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ABSTRACT

A clinically reliable predictive assay based on normal-tissue radiosensitivity may lead to 
improved tumour control through individualised dose prescriptions. In-vitro fibroblast 
radiosensitivity has been shown, in several studies, to correlate with late radiation 
morbidity. The aim of this study was to investigate some of the cellular mechanisms 
underlying the normal-tissue response.

In this study, seventeen primary fibroblast strains were established by enzymatic 
disaggregation of skin biopsies obtained from patients. These comprised seven who 
experienced acute tissue reactions to radiotherapy, four patients with a normal response 
and six non-cancer volunteers. An AT cell line was included as a positive control for 
radiosensitivity.

In-vitro radiosensitivity was measured using a clonogenic assay at both high (HDR:

1.6 Gymin'^) and low dose rate (LDR: 0.01 Gymin'^). The radiation parameter HDR 
SF2  was the most sensitive in discriminating the seven sensitive patients from the 

remaining ten normal patients (range 0.11-0.19 sensitive patients compared witli 
0.17-0.34 control patients: p<0.0001). Neither the use of an internal control or LDR 
radiation protocol increased this discrimination.

Pulsed-field gel electrophoresis (PFGE) was used to measure the level of initial and 
residual double-strand breaks following irradiation. No correlation was found between 
HDR SF2  and initial DNA damage. However, a strong correlation was found between 

clonogenic survival and both residual DNA damage (measured over 10-70 Gy, 
allowing 4 h repair, correlation coefficient: 0.90, p<0.0001) and the ratio of 
residual/initial DNA damage, with the sensitive cell lines generally showing a higher 
level of residual DNA damage.

Cell-cycle delays were found in all 18 cell strains in response to 2 Gy irradiation, but 
were not found to discriminate between sensitive and normal patients. Associated 
studies found no mutations of the ATM gene in the five radiosensitive patients studied. 
However, a coding sequence alteration was found in the XRCCl gene in one of the 
radiosensitive patients.

These findings indicate that a DNA repair defect may be partly responsible for the 
extreme reactions to radiotherapy observed in a small percentage of patients and that 
with further modifications, an assay based on measurement of residual DNA damage 
may form the basis of a predictive test for radiosensitivity.
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1.0 Introduction

1.1 Cancer: the disease

Cancer follows cardiovascular disease as the second most frequent cause of death in 
developed countries (accounting for approximately 22% of deaths in both sexes as 
opposed to slightly over 50% for cardiovascular disease). However, mortality from 
different types of cancer can vary substantially. In men the commonest sites of cancer 
leading to death are tumours in the prostate and lung. In women, breast cancer 
dominates, although death from lung cancer has increased in recent decades (Frodin e t 
al 1996). While mortahty from both cardiovascular and ischemic heart diseases is 
decreasing, mortahty from cancer is still increasing world-wide, with over 1 0  miUion 
cases per year predicted by the year 2000 (Bailar and Gornik 1997). In the European 
Union in 1990 for example, almost 13000 women and 14000 men per week were 
diagnosed with cancer and around 8000 women and 1 0 0 0 0  men died from the disease 
(Coebergh 1997).

The goal of cancer treatment is long-term tumour control with minimal morbidity. In the 
late 1980s, a European Union study estimated that cure, which can be defined as 
symptom-free survival at 5 years post treatment (although some cancers may have late 
relapses), is expected in approximately 45% of cases. Of these 22% were cured by 
surgery alone, 1 2 % by radiotherapy, 6 % by a combination of surgery and radiotherapy, 
and 5% by medical therapy alone, mainly chemotherapy. Biological therapy is currently 
finding its place as a fourth treatment modality.

Local tumour control is important for achieving cure and efforts to improve primary 
tumour control could, if successful, prolong survival. An important consideration is 
whether the primary tumour has metastasised. Metastasis is the major determinant of 
morbidity and mortality in the majority of patients already diagnosed with primary solid 
malignant tumours (65% of cancer deaths are due to metastatic disease and 35% as a 
result of local treatment failure) (van Oosterom 1997). Metastasis consists of several 
inter-dependent, but highly regulated biological processes allowing the tumour cell to 
migrate from its site of origin to regional lymph nodes and distant organs, out of the 
range of surgical cure (Coffey 1996, Andreasen et a l 1997). Approximately half of all 
tumours metastasise and the overall frequency of metastasis might be reduced by more 
effective treatment to the primary site (Saunders 1991).

There are several biological factors influencing the outcome of radiotherapy but tumour 
proliferation, tumour hypoxia and the intrinsic radiosensitivity of both tumour and
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normal tissues are believed to be important. It has been suggested that, of these factors 
intrinsic radiosensitivity may be the most important for determining the response to 
radiation (Turesson et a l 1996).

A variety of factors influence the cellular response to radiation including DNA repair 
pathways and cell-cycle control mechanisms (Crompton 1998). In this thesis the factors 
affecting the intrinsic radiosensitivity of a panel of human primary fibroblasts isolated 
from non-syndromic individuals were analysed, with emphasis on biological endpoints 
such as DNA repair and cell-cycle delay. It was hoped to elucidate how useful the 
analysis of these endpoints was in relationship to radiosensitivity, with a view to the 
development of an in-vitro predictive test for radiosensitivity. In the long term, such a 
test might lead to tailoring of radiotherapy, a reduction in unwanted normal tissue 
toxicity and improvement in survival (§7.7.3).

1.2 Radiotherapy

1.2.1 Historical developments

The use of ionising radiation (IR) as a therapeutic modality dates back to Roentgen's 
discovery of X-rays on November 8 th, 1895 (detailed in Dawson 1997) and the 
subsequent discovery of radium by the Curies in 1896. One of the most direct results of 
Roentgen's work was the development of an entirely new medical discipline, radiology, 
and its diagnostic and therapeutic specialities (reviewed in Leszczynski and Boyko 
1997).

In 1913, William Coolidge constructed the first X-ray tube with a cathode filament and 
an anode target of tungsten laying the foundations of external X-ray therapy (detailed in 
Praestholm 1997). However the beginnings of the therapeutic applications of X-rays are 
less well documented and surrounded by controversy. It is now widely accepted that in 
November 1896, Leopold Freund not only performed the first successful X-ray 
treatment (fractionated radiotherapy of a hairy nevus), but also provided the first 
scientific proof of the biological effectiveness of X-rays (detailed in Kogelnik 1997). A 
scientific basis to fractionation is credited to Claudius Regaud who, with Nogier, 
showed in 1911 that it was possible to sterilise a ram without damage to the skin of the 
scrotum by giving treatment to the testis in three fractions rather than one, with each 
fraction spaced 2 weeks apart. Together with Coutard, this led to the development of a 
fractionated course of radiotherapy that was widely accepted and from it modem 
radiotherapy evolved throughout the world. A total dose of 66-70 Gy given in 1.8-2 Gy 
fractions 5  days a week has become a gold standard method for curative radiotherapy 
applied to the head and neck and many other tumours (Saunders and Dische 1997).
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Although radiation oncology developed many of its concepts from early clinical 
experiences, laboratory research has become increasingly important to its recent 
advances. Between the 1920s and 1950s, and again in recent years, there were great 
improvements in engineering and during the past two decades, the use of computers. 
The build-up of research into the biological effects of IR associated with the 
development of the atom bomb, provided the necessary basis for the expansion of 
radiotherapy-orientated radiobiology research efforts in hospitals, universities and 
national laboratories. The 1950s and 1960s saw a series of major advances in basic 
radiobiology following the development of cell-survival assays and advances in 
cell-culture technology. Some of the more important phenomena described were related 
to the molecular basis of the oxygen effect, the role of hypoxia in tumour 
radioresistance, reoxygenation, the quantitation of repair of molecular damage and the 
variations in radiosensitivity throughout the cell cycle (reviewed in Rockwell 1998). 
However, by 1970, there had been little apparent success from applying these 
discoveries to radiotherapy and the most obvious perceived problem of tumour hypoxia 
had not been eliminated by the adjuvant use of hyperbaric oxygen in several clinical trials 
(Overgaard 1989). However, since the late 1980s, the basic understanding of the 
biology and radiobiology of normal tissues and tumours has continued to expand and to 
be integrated into the practice of radiotherapy (Withers 1989).

1.2.2 Radiotherapy as a form of clinical treatment

Radiotherapy is the most important type of non-surgical treatment for patients with 
common cancers and over 50% of cancer patients receive radiotherapy at some time in 
their treatment. It is used in the management of localised tumours at many different 
anatomical sites (Table 1.1). Radiotherapy is delivered using an external beam or as 
brachytherapy, in which a radioactive source is inserted in or adjacent to the tumour 
(Dale and Jones 1998).

Radiotherapy planning involves defining the anatomic structures for treatment (target 
volume) and the healthy tissues to be avoided (risk organs). Treatment may engage 
either visible tumour {e.g. radiotherapy prior to surgery) or tissues where tumour growth 
cannot be found, but where there is reason to believe that tumour cells are present 
(subclinical disease). Planning radiotherapy also involves determining the appropriate 
dosage for the respective target volumes, how many fractions should be given, and the 
total treatment time. The dose prescription for a particular tumour is based largely on 
experience with similar tumours rather than its own radiation response, although its 
initial gross response to radiation is sometimes useful in modifying therapy (§1.3).

23



Early stage Hodgkin's disease

Non-Hodgkin's Stage I lymphomas

Cervical cancer

Prostate cancer

Head and neck cancers

Cancers of the central nervous system

Seminoma

Retinoblastoma

Choroidal melanoma

Unresectable lung cancer

Unresectable pancreatic cancer

Unresectable sarcoma

Table 1.1. Diseases commonly treated by definitive radiation 

(adapted from Lichter and Lawrence 1995). The latter three are 

mainly incurable, but are included here.
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Radiotherapy treatment can be given as neoadjuvant (preoperative), adjuvant (post 
operative), definitive (instead of surgery, with or without chemotherapy, but with 
curative intent), or with palhative intent (Machtay and Friedberg 1997). For several 
common cancers, radiotherapy has led to a progressive decrease in major surgery. For 
example in squamous head and neck cancer, treatment policies in most large UK and 
other European centres have emphasised the value of radical radiotherapy with or 
without chemotherapy, in an attempt to avoid mutilating surgery (Tobias 1992, Pigott et 
a l 1995). It has been estimated that the overall cost of radiation oncology in relation to 
its usefulness, such as improvement in survival (cure) and symptoms (palliation), is less 
expensive than for any other form of cancer treatment (Levitt and Leer 1996).

No single discipline can provide the complete answer for a patient with a solid tumour, 
each having their own merits. For example, several studies have shown chemotherapy to 
be associated with a trend towards a decreased frequency of distant métastasés 
(Forastiere 1991, Jacobs and Makuch 1990). Consequently treatment techniques are 
often used in combination to reach an elevated tumour control without enhancing the 
important dose-limiting normal-tissue adverse reactions (§1.4). In pancreatic cancer, 
where chemotherapy and radiotherapy have proved disappointing, the outlook for the 
patient can be improved by combined chemotherapy and radiotherapy (Johnson 1996).

In certain disease sites, a planned combined approach of surgery and radiotherapy can 
produce better local tumour control than with surgery alone (reviewed in Canney et al. 
1997). In combination, surgery removes the bulk of the tissue and radiotherapy kills the 
cells at the tumour periphery, simultaneously increasing the likelihood of eliminating the 
loco-regional cancer and reducing morbidity (Cakir et al. 1995).

In many settings radiotherapy can be used in combination with chemotherapy to 
consohdate the cytotoxic achievements of one another (Steel 1988). The administration 
of preoperative chemotherapy has become widely used and has several advantages 
(reviewed in Urban and Benesch 1996). However, radiotherapy can be administered 
preoperatively to increase the local effect of neoadjuvant chemotherapy, either 
simultaneously or sequentially to chemotherapy (Urban et al. 1993). This is well 
established for lymphomas, leukaemias, and testicular cancers and holds promise in 
lung, oesophageal, anal and rectal cancers (Withers 1992, Schellong 1996). In addition, 
mounting experimental evidence using androgen-dependent animal tumour models has 
shown that radiation therapy may be considerably more effective at tumour eradication 
after prior androgen deprivation which causes tumour shrinkage. This has become an 
accepted approach in the treatment of prostate cancer (Laverdiere et al. 1997).
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Palliative radiotherapy, aiming to improve symptoms rather than active cure is given to 
reduce tumour bulk. Shorter fractionated schedules with larger doses per fraction 
compared with 'radical' schedules are generally used (§1.3.3). Indications for palhative 
radiotherapy are varied and include the relief of pain, maintenance of skeletal integrity, 
relief of obstruction and the preservation of function (Parker 1996).

1.2.3 Novel therapies

The traditional modalities of surgery, radiotherapy and chemotherapy are nonselective, 
attempting the complete elimination of cancer cells, although many normal cells will also 
be eliminated. The more recent cancer treatment, biotherapy, aims for the 
immune/biological control of malignancy. Such new approaches in cancer management 
aim to be highly selective, recognising aberrance in normal cells and attempting to 
reassert normal regulation (reviewed in Rew 1998). These newer therapies are in various 
stages of development and have yet to achieve a defined place in management 
(Rieger 1997). At least in the near future, they would primarily be used as adjuvant or 
neoadjuvant treatments in combination with primary treatments to improve local tumour 
control for lesions that are not resectable or are non-responsive to radiation or 
chemotherapy alone.

Immunotherapeutic techniques have the theoretical potential of eliciting a systemic 
reaction, which could potentially eliminate all cancer cells in a patient's body. They 
utilise cancer-specific vehicles for the delivery of radionuclides or drugs to the tumour. 
This approach has been tried in the treatment of lymphomas, leukaemias and 
neuroblastomas with some success in small studies, but it has not yet proved effective 
for routine clinical use (Stigbrand et a l 1996, Kairemo 1996).

Despite the multiplicity of lesions within a single cancer cell, studies have shown that 
correction of a single genetic abnormality in the cancer cell could mediate a therapeutic 
effect. Two gene famihes that contribute to carcinogenesis are dominant oncogenes and 
tumour-suppressor genes. A major goal of new anti-tumour therapy involves 
interrupting the permanent, or constitutive, signals that drive tumour-cell growth 
(Krontiris 1995). Theoretically, replacement of a non-functioning copy of the tumour- 
suppressor gene in cells with loss of function could restore normal growth and 
proliferation pathways. Possible mechanisms by which such a replacement could cause 
chnically beneficial effects include induction of tumour death by direct killing 
{e.g. apoptosis) or bystander effects (killing or growth arrest of nontransduced tumour 
cells mediated by transduced tumour cells), induction of tumour cell dormancy, or 
prevention of malignant progression in pre-malignant cells.
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Research in this field has progressed down many avenues and a number of clinical trials 
are under investigation (Blaese 1997). Antisense oligonucleotides, which act by 
specifically hybridising with complementary RNA sequences, inhibit protein expression 
through a number of mechanisms, including degradation of the targeted RNA through 
RNase H-mediated cleavage. Monia et al. (1996) used antisense oligodeoxynucleotides 
targeted against human C-raf-1 kinase to specifically inhibit C-raf-1 kinase gene 
expression and lung carcinoma tumour progression in vitro and in vivo, using human 
tumour xenograft mouse models. However the tumour inhibition was transient and the 
tumours quickly resumed their growth in vivo. Roth et al. (1996) introduced a retroviral 
vector containing wild-type p53 into human p53 mutant non-small cell lung cancers by 
direct injection into nine patients in whom conventional treatment had failed. Tumour 
regression in three patients, and stabilised tumour growth in three other patients was 
observed.

There is currently much research into the possible synergistic strategies of radiation 
therapy and gene transfer. This is because the partial selective nature of radiotherapy 
(i.e. the restriction to the irradiated field) complements the selective nature of potential 
cancer gene therapies (Gordon and McMillan 1997). Many radiotherapy-gene therapy 
approaches have been proposed. Such protocols include those that modify intrinsic 
radioresistance, the use of radiation-inducible promoters and the genetic induction of 
receptors as targets for radioimmunotherapy (Buchsbaum et al. 1996). Weichselbaum et 
al. (1994) used the radiation-inducible promoter Egr-1 to control expression of the 
TNF-a gene, and showed that when this construct was transfected into radioresistant 

tumour cells, the cells became sensitive to radiation. One difficulty with this form of 
radiotherapy-inducible gene therapy is the need for the promoter elements to be solely 
inducible by radiation alone.

The possibility of immunisation with cellular tumour vaccines has also been investigated 
(Timmerman and Levy 1998). Vaccines are generated by treatment of autologous tumour 
cells in vitro with a combination of cytokines and anti-CD28 bispecific monoclonal 
antibodies. Such an approach is simple, has a potential clinical expediency and may have 
a broad clinical application for different tumours (Guo et al. 1997). However 
gene-modified tumour vaccines are most likely to prove beneficial in patients with 
minimal tumour burdens and robust immunity.

There are several other potential windows for intervention in cancer treatment including 
the period of transition from a local tumour to one that metastasises (reviewed in 
Goldfarb et al. 1999) and the targeting of molecules such as p53 and its involvement in 
apoptosis and growth arrest (Haimovitz-Friedman 1998, Komarova and Gudkov 1998).
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1.2.4 Technical advances in radiotherapy treatment

Treatment planning and delivery of radiation therapy have substantially evolved in the 
past 20 years (Suit et al. 1989). Advances in imaging techniques, notably computed 
tomography (CT) and magnetic resonance imaging (MRI), have aided the radiotherapist 
with improved tumour localisation (Momose et a l 1996). The precision of tumour 
dehneation directly influences the quahty of treatment. The introduction of CT for 
diagnosis of tumour extent revealed that in some studies, 50-60% of tumours were not 
adequately covered by previous radiological techniques (Dahl et a l 1996). Improved 
tumour localisation allows adequate tumour coverage and understanding of the spatial 
relationship between the tumour and normal tissue (Rosenman et a l 1991). The 
underdosing of even a small part of the tumour may lead to local control failure and it 
has been estimated that the elimination of geometric tumour misses alone might increase 
cure rates by 3-4% (Goitein 1979).

To complement such improvements, advances in the quality and penetrating power of 
radiotherapy equipment have resulted in well-localised radiation beams that can be 
delivered anywhere in the body with homogeneous energy deposition across the tumour 
and a satisfactory fall-off outside this target volume (Table 1.2).

These developments in turn have increased the ability to tailor irradiation portals to the 
volume of interest through conformai therapy (Dahl et a l 1996, Read 1998). This is 
extemal-beam radiotherapy in which the high-dose volume {le. the shape of the volume 
receiving at least 90% of the prescribed target dose) is made to conform closely to the 
target volume. In doing so, more adjacent normal tissues are excluded than in 
conventional radiotherapy, thus improving tumour control probability (TCP) without 
increasing treatment morbidity (Tait and Nahum 1990, Perez et al 1995). Multileaf 
collimators, which consist of many (typically 80) narrow blades or leaves of thickness 
sufficient to transmit only a few per cent of the incident radiation, facihtate application of 
complex treatment planning to the daily treatment of patients with conformai irradiation 
techniques. Such techniques allow a significant amount of normal-tissue sparing 
compared with conventionally blocked fields (Fernandez et a l 1997). However, there is 
considerable variation in the current clinical use of such treatment planning facilities 
throughout the UK (McNee et a l 1998, Burnet 1998).

Conformai therapy puts greater emphasis on the correct positioning of the patient and 
determination of the target volume (Mijnheer 1997). This increased precision in 
radiotherapy has fuelled interest in novel techniques of treatment verification. With 
narrower boundaries around the tumour, the exact positioning of the patient must be 
carefully defined and checked. It has been shown that with modem set-up and
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ADVANTAGES OF MODERN RADIOTHERAPEUTIC TECHNIQUES

Megavoltage radiotherapy skin sparing

improved depth dose to tumour 

sharper beam and less side scatter

Electron beam therapy depth of penetration easily controlled 

avoids damage to underlying normal tissue

High-energy linear 

transfer radiotherapy

highly focused beam

biologically more destructive (also to normal 

tissue)

Table 1.2. Recent advances in modem radiotherapy techniques (adapted from 

Tobias 1992).
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immobilisation techniques, random treatment errors are small, with 95% being within 5 
mm of the mean daily position (Gildersleve et a l 1995).

1.3 Treatment regimes

An 'optimal' radiotherapeutic fractionation scheme strikes the 'optimal' balance between 
tumour control and acceptable morbidity in the normal tissues in the treatment volume, 
particularly late-responding tissues (Brenner and Hall 1996). However, treatment doses 
have been derived empirically over the years based on hmited knowledge of (i) dose 
response relationships for tumour control and (ii) the maximum tolerated dose of 
radiation to normal tissues within the treatment volume (Emami et a l 1991). For 
example, the dose that would cause a 5% incidence of severe late occurring normal- 
tissue damage (TD5) is generally considered as the maximum dose which should be 
administered, but for devastating sequelae e.g. radiation myelitis, an acceptable incidence 
would have to be <1%. Tumour related factors {e.g. site, stage, histological type) and 
host related factors {e.g. performance status, age) give some indication of the likely 
response to therapy, but within these broad categories there is a great deal of variation 
(Sterry 1996).

Radical cancer treatment with curative intent usually consists of standardised protocols 
delivering daily fractions of radiotherapy (Monday-Friday) over several weeks. Between 
fractions, repair of sub-lethal damage (SLD) takes place and this is important for normal- 
tissue tolerance (§4.9.5).

The overall treatment time, total radiation dose and the dose per fraction are related by 
the linear quadratic (LQ) formula (Thames and Hendry 1987, Fowler 1989):

BED = and + pnd^

where BED is the biologically effective dose, n the number of fractions, d the dose per 
fraction, and a  and P are the coefficients of the effect of dose. The equation is based on 

a model of the effect of radiation effect on DNA, and is supported by in-vitro and 
in-vivo data. It has greatly advanced the abihty of chnicians to relate one radiotherapy 
regime to another. Since the mid-1980s, a /p  values that define these survival curves 

have been identified for different types of normal tissue and for some tumours (Thames 
and Hendry 1987, Joiner and van der Kogel 1997). This ratio is actually the dose at 
which the contribution to cell kill from the twc^parameters is identical. Below this dose 
the linear term dominates and above it the quadratic term dominates. Tissues with a high 
a/p  ratio, typically 1 0 , include the rapidly proliferating so-called early reacting tissues, 

such as bone marrow and tumour. Late reacting, slowly proliferating tissues have a low
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oc/p ratio (1-3) and include lung and central nervous system (CNS: §1.4).

Progress in quantitative clinical radiobiology for both tumours and normal tissues has 
improved the possibilities for the rational design of new radiotherapy schedules. During 
the past 2 0  years several different fractionation schedules have been proposed (reviewed 
in Saunders and Dische 1997). During the 1980s, recognition of the importance of 
tumour cell kinetics in determining local control probabilities using radiotherapy and the 
demonstration of a relationship between dose per fraction and late normal-tissue 
comphcations led to a reconsideration of fractionation schedules particularly in the 
treatment of head and neck cancer. New radiotherapy strategies may be supported not 
only qualitatively, but within certain limits, the expected change from implementing 
these strategies may be estimated quantitatively. The benefit of a particular fractionation 
scheme depends partly on the relative shapes of the survival curve for the tumour and 
surrounding normal tissue (Hoban et a l 1999). There is now a wealth of radiobiological 
and clinical experiments suggesting that a greater TCP may be achieved by 
hyperfractionated and hyperfractionated-accelerated radiotherapy regimes.

1.3.1 Hyperfractionation

Hyperfractionation is the best studied alternative fractionation schedule. The main 
rationale for the hyperfractionation trials is that if tumours have a smaller fractionation 
sensitivity than late responding normal tissues, the therapeutic ratio between antitumour 
effect and normal tissue toxicity should be improved by using smaller doses per fraction 
and increasing the total dose in the hyperfractionated arm. To avoid increasing the 
treatment time, and thereby the risk that tumour cells grow during treatment, treatment 
must be given 2-3 times a day. In an important trial in which this approach was tested, a 
statistically significant margin of improved primary TCP of the order of 15-20% was 
gained (Horiot et a l 1992). The late normal-tissue changes were identical with the 
control group treated with conventional 2 Gy fractions given daily over a period of 
7 weeks.

In an analysis of twelve clinical phase III trials comparing pure or moderately accelerated 
hyperfractionation with conventional fractionation published between 1983 and 1995, 
Stuschke and Thames (1997, 1998) concluded that anti-tumour effects were consistently 
higher for hyperfractionation, especially for head and neck cancers, although this finding 
has been questioned (Willers et a l 1998). However, although trials of pure 
hyperfractionation have shown an increased TCP, the logistics of such a protocol means 
that it is unlikely to gain acceptance.
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1.3.2 Accelerated fractionation

Many retrospective studies have shown a decreasing TCP with increasing overall 
treatment time (Maciejewski et al. 1983). These observations have been taken as support 
for the hypothesis that shorter than standard schedules may be associated with a 
therapeutic gain.

Tumour-cell proliferation occurring during a conventional course of radiotherapy is now 
considered as a potential cause of failure of treatment. In-vivo studies of the cell kinetics 
of human tumours have shown that they may have surprisingly rapid potential cellular 
doubling times (Tpot) ranging from around 1.8 to 19.4 days (Wilson et a l 1988). In the 
case of rapidly proliferating tumours, shortening the overall treatment time would 
prevent the risk of proliferation and repopulation during the treatment.

In order to reduce treatment times without increasing the dose per fraction, accelerated 
fractionation schemes deliver more treatment per day while employing some reduction in 
the fraction size, total dose, or both at a slightly reduced dose per fraction. Thereby, the 
total treatment time can be reduced from the conventional 6  to 7 weeks to 2 to 5 weeks. 
However, the preliminary results of two randomised trials reveal that the severity of 
acute reactions limits the magnitude by which treatment can be accelerated to no more 
than one week (Olmi et al. 1990, Skladowski et a l 1996). In a review by Bentzen
(1994) of three split-course studies, the average gain in local control from a one week 
contraction of radiotherapy was close to 7%, with a slightly higher gain at the low 
control rates and slightly lower gain in percentage points at the high levels of control.

Four broad categories of accelerated fractionation have been subjected to intensive 
investigation (Ang 1997, Allai et a l 1997). Firstly, split-course accelerated schedules 
integrate a planned treatment-free interval designed to allow recovery from acute 
reactions (Horiot et a l 1997). Secondly, concomitant boost schedules allow reduction 
of overall treatment time by 1.5-2 weeks, whilst requiring neither a reduction in total 
dose nor the introduction of a split. This is achieved by delivering the boost as a second 
daily fraction, thus reducing the tissue volume exposed to the accelerated therapy 
(Ang et a l 1990). Thirdly, there are schedules in which the total dose delivered per 
week is progressively increased during the course of treatment. The rationale is that the 
less intensive therapy at the outset of treatment will stimulate a regenerative response in 
the normal mucosa such that it can better tolerate more intensive treatment as the course 
progresses.

Finally, an application of acceleration and hyperfractionation called Continuous, 
Hyperfractionated, Accelerated Radiation Therapy (CHART) has been proposed
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(Saunders and Dische 1986). An individual dose of 1.5 Gy was given three times daily 
for twelve consecutive days so as to achieve a total dose of 54 Gy. An increase in 
survival has been achieved in 563 patients with non-small cell lung cancer, with 29% of 
patients alive after 3 years, compared with 20% of those in the control arm (p<0.004) 
(Saunders et a l 1997). In 918 head and neck cancers, overall TCP has been similar 
although there has been a reduction in five of nine indices of late radiation change, and in 
the subgroup of advanced laryngeal cancer, CHART has doubled the chance of control 
by radiotherapy (Dische e ta l  1997).

1.3.3 H ypofractionation

Hypofractionation refers to irradiation schemes with less than five fractions per week 
and larger doses than 2 Gy per fraction. In several centres the use of fewer larger 
fractions was originally suggested to decrease the amount of machine time and to spare 
patients several trips to hospital (Fletcher 1991). It has recently been suggested as a 
useful treatment in the form of stereotactic radiosurgery, that is a single large fraction of 
external beam radiation therapy to a focal brain volume, guided by 3D imaging data 
(Rosenthal and Glatslein 1996).

For tumours with a limited repair capacity and low a/p  ratio, hyperfractionation may 
theoretically be of benefit (Hoban et a l 1999). For example, the survival curves for 
melanoma have been shown to have a large shoulder and therefore may be best treated 
with large fractions (Hall 1994). A small number of studies including those in the lung 
and breast have concluded that hypofractionated schedules were well tolerated with 
similar TCP to conventional radiotherapy schedules (Slotman et a l 1993, Bates 1988). 
However as reviewed in Cox (1985) the majority of studies have found that 
hypofractionation is disadvantageous both with regard to TCP within the field and in 
particular to the development of late normal tissue complications (Turesson and Notter 
1984).

Nevertheless, hypofractionation remains a valuable technique for palliation (Devereux et 
al 1997) and for radical treatment where access to equipment is difficult or resources are 
limited (Scholten fl/. 1997).

1.3.4 Future developments

It is hoped that through the combined efforts of clinical experience, modelling and 
predictive assays, alternative fractionation schemes will yield major gains in standard 
clinical practice. This may advance to the point where prediction is precise and clinicians 
are able to select the treatment that will give the greatest chance of tumour eradication,
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with the minimum risk of post-irradiation morbidity.

1.4 Norm al-Tissue Complications

However an important consequence of radiotherapy is that both normal and tumour 
tissue are damaged and as the tumour dose is increased, the incidence and severity of 
normal tissue complications is increased. In 1936, Holthusen published the first dose- 
response curves for any chronic radiation damage, the frequency of telangiectasia in 
human skin (reviewed in Trott 1984). Due to heterogeneity in the response of tumours 
of the same type and location and the late normal tissue response, the dose probability 
relationship for both follow independent sigmoid curves (Figure 1.1). The achievable 
rate of uncomplicated local TCP depends entirely on the relative position and steepness 
of both dose-response curves for TCP and chronic radiation damage. If the most 
radiosensitive patients could be identified by means of a sensitive predictive test, there 
would be a shift to the right of the normal tissue damage curve. This may then allow a 
higher radiation dose to be given to the remaining patients without compromising the 
surrounding normal tissues (§7.7.3).

There are a number of factors that modify the steepness of dose-response curves. The 
first is heterogeneity between individuals which tends to flatten the dose response curve 
and it has been speculated that patient to patient variability might be one of the main 
causes for the relatively shallow dose-response curves observed chnically for tumours 
(Hendry and West 1997). A second factor determining normal tissue control 
probabilities (NTCP) is the manner in which the tissue is composed of independent 
entities or functional subunits (FSUs). These are theoretical subunits of an organ that 
carry out its function and respond to irradiation independently (reviewed in Jackson et 
a l 1993). The response of an organ to radiation is dependent on the radiosensitivity of 
the FSUs and the manner in which the individual FSUs are arranged. MacKay et a l 
(1997) have recently attempted to predict the response of tissues based on the 
organisation of the FSUs of a tissue. Three models of normal-organ response are 
proposed: serial (also known as critical element), parallel quantal (also known as integral 
response), and graded response.

In the serial or critical element model each FSU is vital to the function of the organ. If 
any FSU is destroyed, the organ fails to carry out its function and a complication arises, 
resulting in a very steep dose-response curve. The spinal cord is conjectured to be a 
serial organ.

In the parallel quantal or integral response model, there is a pool of redundant FSUs that 
must be destroyed before a complication occurs. Examples of organs conjectured to have
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Figure 1.1. Theoretical curves showing tumour-control probability, or incidence of normal-tissue damage as a function of radiotherapy dose.
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parallel quantal architecture are the lung, liver and kidney. It has been suggested that 
FSUs for these organs are the respiratory bronchioles and alveolar ducts, the liver 
lobules and the nephrons respectively.

The graded response model differs from the first two as it assumes that organ function 
can fail locally. The local intensity of complications depends on the local fractional 
density of FSUs destroyed (Jackson et al. 1993).

1.4.1 Normal-Tissue Effects

Normal tissues and tumours show a radiation response at a rate proportional to their rate 
of proliferative turnover. For instance, the mucosa of the respiratory and digestive tract, 
which is actively proliferative, develops a detectable reaction within two or three weeks 
of first exposure to a course of radiotherapy. However, slowly proliferating tissues such 
as connective tissue, kidney, cartilage, bone, lung and oligodendricites respond slowly 
to irradiation with signs of damage only months or years after exposure. The length of 
time to express 90% of the ultimate frequency of moderate or severe complications can 
be as long as 3.2 years and 4.7 years for the late effects fibrosis and telangiectasia 
respectively (Bentzen et al 1989).

Normal-tissue effects are classified as acute if they manifest during the first 90 days after 
radiotherapy, subacute if they develop within 1 to 3 months postirradiation and late 
sequelae thereafter (Dorr 1998). In general, late-tissue effects are regarded as more 
important than acute effects because of their progressive and irreversible character. 
However, an acute side effect may lead to a consequential late effect (§1.4.2: 
Zimmermann et a l 1998a) or an interruption of the treatment course and therefore a 
decrease in local tumour control (Fowler and Lindstrom 1992).

Laboratory experiments have led to the conclusion that whereas both fraction size and 
overall treatment time determine the acute response, fraction size is the dominant factor 
in determining late effects with the overall treatment time having little influence 
(Hall 1993). In this respect there is a dissociation between the risk of acute and late 
effects (§1.4.2). Several studies in both humans and animals have suggested that the 
severity and expression of the late effect of fibrosis in the lung are, at least in part, 
genetically determined (Geara et a l 1998, Franko et a l 1991).

It has been suggested that expression of a specific chnical endpoint is related to cellular 
radiosensitivity of a specific target cell. Acute radiation lesions are thought to be a direct 
consequence of parenchymal cell loss. Late radiation damage to a number of normal 
tissues is also characterised by depletion of parenchymal cells, as well as a marked
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increase in the fibrotic tissue component. This is a consequence of functional 
perturbations involving both parenchymal and non-parenchymal elements, most 
noticeably the vasculature (Rezvani etal. 1995).

Acute effects include nausea, mucositis, alopecia and myelosuppression, interstitial 
inflammation and erythema. They are usually self-limiting and recovery takes place 
provided that the tolerance dose has not been exceeded. Acute inflammation comprises 
of vasodilation, fluid exudation and leukocyte migration at the sites of inflammatory 
lesions (Narayan and Cliff 1982). Inflammatory cytokines induce a number of adhesion 
molecules which bind leukocytes and lymphocytes to the endothehum (reviewed in 
Luster 1998). It has been shown that the early change noted in vivo, following localised 
irradiation of the kidney is leukocyte adhesion to the endothehal cells of the glomerular 
capillary loops (Jaenke etal. 1993).

The effect of radiation on the vasculature is of importance because blood vessels form an 
integral part of nearly all normal tissues. The potential target cells in the vasculature, the 
endothelial cells and smooth muscle cells, have a low turnover and so damage to such 
cells is only expressed slowly after irradiation. However, it has been shown that a single 
dose of 10 Gy alters the structure and function of normal-tissue microvasculature 
networks significantly at 3, 7, and 30 days postirradiation (Roth et al. 1999).

Initial changes in the vasculature after 2-A months are associated with the loss of 
endothelial cells. This results in abnormal proliferation of viable cells leading to the 
occlusion of vessels and a reduction in the size of the capillary bed. There may be local 
oedema (accumulation of fluid) possibly as a consequence of the local leakage of 
plasma. This vascular-tissue damage may be the major element determining the overall 
late-tissue damage after irradiation. Many investigators have noted increased vascular 
permeability associated with oedema after irradiation of the kidney, lung, thorax, brain 
and skin (Moosavi et al. 1977, Evans et al. 1986, Law and Thomlinson 1978). Later 
changes in the vasculature are associated with the loss of smooth muscle cells. The 
timing of these later changes are more variable (7-18 months) than the earlier effects 
related to the loss of endothelial cells.

The consequences of these well established changes varies from tissue to tissue and 
depends on complex adaptations and physiological relationships which are not fully 
understood. However, they could partly explain the variation in latency noted for the 
development of late effects in different tissues (Hopewell et al. 1986).

Radiation-induced fibrosis is a common late reaction in radiotherapy. Fibrotic lesions 
following radiotherapy have been described in many tissues, including skin, lung, heart,
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kidney and liver (Jaenke et a l 1993, Rezvani et a l 1995). A review of the cellular basis 
of fibrosis has been provided by Rodemann and Bamberg (1995) who concluded that it 
is due to an interplay of cellular and molecular events between several cell systems 
engaged in a fibrotic reaction. The fibrotic reaction is typified by increased interstitial 
collagen disposition, thickening of vascular walls and vascular occlusions. Histological 
examinations of fibrotic lesions have revealed that fibrotic tissue contains infiltrating 
inflammatory cells, fibroblasts and larger amounts of various extracellular matrix 
components (§3.4.2). In fibrotic tissues, an enhanced synthesis and deposition of the 
interstitial collagens, fibronectin and proteoglycans have been described, and this has 
been interpreted as the result of the radiation-induced modulation of the fibroblast cell 
system (§3.4.1: Tzaphlidou et a l 1997). Studies in the lung have shown that radiation 
induces the synthesis of various cytokines, leading to cellular infiltration and fibroblast 
stimulation and enhanced collagen synthesis (Gauldie et a l 1993). In particular, a 
pivotal role for the infiltration of CD4+ T-cells and consequent excessive deposition of 
matrix proteins has been suggested in the development of pulmonary pneumonitis 
preceding lung fibrosis (Westermann e ta l  1999).

Growth factors and cytokines expressed during wound healing are thought to play a 
major role in regulating the molecular mechanisms leading to the expression of late- 
radiation lesions. Elevation of cytokine production starts immediately following 
irradiation and persists until the pathological signs of fibrosis are apparent (Rubin et a l 
1995). Several cytokines including TGF-p and IL-4 have been proposed as fibrosis- 
promoting cytokines in lung tissue (§3.4.2: Buttner et a l 1997, Raynal et a l (1997).

There are a number of reports in the literature identifying both endogenous and 
exogenous factors that are associated with an increased risk of radiotherapy-related 
morbidity (reviewed in Zimmermann e ta l  1998b). It is likely that most of these do not 
cause a change in the cytotoxicity of radiation, but rather they modify one or more of the 
steps along the pathogenic pathway, leading to a modulation in expression of injury at 
the tissue/organ level (Bentzen and Overgaard 1994).

