but the combination of both increased radio-sensitivity tremendously. Not only the 

‘normal’ cervical- and breast cancer cells are sensitized, but also the assumed radio-resistant 

cancer stem cells are affected by the triple combination treatment. Hyperthermia is already 

routinely applied in combination with radiotherapy in some medical institutes, and the addition 

of DNA-PKcs inhibition might support further use of both in the clinic.  

As cancer cells and cancer stem cells have been shown to have an increased DNA damage 

response activity [33, 34] and that this increased activity contributes to the promotion of cancer 

and therapy resistance, the rationale to block the DNA damage response is comprehensible. 

Blocking DNA repair will enhance the effect of treatments that induce DNA damage, resulting in 

an increase of cell death and hence tumor control. Unfortunately, most targeted therapies are 

not tumor specific and normal healthy cells will be affected during treatment as well [35]. 

Inhibition of DNA repair processes in normal cells could result in the induction of translocations, 

mutations leading to inacceptable normal tissue toxicity or even contribute to the development 

of new malignancies [11]. At this moment, no significant increase in normal tissue complications 

after hyperthermia treatment are recorded [36], but further studies are necessary as large 

randomized clinical trials are still lacking. In addition, the effect of DNA-PKcs inhibition on normal 

tissue toxicity needs to be elucidated. 

 

The precise implementation of DNA repair-targeting drugs must be carefully investigated and 

optimized for each specific tumor type. Depending on the molecular features of the tumor, the 

best therapeutic strategy should be determined exploiting synthetic sensitivity or lethality [37]. 

Targeting the repair pathway that is crucial for the tumor, but less active in normal cells, might 

lead to a more selective and less toxic treatment strategy. Furthermore, specific combinations of 

these repair-targeting drugs might be able to induce a synthetic lethal feature in a tumor that 

would otherwise not be sensitive. For example hyperthermia and PARP1 inhibitors: 

hyperthermia degrades BRCA2, introducing (temporarily) homologous recombination deficient 

cancer cells that therefore become sensitive for PARP1 inhibitors. This could augment further 

use of PARP1 inhibitors in tumors with the specific BRCA1/BRCA2 mutation. 

 

Use of biomarkers for individualized radiation treatment. 

The molecular events of the DNA damage response can be studied by several DNA damage 

markers. Phosphorylated γ-H2AX is the most widely used marker of DNA-damage and the 

number of γ-H2AX foci per nucleus closely correlates with the number of radiation induced DSBs 

[9, 38-41]. Although the γ-H2AX foci assay is very sensitive, it’s potential to assess the efficacy of 

DNA DSB repair is still a matter of debate [40, 42]. Since dephosphorylation of γ-H2AX is thought 

to occur more gradually rather than sudden, the detection of γ-H2AX foci a few hours post 

radiation treatment might not necessarily present an actual, unrepaired DSB [43]. Furthermore, 

several studies suggest that residual foci could also mark changes in chromatin structure after 
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repaired or misrepaired DSBs or chromosomal translocations [44, 45]. In Chapter 4, we explored 

the use of γ-H2AX as determinant for DNA DSB repair and concluded that γ-H2AX foci numbers 

could determine the DNA-repair capacity of different cell types [46]. Monitoring the induction 

and disappearance of γ-H2AX foci after ionizing radiation elucidated large differences in foci 

decay ratios between repair proficient and repair deficient cells. Therefore, the decay ratios (i.e. 

the initial number of foci divided by the residual number of foci) can be a useful biomarker to 

predict the radio-sensitivity of tumors. Furthermore, we found that, apart from tumor 

sensitivity, γ-H2AX foci decay ratios were also able to measure the sensitivity of normal cells to 

radiation treatment (chapter 4, 5 and 6). Significant differences in decay ratios were observed 

between patients with and without late normal tissue toxicity after radiotherapy. Knowledge of 

the sensitivity of tumors and normal tissues to ionizing radiation before start of treatment could 

contribute to optimization of individual dose- and treatment planning. The possible 

identification of patients who are susceptible to develop severe late side effects is further 

discussed in chapters 5 and 6, part II of this thesis.  

 

 

PART II: RADIATION RESPONSE IN NORMAL TISSUES 

Part II of this thesis describes the radiation response in normal tissues and the development of 

severe late side effects, illustrated by the correlation between cellular responses to ionizing 

radiation of normal lymphocytes and patient’ toxicity status. Late radiation toxicity is the limiting 

factor for dose escalation in the radiation treatment and can significantly affect the quality of life 

of patients. Moreover, technical improvements in cancer treatment over the last decades [7, 47] 

have led to increased local control rates and a better overall survival of cancer patients [48]. The 

resulting increase in life-span, endorses the need of identifying clinical and genetic risk factors to 

reliable predict for late radiation toxicity. Approximately 5 to 10% of irradiated patients will 

develop severe late complications (grade≥3) and another 10% will develop moderately severe 

complications (grade 2). Taken together, up to 20% of these patients develop moderate to 

severe late side effects. Clinical factors like age, diabetes, comorbidities or radiation dose and –

volume can only partly explain the varying incidence and severity of normal tissue toxicity [49]. 

Therefore, it was hypothesized that there might be a genetic predisposition for late radiation 

toxicity. Genome wide, the role of several genetic variations and gene expression levels in the 

development of late radiation toxicity have been investigated [50-59]. However, overall results 

are conflicting [60] and no reproducible or reliable prognostic markers [61-63] associated with 

late radiation toxicity have been identified. In this thesis, the efficacy of the DNA damage 

response is correlated to the development of normal tissue toxicity. 
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Altered DNA damage response in severe late radiation toxicity. 

