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"A human being should be able to change

a diaper, plan an invasion, butcher a hog,
conn a ship, design a building, write a sonnet,
balance accounts, build a wall, set a bone,
comfort the dying, take orders, give orders,
cooperate, act alone, solve equations, analyze
a new problem, pitch manure, program a
computer, cook a tasty meal, fight efficiently,
die gallantly. Specialization is for insects." 

 
 

R. A. Heinlein
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1. Introduction 

1.1 DNA-damage response 
The cellular response to DNA damage is essential for maintaining normal 
functions of cells and tissues. Cellular damage is frequently inflicted by both 
internal and external factors, requiring swift and accurate repair processes. 
The importance of cellular DNA damage response (DDR) is stressed by 
numerous clinical and in vitro observations. Many results demonstrate that 
inherited or introduced functional defects in DDR pathways can result in an 
increased risk of tumour development [Celeste et al. 2002, Celeste et al. 
2003#1, Bassing et al. 2002, Bassing et al. 2003, Kastan et al. (rev) 2008]. 
Furthermore, an exaggerated DDR can be observed during the early stages 
of tumour development, suggesting that these mechanisms can function as an 
important anti-cancer barrier [Gorgoulis et al. 2005, Bartkova et al. 2005, 
Halazonetis et al. (rev) 2008].  

New techniques and recently identified molecular markers have provided 
increasingly more detailed information about the cellular responses to DNA 
damage. It is now possible to detect and quantify specific effects; even fol-
lowing induction of very low amounts of damage [Bonner et al. (rev) 2008]. 
Surrogate markers for DNA double strand breaks (DSBs), such as 
H2AX 
and 53BP1, provide detailed information about how these serious DNA le-
sions are handled in individual cells. Molecular markers for cellular prolif-
eration and cell cycle checkpoints further extend the possibility of studying 
the DDR course of events in cells, within their tissue, at clinically relevant 
damage levels. The papers of this thesis exemplify how these methodologi-
cal approaches can be applied to determine DDR in epidermal skin samples 
taken from patients undergoing fractionated radiotherapy (Figure 1).  
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Figure 1. A summary of the main DDR events in proliferating compartments of 
normal tissues during fractionated radiotherapy treatments and how they were as-
sessed in this thesis. Biopsies were taken from regions of the skin exposed to daily 
fractions of low doses in a range from 0.1–1.1Gy. DNA repair was assessed by 
quantification of DSB foci to determine the effect following delivery of individual 
fractions as well as overall changes throughout 7 weeks of treatment. If required, 
cell cycle checkpoints may be activated to provide extra time for repair. This step 
was assessed by quantification of the p21 kinase inhibitor, which is involved in 
activation of G1-arrest. The success or failure of the repair process will determine 
whether the individual cells will continue to proliferate or if they will be eliminated. 
This was assessed by markers for mitosis and apoptosis. The overall outcome could 
be detected as changes in tissue cell density, in our case quantified as the number of 
keratinocytes per mm of the epidermal basal membrane. 

1.1.1 DNA double strand breaks  
Histones are nuclear proteins involved in regulation and compaction of eu-
karyotic DNA. In human cells, DNA is wrapped around octameres consist-
ing of two copies of each of the histone proteins H2A, H2B, H3 and H4, 
forming fundamental chromatin units called nucleosomes [Alberts et al. 
(rev) 2002]. Some of the core histones are present in different variants. One 
of these, the H2A variant H2AX, has been subject to intensive research since 
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its involvement in DNA DSB-signalling first was discovered [Rogakou et al. 
1998, Rogakou et al. 1999, Fernandez-Capetillo et al. (rev) 2004].  

H2AX possesses a specific SQ-motif, situated close to its carboxyl termi-
nus. The serine 139 residue within this motif is rapidly targeted for phos-
phorylation following DSB induction. The phosphorylation response in-
volves large regions of the DNA flanking the break, providing an amplified 
signal that is detectable within minutes after damage induction [Rogakou et 
al. 1998, Rogakou et al. 1999].  

The phosphorylated form of H2AX, referred to as 
H2AX, can be visual-
ised within individual cell nuclei as distinct foci structures using antibodies 
specific for this phosphorylated form [Rogakou et al. 1999, Paull et al. 
2000]. Since a single DSB appears to be sufficient for foci formation, 

H2AX has been widely employed as a marker for detection of very low 
levels of DSB damage [Chen et al. 2000, Sedelnikova et al. 2002, Roth-
kamm et al. 2003, Bonner et al. (rev) 2008, Nakamura et al. 2008].   

The ataxia telangiectasia mutated (ATM) protein kinase is involved in 
several DNA damage activated pathways [Savitsky et al. 1995, Kastan et al. 
(rev) 2008]. Following induction of DSBs, ATM is also the main kinase 
responsible for the rapid phosphorylation of H2AX [Burma et al. 2001, Stiff 
et al. 2004]. Other kinases, such as ATR and DNA-PK, are however capable 
of phosphorylating H2AX [Andegeko et al. 2001, Ward et al. 2001, Stiff et 
al. 2004, Wang et al.  2005, Falck et al. 2005]. Phosphorylated H2AX is 
dispensable for the initial recognition of the break but appears to have a 
function as a platform for recruiting other factors involved in the repair 
process [Paull et al. 2000, Celeste et al. 2003#2, Kinner et al. (rev) 2008].  

The kinetics of the removal of 
H2AX foci and their connection to DSB 
repair is somewhat unclear. It has however been suggested that 
H2AX foci, 
induced by clinically relevant doses, are removed from sites of DSBs shortly 
after the breaks are repaired [Rothkamm et al. 2003, Chowdhury et al. 2005, 
Bouquet et al. 2006, Bonner et al. (rev) 2008]. 

53BP1 is another DSB-signalling protein with foci-kinetics similar to 
those observed for 
H2AX [Schultz et al. 2000, Anderson et al. 2001, Kao et 
al. 2003, Ward et al. 2003]. 53BP1 is not only hyperphosphorylated upon 
DSB induction, it also re-localises to the sites of the lesions within minutes 
following damage induction [Schultz et al. 2000, Anderson et al. 2001, Rap-
pold et al. 2001]. Several studies have thus described co-localisation of 

H2AX and 53BP1 foci in a wide range of cell types [Schultz et al. 2000, 
Rappold et al. 2001, Lee et al. 2005, Markova et al. 2007]. 53BP1 does not 
require phosphorylation of H2AX for foci formation although it is not re-
tained at the DSB sites if 
H2AX is absent [Celeste et al. 2003#2]. Thus, 
53BP1 foci formation appears to follow a parallel but interacting pathway to 

H2AX foci formation [Chronis et al. (rev) 2007, Zgheib et al. 2009].  

It has been suggested that 53BP1 has a dual role in the DSB damage re-
sponse; as an initial DSB sensor involved in activation of ATM and further 
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downstream as a mediator, by contributing to a scaffold structure involved in 
recruiting additional ATM kinase to the DSB sites [Huyen et al. 2004, Chro-
nis et al. (rev) 2007]. The ability of 53BP1 to relocate to sites of DSBs is 
facilitated by a series of histone methylations and ubiquitylations [Huyen et 
al. 2004, Botuyan et al. 2006, Huen et al. 2007, Kolas et al. 2007, Mailand 
et al. 2007]. It is possible that DSB-induced structural changes of the chro-
matin make these modified histone residues accessible to 53BP1 for binding 
[Huyen et al. 2004, Sanders et al. 2004, Chronis et al. (rev) 2007, Zgheib et 
al. 2009].  