The most important endogenous factors to modify both acute and late-tissue response are 
metabolic or other diseases leading to macro- or microangiopathia, collagen diseases and 
immune diseases (§7.2.1). However their influence is largely unquantified, and is 
dependent on the severity of the disease (Morris and Powell 1997, Ross et a l 1993). 
Considering exogenous factors the most important are smoking, alcohol, nutrition, 
hygiene and medical therapies. For example, surgery can increase the risk of adhesions, 
strictures, fistulae or tissue necrosis. Chemotherapy has been increasingly implicated in 
late sequelae and can reduce, often substantially, the radiation tolerance of such tissues
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as the CNS, auditory nerves, liver, heart, lungs, kidneys and even the fibroadipose 
tissues of the breast (Withers 1986).

1.4.2 Link between acute and late-tissue reactions

Early and late radiation damage may not be independent entities. A cascade of molecular 
events may be initiated shortly after irradiation and progress during the entire latency 
period as is seen in the skin which progresses from erythema to moist desquamation to 
telangiectasia. Although radiation oncologists are aware that the incidence and severity of 
late complications tend to increase as the acute radiation reactions become more severe, it 
is appreciated that the absence of early reactions does not ensure that a late reaction will 
not occur (Kline et a l 1972). There may be some correlation between acute and late 
normal-tissue effects in the same patient, though it is not strong enough to be used for 
clinical prediction (Burnet et a l 1997). Any relationship is highly dependent on 
treatment parameters, especially fractionation schedule and radiation quality. Although 
both severe acute and late normal-tissue reactions have been demonstrated in the case of 
extreme radiosensitivity (Plowman et a l 1990), results from such patients may not be 
applicable to the general patient population.

Many of the studies that have looked at this relationship in a larger series of patients have 
observed a phenomenon termed a consequential late effect (CQLE) (Withers et al
1995). These are reactions with morphological and histological features of true late 
effects but which are aggravated by acute responses. Typical examples are radiation 
injuries of the intestine, the oral mucosa and the skin. These are tissues where the 
epithelial lining represents an acutely responding tissue and serves as a barrier to 
mechanical and/or chemical stress. Disruption of the barrier during the acute reaction 
causes additional damage to the submucosal, usually late, responding tissue.

Several studies have supported the idea of a link between acute and late reactions. A 
study by Bourne et a l (1983) examining the relationship between early and late 
gastrointestinal complications arising from radiotherapy for carcinoma of the cervix 
found that the relative risk of developing a late complication if an early serious 
complication had occurred was increased by a factor of 2.7. Nevertheless only 25% of 
the patients with late complications had experienced early, serious complications. In an 
analysis of the Gothenburg clinical fractionation studies by Turesson et a l (1996), some 
degree of correlation was found to exist at least for low grades of telangiectasia. Geara 
et a l (1996) found no correlation between acute and late effects when they considered 
all late effects, but when they looked at late-mucosal reactions only, they found a strong 
correlation between acute and late response, although this may be explained in terms of a 
CQLE. Wang et a l (1998) found that cervical carcinoma patients with increased acute
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toxicity and diarrhoea during radiotherapy had a significantly increased risk of radiation 
proctitis.

There is also evidence against a link. Bentzen and Overgaard (1991) studied whether 
telangiectasia developed independently of acute reactions. They found a statistically 
significant predisposition to severe telangiectasia in patients with moist desquamation, 
but not erythema. A similar predisposition to subcutaneous fibrosis after moist 
desquamation was not found. A further imphcation of this study is that a single 
predictive assay is unlikely to be a strong predictor for both telangiectasia and 
subcutaneous fibrosis. Similarly, a study by Kuhnt et a l (1998) on post-mastectomy 
radiotherapy patients found no relationship between acute and late effects, although the 
frequency of late effects in this study was low.

1.5 Radiosensitive Syndromes

There are a number of syndromes characterised by an increased normal-tissue 
radiosensitivity both in vivo and in vitro. Although the study of such syndromes may 
lead to a greater understanding of the cellular basis of radiosensitivity, their relevance to 
standard clinical radiotherapy may be limited by their rarity (Arlett 1992).

Several studies have looked at the in-vitro sensitivity of diploid fibroblast cell strains 
derived from patients with a variety of clinical syndromes associated with 
photosensitivity or X-ray sensitivity in vivo, a high incidence of spontaneous or 
radiation-induced neoplasia, chromosome instability, neurological disease or a 
characteristic genetic abnormality (Little and Nove 1990, Deschavanne et a l 1986, 
Weichselbaum et a l 1980, Arlett and Harcourt 1980). The hypothesis that cells from 
these patients will show an increased in-vitro radiosensitivity was supported by the 
original hypothesis that cells from patients with ataxia telangiectasia (AT) were extremely 
radiosensitive in vitro.

Fibroblasts and lymphocytes from several human genetic syndromes have been reported 
to show an increased sensitivity to IR (Table 1.3). In most cases the effects are small 
and difficult to reproduce, often overlapping the lower limit of the range of sensitivities 
found in cell strains isolated from apparently normal individuals (Weichselbaum et a l 
1980). Only in the case of AT and Nijmegen Breakage Syndrome (NBS) are the 
radiosensitivities consistently outside the normal range observed (Arlett and Harcourt 
1980, Little and Nove 1990).
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1.5.1 Ataxia Telangiectasia (AT)

AT is an autosomal recessive syndrome with a patient frequency of about 
1:100000. Homozygotes suffer from diverse symptoms including cerebellar 
degeneration, premature ageing, growth retardation and immune deficiency. They have 
an increased predisposition to lymphoid leukaemias and lymphomas and develop new 
incident cancers at a rate approximately 1 0 0  times the age-specific population rate and 
usually die by the second or third decade of life (Morrell et a l 1986). They also display 
a characteristic hypersensitivity to IR, having a serious, often fatal reaction to 
conventional radiotherapy.

Cells derived from AT patients exhibit a variety of abnormalities in culture, including 
cytoskeletal defects, higher requirements for serum growth factors and a reduced life 
span in culture (Shiloh 1995). A major cellular characteristic of AT which has become 
diagnostic, is the profound sensitivity of the cells to radiation (Taylor et a l 1975, 
Henderson et a l 1985). Skin fibroblasts from patients with AT have been shown to be 
approximately three times more radiosensitive than skin fibroblasts from normal donors. 
However there are several reports in the hterature of AT patients with a radiosensitivity 
intermediate between normals and classical AT, referred to as 'intermediate 
radiosensitivity ataxia telangiectasia' (IR-AT) (Chessa et a l 1992). AT cells have 
elevated frequencies of spontaneous and induced chromosomal aberrations 
(Zampetti-Bosseler and Scott 1981). Several of the cellular responses to radiation have 
been reported to be abnormal in AT including cell-cycle regulation (Antoccia et al
1995), apoptosis (Humar et a l 1997), p53 activation (Jung et a l 1997) the repair of 
double strand breaks (DSB) (Foray et a l 1997a) and fidelity of DNA repair (Vral et al
1996).

AT heterozygotes have received special attention as they manifest two of the disease 
characteristics, cancer predisposition and radiosensitivity. Fibroblasts and lymphocytes 
from AT heterozygotes tend to have an intermediate sensitivity between homozygous AT 
and normal donors (Chen et a l 1978, Paterson et a l 1979). The incidence of AT 
heterozygotes has been estimated to be approximately 1.4% of the US white population 
(Swift et a l 1986). Epidemiological studies consistently show that AT heterozygotes 
exhibit between a three- to five-fold increased risk of developing malignancies and it is 
estimated that AT heterozygotes may constitute between 5% and 10% of cancer patients, 
in particular breast cancer patients (Swift et a l 1990, 1991). Swift et a l (1987) have 
suggested that up to 8 .8 % of American white female patients with breast cancer may be 
AT heterozygotes. These results have been confirmed using molecular genotyping by 
Athma et a l (1996) who found 25 AT gene carriers among 33 breast cancer cases in AT 
families and estimated a relative risk of 3.8 of invasive breast cancer for AT gene carriers
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compared with non carriers.

A major goal in radiobiology was achieved when the gene mutated in AT (ATM) was 
cloned and partially characterised (Savitsky et al. 1995). The AT gene has been localised 
to chromosome llq22-23. The predicted protein sequence is homologous to several 
yeast and mammalian phosphatidylinositol-3’ kinases (PI-3 kinase). Proteins encoded 
by this gene family appear to act as signalling mediators and/or generators involved in 
DNA damage processing, cell-cycle checkpoint control, maintenance of genetic stability 
and recombination, all processes which are impaired in AT cells (Morgan and Kastan
1997). It has been proposed that the product of the ATM gene belongs to a DNA damage 
surveillance network, also comprising the p53 protein (Meyn 1995, Cohen-Jonathan et 
al 1999). ATM and p53 interact in a complex manner in a number of these pathways in 
vivo (Westphal et a l 1997a). Although it is known that p53 resides upstream of ATM 
in mediating thymocyte apoptosis, p53 is unlikely to play a role in the acute radiation 
toxicity seen in ATM-null humans and mice (Westpahl et a l 1997b). However, as 
discussed in §5.8.2 studies to date have shown only a hmited use for the screening of 
cancer patients for mutations in the ATM gene to predict normal-tissue radiation 
response.

1.5.2 Nijmegen Breakage Syndrome (NBS)

Although the autosomal recessive disorder NBS is referred to as AT variant, the 
underlying gene for NBS is distinct from the ATM gene, having been located to 8q21 
(Matsuura e ta l  1997). The NBSl gene codes for nibrin, an 85 kDa protein which is a 
member of a DSB repair complex functioning in close proximity to the sensors of DNA 
damage (Carney e ta l  1998).

At the clinical level NBS is characterised by microcephaly and mental retardation 
(van der Burgt et a l 1996). In addition there are several features shared with AT 
patients including immunodeficiency, an increased risk of cancer, hypersensitivity to IR 
and spontaneous chromosomal rearrangements (reviewed in Digweed et a l 1999). 
However the cancer risk in both NBS homo- and heterozygotes is higher than that 
reported for AT. Although limited data is available on the cellular phenotype of NBS 
cells, a study by Jongmans et a l (1997) showed that lymphocytes from NBS patients 
had normal levels of ATM but reduced or delayed p53 expression following irradiation, 
abnormal cell-cycle arrest at G 1/S and a prolonged accumulation in G2.

1.5.3 Retinoblastoma (Rb)

Rb is a rare malignant eye tumour which appears spontaneously or occurs in genetically
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predisposed persons. The latter group is composed of patients who inherit the tumour 
with a dominant mode of transmission (referred to as the familial type) or those that bear 
a deletion in the long arm of chromosome 13 at band 13ql4 (referred to as the D-deletion 
type). Patients with the D-deletion type have an unusually high incidence of Rb. 
Survivors of the genetic forms of RB are usually cured of their eye neoplasms but 
subsequently have a marked increased incidence of second sarcomatous malignancies 
both associated and not associated with therapy, while patients who survive the sporadic 
types do not.

Skin fibroblasts derived from patients with the D-deletion variant have been shown to be 
significantly more radiosensitive in several studies with, for example a Dq of 0.94 Gy 

for one such cell line compared with 1.48 Gy for a normal individual (Weichselbaum et 
al 1980, 1983). Further studies have concluded that familial RB strains appear to be 
intermediate in radiosensitivity between the D-deletion strain and control cells (Dq of 

1.32 and 1.21 Gy) (Weichselbaum et a l 1977, Arlett and Harcourt 1980). A study by 
Albert et a l (1986) on a patient with famihal Rb who experienced an unusually severe 
ocular response to radiotherapy found that pre-treatment fibroblasts were moderately 
radiosensitive in vitro (Dq of 1.1 Gy) whereas the radiosensitivity of cells post-treatment 
approached that of AT (Dq of 0.70 Gy). They concluded that some patients may have a 

DNA repair defect which predisposes to a second neoplasm. Indeed fibroblast strains 
from RB patients predisposed to second cancers show an increased sensitivity in vitro 
to a variety of DNA damaging agents, including X-rays (Woods and Byrne 1986). 
However, this increased radiosensitivity has not been a universal finding with several 
other studies reporting either no difference (Pledger et a l 1987, Ejima et a l 1982, Little 
et a l 1989) or increased radioresistance compared with controls (Deschavanne et al 
1986).

1.5.4 Fanconi anaemia (FA)

FA is a rare autosomal recessive disease with a prevalence of at most 1: 200000. It is 
characterised by skeletal abnormalities, skin pigmentation, renal abnormalities and 
progressive bone marrow failure. The pattern of clinical abnormalities is highly variable 
and complementation studies have shown that patients are assigned to five 
complementation groups (named A to E). The gene for FA-A is localised on 
chromosome 16q24.3, for FA-C on 9q22.3 and for FA-D on 3p (Digweed and Sperling
1996).

Although FA patients have an increased clinical sensitivity to chemotherapy drugs and 
cells from these patients show an increased susceptibility to chromosome damage from 
chemical clastogens in vitro (Sasaki and Tonomura 1973) the clinical response to
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radiotherapy is not so evident (Gluckman 1990). Indeed an increased sensitivity of FA 
cells in vitro has not been a uniform finding (Weichselbaum et a l 1980). Although G2 
phase chromosomal radiosensitivity in FA patients has been reported in several studies 
(Bigelow et a l 1979, Duckworth-Rysiecki and Taylor 1985) a considerable overlap 
with the range of values from normal individuals has been reported (Darroudi et al 
1995). Burnet e ta l  (1994a) found that although the radiosensitivity of fibroblasts from 
two FA patients fell at the sensitive end of the normal range studied, both FA strains 
demonstrated marked dose-rate sparing following low dose-rate irradiation, suggesting 
that FA patients are not recovery deficient.

1.5.5 Severe combined immunological deficiency (SCID)

Classical SCID occurs in approximately 1 in 50000-75000 births, presenting within 100 
days of birth with severe viral, bacterial or fungal infections. Patients presenting with 
manifestations of SCID represent a range of genetic disorders which are characterised by 
an absence of B and T-lymphocyte development associated in some, but not all cases 
with a defect in DNA DSB repair (Nicolas et a l 1996, 1998). To date there is little 
published data on the radiosensitivity of human SCID. One study has reported cellular 
hypersensitivity to radiation for marrow granulocyte-macrophage colony-forming units 
and fibroblasts in a single individual (Cavazzana-Calvo et a l 1993) although the 
radiosensitivity of human SCID is variable depending on the particular disorder 
(Sproston et a l 1997)

1.5.6 Other syndromes

An increased radiosensitivity has also been reported in a number of unrelated syndromes 
as detailed in Table 1.3. However, these syndromes have not been sufficiently studied to 
ascertain whether they represent a true radiosensitive phenotype and contradictory results 
have been obtained for some (Burnet et a l 1995, Nove et a l 1987, Kinsella et a l 
1982). Some of the discrepancies might be attributed to inter-laboratory vaiiation or 
heterogeneity within a syndrome. This may be genetic in origin or a consequence of the 
rarity of some of these conditions, such that the criteria used in their diagnosis may not 
be applied universally (Arlett 1992).

1.6 Intrinsic radiosensitivity

1.6.1 Individual variation in normal-tissue response to radiotherapy

In a group of patients treated to the same radical dose, a wide range of tissue reactions is 
seen in routine clinical practice. It is difficult to quantify how much of the observed
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SYNDROME CELL TYPE ENDPOINT REFERENCE

Down’s syndrome Fibroblasts, LCL, 
lymphocyte

Clonogenic, chromosome aberration Hannan et a l (1992)

Rothmund Thomson Fibroblasts Clonogenic Varughese et a l (1992), Kerr et a l (1996)
Non-Hodgkin ’ s lymphoma Fibroblasts

Lymphoctyes

Clonogenic
Chromosome aberration 
Uptake of [^H]-thymidine

Hannan gf a/. (1990b, 1991a, 1991b)

Thrombocytopenia with absent 
radii (TAR) Syndrome

Lymphocytes
Fibroblasts

G2 assay (chromatid breaks) 
Clonogenic

Symonds et a l (1995a, 1995b)

Friedrich's ataxia Fibroblasts Clonogenic Lewis et a l (1979)
N eurofibromatosis Fibroblasts Clonogenic Hannan e ta l  (1990a, 1993)
Roberts Syndrome Fibroblasts Clonogenic

(chronic, not acute exposure)
Van den Berg and Francke (1993)

Hypogammaglobulinemia Fibroblasts Clonogenic Webster et a l (1982)
Usher’s Syndrome Fibroblasts Clonogenic Nove e ta l  (1987)
Huntington's Disease Lymphocytes Modified viability test Moshell e ta l  (1980)
AIDS/Kaposi's sarcoma Fibroblasts Clonogenic survival Formenti et a l (1995)
Coronary Atherosclerosis Fibroblasts Uptake of [^H]-thymidine Hannan et a l (1994), Nasrin et a l (1997)

Table 1.3. Syndromes in which the phenotype of sensitivity to ionising radiation is controversial.
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variation in normal-tissue response is due to differences in extrinsic factors such as 
volume irradiated and precise dose distribution or to intrinsic factors including smoking, 
underlying disease or intrinsic radiosensitivity (Zimmermann et al. 1998b). However, 
an important study of the normal-tissue reactions of over 400 patients in Gothenburg 
with carcinoma of the breast undertaken by Turesson et al. (1996) supported the 
existence of a significant genetic component in the determination of cellular and tissue 
radiosensitivity. Long-term follow up of these patients revealed wide differences in 
individual normal-tissue responses, with some patients experiencing minimal skin 
reactions and others experiencing severe fibrosis and telangiectasia. An analysis of 
possible factors contributing towards these differences was performed. The factors not 
showing significance were age, menopausal state, blood pressure, other vascular 
disease, smoking, quality of radiation, chemotherapy or hormone therapy. Three 
independent prognostic factors emerged as having some significance in determining a 
late effect: (i) individual variation in dose; (ii) the level of the acute reaction, and (iii) the 
total effect (fractionation factor x dosage factor). Together these could account for only 
around 20% of the effect. The remaining 80% was hypothesised to be due to genetic 
effects, that is differences in intrinsic radiosensitivity.

Consistent individual differences in clinical response have been demonstrated in 
unselected patient populations providing further proof that the cellular and tissue 
response is under genetic control. In one study, both acute (erythema) and late 
(telangiectasia) skin reactions in breast cancer patients treated bilaterally with two 
different fractionation regimes were found to be highly correlated from left to right, 
indicating that patients with the most severe skin reactions in one treatment area tended to 
be the same individuals who experienced the most severe reactions in the opposite 
treatment area (Tucker etal. 1992). In a study by Bentzen et al. (1993) an intra-patient 
correlation was found between the skin reactions in two different treatment areas for 
each of two different late endpoints (telangiectasia and subcutaneous fibrosis).

The normal-tissue response to radiotherapy has a Gaussian distribution (Figure 1.2: 
Burnet et al. 1998). Patients who sustain serious normal-tissue damage from 
radiotherapy are important as in many clinical situations, radical doses are limited by the 
minority of patients whose normal tissues are particularly sensitive. Although there is 
accepted terminology facilitating the quantitative scoring of tissue reactions that occur in 
patients without genetic syndromes {e.g. EORTC), the precision of these scales is a 
problem (§7.2). To overcome this, a European Union Concerted Action Programme on 
the Development of Predictive Tests of Normal Tissue Response to Radiation Therapy 
was initiated. As a result, a new scale has been proposed, with definitions reflecting 
tissue reactions in relation to the normal range (Figure 1.2).
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Figure 1.2. Distribution of normal-tissue reactions on an arbitrary scale, together with a proposed nomenclature to describe tissue 

effects (Burnet et al. 1998). There is a range of reactions seen amongst patients treated with the same radiotherapy schedule, including 

some which are greater than average. Outside this normal range are rare patients with extremely sensitive normal tissues, the over

reactors.



The category 5 or highly radiosensitive (HRS) group account for <5% of radically 
treated patients with conventional radiotherapy doses. Loeffler et a l (1990) identified 5 
patients from a total of 811 (0 .6 %) receiving irradiation for breast cancer who expressed 
"severe erythema, moist desquamation, or sloughing of the epithelium in the irradiated 
field much earlier in the course of radiation therapy than expected, and the presence of 
unusual breast oedema during the first few weeks of radiotherapy". In a series from 
Stanford of 4100 patients with various malignancies, 0.8% were classified as having a 
markedly abnormal skin reaction (Smith et a l 1980). The upper 95% CV of the 
prevalence of over-reactors may be estimated from the figures to be around 1 . 1 % 
(Bentzen er fl/. 1997).

The sensitive tail of this Gaussian distribution may contain these HRS individuals as 
well as syndromic patients such as AT heterozygotes. Outside this distribution are a 
smaller number of patients (<1%), who sustain very severe reactions. These ‘over
reactors’ (OR) can be further subdivided. Extreme OR include AT homozygotes or non- 
syndromic individuals who suffer extreme, possibly fatal complications from a 
radiotherapy dose much smaller than required in conventional radical treatment 
(Plowman et a l 1990). Severe OR are defined as patients who have unusually severe 
reactions forcing a major change in the radiotherapy prescription or who develop severe 
normal-tissue reactions, usually much earlier than is typical (Table 4.7).

The distinction between severe over-reactors and HRS patients is a somewhat subjective 
one and even within these categories there is variation in the severity of normal-tissue 
response.

1.6.2. In-vitro intrinsic radiosensitivity

1.6.2.1 Tumours

Current research in predicting tumour response is focused in three major areas: (i) 
measurement of tumour cell kinetics; (ii) quantitation of the extent of tumour hypoxia, 
and (iii) measurement of the intrinsic radiosensitivity of tumour cells.

The rationale for measuring the in-vitro sensitivity of cells to cytotoxic agents is based 
upon the stem-cell model for human tumours. This suggests that tumour stem cells are 
the target of therapy and that the in-vitro sensitivity of the stem cells reflects their 
in-vivo sensitivity. However, the radiation response of human tumour-derived cells as 
measured by the clonogenic assay has been the subject of some controversy. Initially it 
was accepted that differences in intrinsic radiosensitivity did not play a role in the 
differential radioresponsiveness of tumours. The first observations on cells from nine
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different tumours indicated they were all of similar radiosensitivity (Weichselbaum et al 
1980).

It has since become apparent over the past fifteen years, that human tumours do differ in 
their intrinsic radiosensitivity and there is clear evidence for the importance of tumour 
radiosensitivity as a parameter determining radiotherapy response from studies carried 
out on cell lines and experimental tumours (reviewed in West 1995). Several studies 
have reported a correlation between the abihty to control various classes of tumour and 
the radiosensitivity of ceU lines derived from the different tumour types, especially 
regarding those parameters that describe the shape of the initial portion of a radiation 
cell-survival curve: SF2 , a  and Dbar (§4.3.2).

Fertil and Malaise (1981) summarised results on 36 tumours of several different types 
and not only found differences in the radiosensitivity of tumour types, but also between 
tumours of the same type. These data correlated well with the 95% tumour control dose, 
suggesting that intrinsic radiosensitivity could partially account for differences in tumour 
radiocurability. Further work by the same group examined the survival parameters of 64 
tumour cell lines. They showed that in addition to SF2 , the Dbar and a  component of the 
survival curve compared well with the radioresponsiveness of each tumour ceh line 
(Fertil and Malaise 1985). A study by Deacon et a l (1984) reiterated this finding. The 
initial slope of the survival curve, and particularly the SF2  value of a panel of tumours 
covering 15 types of cancer gave good discrimination between clinically radiosensitive 
and radioresistant tumours. Further studies have supported these findings (Steel et al 
1987, Weichselbaum et a l 1989). Bjork-Eriksson et a l (1998a) measured SF2  in over 
200 tumours. Mean SF2  values were 0.30, 0.44, 0.48 and 0.52 for lymphomas, cervix 

carcinomas, colorectal carcinomas, and head and neck tumours respectively. The 
lymphomas were significantly more radiosensitive than the other three groups (p<0 . 0 1  

for all) and their extreme radiosensitivity is consistent with the known higher local 
control probability of this tumour type. These studies have raised the possibility that 
measurements of individual tumour radiosensitivity, notably SF2  might be used to 

predict response to clinical radiotherapy.

1.6.2.2 Normal tissue

This distribution of in-vitro fibroblast cellular sensitivity measured using a clonogenic 
assay (§1.8.5.1.1) is essentially Gaussian reflecting the distribution of the in-vivo tissue 
response (§1.6.1), with syndromic radiosensitive strains such as AT separated from 
normal strains which themselves show a wide variation (Table 4.5). Another fibroblast 
line, 180BR, isolated from an extreme overreacting leukemia patient has been
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extensively studied in an attempt to establish the underlying cause of the radiosensitive 
phenotype (Badie et al. 1997, Riballo et a l 1999). Although this does not prove a 
relationship, without it a link between in vitro cellular sensitivity and in vivo tissue 
response would be unlikely.

A number of studies have reported a large range in in-vitro radiosensitivity of 
fibroblasts from apparently 'normal' individuals with no known clinical or genetic 
disorders predisposing to radiosensitivity, nor who were suspected of being gene 
carriers for such disorders (Table 4.5: Arlett et a l 1988, Deschavanne et a l 1986, 
Weichselbaum et a l 1980, Little et a l 1988, Geara et al. 1992b). For example, Cox 
and Masson (1980) found a wide range of Dq values for 44 individuals and showed that 

the inter-experimental variability could account for only a part of the observed 
differences. Experimental variability may reflect the effect of serum lot or other cultural 
conditions, cloning efficiency or passage level of the cells studied, or age or sex of the 
donor (§4.4). It has been reported that fibroblasts from repeat skin biopsies on a single 
individual are indistinguishable in their intrinsic radiosensitivity, indicating that intra
patient variation is significantly less than the inter-patient variation (Brock et a l 1995).

1.6.3 Relationship between in-vitro cellular radiosensitivity and tissue  
response

Over the past 10 years, several laboratories have examined whether the in-vitro 
radiosensitivity of both tumour and normal cells is an independent prognostic factor for 
the outcome of radiotherapy.

1.6.3.1 Tumour studies

Several studies carried out on primary tumours have attempted to evaluate the predictive 
value of radiosensitivity measurements for radiotherapy outcome. The ATCCS assay 
(§1.8.5.1.2) has been used by two groups. The first considered patients who underwent 
post-operative radiotherapy, and SF2  was found not to be predictive of treatment 

outcome (Brock et a l 1990). Twelve patients that had local failure after a one year 
follow-up period had a mean SF2  of 0.40, compared with a mean SF2  of 0.30 in the 

controls (60/72) with the difference being statistically insignificant. However surgery 
may have been a confounding factor in this study. In a second study in which the 
majority of head and neck patients were treated with radiotherapy alone, tumour 
radiosensitivity as measured by a  was a significant prognostic factor when a high 

(above median) value was used to stratify the data (Grinsky et a l 1993, 1994). 
However, an updated report from this group studied 92 patients with a median follow- 
up of 6 8  months and found no relationship (Eschwege et a l 1997). Two further studies
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have used the modified Courtney-Mills soft agar assay. Measurement of tumour SF2  in 

128 cervical cancer patients treated with radiotherapy alone with a minimum follow-up 
time of two years was shown to be an independent prognostic factor for treatment 
outcome and a significant prognostic factor for the probability of developing late 
complications (West et a l 1993, 1997). Conversely, a recent study by Stausbol-Gron 
and Overgaard (1999) examined 38 patients with squamous cell carcinoma of the head 
and neck and found that disease stage, but not tumour cell SF2  predicted loco-regional 

TCP.

1.6.3.2 Normal tissue

The importance of normal-tissue radiosensitivity and its use in the development of a 
predictive assay depends upon the hypothesis that a relationship exists between in-vitro 
cellular and in-vivo normal-tissue radiosensitivity.

Considering extreme over-reactors such as AT homozygotes, Taylor et a l (1975) 
showed that the in-vitro radiosensitivity of skin fibroblasts from patients with AT was 
significantly higher than that of normal human fibroblasts. Other early studies reported 
individuals or small groups of patients who sustained worse than expected radiotherapy 
reactions (Table 4.7). Weichselbaum et a l (1976) compared the radiosensitivity of 
fibroblasts established from individuals showing severe reactions to radiotherapy with 
that of similar cells taken from normal controls and concluded that intrinsic 
radiosensitivity was not the underlying cause of the observed sensitivity. However, 
reports from severe over-reactors and HRS patients who were found to have cells more 
sensitive on average than those from putatively normal donors, led to the conclusion that 
enhanced radiation sensitivity in vitro correlated with enhanced radiation sensitivity 
chnically (Woods et a l 1988, Plowman et a l 1990, Brown et a l 1996, Smith et al 
1980, LoefUer et a l 1990). In the study by Little and Nove (1990) three of the five 
strains derived from patients with a clinical response that was unusually sensitive to 
X-ray therapy in the Loeffler study fell within the lower range of 114 normals.

Although these early studies represented valid support for the argument that variations in 
individual radiosensitivity exist and were linked with normal-tissue response, the studies 
were on small numbers of patients and did not allow a simple evaluation of the predictive 
capabilities of the in-vitro assay due to the strong patient selection.

A number of studies (reviewed in Budach et a l 1998) have now evaluated the 
relationship between the range of acute and late normal-tissue reactions observed in vivo 
and the measured in-vitro normal-tissue radiosensitivity (Table 1.4).
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Reference Clinical Endpoint No. of patients (site) Radiation
protocol

Cell type 
and assay 
endpoint

Correlation with: Correlation
Significance

acute late

Burnet et al. 
(1992, 1994b)

Erythema
Telangiecasia

6  (breast) Exponential 
HDR, LDR

Fibroblast

^ 0 .0 1

Clonogenic

yes
(coincidental?)

yes p<0 . 0 2

Geara et al. 
(1993)

Late tissue reaction 
(RTOG)
Acute reactions in skin and 
mucosa (RTOG)

26 (head and neck, 
breast)

Plateau
HDR-IP

Fibroblast
(SF^
Clonogenic

no yes p<0 . 0 0 0 1

Begg et al. 
(1993)

Erythema 24 (breast) Exponential
HDR

Fibroblast 

(SF2 , Do,) 
Clonogenic

no p<0.13 (SF2)
p<0 . 1 2  (Dq i)

Johansen et al. 
(1994a)

Subcutaneous fibrosis 1 2  (breast) Exponential
HDR

Fibroblast

(SF,.,)
Clonogenic

yes p<0.014

Brock et al. 
(1995)

Erythema
Telangiectasia

2 2  (breast) Plateau
HDR-IP

Fibroblast

(SF^)
Clonogenic

no yes pcO.034"

Table 1.4. Correlation of in-vitro normal-tissue cellular radiosensitivity with acute and late tissue response in vivo. 
^average SF2 from duplicate biopsies.
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Reference Clinical Endpoint No. of patients (site) Radiation
protocol

Cell type 
and assay 
endpoint

Correlation with: Correlation
Significance

acute late
Ramsay and 
Birrell (1995)

Subcutaneous fibrosis
(RTOG)
Telangiectasia

56 (breast) HDR Lymphocyte
(SF^
MTT

■

yes p<0 . 0 2

Johansen et al. 
(1996)

Erythema
Subcutaneous fibrosis 
Telangiectasia

31 (breast) Exponential
HDR

Fibroblast

SF3 .5

Clonogenic

no yes'’ p<0.0009

Rudat et al. 
(1997)

Acute mucosa and skin 
reactions (WHO 
classification)

25 (head and neck) Exponential

HDR

Fibroblast
SF,
Clonogenic

no

Russell et al. 
(1998)

Subcutaneous fibrosis 79 (breast) Plateau
HDR

Fibroblast
SF2

Clonogenic

Non
significant

trend

p<0.13

Peacock
(1998)

Late tissue reactions 104 (breast) Plateau 
HDR, LDR

Fibroblast

^ 0 .0 1

Clonogenic

no p<0.19
(LDR)

Table 1.4 continued. Correlation of in-vitro normal-tissue cellular radiosensitivity with acute and late tissue response in vivo. 
'’correlation with fibrosis, not telangiectasia.
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1.6.3.2.1 Acute clinical reactions

Burnet et al. (1992, 1994b) studied fibroblast radiosensitivity in 6  breast cancer patients 
selected for large known differences in late radiation reaction from a larger group of 
patients from the Gothenburg fractionation trial (Turesson 1990). Although the degree of 
acute reactions correlated significantly with fibroblast radiosensitivity for left sided but 
not right sided parasternal portals, in a combined data analysis for both sides, no 
significant correlation was found. Brock et a l (1995) based their studies on a larger 
sample (n=20) from the Gothenburg series and were unable to detect a relationship 
between acute skin reaction and fibroblast radiosensitivity whether they used SF2  from 

single biopsies or the average values of two biopsies. Begg et a l (1993) studied 24 
unselected breast cancer patients but found no correlation between fibroblast sensitivity 
(SF2  and Do.i) and skin erythema during chest-wall irradiation. Two further studies 

examined head and neck cancer patients. Neither Rudat et a l (1997) or Geara et a l 
(1993) found a correlation between fibroblast sensitivity and in the latter study 
T-lymphocyte radiosensitivity (measured with the hmiting dilution assay) and acute 
mucosal and skin reactions.

1.6.3.2.2 Late clinical reactions

Several studies have been published examining the relationship between normal-tissue 
radiosensitivity in vitro and late radiation reactions in vivo (Table 1.4). Two studies 
were based on the Gothenburg breast cancer series. Late effects, in particular the 
development of telangiectasia after chest wall irradiation, have been carefully 
documented in these patients with a minimal follow-up in excess of ten years. Burnet et 
al (1992, 1994b) studied six of these patients with a range of tissue reactions. 
Fibroblast low dose-rate (LDR) radiosensitivity was significantly correlated with 
maximum telangiectasia score at ten years post radiotherapy whether the left or right side 
parasternal portals or an average of both sides was considered. Brock et a l (1995) 
measured fibroblast radiosensitivity at both HDR and LDR irradiation and following 
immediate and delayed plating in 12 patients from the Gothenburg series. Although a 
negative trend was seen between telangiectasia and fibroblast sensitivity with all assay 
conditions, it only reached significance with the HDR and immediate plating protocol.

Johansen et a l (1994a, 1996) established fibroblast cultures from a group of 31 
unselected breast cancer patients at least ten years after postmastectomy radiotherapy. 
Development of both fibrosis and telangiectasia was well-documented during a 
follow-up time of at least five years. A significant negative correlation was found 
between SF3  5  (which reflected the clinical dose per fraction that these patients received) 

and excess risk of fibrosis, but not telangiectasia.
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Geara et a l (1993) examined the relationship between fibroblast radiation sensitivity and 
the maximum grade of late reaction in skin, mucosa, soft tissue, bone and larynx in a 
group of 20 head and neck cancer patients who had received at least 50 Gy. They 
reported a significant negative correlation irrespective of whether 3 patients who had 
been selected for the study because of unusually high or low radiation reactions were 
included. T-lymphocyte radiation sensitivity was also assessed in the above study, but 
no correlation with late skin, mucosa or soft tissue radiation reactions was found.

Ramsay and Birrell (1995) determined the in-vitro radiosensitivity of transformed 
lymphocytes (lymphoblastoid cell lines, LCL) from 56 breast cancer patients using the 
MTT assay (§1.8.5.1.2). Skin and subcutaneous tissue damage was graded from 0-4, 
where 0 indicated no reaction and 4 maximum reaction. Eleven patients showed late 
tissue damage (grade 2 ^ )  and the LCL from these patients were more radiosensitive in 
vitro (SF2 ) than the other cell lines (p<0 .0 2 ).

Although the above studies suggest that a correlation exists between the cellular 
radiosensitivity of fibroblasts in vitro and late, but not acute normal-tissue response in 
vivo, these studies have involved relatively small numbers of patients and in some 
studies a weak correlation between the in vitro and chnical data has been observed. A 
further two studies involving larger numbers of patients were carried out to provide 
definitive information on the nature of the relationship.

Russell et a l (1998) studied fibroblast radiation sensitivity in 79 breast cancer patients 
selected from a larger group of 385 patients who had undergone breast conservation 
therapy. Although they found a trend between fibroblast SF2  and the degree of late 

fibrosis, this did not reach statistical significance (p=0.13). The second study from the 
Royal Marsden Tmst examined 104 breast cancer patients, 39 of whom showed 
significant late reactions. No significant relationship was found between the measured 
fibroblast radiosensitivity (Dq.oi) and late normal-tissue reactions observed (Peacock

1998).

1.7 Cellular effects of Ionising Radiation (IR)

1.7.1 Introduction

Ionising radiation causes DNA damage which ultimately results in either complete repair 
and cell survival or, if DNA damage remains, genetic mutation or undesirable genetic 
instability (Ward 1988). Both of these latter processes provide opportunities for a cell to 
undergo neoplastic progression or ultimately cell death. Differences in radiosensitivity
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observed at the clinical level and in vitro are the result of many diverse and interrelated 
biochemical processes determining the response of cells to radiation, including DNA 
repair pathways, apoptosis and cell-cycle arrests.

At therapeutic doses, the number of ionisation events initiated by X-rays is very large, 
with a dose of 1 Gy producing approximately 10  ̂ ionisation events per cell. The energy 
deposition event resulting from irradiation is followed by radiochemical processes which 
lead to alterations in DNA stmcture. There then follows enzymatic repair reactions in the 
time scale of seconds to days. These physical, chemical and biological processes 
together determine the final effects of radiation. The weight of evidence has shown that 
DNA is the most important target of IR in biological systems and DNA is damaged, 
either directly by ionising the atoms of DNA molecules, or indirectly by ionising cellular 
water molecules to produce free radicals which then attack DNA (§1.7.3: Ward 1994). 
About 60-70% of the cellular DNA damage produced by ionising radiation is caused by 
hydroxyl radicals that are formed from the radiolysis of water (Ward 1988). More than 
100 free radical-induced DNA radiolysis products which include a broad spectrum of 
damage to the purine and pyrimidine rings, single strand breaks (SSB) and sites of base 
loss have been identified (Wallace 1998).

Different types of radiation induce a wide variety of lesions (Pogozelsk et a l 1999). 
Lesions generated by high LET fast neutrons are the result of high local energy 
deposition (dense ionisations) so these lesions will mostly possess a high structural 
complexity (breaks associated with aberrant chemical structures such as modified 
base/sugars and crosslinks). Low LET gamma rays (sparse ionisations) produce mainly 
simple breaks, base and sugar damage.