First of all, we retrospectively investigated gene expression profiles and DNA DSB repair capacity 

in ex vivo irradiated lymphocytes of prostate cancer patients (chapter 5) [64]. The radiation 

response of lymphocytes is shown to reflect patient’s normal tissue reaction after radiotherapy 

[65-67] and cellular sensitivity to ionizing radiation was assessed with the γ-H2AX assay and gene 

expression profiling. Significant reduced activity of DSB repair genes and lower foci decay ratios 

were found in patients with (over-responding, OR) severe late radiation toxicity compared to 

those without late toxicity (non-responding, NR). Results of both assays indicate a less efficient 

repair of DNA DSBs in OR patients. In chapter 6, these initial observations were extended in a 

prospective study of 200 prostate cancer patients. Interestingly, we were able to confirm the 

strong association between late radiation toxicity and the DNA double strand break repair 

efficiency. After similar ex vivo irradiation of normal lymphocytes, the value of foci decay ratios 

declined with increasing toxicity grade. This is consistent with our earlier finding that an 

impaired DNA DSB repair contributes to the development of late radiation toxicity. Furthermore, 

gene expression analysis designated genes of the homologous recombination pathway to be 

responsible for the less efficient DSB repair in patients with late radiation toxicity. More 

specifically, HR repair genes were overall less induced in patient with severe late radiation 

toxicities compared to patient without complications. No correlations were found between 

toxicity grade and induction levels of the NHEJ repair genes. A threshold γ-H2AX decay ratio 

determined from the retrospective study, could correctly classify 82% of the patients with severe 

radiation toxicity in the prospective study. Unfortunately, there is a large overlap with patients 

experiencing milder toxicities. Therefore, the γ-H2AX foci decay assay needs to be further 

optimized and validated in other studies before possible clinical use can be warranted.  

 

In this thesis, the development of normal tissue damage was only assessed for prostate cancer 

patients. As we use patient lymphocytes to examine their normal tissue response, results 

obtained in the prospective study might also be indicative for the development of normal tissue 

damage in other types of cancer. Although a recent study showed that genetic variants 

associated with overall toxicity in breast cancer patients, were not associated with overall 

toxicity in prostate cancer patients [56], several studies have correlated levels of residual DNA 

DSB with increased risk for late normal tissue toxicity in other types of cancer [68-70]. The 

underlying causes to explain this altered repair capacity remain however unclear. Differences in 

repair efficiency might be caused by a combination of polymorphisms in DNA damage responsive 

genes or in their regulation, influencing expression of multiple connected genes. Furthermore, it 

has been shown that the variation in the baseline expression level of many genes has a heritable 

component [71], indicating that gene expression differences and hence pathway activity can to 

some extent be regarded as a hereditary trait. 
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Clinical implications of late toxicity prediction. 

Identification of patients at high risk to develop severe normal tissue damage prior to irradiation 

exposure is important for patient-tailored therapy. The lack of reproducibility between studies 

that aim to find predictive markers for late radiation toxicity could be due to the differently used 

toxicity grading systems. Outcomes between scoring systems (e.g. EORTC, RTOG, CTCAE, LENT-

SOMA) can vary considerably, making meaningful comparison between different studies and 

results more difficult. No standardized implementation of scoring systems exists and 

interpretation of symptoms might vary among clinicians or institutes. Furthermore, some studies 

use patient self-administered questionnaires to assess toxicity status [72]. It has been reported 

that patients can efficiently report toxicity using patient-reported outcomes [73, 74], but the 

results seem to be more subjective compared to clinicians and reflect daily health status [75]. 

The majority of currently reported clinical trials assess toxicity signs and symptoms according to 

the CTCAE system. Nevertheless, the studies discussed in chapter 5 and 6 are important for the 

possible identification of patients who are likely to have a genetic predisposition to develop late 

radiation toxicity. Especially the possible use of γ-H2AX foci decay ratios could contribute to 

improved patient-tailored treatment planning.  

 

Markers with high predictive power can lead to improved therapy and better patient outcome, 

as well as an increased quality of life after radiation treatment. Patients at high risk to develop 

severe side-effects may receive a different treatment such as surgery (prostatectomy) or 

brachytherapy. Brachytherapy is a form of internal radiation treatment that places radioactive 

material in close vicinity of the tumor, making it a very local technique with minimal radiation 

damage in surrounding tissues. Unfortunately, brachytherapy is limited to small, slow growing 

tumors as the radiation source can only reach a small area. In combination with hyperthermia 

however, patients with low or high grade tumors could be alternatively treated with lower 

radiation dose while maintaining clinical effectiveness [36, 76]. The results obtained in our 

prospective study suggest a less active homologous recombination repair to be responsible for 

the development of late radiation toxicity. Therefore, targeting this pathway with hyperthermia 

might not have an extra effect in normal cells but it does sensitize the response to radiation in 

cancer cells (chapter 3). On the other hand, patients who are less susceptible to radiation 

toxicity might be treated with higher doses, leading to higher cure rates. However, care must be 

taken with correct classification of the patients and possible change of treatment plan. Although 

for patients without toxicity a different treatment regime will not be a disadvantage, if it results 

in similar outcome, patients who are more prone to develop late toxicities should definitely not 

be irradiated to higher doses.  
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CONCLUSIONS 

All studies presented in this thesis were designed to investigate mechanisms involved in the 

sensitivity to radiation treatment, either in tumors or in normal tissues. Evidently with the 

ultimate aim to improve radiation treatment. The indispensable role of effective DNA DSB repair 

in diminishing the adverse effects of radiation treatment is highlighted in this thesis. To date, we 

used DNA repair markers to assess tumor response, targeted DNA repair pathways to sensitize 

cells to radiation treatment and we assessed DNA repair activity to predict the development of 

normal tissue toxicity. 