1.1.2 DNA damage response at a tissue level  
Cell cycle checkpoints are an important part of the DDR mechanisms, capa-
ble of stalling cycling cells and preventing cells with unrepaired DNA dam-
age from continued proliferation. Failure to trigger these checkpoints can, in 
normal tissues, lead to various types of cell death and will increase the risk 
for introduction of carcinogenic alterations in surviving cells. A multitude of 
checkpoints regulate cell cycle progression but the sensitive G1-checkpoint, 
governed by the critical p53 tumour suppressor, is suggested to be superior 
with regards to its ability to detect low levels of damage [Huang et al. 1996, 
Linke et al. 1997, Löbrich et al. (rev) 2007]. This G1-checkpoint is initially 
triggered by phosphorylation of p53 by ATM, resulting in an overall in-
crease in transcriptional activity of p53 [Banin et al. 1998, Canman et al. 
1998]. The phosphorylated p53 induces an increased expression of the cyclin 
dependent kinase inhibitor p21, which in turn directly inhibits the activity of 
cyclinD-Cdk4/6 and cyclinE-Cdk2, resulting in cell cycle arrests [el-Deiry et 
al. 1993, Harper et al. 1993, Weinberg et al. (rev) 2002]. Checkpoint-related 
nuclear p21 expression can then be readily detected in epidermal skin by 
immunohistochemistry (IHC) [Turesson  et al. 2001]. 

Severe damage or failure to induce checkpoints may result in elimination 
of cells by cell death mechanisms such as apoptosis. The importance of 
apoptotic cell death in the overall DDR of normal tissues, such as the epi-
dermis, is however unclear [Steel (rev) 2001]. Senescence and differentiation 
are additional possible outcomes of DNA damage. The frequency of apop-
totic events in a tissue can be estimated by quantification of a subset of in-
tensely 
H2AX-stained cells, signalling massive DNA fragmentation [Rou-
gakou et al. 2000, Holubec et al. 2005, Mukherjee et al. 2006, Nowak et al. 
2006].  

Another important factor in the tissue DDR is the regulation of mitosis. 
The frequency of dividing cells provides information about how the damage 
affects proliferation rates and overall maintenance of the tissue integrity. 
Mitotic events can be visualised and quantified in epidermis by the mono-
clonal HTA28 antibody, which detects a phosphorylation of histone H3 at 
serine 28 [Hirata et al. 2004].  
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Cell cycle checkpoints, apoptosis and mitosis are factors that have an in-
fluence on the overall tissue response to DNA damage. Regulations of these 
key mechanisms will influence, to varying degrees, tissue responses ob-
served during clinical cancer treatments, such as fractionated radiotherapy 
where tissues are exposed to repeated insult. The combined effects of the 
damage regulatory mechanisms are exemplified in the normal skin epidermis 
where a decrease in cell density can be observed during a fractionated radio-
therapy treatment course [Joiner et al. 2001, Harney et al. 2004#1]. The cel-
lular depletion can be assessed by quantifications of basal cell density (BCD) 
or basal keratinocyte density (BKD). This further exemplifies how the effect 
of DNA damage responses can be studied at a tissue level. 

1.2 Cellular response to radiation 
DNA damage induced by radiation can potentially cause disease and cancer. 
At the same time, radiation also provides powerful tools for treating cancers, 
such as in radiotherapy. This dual role is illuminated by the intricate molecu-
lar pathways involved in cellular response to DNA damage [Helleday et al. 
(rev) 2008, Kinner et al. (rev) 2008]. The response can be dependent on cell 
and tissue type as well as the nature and magnitude of the damage [van der 
Kogel (rev) 1997, Gudkov et al. (rev) 2003]. The complexity and dose de-
pendencies of these DDR mechanisms are further emphasised by phenomena 
such as hyperradiosensitivity (HRS), observed following exposure to very 
low doses [Bonner et al. (rev) 2004, Marples et al. (rev) 2008#1, Marples et 
al. (rev) 2008#2]. Overall, the observed cell and tissue differences further 
stress the importance of studies where cellular DDR is observed directly in 
the tissues, investigating the dose response effects following exposure to 
clinically relevant dose levels.  

1.2.1 Risks of low-dose radiation 
The risks and consequences associated with exposure to very low doses of 
radiation are difficult to assess on a human population level as well as at a 
molecular level. On a population level, a linear extrapolation based on ef-
fects observed for higher doses are generally applied when risks associated 
with low doses are estimated [Brenner et al. (rev) 2003]. A range of epide-
miological studies are also available on population cohorts such as atomic 
bomb survivors and radiation workers in the nuclear industry [Cardis et al. 
2007, Preston et al. 2008]. At a molecular level, the discovery of sensitive 
markers for DSBs and other DDR related proteins have provided greater 
insight into the biological responses to low doses of radiation [Rothkamm et 
al. 2003, Bonner et al. (rev) 2008, Kastan et al. (rev) 2008]. Improvements 
in cell survival assays have also been important for studying low dose phe-
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nomena such as HRS [Marples et al. (rev) 2008#1]. Further understanding of 
the molecular mechanisms behind low-dose DDR will provide more detailed 
information, which will help to achieve a more accurate estimation of the 
risks associated with exposure to very low doses.  

Understanding the cellular response to low-dose exposure is further 
stressed by the increased use of clinical techniques involving exposure to 
low doses of radiation. An example is the increased use of computed tomo-
graphy (CT), which has been beneficial from a diagnostics perspective but 
also brings up questions concerning potential risks of the associated low-
dose exposures [Brenner et al. 2007]. In radiotherapy, the use of new tech-
niques such as intensity-modulated radiotherapy (IMRT), is also associated 
with increased low-dose exposure of larger volumes of the body [Honoré et 
al. 2006]. 

Understanding the effects of low-dose radiation is not only important 
from a clinical perspective. Assessment of the possible risks of low-dose 
exposure is also applicable from an environmental perspective, including 
unusual events such as nuclear incidents and space travel [Brenner et al. 
(rev) 2003, Löbrich et al. (rev) 2007]. 

1.2.2 Hyperradiosensitivity and induced radiation resistance 
HRS can be described as an exaggerated sensitivity to low levels of low-
LET radiation damage and has been observed in a wide range of cell types 
and tissues [Joiner et al. 1986, Marples et al. 1993, Wouters et al. 1994, 
Joiner et al. 1996,  Wouters et al. 1996, Wouters et al. 1997, Marples et al. 
(rev) 2008#1, Marples et al. (rev) 2008#2]. Clonogenic cell survival assays 
display HRS as an initial depression in the cell survival dose-response curve. 
This corresponds to elevated levels of cell-kill per dose unit in the HRS dose 
region. For slightly higher doses, in the range ~0.3–0.5Gy, an induced radia-
tion resistance (IRR) effect can be observed. In clonogenic cell survival as-
says, IRR results in levelled-out or increased cell survival following an in-
crease in dose.  