Figure 1.3 shows three pathways leading to reproductive cell death (Dahm-Daphi et al 
1998, Cohen-Jonathan et a l 1999). Irradiated cells either die from failure to continue 
undergoing mitosis (mitotic death), undergo apoptosis (apoptotic death) or pass through 
differentiation steps allowing survival at the expense of reproductive capability. Mitotic 
death results from structural chromosome aberrations which either precludes 
symmetrical segregation of chromatids to daughter nuclei (dicentrics, rings, triradials) or 
which result in the loss of essential genetic information due to fragment deletion 
(terminal, interstitial deletion, chromatid breaks) or translocations. All the lethal types of 
aberrations have a DNA double-strand break (DSB) as a common precursor (§1.7.2). 
Only non-repaired or mis-repaired DSB are assumed to give rise to aberrations. All other 
breaks and base damage are repaired to normal functional and stmctural integrity.
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RADIATION
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Residual damage

Cell cycle arrest 
(G1/S and/or G2/M)I
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(Colony forming ability)

Figure 1.3, Cellular events leading from DNA damage to reproductive death (adapted from Dahm-Daphi et al. 1998). Unrepaired 

lesions in DNA can lead to mutations or undesirable genetic instability, both processes that may ultimately result in cancer 

development.



Following repair failure, a second prequisite for expression of chromosomal damage at 
mitosis is progression through the cell cycle (§6.2). After irradiation cells are normally 
blocked at the G 1/S border. Cells which successfully re-enter the cell cycle will be 
further blocked at the G2/M border from which they are regularly released into mitosis 
some hours later. At this point, most cells with damaged chromosomes fail to pass 
beyond metaphase, although some continue to proliferate, dying through the next few 
cell cycles. Not all cells blocked at the G 1/S border are able to re-enter the cell cycle. A 
considerable fraction of fibroblasts and epithehal cells are permanently arrested in G1 
(§6.9: Di Leonardo et al. 1994). After a period of latency these cells might die directly 
or terminally differentiate and 'survive' without further cell division.

A final method of inactivation is apoptosis, the genetically programmed mode of cell 
death. This is a process characterised by cell shrinkage, chromosomal condensation and 
in some instances endonuclease activation leading to DNA cleavage (Rowan and Fisher
1997). In addition to playing a physiological role in the maintenance of tissue 
homeostasis, apoptosis is an important cellular response in many normal tissues and 
tumours to a variety of stress signals (Lyons and Clarke 1997, Dewey et a l 1995). 
Apoptosis is restricted to certain tissues and may be a determinant of radiosensitivity 
(reviewed in Hendry and West 1997). It has been noted that cells in normal mammalian 
tissues which are susceptible to natural apoptosis, for example haematopoietic tissues, 
are particularly radiosensitive. Apoptosis in this situation occurs with rapid kinetics, 
generally within 4-8 h and it has been suggested that differences in the radiosensitivity 
of haemopoietic cell lines may reflect differences in the rapidity of induction of apoptosis 
(Aldridge and Radford 1998). However, there are certain cells, including human skin 
fibroblasts which are resistant to radiation induced apoptosis and die instead by radiation 
induced necrosis or are induced to senesce or enter a terminal cell-cycle arrest 
(Rodemann et a l 1996). Some human tumour cell lines also appear unable to undergo 
apoptosis after irradiation in vitro (Yount et a l 1996).

If cells which are induced to undergo apoptosis by radiation would not otherwise die, 
the impact of apoptosis on radiation sensitivity may be substantial. However, if 
apoptosis is but one of a number of interchangeable mechanisms by which cells undergo 
death in response to radiation, its overall effect on clonogenic survival would be 
minimal. The latter is supported by the fact that apoptosis is often delayed for many 
hours following an apoptotic stimulus, suggesting that it may occur during or after cell 
division and therefore may simply be one mode of cell death. This subject has been 
reviewed by Olive and Durand (1997) who concluded that although the literature "largely 
support the idea that cells which undergo rapid apoptotic death following irradiation are 
more radiosensitive, it is still not certain whether delayed apoptosis impacts significantly 
on radiosensitivity".
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Several studies have suggested that the extent of radiation-induced apoptosis could be 
influenced by the G2/M checkpoint (Delia et a l 1997). McKenna et a l (1996) have 
shown that the transfection of fibroblasts with the oncogenes myc and ras induced a 
profound G2 delay and inhibition of radiation-induced apoptosis. This is in contrast to 
cells transfected with myc alone which show an increase in radiation-induced apoptosis 
and a relatively short G2 delay. Cell-cycle control and the regulation of apoptosis are 
both under the control of p53. However, the exact role of p53 and how it activates the 
apoptotic pathway is unclear as apoptosis can be induced via p53-independent pathways 
(Cohen-Jonathan gr aZ. 1999).

Several studies have examined the relationship between a cell’s abihty to undergo 
apoptosis and radiation response (reviewed in Ulidge 1998, Zhivotovsky et a l 1999). 
Russell et a l (1995c) reported decreased apoptosis in a radioresistant human 
neuroblastoma cell line derived from a radiosensitive parental cell line. Schwartz et al
(1995) studied two LCL derived from the same parent and found that the more 
radiosensitive of the two was also more sensitive to apoptosis induction. 180BR 
fibroblast cells have shown a greater propensity to undergo apoptosis compared with 
control cells, particularly at higher radiation doses of up to 15 Gy (Lu et a l 1998). 
Stephens et a l (1993) showed that a moderately radiosensitive murine ovarian 
carcinoma displayed greater levels of radiation-induced apoptosis than a radioresistant 
hepatocellular carcinoma. However, Siles et a l (1998) found no correlation between the 
amount of apoptosis and radiosensitivity in a panel of 8 tumour lines. Similarly, the 
extreme radiosensitivity seen in AT fibroblasts is not associated with a deregulated 
apoptotic response (Enns et a l 1998) although LCL from both AT homo- and 
heterozygotes have been shown to be resistant to early onset apoptosis (Shigeta et al
1999). Peake et a l (1999) suggested an overlap between apoptosis and radiosensitivity 
either at the mechanistic level or through a shared signal transduction pathway. They 
studied a patient with a unique immune deficiency which combined elevated spontaneous 
apoptosis in cells of lymphoid origin with an increased radiosensitivity in fibroblasts.

Several groups have attempted to correlate the degree of spontaneous apoptosis in vitro 
with clinical outcome in cancer patients. Indeed, Ozsahin et a l (1997) have proposed a 
rapid assay for the measurement of intrinsic radiosensitivity based on the measurement 
of radiation-induced apoptosis in T-lymphocytes. However there have been conflicting 
results which may be partly due to differences in study design. Dubray et a l (1998) 
investigated spontaneous and in-vitro radiation-induced apoptosis in order to predict 
early response to palliative radiotherapy in patients with non-Hodgkin's lymphomas. In 
contrast to minor responders to low-dose in-vivo radiotherapy, major responders had 
higher levels of apoptotic cells after 2 and 10 Gy in-vitro irradiation. They suggested
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that this assay could be used for pretreatment identification of tumours which could be 
locally controlled by low doses of radiotherapy including whole body irradiation. The 
spontaneous level of apoptosis has been shown to have predictive value in 44 cervical 
carcinoma patient samples with those patients with a baseline apoptosis level above the 
median having a better survival (Wheeler et a l 1995). Sheridan et a l (1999) studied the 
relationship between the apoptotic index (AI) and mitotic index (MI) in 39 cervix 
carcinoma patients and found that those patients with an AI:MI ratio above the median 
showed better survival.

1.7.2 Double-strand breaks (DSB)

Unrepaired or misrepaired DNA DSB are considered to be the most likely lesion 
involved in the origin of chromosome aberrations in repair proficient cells (Frankenberg- 
Schwager 1990). This is because damage to both DNA strands deprives the cellular 
repair systems of an undamaged template from which to synthesise an intact DNA 
strand. However, DSB are not a uniform group of lesions and within each population of 
DSB it has been suggested that only a subset of breaks may be important in terms of cell 
killing. DSB induced by different LET radiations differ by a factor of 20 in their 
relationship to cell death, reflecting their different degrees of reparability. DSB produced 
by high LET radiation will possess a high stmctural complexity or may be blunt ended 
DSB, whereas DSB produced by low LET radiation will be predominantly DSB with 
cohesive ends (Prise et a l 1994).

Ward (1981) has suggested that cell death results from clusters of DNA lesions (termed 
local multiply damaged sites, LMDS) in essential parts of the DNA, which may be 
unrepairable or require comphcated repair mechanisms which are sensitive to the 
physiological state and metabolic activity of the cell. These lesions may be misrepaired, 
giving rise to chromosome aberrations and deletions. DSB arise indirectly during the 
processing of other forms of DNA damage and even occur as a result of endogenous 
damage arising from the cell's own metabolism. The processes of V(D)J recombination 
in vertebrates and mating-type switching in yeast cells involve the introduction of 
transient endonuclease-induced DSB. Meiotic recombination, an essential step in 
successful meiosis, necessitates the introduction and recombinational repair of multiple 
DSB.

1.7.3 Free Radicals

Free radicals are molecules with one or more unpaired electrons. They are produced in 
normal or pathological cell metabolism, from xenobiotics or through IR (Dreher and 
Junod 1996). Radiation-derived reactive species include hydroxyl radicals ( OH),
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hydrated electrons (e'aq) and possibly singlet oxygen (IO 2 ). These highly reactive 
radiolytic products are formed about lO'^^ seconds following irradiation. Recent studies 
suggest that OH and IO2  are two of the most reactive species responsible for oxidative 

damage, producing SSB and a plethora of base and sugar lesions that can be cytotoxic or 
mutagenic (Leccia and Beani 1994, Cadet et a l 1999). However, an efficient repair 
system, base excision repair, exists to repair the free radical damage to DNA (Wallace
1998). Compared with OH, IO2  has a relatively long half life, in the range of 10-50 ps 

in aqueous systems and is capable of travelhng appreciable distances in the cellular 
environment and damaging cellular structures. Oxygen can fix free radical damage by 
reacting with free radicals to produce other reactive products such as peroxy radicals. It 
is for this reason that oxygen is considered to have a radiosensitising effect.

1.7.4 Cellular mechanisms underlying intrinsic radiosensitivity

There is a wide variation in cellular sensitivity to IR that can influence both tumour and 
normal-tissue response. Cellular radiosensitivity has been shown to depend not only on 
physical factors such as energy distribution, type and quality of radiation or temperature, 
but also on biological determinants such as position in the cell cycle during irradiation, 
repair capacity, chromatin structure and nuclear matrix organisation (Maity et a l 1997, 
Yamold 1997, Gordon and McMillan 1997). The factors underlying differences in 
radiosensitivity have been considered in terms of damage induction, recovery and by 
implication, repair ability.

1.7.4.1 Initial DNA damage

A number of studies have demonstrated that cells can differ in the amount of damage 
they exhibit immediately after irradiation {le. after the radical scavenging but before 
enzymatic repair processes occur). Some studies with human tumour cells have found 
more radiation-induced DSB in radiosensitive cells than resistant ones (§5.1: reviewed in 
Foray et a l 1997b). For example, a statistically significant relationship between the 
number of DNA DSB induced in human breast and bladder cancer cell lines and the 
corresponding a  and SF2  values has been found (Ruiz de Almodovar et a l 1994). 

However, this relationship is not a universal finding and many studies with tumours and 
the majority of studies with normal cells have found comparable levels of initial damage 
in lines with differences in cell survival (Woudstra et a l 1996, Olive et a l 1994, Wurm 
et a l  1994, Dikomey g? fl/. 1998).

It has been suggested that measured differences in damage induction may be due to 
differences in cell-cycle phase distribution (§6.1). The radiosensitivity of proliferating
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cells is greatest in mitosis and lowest in late S phase (Diakis and Okayasu 1990). This is 
a result of there being | critical points in the cell cycle where the persistence of DNA 
damage is irrevocably fatal for the cells.

Following the initial energy deposition, there are a series of chemical reactions which 
ultimately decide the biological effects. Although a similar number of ionisations occur 
between cells, cells modulate the amount of DNA damage produced. Two principal 
factors have been proposed to produce this effect: free radical scavenger activity and 
DNA conformation.

1.7.4.1.1 Scavenging Enzymes

A number of cellular systems have been developed to mop up free radicals (Dreher and 
Junod 1996) including specialised enzymes such as superoxide dismutase (SOD) and 
glutathione-S-transferase and compounds containing sulphydryl residues with which 
free radicals readily react e.g. cysteine, cysteamine and glutathione (GSH) (Ketterer
1998). This is especially true under hypoxic conditions where the kinetics of chemical 
repair/scavenging by thiols are more favourable than those of damage fixation by oxygen 
(McMillan and Peacock 1994). It has been suggested that the subcellular distribution of 
scavenging molecules may differ between cell lines, allowing for differences in overall 
radioprotection and therefore differences in damage induction (Ward 1990). DNA-bound 
proteins may also afford a significant radioprotective effect. It has been shown that the 
yield of DSB in deproteinised DNA is 70 times higher than the yield in intact cells 
(Waters and Lyons 1990).

Conflicting reports have been reported on the effect of scavenging molecules on 
radiosensitivity (Orta et al. 1995). Several reports in the literature suggest a direct 
correlation between GSH levels in cells and radiosensitivity. The radioresistant human 
glioblastoma T98G has approximately 14 times the level of intracellular GSH compared 
with the radiosensitive neuroblastoma NB9 (Iwanaga et al. 1998). Reduction of 
intracellular GSH levels, by drugs that bind or oxidise it, results in enhanced 
radiosensitivity and an increase in the radiosensitising effects of hypoxic cell sensitisers 
(Bump et al. 1992, Malaker et al. 1994). In addition, the artificial manipulation of 
scavenger levels can modify radiation-induced cell kill (Gordon and McMillan 1997). 
Sun et al. (1998) found that the overexpression of MnSOD in CHO cells led to a 
substantial protective effect from reactive oxygen species damage.

1.7.4.1.2 DNA Conformation

DNA synthesis has been shown to be uniquely sensitive to the effects of radiation and is
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dependent upon the precise packaging of DNA within the nucleus. There are several 
reports in the literature describing a correlation between chromatin organisation and 
radiation damage (Ohve 1998). It has been shown that actively-transcribed DNA 
sequences sustain in the order of 5 to 6 times more strand breaks after irradiation than 
does bulk DNA, possibly due to the increased accessibility of active chromatin to 
locally-generated radical species (McMillan and Peacock 1994). Differences in the 
degree of supercoiling of two human squamous cell carcinoma lines of differing 
radiosensitivity has been found and this was attributed to differences in the association 
of the DNA to the nuclear matrix. After 5 Gy, nucleoids from the radiosensitive cells 
were 30% less efficient at adopting positive DNA supercoils than were unirradiated 
controls. In contrast only a 4% difference was found with the radioresistant line (Milner 
et a l 1993). The higher order chromatic structure can also influence the overall kinetics 
of DNA repair and therefore the frequency of chromosomal aberrations (Waters et al
1999). Proximity effects are also important. These occur because DSB free ends are 
more likely to undergo illegitimate reunion if the DSB are initially formed close together 
than if the DSB are formed far apart. Proximity effects influence the relative yields of 
different types of aberrations, because at any time a chromosome is localised in an 
irregular territory (or domain) during GO/Gl, rather than spread out uniformly over the 
whole cell nucleus (Sachs e ta l  1997).

DNA topoisomerases are nuclear enzymes that can modify, and may regulate, the 
topological state of DNA through a concerted breakage and rejoining of the DNA strands 
(Downes and Johnson 1988). Pastor et a l (1999) found a dramatic increase in 
topoisomerase activity after irradiation in a normal cell line which was absent in a 
radiosensitive mutant and proposed that such enzymes may have a role in DNA repair, 
either directly or indirectly through the relaxation of chromatin facilitating the access of 
repair enzymes to radiation-induced lesions.

1.7.4.2 Residual DNA damage and repair

DNA repair may be defined as those mechanistically diverse cellular responses 
associated with the restoration of the normal nucleotide sequence following events which 
damage or alter the genome (Eckardt-Schupp and Klaus 1999). In general in mammalian 
cells the number of DNA SSB is approximately 1000 times larger and the number of 
DNA DSB approximately 50 times larger than the number of lethal events and 
chromosome aberrations induced by a given dose of radiation. Consequently mammahan 
cells in particular have a very large capacity for repair of radiation-induced damage and 
have developed a complex network of repair systems that keeps the DNA under constant 
surveillance (Wood 1996). No organisms appear to have specific DNA repair 
mechanisms directed against damage inflicted by IR or environmental chemical
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mutagens, but to correct such lesions they employ the repair functions primarily intended 
for correction of endogenous DNA damage and DNA lesions inflicted by UV light.

There are three categories of DNA repair. First, excision repair, which includes both 
base and nucleotide excision repair (NER) utilises the information on one DNA strand to 
repair the damaged one. Second, mismatch repair, which occurs immediately after 
replicative DNA synthesis in S phase, relies on the parental strand to correct a 
misincorporation in the newly synthesised one (Fritzell et a l 1997). The third category 
is double-strand break repair (DSBR), of which there are two subcategories. The first is 
homologous recombination, mediated by the RAD52 complex or the BRCAl/2 complex, 
in which a DSB on one chromosome is repaired using the information on one 
homologue. The second is non-homologous end joining (NHEJ), mediated by the 
RAD50 complex and/or by the DNA-PK complex, which is the dominant mode of 
DSBR in cells of multicellular eukaryotes (reviewed in Lieber et a l 1997). It has been 
suggested that p53 is an important determinant of the relative contributions of these two 
pathways to break repair. In normal, untransformed cells which have wild-type p53, 
DSB are predominantly repaired by NHEJ, but homologous recombination is the 
preferred pathway when p53 function has been lost, such as in tumour cells (Tang et a l
1999).

Evidence for the biological importance of DNA repair pathways comes most directly 
from rare, inherited human disorders in which defects in DNA repair mechanisms are 
associated with hypersensitivity to radiation and DNA-damaging drugs and with an 
increased risk of developing certain cancers (Zdzienicka 1995). Many of these are 
caused by defects in the NER pathway which is a complex multistep process that 
removes a broad spectrum of structurally unrelated lesions including the main UV- 
induced photoproducts, namely cyclobutane pyrimidine dimers and 6-4 photoproducts, 
bulky chemical adducts, and intrastrand as well as interstrand crosslinks (Lindahl et a l 
1997). There are 3 genetic disorders in which sufferers are hypersensitive to UV 
radiation. Xeroderma pigmentosum (XP), Cockayne syndrome (CS) and 
Trichothiodystrophy (TTD). They have remarkable clinical and genetic heterogeneity, 
although there is a disparity in cancer incidence, with the absence of a clear skin cancer 
predisposition in human CS and TTD (Ford and Hanawalt 1997) although an increased 
skin cancer susceptibility has been seen in murine TTD (de Boer et al 1999). Similarly, 
the loss of nibrin (NBSl) function in NBS cells (§1.5.2) leads to the compromise of a 
major NHEJ system which results in radiosensitivity and increased cancer susceptibility 
in these individuals (Digweed et a l 1999). The radiosensitive 180BR fibroblast strain 
which has been shown to be defective in DSB repair (Badie et a l 1995a, 1995b) has a 
mutation in the active site of DNA hgase IV, an important component of NHEJ, leading 
to pronounced radiosensitivity and which may also confer a predisposition to leukemia
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(RibsiWo et a l 1999).

DSB are readily rejoined by most cells after irradiation in a biphasic manner consisting 
of a fast component with a ti / 2  in the region of 2 0 ^ 0  min and a slow phase with a ti / 2  

of several hours. The rate of this rejoining and the extent to which it occurs are clearly 
influential in the determination of radiosensitivity (Foray gr al 1997b: §5.1). Extreme 
causes of defects in DSB rejoining are seen in some of the radiosensitive mutants 
derived from hamster cell lines (e.g. CHO xrs 1-6). The xrs mutants show large
reductions in the rate and extent of DSB rejoining and a substantial increase in
radiosensitivity. Several studies have examined the relationship between clonogenic 
survival and residual DNA damage and repair, with many studies showing a positive 
correlation for both tumour and normal cells although it is not a universal finding (§5.1).

A further aspect of DNA repair which may be important in determining radiosensitivity 
is the fidehty of repair (McMillan and Peacock 1994). Irsl, irs, and irs3, a group of
radiosensitive mutants derived from Chinese hamster V79 cells, do not show any
difference in the induction or repair of SSB or DSB compared with the parental cell line 
(Thacker and Ganesh 1990). However, using a plasmid-mediated DSB rejoining assay, 
Debenham et a l (1988) showed that irsl does have a defect in repair fidelity. Britten et 
al (1997) showed a correlation between the fidelity of DSB rejoining and SF2  values of 
eight repair-proficient human tumour cell lines.

Many of the proteins and effector genes involved in DNA repair pathways and factors 
involved in the sensing of damage have been identified and their influence on 
radiosensitivity assessed (Eckardt-Schupp and Klaus 1999). The recent cloning of the 
gene mutated in the radiosensitive CHO cell line xrs-5 (XRCC5) demonstrates a link 
between radiosensitivity and immunodeficiency through the V(D)J recombination 
antibody production process. A known candidate gene from the region of interest, 
Ku 80, was then identified as the mutated gene. Ku 80 has been shown to be a 
component of a protein complex important in DNA repair, DNA-protein kinase (DNA- 
PK), together with DNA-PK catalytic subunit (DNA-PKcs, p350) and Ku 70. 
Deficiencies in p350 may also lead to a radiosensitive phenotype (Lees-Miller et a l
1995). DNA-PKcs has been shown to be the gene mutated in the murine SCID disorder 
(XRCC7) (Kirchgessner et a l 1995), a syndrome in which mice not only have a 
suppressed immune system due to a defect in V(D)J recombination but are also 
radiosensitive (§1.5.5: Singleton e ta l  1997).
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1.7.4.3 Gene Expression

When cells are exposed to doses of IR as low as 0.1 Gy, the expression of a variety of 
genes is altered (de Toledo et a l 1998, Amundson et a l 1999). These include the 
immediate early genes (Manome et a l 1993, Hallahan et a l 1995) such as Jun, Egr-1 
(Early growth response) and NF-kB whose expression is increased following IR 
exposure (Karin and Smeal 1992, Wilson et a l 1993, Ahmed et a l 1996). They 
function as transcription factors, binding to specific DNA sequences to modulate the 
expression of further genes (Eckardt-Schupp and Klaus 1999). Yamagishi et a l (1997) 
found that a glioblastoma cell line expressing an inhibitor of NF-kB was more 
radiosensitive than the parental line. The up-regulation of NF-kB, which may also be 

regulated by oxidative stress (Li and Karin 1999) induces glutathione (GUS) synthesis 
which has an important defensive role through free-radical scavenging (§1.7.3: Iwanaga 
et a l 1998). In addition to the immediate early genes, IR induces numerous other genes 
including those for TNF-a, bFGF, PDGF, TGF-p, IL-1, E-selectin and the antioxidant 

enzymes SOD and catalase (§1.7.4.1.1: Hardmeier et a l 1997, Gordon and McMillan 
1997).

These genes are associated with many different cellular processes including signal 
transduction, intercellular signalling, growth control, response to tissue injury, 
inflammation, DNA repair, response to oxidative stress and other potentially protective 
responses, all of which may be influential in the cellular response to radiation (Fomace 
Jr. 1992).

However, de Toledo et a l (1998) examined the action of several cell-cycle regulated 
genes in both radiosensitive AT and Li-Fraumeni (LFS) cells (shown to have a 
radioresistant phenotype: §1.7.4.4) and found a similar down-regulation following 
treatment with IR, suggesting that the response of cell-cycle regulated genes cannot 
distinguish between radiosensitive and resistant cells.

Numerous studies have documented the involvement of protein kinases (PK) in the 
activation of genes by IR. The fact that PK inhibitors such as staurosporine can 
radiosensitise a wide variety of cells suggests that protein kinases might be important in 
cell survival after radiation (Hallahan et a l 1991, Begemann et a l 1998).

1.7.4.4 Cell-cycle control

The sequence of events leading to the reproduction of a cell is referred to as the cell cycle 
and it is divided into four distinct phases: G l, S, G2 and M. Regulated progression 
through the cell cycle and faithful reproduction of cellular DNA before division is cmcial
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to the sustained survival of the cell (Stillman 1996). Control of the cell cycle is strictly 
enforced by a number of inducible and constitutive proteins in each of the four phases 
(§6.2).

A further important factor in the response of cells to radiation is the operation of 
checkpoint controls at certain stages of the cell cycle (§6.3). These are internal signal 
transduction systems which allow the cell to delay progress through the cycle if certain 
normal prior events have not been completed or after an insult to the cell such as from IR 
(Dliakis 1997). Wild-type cells arrest in G l, S or 02  depending on the cycle phase in 
which damage is inflicted and such arrest is essential to allow time for DNA repair or 
induction of apoptosis prior to the S and M phase where critical damage may be 
manifested (§6.3: Maity e ta l  1994).

A considerable amount of work with different cultured mammalian cell systems has been 
carried out in an attempt to correlate a modified radiosensitivity with an altered cell-cycle 
response. The 02  response is seen in virtually aU eukaryotic cells and occurs following 
high and low doses of radiation, even under 1 Oy (Maity et a l 1994). The importance 
of the 0 2  checkpoint was first shown in the rad9 radiation sensitive mutant of 
Saccharomyces cerevisiae, which does not undergo a 02  delay when irradiated in any 
phase of the cell cycle, but continues to divide for several generations and dies (Weinert 
and Hartwell 1988). Similarly, caffeine has long been known to decrease the clonogenic 
survival of many cell lines after irradiation and studies have shown that this may be a 
result of a greatly reduced 02  delay (Walters et a l 1974, Palayoor et a l 1995).

Dominant oncogenes have also been implicated as factors able to influence the relative 
radiosensitivity of mammalian cells. Oncogenes are defective versions of normal cellular 
genes (proto-oncogenes) that are important in cellular growth control pathways. For 
example, ras appears to act as a cmcial link between an extracellular signal and the cell- 
cycle regulatory machinery (Bernhard et a l 1999). The expression of ras oncogenes has 
been shown to increase radioresistance in several cell types including rat embryo 
fibroblasts and various tumour cells (Sklar 1988, Ling and Endlich 1989). Other 
oncogenes are also known to confer radioresistance in some systems, including mos, 
ets, v-fms and sis. A  prolonged 02  arrest has been implicated in this radioresistant 
phenotype. Using rat embryo fibroblasts transfected with myc or oncogenic H-ras and 
myc, McKenna et a l (1996) found that ras transfection reduced radiation-induced 
apoptosis in v-myc-expressing cells and significantly prolonged the 02  delay after 
irradiation. Human cancer cell lines expressing high levels of full length 72 kDa c-raf-l 
proto-oncogene are more radiosensitive and exit more rapidly from radiation-induced 
cell-cycle arrest at the 02/M checkpoint than cell lines which have low c-raf-l 
expression (Warenius et a l 1996). However, Danielsen et a l (1999) found no
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relationship between protein levels of myc, ras or raf and radiosensitivity in a group of 
four melanoma lines.

The Gl arrest is not seen in all cell lines following irradiation. Its presence is dependent 
on the p53 status of the cell and cells lacking functional p53 protein generally lose the 
abihty to arrest in G 1 in response to radiation (Kastan et a l 1992). However several 
human tumour cell lines expressing wild-type p53 show either a minimal or no G 1 arrest 
following irradiation, as examined by either flow cytometry or autoradiographic 
techniques. Little et a l  (1995) found that two human LCL derived from the same donor, 
one expressing wild-type p53 and the other mutant p53, both showed no radiation- 
induced G l arrest. Indeed, some studies have concluded that the G l checkpoint is no 
longer under control of p53 (Nagasawa et al. 1995, Li et al. 1995).

The relationship between p53, Gl delay and radiosensitivity is controversial (reviewed 
in Bristow et al. 1996). Siles etal. (1996) found a close correlation between G l arrest,
p53 status and radiosensitivity in a panel of human tumour cell lines. In addition,
fibroblasts from patients with AT have been shown to lack a Gl arrest, which is partially 
due to a defective p53 response (Kastan et al. 1992). In approximately 60% of 
Li-Fraumeni syndrome (LFS) and 25% of LFS-like families, cancer predisposition is 
associated with a germline mutation in one allele of the p53 gene. Fibroblasts from these 
individuals have been found in some studies to show resistance to radiation (Sproston e t 
al. 1996, Little et al. 1987). Although a heterozygous mutation in the p53 gene has been 
shown to have no effect on radiation-induced p53 protein expression and subsequent 
Gl/S transient arrest, the extent of permanent Gl arrest is greatly reduced in LFS 
fibroblasts (§6.9: Williams et al. 1996, 1997).

It is possible that there may be a dual effect of p53 on radiation response (Bernhard et 
al. 1999). Firstly, arrest in G l, dependent on wild-type p53, may be protective in cells 
lacking efficient repair mechanisms, but not necessary in repair competent cells. 
Secondly, p53 is involved in the induction of apoptosis in susceptible cells or an
irreversible Gl arrest in primary fibroblasts. In cells that normally utihse these
pathways, loss of p53 function would result in an increased radioresistance (Schwartz 
and Rotter 1998). Therefore loss of wild-type p53 expression in human diploid 
fibroblasts transfected with the HPV16 E6 gene has been shown to render them more 
radioresistant due to loss of the irreversible Gl arrest (Tsang et al. 1995).

p53 is now recognised as one of the most important proteins in tumourigenesis (§6.4.1), 
with mutations in the gene found in 50% of all human cancers. However, the multitude 
of gene targets and biological pathways that appear to be regulated by p53 suggest that
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the status of this gene alone would not universally describe the radiation response of 
mammalian cells (§1.8.5.4: Zellars et a l 1997). Even if cells have a normal induction of 
p53 and consequent Gl arrest, radiosensitivity may still be determined by other genes 
downstream of p53 which are important in repair processes (Sankaranarayanan and 
Chakraborty 1995, Park 1995). Apart from p53, there are other tumour suppressor 
genes which play a role in radiation response such as the familial breast and ovary cancer 
susceptibility genes, BRCAl and BRCA2 (reviewed in Szumiel 1998). Cells lacking 
either the BRCAl or BRCA2 gene have been found to display a radiosensitive 
phenotype (Somasundaram et a l 1997, Connor et a l 1997, Abbott et a l 1999).

There is still much to be determined about the processes underlying a cells response to 
radiation. It is unlikely that there is a single determinant of radiosensitivity and the 
critical controlling steps may differ from cell to cell.

1.8 Predictive assays with normal cells

1.8.1 Requirements of test

Specific predictive assays for use on an pre-treatment cancer patients could be used to 
determine which patients would benefit from a particular treatment strategy, the aim 
being to treat patients according to their individual needs rather than applying a standard 
treatment regime. The practicality and usefulness of such a test is limited by stringent 
requirements (Withers 1986). The ideal predictive test should be simple, rapid, cheap to 
perform, give accurate and reliable results, have independent predictive power and be 
harmless to the patient. Perhaps the most demanding requirement of a potential 
predictive test is its precision, as even small errors in the assay could lead to 
inappropriate treatment decisions (Crompton et a l 1997: §7.7.3).

1.8.2 Link between normal-tissue and tumour radiation response

The possibility of a change in treatment strategy based on the measurement of in-vitro 
radiosensitivity will not only require a reliable and accurate predictive assay, but also 
careful consideration of the relative effects on tumour response and on normal-tissue 
damage, le. the therapeutic index (§1.4).

There is some evidence that tumour and normal-tissue radiosensitivity may be related in 
an individual patient. The main hypothesis supporting this is that radiosensitivity is 
genetically determined and so tumour cells may retain the radiosensitivity of their tissue 
of origin. There are some experimental and chnical studies demonstrating significant 
correlations between the sensitivities of normal cells or tissues and tumours to support
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this. Budach etal. (1992) reported a 3.5 fold increase in the in-vitro radiosensitivity of 
both normal fibroblasts and tumour cells derived from the radiosensitive SCID mouse 
strain, when compared with fibroblast and tumour cells derived from a C3H mouse 
strain. Patients with syndromes such as AT who have sensitive normal tissues have been 
successfully treated with lower doses of radiation. Abadir and Hakami (1983) reported 
the case of a 9 year-old AT patient who was cured of a nasopharyngeal lymphoma after 
receiving 16Gy in eight fractions. Similarly, Hart etal. (1987) reported a case of an 11 
year-old AT patient who was cured of a medulloblastoma with low doses of radiation 
titrated from the sensitivity of the patient's bone marrow cells. Dunst and Gebhart 
(1995) documented a non-syndromic patient who showed above average radiation 
sensitivity of tumour tissue in vivo (complete remission after palliative radiotherapy) as 
well as normal tissue in vivo (radiation myelitis) and normal tissue in vitro (increased 
lymphocyte chromosomal radiosensitivity as measured by FISH: §1.8.5.3.4).

Although these clinical observations and experimental results indicate a close relationship 
between normal and tumour cell radiosensitivity, they were observed in cases with 
extreme genetic defects and severe radiosensitivity, which may preclude extrapolation to 
the general population of radiotherapy patients.

It is known that tumour cells can acquire or lose some of their gene expression and 
functions during the transformation and progression from normal cell to tumour. 
Theoretically DNA ploidy, together with these genomic changes can alter their 
radiosensitivity, and studies have shown increased radioresistance associated with 
oncogene expression and p53 gene mutations (§1.7.4.4). Therefore, it is likely that there 
are more factors which determine the sensitivity of a tumour than merely the sensitivity 
of the cell of origin. However, there is experimental evidence to support the concept that 
the loss or gain of an individual gene expression may not drastically change this inherent 
characteristic. Dahlberg etal. (1993) examined in parallel the sensitivity of tumour cells 
and skin fibroblasts established from twelve cancer patients, to detemiine the extent to 
which the radiation survival parameters of the skin fibroblasts may predict the radiation 
response of the tumour cells in vitro. Although the tumour cells were consistently more 
radiosensitive than the fibroblast cell strains derived from the same patient, a correlation 
was seen between the sensitivity of the two cell types (p<0.02). Honkanen et al. (1998) 
found that the in-vitro radiosensitivity of tumour fibroblasts correlated with normal 
fibroblast sensitivity in five out of eight patients studied and that the radiosensitivity of 
tumour fibroblasts also seemed to follow the level of in-vitro radiosensitivity determined 
for the corresponding histological type of tumour cell. West et al. (1998) found a 
correlation between fibroblast and tumour radiosensitivity in a series of 15 cervical 
cancer patients (p<0.03).
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A mathematical study by Âgren et a l (1990) considered local tumour control and the 
occurrence of serious late normal-tissue reactions, and suggested a hnk between tumour 
and normal-tissue radiosensitivity. A clinical study reported by Maciejewski et al 
(1990) on patients with oropharyngeal and oral cavity cancers treated by definitive 
radiotherapy, found a significant correlation between the intensity of acute mucosal 
reactions and the probability of local control. Local control for those patients with a 
severe acute effect was twice as high compared with those patients with a mild effect. 
Dahl et a l (1994) showed a correlation between tumour response and acute side effects 
in patients treated preoperatively for rectal cancer in a randomised trial. A similar result 
was reported by Geara et a l (1996) who examined 268 head and neck cancer patients 
and found a non significant trend for higher failure rates in patients with low scores of 
acute mucositis, but no relationship with late reactions. Finally, Kuhnt et a l (1998) 
studied 194 postmastectomy radiotherapy patients and found a trend towards improved 
local control in patients with severe acute tissue reactions.

However, there is also evidence against a relationship. Stausbol-Gron et a l (1995) 
studied the sensitivity of tumour and fibroblast cells isolated from tumours in a series of 
12 head and neck cancer patients and observed no correlation between tumour and 
fibroblast sensitivity. An update of this data examining 63 patients confirmed this 
finding (Stausbol-Gron et a l 1999). A study by Bernier et a l (1998) analysed the 
correlation between normal-tissue reactions and tumour response in a randomised trial of 
hyperfractionation versus conventional radiotherapy. They found no correlation between 
acute or late reactions in the mucosa and tumour control. Also mitigating against a direct 
relationship between normal and tumour cell radiosensitivity is the wide variation seen in 
tumour cell sensitivity in-vitro. Not only do tumours of different histological types vary 
in sensitivity but the range of intrinsic sensitivity amongst tumour cells of the same type 
greatly exceeds that of normal cells such as fibroblasts (§1.6.2.1: Deacon et a l 1984).

1.8.3 Dose escalation

If a suitably sensitive predictive assay were available for measurement of intrinsic 
radiosensitivity prior to treatment it has been suggested that it may be possible to identify 
sensitive patients and dose escalate the remainder. The potential gains in TCP and 
exactly who could be safely dose escalated, and to what extent, depends on the 
acceptable incidence of normal-tissue damage, and on how patients are categorised 
according to sensitivity. The various strategies suggested for grouping patients on the 
basis of their measured radiosensitivity are discussed in §7.7.3, although gains varying 
from no effect up to 35% have been calculated (Bentzen 1997, Burnet et a l 1996a).
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1.8.4 Cell type for study

A wide range of both transformed and untransformed cells have been used for 
radiosensitivity testing, including fibroblasts, lymphocytes, kératinocytes, glial cells and 
endothelial cells. By far the majority of work has been on untransformed fibroblasts and 
lymphocytes, both of which can be grown in culture with a high success rate.

Fibroblasts are a heterogeneous class of connective tissue cells that differ not only 
between, but also within anatomical sites. Their heterogeneity and response to radiation 
are discussed in §3.4. Lymphocytes are a heterogeneous cell population, especially with 
regard to the proportion of lymphocyte subtypes. Three classes of human blood-derived 
cells are available for research studies. B-lymphocytes are available as Epstein Barr virus 
transformed LCL. T-lymphocytes may be used as clonally derived IL-2 dependent lines 
initiated from mitogen-stimulated mass culture (§3.3). T-lymphocytes have also been 
used as a population of cells separated from whole blood when most of the lymphocytes 
are in the GO phase of the cell cycle. Kératinocytes have expensive nutritional 
requirements and are difficult to maintain in culture because of their ability to terminally 
differentiate (§3.3).