Blocking DSB repair pathways with for instance hyperthermia or DNA-PKcs inhibition has been 

shown to contribute to improved tumor control by killing cancer cells more effectively. Because 

cancer cells and cancer stem cells are thought to possess a highly active, though aberrant, DNA 

damage response, blocking the involved pathways with molecular-targeted therapies could 

significantly contribute to reduced treatment resistance and hopefully spare normal cells to 

some extent. Furthermore, there is supportive evidence of a genetic predisposition for the risk of 

developing late radiation toxicity. Results obtained in this thesis suggest that late complications 

are caused by altered, less efficient DNA damage repair. Therefore, expression levels of DNA 

repair genes and functional DNA damage markers may be useful to better predict late 

complications. Although conflicting results among studies remain present, differences in 

individual expression profiles, mutational status and DNA repair capacity are worthwhile topics 

for further investigation. Exploring the DNA damage response to elucidate possible targets or 

mechanisms which underlie to differences in radiation response are warranted. Overall, for 

successful improvement of currently applied radiation treatment, we stress that both tumor 

control and normal tissue toxicity should be taken into account.  
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NEDERLANDSE SAMENVATTING 

 

TUMOR CONTROLE EN NORMAAL WEEFSEL TOXICITEIT:  

de twee gezichten van radiotherapie. 

 

 

INTRODUCTIE 

In dit proefschrift worden twee tegenstrijdige kanten van radiotherapie behandeld: het 

controleren van de tumor en het ontwikkelen van normaal weefsel toxiciteit. Radiotherapie 

maakt gebruik van ioniserende straling om het DNA van een cel dodelijk te beschadigen. Aan de 

ene kant willen we de tumor met de hoogst mogelijke stralendosis raken, waardoor er zoveel 

mogelijk letale DNA-schade aan de kankercellen wordt toegebracht. Dit kan uiteindelijk leiden 

tot celdood en mogelijk controle over of eliminatie van de hele tumor. Aan de andere kant kan 

het niet voorkomen worden dat gezonde cellen en weefsels rondom de tumor ook geraakt 

worden door de straling. Ioniserende straling kan immers geen onderscheid maken tussen 

kankercellen en normale cellen en veroorzaakt DNA-schade in alle cellen in het bestraalde 

gebied. De stralingsdosis waaraan een tumor kan worden blootgesteld wordt hierdoor dus 

gelimiteerd door de tolerantie van het normaal weefsel. Een hogere stralingsdosis veroorzaakt 

een verhoging van de schade in het normaal weefsel, wat kan leiden tot een toename in de 

ontwikkeling van bijwerkingen. 

 

Radiotherapie is een effectieve behandeling van kanker omdat straling heel lokaal kan worden 

gericht op de tumor waarbij het omgevende gezonde weefsel zo min mogelijk dosis ontvangt 

(fysisch-technisch principe). Daarnaast zorgen verschillen tussen kanker- en normale cellen in 

bijvoorbeeld delingssnelheid en de aanwezigheid van mutaties in DNA herstelmechanismen, 

voor een therapeutisch venster in de radiotherapie (radiobiologisch principe). De snel groeiende 

kankercellen zijn gevoeliger voor straling dan normale cellen, terwijl hun DNA 

herstelmechanismen over het algemeen minder efficiënt zijn. Over de afgelopen jaren zijn er 

veel technische ontwikkelingen geweest in de radiotherapie om de precisie van de bestraling te 

verbeteren. Beeldvormende technieken zoals PET-CT, MRI, en nieuwe bestralingstechnieken 

(3D-CRT; VMAT) hebben ervoor gezorgd dat tumoren beter kunnen worden onderscheiden van 

gezond weefsel zowel voor als tijdens de bestraling. Hierdoor kan veel gerichter worden 

bestraald, met krappere marges rond de tumor en met kleinere bestralingsvelden. Dit heeft als 

gevolg dat het omliggende weefsel minder geraakt wordt en tumoren dus met een hogere dosis 

kunnen worden behandeld. Naast deze fysisch-technische verbeteringen, zijn er ook nieuwe 

radiobiologische inzichten toegepast om de tumorcontrole te verbeteren en de kans op 

bijwerkingen te verkleinen. Het verschil in DNA-herstel tussen kankercellen en gezonde cellen is 
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het grootst bij een relatief lage bestralingsdosis; het beschadigde DNA van gezonde cellen is bij 

een lage dosis binnen 24 uur bijna volledig hersteld. Om het normaal weefsel dus maximaal te 

besparen, wordt de dosis die nodig is om de tumor te doden verdeeld over meerdere kleine 

‘fracties’ van typisch 2 Gray per dag. 

Ondanks de verbetering in tumor controle door bovenstaande ontwikkelingen, lukt het nog lang 

niet om alle tumoren onder controle te krijgen met radiotherapie alleen en blijft het dus nodig 

om de resultaten van radiotherapie te verbeteren. De verhoogde kans op tumorcontrole heeft al 

wel geleid tot betere overlevingspercentages, waardoor ook de kwaliteit van leven na de 

behandeling van kanker voor veel patiënten steeds belangrijker wordt. Hierdoor is niet alleen 

onderzoek naar een verbetering van de tumorcontrole, maar ook naar een betere voorspelling 

en vermindering van ernstige complicaties na radiotherapie van essentieel belang. Het 

bestuderen van de moleculaire gevolgen van straling in zowel kankercellen als normale cellen 

kan leiden tot de identificatie van genen of eiwitten die betrokken zijn bij het al dan niet 

herstellen van stralingsschade in de cel. Deze genen of eiwitten kunnen dan mogelijk gebruikt 

kunnen worden als diagnostische voorspellers (biomarkers) van stralenschade en als 

therapeutische aangrijppunten (targets) om stralingsschade met geneesmiddelen te 

beïnvloeden.  