The mechanisms underlying HRS/IRR are not fully understood. It has 
however been suggested that a dose-dependent response of an early-G2 cell 
cycle checkpoint could be of importance [Marples et al. (rev) 2004, Marples 
et al. (rev) 2008#2]. This is supported by observations suggesting that low 
levels of radiation damage are insufficient to fully activate the checkpoint-
involved ATM kinase [Bakkenist et al. 2003, Buscemi et al. 2004, Löbrich 
et al. (rev) 2005, Wykes et al. 2006]. A failure to activate the specific G2 
checkpoint will result in mitotic entry of damaged cells and consequently 
lead to an increased cell death. This dose-dependent checkpoint response is a 
possible explanation for the suppressed clonogenic cell survival observed for 
cells exposed to doses in the HRS dose range. Larger doses will result in a 
transition from HRS to IRR, which also corresponds to the dose-dependent 
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activation of ATM [Bakkenist et al. 2003]. Recent studies have also shown 
that the HRS effect translates to increased apoptosis for low doses [Enns et 
al. 2004, Krueger et al. 2007#1, Krueger et al. 2007#2] (Figure 2).  

Apart from observations on cells in culture, HRS/IRR related effects have 
also been observed in various tissues [Joiner et al. 1986, Joiner et al. 1988,  
Joiner et al. 2001]. In human epidermis, previously published results re-
vealed a HRS-like effect in BCD, for doses below ~0.4Gy [Joiner et al. 
2001, Harney et al. 2004#1]. Throughout this thesis and in the included pa-
pers, HRS-related effects, referring to endpoints other than cell survival, are 
referred to as low-dose hypersensitivity.  

From a clinical perspective, HRS/IRR effects create an opportunity to im-
prove radiotherapy treatments [Lin et al. 2005, Honoré et al. 2006]. In-
creased cell-kill in the tumours, as well as reduced side effects in surround-
ing tissues, are possibilities that must be considered.  

Side-effects in normal tissues are limiting factors in radiotherapy. They 
occur since normal tissues, surrounding the targeted tumours, will inevitably 
be exposed to small amounts of radiation during treatment. This exposure is 
often within the HRS/IRR dose range. Knowledge regarding normal tissue 
dose response, in relation to the dose response of tumour cells, could be ex-
ploited with the aim of protecting the normal tissue while maximising the 
cell-kill within the tumour. Clinical studies have been able to confirm possi-
ble advantages of treatment regimes utilising the effects of HRS/IRR [Joiner  
et al. 2001, Harney et al. 2004#1, Harney et al. 2004#2]. On the other hand, 
there are a number of animal studies where no significant advantages could 
be observed in tumour control [Krause et al. 2003, Krause et al. 2005#1, 
Krause et al. 2005#2].  The use of relatively large fraction sizes in these 
animal studies (0.4Gy or higher) could however be a reason for the lack of 
effect. 
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Figure 2. Possible mechanisms behind HRS/IRR. Even though ATM-kinase re-
sponds rapidly to DNA damage, recent findings suggest that doses under ~0.3Gy fail 
to fully activate this important DNA-damage-involved kinase. Reduced ATM activ-
ity leads to abrogated activation of a checkpoint in the early G2 phase allowing dam-
aged cells to enter mitosis. This will in turn lead to increased levels of apoptosis and 
decreased clonogenic cell survival within the HRS dose range. A recovery in clono-
genic cell survival can be observed in the IRR dose range, interpreted as correspond-
ing to an increased activation of ATM. The illustrated dose-response relationships 
are interpretations of data from recent publications, presented as ratios normalised to 
background levels [Enns et al. 2004, Marples et al. (rev) 2004, Krueger et al. 
2007#1, Krueger et al. 2007#2]. 

1.2.3 Radiotherapy 
Besides surgery, radiotherapy is considered as the most important cancer 
treatment [Steel (rev) 2002]. The basic strategy behind radiotherapy treat-
ments is to kill tumour cells by ionising radiation (IR), which penetrates the 
tissues and induces DNA-damage. Some of the surrounding healthy normal 
tissues will inevitably be damaged in this process, limiting how much dam-
age is possible to induce in the tumour tissue. Each radiotherapy treatment is 
therefore carefully planned to reduce the risk of inducing side effects in the 
normal tissues while keeping the cell-kill in the tumour as high as possible. 
Simulation and treatment planning procedures are employed to customise 
treatments to individual patients.  

In brief, the simulation procedure involves positioning of patients in rela-
tion to the treatment fields, ensuring that the positions are fixed and possible 
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to maintain throughout the treatment course. In this process, images of the 
tumour area are commonly achieved by CT or other imaging techniques. 
These images can be further used in a treatment planning system where tu-
mour and surrounding structures of concern are outlined to determine the 
details of the radiation delivery.  

A common way of delivering radiation in the clinic is by external beam 
therapy. An internal target, such as the prostate, can in this way be targeted 
with radiation fields from several directions, merging in the tumour to 
achieve the desired target dose levels. By using several fields, the absolute 
dose levels delivered to the surrounding healthy normal tissues can be re-
duced. Megavoltage x-rays, a type of low-LET radiation, produced in linear 
accelerators are a common source of radiation in external beam therapy.   

The total radiation dose aimed at a tumour can be divided and delivered 
over several weeks of treatment. This is referred to as fractionation and 
works by taking advantage of differences in DDR between normal tissues 
and tumour tissues. In theory, treatment regimes with daily fractions allow 
normal tissues to repair damage to a larger extent than rapidly dividing tu-
mour cells with defective repair mechanisms. Fractionation related changes 
in cell cycle distributions may also favour the relative survival of normal 
cells over tumour cells [Mundt et al. (rev) 2003].  

In the specific case of normal epidermal skin, fractionated radiotherapy 
results in general reductions in cell numbers, and a continuous thinning out 
of the epidermal layer. This is reflected by a reduction in proliferating cells 
in the basal layer. Several studies have described these tissue responses by 
quantification of BCD in skin biopsies from patients undergoing radiother-
apy [Nyman et al. 1994, Joiner et al. 2001, Harney et al. 2004#1]. A similar 
but more specific approach is described in Paper IV, where quantification of 
the tissue response were performed by counting only the basal keratinocytes, 
BKD, thereby avoiding the inclusion of the melanocytic cell compartment.  