Each cell type has its own characteristic advantages and disadvantages. The major 
problem with fibroblasts is the time taken to establish sufficient cells from a skin biopsy 
for radiosensitivity testing, with outgrowth from a punch biopsy taking up to five 
weeks. Lymphocytes and LCL derived from these are an attractive alternative. 
T-lymphocytes can be isolated from whole blood and assays based on lymphocytes are 
therefore less labour-intensive and by using unstimulated T-lymphocytes it is possible to 
generate data on clonogenic survival within 14 days of taking blood. However the 
relevance of lymphocyte radiosensitivity is controversial. Several studies have failed to 
show any significant inter-individual differences in lymphocyte radiosensitivity (Kushiro 
et al. 1990, Nakamura et a l 1991, Green et a l 1991). Geara et a l (1992b) however 
demonstrated statistically significant inter-individual differences in the radiosensitivity of 
lymphocytes from 29 donors. This has been confirmed in a further study on 
lymphocytes using a LDR radiation protocol and the inclusion of an internal standard to 
minimise experimental variation (Elyan gr aZ. 1993a, 1993b). Additionally, lymphocytes 
undergo apoptosis in contrast to the majority of cell types which die mainly by mitosis 
and this has led to concern that the radiation response for lymphocytes is not comparable 
to other cell types (Table 1.5). In a study by Peake et a l (1999) on an immunodeficient 
patient, it was found that the underlying defect was manifested by different phenotypes 
in different cell lineages. Whereas lymphocytes showed elevated spontaneous apoptosis, 
fibroblasts from the same patient showed an increased radiosensitivity.
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It has been suggested that it is the sensitivity of the specific target cells of a given effect 
that should be the most reliable indicator of response (Geara et a l 1993). It may 
therefore be more appropriate to compare fibroblast radiosensitivity with late radiation 
effects and keratinocyte sensitivity with acute reactions. This is because it is thought that 
excessive keratinocyte depletion followed by epithelial denudation is the main 
mechanism in the pathogenesis of acute epidermal reactions to radiotherapy and that 
connective cell depletion followed by fibrosis determines late skin responses (§1.4.1). 
Kiltie et a l (1999a, 1999b) found a correlation between residual DNA damage in 
fibroblasts measured by pulsed-field gel electrophoresis and late tissue reactions, but 
neither acute or late reactions were correlated with residual damage using kératinocytes 
(Table 5.1).

If individual heterogeneity in radiosensitivity exists for one or more different cell types 
{e.g. fibroblasts or lymphocytes) and if these differences are due to genetic differences, 
then one may expect that individuals from whom, for example, sensitive fibroblast 
cultures are derived, would also demonstrate radiosensitivity in other normal cell types. 
This is indeed the case for AT, where extreme radiosensitivity has been demonstrated 
with fibroblasts (Taylor et a l 1975), lymphocytes (Cole et a l 1988) and kératinocytes 
(Stacey era/. 1989).

Table 1.5 shows a review of the literature on the intra-individual correlation of the 
in-vitro radiosensitivity of various normal cell types. Only limited data are available 
comparing the sensitivity of kératinocytes with that of other cell types, but it appears that 
kératinocytes span a narrower range of in-vitro radiosensitivity and are in general more 
radioresistant than fibroblasts (Geara et a l 1992a). The majority of studies have 
compared lymphocyte and fibroblast radiosensitivity and have found only a weak or no 
correlation. Two of the studies in apparently normal individuals found no correlation 
between the radiosensitivity of cycling fibroblasts and resting peripheral T-cell 
lymphocytes, suggesting that cell differentiation can modulate the genetically determined 
inherent radiosensitivity (Green et a l 1991, Kushiro et a l 1990). There are a number 
of potential problems in such comparisons, especially for lymphocytes, in which 
differences in the proportions of various subtypes have been proposed to play a role. 
However it has been reported that lymphocytes expressing the surface antigens CD4 or 
CD8 show no significant differences in their in-vitro radiosensitivity (Nakamura et al 
1990, Ozsahin et a l 1997).

This cell-specific radiosensitivity may be explained by the assumption that 
radiosensitivity is determined by a large number of genes, some of which exhibit 
differential expression in different cell types although genes with an essential cellular 
role may be expressed in all cell types. In the latter case any mutation {e.g. in ATM)
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CELL TYPES NO. OF PATIENTS CORRELATION REFERENCE

GO T-lymphocyte vs. 
fibroblast

5 homo and 4 
heterozygous AT

No significant correlation 
(Do: p<0.10)

Cole et al. (1988)

GO T-lymphocyte vs. 
fibroblast

22 surgery patients No significant correlation 
(Dq.i: p <0.10)

Kushiro et a l (1990)

GO T-lymphocyte vs. 
fibroblast

26 No significant correlation
(p=0.66)

Green et al. (1991)

Fibroblasts vs. 
keratinocyte

4 head and neck 
cancer

Small sample size, but no 
significant correlation 
(SFz)

Geara et a l (1992a)

GO T-lymphocyte vs. 
fibroblast

16 No correlation with a  
(p<0.26) or SF2 (p<0.15)

Geara et a l (1992b)

Fibroblast vs. 
lymphocyte (LCL)

12 breast cancer Degree of correlation 
r=0.64

Ramsay and Birrell 
(1995)

Lymphocytes vs. 
epidermal skin cells

8 Correlation between intial 
DNA damage 
measurements

Nunez et a l (1998)

Table 1.5. Studies examining the relationship between radiosensitivity values from two different 
cell types from the same individual.
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would result in an increased radiosensitivity in all cell types and tissues as observed in 
AT individuals.

Virsik-Peuckert et a l (1997) concluded that different repair mechanisms or 
repair/misrepair processes with varying efficiencies may be active in different cell types. 
They found that the yield of dicentrics in lymphocytes differed significantly from the 
corresponding yields observed in dermal fibroblasts from the same individual. Therefore 
the testing of one cell type might not be predictive of the response of another.

1.8.5 Assays for measurement of normal cell radiosensitivity

Cellular endpoints after irradiation are primarily products of the induction, processing, 
and manifestation of DNA damage. There is a distinct pathway for the expression of 
radiation damage from DNA damage to chromosome damage to cell death (Figure 1.3). 
Therefore, radiation damage can be expressed in different ways depending on the length 
of time and type of assay used. A wide variety of techniques measuring these different 
endpoints have been developed to assess the in-vitro radiosensitivity of both tumour and 
normal cells. Predictive assays can be separated into four distinct categories depending 
on the endpoint studied: DNA damage, cytogenetic, cell growth and cell survival studies 
(Table 1.6). There are also gene-based assays which offer several advantages, but 
whose usefulness is still to be confirmed (§1.8.5.4).

1.8.5.1 Cell growth assays

1.8.5.1.1 Clonogenic assay

The clonogenic assay is thought of as the ‘gold standard’ against which any alternative 
assay will have to be assessed. It gives a direct measure of cell killing, reflecting all the 
factors that influence radiosensitivity. The clonogenic assay measures the ability of a cell 
to remain reproducibly viable following irradiation. The majority of studies correlating 
the in-vitro radiation survival of normal and tumour cells with chnical response in vivo 
have used this technique (Table 1.4) and it The major problem with this assay is that it 
is labour intensive and the length of time needed to obtain a result. Assuming tests are 
initiated at the start of a typical 5-6 week radiotherapy treatment this method is of limited 
use in the clinical setting.

The abihty to form colonies with a high efficiency from a single-cell suspension is 
hmited to a restricted number of cell types. Fibroblasts may often be used with a high 
plating efficiency (Table 4.5) in contrast to kératinocytes (1-5%) and T-lymphocytes can 
be cloned at high efficiency (10-70%).
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CATEGORY PREDICTIVE ASSAY

DNA damage assay filter elution 

halo assay

nuclear lysate sedimentation 

single gel electrophoresis (comet) 

pulsed-field gel electrophoresis

Cytogenetic assys chromosome aberrations

0 2  chromatid

FISH

premature chromosome condensation 

micronucleus

Cell growth assay limiting dilution 

cell adhesive matrix 

tétrazolium (MTT)

Clonogenic assay monolayer cloning 

soft agar cloning

Table 1.6. In -v itro  assays commonly used in normal-tissue 
radiosensitivity studies.
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Different protocols are used depending on the cell type under study. The Courtney Mills 
assay is used to study the clonogenic growth of tumour cells and the limiting dilution 
assay for lymphocytes. The monolayer clonogenic assay was first described by Puck 
and Marcus (1956). The assay involves plating and growing cells in culture flasks or 
petri dishes for 14-25 days after which time individual cells will have grown into 
discrete colonies (§2.6). Care is required to ensure that only single cells are plated as 
residual cell aggregates may be confused with new colonies. These colonies are stained 
and those greater than 50 cells are counted as a measure of the fraction of original cells 
(and their progeny) which have survived. Several parameters can be measured from the 
survival curve, but those describing the initial part of the survival curve (SF2 , a )  have 

been seen to correlate with radiosensitivity in vivo (§4.3.2).

1.8.5.1.2 Short-term growth assay

A number of assays have been developed to provide more rapid results compared with 
the standard clonogenic assay. Although originally developed for use in tumour cells, 
where most of the work has been carried out, they have been adapted for use with 
normal cells. In contrast to the standard clonogenic assay which requires the initial 
estabhshment of primary fibroblast strains such assays can be performed on cells 
obtained directly from a skin biopsy. A major drawback is the very small yield of 
fibroblasts from acceptable sized skin biopsies. Three main techniques have been 
developed: the Adhesive Tumour Cell Culture System (ATCCS) developed by Baker e t 
a l (1988), a tétrazolium dye reduction assay (MTT assay: Price and McMillan 1990) and 
the explant assay.

The main criticism of these short-term assays is that they are not measuring clonogenic 
survival. Also the necessity to optimise conditions for each cell line with the MTT assay 
for example, limits its usefulness. An alternative approach to the development of rapid 
assays of cell kill is to identify other endpoints of radiation effect that correlate with cell 
kill. Since cell kill is the ultimate effect of radiation, any endpoint which correlates with 
it is likely to be a critical step in the subcellular processes leading to it.

1.8.5.2 Measurement of DNA damage

The induction and cellular processing of DNA damage has been widely studied. In 
various cell types all aspects of DNA damage (levels induced, the rate and fidelity of 
repair and the residual levels remaining after repair) have been suggested to correlate 
with cell kill (§5.1). So far none of these observations have been consistent for all cell 
types or totally reproducible between laboratories. A major factor in this is the wide 
variety of methods used to measure similar endpoints (§5.2).
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1.8.5.3 Measurement of chromosome damage

Structural chromosome changes can lead to the activation of proto-oncogenes and 
elimination of tumour-suppressor genes and therefore represent an important mechanism 
of tumourigenesis. Chromosomal radiosensitivity has been shown to be an important 
biomarker of cancer predisposition (Scott et a l 1999) and for the detection of sensitive 
normal-tissue reactions (Jones et a l 1995). IR is very efficient at inducing chromosomal 
aberrations in all stages of the cell cycle by a variety of mechanisms. It induces 
chromosome-type and chromatid-type aberrations in the GO/Gl and G2 phases 
respectively (Bryant 1998). Two major classes of chromosome-type aberrations are 
recognised, namely unstable aberrations (dicentrics, acentric fragments and centric rings) 
and stable aberrations (inversions, reciprocal and other types of translocations).

1.8.5.3.1 Micronucleus assay

Micronuclei are extra-nuclear acentric chromosome fragments found in the cytoplasm of 
cells after cell division and are expressed during interphase as small nuclear bodies. A 
single micronucleus in the cytoplasm of a living diploid cell correlates with a loss of 
proliferative capacity of that cell. They are present at low frequency in unirradiated cells 
but increase in number in a dose-dependent manner after irradiation. The micronucleus 
assay was developed by Fenech and Morley (1985). The expression of micronuclei is 
dependent on cell proliferation. This can be controlled by culturing the cells in the 
presence of cytochalasin B, a substance which inhibits cytokinesis and thus creates 
binucleate cells. This allows nuclei that have undergone one post-treatment division to be 
identified and scored as small extranuclear bodies.

The micronucleus assay can be performed easily and rapidly by relatively inexperienced 
observers, has the potential for automation (Bocker et a l 1996, Verhaegen et a l 1994) 
and has been shown to be more sensitive than analysing chromosomal aberrations for 
the estimation of individual radiosensitivity (Joksic et a l 1997). The relationship 
between micronucleus formation and radiation dose has been extensively studied with 
tumour cells and a good correlation has been reported by several investigators 
(Shibamoto gt a/. 1991, Mariya et a l 1997). For example, Widel et a l (1999) studied 
64 cervical carcinoma patients, examining the relationship between spontaneous 
micronucleus frequency pre-radiotherapy and the increase in micronucleus frequency 
after 20 Gy in vivo. Those patients with a higher post-radiation increase in micronuclei 
had significantly better tumour control and overall survival. However Champion et al 
(1997) found no relationship between micronucleus frequency and patient outcome in a 
series of head and neck patients.
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Considering normal cells, the micronucleus assay has been used frequently for 
evaluating differences in lymphocyte radiosensitivity in healthy donors (Floyd and 
Cassoni 1994, Catena et a l 1992). However, Huber et a l (1992) did not find 
significant inter- and intra-donor variations in micronuclei number, either in the base-line 
or in irradiated cells. Scott et a l (1996) obtained reasonable discrimination between 
normal and AT heterozygotes by measuring micronucleus induction in lymphocytes 
exposed to LDR irradiation. Rached et a l (1998) studied 15 healthy donors, 15 cancer 
patients who experienced acute normal-tissue damage and 15 patients without severe 
tissue damage after radiotherapy. Although a significantly higher number of micronuclei 
were found in cancer patients compared with healthy donors, no relationship was found 
with the occurrence of severe normal-tissue damage. Slonina and Gasinska (1997) in a 
series of 43 cancer patients and 19 healthy donors showed a statistically significant 
difference in micronucleus frequency between radioresistant and radiosensitive donors 
after 4 Gy irradiation, although its use for differentiating between cancer and non-cancer 
donors was not as well defined. Nachtrab et a l (1998) found that fibroblasts from 12 
out of 16 clinically radiosensitive patients who experienced late-tissue reactions showed 
a higher micronucleus induction than ten donors with no reaction. In a study on skin 
fibroblasts from 36 breast cancer patients, Johansen et a l (1998) found no relationship 
between micronucleus formation and clonogenic survival. One of the major drawbacks 
of the in-vitro micronucleus assay is its reduced sensitivity for the detection of damage 
induced by low radiation doses, due to the high variability among the spontaneous 
micronucleus frequencies (Vral et a l 1997).

1.8.5.3.2 G2 chromatid assay

The assay proposed by Sanford, Parshad and colleagues at the National Cancer Institute 
(NCI) appears to be a sensitive assay and has been used successfully to detect 
individuals with a variety of cancer-prone syndromes (§4.9.2: Sanford et a l 1989,
1996). In this assay, chromatid breaks and gaps are assessed in irradiated G2 phase 
normal cells following postirradiation culture for 1 h in the presence or absence of a 
DNA repair inhibitor. However, Darroudi et a l (1995) examined fibroblasts and 
lymphocytes from cancer-prone individuals and found that only lymphocytes from 
lymphoma patients responded with an increased frequency of aberrations. Scott et al 
(1994, 1996) using a modified protocol of the NCI assay reported that 40% of breast 
cancer cases studied showed an elevated level of chromatid breaks and gaps although 
they failed to detect enhanced levels in a number of cancer-prone individuals with the 
exception of AT heterozygotes. Parshad et a l (1996) have shown that for breast cancer 
cases with a family history of breast cancer the proportion that are G2 sensitive is higher 
than for those cases without a family history.
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A study by Palitti et a l (1999) using lymphocytes concluded that the heterogeneous 
inter-individual difference in G2 phase chromosome radiosensitivity seen in the normal 
population was mainly a consequence of comparing cell populations that have reached 
mitosis with different kinetics rather than a reflection of differences in intrinsic 
radiosensitivity.

1.8.5.3.3 Premature chromosome condensation (PCC)

PCC allows the study of chromosome damage in resting as well as cychng G1 and G2 
phase cells either immediately or at various times after irradiation (Johnson and Rao 
1970). G1 or GO chromosomes in test cells are condensed by fusion with mitotic cells 
by means of polyethylene glycol or sendai virus. As a result of this fusion, premature 
condensation of interphase chromosomes occurs allowing radiation-induced 
chromosome fragments to be scored (Hittelman 1984). Chromosome breaks scored by 
the PCC technique are considered to result from a subset of DSB, the nature of which is 
not known. It was first shown by Comforth and Bedford (1987) using normal human 
and AT fibroblasts that the number of unrejoined PCC fragments measured 24 h after 
irradiation correlated with cell killing. Since then PCC has been shown to be useful in 
biological dosimetry, being more sensitive than both the measurement of chromosome 
aberrations and micronuclei (Darroudi et a l 1998). Coupled with the FISH technique 
which simplifies scoring, a correlation between residual damage and cell survival has 
been found in an AT, a normal fibroblast and two tumour cell strains of differing cellular 
sensitivities (Sasai et a l 1994). Borgman and Dikomey (1997) concluded that the 
number of unrejoined PCC fragments can be used as an indicator of cellular 
radiosensitivity in CHO cells and repair-deficient radiosensitive mutants.

1.8.5.3.4 Fluorescence in-situ hybridisation (FISH)

In 1986, Pinkel et a l (1986) established a new technique based on cytogenetics that 
directly evaluated the impact of radiation on chromosomes by measuring reciprocal 
translocations. Chromosome painting or FISH (reviewed in Heng et a l 1997) involves 
the use of a biotin-labelled DNA probe against specific chromosome sequences. The 
probe can be visualised using avidin, or an antibody against biotin, coupled to a 
fluorescent molecule. The advent of FISH chromosome painting dramatically increased 
the scope of chromosome aberrations studied. Detailed results on many types of simple 
or complex aberrations, mainly reciprocal translocations have now been obtained.

The relationship between clonogenic survival and the scoring of chromosomal 
aberrations by FISH has been investigated in several studies with both tumour and
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normal cells (Coco-Martin et a l 1994, 1999, Virsik-Peuckert et a l 1996, Gaussen et 
a l  1999). FISH has been used to detect gene deletions in single metastatic tumour cells 
in lymph-node tissue from a patient with renal cell carcinoma, thereby detecting cells that 
would otherwise have been missed by routine histopathology (Pack et a l 1997). 
Considering some of the normal cell studies in more detail, Russell et a l (1995b) 
examined eight human cell strains with a range of radiosensitivities for chromosome 
aberrations using a whole chromosome probe for chromosome 4. A significant 
correlation (p<0.0005) was found between clonogenic survival and the percentage of 
metaphases with aberrant chromosomes (translocations and/or breaks) with the more 
radiosensitive strains having relatively more aberrant metaphases. Neubauer et al
(1997) used the FISH technique of chromosome in-situ suppression (CISS) 
hybridisation to study chromosomal rearrangements in lymphocytes from 81 cancer 
patients and 7 controls and found that chnically radiosensitive patients had the highest 
radiosensitivity in cytogenetic terms. Finally Dunst et a l (1998) found a significantly 
higher number of chromosome breaks in lymphocytes from nine cancer patients with 
severe or extreme normal-tissue reactions compared with 43 patients who experienced 
no or mild reactions.

1.8.5.4 Novel genetic techniques

The belief that normal-tissue cell radiosensitivity is in part genetically determined allows 
novel possibilities for the measurement of radiosensitivity. These originate either at the 
level of genetic determination of radiosensitivity or at the identification of signal 
transduction pathways, the activity of which are related to cellular sensitivity. Studies of 
cellular response to radiation have identified specific pathways which may provide a 
measure of sensitivity (§1.7.4). An example is the p53 protein whose potential as a 
prognostic or predictive indicator has been assessed in several studies (Philips 1999). 
However, studies in tumour cell lines are complicated by variations in the initial 
constitutive levels of p53 as well as many tumour cells exhibiting a mutated phenotype. 
A study using western blotting to examine p53 levels in 57 LCL derived from AT homo- 
and heterozygotes, breast cancer patients and normal donors found that the AT 
heterozygotes, but not breast cancer patients, had significantly reduced p53 induction 
compared with normal donors. Additionally, no correlation was found between p53 
induction and cellular radiosensitivity in LCL from breast cancer patients (Birrell and 
Ramsay 1995).

Gene sequencing may be used to assess radiosensitivity. Sequencing for mutations in 
the ATM gene has been suggested as a means of identifying AT heterozygotes and other 
HRS patients. However, not all mutations in a large multifunctional gene such as ATM
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affect radiosensitivity. Some atypical AT homozygous patients are not acutely 
radiosensitive, and unless it is known which mutations inactivate the specific region of a 
gene involved in radiation repair or signalling function, sequence analysis results will 
not always predict radiosensitivity. Current studies examining the incidence of ATM 
gene mutations in HRS patients have not been encouraging (§5.8.2: Appleby et al
1997).

HAPl is the major endonuclease responsible for the repair of base damage in radiation 
damaged DNA. A correlation was demonstrated between the level of HAPl 
immunostaining of cervical carcinoma sections and the in-vitro radiosensitivity of 
primary cells cultured from the tumours (Herring et a l 1998). However, a further study 
showed no correlation between cellular HAPl levels and radiosensitivity (SF2 ) in nine 

human tumour and three fibroblast lines (Herring et a i 1999).

An alternative approach may be to analyse gene product activity as this will be 
informative for all important mutations. One such protein which has been extensively 
studied is the DNA-dependent protein kinase (DNA-PK) complex, important in DSB 
rejoining. Sirzen et a l (1999) found a correlation between radiosensitivity and the 
activity and level of DNA-PK in a series of 5 lung carcinoma cell lines. However, the 
protein level has been shown to be normal in 180BR fibroblasts isolated from an 
extreme over-reactor to radiation deficient in DSB rejoining (Badie et a l 1997). A study 
by Kasten et a l (1999) found that DNA-PK activity was not correlated with clonogenic 
survival or DSB repair capacity in eleven human fibroblast lines. Taken together, these 
results suggest that screening of a single gene is unlikely to provide sufficient 
information to identify all sensitive patients.

There has also been increased research into the biological mechanisms responsible for 
the inter-individual normal-tissue response. For example several studies (§7.7.2) have 
focused on the role of cytokines such as TGF-(3 in the development of radiation injury 
and whether the measurement of plasma TGF-(3 can be used to adjust treatment 

schedules (reviewed in Anscher et a l 1998b).

1.9 Aims of this study

The three general strategies for improving the efficacy of radiation therapy are (i) to 
increase the differential response between tumour and normal tissue so as to favour the 
normal tissue; (ii) to use superior dose distributions and thereby reduce the radiation 
dose to non-target tissues and (iii) to develop methodologies for predicting the radiation 
response of tumour and normal tissue in the individual patient and thereby optimise 
treatment.
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Primary fibroblast cultures were established from 17 non-syndromic individuals, 
including 7 from cancer patients who experienced severe acute normal-tissue reactions to 
their radiotherapy. The in-vitro radiation response of these 17 strains was assessed 
using a clonogenic assay at both HDR and LDR. Pulsed-field gel electrophoresis was 
used to measure initial DNA damage and residual damage after a 4 h repair period. The 
pre-irradiation cell-cycle parameters and radiation-induced checkpoint delays were also 
studied.

All three endpoints were assessed for their ability to detect inter-individual differences 
and to discriminate between chnically radiosensitive and normal strains. The results 
obtained for PFGE and cell-cycle analysis were compared with clonogenic survival to 
determine any inter-assay relationship.

A number of collaborative studies were carried out to look for microsatelhte repeat 
polymorphisms in a panel of DNA repair genes, the presence of mutations in the ATM 
gene and chromosomal radiosensitivity in several of the radiosensitive cell lines.
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2.0 Materials and methods

2.1 Introduction

This Chapter describes the methods used routinely throughout the course of this project, 
that is descriptions of cell culture techniques, irradiations, characterisations of fibroblast 
strains, clonogenic survival measurements, the study of DNA damage, and cell-cycle 
analysis. Any additional procedures or adaptations of existing protocols are described 
separately in the relevant chapters together with details of statistical analysis and data 
presentation.

2.2 Details of fibroblast strains

A total of seventeen primary non-syndromic fibroblast strains were established for use 
in this study. Prior to experiments being performed, five of the strains were known to 
originate from clinically radiosensitive cancer patients who experienced severe acute 
tissue reactions to their radiotherapy regimes (GL6, 9, 15, 16 and 21). A further six 
control strains were obtained from one normal volunteer (GLl) and five healthy, non
cancer patients who had come to Mount Vernon hospital for surgical reduction 
procedures (either breast or abdominal; GL7, 17, 18, 19 and 20). Finally, six coded 
biopsies were received bhnd with their normal-tissue response revealed only after all 
experiments were completed. When the code was broken, on the basis of their in-vivo 
tissue response, two of the six were considered to be clinically radiosensitive patients 
(GL23 and 24). The remaining four (Strains 22, 25, 26 and 27) were obtained from 
head and neck patients treated in the conventional radiotherapy arm of the CHART trial 
(66 Gy in 33 fractions given daily over 6.5 weeks). In the CHART trial, scoring of the 
normal-tissue reactions was carried out prospectively. The 4 patients studied here were 
selected on the basis of having low or average early and intermediate scores for normal- 
tissue damage, thereby serving as 'controls' for the seven patients who showed acute 
reactions to radiotherapy.

Therefore in total, the study comprised of seven clinically radiosensitive patients, six 
non-cancer patients presumed to be of normal radiosensitivity and four from cancer 
patients who experienced 'average' tissue reactions. The clinical details and tissue 
response of the seven radiosensitive and four CHART cancer control patients are given 
in Tables 2.1 and 2.2. On the basis of a scoring system proposed by Burnet et a l
(1998) the seven radiosensitive patients could be further subdivided into 5 'highly 
radiosensitive' patients and 2 'severe over-reactors' who experienced tissue reactions 
that forced their radiotherapy schedule to be halted early. An early passage (P = ll)
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Patient Age at 
Treatment

Cancer Site Radiotherapy Regime Tissue Reaction Further Treatment Relevant Previous 
Medical History

GL6 50 Stage IB 
poorly
differentiated
squamous
cell
carcinoma 
(SCC) of 
cervix.

April 1992
Planned to give 50 Gy/ 25 
fractions/ 5 weeks followed by 
caesium insertion.
Radiotherapy stopped after 
patient recieved 19.8 Gy/ 10 
fractions/ 17 days.

After 16 Gy/ 8 fractions/ 13 days, 
patient developed diarrhoea (3-4/ 
day). Dose per fraction dropped 
to 1.8 Gy but patient continued to 
develop worse lower abdominal 
pain and diarrhoea and 
radiotherapy stopped.

Patient received
Wertheims
hysterectomy.

nil

GL21 58 T1 NO MO
invasive
ductal
carcinoma of 
left breast.

September 1993 
Left partial mastectomy and 
axillary clearance followed by 
post operative radiotherapy: 10 
Gy min. tumour dose/ 5 
fractions/ 1 week to left breast 
using tangential fields. 
Radiotherapy stopped because 
of severe acute reactions.

Severe acute erythema and moist 
desquamation.

April 1994
Patient developed liver 
metastasis. Recieved 
chemotherapy and 
palliative radiotherapy 
for bony metastasis but 
deteriorated rapidly and 
died November 1994.

1991
Dermatomyositis diagnosed: 
cyclophosphamide (50 mg 
per oral daily) and
prednisolone (20 mg daily). 
Non-insulin dependent
diabetes: treated with
glicazide (40 mg daily). 
Tamoxifen (20 mg daily) on 
diagnosis of breast cancer in 
1993.

Table 2.1. Clinical details of patients who displayed sensitive tissue reactions to radiotherapy. The two patients detailed here were defined as severe over
reactors using the criteria suggested by Burnet et a l (1998) as their reactions led to an early cessation of their radiotherapy.
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Patient Age at 
Treatment

Cancer Site Radiotherapy Regime Tissue Reaction Further Treatment Relevant Previous 
Medical History

GL9 42 Hodgkins
disease.

May-October 1991 
Chemotherapy : LOPP (X6)
May 1992
Mantle radiotherapy: 40 Gy/ 22 
fractions/ four and a half weeks.

Severe skin reaction and 
dysphagia with pronounced 
recall skin reaction.

nil nil

GL15 44 T2 NO MO 
SCC of anus.

Dec 1993
Synchronous radiotherapy and 
chemotherapy (5 Fluorouracil/ 
mitomycin C) in the UKCCR trial 
for anal carcinoma. Radiotherapy : 
45 Gy/ 20 fractions/ 26 days using 
anterior/ posterior fields.

Severe acute radiation 
p ro c titis . Sym ptom s 
continued necessitating a 
colostomy.

In 1996, patien t 
developed a thrombus 
in the iliac arteries 
requiring b ila te ra l 
l o w e r  l i m b  
amputations.

Heavy smoker: 40/ day 
Strong family history of 
cancer (head& neck, lung, 
breast, uterus).

GL16 49 S tag e  lA  
high grade 
non-
Hodgkins
lymphoma.

20 Gy/ 10 fractions/ 12 days to left 
side of neck. Fraction size reduced to 
0.75 Gy/ day due to acute toxicity to 
a total dose of 29.01 Gy/ 23 
fractions/ 31 days.

Severe nausea and 
erythema.

nil Eczema.

Table 2.1 cont. Clinical details of patients who displayed sensitive tissue reactions to radiotherapy. The patients detailed here were defined as highly 
radiosensitive using the criteria suggested by Burnet et al. (1998) as their reactions fell at the sensitive end of the normal range.
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Patient Age at 
Treatment

Cancer Site Radiotherapy Regime Tissue Reaction Further Treatment Relevant Previous 
Medical History

GL23 75 G3 P3 T2
transitional
cell
carcinoma of 
bladder.

Feb 1995
52.6 Gy min tumour dose/ 20 
fractions/ 29 days to a planned 
volume.

Severe vomiting and diarrhoea 
requiring admission for 1 week.
Sept 1995: severe proctitis. A barium 
enema showed a chronic stricture with 
mucosal oedema of the rectum and 
terminal segment of colon requiring a 
defunctioning colostomy in October 
1995

October 1996 
Patient died from 
metastatic carcinoma 
of bladder

Smoker: 10/day 
Hypertension

GL24 40 T1 N2 SCC 
of tonsil

Feb 1995
CHART: 54 Gy intersection 
dose/ 36 fractions/ 12 days

Severe acute reaction with dysphagia 
and extensive moist desquamation of 
the skin.

nil nil

Table 2.1 cont. Clinical details of patients who displayed sensitive tissue reactions to radiotherapy. The patients detailed here were defined as highly 
radiosensitive using the criteria suggested by Burnet et a l (1998) as their reactions fell at the sensitive end of the normal range.
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Patient Site of Cancer Age at 
Treatment

Radiotherapy Schedule and 
Clinical Symptoms

Relevant Previous 
Medical History

GL22 T2 N2 SCC posterior 
third of tongue

68 Nov 1990
66 Gy/ 33 fractions/ 46 days

nil

GL25 T2 NO SCC larynx 63 Nov 1994
66 Gy/ 33 fractions/ 40 days

Smoker
Hypertensive

GL26 T3 NO SCC glottis 75 Sept 1990
66 Gy/ 33 fractions/ 49 days

Smoker

GL27 T4 NO MO supraglottic 
SCC

69 June 1991
66 Gy/ 33 fractions/ 45 days 
No severe early reactions, but 
severe subcutaneous fibrosis 
noted at 6 years

nil

Table 2.2 Clinical details of the four cancer patients who received conventional radiotherapy as 
part of the CHART trial. Fibroblast strains established from biopsies served as control patients 
in the present study.
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untransformed fibroblast AT strain, AT5BI (complementation group D) was obtained 
from Dr. Colin Arlett and was included in the study as a positive control for 
radiosensitivity.

2.3 Establishment of fibroblast cultures from skin biopsies

2.3.1 Skin biopsy samples

Ethical committee approval was obtained prior to sample collection at Mount Vernon 
Hospital. Written consent was obtained, patients were positioned supine and the 
procedure performed under aseptic conditions. The skin was prepared with an antiseptic 
cleaning hquid followed by 70% ethyl alcohol. An ellipse of skin (1 cm long, 0.5 cm 
wide) was excised under local anaesthetic from an area outside the radiation field 
(usually the buttock) or the site of surgery in the case of the surgical reductions and 
placed in a universal containing 10 ml of ‘transport media' (§2.9.1).

2.3.2 Processing of skin samples

The biopsy was returned to the laboratory and placed into a sterile glass petri dish in 
5 ml of serum-free Eagle's minimum essential medium with Earl's salt (EMEM). It was 
trimmed of excess fat, and minced with crossed scalpels to 1 mm^ pieces. These were 
placed in 10 ml of 'high antibiotic media' (§2.9.2) containing 0.125% trypsin (Flow 
Lab) and 0.5% collagenase (Sigma Chemical Co.) and left at 37 C for 2 h with constant 
stirring. An equal volume of EMEM supplemented with 10% PCS was then added and 
the resulting suspension centrifuged at 1500 r.p.m. for 5 min. The supernatant was then 
aspirated, the cells resuspended in 15 ml of EMEM and placed in a 75 cm^ tissue culture 
flask. The flask was placed into the incubator and left undisturbed for 5 days to allow 
the attachment of skin pieces and resulting cellular growth (§3.6.2). The media was then 
changed and the fibroblast cultures allowed to grow to confluence.

2.4 Cell culture

2.4.1 Media

Cells were maintained in culture under conditions of low oxygen tension 
(5% O2 , 5% CO2 ) at 37 C. Medium changes were performed twice weekly. All cells 

were cultured in EMEM (§2.9.3) supplemented with 10% PCS (Sigma Chemical Co.), 
20 pM L-glutamine (Sigma Chemical Co.), 50 pg streptomycin (Sigma Chemical Co.), 
50 U/ml penicillin (Sigma Chemical Co.), 1.5 gL'l sodium bicarbonate (Sigma Chemical 
Co.) and lOmlL'^ of non-essential amino acids (lOX stock. Sigma Chemical Co.).
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Cells were passaged on reaching confluence by washing twice with phosphate buffered 
saline (PBS) and adding an appropriate volume (2 ml for a 25 cm^ flask and 5 ml for a 
75 cm^ flask) of 0.05% trypsin/0.02% ethylene-diamine tetra-acetic acid (EDTA) for 
2 min or sooner if the cells were seen to be detached. The action of the trypsin/EDTA 
was stopped by the addition of an equal volume of culture media and cells were 
centrifuged for 5 min at 1500 r.p.m. The supernatant was then aspirated and the cell 
pellet re suspended in fresh medium. The cells were syringed twice through a 25G bore 
needle to give a single cell suspension and placed into a tissue culture flask.

2.4.2 Maintenance of frozen stocks

Adequate stocks of frozen ampoules were maintained for each cell line. Confluent 
cultures were trypsinised, centrifuged and re suspended in culture media at a final 
concentration of 5 x 10  ̂ cellsml'h Dimethylsulfoxide (DMSO) was added to a final 
concentration of 10% DMSO and the suspension pipetted into ampoules. The ampoules 
were then frozen quickly to -70 C for at least 4 h to minimise cell loss and stored in 
liquid nitrogen.

2.4.3 Radiation facilities

All irradiations were carried out using two separate ^^Co sources, facihtating a high 
(HDR: 1.6Gymin”l) and low dose rate (LDR: 0.01 Gymin"^). Dosimetry measurements 
were carried out using the Fricke Dosimetry method (O’Donnell and Sangster 1970) for 
HDR measurements and an ionisation chamber for LDR. Prior to HDR radiation a 
0.5 cm thick perspex sheet was fitted to the bottom of the tissue culture flask to allow 
build up of the ^^Co radiation across the perspex, ensuring the correct dose of radiation 
was delivered to the cells. The source-object distance was corrected each month to 
maintain a constant dose rate.

2.5 Fibroblast characterisation

2.5.1 Measurement of doubling time

To assess the doubling time of the cells, 7 x 10  ̂ fibroblasts were plated into a 25 cm^ 
flask. Following attachment, cells were trypsinised and centrifuged as described above 
at 24 h intervals. The resulting pellet was resuspended in 1 ml of PBS and syringed 
through a 25G bore needle to ensure a single cell suspension. A 15 pi aliquot was then 
counted on a haemocytometer. This procedure was repeated for a period of up to five 
days. The doubling time was calculated from a plot of cell number against time. The
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linear portion of this response, indicative of exponential growth, was analysed using 
linear regression, the slope of which corresponded to the doubling time.

2.5.2 Fibroblast characterisation by antibody staining

Antibody staining was used to verify that the cells were human fibroblasts and to 
determine any discrepancies with regards to homogeneity of the cell population. A single 
suspension of fibroblasts prepared as above were plated into a chamber slide (Lab-Tek) 
at a concentration of 2 x lO^/flask. Cells were left to attach for at least 12 h. The slide 
was then removed from the chamber and cells fixed for 5 min in 100% methanol. After 
washing twice in PBS, the cells were stained with 500 pi of a mouse anti-human 
fibroblast primary antibody (clone 5B5, Dako: 1 in 25 dilution with PBS) for 30 min at 
room temperature. Slides were then washed twice with PBS prior to the addition of 
500 pi FTTC conjugated rabbit anti mouse IgG (Sigma Chemical Co.: 1 in 20 dilution). 
Following incubation in the dark for a further 30 min at room temperature, a coverslip 
was added and cells visualised with a fluorescent microscope (Nikon). Colour 
photographs were taken using a microscope-mounted 35 mm camera.

2.5.3. Mycoplasm testing

A coverslip, previously sterilised with 70% IMS, was placed in a 5 cm^ petri dish and 
overlaid with 4 ml of antibiotic free EMEM (supplemented with 10% PCS and 
L-glutamine) containing a single cell suspension at a concentration of 1x10^. The dish 
was then placed in a 37°C incubator for at least 48 h to allow proliferation. After this 
time, the dish was checked for gross sterility and to ensure that the cells were at least 
50% confluent. Cells were then washed twice with PBS to remove non-specific DNA 
and fixed with 70% IMS for 30 min.

After washing again twice with PBS, 2 ml of a 0.5 pg/ml solution of Hoechst 33342 
was added to the cells and left for 15-20 min at room temperature under subdued 
lighting. The coverslip was then inversely mounted on a clean glass slide in 
PBS/glycerol (1:1) and viewed with a fluorescent microscope at 400 nm.