Het doel van dit promotieonderzoek was om de biologische processen en mechanismen te 

bestuderen die betrokken zijn bij de reactie op DNA schade na ioniserende straling, om deze 

processen te blokkeren of te stimuleren om kankercellen gevoeliger te maken voor straling en de 

mate van functionaliteit van deze processen te gebruiken om normaal weefselschade te 

voorspellen. 

 

 

DNA-SCHADE RESPONS 

Hoofdstuk 1 geeft een algemeen overzicht over de effecten van ioniserende straling en de 

bijhorende DNA-schade respons in cellen. Schade aan het DNA kan de transcriptie van genen 

beïnvloeden, instabiliteit van chromosomen en translocaties veroorzaken, en het kan zorgen 

voor mutaties die op den duur zelf weer kunnen leiden tot het ontstaan van een nieuwe vorm 

van kanker. Mechanismen de betrokken zijn bij het herstel van DNA-schade zijn daarom van 

vitaal belang voor het behoud van de integriteit van het genetisch materiaal en het functioneren 

van een cel. De aanwezigheid van grote hoeveelheid DNA-schade en verminderd functioneren 

van DNA-herstelmechanismen in bijvoorbeeld kankercellen, kan leiden tot apoptose 

(geprogrammeerde celdood), mitose geïnduceerde celdood of senescentie. Senescentie is een 

toestand waarin een cel nog wel leeft maar het vermogen om zich te kunnen delen heeft 

verloren. De meest fatale stralenschade aan het DNA is een breuk in beide strengen van de 
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dubbele DNA-helix. Wanneer een DNA-breuk wordt herkend en de plaats van de schade wordt 

gelokaliseerd, worden er verschillende DNA herstel eiwitten naar de breuk toe getrokken 

worden en kan DNA-reparatie van start gaan. Het mechanisme dat gebruikt wordt om de schade te 

repareren is afhankelijk van het soort schade (enkelstrengs breuken, dubbelstrengs breuken etc.) en 

de fase van de cel cyclus. In normale, gezonde cellen zijn deze processen natuurlijk zeer gewenst, 

maar in kankercellen kan efficiënt herstel van DNA-breuken de behandeling juist ondermijnen. In 

dit proefschrift worden daarom beide kanten van stralenschade bestudeerd. In het eerste deel 

worden de studies naar de gevolgen van ioniserende straling in kankercellen beschreven, in het 

tweede deel de gevolgen van straling in normale cellen.  

 

 

DEEL I: STRALINGSRESPONS VAN KANKERCELLEN 

Veel studies hebben als doel om het effect van radiotherapie te versterken, en om de tumor 

controle te verbeteren door radiotherapie met andere behandelingen te combineren. De 

combinatie van radiotherapie met chemotherapie wordt al frequent gebruikt in de behandeling 

van kanker; daarnaast wordt in een aantal medische centra, waaronder het Academisch Medisch 

Centrum, radiotherapie gecombineerd met hyperthermie om het effect van straling te 

vergroten. Bij hyperthermie wordt de tumor lokaal opgewarmd tot 41-43⁰C, waardoor 

voornamelijk kankercellen gevoeliger worden voor chemo- of radiotherapie. 

Een derde opkomende ontwikkeling is te danken aan de toename in de kennis van moleculaire 

mechanismen en gen-mutaties in tumoren, namelijk de combinatie van radiotherapie met 

geneesmiddelen die specifiek gericht zijn tegen deze moleculaire mechanismen (targeted 

therapy). Omdat grote verschillen in tumoren tussen zowel kanker types als patiënten het effect 

van de therapie sterk kunnen beïnvloeden, is de ontwikkeling van mutatie specifieke targets een 

belangrijke stap in de verbetering van de behandeling van kanker. Medicijnen gericht tegen 

specifieke moleculaire afwijking in kankercellen van een patiënt kunnen geïndividualiseerde 

behandelingsplannen mogelijk maken, om zo een optimaal effect in elke patiënt te bereiken. Er 

zijn zelfs wetenschappers die verwachten dat het kankerprobleem met behulp van deze gerichte 

medicijnen kan worden opgelost. Vooralsnog werken deze gerichte middelen alleen nog in 

combinatie met de gevestigde behandelingen zoals radiotherapie, chemotherapie en 

hyperthermie. In het eerste deel van dit proefschrift worden een aantal belangrijke elementen in 

de DNA-schade respons na ioniserende straling bediscussieerd en het mogelijke gebruik van 

deze targets in behandeling van kanker. 

 

Als eerste werd de rol van tumor eiwit p53 onderzocht in het repareren van potentieel letale 

DNA-schade (DNA dubbelstrengs breuken (DSB)) (hoofdstuk 2). Er werd geconcludeerd dat 

functioneel p53 noodzakelijk is voor het repareren van potentieel letale schade. Het was al 
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bekend dat p53 een tumor onderdrukkende functie heeft door bijvoorbeeld apoptose te 

initiëren in cellen met veel DNA schade. Het verstoren of afbreken van p53 zorgt er dus voor dat 

cellen ondanks grote hoeveelheden DNA schade geen geprogrammeerde celdood zullen 

ondergaan. Verlies van p53 functie vermindert daarmee de gevoeligheid van kankercellen voor 

radiotherapie en het herstellen van p53 functie zou dus mogelijk gebruikt kunnen worden als 

target voor therapie. Voor hoofdstuk 3 werd onderzocht of het tijdelijk blokkeren van het 

herstel van een DSB na radiotherapie leidt tot een efficiëntere vernietiging van kankercellen. 