1.3 Epidermal skin tissue 
Further insight into the morphology and function of normal tissues could 
prove crucial in understanding how abnormalities arise. Epidermal samples 
from patients undergoing radiotherapy offer an in vivo perspective of DDR, 
observable directly in the tissue itself. Furthermore, the structural sub-
compartments of the epidermis make it possible to study DDR in defined 
cell compartments as well as observing the damage response at a tissue level. 
The accessibility of the epidermis, as well as its structural properties, con-
tribute to making this tissue an advantageous model for studying radiation 
induced damage responses in normal tissues. The skin model also provides a 
possibility to use careful clinical dosimetry to determine the amount of initial 
damage induction.  
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1.3.1 Tissue structure of the epidermis 
The epidermis is a multilayered epithelium serving as the outermost protec-
tive barrier of the skin (Figure 3). The layered structure is subject to a con-
stant turnover, as terminally differentiated keratinocytes are continually shed 
from the skin surface. The turnover of keratinocytes, the major cell type in 
epidermal skin, is maintained by proliferation of epidermal stem cells [Watt 
et al. (rev) 2006, Blanpain et al. (rev) 2009]. These stem cells undergo con-
trolled cell divisions, thereby maintaining the stem cell pool as well as re-
populating the differentiating cell compartments. It is suggested that a popu-
lation of transient amplifying (TA) cells also resides in the basal layer, pro-
viding extended possibilities for proliferation control. These cells are capa-
ble of a few cycles of cell division before progressing further through the 
differentiation process [Jones et al. (rev) 2007]. A population of melanocytes 
also reside in the basal layer. Melanocytes produce melanin, which serve as 
a UV-protecting agent in the skin.  

The epidermis is situated directly on top of a connective tissue skin layer 
referred to as the dermis. The epidermis relies on the supportive function of 
the dermis and is also dependent on the dermal blood vessels for nutrient 
supplies and waste removal. 
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Figure 3. Top layers of human skin. The sub-compartments (strata) of the epidermal 
layer reflect the differentiation pathways of keratinocytes. Epidermal stem cells, TA-
cells and melanocytes reside in the basal layer, stratum basale. Continuous cell divi-
sions in the basal layer re-fill the differentiating cell pools further up. In a continu-
ous movement towards the skin surface, the keratinocytes will finally be incorpo-
rated in the top layer, stratum corneum, where they eventually are shed. The upper 
part of the dermal layer consists mainly of connective tissues interspersed with fi-
broblasts, immune cells and small blood vessels coated by endothelial cells. 
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2. Aims 

Detection of foci structures within cell nuclei enable detailed studies of DSB 
damage where individual breaks can be visualised and quantified. Complex 
immunostaining patterns and background variations can however make the 
foci structures indistinct and difficult to interpret by eye. In such cases, it can 
prove advantageous to employ automated quantification approaches based 
on digital image analysis. The aim of the first study was to set up and evalu-
ate a semi-automated foci quantification procedure for skin biopsies taken 
from patients undergoing radiotherapy. The procedure therefore had to be 
robust and sensitive enough to detect very low levels of foci in formalin 
fixed materials.  

The aim of the second study was to apply the semi-automated foci quanti-
fication procedure to record epidermal dose-response relationships in more 
detail. More specifically, to determine the 
H2AX foci dose response in 
normal epidermis during the first week of a radiotherapy treatment course.  
A second aim was to investigate whether 
H2AX can be employed as a 
marker for apoptosis. Furthermore, the experiments were set up to elucidate 
whether any of our end-points displayed low-dose hypersensitivity corre-
sponding to the HRS/IRR effects observed in various cell lines [Marples et 
al. (rev) 2008#1]. 

The aim of the third study was to expand the results from the second 
study by investigating the DSB foci dose response throughout the treatment 
course and to quantify possible foci accumulation and occurrence of persis-
tent foci between fractions. Furthermore, the aim was to investigate if DSB 
low-dose hypersensitivity is preserved throughout the treatment and between 
fractions. A quantitative and qualitative comparison of the DSB-markers 

H2AX and 53BP1 was an additional aim.   

The fourth study is a continuation of the previous studies, which de-
scribed low-dose hypersensitivity in DSB foci dose response, preserved 
throughout a fractionated radiotherapy treatment course. The aim of the 
fourth study was to investigate epidermal dose-response relationships for an 
additional set of end-points. Four key parameters, downstream in the DDR 
pathways, were chosen: p21 induction, apoptosis, mitosis and basal kerati-
nocyte density (BKD). A second aim of this study was to compare digital 
image analysis quantification of DAB/HTX stainings with traditional manual 
counting by eye. 
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The final outcome of cellular response to severe DNA damage is of cru-
cial importance for the overall risk of introducing malignancies. A DDR 
system where severely damaged cells are eliminated by cell death could in 
many ways be advantageous from a carcinogenesis perspective. A response 
system with a higher degree of cell survival could be beneficial for tissue 
structure maintenance, but will at the same time increase the risk of repair-
related alterations of the genome and increase the risk of carcinogenesis.  It 
is therefore of importance to elucidate how these DDR mechanisms interact 
and to determine which of these mechanisms is predominant in normal tis-
sues such as the epidermis. The papers of this thesis highlight this issue and 
provide new insight into normal tissue DDR.  
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3. Material and Methods 

3.1 Skin biopsies 
Skin biopsies taken in clinical practice offer a direct opportunity to study 
human normal tissue responses and cellular interactions in a tissue context. 
The ability to accurately determine dose distributions on the skin makes 
these biopsies highly suitable for studying normal tissue dose response dur-
ing radiotherapy.    

3.1.1 Skin biopsy acquisition 
The biopsy material in the included papers was acquired between 1996 and 
2005, from prostate cancer patients undergoing fractionated radiotherapy 
treatment. The patients received daily fractions throughout a seven week 
treatment course with interruptions over weekends. Each fraction delivered 
2Gy to the prostate target volume using 3- or 4-field techniques where the 
prostate is exposed to photon irradiation from several directions. During 
these treatments it is inevitable that surrounding normal tissues, such as the 
skin, also are exposed to varying degrees. Collecting skin punch biopsies 
during a radiotherapy treatment course can, in this way, provide samples of 
the in vivo skin dose response. Skin punch biopsies (3mm) corresponding to 
a range of low doses (0.05–1.2Gy) could in our case be collected by acquir-
ing biopsies within and slightly outside the lateral fields (Figure 4). 

Biopsies were collected from a total of 115 patients throughout the treat-
ment course. At all sampling time points, biopsies were taken within the 
fields, providing biopsies corresponding to doses of 0.45 and 1.1Gy. The 
majority of the results in this thesis were however based on extended biopsy 
sets, where four biopsies were collected per sampling occasion (Table 1). 
The extended biopsy sets were taken from 90 of the patients and collected 
from areas of the skin exposed to fraction doses of 0.05–1.1Gy providing a 
material where individual dose response can be determined. Each of the 90 
patients was sampled at least once, providing a total of 140 biopsy sets.  

The biopsy sets were collected so that dose-response relationships 
throughout the treatment, as well as between fractions, could be investigated. 
To enable assessment of dose response in between fractions, the extended 
biopsy sets were collected at different time points following fractions: 30 
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minutes, 3 hours and 24 hours. Unexposed control biopsies were collected 
from all patients.  