2.6 Colony-forming assay

The radiation response of each cell line was assessed using a standard clonogenic assay 
with the addition of a feeder layer to improve cloning efficiency (Cox and Masson 
1974). Feeder cells provide growing colonies with nutrients and cell proximity, which 
promotes growth, improving cloning efficiency. However, these cells are given a lethal
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high dose of irradiation so that they themselves cannot produce progeny and form 
colonies.

For each fibroblast strain to be studied, early passage fibroblast cells were grown to 
confluence in a 75 cm^ and a 150 cm^ culture flask. For preparation of the feeder ceU 
layer, a single cell suspension of fibroblasts was prepared by trypsinisation of the 
150 cm2 flask. The cell suspension was counted on a Coulter Counter and 1 X 1 0 ^  cells 
placed in a total volume of 25 ml of medium in each of two spinner vessels. These were 
then irradiated under stirred (to prevent the build-up of hypoxia) aerobic conditions to a 
total lethal dose of 30 Gy. Following irradiation the cell suspension was poured into a 
50 ml centrifuge tube and cells were plated into 25 cm^ tissue culture flasks for a range 
of different dose points and at two cell densities as detailed in Table 2.3.

For statistical reasons, cells were seeded to obtain a relatively constant number of 
surviving colonies (>50 cells) in each culture dish, typically ranging from 25 to 200 
colonies. Therefore the number of cells initially seeded increased with the treatment 
dose.

A single cell suspension of non irradiated live cells was prepared by trypsinisation of the 
75 cm2  flask and plated at the required concentration to give a total number of cells (hve 
and feeder) per flask of 2 x 10^. The flasks were placed in the incubator with the caps 
loose for 4 h to allow cell attachment and gaseous exchange to occur prior to irradiation. 
A total of 3 flasks were used for each dose point at each cell density and a minimum of 
three experiments performed per cell line.

A normal early passage fibroblast strain (GLl) was used as an internal control in each 
clonogenic experiment.

The control flasks were removed with the flasks to be irradiated and were kept at 37°C 
in a dry incubator during irradiation. Cells were irradiated at both HDR and LDR. For 
the HDR experiments, cells were irradiated under aerobic conditions at room 
temperature. LDR experiments were carried out under aerobic conditions in a Stuart 
warm box at 37 C to prevent any potential hypothermic effects.

For the AT cell line, LDR experiments were carried out over a dose range of 1-5 Gy 
rather than 2-12 Gy as for the non-syndromic strains, as low levels of survival and 
therefore colonies would be expected at doses above 6  Gy due to the extreme 
radiosensitivity of AT.

92



Dose
(Gy)

No. of ‘live’ 
cells per flask 
(Density A)

No. of ‘feeder’ 
cells per flask 
(Density A)

No. of ‘live’ 
cells per flask 
(Density B)

No. of ‘feeder’ 
cells per flask 
(Density B)

0 1 0 0 0 19000 500 19500
1 1700 18300 850 19150
2 2600 17400 1300 18700
3 6500 13500 3250 16750
4 7000 13000 3500 16500
5 1 2 0 0 0 8000 6000 14000

Dose
(Gy)

No. of ‘live’ 
cells per flask 
(Density A)

No. of ‘feeder’ 
cells per flask 
(Density A)

No. of ‘live’ 
cells per flask 
(Density B)

No. of ‘feeder’ 
cells per flask 
(Density B)

0 1 0 0 0 19000 500 19500
2 2600 17400 1300 18700
4 7000 13000 3500 16500
6 13000 7000 6500 13500
8 18000 2 0 0 0 9000 1 1 0 0 0

1 0 18000 2 0 0 0 9000 1 1 0 0 0

1 2 19500 500 9750 11250

Table 2.3 Number of cells plated per dose point for clonogenic assay at 

high-dose rate (upper table) and low-dose rate (lower table).
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Following irradiation, the media was changed and the flasks returned to the incubator 
and left undisturbed for approximately 2 weeks. This was to prevent movement of 
flasks causing cells to detach, move away and form colonies of their own. After this 
time, colonies in the control flasks should be > 50 cells. Such colonies will have 
developed from cells that have retained their reproductive potential and undergone at 
least 5-6 doublings. These can be differentiated from feeder cells that may undergo 2-3 
abortive replications forming micro-colonies. The flasks were then stained with 2% 
crystal violet solution (§2.9.4) and colonies scored manually with a colony counter.

Several methods have been proposed to calculate the colony forming efficiency (Gupta 
et al. 1996). In this study, the plating efficiency (PE) was calculated as the number of 
colonies per control plate (0 Gy) divided by the number of cells originally seeded. The 
surviving fraction (SF) was calculated as the PE of treated cells divided by the PE of 
untreated control cells.

2.7 Measurement of DNA Damage by pulsed-field gel 
electrophoresis (PFGE)

Both the levels of initial and residual DNA damage following irradiation at HDR were 
measured using pulsed field gel electrophoresis in the 18 primary fibroblast strains. 
Briefly, in this technique, damaged DNA is separated from total DNA and can be 
visualised by incorporation of an intercalating dye, ethidium bromide. Pre-labelling with 
a radioisotope facilitates the calculation of the fraction of DNA that has migrated through 
the gel, compared with that which has remained in the well. PFGE is considered in more 
detail in Chapter 5.

2.7.1 Radioisotope labelling

Monolayer early passage fibroblasts in exponential growth phase were incubated with 
[2-l4c]-thymidine (0.4 pM: 2.11 GBqmmok^ Amersham International) to give a final 
concentration of radiolabel of 0.02 pCiml T Following growth to contact-inhibited 
stationary-phase (approximately 8  days), the cultures were 'chased' for 24 h with 
unlabelled medium to wash out all non-DNA bound [2-l^C]-thymidine.

2.7.2 Initial damage

For the assessment of initial DNA damage, cells were grown in a 150 cm^ culture flask 
and radiolabelled as described in §2.7.1. Cells were trypsinised, centrifuged and re 
suspended in 500 pi of PBS. Three 20 pi aliquots were removed. One was fixed in 70% 
ethanol to check the proportion of cells in each cell-cycle phase by flow cytometry.
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There have been suggestions that the physiochemical properties of the DNA in different 
phases of the cell cycle can be responsible for apparent differences in damage induction 
between cells (§5.6: Iliakis etal. 1991). The second aliquot was placed in a scintillation 
vial to check whether the level of radiolabel incorporation was satisfactory and the third 
aliquot of cells was counted and the cell suspension adjusted to a final concentration of 
1 0  ̂cellsml’l.
An equal volume of 1.6% low melting point agarose (Sigma Chemical Co.) maintained 
at 37 C was added to the cell suspension. The resulting suspension was maintained at 
room temperature and 30 pi was pipetted into each well of a disposable plug mould 
(BioRad Laboratories Ltd.) and pre-cooled to 4 C, giving up to thirty 0.8% agarose 
plugs each containing 2  x 1 0  ̂cells.

The plug moulds were maintained at 4 C and following solidification, each plug was 
removed from the mould and placed into a 15 ml centrifuge tube containing 5 ml of 
complete EMEM maintained at 4 C. The plugs were then irradiated at HDR on ice to 
prevent repair at the following doses: 0, 2, 5, 10, 15, 20, 25, 30 Gy. Following 
irradiation, each plug was immediately transferred to a single well of a 24 well plate 
containing 1 ml of ice cold 50 mM EDTA lysis buffer containing 1% n-laurylsarcosine 
(Sigma Chemical Co.) and 1 mgml‘l proteinase K (Sigma Chemical Co.). The plate was 
maintained at 4 C for 1 h to prevent repair during diffusion of the lysis buffer into the 
plugs, and then incubated at 37 C for 20 h to allow action of the detergent.

The plugs were then washed four times with 50 mM EDTA and stored at 4 C until ready 
for electrophoresis.

2.7.3 Residual damage

For the measurement of residual DNA damage, exponential cells were radiolabelled and 
cultured in 25 cm^ tissue culture flasks. The cells were irradiated at HDR on ice in 
monolayer with either 0, 10, 20, 30, 40, 50, 60, 70 Gy. Following irradiation, 5 ml of 
culture media, pre-gassed and pre-warmed to 37 C, was added to each flask which were 
then returned to the incubator for a 4 h repair period. Cells were then trypsinised and 
encapsulated in agarose as described in §2.7.2.

2.7.4 Electrophoresis conditions

Although agarose plugs can be stored in 50 mM EDTA at 4 C for up to 4 weeks with 
only a small increase in levels of background damage, all plugs were processed within 
10 days. Plugs were inserted into the wells of a precast 0.8 % agarose gel (Rapid 
Agarose, Gibco ERL) in 0.5 x TAE buffer (§2.9.5). Care was taken while loading the
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plugs not to crush the plug and to push the plug to the front of the well thus ensuring a 
complete seal with the gel. Saccharomyces cerevisiae, Saccharomyces pombe and 
Hansenula wingei yeast chromosomes (BioRad Laboratories Ltd.) were used as DNA 
size standards in each gel. The wells were then sealed with 0.8 % low melting-point 
agarose and the gel placed at 4°C for 15 min to allow solidification.

Electrophoresis was performed in a ‘CHEF-DR III’ apparatus (BioRad Laboratories 
Ltd.) with circulating 0.5 x TAE buffer maintained at 14 C through a chiller unit. The 
48 h run time was divided into two separate stages to maximise the amount of damaged 
DNA migrating from the plugs. The running conditions are detailed below and were 
optimised by Eha and Nichols (1993) to separate fragments in the 5.7 Mbp to 225 kbp 
size:

PARAMETER ONE TWO

Initial switch time (s) 1 2 0 0 7
Final switch time (s) 2400 14
Run time (h) 44 4
Volts/cm 2 6

Included angle 106 1 2 0

Actual current (mA) 60-70 250-280

The first program aids the extraction of the large molecular weight DNA, whereas the 
second program ensures migration of the low molecular weight DNA.

Following electrophoresis, the gel was removed from the tank and stained with 
0.5 pg/ml ethidium bromide for at least 4 h. Following de-staining the gel was 
photographed with Polaroid film (Type 55: Sigma Chemical Co.) under 312 nm 
ultraviolet illumination on a transilluminator. The gel was then cut into individual lanes 
and the lanes separated into the well and nine further 1 cm slices. The gel pieces were 
placed into separate scintillation vials (Bio-Rad Lab. Ltd.) with 200 pi of 1 M HCl and 
melted at 100 C for 1 h. On cooling to room temperature, 10 ml of scintillation fluid 
(ReadySafe, Beckman Diagnostics) was added. The radioactivity in the samples was 
measured using a Packard Tri-carb 2000CA liquid scintillation counter and the CPM 
(counts per minute) were converted to DPM (disintegrations per minute) after correction 
for counting efficiency. Corrections for quenching were performed manually (Appendix 

A).
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Three replicates per dose point were used in each experiment (both initial and residual 
damage) and a minimum of three experiments were performed for each cell line.

The fraction of DNA released from the well was determined from the total number of 
counts in the lane compared with the count for the plug. For each dose, the fraction of 
activity released (FAR) can be calculated using the following formula:

T T  A  V  r »  1 ,  / c .  n .  DPM in laneFraction Activity Released (FAR) =
DPM in lane + DPM in the plug

An unirradiated control was used to determine the level of background using this 
technique, and this value was subtracted from each irradiated sample. A linear response 
was fitted to the plot of FAR against dose for each experiment. The slope of this line 
relates to the amount of DNA damage inflicted on average over the dose range studied.

2.8 Cell-cycle analysis

The progression of cells through the cell cycle was studied using the incorporation of the 
thymidine analogue, 5"-bromo-deoxyuridine (BrdUrd) into the DNA of actively- 
dividing cells. Incorporated BrdUrd can then be detected using a monoclonal antibody 
raised against it, thereby identifying cells in S-phase at the time of labelling. Cells in 
other phases of the cell cycle (GO/Gl and G2/M) are identified on the basis of their DNA 
content using the fluorescent dye, propidium iodide (PI). PI intercalates between the 
bases in double stranded nucleic acids and produces red fluorescence when excited by 
blue light. The fluorescence is proportional to the nucleic acid content and is a measure 
of relative DNA content. A dual parameter flow cytometric method which measures total 
DNA (PI) content and BrdUrd content simultaneously was employed in this study to 
follow all ceU populations (S, GO/Gl and G2/M) through the cell cycle (§6.7). This 
method was originally developed by Dolbeare et a l (1983). With this method it is 
possible to study the length of each cell-cycle | phase and any radiation induced delays 
by comparison with an unirradiated control.

2.8.1 BrdUrd pulse labelling and irradiation

2 X 10  ̂ early passage fibroblasts were plated into a 75 cm^ tissue culture flask on day 
zero at a density to prevent contact inhibition. One flask was used per time point and 
cells were maintained in culture until approximately 70% confluent, but still in 
exponential growth phase (approximately 3 days). Approximately 12 h prior to the start 
of the experiment, 15 ml of fresh media was added. BrdUrd (Sigma Chemical Co.) at a 
stock concentration of 1 mgml'l was dissolved in PBS warmed to 37 C to ensure that it
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was fully dissolved. This was then added to each flask, to give a final concentration of 
20 |iM. Cells were pulsed with BrdUrd for 20 min and then washed three times with 
PBS pre-warmed to 37 C to remove any unbound BrdUrd. Irradiations with 2 Gy were 
carried out at HDR in a Stuart warm box maintained at 37 C to minimise heat loss and 
possible cell-cycle perturbations. Control flasks were sham-irradiated to determine the 
effect, if any, of heat loss during the transit of cells to and from the incubator on ceU- 
cycle progression. Following this, fresh media pre-warmed to 37 C was added and 
flasks were returned to the incubator to allow progression of cells through the cell cycle.

2.8.2 Cell harvesting

Cells were harvested at 2 h intervals for both irradiated and sham-irradiated flasks, up to 
32 h post irradiation. Cells were trypsinised (as described in §2.4.1) and upon the 
addition of ice cold media, centrifuged for 5 min at 4 C at 1500 r.p.m. This temperature 
was employed to prevent any additional cell cycling during harvesting. The pellet was 
then re suspended vigorously in 200 pi of ice cold PBS and fixed in 5 ml of 70% ice 
cold ethanol. Samples may be stored indefinitely at 4 C, but were processed within 1 
week.

2.8.3 Cellular staining for BrdUrd

2.8.3.1 Nuclei extraction and DNA dénaturation

To detect incorporated BrdUrd, it is necessary to extract nuclei and partially denature the 
DNA allowing access of the monoclonal antibody as in the method described by Sachet 
etal. (1987).

Briefly, the fixed cell suspension was counted with a haemocytometer, and
1 X 10  ̂cells were centrifuged at 2000 r.p.m. for 5 min. The pellet was resuspended in
2 ml of 2 M HCl containing 0.1 mgml'l pepsin (Sigma Chemical Co.) for 20 min with 
occasional gentle vortexing. The pepsin digests the cell membrane and the HCl 
denatures the DNA.

Nuclei were then washed twice with 5 ml of PBS to remove all traces of the HCl/pepsin 
solution.

2.8.3.2. Antibody staining of BrdUrd

The nuclei were resuspended in 0.3 ml PBS containing 0.5% normal goat serum (NOS, 
Sigma Chemical Co.), 0.5% Tween-20 (Sigma) and 20 pi of rat anti-BrdUrd
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monoclonal antibody (dilution 1:15). The solution was incubated at room temperature 
for 90 min with regular vortexing.

Nuclei were then washed in 5 ml PBS and resuspended in 0.25 ml PBS/NGS/Tween-20 
together with a goat anti-rat IgG (whole molecule) fluorescein isothiocyanate (FITC) 
conjugated antibody (Sigma Chemical Co.) at a final concentration of 1:20. The nuclei 
were incubated for 1 h at room temperature with regular vortexing.

The nuclei were then washed in 5 ml PBS, centrifuged as before, and resuspended in 
1 ml of PBS containing 1 mgml‘1 RNase (Sigma Chemical Co.) and 10 pgml'l PI 
(Sigma Chemical Co.).

2.S.3.3 Detection of labelled nuclei

The sample was then vortexed and analysed using a Becton-Dickinson FACScan 
incorporating Lysis 11 software. The BrdUrd incorporated cells labelled with FITC 
(green emission) were collected on the FLl channel, while the propidium iodide 
emission (DNA content) was collected on the FL3 channel. Samples were gated on the 
FL3 area and width signals to eliminate debris, doublets and clumps. The FLl signal 
was collected on a log scale and the FL3 signal on a linear scale to achieve optimum 
separation of the BrdUrd incorporated and unincorporated cells. For each sample, 
10000 events were recorded. Analysis of the sample was performed using the Lysys 11 
software package as described in §6.7.

2.9 Media and reagents

2.9.1 Transport medium for skin biopsies

EMEM
1 0 % foetal calf serum 
gentamicin 5 pgml‘1 
amphotericin 2  pgml"  ̂
penicillin 600 uml^ 
streptomycin 600 pgml’l
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2.9.2 High antibiotic medium

EMEM
2 0 |iginl-l gentamicin 
2 0 |ngnil-l amphotericin 
15 mM Hepes

2.9.3 Minimal essential medium (MEM)+10% FCS per 1000 ml

Double distilled water 870 ml 
FCS 100 ml
Eagles MEM (xlO) 100 ml 
sodium bicarbonate (7.5%) 23.5 ml 
L-glutamine (200 mM) 7 ml 
streptomycin 1 0 0  mg 
penicillin 2 0 0  0 0 0  units

2.9.4 Crystal violet solution per 1000 ml

Crystal violet (Sigma Chemical Co.) 20 g 
70% ethyl alcohol 950 ml 
Tap water 50 ml 
Filtered before use

2.9.5 TAE buffer (50X)

242 g Tris base (Sigma Chemical Co.)
57.1 ml glacial acetic acid 
100 ml 0.5 MEDTA, pH 8.0 
Make up to 11 with distilled water
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3.0 Establishment and preliminary characterisation of 
fibroblasts from clinical samples

3.1 Introduction

Tissue culture as an experimental procedure followed the demonstration in 1907 by Ross 
Harrison of the outgrowth of nerve fibres from explanted fragments of frog embryonic 
spinal cord. It developed as a method for studying the behaviour of animal cells free of 
systemic variations that might arise in the animal both during normal homeostasis and 
under the stress of an experiment. However, the limitations of the culture media and 
technologies made cell and tissue culture problematic until the middle of this century 
when in-vitro conditions for the cultivation of cells were sufficiently refined, allowing 
populations to be grown from single cells and maintained ahve for many generations. 
More recently, developments in human tissue culture, particularly of epithelial cells, 
have permitted the establishment of in-vitro cultures of normal and tumour cells 
(reviewed in Mothersill 1998). These advances in cell culture moved radiobiology from 
the tissue and organism level to the cellular level and had an impact on every area of 
experimental radiotherapy from tumour oxygenation to the importance of intrinsic 
radiosensitivity of both tumours and normal cells (reviewed in Rockwell 1998).

3.2 In-v i tro  growth of cells

Most proliferatively competent (non-terminally differentiated) higher eukaryotic cells 
have a finite replicative life span prior to undergoing cellular senescence. This cellular 
senescence model of ageing was founded by landmark experiments of Hayfhck and 
Moorhead (1961) who firmly established that normal human fibroblasts have a finite 
life-span in vitro. The number of divisions that normal cells complete and the cell-cycle 
length before they senesce depends on the species, age and genetic background of the 
donor, as well as the particular cell type (Wynford-Thomas 1997). In repeated 
experiments, fibroblasts derived from five young donors (mean age 28 years) reached 
life spans up to an average of 60 passages. The basal cell-cycle length of 3 days doubled 
only during the last 10 passages. In comparison, in fibroblasts from old, healthy 
controls (mean age 75) the basal cell-cycle length was 6  days and increased 3-fold 
during the shortened lifespan (Weirich-Schwaiger et a l 1994).

Upon completing a finite number of divisions at the end of their proliferative lifespan, 
normal cells exhibit morphological changes, become enlarged, and cease proliferation. 
Cell growth is arrested with a G1 DNA content (§6.1). Once arrested, they cannot be
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stimulated to enter the S phase of the cell cycle by any known combination of 
physiological mitogens. In contrast, tumour-derived cells show an infinite lifespan when 
placed in culture and the process by which tumour cells escape from cellular senescence 
is thought to be an integral step in their progression towards malignancy. However, it 
has been shown that even young cultures can be provoked to senesce within several 
days of transfection with the ras oncogene (Serrano et al. 1997). Senescence is now 
thought to represent a protective program similar to apoptosis, as they both represent 
short-term responses that cells may activate in order to irreversibly block further 
proliferation (Weinberg 1997).

The growth arrest associated with cellular senescence has been studied most extensively 
in cultured human fibroblasts. It is thought that the immediate cause for the growth arrest 
of senescent cells appears to be a deficiency in a few, key, positive-acting growth 
regulators, including c-fos. Id, E2F activity and phosphorylated pRb (§6.2.1: Campisi
1997). In addition to these deficiencies in positive-growth regulation, senescent human 
fibroblasts overexpress two negative growth regulators, the p2 1  and p l 6  inhibitors of 
cyclin-dependent protein kinases (Huschtscha and Reddel 1999, Brown et al. 1997). It 
is now thought that the progressive shortening of chromosome telomeres with each 
successive round of replication in human somatic cells controls rephcative capacity in 
vitro and in vivo (Allsopp et al. 1992). Cells may stop dividing when the telomere 
reaches a critical length in a proliferative cell (Oshimura and Barrett 1997).

3.3 Potential cell types for in-vitro normal-tissue studies

Several types of normal cells can be temporarily cultured in vitro (§1.8.4). These 
include blood cells (lymphocytes and monocytes), cells from skin biopsies (fibroblasts, 
kératinocytes and melanocytes) and from deep tissue biopsies (fibroblasts and epithelial 
cells). Fibroblasts will be considered in more detail in §3.4 .

Lymphocytes are within the GO resting stage in vivo and must be stimulated to divide in 
culture. This is usually achieved with lectins, most commonly phytohaemagglutinin 
(Licastro et al. 1993). Lymphocytes can be cultured for a short time in this way and so 
are suitable for assays with short-time courses. By the use of T-cell growth factor or 
purified IL-2, the long term culture and cloning of T-lymphocytes as target cells has 
become possible (Paul et al. 1981, Tatsugawa et al. 1987).

Blood lymphocytes must be isolated from the other cellular components of blood and 
can be separated by differential centrifugation. Lymphocyte yields undoubtedly contain 
some contaminants especially monocytes and neutrophils. The purity of such samples
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can be assessed by flow cytometry. By analysis of cell size and integrity, lymphocytes 
can be distinguished from other white blood cells (Darzynkiewicz 1993).

Epithelial cells, such as kératinocytes can also be grown in vitro. These are more 
difficult to maintain in culture, mainly because of their tendency to terminally 
differentiate. Although kératinocytes from a variety of sources have been cultured 
successfully, most methods suffer from a relatively low plating efficiency and a limited 
in-vitro lifespan of 3 to 5 passages (Dover and Potten 1983, Parkinson et al. 1986). 
Consequently, epithelial cells are more suitable to short-term assays. Although attempts 
to increase this lifespan by using serum-free media, various calcium concentrations and 
other agents such as EOF to block differentiation have had variable success (Reiss and 
Sartorelli 1987), kératinocytes have been used in several normal-tissue studies (Geara e t 
al. 1992a, Kiltie et al. 1999a).

Normal tissue biopsies grown as explants primarily show epithelial cell growth followed 
by fibroblast cell growth. Epithelial cells are difficult to subculture and it can be assumed 
that after several passages, cells from biopsy material will consist primarily of 
fibroblasts. The homogeneity of fibroblast cultures can be determined unreservedly by 
antibody staining. Epithelial cells can be rescued by differential trypsinisation, which can 
remove fibroblasts from the culture flask.

3.4 Fibroblasts

Fibroblasts are a heterogeneous class of connective tissue cells which are present in 
essentially all tissues and whose general definition is difficult, beyond the general 
statement that they occupy the spaces between epithelia and/or endothelia. The 17 non- 
syndromic fibroblast strains used in the present study were established from skin 
biopsies. From a structural point of view the skin is composed of several regions (Potten 
1985). The outermost part is the epidermis and this is supported by the dermis. Beneath 
the dermis is a layer of fat, or adipose cells. There are various cell types to be found in 
the dermis, the most important of which are fibroblasts which synthesise the network of 
minute fibres of elastin, collagen and reticulin as well as mucopolysaccharides. These 
provide the mechanical strength of the skin and give it elasticity. Although there appears 
to be a turnover of cellular constituents in mature fibrocytes in the dermis, there is httle 
or no evidence that there is a turnover of the immature fibroblasts under normal 
conditions.

It is now thought that fibroblasts are 'tissue-specific' with differences in structure and 
physiology among fibroblasts both between and within anatomical sites. These can be
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measured in a variety of ways, including their replicative behaviour, biosynthetic 
products and surface antigens. Spanakis and Brouty-Boye (1997) found extensive 
differences in gene expression between mammary and skin fibroblasts, and also between 
antigenic or histopathological types within the mammary stroma. Brock et a l (1995) 
isolated fibroblasts from a series of 2 2  biopsies for a study on the relationship between 
in-vitro fibroblast radiosensitivity and tissue reactions in breast cancer patients. They 
found that skin biopsies from different individuals were highly variable with respect to 
cell yield, fibroblast growth rate, fibroblast morphology, cloning efficiency and in-vitro 
population doubling potential prior to cellular senescence. Strategies based on the 
investigation of fibroblast subsets from various tissues and their interaction with the 
immune system have been suggested as a way of limiting fibrosis development (Fries et 
a i 1994).

3.4.1 Terminal differentiation lineage of fibroblasts/fibrocytes

The fibroblast cell system of various vertebrate tissues has been shown through the use 
of biochemical and molecular biological markers to be a terminal differentiation lineage. 
This consists of a stem-cell compartment, a precursor compartment with three potentially 
mitotic fibroblasts types (MFI, MFII and MFIU) and a functional compartment 
consisting of three postmitotic fibrocytes (PMFIV, PMFV, PMFVI) (Bayreuther et al 
1988a, 1988b, Rodemann and Bamberg 1995). The subdivision of the precursor and 
functional compartments is summarised in Figure 3.1.

The various progenitor fibroblasts and postmitotic functional fibrocytes can be 
distinguished by their clonogenic, morphological and biochemical properties (Herskind 
and Rodemann 1997, Rodemann 1993, Rodemann et a l 1989a). MFI are typically 
spindle-shaped with relatively little cytoplasm and can undergo 20-30 cell divisions 
before spontaneously differentiating into MFII. These cells are characterised by a more 
triangular shape with a greater area of cytoplasm and typically undergo 15-20 divisions 
before differentiating into the last progenitor fibroblast, MFIII. MFIII are larger, often 
polygonal in shape and the cytoskeleton is visible upon staining with Coomasie blue. 
These cells divide 5-8 times before differentiating into the first postmitotic fibrocyte, 
PMFIV. In contrast to MF, PMF are larger, have an increased cytoplasm to nuclear ratio 
and display polyploidy with large nuclei. PMFIV can be observed in culture for up to 
2 weeks before differentiating into PMFV, which in turn differentiates within 2-3 weeks 
into PMFVI, the terminally differentiated end cell of the fibroblast stem-cell system 
(Rodemann 1993, Bumann et a i 1995).
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Doublings:

25—30 20 5—8 Postmitotic

MF! PMFIV PMFV PMFVI

Fibroblasts Fibrocytes

Precursor compartment Functionai compartment

In vivo 
RATIO: 1

Figure 3.1. Fibroblast/fibrocyte differentiation lineage (adapted from Herskind and Rodemann 1997).
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The terminal differentiation process from fibroblast MFI to fibrocyte PMFVI is 
characterised by the sequential expression of 11 cell-type specific proteins (Bayreuther 
et a l 1988a). One of these, PlVa, regulates the differentiation process from MFIII into 
PMFIV and controls the post-mitotic differentiation state (Rodemann 1989). PMFVI 
synthesise essential connective tissue components and function as feeder cells for the 
keratinoblast/keratinocyte system. PMFVI is characterised by a specific capacity for the 
synthesis of interstitial collagen types I, HI and V and other extracellular matrix 
components (proteoglycans and fibronectin) and various cytokines and growth factors 
(TGF-p and keratinocyte growth factor) (Rodemann 1993).

Experiments using the dermis of donors aged between 20 and 80 years have established 
that there is a constant ratio of progenitor fibroblasts (MF) to fibrocytes (PMF) of 
approximately 2 : 1 , although there is a trend within the precursor compartment towards 
fewer MFI and more MFIII cells with increasing age (Bayreuther et al. 1988b, 
Bayreuther et al. 1992). The maintenance of this ratio appears to be crucial for the 
cellular and biochemical homeostasis of the connective tissue and disruption of this 
balance may be a major cause of fibrotic remodelhng in connective tissue (Rodemann 
and Bamberg 1995). The pool of progenitor fibroblasts in the precursor compartment is 
sufficient to maintain the necessary number of functional fibrocytes throughout the 
normal human lifespan. The composition of the different fibroblast/fibrocyte cell types 
also varies in fibroblast cultures established in vitro, depending on the age of the donor, 
the method of establishing the culture and the culture conditions. In general, MFI type 
progenitor fibroblasts are more prevalent in young children, with an increase in MFII 
and M Fin type progenitors with age, although considerable variation is seen.

3.4.2 Effect of radiation on fibroblasts

The major effect of radiation on the fibroblast lineage is to induce a premature terminal 
differentiation of progenitor fibroblasts (Rodemann et al. 1991). It has been 
demonstrated that IR in the dose range 1-8 Gy induces premature terminal differentiation 
of progenitor fibroblasts within 7-21 days in vitro (Rodemann et al. 1989b, Rodemann 
et al. 1991, Rodemann and Bamberg 1995). This is accompanied by an increase in the 
cell-doubhng time and a reduction in the growth fraction as measured by BrdUrd 
labelling (§2.8.1) (Rodemann et al. 1996, Bumann et al. 1995). The synthesis of 
interstitial collagens type I, HI and V in the radiation-induced PMF is enhanced by a 
factor of 5-8 compared with the progenitor fibroblast population (Rodemann et al. 
1991). This increased collagen deposition, together with disruption of the fibroblast to 
fibrocyte ratio is thought to be a major mechanism underlying the onset and progression 
of the radiation-induced fibrotic phenotype.

106



Several studies have reported that fibroblast lines established from histologically proven 
fibrotic tissue display differences in proliferative potential, matrix gene expression, cell 
surface marker expression and cell-mediated responses such as the ability to undergo 
anchorage-independent growth (Torry et a l 1994, Fries et a l 1994). Delanian et al 
(1997) cultured fibroblasts from human skin with chronic radiotherapy damage to assess 
the long-term effects of irradiation. A heterogeneous cell population was found ranging 
from myofibroblast-like cells with a normal proliferative capacity to senescent non
proliferating cells. All these cells had a brief, finite lifespan with reduced growth rate and 
antioxidant activity. These different phenotypes may be related to effects such as fibrosis 
and necrosis.

Radiation-induced fibrosis is a multicellular process involving the interaction of 
endothelial and epithelial cells, macrophages and fibroblasts and is mediated by several 
cytokines (§1.4.1). Although several proto-oncogenes and growth factors are expressed 
following irradiation, it is thought that TGF-p is a key modulator in the development of 
fibrosis (Rodemann et a l 1996, Burger et a l 1998). Firstly, TGF-(3 can induce the 

proliferation of fibroblasts through the induction of other growth factors such as PDGF. 
Secondly, it can directly influence the expression and activity of extracellular matrix 
molecules by stimulating collagen synthesis (Varga et a l 1987) inhibiting the production 
of collagenase (matrix metalloproteinase, MMP) and elevating the expression of the 
tissue inhibitor of MMP, TIMP (Eickelberg et a l 1999). The effect of TGF-p on 
collagenase expression is cell-type specific with an increased expression in kératinocytes 
in contrast to fibroblasts. This differential response is controlled by distinct oncogenes 
of the Jun family (Mauviel e ta l  1996). Finally TGF-p can induce a premature terminal 

differentiation of progenitor MF into PMF, leading to an accumulation of cells capable of 
enhanced collagen synthesis (Rodemann and Bamberg 1995). Indeed, both the plasma 
levels of TGF-p and its effect on the progression of fibroblast differentiation have been 

suggested to be of clinical value in identifying patients at risk of developing fibrosis 
(§7.7.2: Anscher et a l  1994, 1998b, Li et a l 1999, Herskind et a l 1998).

3.5 Methods

Several criteria are considered when assessing the suitability of a cell type for use in 
normal-tissue radiosensitivity testing: the abihty to culture cells, the homogeneity of cells 
in the sample and whether the in-vitro sensitivity reflects the clinical response. The 
detailed methods used when isolating, characterising and growing the cells are detailed 
in Chapter 2, §2.3.
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3.5.1 Isolation of fibroblasts

A primary cell culture of fibroblasts may be obtained either by allowing cells to migrate 
from fragments of tissue adhering to a suitable substrate in a small amount of media or 
by disaggregating the tissue mechanically (by cutting, homogenising and syringing 
through a small bore needle) or, as here, enzymatically (using trypsin, collagenase) to 
produce a suspension of cells, some of which will ultimately attach to the substrate and 
grow. The method of isolation has been shown to affect the characteristics of the culture 
obtained (Herskind and Rodemann 1997). The outgrowth of cells from primary explants 
is a relatively slow process and can lead to selection by migration. Mechanical and 
enzymatic disaggregation of the tissue avoids problems of selection by migration and 
yields a higher number of cells that are more representative of the whole tissue, in a 
shorter time.

Cultures established by outgrowth from biopsies will select for progenitor MF, whereas 
a higher proportion of PMF will be isolated by enzymatic treatment of the biopsy 
material. During early passages of the cultures, a steady-state equilibrium is established 
between prohferation of the MF cells and terminal differentiation via MFIU to 
postmitotic PMF cell types. However, the observed differentiation pattern may depend 
on the experimental conditions employed such as the culture medium and the growth 
state of the cells. Cytokines and growth factors present in the serum may influence this 
cellular equilibrium. However, it might also be influenced by cytokines produced by the 
cultured fibroblasts/fibrocytes themselves and acting via autocrine or paracrine 
mechanisms. This emphasises the importance of using well defined culture conditions 
for the characterisation of clonogenicity and differentiation. In a study by Brock et al 
(1995), both an enzymatic digestion protocol and one based on fibroblast outgrowth 
from minced tissue were used for the establishment of paired biopsies from twelve 
patients. In the case of seven of these patients, enzymatic digestion was used for one and 
fibroblast outgrowth for the other. Although a non-significant trend was seen toward 
large differences in paired SF2  values, compared with those patients where one method 

was used for both biopsies, there was no indication that either of the two primary culture 
techniques led to consistently higher SF2  values.

3.5.2 Characterisation of fibroblast strains

The question of cell identity is such a crucial one that two criteria have been employed in 
the present study. Morphology is the simplest and most direct technique used to identify 
cells, although it has many shortcomings related to the variability of cellular morphology 
in response to different culture conditions. The term 'fibroblastic' and epithelial' are
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used rather loosely in tissue culture and often describe the appearance rather than the 
origin of the cells. Thus a bipolar or multipolar migratory cell, the length of which is 
usually more than twice its width, would be called 'fibroblastic', while a monolayer cell 
which is polygonal, with more regular dimensions, and which grows in a discreet patch 
along with other cells, is usually regarded as 'epithelial'. Morphology also reveals any 
differences in granularity and vacuolation, which reflect the health of the culture. 
Unhealthy cells often become granular and display vacuolation around the nucleus.

The primary fibroblast strains used were also stained with a monoclonal antibody 
specific for fibroblasts (Dako). The antibody reacts with the beta-subunit of prolyl 
4-hydroxylase in fibroblasts and myoepithelial cells in normal and inflammatory tissue. 
Prolyl 4-hydroxylase catalyses the formation of 4-hydroxyproline in collagens and other 
proteins with collagen-like amino acid sequences by the hydroxylation of certain proline 
residues in peptide linkages (Hoyhtya et a l 1984). The antibody shows negative 
staining with lymphocytes, monocytes, dendritic cells and granulocytes (Konttinen et al 
1989). An epithelial-like tumour cell line was included as a negative control.

3.6 Results

3.6.1 Success rate

Of the 19 fibroblasts biopsies received, viable fibroblast cell growth following enzymatic 
disaggregation was seen in 17 cases (89%). The two samples that did not grow were 
from patients with squamous cell carcinomas of the head and neck.

3.6.2 Establishment of culture

Following enzymatic disaggregation, the resulting single cell suspension and remaining 
small tissue pieces were placed in culture and were left undisturbed in the incubator for 
four days to allow attachment. As can be seen from Figure 3.2, following attachment of 
one of the small tissue piece to the flask, viable cell growth was seen approximately four 
days later. Initially the cellular outgrowth was epithelial in origin with a characteristic 
polygonal shape (Figure 3.2 (i)), but after six to seven days, a heterogeneous primary 
culture developed with spindle-shaped cells, characteristic of early mitotic progenitor 
fibroblasts appearing (Figure 3.2 (ii)). Over time, the predominant phenotype changed 
as fibroblasts, which have a higher proliferative capacity, outgrow the more slowly 
dividing and non dividing epithelial cells. Indeed, the major problem in the culture of 
pure epithelium has been overgrowth of the culture by stromal cells such as fibroblasts 
and endothelium. Selection of endothehum can be achieved by nutritional manipulation
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of the medium, alterations in the culture substrate or by differential trypsinisation. At 
confluence, a more homogenous cell population was apparent with the culture composed 
predominantly of fibroblasts (Figure 3.2 (iii)). This allowed the culture to be 
propagated, characterised and stored to be used in further experiments (§2.3).

All the primary fibroblast strains were stained for the presence of mycoplasma and found 
to be negative. Figure 3.3 (upper panel), shows a typical result where the nucleus can be 
seen brightly stained, but there is no cytoplasmic staining indicative of mycoplasma.