Reparatie van DNA-schade kan immers het effect van radiotherapie ondermijnen terwijl niet 

gerepareerde DNA DSB uiteindelijk leiden tot celdood. De twee grote processen betrokken bij 

DSB-herstel, homologe recombinatie en niet-homologe end joining, werden in deze studie 

geremd met hyperthermie en een inhibitor voor het eiwit DNA-PKcs. Beide behandelingen apart 

zorgden al voor een versterking van het stralingseffect, maar samen veroorzaakten deze 

inhibitoren een enorme radio-sensitisatie na bestraling, zowel in vitro als in vivo. Bij de 

combinatiebehandeling in vivo werden geen ernstige bijwerkingen geobserveerd, al moet de 

toxiciteit van de combinatie behandeling uitgebreider worden onderzocht in vervolgstudies.  

 

Het voorspellen van de tumor radiosensitiviteit met gebruik van de biomarker γ-H2AX werd 

onderzocht in de studie beschreven in hoofdstuk 4. Het gefosforyleerde eiwit γ-H2AX is één van 

de vroegste markers van DNA DSB en kan met een immunofluorescentie kleuring gedetecteerd 

worden. Door het meten van het verschijnen en het verdwijnen van deze zogenoemde γ-H2AX-

foci, konden kankercellen met een verminderde functionaliteit van hun DNA-herstel duidelijk 

worden onderscheiden van kankercellen met een goed functionerend herstelmechanisme. Door 

de initiële hoeveelheid foci te delen door de overgebleven hoeveelheid foci na 24 uur, wordt er een 

ratio verkregen die informatie geeft over de mate van herstel. Deze ratio van γ-H2AX foci verval kan 

daardoor wellicht gebruikt worden om de stralingsgevoeligheid van een tumor in te schatten en 

zo nodig de behandeling aan te passen. Naast de radiosensitiviteit van tumoren, blijkt de ratio 

van het verval van γ-H2AX-foci ook verschillen tussen patiënten met een verschillende 

gevoeligheid van het normaal weefsel na bestraling te kunnen meten. Het voorspellen en/of 

meten van de stralingsrespons in zowel de tumor als het normaal weefsel voorafgaand aan 

radiotherapie, kan bijdragen aan het ontwikkelen van een individueel behandel- en 

doseringsplan. De mogelijkheid om op basis van deze test patiënten te identificeren met een 

verhoogd risico op de ontwikkeling van normaal weefsel complicaties werd verder besproken in 

deel 2 van dit proefschrift. 
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DEEL II: STRALINGSRESPONS IN NORMAAL WEEFSEL 

In het tweede deel van dit proefschrift werden de resultaten beschreven van de studies naar de 

gevolgen van straling in het normaal weefsel en de ontwikkeling van ernstige bijwerkingen jaren 

na radiotherapie. Late complicaties na radiotherapie vormen de beperkende factor voor verdere 

verhoging van de bestralingsdosis bij patiënten met kanker en kunnen de kwaliteit van leven na 

de behandeling sterk verminderen. Door de steeds hogere overlevingspercentages van 

kankerpatiënten wordt het steeds belangrijker om patiënten met een groot risico op 

bijwerkingen tijdig te identificeren. Ongeveer 5 tot 10% van alle bestraalde patiënten ontwikkelt 

ernstige bijwerkingen jaren na de behandeling, en nog eens 10% matig- ernstige bijwerkingen. 

Meerdere klinische en genetische factoren zijn onderzocht als mogelijke voorspellers voor late 

stralingstoxiciteit, maar helaas is er nog geen eenduidige en reproduceerbare voorspeller voor 

late toxiciteit ontdekt. Voor dit proefschrift werd onderzocht of er een genetische predispositie 

bestaat voor de late ontwikkeling van ernstige complicaties in het normaal weefsel.  

In een retrospectieve studie hebben we onderzocht of verschillen in genexpressie en verschillen 

in herstel van de DNA-schade na ioniserende straling de ontwikkeling van normaal weefsel 

toxiciteit bij mannen met prostaatkanker konden voorspellen (hoofdstuk 5). De stralingsrespons 

in lymfocyten van patiënten met ernstige bijwerkingen (over-responders) werd vergeleken met 

de stralingsrespons in lymfocyten van patiënten zonder ernstige bijwerkingen (non-responders). 

Uit deze studie bleek dat over-responders significant lagere γ-H2AX-foci verval ratio’s hadden 

dan non-responders, wat op een minder efficiënt DNA-schade herstelcapaciteit van het normaal 

weefsel duidt. Deze verminderde mate van herstelcapaciteit werd bevestigd door lagere expressie 

van genen betrokken in de twee belangrijkste DNA DSB herstelmechanismen, homologe 

recombinatie and non-homologous end joining. Voor hoofdstuk 6 hebben we deze bevindingen 

verder onderzocht, in een prospectieve studie met 200 mannen met prostaatkanker. Deze 

prospectieve studie bevestigde een sterk verband tussen de kans op late stralingstoxiciteit en 

een verminderde efficiëntie van het herstel van DNA DSB, in het bijzonder een verminderde 

efficiëntie in homologe recombinatie. Beide studies zijn belangrijk voor de ontwikkeling van een 

test die het mogelijk zal maken om patiënten die gevoelig zijn voor radiotherapie en mogelijk een 

genetische aanleg hebben voor de ontwikkeling van normaal weefsel toxiciteit te identificeren. 