 

Table 1. Biopsies acquired for dose response determinations.  
Group, based on 
weeks into treatment 

Total no. of collected 
biopsy sets Number of fractions  Days into treatment  

0 weeks 50 1 1 
1 week 22 4–6 4–8 
2–3 weeks 31 10–17 15–25 
4 weeks 16 18–21 26–32 
5 weeks 9 23–26 33– 37 
6.5 weeks 12 32–34 46–53 

3.1.2 Dosimetry 
Accurate and reliable dose determinations are a prerequisite for dose re-
sponse studies involving low-dose exposures. In this case, modifications of 
the available clinical dosimetry techniques were applied to ensure an optimal 
accuracy. Doses corresponding to specific biopsy locations were, for each of 
the patients, initially calculated in the radiotherapy treatment planning sys-
tem. The dose determinations were further improved by adjustments derived 
from series of ionisation chamber measurements based on the individual 
field setups. Dose compensations were also made after the biopsies had been 
taken. These were based on the actual biopsy locations on the skin. The loca-
tions were compared with the dose plan to compensate for possible devia-
tions from the intended biopsy locations.  
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Figure 4. Skin punch biopsy collection. Locations for biopsy collection corre-
sponded to doses of 0.1Gy, 0.2Gy and 0.45Gy, taken within and just outside one of 
the lateral fields (shaded area). Regions of the skin within the opposed lateral field 
provided biopsies corresponding to skin doses of 1.1Gy, obtained using a 5mm bo-
lus.  

3.2 Histochemistry 
Visualisation of molecular targets in cells within tissues is possible using 
various histochemistry (HC) techniques. In the particular case of immuno-
histochemistry (IHC), the histochemical localisation of target specific anti-
bodies are visualised in thin tissue sections by various staining procedures. 
The IHC techniques enable examination of cellular protein expression pat-
terns in the context of their tissue localisation.   

Conventional bright field microscopy is, in many cases, used for exami-
nation of HC stained slides. Alternative techniques are also possible, such as 
immunofluorescence (IF) detection by fluorescence microscopy.  

3.2.1 Tissue staining procedures 
Tissues collected in the clinic are commonly stored by immediate formalin 
fixation followed by dehydration and paraffin embedding. This procedure 
aims to preserve and protect proteins and other tissue structures by creating 
covalent bonds, anchoring the different structures to each other. To be able 
to analyse these archival samples by histochemical techniques, a range of 
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procedures are employed to restore the original tissue structures and protein 
conformations. As a first step, thin sections of the paraffin embedded tissues 
are cut in a microtome and mounted on microscopy slides. The slides are 
further deparaffinised, rehydrated and often subjected to an epitope retrieval 
procedure.  

Heat induced epitope retrieval (HIER) is a commonly used approach 
whereby covalent bonds created in the fixation process are resolved, thus 
restoring many of the tissues original epitopes. Appropriate HIER-
procedures proved to be crucial for 
H2AX foci detection in epidermal skin. 
Initial attempts to retrieve epitopes by heating buffer-submerged sections by 
microwaves resulted in partially weak and uneven staining patterns. As de-
scribed in Paper I, reproducible results could be achieved when the micro-
wave HIER was replaced by 45 minutes of incubation in a 90°C waterbath.  

Restored epitopes can be detected by IHC using purified antibodies, spe-
cific for the particular targets. These primary binding antibodies can in turn 
be detected by secondary systems, which visualise and amplify the location 
of the primary signal so it can be observed in a microscope. Secondary de-
tection by IF was utilised for visualisation of DSB-signalling foci and apop-
tosis in the included papers. These fluorescence techniques use fluorophore 
conjugated antibodies to allow for detection of several targets simultane-
ously, in individual cells, by fluorescence microscopy.  

For the conventional bright field microscopy detections, described in Pa-
per III and IV, the common HRP/DAB enzymatic amplification system was 
employed. In the HRP/DAB system, secondary detection is enabled by HRP-
enzyme bound to secondary antibodies. HRP catalyses the reaction where 
DAB molecules are converted to a brown highly unsolvable dye at the spe-
cific binding sites. 

Detection of a specific marker is often accompanied by a subsequent 
counter-staining procedure of the cell nuclei.  Immunofluorescence stainings 
in the included papers were accompanied by UV-light excitable DAPI stain-
ings. DAPI molecules bind strongly to DNA and enable visualisation of cell 
nuclei in the blue spectra. All DAB-stained sections were counterstained by 
hematoxylin (HTX), which provides a blue nuclear staining suitable for 
bright field microscopy.  

Stained tissue sections are prepared for microscopy by application of 
mounting media and cover glasses. In our experiments, the mounting proce-
dure, as well selection of mounting media and fluorophores, proved crucial 
for the intensity and stability of the immunofluorescence applications. Al-
lowing the sections to air-dry prior to mounting further decreased the inten-
sity variations.  

All IF-stainings, intended for apoptosis and foci analysis by 
H2AX and 
53BP1, were conducted manually according to standardised protocols. A 
faster approach was employed for the DAB/HTX stainings since a semi 
automated Ventana Benchmark® immunostaining system was available for 
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this purpose. The Ventana technique was applied to stain sections for p21, 
the mitosis marker HTA28 and some of the 53BP1 stainings.  

A third type of staining, Eosin-PAS, was employed in Paper IV to provide 
histochemical stainings for BKD quantifications in bright field microscopes. 
This staining visualises the epidermal basal membrane and provides a dis-
tinct contrast suitable for manual cell counting by eye.  

3.3 Quantification procedures 
Quantification of histochemical stainings can be as straightforward as manu-
ally counting numbers of stained cells in defined areas. This is possible for 
distinct staining patterns where the main objective is to determine the fre-
quency of stained cells. Ambiguous staining patterns or extended quantifica-
tion requirements can require additional quantification techniques, such as 
digital image analysis (DIA). Quantifications by DIA were applied for DSB 
foci as well as p21 stainings (Figure 5). 

All digital image analysis procedures described in the included papers, 
were implemented in Java™, as plug-ins to the open source ImageJ software 
[Abramoff et al. 2004].   

 

 
 
Figure 5. Dose response determinations in epidermal skin by digital image analysis. 
Molecular targets in the cells were targeted and visualised by immunohistochemistry 
in skin biopsies taken from patients undergoing radiotherapy. Images of the stain-
ings were acquired using a microscope equipped with a CCD-camera. Further proc-
essing by digital image analysis provided a dose response of the molecular target. 



 29

3.3.1 Microscopy procedures 
The choice of microscopy techniques and histochemical detection system 
will in several ways determine the quantification possibilities. Conventional 
bright field microscopy can often be advantageous for straight-forward quan-
tifications of distinct staining patterns. The simplicity of the technique and 
the opportunity of preserving stained sections are significant advantages of 
bright field microscopy. 

Additional quantification possibilities are provided by fluorescence mi-
croscopy. The use of fluorophores with specific excitation and emission 
spectra provide a sensitive detection system where several targets in a tissue 
can be detected simultaneously. This allows for co-localisation analysis or 
other staining pattern comparisons of multiple targets in individual cells. 
Quantification using fluorescence microscopy can however suffer from in-
tensity variations due to fluorophore fading or light source inaccuracies. 
Staining protocol optimisation and microscope calibration procedures can 
help to reduce these inter- and intra-staining variations. For this reason, a 
calibration procedure was set up based on fluorescent microspheres as inten-
sity standards. This provided information about fluctuations in the light field 
intensity and evenness. Exposure times for all individual experiments were 
calculated based on the microsphere intensities. Variations larger than a pre-
set cut-off level could occasionally require adjustments of the condenser lens 
and the light source position prior to the exposure time calculation.  