3.6.3 Characterisation of strains

Considering antibody staining. Figure 3.3 (lower panel) shows a typical result from one 
of the non-syndromic early passage fibroblast strains. All the strains showed a high level 
of staining indicative of their fibroblastic origin. The majority of the cells had a 
morphology characteristic of cells from the early mitotic differentiation stages MFI and 
MFn. There was some evidence of later differentiation stages (MFIII and PMF cells) in 
cultures that were grown to higher passage, but these cells were present at a low level 
(< 10%).

The doubling times of the cell lines are summarised in Table 6.2 and range from 
27.7-54.0 h. These values do not take into account non-proliferating cells or cell loss 
and consequently doubling times are generally higher than cell-cycle times (§6.7.3.1). 
No correlation with HDR SF2  was seen.

3.7 Discussion

Several techniques are available for culturing fibroblasts from surgical skin samples. In 
the present study an enzymatic disaggregation technique was used for culturing primary 
fibroblasts from small skin biopsies. Successful fibroblast growth was achieved in 
17/19 samples. This success rate (89%) is comparable to that reported with an explant 
method, but with enzymatic disaggregation, sufficient cells can be obtained to perform a 
radiosensitivity assay after only 10 to 14 days, compared with 4 to 6  weeks for an 
explant method. The two samples that did not produce viable growth were from patients 
over 70 years of age and this may have resulted in a reduced cell viability. Although the 
biopsies were disaggregated using an identical protocol, no cellular attachment was seen. 
It is hypothesised that the enzymatic disaggregation proved too harsh. Trypsin gives the 
most complete disaggregation of a tissue sample, but may damage the cells. It is 
important to minimise the exposure of cells to active trypsin to preserve maximum 
viability.
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Figure 3.2. Initial growth of cells, (i) The initial cellular outgrowth four to six days after 
attachment of the enzyme-digested tissue pieces is of epithelial cells, characterised by 
their polygonal appearance, (ii) Growth of MFI spindle-shaped mitotic fibroblasts is 
then seen at the margin of the epithelial cells.
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Figure 3.2 (iii) Confluent fibroblast culture obtained ten days after enzymatic digestion 
of skin biopsy. The culture shows the characteristic ‘swirling’ pattern of early mitotic 
fibroblast growth. Following confluent growth, the culture is trypsinised and used for 
experiments.
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Figure 3.3. Characterisation of primary fibroblasts. The upper panel shows a primary 

fibroblast strain stained with Hoescht 33342 and viewed by fluorescent microscopy. The 

nuclei are brightly stained, but there is a lack of cytoplasmic staining indicating the 

absence of mycoplasma contamination. The lower panel is an example of an early 

passage fibroblast culture stained with a monoclonal antibody specific for fibroblasts. 

The cells show strong staining indicating their fibroblastic origin and have a morphology 

charactertic of mitotic fibroblasts at early stages along the fibroblast differentiation 

lineage (§3.4.1).
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Following successful growth, the purity of the fibroblast cell lines was checked by 
cellular morphology and antibody staining, which confirmed their fibroblast origin.

The percentage of PMF seen in the present study was low. This may be a result of low 
passage cells being used in experiments. In high passage cell strains, higher numbers of 
MFIII cells, the furthest advanced differentiation stage of mitotic fibroblasts, can be 
expected. Slice only 5-8 cell divisions are needed for these cells to differentiate into a 
PMF, it is likely that many of these MFIII cells differentiate soon after radiation, thus 
increasing the proportion of PMF. Lara et a l (1996) studied whether significant inter
individual differences existed between skin fibroblast strains obtained from six breast 
cancer patients in both radiation-induced differentiation and collagen production in vitro. 
Although a considerable inter-strain variation in dose-dependent radiation-induced 
differentiation was observed, it was only weakly correlated with radiosensitivity. No 
distinct trend in the level of collagen production was seen.

As discussed in §7.7.2, it would be informative to examine more closely the relationship 
between the early (MFI and MFII) and late (MFII and MFIII) progenitor cells. There is 
now increased interest in the importance of fibroblast differentiation as a factor in the 
development of subcutaneous fibrosis. Herskind et a l (1998) has shown a correlation 
between the ratio of late to early progenitors and the risk of fibrosis.

The proliferative and morphological characteristics of different cell types in the fibroblast 
differentiation lineage also have important implications for in-vitro testing of normal- 
tissue radiosensitivity (Herskind and Rodemann 1997). In the clonogenic assay, a cell is 
thought to be reproductively viable if it is able to produce a colony of >50 cells (§2.6). A 

MF cell may undergo between 1-8 doublings in the case of MFIII cells which produces 
a small colony or 50-670 doublings in the case of MFI, which results in a virtually 
unlimited number of cells. The formation of colonies with 50 cells from a fibroblast 
culture containing a high proportion of MFIII cells represents a near depletion of the 
proliferative capacity whereas colony formation from type MFI and MFII progenitors is 
more equivalent to clonogenicity in the classical sense of stem cells.

The cell-type heterogeneity of fibroblast cultures may have implications for other tests 
than clonogenic survival. For example, in the comet assay (§5.2.3) the difference in cell 
size between small MFI and MFII progenitors and much larger PMF might influence the 
DNA head-to-tail ratios after lysis of cells. Alternatively, it may be possible to use the 
different cell sizes to study the MF and PMF subpopulations individually. Considering 
pulsed-field gel electrophoresis (§5.2.5) it has been shown that the repair of DNA DSB 
following irradiation does not differ significantly in PMF or MF cells (Brammer et al
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1998b).

To conclude, fibroblasts have been a valuable cell line in the study of normal-tissue 
radiosensitivity. The majority of studies examining the relationship between in-vitro 
radiosensitivity and in-vivo tissue response have utilised the response of fibroblasts, as 
opposed to lymphocytes or kératinocytes (§1.6.3.2). Although from the basis of a 
chnically useful predictive test there are problems in the time required to obtaining 
sufficient fibroblasts from a tissue biopsy, there are potential ways of overcoming the 
requirement for cell growth, for example, the use of cells isolated directly from a tissue 
specimen (§7.4).
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4.0 Use of a clonogenic assay to determine fîbroblast
radiosensitivity

4.1 Introduction

The assay of colony-forming efficiency is the gold standard for the determination of 
in-vitro cellular radiation response against which the usefulness of other potential 
radiosensitivity assays are currently judged (§1.8.5). The assay ultimately determines 
the ability of a cell and its progeny to survive after radiation exposure and therefore it 
may give the best representation of in-vivo radiosensitivity. For example, tumour 
clonogenic assays measure the number of cells with extensive prohferative capacity 
likely to be responsible for tumour re-growth in vivo after unsuccessful therapy.

In the 1950s studies of the response of both tumours and normal tissues entered a new 
phase with the development of assays for measuring the clonogenicity of individual 
cells. These assays enabled researchers to move from assessing gross tissue and tumour 
responses to measuring the survival of cells in the critical cell populations that 
determined the response of the tissue or tumour to therapy. Puck and Marcus (1956) 
reported that a 'feeder layer' of radiation-sterihsed cells could be used to overcome the 
limitations of the available culture media. These sterilised cells could support the growth 
of small numbers of viable tumour cells plated on top of the irradiated monolayer. This 
survival curve, obtained using HeLa cells, had an enormous impact on theoretical 
considerations of dose-response relationships in cancer treatment (reviewed in Rockwell
1998).

The use of the clonogenic assay with normal diploid fibroblasts initially proved difficult 
due to low plating efficiencies. However, improvements in the fibroblast clonogenic 
assay such as the addition of a heavily irradiated feeder layer and standardisation in cell- 
culture techniques resulted in reasonable plating efficiencies for most fibroblast strains of 
between 10-30% (Cox and Masson 1974). In the case of lymphocytes, the discovery of 
the T-cell growth factor, IL-2, made it possible to grow T-lymphocyte colonies in vitro 
(§3.3)

The feeder layer clonogenic assay has been routinely used to determine the 
radiosensitivity of both tumour and normal cell lines including fibroblasts, kératinocytes 
and lymphocytes. Initially, this assay was used to detect differences in radiosensitivity 
between 'normal' individuals and those with AT and other syndromes thought to confer 
radiosensitivity (§1.6.2.2). Several studies then sought to establish the range of 
radiosensitivity within the normal population (Taylor et a l 1975, Weichselbaum et al
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1980, Arlett and Harcouit 1980, Deschavanne et al. 1986). More recently the link 
between normal-tissue (usually fibroblast) radiosensitivity in vitro measured using the 
clonogenic assay and tissue reactions in vivo has been evaluated and a relationship with 
late but not acute reactions found (§1.6.3.2: Burnet et al. 1996b, Geara et al. 1993, 
Rudat et al. 1997).

One disadvantage that remains with clonogenic assays is the time taken to generate data 
(up to four weeks) and the labour intensiveness of the assay both of which preclude its 
clinical use as a measure of in-vitro radiosensitivity.

4.2 Technical feature of the assay

There are two main methods for the clonogenic assay, with cells grown either as 
monolayer cultures or in soft agar plugs (the Courtney Mills assay for non-adhesive 
tumour cell lines). The monolayer method has been used successfully to determine cell 
survival with both tumour and normal cells. Considering monolayer cultures with 
fibroblasts there are several methodologies employed by different groups. These include 
irradiating cells in confluent monolayer cultures, which are then plated out immediately 
or held for a period of time after irradiation prior to plating out (§4.5.1). Alternatively, 
cells can be plated out and left to attach for a period of time (four hours in the case of the 
present study) prior to irradiation. Fertil et al. (1988) found no difference in 
radiosensitivity as measured by a, Dbar or SF2  using either exponentially growing cells 
plated out from plateau phase or plateau phase cells plated out immediately after 
irradiation and this has been confirmed in other studies (Deschavanne et al. 1990, 
Burnet et al. 1996b). However, Brock et al. (1995) in a study of in-vitro fibroblast 
radiosensitivity and clinical outcome found a correlation between the two only when 
using an immediate, but not delayed plating protocol following HDR radiation.

4.3 In-vitro measurement of clonogenic survival

4.3.1 Survival curve shape

The in-vitro clonogenic survival curve is usually plotted as linear irradiation dose versus 
surviving fraction on a logarithmic scale (Figure 4.1). The cell survival curve of Puck 
and Marcus (1956) had a shoulder at low doses (1-2 Gy), followed by an exponential 
decrease in survival with increasing dose. All survival curves constructed for 
mammahan cell lines treated with IR exhibit a similar shape to that described by Puck 
and Marcus (1956), the only major difference being in the width of the initial shoulder 
and the slope of the linear region.
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Cell kill is thought to be caused by the inactivation of primary sites of DNA within a cell, 
preventing stable replication. These sites can be thought of as targets and survival is 
related to the number of target sites inactivated. This has led to a number of target 
theories to mathematically describe the shape of the various survival curves obtained in 
vitro (reviewed by Steel 1993). The simplest of these is the single-target single-hit 
inactivation theory, which proposes that one hit of a sensitive target will inactivate the 
cell. It is represented by the following formula for each cell,

p(survival) = Equation 4.1

where Dq is the dose that gives an average of one hit per target. When the dose applied 
(D) is equal to Dq, then the dose will be reduced to 37% of the initial population 
{i.e. e'l= 0.37), where D/Dq is the average number of hits per cell. The

resulting semi-logarithmic plot of survival against dose is linear and is useful for 
describing the response of very radiosensitive human tumours, such as neuroblastomas.

A more general model is the multiple-site single-hit inactivation theory, which fits the 
Puck and Marcus survival curve. It proposes that the inactivation of each target site by 
one hit in a cell, having n sensitive sites, is required for cell death. This is described by 
the following equation

p(survival) = 1 -  |l  -  jn Equation 4.2

Cell survival curves described by this model have an initial shoulder, the size of which 
can be predicted by the quasi-threshold dose (Dq) which is described as the dose below 
which there is no effect on survival {i.e. in the shoulder region of the curve). This model 
is useful for describing the survival of cells at higher doses, but often overestimates the 
survival at more clinically relevant lower doses (Elkind and Sutton 1960).

In order to describe with greater accuracy the survival of cells at clinically relevant and 
lower doses, the multiple-target theory can be modified by the addition of a single-hit 
component, which considers that the response may not be flat for very low doses. The 
resultant two component model describes the radiation response of cells to a range of 
doses. This can be described by the following equation

p(survival) = 1̂1 - ^ -e  j n j  Equation 4.3
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where Di is the dose in the low dose region required to reduce the cell population to 

37% of the starting population. Although this model does account for cell kill in the low 
dose region, it assumes that this is almost linear, implying no dose sparing below 
~2 Gy, which is not seen experimentally either in vitro or in vivo.

Perhaps the best description of radiation response is given by the Linear Quadratic (LQ) 
model (Fowler 1989)

p(survival) = e (-aD  -  j Equation 4.4

which describes the cell kill due to both the linear contribution (a) and the quadratic 
contribution ((3). Survival curves described by this model are continuously bending and 
the shape is determined by the a  and (3 factors (Hoban et al. 1999). The ot/|3 ratio (§1.3) 
represents the dose at which the linear contribution to cell death (aD) is equal to the 
quadratic contribution (|3D^). Fertil et al. (1994) showed that the LQ model had the most 

reliable parameters for the comparison of cell-survival curves from six models of 
radiation action studied.

4.3.2 Cell-survival parameters

Intrinsic cellular radiosensitivity is described by parameters derived from the cell- 
survival curve. Over the past twenty years, investigators have proposed several 
parameters to provide the best discrimination between strains under study (Figure 4.1).

There are those parameters that define the early, low-dose region of the curve and those 
that define the high-dose region. The former include the a  and (3 parameters of the linear 

quadratic fit (characterising the initial and subsequent curvature of the radiation survival 
curve respectively), SF2  (the surviving fraction at 2 Gy) and n (the y-axis intercept of the 
final slope, indicative of the magnitude of the shoulder region of the survival curve). The 
latter include D0 /D3 7  (the mean lethal dose, required to reduce survival to 37% of its 
former level), SF3  5  (the surviving fraction at 3.5 Gy), D q . i (dose required survival to 
1 0 %) and Do.oi (dose required to reduce survival to 1 %).

Fertil et al. (1984) suggested that some measure of the shape of the whole cell survival 
curve might be more valuable and proposed the mean inactivation dose (Dbar)» that is the 
average dose required to produce a mean of one lethal event per cell. It is defined as the 
area under a linear-linear plot of the survival curve. Dbar measures the overall reaction of 
the cell population over the dose range and although it includes a contribution from the
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high-dose portion of the survival curve, it is dominated by the low-dose region.

However, the early use of these radiobiological parameters for comparing intrinsic 
radiosensitivity revealed httle differences between murine and human tumour ceU lines 
(Berry 1974), which led to an initial disinterest in the use of intrinsic radiosensitivity as a 
predictor of treatment outcome.

Subsequent studies on the radiosensitivity of human fibroblasts were performed using 
the parameter D q ( C o x  and Masson 1980, Arlett and Harcouit 1980, Weichselbaum et 
al 1980). The D q and n values are very dependent on the part of the curve chosen to 

calculate them from or on the lowest surviving fraction reached, making it difficult to 
compare results originating from different laboratories. Arlett et a l (1988) compared the 
utility of Do and Dbar a series of primary and transformed lines. They concluded that 
while D q was more reproducible, Dbar was more useful when comparing shouldered and 
non-shouldered data.

Deschavanne et a l (1986) in a study of published survival curves, reviewed 
radiosensitivity in 204 primary fibroblast cultures. They concluded that the parameter 
Dbar was the most discriminating measure of radiosensitivity between groups of cells, 
with the smallest variation within each group.

In a series of studies on published survival curves, the importance of parameters 
describing the slope of the initial portion of the survival curve was stressed (Malaise e t 
al 1987, Fertil and Malaise 1985). In the latter study, 101 published survival curves 
from both tumours and normal cells were analysed and it was concluded that those 
parameters specifying the initial portion of the survival curve, that is a  and Dbar rather 
than Do were better at correlating with radioresponsiveness.

The surviving fraction at 2 Gy (SF2 ) is the parameter that has been most widely used for 

comparing the intrinsic radiosensitivity of different cell types. This parameter reasonably 
describes the relevant initial portion of the survival curve with respect to both the 
fractionation response and is of clinical relevance to treatment given in 2 Gy fractions. It 
has been useful for correlating both human tumour and normal-tissue radiation 
responsiveness to in-vitro radiosensitivity (Deacon et a l 1984, Fertil and Malaise 1981, 
1985, Rudat et a l 1997)

In addition to SF2 , a number of other parameters have been used to correlate clinical 

radiosensitivity with in-vitro normal-cell radiosensitivity. Johansen et a l (1994a) used 
SF3 . 5  as this parameter reflected the clinical dose per fraction to the subcutaneous tissues 

in the clinical situation in their study. Burnet et a l (1994b) found that fibroblast survival
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was described better by Dq.oi due to the comparatively small survival range of primary 
fibroblasts, typically 2-3 orders of magnitude. In addition, use of Dq.qi allows 

differences to be detected between the HDR and LDR survival curves of a particular 
strain, which may be small at low doses.

4.4 Assay Variability

Several previous studies have stressed the importance of precise and accurate survival 
assays of radiosensitivity (Brock et al. 1995, Nakamura et a l 1991). The abihty to 
detect differences in radiosensitivity between individuals is hampered by both inter- and 
intra-experimental errors. It has been shown that parameter variability between repeat 
measurements of an individual is dominated by the inter-experimental error, and that the 
intra-experimental errors are small in comparison (Elyan et a l 1993a). If the 
experimental variations are considerably greater than the actual individual variation, the 
detection of inter-individual differences would be difficult. For example, although Cox 
and Masson (1980) observed a variation in D q of 0.98-1.60 Gy in fibroblasts from 
normal subjects, they estimated that up to 40% of this was due to inter-experimental 
variation. Using a limited dilution clonogenic assay for peripheral blood T-lymphocytes 
(PBLs), Nakamura et a l (1991) found that the variation between radiation survival 
parameters for 28 repeat samples from a single individual was similar to that from 31 
separate individuals. Brock et a l (1995) studied paired biopsies from 12 patients and 
although a non-significant trend was seen between biopsies from the same patient, it was 
concluded that small differences in fibroblast SF2  were unlikely to be resolved between 
individuals. This variation was due to assay variability rather than heterogeneity in the 
radiosensitivity of fibroblast subpopulations. Rudat et a l (1997) studied repeat biopsies 
from 8  patients and found a larger inter-individual variation of 19%, compared with an 
intra-individual variation of 12%. However, Burnet e ta l  (1994b) studied four duphcate 
biopsies from a series of cancer patients and found that the variation between strains was 
relatively small compared with the overall range for the group. Similarly, Arlett and 
Harcouit (1980) found no effect of duplicate biopsy on radiosensitivity in a series of 
four fibroblast strains.

Experimental conditions have been shown to affect the measurement of in-vitro 
radiosensitivity. For example, the radiosensitivity of both tumour and normal cells has 
been shown to be affected by the type of assay used, the growth phase of the cells, 
feeder-cell type and factors related to the donor of the cells such as age and sex (Good e t 
a l 1978, West et a l 1988, James et a l 1983). However, a study by Weichselbaum et 
al (1980) showed that similar D q values were found in six out of seven cell strains 
studied between two different laboratories using significantly different methodologies.
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Several of these confounding factors can be ruled out in the present study as the same 
serum batch was used throughout and all assays were carried out by the same 
investigator using the same method (§2 .6 ).

However even controlhng for these factors, a number of potential sources of error 
remain. These include dilution errors due to inaccuracy in the volume of cell suspension 
transferred, sampling errors due to the limited number of cells transferred in the dilution 
or plating and 'Gremlin' errors due to inadequately controlled variables in any 
experiment, for example temperature (§7.3: Boag 1975).

A further potential source of variability affecting fibroblast radiosensitivity is cell 
senescence. There is conflicting evidence on the importance of fibroblast passage 
number on radiosensitivity. Although fibroblast survival-curve parameters have been 
shown to change with passage number (Cox and Masson 1974), a study by Rutz and 
Little (1989) found that radiosensitivity and the ability to repair potentially lethal damage 
(§4.5.1) remained constant until morphologically senescent cells appeared (50 mean 
population doublings). Such senescent cultures exhibit an increased radiosensitivity, in 
agreement with other studies (Geara et a l 1992b, Little et a l 1988). Chang-Lui and 
Woloschak (1997) in a study on Syrian hamster embryo cells found a decreased cell- 
doubling time, increased plating efficiency, but no change in radiosensitivity as a 
consequence of increasing passage number (passage 1 compared with passage 45).

Several techniques have been suggested to reduce inter-assay variability due to 
'Gremlin' errors. One such method is the use of an internal standard or control. Elyan et 
al (1993b) in a study on peripheral blood lymphocytes reported that inter-experimental 
variability was reduced by using a large store of lymphocytes from a single individual as 
an internal standard in every experiment. Whilst the measured variation in intrinsic 
radiosensitivity at LDR decreased between experiments of 14 repeat samples from a 
single individual (CV of SF4  decreased from 41 to 19%), the difference between 18 
different individuals, assayed in the same way remained similar (CV of SF4  increased 

from 56 to 62%).

Assay variabihty can be further reduced by increasing the number of repeated 
independent experiments. Brock et a l (1995) observed a considerable scatter in paired 
SF2  values of replicate survival experiments (CV of 13%) and reported in unpublished 
data that the precision of the SF2  estimation could be increased (CV of less than 5%) by 

compiling survival data from up to five independent survival experiments from the same 
biopsy or from up to four biopsies from the same patient.
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Consequently, in an attempt to reduce assay variability in the present study, each strain 
was assayed in a minimum of three repeat experiments and one of the normal fibroblast 
strains (GLl) was used as an internal standard in every assay.

4.5 Methods to increase discrimination

Although SF2  has become the most widely used measure of tumour and normal cell 

radiosensitivity, the amount of cell kill following an acute radiation exposure of 2 Gy is 
generally limited to a fairly narrow range (e.g. 0.15-0.6 for fibroblasts: Table 4.5). This 
reduces the abihty of any potential predictive test to discriminate between fibroblasts of 
varying radiosensitivities. There is, therefore, interest in finding methods that might be 
used to improve the resolution of radiosensitivity assays and so increase the spread of 
data seen using a standard HDR clonogenic assay. A number of procedures have been 
proposed (reviewed in Gentner 1992).

4.5.1 Repair of potentially lethal damage (RPLD)

Since the demonstration of a lack of RPLD in fibroblast cultures from AT cells, a 
number of studies have sought to estabhsh if a greater discrimination is achieved when 
cells are given an opportunity to undertake RPLD (Cox et al. 1981). Philips and 
Tolmach (1966) first showed that cehs inhibited from proliferating after irradiation by 
treatment with cycloheximide repaired 'potentially lethal damage', which would have 
been lethal to proliferating cells. RPLD is therefore a measure of repair proficiency and 
has been used to improve the resolution between strains from patients with genetic 
syndromes (such as CS, BCNS, AT heterozygotes, FA, SCID and Rb) or clinically 
radiosensitive patients and normal individuals (Arlett and Priestly 1985, Weeks et al.
1991, Li et al. 1998) although it has not been a universal finding (Nagasawa et al.
1992, Dahlberg and Little 1995). The basic experimental design requires establishing a 
state of cellular non-proliferation either by density inhibition of growth or by serum 
depletion. Non-proliferating cells are then irradiated and either plated immediately 
(immediate plating, IP) or held in nonproliferating conditions for some hours before 
being put into growth conditions (delayed plating, DP). The ratio of survival (DP/IP) is 
a measure of RPLD.

A conflicting response has been seen for tumours and fibroblast cells. No correlation 
between repair capacity and radiosensitivity (Dbar) was seen in 2 2  tumour lines 

(Deschavanne et al. 1990) in contrast to 46 non-transformed syndromic and non- 
syndromic fibroblast lines, where more radioresistant cell strains showed a higher repair 
capacity (Fertil etal. 1988). This was confirmed by Badie et al. (1996) who measured 
Dbar following DP in a series of 5 fibroblast lines and found a ratio of 0.96 for a
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radiosensitive individual compared with 2 . 0  for a normal control.

4.5.2 LDR irradiation

Following the studies of Hall and Bedford (1964) it is now accepted that a decrease in 
dose rate leads to a reduction of the lethal effects for a given dose of radiation (Badie e t 
al 1996). The utility of LDR exposure in radiosensitivity testing was first shown by 
Cox (1982) who found that the dose-reduction factor for AT compared with normal 
fibroblast strains could be expanded by an additional 2 -fold if dose delivery was at 
0.002 Gymin‘1 compared with 1 Gymin h The ability of LDR exposure to amplify inter
individual differences has since been reported for both tumour (Bjork-Eriksson et a l 
1998b, Steel et a l 1987) and normal cell strains (Little and Nove 1990, Burnet et a l 
1996b, Jones et a l 1995, Sproston et a l 1996) although it has not been found in all 
studies (Geara et a l 1992b).

Considering normal cells, whereas on acute exposure the response of ten AT 
heterozygous strains was indistinguishable from that of five normal controls, chronic 
exposure had a superior resolving power, yielding AT heterozygous responses 
intermediate between that of normal and AT homozygous strains (Paterson et a l 1985). 
Little and Nove (1990) found that the range of Dq values rose from 0.3 to 1.79 Gy for 

114 strains at HDR to 0.38 to 2.3 Gy for 65 strains at LDR. A small increase in the 
spread of Dq.i values was also shown by Weeks et a l (1991) with the inter-individual 

CV rising from 13% at HDR to approximately 16% at LDR. Elyan et a l (1993a) found 
an increase in the spread of data between individuals using a LDR protocol such that 
statistically significant differences, which were not apparent at HDR, were seen for SF2  

and a .

Various mechanisms have been suggested for the increased protection of LDR irradiation 
(reviewed in Gentner 1992). Firstly, a cell-repair system that may be saturated with 
lesions requiring repair when irradiated at HDR is thought to be more effective in 
repairing radiation injury if sufficient time is allowed. There is a physical difference in 
the radiation intensity or distribution of ionisations between HDR and LDR exposure 
(Russell et a l 1958). Dispersed or unclustered ionisation as a result of LDR exposure 
has less chance of producing DSB compared with HDR exposure. Secondly, following 
LDR, a ceU may have a greater number of less repairable lesions than after HDR and 
consequently a repair-proficient cell may be able to better repair these critical lesions. 
Finally, an adaptive or induced response has been suggested where at LDR the cell 
receives a priming dose, switching on DNA repair mechanisms which leaves it better 
able to repair the subsequent damage (Sasaki 1995, Stecca and Gerber 1998).
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Several investigators have combined a LDR protocol with delayed plating in an attempt 
to maximise inter-individual differences (Amdur and Bedford 1994). Burnet et a l 
(1996b) assessed delayed plating in four fibroblast strains and found that RPLD 
occurred in all four, two of which had shown no LDR recovery suggesting that lack of 
LDR recovery is not necessarily associated with a lack of RPLD.

4.6 Aims

A standard clonogenic assay was used to assess the in-vitro radiosensitivity of the 
primary AT cell strain and 17 early passage untransformed fibroblast strains derived 
from three specific groups: 4 from cancer patients who underwent conventional 
radiotherapy as part of the CHART trial but exhibited 'average' normal-tissue reactions 
to radiotherapy, 7 from patients exhibiting severe, acute reactions to radiotherapy 
(2 severe over-reactors and 5 highly radiosensitive patients) and six from apparently 
normal, non-cancer individuals (Table 2.1 and 2.2). One aim was to see whether the 
in-vivo radiosensitivity seen in these patients (or presumed in the case of the six non
cancer strains) was reflected in their in-vitro fibroblast radiosensitivity.

An early passage (passage 13) untransformed cell line isolated from an AT patient was 
studied as a positive control for radiosensitivity (§1.5.1).

Radiosensitivity was assessed at both HDR and LDR to see if the latter method increased 
the discriminatory ability of the assay as has been suggested (§4.7.2).

Fibroblast strain GLl (non-cancer) was assayed in every experiment as an internal 
control. Such a procedure may reduce inter-assay variability (Elyan et a l 1993b) and 
allowed quantification of the extent of inter-assay variability.

4.7 Data analysis

The method used for the clonogenic assay is detailed in §2.6.

The LQ equation has been shown to fit both tumour (Steel et a l 1989) and fibroblast 
survival data well (Fertil and Malaise 1985). It was used to fit survival curves in the 
present study and curves were constrained to pass through the origin. When the curve- 
fitting program returned a negative value of p {le. the curvature was upwards) which is 
biologically meaningless, the P value was set at zero, and the value of a  recalculated as 

suggested by Fertil et a l (1988).
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To allow comparison with published data, the a ,  (3, SF3 .5 , Dyar, D3 7 , D q.i and D q.oi 

were also calculated at both HDR and LDR from the fitted curve for each cell strain.

The dose-sparing factor (DSF) seen following LDR was calculated for the parameters 
SF2 , Do.oi, Dbar and D3 7  to allow comparison with published data using the following 
equation:

_ LDR PARAMETER 
"  HDR PARAMETER

An evaluation of dispersion within an individual as well as between individuals was 
calculated by the coefficient of variation (CV).

An analysis of variance with repeated experiments was performed to test whether the 
inter-individual variability was significantly larger than the intra-individual (assay) 
variability.

Additionally to see which parameter gave the best discrimination between strains, the 
CVs for repeated measurements for each cell strain were pooled and considered to 
represent the reproducibility or experimental variation as suggested by Geara et al 
(1992b). The ratio of the inter individual variance to the pooled experimental variance 
(intra-individual variance) gave a measure of which parameter is best at discriminating 
between individuals. The ratio would be 1 if all variations between individuals were due 
only to experimental variation.

The measured parameters were normalised to the internal control using the method 
employed by Elyan et a l (1993b), that is by multiplying with the ratio of the mean value 
for the internal standard (obtained from aU the experiments carried out) to the value for 
the internal standard in each experiment:

I  c j

where Pc is the corrected parameter, P is the parameter measured in a particular 
experiment, C is the same parameter for the internal standard sample in the same 
experiment, and Cm is the mean value for the internal standard from all experiments in 
the series.

For statistical analysis, the four CHART patients and six non-cancer controls were 
grouped to form a normal population of ten cell lines. Their response was compared
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with that of the seven in-vivo clinically radiosensitive strains using a t-test.

Unless otherwise stated, the AT cell line was excluded from statistical analysis, as the 
response of such an extreme over-reactor with a known radiosensitive syndrome does 
not fall within the range of radiosensitivity expected for the other non-syndromic strains 
and therefore may be expected to skew any analysis.

4.8 Results

4.8.1 Cell survival measurements

The HDR dose response curve for the internal control (GLl) is shown in Figure 4.2. 
Dose response curves for the remaining 17 fibroblast ceU lines studied at HDR 
(1.6 Gymin'l) are shown in Figure 4.11. In each case a single point represents the mean 
value from one experiment and the corresponding error bar the SEM for up to six 
replicate flasks.

The LDR (0.01 Gymin'l) response for the internal control is shown in Figure 4.3 and 
for the remaining cell strains in Figure 4.12. In all cases the HDR survival curve is 
shown by a dashed line for comparison.

Survival curves obtained for 4 of the strains at HDR (GL23 (HRS) GL22 and GL25 
(both CHART) and the AT line) were exponential. In all but two of the cell strains 
(GLl6  (HRS) and GL26 (CHART)) irradiation at LDR reduced the curvature of the 
HDR curve resulting in an exponential response. However, even in these two lines the 
values of P at LDR were very small (Table 4.2).

The radiation parameters derived from the LQ fits to the data at both HDR and LDR are 
shown in Table 4.1 and 4.2 respectively.

The HDR SF2  for the 17 non-syndromic strains varied from 0.11-0.34 (a 3-fold 
difference of 0.23 Gy). At LDR, the SF2  range was narrower (0.19 to 0.39, a two-fold 

difference of 0 .2 0 Gy).

The relationship between SF2  and other cell-cycle parameters was examined to compare 
the HDR SF2  for each strain with the other HDR survival parameters derived from the 
survival curves (Figure 4.4). A close association was observed between SF2  and the 
other survival parameters with the exception of p and the oc/p ratio. There is a significant 
inverse relationship between a  and HDR SF2 , which may be expected as this parameter
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Figure 4.2. Cell survival curve for GLl used as an internal control in 31 HDR 

clonogenic assays. Each point represents the mean of one experiment, with the 

corresponding SEM from up to six replicate flasks.
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Figure 4.3. Cell survival curve for GLl used as an internal control in 24 LDR 

clonogenic assays. Each point represents the mean of one experiment, with the 

corresponding SEM from up to six replicate flasks.
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Table 4.1. Cell-survival parameters measured at HDR (1.6 Gymin'^) for 18 primary fibroblast cell strains. Descending the 
table the groups are the clinically radiosensitive HRS and severe overeactors, CHART cancer controls, normal controls and 
AT strains. Cell strains are organised within each group on the basis of increasing HDR SF^. Values shown are the mean 
values calculated ± SEM.

Strain No. of SF2 SF3 5 F̂ bar D3 7 % 1
assays (Gy) (Gy) (Gy) (Gy) (Gy)

16 3 0.11±0.01 0.019 ±0.003 0.93 ±0.05 0.95 ±0.06 2.11±0.10
23 3 0.15 ±0.005 0.034 ±0.002 1.04 ±0.02 1.03 ±0.02 2.39 ±0.04
9 3 0.15±0.01 0.025 ±0.001 1.07 ±0.03 1.14 ±0.04 2.37 ±0.05
15 8 0.16±0.01 0.040 ±0.003 1.10±0.03 1.11±0.03 2.52 ±0.07
6 3 0.17±0.01 0.041 ±0.007 1.11±0.05 1.12±0.05 2.54±0.12

21 7 0.18±0.02 0.043 ±0.006 1.16±0.06 1.22 ±0.08 2.61±0.12
24 3 0.19 ±0.003 0.046 ±0.002 1.18±0.01 1.21 ±0.01 2.68 ±0.03

22 3 0.17±0.02 0.044 ±0.007 1.12±0.06 1.12 ±0.06 2.58±0.14
27 3 0.20 ±0.004 0.050± 0.001 1.23±0.01 1.28 ±0.02 2.78±0.01
25 3 0.24±0.01 0.081 ±0.006 1.39±0.04 1.38 ±0.04 3.21 ±0.09
26 4 0.29±0.01 0.098 ±0.005 1.56±0.04 1.64 ±0.05 3.48 ±0.07

7 4 0.24 ±0.02 0.076 ±0.006 1.40 ±0.06 1.44 ±0.09 3.15±0.10
18 4 0.26 ±0.004 0.092 ±0.005 1.48 ±0.02 1.53±0.04 3.43 ±0.04
1 31 0.27±0.01 0.080 ±0.004 1.46 ±0.03 1.55 ±0.03 3.23 ±0.06

19 5 0.29 ±0.02 0.093 ±0.007 1.55±0.05 1.65 ±0.07 3.40 ±0.09
20 3 0.31 ±0.01 0.107±0.010 1.63 ±0.04 1.74 ±0.03 3.59±0.13
17 7 0.34±0.01 0.119 ±0.008 1.72 ±0.04 1.86±0.05 3.73 ±0.09

AT 3 0.05 ±0.002 0.005 ±0.0004 0.66±0.01 0.66±0.01 1.53±0.02

Clinically Radiosensitive

CHART Cancer Controls

Normal Controls
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Table 4.1 continued. Cell-survival parameters measured at HDR (1.6 Gymin ') for 18 primary fibroblast cell strains. 
Descending the table the groups are the chnically radiosensitive HRS and severe overeactors, CHART cancer controls, 
normal controls and AT strains. Cell strains are organised within each group on the basis of increasing HDR SF2 . Values 
shown are the mean values calculated ± SEM.

Strain No. of a P Dq.oi a/p PE (%)
assays (Gy-l) (Gy-2) (Gy)

16 3 1.03 ±0.08 0.031 ±0.011 4.17±0.28 44.0±16.4 27.2±3.4
23 3 0.96 ±0.02 — 4.78 ±0.08 — 14.8±2.0
9 3 0.79 ±0.05 0.077±0.013 4.15 ±0.04 10.3±2.6 4.2±1.1
15 8 0.89 ±0.03 0.021 ±0.005 4.92±0.12 60.0 ±26.2 21.5±1.8
6 3 0.88 ±0.03 0.012 ±0.004 4.94 ±0.27 90.0±33.0 6.5±1.1

21 7 0.82 ±0.06 0.050±0.019 4.92 ±0.22 30.0±13.3 13.4±2.2
24 3 0.79±0.01 0.025 ±0.004 5.03 ±0.09 34.0±5.7 23.4±3.7

22 3 0.89 ±0.05 5.12±0.24 23.8±2.1
27 3 0.74 ±0.02 0.034 ±0.007 5.08 ±0.06 24.9 ±7.1 20.6±2.3
25 3 0.72 ±0.02 — 6.41±0.18 — 26.8±1.8
26 4 0.56 ±0.03 0.029 ±0.006 6.22±0.15 21.4±3.9 19.6±2.9

7 4 0.67 ±0.06 0.013 ±0.008 5.88±0.18 51.2±4.2 13.4±2.0
18 4 0.64±0.01 0.013 ±0.006 6.52±0.16 140.9 ±68.5 16.7±4.4
1 31 0.58 ±0.02 0.047 ±0.006 5.73±0.13 12.3±12.1 12.9±0.7

19 5 0.54 ±0.04 0.042 ±0.007 5.91±0.15 15.4±3.9 23.7±4.7
20 3 0.50±0.01 0.040 ±0.01 6.24 ±0.37 15.5±5.4 19.5±5.7
17 7 0.45 ±0.03 0.046 ±0.008 6.31 ±0.26 17.8±8.7 31.9±3.0

AT 3 1.51±0.02 - 3.06 ±0.05 - 12.4±2.8

Clinically Radiosensitive

CHART Cancer Controls

Normal Controls
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Table 4.2. Cell-survival parameters measured at LDR (0.01 Gymin'^) for 18 primary fibroblast cell strains. Descending the 
table the groups are the clinically radiosensitive HRS amd severe overreactors, CHART cancer controls, normal controls and 
AT strains. Cell strains are organised within each group on the basis of increasing HDR SF^. Values shown are the mean 
values calculated ± SEM.