Overgevoelige patiënten zouden mogelijk meer profijt hebben van een andere behandeling 

(chirurgie, brachytherapie, of een lagere dosis radiotherapie gecombineerd met hyperthermie) 

en patiënten met een genetisch gunstig profiel kunnen zonder vermindering van kwaliteit van 

leven met een verhoogde bestralingsdosis worden behandeld resulterend in een hogere kans op 

tumor controle.  
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CONCLUSIE EN TOEKOMST 

Alle studies die in dit proefschrift zijn beschreven waren opgezet om mechanismen te 

onderzoeken die invloed hebben op de stralingsgevoeligheid, zowel in tumoren als in het 

normaal weefsel, met natuurlijk als uiteindelijke doel om de huidige stralingsbehandeling te 

verbeteren. De onmisbare rol van moleculaire processen betrokken bij het herstel van DNA-

schade komt in alle onderzoeken naar voren. Het gebruik van γ-H2AX verval ratio’s om zowel de 

gevoeligheid van de tumor voor straling als de ontwikkeling van normaal weefsel toxiciteit te 

voorspellen kan wellicht een geïndividualiseerde stralingsbehandeling mogelijk maken. Ook het 

modificeren van biologisch processen met behulp van hyperthermie of het blokkeren van herstel 

processen kan bijdragen aan een verbetering van de radiotherapie procedures. Mogelijk kunnen 

met behulp van deze target-therapieën kankercellen even effectief vernietigd worden bij een 

lagere stralingsdosis, waarbij minder normaal weefsel schade wordt veroorzaakt. Dit laatste is al 

aangetoond voor de behandeling met hyperthermie en is voornamelijk interessant voor 

patiënten met een hoger risico op late bijwerkingen na bestraling. De minder gevoelige 

patiënten kunnen wellicht met een hogere dosis worden bestraald, waardoor tumoren beter 

gecontroleerd kunnen worden. Voor een succesvolle verbetering van de huidige behandeling 

moet rekening gehouden worden met beide zijden van radiotherapie. Verbeteringen in 

tumorcontrole kunnen niet geïmplementeerd worden zonder rekening te houden met de 

gevolgen voor normaal weefsel toxiciteit.  
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DANKWOORD 

Dit was het dan, mijn promotieonderzoek! Al het werk van 4,5 jaar samen gebundeld in een 

mooi klein boekje, met elk hoofdstuk zo zijn eigen herinneringen, stress momenten en 

hoogtepunten. Die hoofdstukken en herinneringen waren er niet geweest zonder veel mensen 

om mij heen en daarom wil ik dit laatste (toch wel moeilijke) schrijven dan ook wijden aan alle 

mensen die mij geholpen hebben, op wat voor manier dan ook.  

 

Allereerst natuurlijk mijn baas en copromotor Klaas Franken. Lieve Klaas, ik weet dat je helemaal 

niet van al die zoetsappigheid houdt, maar ik moet je toch echt bedanken voor de afgelopen 

jaren. Ik heb zelfs in je eigen boekje gekeken hoe jij dan iedereen bedankt had, maar helaas: 

geen dankwoord! Dus hier krijg je het: dank je wel voor alles wat je me geleerd hebt over 

straling, foci, clonogene assays (zo zonde van de impact factor toen) en de gekke wereld van de 

wetenschap. Maar natuurlijk ook over van alles buiten de wetenschap: wat de lekkerste Texelse 

biertjes zijn (ik ga speciaal voor jou een borrelplek zoeken waar ze skuumkoppe schenken), het 

dovemansoren dieet van Maarten ’t Hart, dat je soms dingen los moet kunnen laten, vijf 

kinderen echt wel heel veel is en dat je altijd achter je voetbalclub moet blijven staan (zolang 

deze maar niet Ajax is). Ik heb met heel veel plezier bij je gewerkt en het (meestal) erg fijn 

gevonden dat ik zo mijn eigen weg kon gaan. Dat ik proefjes en ideeën mocht uitvoeren waar jij 

niet eens altijd in geloofde en onze discussies over de nodigde controles en resultaten. Veel 

gelachen om je maar vooral ook met je (als iemand je weer eens Frank noemde of je ietwat 

tactloze uitflappingen), en ik hoop dat we dit in de toekomst kunnen blijven doen. Hoe 

fantastisch dat er uiteindelijk toch echt een resultaat uit de Microarray kwam… Wat zou je toch 

zonder mij gemoeten hebben?  

 

Daarnaast was dit boekje natuurlijk ook niet tot stand gekomen zonder de hulp van mijn 

promotores Jan Paul Medema en Lukas Stalpers en copromotor Harry Vrieling. Jan Paul, bedankt 

voor alles wat je me hebt bijgebracht over onderzoek doen, dat je altijd kritisch moet blijven 

kijken naar je resultaten maar er vooral ook plezier in moet houden! De wil en drang om dingen 

nog verder uit te pluizen na jouw meetings hebben het werk echt beter gemaakt. Lukas, jij ook 

erg bedankt voor je hulp de afgelopen jaren door mij ook vooral het klinische belang niet te laten 

vergeten. Biopten, bloedjes, patiënten…zonder jou hadden we er nooit zoveel geïncludeerd. 

Mooie filosofische verhalen en geschiedenissen lessen in de koffiekamer, over de moeilijkheid 

van ‘Quality of Life’ scoren en de wetenschap was altijd leuk. Harry, we hebben elkaar niet veel 

gezien maar vond je hulp en input over de toxiciteit studie altijd erg fijn. Sorry dat we nooit naar 

Leiden zijn gekomen!  

Perry, super bedankt voor alle microarray analyses, statistische hulp maar ook voor het 

bijbrengen van geduld ;-). Dat geduld loont is waar gebleken, want de prospectieve studie is 

uiteindelijk toch een leuk stukje geworden! 

 

Verder wil ik ook graag de overige leden van mijn commissie bedanken, Prof. dr. C.R.N. Rasch, 

Prof. dr. R. Kanaar, Prof. dr. C.J.F. van Noorden, Prof. dr. J. Borst, Prof. dr. R.P. Coppes en dr. 

A.D. Bins, voor hun tijd voor het lezen, beoordelen en bediscussiëren van mijn manuscript.  



Addendum 

 

 

162 

Lieve LEXOR, wat ben je groot geworden sinds ik begonnen ben. Een hele rits mensen zijn 

voorbij gekomen en blijven komen, met nu zelfs verschillende eilandjes, kamers en kleuren. 