Reproducible and consistent stainings are essential for accurate quantifi-
cations. This is often emphasised when DIA is employed for quantification 
of intensity-dependent factors.  

The use of DIA enables measurement of a range of factors that are diffi-
cult to interpret by eye. Area, intensity and shapes are quantifiable parame-
ters that can provide extra information about the stained target. These tech-
niques are available for both bright field and fluorescence microscopy. Fluo-
rescence offers a general advantage in providing easy separation of the 
stained targets, and superior contrast. A potential drawback can however be 
the previously mentioned need for calibration procedures.  

The papers of this thesis provide examples of how fluorescence micros-
copy and bright field microscopy can be employed in different DIA-based 
quantification procedures.  

Quantification of DSB-signalling foci using immunofluorescence are pre-
sented in Papers I, II and III. In these experiments, images of foci and DAPI 
nuclear stainings were acquired from epidermal regions of the stained sec-
tions at 40x magnification, resulting in image sets where number of foci per 
nuclei area was determined by DIA. 

Paper IV exemplifies how DIA can be used in combination with bright 
field microscopy. In this case, images of epidermal p21 stainings were col-
lected by bright field microscopy at 40x magnification. Reproducible light 
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conditions were achieved simply by keeping all microscopy illumination 
settings fixed for all image acquisitions.  

All images were recorded using basic laboratory equipment; a bright field 
microscope equipped for fluorescence, connected to a CCD-camera and a 
computer.  

3.3.2 Quantification of DSB foci by digital image analysis 
A semi-automatic quantification procedure, based on DIA, was employed to 
count number of foci in the tissue (Figure 6). Several later studies have de-
scribed similar foci quantification procedures [Böcker et al. 2006, Costes et 
al. 2006, Wykes et al. 2006]. As described in Paper I, our quantification 
approach was based on a three-step procedure: feature extraction, segmenta-
tion and labelling. The fist step is the feature extraction. The purpose of this 
step was to enhance the appearance of targeted structures in the image; in 
this case the foci. In Paper I, a Top-hat filter was used for feature extraction. 
This filter creates images of the backgrounds that are subsequently sub-
tracted from the corresponding original images, creating a more homogenous 
image with less background variations and equalised foci intensities. For 
Paper II and III, the Top-hat filter was replaced by a Laplace edge detecting 
filter. The Laplace filter was more sensitive to staining-correlated intensity 
variations but proved to be slightly advantageous in resolution. This re-
placement was possible due to improvements in the staining methods, 
mainly air-drying of sections prior to mounting, which reduced the overall 
intra-staining intensity variations.  

The feature extraction step simplifies the subsequent segmentation, mak-
ing it possible to find a fixed threshold level that worked satisfactorily 
throughout the entire material. The segmentation results in a binary image, 
where pixels in the images are divided in two groups according to a selected 
threshold level. The threshold levels selecting the foci were kept constant 
throughout the experiments and were initially selected manually by eye.  

The number of foci within each image was determined by a labelling al-
gorithm, where pixels are grouped according to their connection to other 
pixels. In this way it is possible to determine which pixels belong to the 
same foci and also determine the number of foci in each image.  

An additional analysis step was added to enable co-localisation studies, 
where foci locations of the DSB markers 
H2AX and 53BP1 could be com-
pared in the same cells. This was achieved by a procedure where images of 
the two separate foci extractions were merged and re-analysed to count 
numbers of overlapping foci by an additional labelling step.  

All foci images were accompanied by an image of the corresponding 
DAPI nuclear staining. These DAPI images provided a reflection of the 
DNA content in the cell sections in which the foci were quantified. In com-
bination with the foci numbers, the thresholded area of the cell nuclei pro-



 31

vided a measure which correlates to the density of the DSB damage in the 
cells. The choice of this measure was based on three main considerations. 
Firstly, measuring number of foci, as opposed to measuring foci area or foci 
intensity directly, provided a measure that is less dependent on variations in 
staining intensities and optical focus. Secondly, measuring DNA area, as 
opposed to counting actual numbers of cells, was advantageous since only 
fractions of cells are present in the sections, containing varying amounts of 
DNA. Finally, the selected measure would also be independent of possible 
variations in DNA content due to variations in cell cycle phase distributions. 

 

 
Figure 6. Foci detection and DIA-quantification in epidermal cells. Immunofluores-
cence stainings allow for simultaneous detection of multiple targets in the same 
cells. a) 
H2AX b) 53BP1 c) DAPI nuclear staining d) Result of DIA. Red and green 
corresponds to detected 
H2AX and 53BP1 foci respectively. Areas of foci co-
localisation are marked by yellow.  

3.3.3 Quantification of p21 by digital image analysis 
The DIA-approach for p21 analysis described in Paper IV exemplifies how 
DIA can be employed to quantify DAB/HTX stainings and images acquired 
with bright field microscopy (Figure 7). The procedure was based on sepa-
rate thresholdings of the red, green and blue (RGB) colour channels. The 
brown DAB staining, corresponding to the p21 expression was selected and 
measured in the blue channel of the image, using a fixed threshold level. The 
areas of the cell nuclei were determined in the red channel by an auto-
threshold algorithm. Areas not selected by these two thresholding procedures 
were considered as background. Brown DAB-area per total cell nuclei area 
was calculated for each stained section.   
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Figure 7. Quantification of p21 in epidermal basal keratinocytes by DIA. a) The 
dashed line outlines the manual selection of basal and suprabasal keratinocytes in 
the p21 stainings. b) Thresholding procedures provide a measure of p21 stained 
nuclear area and staining intensity within the selected region.   

3.3.4 Manual quantifications of immunohistochemical stainings 
Distinct staining patterns were possible to quantify manually by eye (Figure 
8). For comparative purposes, p21 was also evaluated by manual counting of 
the DAB/HTX stained sections in a bright field microscope. p21 positive 
cells per mm of the epidermal basal layer was determined by counting posi-
tive cells by eye, with a 100x objective, and measuring the length of the 
basal layer using an ocular scale (Figure 8c).  

Mitosis and BKD (Figure 8a, Figure 9) were evaluated using the same 
manual counting procedure as for p21. Apoptosis quantifications were per-
formed in a similar way but in fluorescence, using the same stainings as for 
the 
H2AX foci quantifications, counting only intensely stained cells signal-
ling apoptotic DNA fragmentation (Figure 8b). 

53BP1 foci were also quantified manually in a bright field microscope for 
comparison with corresponding DIA-results (Figure 8d). This manual quan-
tification by eye was possible due to the low background levels of the 53BP1 
staining. The number of foci per cell was counted in 100 consecutive basal 
keratinocytes. The intensity and signal-to-noise level of this staining was 
superior compared to the other investigated DSB foci marker, 
H2AX.  