Strain No. of SP2 SF3 5 Dj)ar D3 7 Dq.i
assays (Gy) (Gy) (Gy) (Gy) (Gy)

16 3 0.20 ±0.02 0.058 ±0.01 1.23 ±0.08 1.24±0.08 2.84±0.17
23 3 0.23 ±0.02 0.074 ±0.01 1.35 ±0.07 1.35±0.08 3.10±0.16
9 3 0.21 ±0.01 0.062 ±0.003 1.26 ±0.02 1.26 ±0.02 2.91 ±0.05
15 5 0.21 ±0.01 0.064 ±0.006 1.27 ±0.04 1.26 ±0.04 2.93±0.10
6 3 0.23 ±0.005 0.074 ±0.003 1.34 ±0.02 1.33±0.02 3.09 ±0.04

21 3 0.19 ±0.005 0.057 ±0.003 1.22 ±0.02 1.22 ±0.02 2.81 ±0.04
24 3 0.26 ±0.005 0.093 ±0.003 1.47 ±0.02 1.47 ±0.02 3.39 ±0.05

22 3 0.24 ±0.01 0.079 ±0.004 1.38±0.03 1.38±0.03 3.18±0.06
27 3 0.21 ±0.001 0.067 ±0.001 1.30±0.01 1.29±0.01 2.98 ±0.02
25 3 0.31 ±0.02 0.129±0.015 1.71 ±0.09 1.72±0.11 3.91 ±0.20
26 4 0.34±0.01 0.146 ±0.009 1.82±0.06 1.83±0.07 4.16±0.12

7 3 0.31 ±0.02 0.129±0.011 1.71 ±0.07 1.70 ±0.07 3.93±0.16
18 4 0.34±0.01 0.151 ±0.007 1.85 ±0.05 1.84±0.05 4.26 ±0.11
1 24 0.33±0.01 0.137 ±0.006 1.74 ±0.04 1.75 ±0.04 4.09 ±0.09

19 4 0.36±0.01 0.167±0.011 1.96 ±0.05 1.94 ±0.05 4.50±0.11
20 3 0.36 ±0.04 0.195 ±0.032 2.13±0.20 2.16±0.24 4.85 ±0.40
17 3 0.39±0.01 0.189 ±0.006 2.10±0.04 2.09 ±0.04 4.83±0.10

AT 3 0.06 ±0.004 0.008 ±0.001 0.72 ±0.02 0.71 ±0.02 1.65 ±0.04

Clinically Radiosensitive

CHART Cancer Controls

Normal Controls
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Table 4.2 continued. Cell-survival parameters measured at LDR (0.01 Gymin*) for 18 primary fibroblast cell strains. 
Descending the table the groups are the clinically radiosensitive HRS amd severe overreactors, CHART cancer controls, 
normal controls and AT strains. Cell strains are organised within each group on the basis of increasing HDR SF2 . Values 

shown are the mean values calculated ± SEM.

Strain No. of a P % 0 1 o/p PE (%)
assays (Gy-l) (Gy-2) (Gy)

16 3 0.81 ±0.06 0.0022 ±0.004 5.59 ±0.27 366.8 ±234.2 27.2±3.4
23 3 0.73 ±0.05 — 6.10±0.28 — 14.8±2.0
9 3 0.79±0.01 — 5.82±0.10 — 4.2±1.1
15 5 0.79 ±0.03 — 5.86±0.19 — 21.5±1.8
6 3 0.75±0.01 — 6.17±0.08 — 6.5±1.1

2 1 3 0.82±0.01 — 5.63 ±0.09 — 11.9±1.9
24 3 0 .6 8 ± 0 . 0 1 - 6.78±0.10 - 23.4±3.7

2 2 3 0.71 ±0.02 6.26 ±0.07 23.8 ±2.1
27 3 0.77 ±0.004 — 5.96 ±0.03 — 20.6 ±2.3
25 3 0,58 ±0.04 — 7.64 ±0.26 — 26.8 ± 1 . 8

26 4 0.54 ±0.02 0.0042 ±0.001 8.10±0.19 128.3±18.3 19.6±2.9

7 3 0.59 ±0.03 7.86 ±0.32 13.4±2.0
18 4 0.54±0.01 — 8.52±0.21 — 16.7±4.4

1 24 0.56±0.01 — 8.08±0.16 — 12.2±0.7
19 4 0.51 ±0.01 — 9.00 ±0.22 — 23.7±4.7
2 0 3 0.46 ±0.06 — 9.31 ±0.42 — 19.5±5.7
17 3 0.48±0.01 - 9.67 ±0.20 - 31.9±3.0

AT 3 1.40 ±0.03 - 3.30 ±0.07 - 12.4±2.8

Clinically Radiosensitive

CHART Cancer Controls

Normal Controls
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dominates the initial slope of the curves.

Considering the 18 cell lines, there was no correlation between plating efficiency and 
HDR SF2  (r=0.36, p=0.15) or LDR SF] (r=0.39, p=0.11) (Figure 4.5).

Alpha decreased in the majority of strains following LDR treatment (Table 4.3), with 
only four of the non-syndromic strains showing a small increase (average of 2 .8 %: 
range 0.3-5.6 %). Excluding these four strains, the average decrease among the non- 
syndromic strains was 14.6%. Indeed, the normal strain (GL17) that showed the highest 
increase in a  after LDR (5.6%) had the lowest HDR a  (0.45) which was lower than any 

of the reduced values at LDR. Although there was a large inter-individual effect of dose 
rate on a  (from a 31.5% reduction to a 5.6% increase), there was no significant 

difference between the response of the seven sensitive and ten normal strains (p<0.36).

As can be seen from Table 4.3, all 18 early passage fibroblast cell lines showed a 
reduced sensitivity to irradiation at LDR compared with HDR. Although the degree of 
dose-rate sparing measured with both SF2  and D q .o i  varied between strains, it was 
present even in the AT and seven clinically radiosensitive cell strains. Figure 4.6 shows 
the HDR SF2  (upper panel) and D q .q i  (lower panel) plotted against the LDR data. A 
strong correlation was seen between both parameters (SF2 : r=0.96, p<0.0001 and 
D q .o i :  r=0.92, p<0.0001), with none of the strains falling on the HDR:LDR line (Figure 

4.6, dotted line), as would be expected in the absence of dose-rate sparing. Considering 
the magnitude of SF2  sparing, although no relationship was seen with LDR SF2  

(r=0.40, p<0.11), there was a negative correlation with HDR SF2  (Figure 4.7: r=-0.64, 
p<0.005). Considering the magnitude of D q .q i  sparing, although there was no 
correlation with HDR D q .q i  (r=0.31, p<0.22) there was a significant correlation with 
LDR D q .q i  (Figure 4.7: r=0.72, p<0.0012). There was a weak significant difference 
between the seven sensitive and ten normal strains on the basis of SF2  but not D q .q i  

dose-rate sparing (Figure 4.7: p<0.04 and p<0.25 respectively).

4.8.2 Inter-patient variation

In the present study, analysis of variance (ANOVA) on rephcate data showed a 
statistically significant inter-patient variation for all the parameters examined (p<0 .0 0 0 1 ) 
with the exception of HDR P and the a/p  ratio, where there was borderline significance 

(p<0.05 and p<0.09 respectively). This indicates that the inter-patient variability is large 
compared with the intra-assay variability due to technical or sampling errors.

Several of the survival curve parameters measured at HDR were equally good at 
discriminating between the sensitive and normal populations (SF2 , SF3 .5 , Dbar» Do.l and
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refers to the significance of the difference between the seven radiosensitive strains and ten 

‘normal’ controls. The AT strain is excluded from all analysis.
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Table 4.3. Mean dose-rate sparing factors for Do.ob D3 7 , Dbar and SF2  in 18 

primary fibroblast strains. The final column shows the mean percentage 
reduction in HDR a  following LDR irradiation.

Strain Dq.oi
sparing

D3 7

sparing
SF2

sparing
Dbar

sparing
alpha

reduction

16 1.34 1.30 1.73 1.32 -21.5
23 1.28 1.31 1.57 1.30 -31.5

9 1.40 1.11 1.35 1.18 0.3
15 1.19 1.14 1.27 1.15 -11.4
6 1.25 1.20 1.36 1.21 -15.2

21 1.14 1.00 1.09 1.05 0.4
24 1.35 1.21 1.39 1.25 -14.6

Mean 1.28 1.18 1.39 1.21 -13.3

22 1.22 1.24 1.41 1.23 -19.9
27 1.17 1.01 1.06 1.06 4.9
25 1.19 1.24 1.32 1.23 -19.9
26 1.30 1.12 1.16 1.17 -4.0

Mean 1.22 1.15 1.24 1.17 -9.7

7 1.34 1.17 1.26 1.22 -17.8
18 1.31 1.20 1.29 1.25 -15.7

1 1.41 1.13 1.23 1.19 -6.0
19 1.52 1.17 1.23 1.26 -4.3
20 1.49 1.24 1.17 1.31 -8.3
17 1.53 1.12 1.14 1.22 5.6

Mean 1.43 1.17 1.22 1.24 -7.8

AT 1.08 1.08 1.24 1.09 -7.2
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D o . o i :  p<0 .0 0 0 1 ). However, SF2  was used in all subsequent analysis, as this parameter 
has been widely used in other studies of in-vitro cell radiosensitivity (§4.3.2). Although 
the use of LDR did not increase the discrimination between normal and sensitive cells, 
D q .o i  gave the best discrimination between the two groups at LDR (p<0.0006).

It can be seen from Figure 4 . 8  that although the six non-cancer control cell lines can be 
completely discriminated from the seven clinically radiosensitive strains on the basis of 
either HDR SF2  or LDR D q . q i ,  the 4  CHART patients cover the whole range, 2 

segregating with the six normal non-CHART strains (GL25 and GL26) and 2 with the 
radiosensitive strains (GL22 and GL27).

The improved discrimination of HDR SF2  and LDR D q .q i  results, in part from their low 

intra-strain dispersion and large inter-strain variation. This is shown in Table 4.4 where 
both these parameters have a large variance ratio, whereas for example HDR a  is 
characterised by a lower ratio and therefore a poorer discriminatory power (p<0.0005).

4.8.3 Experimental variation

A knowledge of the variation found in repeat experiments on a single strain is of 
considerable interest, as it gives information on the intra-individual variation in 
radiosensitivity due to experimental technique.

In the present study, one fibroblast strain (GLl) was used as an internal standard in aU 
clonogenic survival experiments performed (HDR: n=31; LDR: n=24).

Regarding HDR SF2 , the internal control CV was 14%, compared with an inter

individual CV for aU 17 non-syndromic strains of 30%, suggesting that the inter-strain 
variation is not simply a reflection of inter-experimental variation.

The HDR SF2  and LDR D q .q i  data obtained for the 17 non-syndromic fibroblasts were 

normalised to the internal control data. Although the inter-individual CV for both these 
parameters increased slightly following normalisation (from 30% to 33% in the case of 
HDR SF2 ) there was a corresponding increase in the mean intra-strain CV, reducing the 
overall variance ratio (Table 4.4). Also, the normalisation procedure reduced the level of 
discrimination between the sensitive and normal populations (HDR SF2 : p<0.0001 to 

p<0.0007 following normalisation).

However, there were individual cases in which normalisation to the internal control 
reduced the intra-individual variation. For example, GL21, which had the highest
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Figure 4.8. Mean fibroblast measurements in 18 primary fibroblast strains for 

HDR Sp2 (upper panel) and LDR Dqqi (lower panel). Error bars represent the 

SEM from at least three replicate experiments. The p value refers to the level of 

the significance of the difference between the seven radiosensitive strains and the 

ten ‘normal’ strains.
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Table 4.4. Variance analysis of different radiosensitivity parameters for 17 
non-syndromic primary fibroblast strains measured at HDR and LDR.

Parameter Intra-patient Inter-individual Variance
CV (%) CV (%) Ratio

HDR SF2 10.7 30.4 2.85
Normalised HDR SF2 13.8 32.7 2.37
LDR SF2 8 . 2 25.2 3.07

LDR Do.oi 5.0 19.5 3.92
Norm LDR Dq.oi 8 . 2 2 1 . 1 2.58
HDR Dq.qi 7.0 14.2 2.04

HDR Dq.i 5.9 17.0 2.88
LDR Do. 1 5.9 19.9 3.37

HDR D3 7 7.3 2 0 . 1 2.75
LDRD 3 7 6.7 2 0 . 2 3.04

HDR Dbar 6.3 18.2 2.90
LDR Dbar 6 . 1 2 0 . 0 3.26

HDR SF3  5 17.7 48.1 2.71
LDR SF3 . 5 14.1 42.7 3.03

HDR alpha 10.3 23.2 2.26
LDR alpha 8 . 8 20.4 2.32

144



intra-individual HDR SF2  CV, had its CV reduced from 24.0% to 11.7% following 

normalisation. Conversely, GL24 showed an increase in CV from 2.9% to 19.1% 
following normalisation. This same strain-dependent phenomenon was also seen for 
LDR Do.oi.

Considering, the data on the internal control, there was no relationship between either 
HDR or LDR SF2  (data not shown) and plating efficiency (Figure 4.9: r=0.02, p<0.91 

and r=0.24, p<0.26 respectively. However, there was a wide variation in plating 
efficiency over the course of the study from 7.2% to 24.4%.

A significant correlation was seen between a  and (3 parameters of the LQ model (Figure 
4.9; r=-0.70, p<0.0001). Other studies of the relationship between a  and p for human 
tumour cell lines have suggested a negative correlation between the two values {i.e. p 
decreases with increasing a) using values of a  and p obtained from acute radiation 

survival curves (Bentzen et al. 1990, Fertil and Malaise 1981).

4.9 Discussion

The purpose of this study was to measure the clonogenic survival of 17 non-syndromic 
fibroblast strains and an AT cell line. It was then seen whether it was possible to 
distinguish between those strains classed as radiosensitive ( 2  'severe over-reactors' and 
5 'highly radiosensitive') or normal (4 cancer control patient and 6  controls) on the basis 
of their in-vitro fibroblast radiosensitivity.

The assay used a feeder layer of heavily irradiated fibroblasts, which has been shown to 
result in an increased plating efficiency (Cox and Masson 1974). Use of an internal 
control and irradiation at LDR (0.01 Gymin‘1) were studied, as these modifications have 
been shown to further increase the discrimination between strains (Elyan et al. 1993a, 
1993b, Burnet et al. 1994b).

As has been confirmed in other studies on fibroblast radiosensitivity, the survival curves 
obtained following HDR radiation appeared to be exponential with httle evidence of any 
curvature in the majority of strains. Indeed three of the non-syndromic strains and the 
AT strain had survival curves which were exponential. However, low dose-rate sparing 
was seen in all 18 strains (Table 4.3) which would suggest a curvi-hnear shape 
compared with an exponential curve, suggested by conventional radiobiology to show 
no recovery after LDR irradiation. Cox and Masson (1980) found that survival curves 
from fibroblasts at an advanced stage of passage were exponential compared with those 
at early passage. However, in the present study, all clonogenic measurements were
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carried out on early passage fibroblasts (P<10).

The shape of the survival curve is cell-type dependent. Geara et a l (1992a) found that 
fibroblast survival curves tended to be more linear than keratinocyte curves isolated from 
the same patient. Survival curves for lymphocytes are also reported to have a distinct 
shoulder (Kushiro gr a/. 1990).

Considering the HDR SF2 , there was a considerable range for the 17 non-syndromic 

strains, from 0.11 to 0.34 (Table 4.1). As has been seen in other studies, the extremely 
radiosensitive AT cell line fell outside this normal range with a HDR SF2  of 0.05 (Table 

4.8). The 7 radiosensitive patients were significantly more radiosensitive than the normal 
group, with HDR SF2  and LDR D q .o i ,  being the parameters at the respective dose rates 
giving the best discrimination (Figure 4.8).

The range of measured radiosensitivities obtained in the present study for the normal, 
radiosensitive and AT cell strains compare well to those reported in the literature at both 
HDR and LDR (Table 4.5-4.8), although the range of values seen for the non- 
syndromic strains is narrower than that seen in some studies (Cole et al. 1988, Little et 
a l 1988, Deschavanne étal. 1986). The HDR SF2  range in published studies for non- 

syndromic strains varies from 0.08-0.66 with the present study covering 40% of this 
range. Considering the clinically radiosensitive strains, the majority of these studies have 
been carried out on small numbers of patients, who have been studied in vitro due to 
their unusual clinical response (Table 4.7).

The picture that emerges from all these studies is that there is an approximately threefold 
range of sensitivity for fibroblasts from non-syndromic donors at HDR. The majority of 
studies of normal radiosensitivity have utilised untransformed fibroblasts at HDR in 
preference to other cell types and protocols. However, as in the present study, many of 
these studies have included cancer patients and those with syndromes not thought to 
affect their radiosensitivity. Technical differences from study to study such as the use of 
feeder cells, serum concentrations, irradiation type, dose rate or cell-cycle state during 
irradiation may account for part of this inter-individual variation. However 
Weichselbaum et al (1980) found no significant difference in cell survival 
measurements determined by different laboratories on the same tumour cell lines.

Fewer LDR studies have been carried out (Table 4.6) although its use has been 
suggested as a means of increasing inter-individual discrimination (§4.5.2).

An important question was the reproducibility of the clonogenic assay. The 
reproducibility of differences between individuals is of considerable significance in
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Table 4.5. Published values of human fibroblast radiosensitivity measured at HDR. Values presented are the mean and where 
appropriate the range of values reported in the literature.

Reference CeU
number

Dose rate 
(Gymin-1)

a
(Gy-l)

P
(Gy-2 )

Dbar
(Gy)

Do
(Gy)

N SF2

(Gy)
Dq.i
(Gy)

PE (%)

Arlett and Harcourt 
(1980) 37

1.8-3.19 1.26
0.97-1.80

Weichselbaum et 
al (1980)

1 0 0 . 8 1.40-1.52 0.6-44.0

Cox and Masson 
(1980) 44 0.5-2.5 - -

1 . 2 2

0.98-1.60 - - -

Dritschilo et a l 
(1984)

8 1 .6 - 2 . 2 — 1.06-1.94 0.60-1.52 — — 2-36

Fertil and Malaise 
(1985)

1 0 Uterature 0.65 0.013 1.53 1.25 2.4 0.27 — —

Deschavanne et a l 
(1986)

70 Uterature — 1.63
0.78-2.47

1.27 2 . 1 2 0.31 — —

Woods and Byrne 
(1986)

9 1.5 — — 1.55
1.34-1.78

1 . 2 0

0.71-1.73
— 3.79

3.15-4.45
—

Nagasawa and Little 
(1988)

1 1 0.80 - — — 1.14
0.96-1.37

— — 3.13
2.22-4.18

11.5-94.8

Little et a l (1988) 24 0.78 — — 1.23
0.89-1.75

0.99
0.45-1.56

— 2.73
1.96-3.72

1.0-57.0

Arlett gr aZ. (1988), 
Cole et a l (1988)

6 1.58
1.42-1.69

1.34
1.20-1.41

1.31
1.01-1.53

52.8
31.4-75.4

Malaise et a l 
(1989)

60 0.65 0.053 1.70
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Table 4.5. Continued

Reference CeU
number

Dose rate 
(Gymin-1)

a
(Gy-l)

P
(Gy-2)

Dbar
(Gy)

Do
(Gy)

N SF2

(Gy)
SF3 . 5

(Gy)
Do.l
(Gy)

PE (%) Do.oi
(Gy)

Little et a l 
(1989)

32 0.8 — 1.15 — — — 2 . 6 6 1-78

Loeffler et al. 
(1990)

6 0 . 8 — — 1.23
1.08-1.43

1.15
1.02-1.23

1.03
0.91-1.21

— — 2.68
2.42-2.94

4.1-51.0 —

Little and 
Nove (1990)

31 0 . 8 — — — 0.50-1.79 — — — 1.80-4.20 — —

Ban et a l 
(1990)

56 0.9-1.0 - — 1.09
0.81-1.28

1 . 6

0.9-3.9
— — 2.87

2.18-3.59
— —

Kushiro et a l 
(1990)

2 2 0.25 - — — — — — 3.19
2.53-4.04

59.0
23.0-79.0

—

Nagasawa et 
al (1992)

6 0.70-0.75 - — 1.06
0.89-1.16

2 . 0  

1.1-2.5
— — — 26-93 —

Geara et a l 
(1992a)

3 4.55 0.31-0.75 — — — 0.22-0.43 — 2.99-4.12 28.4-56.2

Geara et a l 
(1992b, 1993)

30 4.55 0.57 — — — 0.29 — 3.55 6.13

Dahlberg et a l 
(1993)

1 2 0 . 8 0.71
0.40-1.04

0.0238
0.0-0.058

1.33
0.96-1.76

1.16
0.95-1.27

1.19
0.89-1.48

0 . 2 1

0.12-0.31
— 2.86

2.14-3.41
11.1-43.9 —

Begg et a l 
(1993)

24 0.95 — — — — — 0.25
0.10-0.42

— 3.03
1.98-3.92

15.0
0.5-32.0

—

Johansen et 
al (1994a) 1 2 1.73

0.24
0.0-0.78 -

1.64
1.22-2.36 - -

0.31
0.16-0.57

0.070
0.006-

0.19
-

10.9
3.4-29.0
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Table 4.5. Continued

Reference Cell
number

Dose rate 
(Gymin-^)

a
(Gy-i)

P
(Gy-2)

Dbar
(Gy)

Do
(Gy)

SF2
(Gy)

SF3.5
(Gy)

Do.i
(Gy)

PE (%) a/p Do.oi (Gy)

Burnet et a l 
(1994b)

6 1 - 2 0.69
0.60-0.88

0.0233
0.005-
0.034

1.34
1.12-1.52

1.40
1.13-1.58

0.23
0.17-0.28

3.04
2.57-3.45

5.62
5.07-6.38

Ron et a l 
(1994)

56 1 . 0 — — — 0.91-1.32 — — 2.11-3.71

Brock et a l 
(1995) 2 0 4.55 - - - -

0.30
0.10-0.46

0,49
0.25-1.07

- - - - -

Ramsay and 
Birrell (1995)

17 3 — — — — 0.08-0.20 — — 11-41

Dahlberg and 
Little (1995)

5 0.52 or 
6 - 8

0.75
0.52-1.07

0.019
0.0-0.041

1.30
0.94-1.60

1.14
0.93-1.26

0 . 2 2

0.12-0.31
— 2.85

2.17-3.41
—

Lara et a l 
(1996)

6 0.90 — — — — 0 . 2 2

0.04-0.34
— 2.70

1.41-3.60
—

Burnet et a l 
(1996b)

5 1 - 2 0.63-0.90 0.0068-
0.0347

1.06-1.40 1.09-1.48 0.15-0.25 — 2.43-3.15 18-110 4.64-5.85

Johansen et a l 
(1996)

1 2 1.73 — — — — 0.16-0.55 0.007-
0.188

13.8
2.2-31.5

Ma et a l 
(1996)

1 2 13.68 — — — 1.30
0.96-1.84

— — 2.95
2.38-3.71

Rudat et a l 
(1997)

55 1 - 2 — — 1.78
0.83-2.91

— 0.35
0.09-0.66

0.13
0.01-0.33

3.83
1.91-5.27

6.60
3.81-9.94
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Table 4.5. Continued

Reference CeU
number

Dose rate 
(Gymin-l)

a
(Gy-l)

p
(Gy-2)

Dbar
(Gy)

Do
(Gy)

N SF2

(Gy)
Dq.i
(Gy)

PE (%)

Sprotson et al. 
(1997)

4 1.07 0 . 6 6

0.47-0.82
0.0228

0.001-0.043
1.43

1.22-1.60
1.25

1.09-1.36
1.26

1.05-1.56
0.19

0.15-0.25
5.0-29.0

Kiltie et a l (1997) 9 1.08 0.70
0.30-0.96

— 1.35
1.13-1.80

— — 0 . 2 1

0.15-0.32
—

Honkanen et a l 
(1998)

8 2 -- — — — 0.13-0.32 0.1-23.0

Russell et a l 
(1998)

79 -- — — — 0.25
0.03-0.72

8 . 0

0.16-30.5
Present Study 1 0 1 . 6 0.63

0.452-0.891
0.036

0.013-0.047
1.45

1.12-1.72
1.52

1 . 1 2 - 1 . 8 6

— 0.26
0.17-0.34

3.26
2.58-3.73

20.9
13.4-31.9
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Table 4.6. Published values of human fibroblast radiosensitivity at LDR.

Reference CeU
number

Dose rate 
(Gymin-1)

a
(Gy-l)

P
(Gy-2)

Dbar
(Gy)

Do
(Gy)

N SF2

(Gy)
Do.i
(Gy)

Do.oi
(Gy)

Dritschilo et a l 
(1984)

8 0.03-0.07 — — — 1.13-2.70 0.73-1.15 —

Little and Nove 
(1990)

55 0.00014
-0.0017

— — — 0.38-2.30 — — 0.80-6.8

Weeks et a l 
(1991)

1 0 0.008 —
■

7.97
6.32-9.41 -

Nagasawa et 
al (1992)

6 0.0004-
0.0026

— — 5.70
4.52-7.33

0.93 
0.7-1.1

— — —

Geara et a l 
(1992b,1993)

30 0.0285 0.51 — — — — 0.35 4.71 9.39

Bumet et a l 
(1994b)

1 0 0 . 0 1 0.60
0.53-0.68

0.0046
0.0-0.0098

1.64
1.44-1.83

1 . 6 6  

1.46-1.86
— 0.30

0.25-0.34
3.77

3.30-4.20
7.33

6.43-8.12
Brock et a l 
(1995)

2 0 0.0285 — — — — 0.56
0.33-1.06

— —

Burnet et a l 
(1996b)

4 0 . 0 1 0.46-0.74 0.0-0.008 1.36-2.05 1.36-2.11 — 0.23-0.39 3.13-4.67 6.25-8.76

Sproston et a l 
(1997)

4 0 . 0 1 1 0.56
0.30-0.71

0 . 0 1.70
1.40-2.12

1.49
1.36-1.67

1.15
1.00-1.31

— — —

Kiltie et a l 
(1997)

9 0 . 0 1 1 0.48
0.21-0.79

— 1 . 8 8

1.43-2.46
— — 0.30

0.23-0.35
— —

Sarkaria et a l 
1998

23 0 . 0 1 2 — — — — — — 6.3
4.9-6.9

Present study 1 0 0 . 0 1 0.57
0.46-0.77 0.0-0.0042

1.77
1.30-2.13

1.77
1.29-2.16

— 0.32
0.21-0.39

4.07
2.98-4.85

8.04
5.96-9.67

152



Table 4.7. Published values of fibroblast radiosensitivity from clinically radiosensitive patients at both HDR and LDR.

Reference Cell
number

Dose Rate 
(Gymin'l)

a
(Gy^^

P
(Gy-2)

Dbar
OGy)

Do
(Gy)

N SF2

(Gy)
Do.i
(Gy)

PE (%) Do.Ol
OGy)

Weichelbaum 
et al. (1976)

3 0 . 8 — 1 . 2 2

1.01-1.57
0.87

0.64-1.27
-- 1 .8 - 1 0 . 0

Smith et al. 
(1980)

6 1.3 — 1 . 2 2

1.10-1.35
0.77

0.37-1.12
-- 13.7

6.4-24.3
Sabovljev et 
al (1985)

1 — — 0.77 --

Woods et a l 
(1988)

1 1.5 — — 0.89 0 . 8 6 — 1.91

Plowman et 
a l (1990)

1 1 . 0 0 . 8 8 0.59 0.52
0.67

0.52 0 . 0 2

Loeffler et a l 
(1990)

5 0 . 8 — 0.92
0.82-1.01

0.97
0.82-1.09

0.84
0.68-1.09

— 2.04
1.81-2.14

8.4-39.0

Geara et a l 
(1992a)

1 4.55 0.72 — — — — 0.18 2.55 44.52

Dahlberg and 
Little (1995)

4 0.52 or 
6 - 8

1.03
0.92-1.22

0 . 0 1 2

0.0-0.023
0.96

0.82-1.03
0.90

0.84-0.96
1.17

0.99-1.32
0.13

0.09-0.15
2.19

1.93-2.35
Symonds et 
cil (1995a,b)

1 0.469 0.196 0.69 :2.83 0.18

Bumet et a l 
(1996b) 3

HDR 1-2 

LDR 0.01

0.687-0.952

0.767-0.977

0.0-0.0259

0.0-0.0029

1.05-1.33

1.02-1.29

1.05-1.38

1.02-1.30

0.15-0.23

0.14-0.21

2.42-3.01

2.36-2.97

4.84-5.94

4.72-5.91
Brown et a l 
(1996)

1 HDR 1.12 
LDR 0.88

— — — — — 1 - 8

Present study 7
HDR 1.6 0 . 8 8

0.79-1.03
0.035

0.0-0.077
1.08

0.93-1.18
1 . 1 1

0.95-1.22
0.16

0.11-0.19
2.46

2 . 1 1 - 2 . 6 8

15.9
4.2-27.2

4.70
4.15-5.03

LDR 0.01 0.77
0.68-0.82 0 .0 - 0 . 0 0 2 2

1.31
1.22-1.47

1.30
1.22-1.47

- 0 . 2 2

0.19-0.26
3.01

2.81-3.39
5.99

5.59-6.78
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Table 4.8. Published values of fibroblast radiosensitivity from homozygous AT fibroblasts.

Reference CeU Dose rate a P Dbar Do N SF2 Do.l PE (%)
number (Gymin-1) (Gy^9 (Gy-2 ) (Gy) (Gy) (Gy) (Gy)

Arlett and 1 0 — — — — 0.41-0.88 — — - -

Harcourt (1980)
Weichselbaum 3 — — — — 0.43-0.52 — - - -

e ta l  (1980)
Cox and 1 2 0.5-2.5 — — — 0.46 — — — -

Masson (1980)
Dritschilo et a l 2 0.07 — — — 0.63-0.85 0.72-1.12 - - 3-18
(1984)
Woods and 2 — — — — 0.64-1.05 0.35-0.96 — 1.32-1.45 -
Byrne (1986)
Deschavanne et 18 - - - 0.55 0.51 1 . 2 0 0.026 - -

a l (1986)
Arlett et a l 8 — — — 0.43 0.54 0.72 — - 2 2 . 1

(1988) 0.31-0.56 0.39-0.85 0.43-1.87 2.0-46.0
Little and Nove HDR 7 HDR 0.30-0.69 0.80-1.59
(1990) — - — - - -

LDR 6 LDR 0.38-0.59 0.80-1.59
Ban et a l 7 — — — — 0.58 1 . 2 — 1.40 -

(1990) 0.49-0.66 0.9-1.7 1.07-1.59
Weeks et a l 3 LDR 0.008 — — — — — — 1.65 -

(1991) 1.26-1.86
Ramsay and 1 3 - - - - - 0.006 - -

Birrell (1995)
Sproston et a l 1 HDR 1.07 1.52 0.16 0.59 0.51 1.33 0.029 - -

(1997)
LDR 0.011 1.84 - 0.54 0.48 1.58 - — —

HDR 1.6 1.507 0 . 0 0 . 6 6 0 . 6 6 — 0.05 1.53 12.4
Present Study 1

LDR 0.01 1.398 0 . 0 0.72 0.71 - 0.06 1.65
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assessing the use of clonogenic assays as a measure of radiosensitivity. Analysis of 
variance with repeated measurements showed a highly significant larger inter-individual 
than intra-individual variability for all radiation parameters studied (p<0 .0 0 0 1 ), with the 
exception of P and the cx/p ratio. The CV observed for the non-syndromic strains in this 
study are comparable with those in other studies, with a HDR SF2  CV of 30.4% 

compared with 11.2-50% in the literature. Table 4.9 shows the inter-individual range in 
fibroblast radiosensitivity from published studies as measured by the CV for several 
radiation survival parameters. Values range from 7% for Dq.oi up to 123% for a  

(Bumet et a l 1994b, Johansen et a l 1994). The CV for the 17 non-syndromic strains 
was larger than that of the internal control (HDR SF2  CV 30% compared with 14% for 

internal control (n=31 for HDR and n=24 at LDR)).

However, along with this inter-individual variation, there also remained intra-individual 
variation in repeat experiments (Table 4.4). Since replicate survival experiments of one 
fibroblast strain were performed at similar passage number within a short time period, 
the observed parameter variation was most likely due to assay variability.

4.9.1 Experimental variation

An important aspect of an evaluation of measurements of radiation sensitivity is the 
uncertainty in the values obtained due to assay variability (§4.4). This variability is made 
up of the sampling error (repeat assays from a single cell suspension), the variation from 
one biopsy to another) and the inter-patient variation. Clearly the sensitivity of the 
clonogenic assay would be improved if sources of inter-experimental (and intra
individual) variability could be reduced. Many studies have relied upon a single 
determination of survival, although this may not provide an adequate basis for 
prediction. Indeed, a knowledge of the range of variation in different repeat assays from 
the same individual is of considerable importance and should result in a better 
appreciation of the range of inter-experimental variation.

A considerable volume of data was generated from repeat experiments on GLl over a 
period of three years (HDR: n=31; LDR: n=24). It was possible to rule out any influence 
of plating efficiency on radiosensitivity despite a four-fold variation in plating efficiency 
from 7.2 to 24.4% (Figure 4.9). This is in agreement with Weichselbaum et a l (1980) 
who examined one strain which had a 9-fold difference in plating efficiency but little 
variation in the observed Dq.

This data on GLl allows us to make some assumptions about how reproducible the 
clonogenic assay really is. For example, it is possible to calculate that the probability of 
being within 10% of the mean SF2  value (5% above or below) if a further clonogenic
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Table 4.9. Variation among individuals in fibroblast radiosensitivity, in terms of the coefficient of variation (CV) for various 
radiosensitivity parameters reported in the literature. Figures in italics have been calculated from published data.

Reference No. of 
cells

CV(%)

SP2 Do.l Do
a

Dbar N SF3 . 5

a/|3
Do.Ol

Cox and Masson (1980) 34
HDR

36
LDR

34

- 14
HDR

41
LDR

27

- - - - - -

Deschavanne et a l (1986) 70 33 36 23 61 - - - -
Woods e ta l  (1986) 9 11.2 9.0 - - - 27.&
Little et a l (1988) 24 - 15 19 - - 29 - - - -
Nagasawa e ta l  (1988) 1 1 - 19.1 10.5 - - - - - - -
Little e ta l (1989) 32 - 15.3 16.3 - - - - - - -
Ban e ta l  (1990) 56 — 9.6 12.6 — — 35.3

Kushiro et a l (1990) 2 2 20 1 1 . 6 - - - - - - - -
Weeks et a l (1991) 62 - 2 0 - - - - - - - -

Geara et a l (1992b) 26
HDR

36
LDR

34

HDR
2 1

LDR
24

-
HDR

41
LDR

27

- - - - -
HDR

2 2

LDR
23

Begge ta l  (1993) 24 35 17 - - - - - - - -
Dahlberg e ta l  (1993) 1 2 12.7 9.1 26.3 17.6 14.7 - - -
Johansen e ta l  (1994a) 1 2 42 - - 123 2 2 90 - - -

Bumet et a l  (1994b) W
HDR
15.2 
LDR
11.2

HDR
&9

LDR

HDR
10.2
LDR
9.0

HDR
12.8
LDR
9.&

HDR
9.3

LDR
- -

HDR
34.1
LDR

HDR
108.8

HDR
7.2 

LDR
7.3

Dahlberg and Little (1995) 9 43.5 2 0 . 2 15.7 27.1 2 j ^ 19.6 - 102.5 - -
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Table 4.9 continued.

Reference No. of 
cells

CV(%)

SF2 Do.l Do
a

Dbar N SF3 . 5

a/p
Do.Ol

Brock et al. (1995) 2 0 14-31% - - - - - - - - -
Mei e ta l  (1996) 53 30.2 18.2 - - 18.5 - - - - -
Lara era/. (1996) 6 50.0 2 & 0 - - - - - - - -
Johansen e ta l  (1996) 31 31 - - - - - 57 - - -
Ma et a l (1996) 1 2 - 14.2 18.7 - - - - -

Bumet et a l (1996b) 7
HDR
18.9

LDR
30.7

- - -
HDR

1 0 . 8

LDR
223

- - - -
HDR

8 . 6

LDR
2 0 . 2

Sproston e ta l  (1997) 4
2Z7

-
HDR
10.0
LDR
9.4

HDR
21.9
LDR

HDR
13.7
LDR
18.3

HDR
16.6
LDR
10.3

HDR
&9.7 - -

Kilte et a l (1997) 9
HDR
27.0
LDR
13.6

- -
HDR
27.9
LDR

HDR
16.9
LDR
16.1

- - - - -

Rudat et a l (1997) 55 30 17 - - 24 - 45 - - 14

Present Study 17
HDR
30.4

HDR
17.0

HDR
2 0 . 1

HDR
23.2

HDR
18.2 -

HDR
48.1

HDR
50.4

HDR
89.4

HDR
14.2

LDR
25.2

DR
19.9

LDR
2 0 . 2

LDR
20.4

LDR
2 0 . 0

LDR
42.7

LDR
19.5

“CV obtained in this study under a variety of different irradiation techniques. 

i’lO strains, but 6  patients
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assay was carried out is 27%. However, it is generally accepted that a single clonogenic 
assay may not be an adequate determinant of radiosensitivity and if one were to perform 
three repeat experiments as in the present study, the probability of being within 1 0 % of 
the mean rises to 81%.

Few studies have looked at this problem of variation within a strain in a sufficiently large 
number of repeat assays. Table 4.10 shows the range of CVs observed in fibroblast cells 
strains studied in at least ten repeat assays over a number of years. There is good 
agreement between the CVs observed in the present study and those in the hterature, 
suggesting that the variation in radiosensitivity due to experimental procedure is 
consistent.

Normalisation to an internal control has been used previously to reduce assay variation 
(Elyan et a l 1993b). However in this study, although in the case of HDR SF2  the 

normalisation procedure increased the inter-individual CV slightly (from 30.4 to 32.7%) 
there was a corresponding increase in the mean intra-individual CV (from 10.7 to 
13.8%) (Table 4.4).

The normalisation procedure did not increase the discrimination between fibroblast 
strains, in contrast to the study by Elyan et a l (1993b). Relative to the mean value for 
each cell line, the SF2  values for the internal control and strain under study paired with 

it, did not go up or down together. This suggests that the 'Gremlin' errors common to 
both assays, such as temperature, were small compared with intra-assay errors. The 
inclusion of an internal standard may only be useful if an unexpected error occurred 
during the experiment.