Laten we bij de R beginnen, want die stralen toch het meest (flauw flauw). Ons kleine groepje, 

Klaas, Hans, Roos, Arlene en ook nog even Suzanne in ons grote, rommelige lab. Waterbaden, 

stralingsbronnen, antieke lab attributen, troep, duizenden 6wells platen, duizenden foci glaasjes 

die we nooit mochten weggooien tijdens de schoonmaakdag en vooral ook duizenden 

studenten, juco’s of scholieren. Het is de laatste tijd echt al veel netter geworden, wat ze ook 

zeggen! Klaas neemt niet elke student zomaar meer aan, er zijn echt wel 50 vuilniszakken met 

spul de laatste keer weg gegaan en we hebben nu ook dankzij Roos een mooi, genummerd 

systeem. Suzanne, jij bent eigenlijk met mijn reis begonnen. Dank je wel dat ik in een lopende 

trein in kon stappen en jij al de eerste hordes van de studie had genomen. Mede daardoor was 

het mogelijk dat ik ook daadwerkelijk het follow-up eindpunt van alle 200 patiënten kon halen in 

de tijd!  

Lieve Arlene, mijn stralingsbuddy! Ondanks onze verschillen, had ik het niet zonder je gekund. Je 

snapte en deelde alle (soms ook wel leuke) frustraties over onze projecten, proeven, bazen en 

heb veel plezier met je gehad op meetings en congressen. Heerlijk om soms zonder uitleg over 

alles te kunnen praten. Veel succes met jouw laatste loodjes! Hans, dank voor je hulp met alles 

op het lab: bestellingen, verdunningen, stikstof en op het laatst mocht ik ook nog met je samen 

werken in het muizenhuis, dat maakte het compleet. Roos, ik was al even begonnen toen je 

terug kwam en vond je hulp meteen fijn. Lekker samen lymfocyten kweken, naar Duitsland voor 

mFISH wat nooit goed gewerkt heeft, en lekker kletsen over van alles en nog wat. Hoop dat je na 

Arlene en mij weer zo’n leuke PhD student als collega, veel geluk!  

 

When the LEXOR lounge was still an office and no red colored furniture existed… Felipe, Marco, 

Tijana, Helene, Lisette, Selcuk, Valeria, Cheryl, Dita and Evelyn, thank you for welcoming me in 

the group and showing me how to become a PhD student. Cheryl, even though you cheer for 

Ajax, you were always willing to help me with work, protocols, houses, etc. thanks! Ditaa candy-

eyes, you made me laugh with your little habbits and burger king in the morning, wish you all the 

best finishing up with a small mini-you. Evelyn, just a few days before me and you are done, I 

know you will do great! Helene and Lisette: thanks for all the movie nights, it was fun. Toen 

kwam Eva me versterken als newby in het lab, direct gezellig met je lach, emoties, verhalen en 

enorme kennis in het lab, bedankt! Kate, Saskia, Joan en Ronald: bedankt voor jullie hulp op het 

lab en gezelligheid tijdens de lunch, borrels en uitjes, was altijd weer leuk! Disco-dolly 

aanstichtster Kate, wanneer gaan we weer? Veronique, jammer dat jij naar ‘t andere kamertje 

moest, met je eerlijkheid, gezelligheid en altijd in voor een biertje (borrel B.V. sloeg volgens mij 

niet helemaal aan, maar het was een leuke poging ;-)). Jannekeee office-buuffie! Zo blij dat je 

dicht bij me wilde blijven zitten, mega gezellig. Gaat hoe dan ook helemaal goed komen met je 

promotie en projecten, je kan het! Remy, als enige man tussen toen nog al die vrouwen, wat 

hadden we je droge humor nodig af en toe... Je binnenkomst hier zal ik nooit vergeten, maar die 

computer liep ook echt wel mega traag ;-). Simone, thanks for all the doritos, jokes and breast 

cancer cells ! Joycie, je maakte de leuke verhalen waar toen je voor mij wel nieuw bij LEXOR 

binnen kwam, in voor borrels, partijtjes en ook nog enorm slim. Sander, bedankt dat ik altijd 
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vragen over de arrays mocht stellen! Maarten, ook uit Utrecht maar het minst vaak gelukt om 

samen met je in de trein te zitten, zo snel dat je was, maar als het lukte altijd lol, dank je wel!  

Ik begon achter jouw oude bureau Louis, dat kon alleen maar goed gaan. Al kende ik je toen 

alleen nog maar als die salsa-dansende Zeeuw van een congres na mijn eerste werkdag, nu weet 

ik dat je ook wel wat meer kan... Jeetje wat is jouw groep groot geworden! Vermeulen-group: 

Kristiaan, Salvo, Maria, Nicolas, Lisanne, Daniel and Sophie, thanks for all the (work) meetings 

and making LEXOR complete. Maartje, jij was er natuurlijk al eerder, een super leuk begin met 

het skiën tekende de jaren erna ;-) en Sanne, cola-date-buddy, je begon als m’n studentje bij 

Klaas en nu een echte collega, cool dat je er weer bij kwam! Stephanie bedankt voor alle leuke 

gesprekken en koffietjes. Prashanti, Aafke and Robin, the newbies: I wish you all the best the 

coming years, it will be fun! Aarthi, Cynthia en Gregor, dank jullie wel. People come and go: 

Michael, Raju, Elise, Tom, Tessa, Kieshen, Lidewij, thanks for all your help. 

 

Ook de studenten die ik heb mogen begeleiden moet ik niet vergeten: Yanaika, Giovanna, Ilja, 

Sanne, (Karin), Brenda en Dragana dank voor jullie werk en bijdrage aan mijn projecten. Hoop 

dat jullie het onderzoek leuk gevonden hebben, ik heb in ieder geval veel van jullie geleerd! 