3.3.5 Statistics 
Direct inspection of the plotted dose-response relationships and standard 
errors could in all cases be considered as sufficient evidence for low-dose 
hypersensitivity. A statistical approach was however set-up to further con-
firm the observed response. The approach was first described in Paper II 
where it was used to assess DSB foci dose response. In brief, the procedure 
is essentially a t-test for evaluation of dose-normalised dose-response rela-
tionships from individual patients. A linear regression is applied to each 
normalised and logarithmic transformed dose response providing a slope that 
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approximates the low-dose hypersensitivity for each patient. This test is 
therefore best suited for parameters where good linear fits are achieved.  In 
our case, foci calculations providing large amounts of data provided better 
curve fits than other more infrequent and fluctuating parameters, such as 
mitosis and apoptosis. It should therefore be noted that the accuracy of the 
curve fits will not be directly reflected in the p-value. As well as reflecting 
low-dose hypersensitivity, the magnitude of the p-value will also be affected 
by the similarity in dose response between patients.  

 
Figure 8. Manually quantified immunostainings. a) Mitosis, detected by the HTA28 
antibody, specific for a histone H3 phosphorylation. b) Apoptosis detected by 

H2AX. The intensely stained cell in the centre of the image displays apoptosis 
related DNA fragmentation. c) Intermediate, as well as intensely stained p21 nuclei 
can be observed in the basal layer of the epidermis. d) The distinct staining of DSB-
signalling 53BP1 foci enables quantification by eye. 
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Figure 9. Reduction in basal keratinocyte density throughout the radiotherapy treat-
ment course. Images illustrate how radiation exposed epidermis thins out during the 
treatment course. a) Epidermis during first treatment week. b) Epidermis during last 
treatment week.  
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4. Results and Discussion 

4.1 Paper I: DNA double strand break quantification in 
skin biopsies 
A method for quantification of DSB-signalling 
H2AX foci in epidermal 
regions of paraffin embedded skin biopsies was set up and evaluated using 
skin biopsy material from patients undergoing radiotherapy.  

The quantification procedure was constructed with an effort to create a 
straightforward and robust method based on standard laboratory equipment 
and basic image analysis algorithms. This approach makes the method ac-
cessible but also introduces potential pitfalls as a result of inaccuracies in the 
equipment and irregularities in the material. An initial investigation revealed 
that HIER methods and mercury lamp variations were key factors that had to 
be monitored.  

A standardised immunohistochemistry protocol was set up with an aim to 
reduce both intra- and inter-staining variations. The observed intensity varia-
tions in the mercury lamp light source was monitored and compensated for 
by recurrent calibrations of the microscope.  

The design of the digital image analysis procedure could further compen-
sate for remaining intensity variations. An initiating Top-hat background 
subtraction algorithm reduced remaining intensity variations. Segmentation 
and labelling steps were further included, where actual foci numbers are 
counted, rather than measuring foci intensity or area. This contributed to 
making the measure less influenced by intensity variations.  

The method was evaluated by foci quantification in skin punch biopsies 
taken from two prostate cancer patients undergoing radiotherapy. Biopsies 
taken from regions of the skin corresponding to a range of low doses (0.05–
1.1Gy) provide a material where the relation between fraction dose size and 

H2AX foci density can be determined. The results revealed an overall lin-
ear increase in 
H2AX foci with dose, at 30 minutes following the delivery 
of the first fraction. Similar dose-response relationships were observed for 
additional biopsy sets, taken a week into treatment: 30 minutes after the 4th 
or 5th fractions. Furthermore, the two investigated patients provided very 
similar responses. Repeated staining and quantification procedures revealed 
convincing reproducibility.   
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4.2 Paper II: Low-dose hypersensitive 
H2AX response 
and infrequent apoptosis in epidermis from radiotherapy 
patients. 
Paper II expands the results from Paper I, employing the 
H2AX foci quanti-
fication procedure to investigate a more extensive skin biopsy material ac-
quired from 5 prostate cancer patients. This allowed for a more detailed ex-
amination of the 
H2AX dose response during the first week of fractionated 
radiotherapy.  

All patients displayed a consistent shape of the 
H2AX dose response 
curves; an overall linear shape combined with a pronounced non-linearity for 
the low-dose region, suggesting a hypersensitive response to doses below 
~0.3Gy. A re-examination of the dose-response relationships, observed for 
the two patients in Paper I, reveals that these patients also display low-dose 
hypersensitivity. The low-dose hypersensitive response was observed just 30 
minutes following the first fraction of the treatment as well as one week into 
the treatment, 30 minutes after the 4th or 5th fractions. Assuming a linear 
induction of DSBs, this suggests that the non-linear response is a result of 
dose-dependent differences in DSB repair efficiency where the lower dose 
levels fail to trigger repair responses to the same extent as the higher doses 
(Figure 10). This would be in agreement with the observed threshold activa-
tion of ATM in vitro [Bakkenist et al. 2003].    

The hypersensitive response was further illustrated by calculating the 
amounts of 
H2AX foci per dose unit. This provides a dose normalised 
measure which enables direct comparison of cellular response to the differ-
ent doses. Statistical calculations on individually normalised dose-response 
relationships confirmed a low-dose hypersensitive response for all investi-
gated time points (p<0.01).  

In an attempt to detect additional DSB repair at later time points, addi-
tional biopsies were collected 2 hours following delivered fractions. Unex-
pectedly, no significant decrease in foci levels could be detected from 30 
minutes to 2 hours after damage induction. Considering the observed low-
dose hypersensitive response, a possible explanation for the observed 

H2AX kinetics could be a DSB repair machinery with fast and slow repair 
components. Previous studies on radiotherapy related skin erythema have 
shown that short intra-fraction breaks of 15 minutes are sufficient to reduce 
these treatment side effects [Turesson et al. 1984, Turesson et al. 1989].  
This supports the suggestion that a considerable amount of repair can occur 
in skin tissues within the first 30 minutes following DSB induction. 

As well as detecting DSB-signalling foci, the 
H2AX stainings also en-
abled quantification of apoptotic cells in the epidermis. A subset of intensely 

H2AX stained cells, possibly signalling DNA fragmentation, were present 
throughout the material and could easily be distinguished from the regular 
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foci patterns. These cells displayed several hallmarks of apoptosis, such as 
cellular rounding, shrinkage, apoptotic bodies and co-staining with cPARP-1 
[Steel (rev) 2001, Holubec et al. 2005]. The apoptotic frequencies in the 
epidermis were very low throughout the material and only 43 apoptotic cells 
in total could be detected among a total number of 168000 cells. The data 
was however sufficient to detect a dose dependency in the apoptotic fre-
quency (p<0.01).  

Compared to the previous paper, the understanding and execution of the 
foci quantification methods were improved for this publication. For instance, 
air drying all sections prior to mounting reduced variations in staining inten-
sities considerably. The reduced intra-staining variations allowed for im-
provements of the digital image analysis process. The feature extracting 
Top-hat filter was replaced with an edge detecting Laplace filter, providing 
an improvement in foci resolution.  

 
Figure 10. An interpretation of the low-dose hypersensitive dose response observed 
for DSB-signalling foci in epidermis. Assuming a linear DSB induction (solid line), 
the observed foci dose response suggests that a considerable amount of the initial 
damage is repaired as early as 30 minutes after damage induction (dashed lined). 
The shape of the dose response curve further suggests that doses below ~0.3Gy fail 
to activate repair mechanisms to the same extent as the higher doses.  
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4.3 Paper III: Low-dose hypersensitivity of initial and 
persistent DSB foci in epidermis throughout 
fractionated radiotherapy treatment 
Paper III is an extension of the study presented in Paper II. DSB foci dose 
response throughout the treatment course was evaluated in the epidermis 
using 
H2AX as well as 53BP1 as DSB-signalling markers.  

Digital image analysis was employed to quantify DSB foci dose response 
during the last week of radiotherapy. Low-dose hypersensitivity was ob-
served 30 minutes following delivered fractions in skin biopsies collected 
from five patients. The dose response was further recorded 24 hours follow-
ing delivered fractions, in biopsies from five additional patients. Since the 
patients receive daily fractions, this time point also corresponds to the epi-
dermal state just prior to delivery of the subsequent fraction. The results 
reveal that foci levels are elevated prior to fraction delivery and that this 
persistent subset of foci also displays low-dose hypersensitivity.  

The DSB-signalling markers 
H2AX and 53BP1 was quantitatively and 
qualitatively compared in the described biopsy-sets taken during last treat-
ment week. The quantitative comparison displayed overlapping foci dose-
response relationships for both 30 minute and 24 hour time points. A quanti-
tative evaluation of co-localisation did however reveal that a considerable 
portion of the foci were unique to each individual marker. Further qualitative 
evaluations pointed out differences in background levels and signal-to-noise 
ratio. 53BP1 foci were generally more intense and distinct compared to 

H2AX foci. 53BP1 immunostainings also displayed lower background lev-
els and an absence of apoptotic detection. 

The crisp and distinct staining pattern of 53BP1 enabled detection of 
DSB-signalling foci by conventional bright field microscopy using 
DAB/HTX stained biopsy sections. One advantage with this technique, 
compared to immunofluorescence, is that it is possible to preserve the slides 
post-analysis. Furthermore, problems with fading and light intensity varia-
tions are reduced.  

Biopsies taken throughout the treatment course were immunostained by 
53BP1 and quantified by eye in a bright field microscope to determine foci 
dose response. The shape of the dose response curves agreed with previous 
observations where foci were quantified by immunofluorescence and digital 
image analysis confirming preserved low-dose hypersensitivity throughout 
the treatment course and persisting foci in between fractions. 

The low-dose hypersensitive shape of the DSB foci dose response, in 
combination with the observation of residual persistent foci in between frac-
tions, suggests a possible link with the observations of low-dose hypersensi-
tivity in basal keratinocyte reductions [Joiner et al. 2001, Harney et al. 
2004#1, Paper IV]. More specifically, persistent foci could be involved in 
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mechanisms triggering a sustained growth arrest, which in turn contributes to 
the keratinocyte depression observed during the treatment course of fraction-
ated radiotherapy.  

4.4 Paper IV: A low-dose hypersensitive keratinocyte 
response to fractionated radiotherapy is mediated by 
growth arrest and apoptosis 
Paper II and III described a low-dose hypersensitive response in epidermal 
DSB foci during radiotherapy. The results of Paper IV reveal that the hyper-
sensitive response is reflected in several other endpoints further downstream 
in the epidermal DDR pathways.  

The p21 kinase inhibitor is involved in several checkpoints that regulate 
cell cycle progression following DNA damage. Of particular importance is 
its involvement in the sensitive G1 checkpoint. In this study, frequencies of 
p21 nuclear stained keratinocytes were determined in basal epidermal kerati-
nocytes in skin biopsies taken during the first and last week of a 7 week 
treatment course. An evident increase in p21 expression was detected during 
treatment. Furthermore, a low-dose hypersensitive response in p21, to doses 
below ~0.3Gy, could be observed during the first treatment week, and was 
still evident at the end of the treatment.  

Manual counting of p21-positive cell nuclei was compared to quantifica-
tions by digital image analysis. The low-dose hypersensitive response could 
be observed independent of quantification method. The results suggest that 
p21-controlled checkpoints can be activated in epidermal basal keratinocytes 
after very small amounts of damage and that this response is amplified for 
low doses.  

The epidermal dose response was further evaluated by quantification of 
mitotic frequencies, using antibodies against phosphorylated histone H3, a 
distinct marker specific for mitosis. Decreased levels of mitosis could be 
observed throughout the treatment course for all dose levels. However, the 
reduction in mitotic frequency per dose unit was more pronounced for doses 
below ~0.3Gy, revealing a low-dose hypersensitive response for the mitosis 
endpoint as well.  

Apoptotic frequencies in the basal and suprabasal layer of epidermis were 
quantified in biopsies collected during the last treatment week in order to 
determine the dose response. Apoptotic events proved to be infrequent 
throughout the examined material. A general increase in apoptosis during 
treatment is however evident when comparing with apoptosis levels recorded 
after the first treatment week (see Paper II). Similar to previously described 
endpoints, apoptotic dose response during the last week of treatment display 
a low-dose hypersensitivity for doses below ~0.3Gy. 
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A decrease in basal cell density has been observed in normal skin from 
patients undergoing radiotherapy [Joiner et al. 2001, Harney et al. 2004#1]. 
In this paper, the dose response of keratinocytes, the major cell type in the 
basal layer, was monitored by quantifications of BKD levels during the 
treatment course. A low-dose hypersensitivity response in BKD reduction 
could be observed for doses below ~0.3Gy in samples collected throughout 
the treatment course.  

A general increase in the thickness of the cornified layer could be ob-
served towards the end of the treatment, suggesting that the amount of cells 
entering differentiation have increased. This further suggests that a pathway 
where damaged basal cells are eliminated by differentiation could be an 
epithelial damage response of importance [von Wagenheim et al. (rev) 
1995].   

In conclusion, the results from Paper IV indicate that permanent growth 
arrest as well as apoptosis could explain the observed reductions in BKD 
throughout a radiotherapy treatment course. The observed low-dose hyper-
sensitivity responses in p21, mitosis, apoptosis, and BKD possibly reflect a 
chain of events where the low-dose effects are preserved throughout the 
DDR pathways in agreement with our previous observations of low-dose 
hypersensitivity in DSB-signalling foci. 



 41

5. Conclusions 

Examination of the dose response in epithelial skin from prostate cancer 
patients undergoing fractionated radiotherapy treatments provides the fol-
lowing conclusions: 
 
• DSB-signalling 
H2AX and 53BP1 foci were detectable and quantifiable 

in formalin fixed tissue material. A detailed dose response could be de-
termined for clinically relevant dose levels ranging from 0.05 to 1.1Gy.  

 
• Low-dose hypersensitivity in DSB-signalling foci was observed 

throughout the treatment course.     
 
• DSB-signalling foci did not return to background levels in between frac-

tions. The persistent foci expressed low-dose hypersensitivity.  
 
• Assessment of checkpoint activation (p21), mitosis reduction (HTA28) 

and apoptosis induction (
H2AX) revealed low-dose hypersensitivity. 
 
• The reduction of basal keratinocytes expressed low-dose hypersensitiv-

ity throughout the treatment course. 
 
• Growth arrest will influence the dose-dependent reduction of keratino-

cytes observed during fractionated radiotherapy. Cell death mechanisms 
such as apoptosis could also contribute.    
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