 

Poe, wat wordt dit al een lang verhaal, en ik ben nog niet helemaal klaar. “Die onderzoekers van 

de andere kant” moet ik ook nog bedanken: Anna, Lotte, Stijn, Eelco, Caspar, Sophie, Gerben en 

Peter. Top dat ik tijdens de OOA retraite in jullie groepje werd opgenomen, heb het altijd erg 

gezellig gevonden! En Akke, leuk dat je het Enschede-team hier nog verder kwam versterken .  

Alle lieve mensen van de radiotherapie die geholpen hebben met de toxiciteitsstudie, biopten, 

bloed prikken, patiënten inclusie en statussen opzoeken, dank je wel!  

Die van boven…Prezmek, Lianne, Jan Stap en Ron, bedankt voor jullie hulp, ideeën en mooie 

microscoop plaatjes! Hoeveel uren en dagen ik wel niet achter de fluorescentie microscoop heb 

gezeten, ongelofelijk.  

Lieve γ-H2AX foci, ik hoop dat ik jullie nooit meer hoef te tellen!  

 

Lieve vriendinnetjes, ook jullie had ik niet willen missen tijdens deze rit! Alle etentjes, ski-

vakanties -daar ga ik-, uitjes, borrels, BBQs, klussen in huizen, boekenkast inrichten en weet ik 

veel wat nog meer in Utrecht (!), Eindhoven of Amsterdam, heeft me altijd kunnen afleiden en 

relativeren . Dank dat jullie mijn uren lange geklaag over publiceren, proeven, collega’s, werk 

wilde aanhoren en de lol die we samen hebben. Op nog vele jaren meer! En door jou ben ik 

straks ook nog helemaal in shape de 21ste, Lotte, thanks , wordt echt lachen de zaterdag erna. 

En lieve Jeroen, dank je wel hé! 

 

Mijn paranimfjes Anne en Inge. Lieve Anne, dat jij naast me zou staan bij mijn verdediging wist ik 

eigenlijk al 2 jaar geleden toen je hier kwam. Ik heb je daardoor niet eens fatsoenlijk gevraagd, 

sorry! Heb het echt heel leuk gevonden om samen met je te werken, een vriendin die je elke dag 

kan zien en lastig vallen, wie wil dat nou niet? Zal je echt missen bij mijn volgende baan! Succes 

met je eigen reis nog even, maar weet nu al dat er echt vette dingen uit je projecten gaan 

komen, dat kan niet anders met jou koppie . Inge, nog zo’n lekkere nerd als vriendin, die 

moest ik er natuurlijk ook bij hebben. Totaal ander lab, maar dezelfde onderzoeksperikelen, die 
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andere toch nooit helemaal begrijpen. Ben benieuwd naar jou mooie boekje straks. Thanks dat 

je mijn paranimf wil zijn! Gaan we volgende jaar wel naar de huldiging van PSV? En naar nog 

meer oranje wedstrijden ? 

 

Mijn zussen, Sanne en Elke, en die lieve zwagers, neefjes en nichtjes Emma, Mees, Tijn en Evi. 

(Marc, je kan me straks eindelijk geen student meer noemen) Thanks dat jullie er gewoon altijd 

zijn! Op een Sinterklaas met lange gedichten dit jaar!  

 

Papa en Mama, jullie zijn echt de beste. Altijd staan jullie klaar om te helpen, in Enschede, de 

campus of Basta!, Liverpool, Utrecht, of waar dan ook en jullie hebben me altijd gestimuleerd 

om te doen wat ik wilde. Sorry voor de tropenjaren toen ik klein was :-). Fuerteventura en 

Schotland met jullie apart zal ik nooit vergeten, laten we dat vaker doen.Toch de West Highland 

Way, Pap? Dank jullie wel voor alles! Ik hou van jullie.  

 

Lieve Jeroen, ik kon het toch niet echt bij “bedankt” laten!! Jij hebt nog wel het meeste van me 

aan moeten horen…Alhoewel, ik kreeg vaak max 5 min en dan moest het maar klaar zijn ;-) 

Onmogelijk! Het hielp me stiekem wel altijd! Thanks lieverd, ben harstikke blij met je en hoop 

nog vele leuke dingen samen te beleven! 
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CURRICULUM VITAE 

Bregje van Oorschot was born on November 22th 1987 in Bergen op Zoom, the Netherlands. 

After graduating from high school at the Gymnasium ‘t Juvenaat in 2005, she moved all the way 

to Enschede to study Biomedical Engineering at the University of Twente. Enjoying the student 

life, she organized several activities, including the introduction week of her student association 

and she joined the promotion team of the study biomedical engineering. Her bachelor internship 

at the department of Tissue Regeneration, University of Twente in 2009 sparked her interest, 

besides engineering, in molecular biology. After her bachelor graduation in 2010, Bregje 

therefore enrolled in the Molecular, Cellular and Tissue Engineering Master program of her 

study. During the second year of her master, she spent 4 months at the Clinical Engineering 

department of the University of Liverpool to study the effect of different types of hydrogels on 

the respiratory burst in human neutrophils. Back in The Netherlands, she started her graduation 

internship at the Special Research Laboratory and developed a method to screen for mutations 

in Acute Myeloid Leukemia patients using High-Resolution Melting analysis. She obtained her 

Master’s degree in February 2012. After graduation, she pursued her interest in the field of 

oncology in the Laboratory of Experimental Oncology and Radiobiology at the Academic Medical 

Center in Amsterdam. From March 2012 until September 2016, she was a PhD student under the 

supervision of dr. N.A.P. Franken, dr. H. Vrieling, prof. dr. L.J.A. Stalpers and prof. dr. J.P. 

Medema. The result of her research on the effect of ionizing radiation in several types of cancer 

and normal tissues are described in this thesis.  



 