It is unlikely that any normalisation procedure would completely remove the intra
individual variability seen between repeat measurements in a particular cell strain because 
first, there is significant intra-experimental variability, and second, any particular cell 
strain, including any selected as an internal standard will have an inherent variability. 
For example GL21 in this study has the highest HDR SF2  CV of 24.0% despite eight 

repeat measurements being performed. Little et a l (1988) found that although the 
majority of their 24 normal cell strains showed minimal inter-experimental variation, one 
strain had a range of D q values from 0.84 to 1.90 and D q . i from 1.60 to 3.90 Gy in nine 

separate experiments. Care must be taken in the selection of strains to be used as an 
internal control (Nagasawa and Little 1988). If such a strain was selected as an internal 
control, parameters from other strains are normalised against this variability rather than 
any variability due to experimental differences. Weichselbaum et a l (1976) reported on 
the in-vitro radiosensitivity of seven fibroblast strains derived from radiosensitive 
patients. However, because one of the strains selected to define the normal response had
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Table 4.10. Coefficient of variation for fibroblast strains assayed in at least ten independent clonogenic assays.

REFERENCE CELL LINE
NO. OF 

REPEATS
CV(%)

Do SF2 D q . i D q .o i Dbar SF3 . 5 a P
Arlett and
Harcourt
(1980)

1ER

2BI

15

14

17

18
Arlett et al 
(1988)

1BR.2

1BR.3

2 0

24

1 1

9
Little et al 
(1988)

GM495

GM1652

1 0

1 0

1 1

15

Present study GLl
HDR 31 

LDR 24

10.3

11.3

14.0

12.7

9.6

10.5

9.8

12.7

9.4

10.7

29.2

2 1 . 1

17.2

11.7

64.4

64.0
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a sensitive response itself, it resulted in cells from two of the radiosensitive patients 
being classified as normal in vitro, which may have been incorrect.

4.9.2 Cancer predisposition and radiosensitivity

There is some controversy as to whether cancer patients have an increased 
radiosensitivity relative to the normal population. Indeed several of the studies used to 
define the normal range of fibroblast radiosensitivity have included non-syndromic 
cancer patients (Weichselbaum et a l 1980, Deschavanne et a l 1986). A clear 
correlation between cancer predisposition and radiosensitivity was first demonstrated for 
patients with AT (Taylor e ta l  1975). To date, twenty inherited cancer prone conditions 
have been identified which exhibit some degree of elevated chromosomal radiosensitivity 
(Scott et a l 1999) suggesting that defects in the processing of DNA damage may 
contribute to cancer predisposition.

In the present study the four cancer control patients covered the complete range of 
radiosensitivities seen in the seven chnically radiosensitive and six surgical control 
strains as measured by HDR SF2 . Two of the strains (GL22 and 27) were significantly 

more radiosensitive than the normal non-CHART population (GL22: p<0.001 and 
GL27: p<0.007). Interestingly, although GL27 did not suffer early tissue reactions, a 
severe subcutaneous fibrosis was documented six years post-radiotherapy.

There is evidence in the literature both for and against an increased radiosensitivity in the 
cancer population. In a study of atomic bomb survivors, there was no evidence that 
women who developed breast cancer were more sensitive to the damaging effects of 
radiation than women who did not develop breast cancer. In that study, 54 cell strains 
from exposed and non exposed breast cancer cases and controls were compared and no 
difference in radiosensitivity was reported between exposed and non exposed groups, 
nor between breast and non-breast cancer patients (Ban et a l 1990).

A further study by Ron et a l (1994) investigated whether thyroid or skin cancer patients 
showed an enhanced in-vitro radiosensitivity. They found a slightly increased 
radiosensitivity among skin cancer cases (n=14) compared with controls (n= ll) as 
measured by D q (p<0.06) or D q. i (p<0.05), although the number of cases were small. 

Bech-Hansen et a l (1981) studied six members of one family and found that fibroblasts 
from the three members with cancer showed a significant increase in in-vitro 
radiosensitivity while the non-affected members showed a normal response.

There are a few reports of differences in radiosensitivity between healthy donors and 
cancer patients assessed by the micronucleus assay. Ochi-Lohmann et a l (1996)
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reported that the micronucleus frequency was not different in basocellular carcinoma 
patients and healthy donors. However, Rached et a l (1998) found a higher level of 
micronucleus frequency induced by in-vitro irradiation in cancer patients compared with 
healthy donors.

A series of studies have suggested that an elevated chromosomal radiosensitivity may be 
a marker for breast cancer predisposition (Scott et a l 1994, 1998, 1999). In the latest of 
these, approximately 40% of breast cancer patients showed an elevated sensitivity as 
measured by the G2 assay (Scott e ta l  1999). Scott e ta l  (1998) identified 31% (12 out 
of 39) of breast cancer patients compared with 5% (2 out of 42) of healthy controls as 
having elevated radiation sensitivity as determined with the micronucleus assay. Scott e t 
al (1994) found that approximately 40 % (21 out of 50) of an unselected series of breast 
cancer cases showed elevated chromosomal radiosensitivity compared with normal, 
healthy controls. This observation has been confirmed by Parshad et a l (1996) who 
found that 6  out of 1 2  cases with no family history of breast cancer and six out of seven 
cases with a family history were sensitive. Roberts et a l (1999) have investigated 
whether this chromosomal sensitivity was inherited and presented data indicating that 
62% of first degree relatives of sensitive breast cancer patients were also sensitive, as 
opposed to only 7% of first degree relatives of patients with a normal response. The low 
penetrance genes responsible for this predisposition to breast cancer have yet to be 
identified, although the XRCC DNA repair genes have been suggested as possible 
candidates (§5.8.1).

4.9.3 Plating efficiency

Although the inter-strain variation in plating efficiency was greater than the intra-strain 
variation (p<0 .0 0 0 1 ) there was no relationship with radiosensitivity as measured by 
HDR SP2  (Figure 4.5). The lack of a relationship was evident both among strains and 

for the internal control within a strain. This has been confirmed by a number of other 
studies (Arlett and Harcourt 1980, Weichselbaum et a l 1980, Little et a l 1988, 
Johansen et a l 1996).

Other studies have found that neither age, gender, disease status, origin of fibroblast or 
method of culture estabhshment were statistically significant confounding factors on the 
intrinsic radiosensitivity of normal cells in vitro (Rudat et a l 1997, Brock et a l 1995, 
Mei et a l  (1996).

Pomp et a l (1996) found that the plating efficiency of cells was dependent on the 
density of cells inoculated and that above a certain level, a non-linear relationship 
between the number of cells inoculated and colony formation was reached. In such a
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situation, survival could be underestimated due to the inhibition of colony formation. 
The method used for the clonogenic assay in the present study involved plating live cells 
at two different dilutions, the higher dilution having half the number of live cells 
compared with the lower dilution (§2.4).

Figure 4.10 indicates that for the internal control data the plating efficiency was 
dependent on the number of cells originally inoculated. The number of colonies seen at 
the higher dilution is significantly higher than at the lower dilution, with the regression 
line giving a slope of 1.4 (p<0.0001).

A Bland Altman analysis shows that the difference between plating efficiency at high and 
low dilution is greater as the plating efficiency increases. A deviation from the expected 
colony number between various plating densities has been seen previously (Geara et al 
1992b). A number of variables can affect the clonogenicity of cells independent of the 
treatment protocol. Two explanations have been put forward as to why a higher plating 
densities may reduce colony-forming efficiency: first, larger colony numbers may affect 
growth if competition for substrates occurs, and second, colonies may overlap one 
another such that the number of distinct colonies is reduced.

4.9.4 Reduction of alpha

A known consequence of LDR irradiation is that HDR survival curves become 
exponential at a dose rate of 0.01 Gymin'l (Wells and Bedford 1983). It has been 
suggested that the p quadratic component of the LQ model accounts for the repair of 

lesions that occur during irradiation and so this is the only component that is dose-rate 
dependent. Therefore, irradiation at LDR allows the disappearance of the p component 

resulting in a straight line which extrapolates the initial slope of the acute radiation 
survival curve and a direct measure of the linear a  component (Steel et a l 1987, Hall 
and Zaider 1985). This disappearance of the p component was seen for the majority of 

strains in the present study although it did not completely disappear in two of the strains 
(GLl6  and GL21) where an average reduction of 89% was seen. Again, Bumet et al 
(1994b) found that p did not completely disappear following LDR irradiation in 8  of the 

1 0  fibroblast lines studied.

However, a  may not simply reflect the non-repairable component of the survival curve 

and has been suggested to be dose-rate dependent. LDR radiation may lead to a decrease 
in a  through the repair of DSB or induction of an adaptive response (Barendsen 1994, 
Stecca and Gerber 1998). As can be seen from Table 4.3, following LDR the a  

component was reduced with an average reduction of 10.3% in the 17 non-syndromic 
strains. Although this is different from the observed dose-rate effect with tumour lines
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Figure 4.10. Internal control plating efficiency. The upper panel shows the 

relationship between plating efficiency (PE) and number of cells innoculated. 

The complete line shows the regression line fitted to the data points and the 

dashed line is where HDR PB=LDR PE. The lower panel indicates that the 

difference between PE at high and low dilution is greater as the PE increases. 

The lower horizontal line indicates the relationship assuming no effect of 

dilution on PE. The upper line indicates the average difference in PE between 

the high and low dilution.
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where a  does not change (Steel et al. 1987), several studies on normal cells have noted 
such a reduction at LDR. Badie et a l (1996) found that the decrease in a  ranged from 

23% to 97% when the dose was reduced from 1 Gymin  ̂ to 0.01 Gymin'^ for a group of 
5 strains including two from HRS patients. Bumet et a l (1994b) found that a  decreased 
by 13 % in a group of ten cancer patients. The average reduction in a  in a group of nine 

vaginal cancer patients was 30.9%, although there was a wide variation from an increase 
of 9.7% to a decrease of 59.2% (Kiltie et a l 1997). Geara et a l (1993) examined 26 
fibroblast cell lines and found an average decrease in a  of 11.5%, despite the use of a 
higher low dose rate (2.85 cGymin‘1). Wells and Bedford (1983) saw no change in a  
for a rodent fibroblast cell line at dose rates of 0.48 cGymin‘1 and 0.1 cGymin'^ 
However the a  for this rodent cell line was small even at HDR and similar to the 

smallest values at LDR. A similar effect was seen in the present study for GL17.

4.9.5 LDR irradiation

Several investigators have found that testing with a LDR protocol amplifies the 
radiosensitivity among individuals compared with radiation at HDR (Bumet et al 
1996b, Elyan et a l (1993a). This was not apparent in the present study which agrees 
with those reports which found better or equally good discrimination between cells at 
HDR (Geara et a l 1992b, Hendry and Jiang 1994, Scott et a l 1998). Little and Nove 
(1990) compared the response of exponentially growing fibroblasts from 31 normal and 
83 cancer patients with possible in-vitro hypersensitivity to both acute irradiation and 
beta irradiation from tritiated water. While the protracted irradiation increased the range 
of differences in responses in all the cell strains under test, it did not prove to be a more 
sensitive assay than acute irradiation for resolving hypersensitivity.

The LDR of 1 cGymin"^ used in this study allowed an opportunity for cellular recovery 
but not a significant amount of cell proliferation to occur during radiation exposure, 
which would have the effect of decreasing the slope of the LDR curve. At this dose rate, 
the exposure time to give 12 Gy was approximately 20 h. Furthermore, it is likely that 
cell proliferation is inhibited by the radiation treatment

It has been suggested that LDR irradiation increases discrimination between cells due to 
an increased inter-individual CV relative to HDR (Steel et a l 1987). However, in the 
present study, only in the case of D q. i  and Dbar was a small increase apparent.

Several studies have concluded that use of a lower dose rate than is conventionally used 
may improve discrimination between individuals. Jones et a l (1995) in a study of 
chromosome aberrations in breast cancer patients found that decreasing the dose rate
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from 0.35 cGymin‘1 to 0.13 cGymin'l might further improve the discrimination between 
cells of different chromosome repair capacities. Experiments with a normal fibroblast 
strain (HE 19) at a dose rate of 0.33 cGymin‘1 confirmed that there was a sparing effect 
of lowering the dose rate in the range of 1 to 0.33 cGymim^ and a plateau was not 
reached even at 0.33 cGymin‘1 (Badie et a l 1996). From this data it was suggested that 
a dose rate lower than the conventional 1 cGymin  ̂ may provide even better 
discrimination between individuals. Amdur and Bedford (1994) examined a range of 
dose rates from 0.3 up to 30Gyh'l and found a significant increase in survival between 
irradiation at 1.7 and 0.6 cGymin'l in a normal human fibroblast and a human tumour 
cell line. However, Nagasawa et a l (1992) found no increased dose-rate effect in six 
non-syndromic human fibroblast strains when the dose-rate was decreased from 0.255 
to 0.038 cGymin'l and Marchese et a l (1987) found no effect with a dose-rate between 
1.16 and 0.17 cGymin‘1 in a series of 6  tumour and 3 normal fibroblast lines.

Certain studies have proposed that the use of a fractionated protocol where radiation is 
given in multiple fractions which reflects clinical radiotherapy where treatment is given 
in multiple fractions, allowing for the repair of some damage between fractions. This 
type of repair has been termed sublethal damage repair (SLD) (Elkind et a l 1965). SLD 
exists when a cell's DNA has been damaged but as yet no ionising particle has caused 
cell death. If exposure to radiation is stopped before a cell has suffered lethal damage, 
repair of any SLD can occur in the time before the next fraction is delivered. SLD has 
been identified in many studies as a major mechanism influencing the radiation 
responses of both tumours and normal tissues and as an important factor in the 
effectiveness of radiotherapy (Elkind 1960, Fowler 1983, Barendsen 1982). Wilkins et 
a l (1998) investigated the ability of three dose regimes to resolve differences in the 
radiosensitivity of fibroblasts from a patient showing extreme radiosensitivity and a 
normal control. The protocols used were survival after high doses ( 6  Gy) at both high 
(112 cGymin"!) and low (0.882 cGymin )̂ dose rates and after fractionated doses of 
2 Gy (up to 12 Gy). They concluded that the latter protocol with high doses of 
fractionated irradiation gave the best separation. This phenomenon has also been found 
in a study on a patient who showed severe chronic normal-tissue injury (Brown et al 
1996). The in-vitro fibroblast results showed no difference relative to a normal control 
at LDR, a slight increase in sensitivity at HDR, but a much bigger difference following a 
fractionated regime. Dahlberg and Little (1995) contrasted a single-dose irradiation 
protocol with six daily fractions of 2 Gy. Using the former protocol, fibroblasts from an 
AT heterozygote and radiosensitive individuals were only slightly more sensitive than 
control strains, whereas the fractionated protocol resulted in a significant difference 
between the two groups.
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4.9.6 LDR sparing

In the present study, all 18 primary fibroblast strains, including the AT had an enhanced 
survival when the dose rate was reduced from 1.6 to 0.01 Gymin-1 (Table 4.3).

Figure 4.6 shows the degree of LDR recovery in both SF2  (range 1.06-1.73) and D q.o i 

(range 1.08-1.53). It can be seen that recovery occurs to a similar degree in all strains, 
demonstrated by the closeness of the points to the linear regression line. Considering the 
SF2  DSF, the largest effect (1.73) was seen in the most radiosensitive strain (GLl6  with 
a HDR SF2  of 0.11) and a significant negative correlation was seen between 

radiosensitivity and sparing (r=-0.64, p<0.005). Indeed the 10 'normal' strains 
exhibited significantly lower SF2  sparing compared with the radiosensitive group 

(p<0.04: Figure 4.7). However within the seven radiosensitive strains there was a wide 
range in DSF (range 1.09-1.73). In contrast, a positive correlation was seen between 
LDR D q.o i and D q.q i sparing, with the mean D q.q i DSF for the normal strains greater 

than that of the radiosensitive group, although the difference between the two groups 
was not significant (p<0.25). The AT cell line (Figure 4.12 (xvii)) had the lowest D q.qi 

dose-rate sparing factor (1.08).

An absence of dose-rate sparing has been suggested in cells from repair-deficient strains 
such as AT homozygotes (Weeks et a l 1991, Nagasawa et a l 1992) but it is not a 
universal finding. In the present study the AT strain showed dose-rate sparing (Table 
4.3) although it was low in the case of D q.q i confirming that critical lesions are repaired 
even in radiosensitive strains. Dritschilo et a l (1984) found a D q dose-rate sparing 

factor of 1.25 and 1.18 in 2 AT strains, which was not significantly different from that 
seen in 2 normal strains (1.69 and 1.38). Kiltie et a l (1997) found a SF2  dose-rate 

sparing factor of 2.3 in an AT Une which was greater than the average seen in nine 
cancer patients. Considering other radiosensitive syndromes, Sproston et a l (1997) 

found a lack of LDR sparing in fibroblasts from both homozygotes and heterozygotes 
with a variety of SCID disorders, although the mechanisms behind the common LDR 
sparing defect in human SCID syndromes are yet to be elucidated. This was not 
confirmed by a study by Li et a l (1998) who found significant dose-rate sparing in 
murine SCID cells. Bumet et a l (1994a) studied two FA strains that were found to be at 
the sensitive end of the normal radiosensitivity range as measured by the clonogenic 
assay, but which gave marked D q .q i recovery factors of 1.23 and 1.27, similar to the 

control strains studied. No difference in the magnitude of dose-rate sparing between 
normal, retinoblastoma, basal cell nevus syndrome, XP and AT heterozygote fibroblast 
strains has been found (Nagasawa et a l 1992, Dritschilo et a l 1984).
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Considering non-syndromic strains, conflicting results have been obtained with 
clinically radiosensitive strains. Jones e ta l  (1995) studied 7 breast cancer patients who 
suffered excessive acute tissue reactions and 10 with excessive late reactions. Although 
the former group showed significantly less sparing than the control population 
(p<0.0002) the late reactors had a similar sparing (p=0.1). West et a l (1995) examined 
lymphocytes from 13 breast cancer patients who suffered severe acute or late tissue 
reactions and found them to exhibit significantly less dose-rate sparing compared with a 
group of 20 normal controls (p<0.005). In the study by Brown et a l (1996) on an HRS 
strain, although the magnitude of the dose sparing factor is not documented, it is 
obvious from the survival curves presented that dose-rate sparing was present. Indeed, 
Yang e ta l  (1991) found a slightly greater D q .o i dose sparing in a more sensitive clone 

of a human ghoma cell than a resistant clone. However in contrast to the present study, 
Bumet et a l (1996b) studied three HRS patients which showed a lack of D q .q i dose- 

rate sparing (average of 1 .0 2 ) compared with four control strains studied concurrently 
(average of 1.37) and suggested that they may represent a discrete subgroup of 
individuals.

Similar magnitudes of dose sparing in non-syndromic control strains to those in the 
present study (Table 4.3) have been reported previously (Amdur and Bedford 1994). 
The regression line calculated from the radiosensitivity (Dbar) of five cell lines studied by 
Badie et a l (1996) which included 2 clinically radiosensitive patients at HDR (100 
cGymin'l) and LDR (1 cGymin'^) gave a slope of 1.52. Bumet et a l (1994b) found an 
average D q .q i recovery factor of 1.31 (1.22-1.40) in ten cancer patients studied. Kiltie 
et a l (1997) studied nine cancer patients and found an average SF2  sparing of 1.4, 

although there was a wide variation from 0.93 to 2.41. Geara et a l (1992b) found 
sparing factors of 1 . 2  (SF2 ) and 1.5 ( D q .q i ) in 26 strains from cancer patients after 

irradiation at a higher dose rate (2.85 cGymin'l compared with 1 cGymin‘1 in the present 
study) and hence recovery may not have been quite complete. In conclusion, the use of a 
low dose-rate protocol provides additional benefit only in cases where low dose-rate 
sparing measured using a particular dose is much less in the case of the sensitive cells.

4.10 Conclusion

In summary, human primary fibroblasts from a range of clinically sensitive patients and 
'normal' controls were found to show a wide range of radiosensitivities in vitro as 
measured with a standard clonogenic assay. The inter-individual variation of the survival 
parameter SF2  was shown to be significantly larger than the intra-individual variation 

measured by the clonogenic assay. It was possible to distinguish those patients who 
experienced an unusually sensitive acute tissue response to their radiotherapy from those 
with a normal response. This discrimination was not improved through the use of a LDR
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protocol or an internal control to minimise inter-experimental variation.

A clonogenic assay is precluded from use as a routine clinical assay on the grounds that 
it is labour intensive and the time taken to obtain a result. Also, the problem of inter
assay variability with the clonogenic assay may preclude the use of a single determinant 
of radiosensitivity. In the following chapters a potentially more rapid measure of 
radiosensitivity which looks at the endpoint of DNA damage will be assessed for its 
ability to discriminate between strains.
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Figure 4.11. HDR survival curves. Cell survival curves for four HRS strains 

measured at HDR (1.6 Gymin '). Curves are fitted with the LQ model. Each point 
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5.0 Measurement of initial and residual DNA damage

5.1 Introduction

Several key biological pathways have been imphcated in the response of human cells to 
radiation (§1.7.4). These include radiation-induced cell-cycle arrest, DNA repair and 
apoptosis. Radiation is thought to affect these pathways primarily through the 
production of DNA damage which is generally accepted as the principal effect of 
radiation leading to cell killing, chromosomal aberration, and oncogenic transformation 
(Frankenberg-Schwager 1990). The molecular basis of intrinsic radiosensitivity in 
human cells is still largely unknown, but of the many different types of radiation- 
induced damage to DNA, there is evidence that the unrepaired or misrepaired DNA 
double strand break (DSB) is the critical lesion involved in human cell lethahty (Radford 
1985: §1.7.2). There is also good evidence for a direct correlation between unrepaired 
DSB and residual chromosome breaks in both human tumour and normal cells 
(Comforth and Bedford 1987).

Two main hypotheses have been proposed to explain differences in intrinsic 
radiosensitivity between human cells: (1) cells may vary in the amount of DNA damage 
induced by a given dose of radiation and (2 ) cells may differ in their capacity to repair 
radiation-induced DNA damage (Nunez et al. 1996). A valuable insight into some of the 
mechanisms important in determining the lethality of radiation-induced DNA damage has 
been provided by DNA repair-deficient cell lines (§1.7.4.2: Zdienicka 1995). 
Hypersensitivity to radiation is associated with 11 complementation groups in rodent cell 
mutants and human genes involved in DSB repair complement several of these mutants. 
Functional inactivation of the proteins encoded by these genes which include XRCC4, 
XRCC5 (Ku 80) and XRCC7 (DNA-PKcs) has been shown to result in a dramatic 
increase in cellular radiosensitivity in vitro.

To date, several studies have investigated the dependence of cell survival on DNA DSB 
induction, kinetics of repair and residual damage remaining in tumour and normal cells 
of different radiosensitivities using a variety of different assays (§5.2). Some of the 
studies that have utilised transformed or untransformed normal cells are detailed in Table 
5.1.

Considering initial damage, for human tumour cell lines there is evidence for a weak 
correlation between the level of initial DNA strand breakage and radiosensitivity among 
cell lines of the same and differing histology (Ruiz de Almodovar et al. 1994, Villalobos 
et al. 1996, Whitaker et al. 1995). However, this has not been a universal finding 
(Woudstra et al. 1996, Schwartz et al. 1996, Olive et al. 1994).
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Several of the early investigations on the importance of initial damage in normal cells, 
compared cell lines with extreme radiosensitivity such as those from AT patients with 
those from control strains of normal radiosensitivity (Taylor et a l 1975). Although 
Radford (1986) found that the level of initial DNA damage measured by neutral filter 
elution correlated with cell killing after irradiation, a majority of authors have reported 
similar levels of DSB induction. Several studies examining fibroblasts from patients 
with varying normal-tissue responses have found no relationship between initial DNA 
damage and clonogenic survival (Table 5.1: Wurm et a l 1994, Dikomey et a l 1998, 
Foray et a l 1997a, Badie et a l 1995a). However, Nunez et a l (1998) in a study on 
lymphocytes from 8  clinically radiosensitive patients and 25 unselected controls, found a 
correlation with the level of initial DNA damage (measured as DSB/Gy/DNA unit). The 
sensitive patients had a significantly higher level of DNA damage compared with the 
controls.

In a review of 20 published studies on the relationship between DSB repair and 
radiosensitivity in human tumour cells, a positive correlation was found in 89/100 cell 
lines, with more sensitive tumours repairing their DSB more slowly and/or less 
completely (Foray et a l 1997b). For example, a recent study on human tumour cell 
lines found a positive relationship between residual damage and cellular radiosensitivity 
in a group of 25 squamous cell carcinoma (SCC) and 8  sarcoma tumours (SAR) with the 
SAR tumours having a greater sensitivity by both measures (Schwartz et a l 1996). In 
normal cells, Coquerelle et a l (1987) and Lehmann and Stevens (1977) reported similar 
levels of residual damage in control and AT fibroblast lines. However, the majority of 
studies have shown a relationship between DNA residual DSB and clonogenic survival, 
both in syndromic and non-syndromic fibroblast cell strains (Table 5.1). Increased 
levels of residual damage have been demonstrated in cells from AT heterozygote 
individuals (Blocher et a l 1991) and patients with non-Hodgkin's lymphoma (Hannan 
e ta l  1991a) and nevoid basal cell carcinoma (Frentz et a l 1987). Badie et a l (1995a, 
1995b) showed that fibroblasts from an extreme over-reactor patient (180BR) had 
similar levels of DNA DSB induction compared with a normal control, but were 
defective in the repair of DSB, with levels of residual damage higher than that for AT 
cells. Recent studies have not focused on cells with such extreme radiosensitivity, but on 
cells within the 'normal' range of intrinsic radiosensitivity and again found a correlation 
between residual damage and clonogenic survival (Kiltie et a l 1997, Wurm et a l 1994, 
Sarkaria et a l 1998, Zhou et a l 1998).

Following on from these results, three studies have assessed the relationship between 
residual DNA damage in normal cells and the degree of normal-tissue reactions in 
patients. In the first of these, Brammer et a l (1998c) studied 12 fibroblast lines, but 
found no relationship between the number of residual DSB and the excess risk of
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Table 5.1. Studies on induction of DNA double-strand breaks (DSB), residual DSB remaining after a specified repair period and kinetics of 
repair in syndromic and non-syndromic normal cells.

References Technique
Number of cell 

lines
Dose Rate 
(Gymin'l)

Initial 
damage 

range (Gy)

Dose range (Gy) 
for residual/repair 
kinetics

Post
irradiation 
period (h)

Result

Taylor et a l 
(1975)

Neutral
Sucrose
Gradient

1 AT and 1 control 
fibroblast - - Repair: 270 3

Repair kinetics similar in 
AT and control

Lehmann and 
Stevens 1977

Neutral
Sucrose
Gradient

2 control and 4 AT 
fibroblast 25 - Repair: 500 6

Repair kinetics similar in 
AT and control

Coquerelle and 
Weibezahn. (1981)

Neutral
elution

2 control, 3 AT, 4 
FA fibroblast 33 - Repair: 50 4

Impaired repair kinetics 
in 1 AT and 2 FA with 
higher residual damage

van der Schans et 
al (1983)

Neutral
elution

2 AT and 1 control 
fibroblast 6 0-30 Repair: 50 2

Similar induction and 
repair kinetics in AT and 
control

Thierry et al 
(1985)

Alkali
unwinding

25 healthy and 3 
AT leukocytes 0.45

0.5-7
5-20

Repair: 2-7 
5-20 2

Similar induction and 
repair kinetics in AT and 
control

Coquerelle et al 
(1987)

Neutral
elution

1 AT and 1 control 
fibroblast 1.5 or 35 - Repair: 25 3

DSB repair is longer in 
AT cells with gamma 
rays. No difference with 
alpha rays

Radford and 
Hodgson (1990)

Neutral
Filter
Elution

1 AT and 1 control 
fibroblast 1 . 2 0 - 2 0 - -

Similar levels of induced 
DNA DSB in AT and 
control

Blocher et a l 
(1991) CHEF

3 AT,5ATHand 
7 controls

0.05-0.0
8 -

Residual: 100-300 
Repair: 10 and 

2 0

7

Similar initial damage 
between strains. Higher 
residual damage in AT 
and ATH showed 
intermediate response.
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Table 5.1. Continued.

References Technique
Number of cell 
lines

Dose Rate 
(Gymin-l)

Initial 
damage 
range (Gy)

Dose range (Gy) 
for residual/repair 
kinetics

Post
irradiation 
period (h)

Result

Hannan et al 
(1991a)

CHEF
1 control and 2  

non-Hodgkin’s 
lymphoma (NHL) 
fibroblasts

0.067 - 100-260 1 0 - 2 0 Residual DSB higher in 
NHL patients

Pandita and
Hittehnan.
(1992a)

Neutral filter 
elution

3 AT, 2 control 
LCL

HDR 4.5 
LDR 40

Repair; 10 and 25 1.5 Diminished fast-repair 
component in G1 and G2 
AT cells

Pandita and
Hittelman.
(1992b)

Neutral filter 
elution As above As above 0 - 1 0 0 - -

Similar levels of induced 
DNA DSB in AT and 
control

Wurm et a l 
(1994)

CHEF 2 AT and 5 
controls in GO/Gl 2 0-70 20-160 4

No correlation with initial, 
but higher residual DSB 
in AT

Foray et a l 
(1995)

CHEF 1 AT and 1 control 
fibroblast

1 (4°C) 
0 . 0 1

(37°C)

0-30 (4°C) Repair: 30 
Residual: 5 ^ 0

24
DSB induction after 4°C 
irradiation similar in both 
strains. DSB levels in AT 
significantly higher at 
37°C.

Badie et al 
(1995a)

CHEF 1 control, 1 AT and 
1 HRS fibroblast

1.45 5-30 Repair: 30 
Residual: 5-40

24
Residual DSB higher in 
AT and overreactor 
compared to control, but 
no correlation with initial

Badie et al 
(1995b)

CHEF 1 control, 1 HRS 1.45 Not stated 30 6 Similar initial, but 
defective repair in HRS

Kilte et al 
(1997)

CHEF 1 AT, 1 SCID and 
9 cancer

1.87 — 30-180 24 higher DSB residual in 
AT and SCID

Foray et a l 
(1997a)

CHEF 4AT,2ATH,4
control

0 . 0 1 Repair: 30 
Residual: 5-40

24 DSB residual level higher 
forAT
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Table 5.1. Continued.

References Technique Number of cell 
lines

Dose Rate 
(Gy min'l)

Initial 
damage 
range (Gy)

Dose range (Gy) 
for residual/repair

Post
irradiation 
period (h)

Differences between AT 
and control for DSB 
repair

Nunez et a l 
(1998)

CHEF Lymphocytes from 
8  clinically 
sensitive and 2 2  

unselected controls

5 0-35 Significant increase in 
DNA damage 
(dsb/Gy/DNA) in 
overreactors compared to 
sensitive (p<0.005).

Zhou et a l 
(1998)

GVEB 2 AT, 1 SCID, 2 
normal, 2 Li 
Fraumeni

3.2 0 - 1 0 0 0-180 4 Correlation between 
residual damage slope 
and radiosensitivity
(p<0 .0 0 1 )

Dikomey et 
a l (1998)

CFGE 5 repair competent; 
4 repair deficient

4.5 0 - 1 0 0 0-90 (deficient) 
0-180 (competent)

24 Correlation between 
residual DSB and 
radiosensitivity, but not 
initial DSB

Sarkaria et 
a l (1998)

CHEF 23 primary 
fibroblast 
radiotherapy 
patients

1 . 0 0-150 4 Weak correlation 
between residual DSB 
and Do.oi (p<0.05)

Kiltie et a l 
(1999a)

CHEF Kératinocytes from 
32 breast cancer 
patients

3.11 FAR at 150 Gy 24 No correlation with late 
tissue reactions and FAR 
150

Kiltie et a l 
(1999b)

CHEF Fibroblasts from 
39 breast cancer 
patients.

3.11 FAR at 150 Gy 24 Correlation of FAR 150 
with fibrosis (p<0.003) 
but not telangiectasia.
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fibrosis, previously scored by Johansen et a l (1994a). Two studies have been carried 
out by Kiltie et a l (1999a, 1999b). In both of these, residual DNA damage was 
assessed as the fraction of activity released (FAR: §5.4) following irradiation with 150 
Gy. In the first study which utilised a rapid assay of kératinocytes, no correlation 
between the severity of symptomatic early or documented late reactions was found for a 
series of 32 breast cancer patients. The second study was performed on fibroblast cell 
strains established from punch biopsies from 35 breast cancer patients and a correlation 
was seen between residual DNA damage and fibrosis, but not telangiectasia.

5.2 DNA damage assays

Studying DSB repair after clinically relevant doses of radiation (<10 Gy) is difficult, and 
only a few studies have reported data on DSB repair after low X-ray doses where cell 
survival is measurable. There are several assays suitable for the quantitation of the DSB 
(Table 5.2) as summarised below (reviewed in Elia et a l 1991, Iliakis 1991).

5.2.1 Neutral sucrose velocity sedimentation

Neutral sucrose velocity sedimentation was originally used to measure DSB in 
mammalian cells after high doses of radiation (>15 Gy) and was developed by McGrath 
and Williams (1966). In this method, cells are lysed and the free DNA is sedimented 
according to size on a linear sucrose gradient (Lehmann and Omerod 1970). Undamaged 
nucleoid DNA is supercoiled and compact and so sediments more rapidly than irradiated 
nucleoids in which DNA with SSB is unwound and less compact. The difference in 
distance of the sedimentation bands for irradiated and unirradiated nucleoids indicates 
total DNA damage. Known molecular weight standards are used to cahbrate the gradient 
so that the distribution of fragments can be assigned molecular weights. However, the 
technique is limited in sensitivity due to manipulation of the DNA after lysis, which 
inflicts further damage resulting in higher fragmentation than that solely due to radiation 
and also due to anomalous movement of high molecular weight mammalian DNA. 
Although this technique is rarely used at present, it has been optimised by Blocher 
(1982) who has quoted a sensitivity down to 5 Gy.

5.2.2 Filter elution

Filter elution techniques may be used to measure both SSB and DSB depending on the 
lysis conditions employed (Bradley and Kohn 1979).

Non-denaturing filter elution has been used for the measurement of both the induction 
and repair of DNA DSB in mammalian cells (Jenner et a l 1993, deLara et a l 1995). 
Under non-denaturing conditions DSB DNA is deposited on polycarbonate filters and
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Table 5.2. Assays commonly used to study DNA damage.

ASSAY TYPE AND 
SENSITIVITY

PRINCIPLE REMARKS

Sucrose
Sedimentation

SSB> 5 Gy 
DSB> 15 Gy

Sedimentation velocity 
proportional to DNA size

Low sensitivity, high 
backround

Filter elution
SSB 1-2 Gy 
DSB>5Gy 
D P O  30 Gy

Elution velocity proportional to 
size of DNA fragment

Uncertain effects of DNA 
conformation, cell cycle 
position, pH

Pulsed-Field Gel 
Electrophoresis DSB> 1 Gy

Gel mobility determined by 
DNA relaxation and 
reorientation rates

Unceratin effects of 
conformation of DNA 
fragments

Alkaline Unwinding SSB 0.1-100 Gy Partial dénaturation of DNA in 
propidium iodide

Repair cannot be 
assessed

Nucleoid
Sedimentation

SSB 1-20 Gy Sedimentation of histone-free 
DNA in PI

Exact lesion unknown

Halo SSB 1-20 Gy Nicked DNA loops unwind 
more in PI

Difficult to quantify

Comet DSB 1-20 Gy
Damaged DNA from single 
cells forms a comet after 
electrophoresis

Difficult to quantify
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elutes through the pores of the filter at a rate dependent on the radiation dose used 
(Bradley and Kohn 1979). In simple terms, the more DNA damage (resulting from a 
higher radiation dose or less repair time) the quicker the DNA will elute through the 
filter. However this technique is very sensitive to the experimental protocol used, being 
affected by pH, lysis conditions, elution buffer, chromatin structure and cell-cycle phase 
(Okayasu and Iliakis 1989, Foray et a l 1997b). It has been suggested that the typical 
lysis conditions used in NFE, unlike those utilised in PFGE, allow some of the 
superstructure of chromatin, e.g. attachment of loops to nuclear matrix structure, to 
remain intact which could retard movement of DNA through a filter (Ohve 1992). The 
mechanism by which filter elution works is not yet fully understood. Wlodek and Olive 
(1992) found that the size of fragments eluted through the filter are smaller than 
originally expected and of a similar size. They suggest that shear forces are generated at 
the filter pores causing degradation of the DNA.

A number of tumour-cell based studies have examined the induction and repair of DNA 
damage as measured by NFE, but with no clear correlation with radiosensitivity (Olive 
et a l 1994, Zaffaroni et a l 1994, Schwartz et a l 1996).

5.2.3 Comet assay

The single-cell microgel electrophoresis or comet assay was originally described in 
1984, but there have been a number of variants of the original assay (Ostling and 
Johansen 1984). It provides a rapid, visual method for assessing DNA breakage 
quantitatively in single cells by measuring the radiation-induced relaxation of chromatin 
domains following exposure to an electric field. Those nuclei which are intact do not 
change in appearance, whilst the nuclei of damaged cells migrate towards the anode 
resulting in a ‘comet’ appearance. The length of the tail is related to the number of strand 
breaks and the technique has been optimised to allow detection of DNA damage 
following a dose as low as 0.1 Gy irradiation and the measurement of repair kinetics 
after irradiation with 2 Gy (Bauch et a l 1999). However, the nature of comets, and the 
physiochemical events underlying their formation are not fully understood and are 
dependent on the experimental conditions used (Klaude et a l 1996). The assay can be 
performed under both alkaline and neutral electrophoresis conditions. Whereas the 
former detects primarily radiation-induced SSB, the latter conditions allow for the 
detection of DNA DSB. This single cell methodology reveals the effect of heterogeneity 
within cell populations and also only requires viable cells, not necessarily growing cells.

There is a range of applications for the comet assay and it is now in widespread use in 
genetic toxicology and oncology (reviewed in Ohve 1999). The capability of the comet 
assay to identify radiosensitive phenotypes has been established in well-characterised 
repair-deficient ceU lines (reviewed in Collins et a l 1997, Ross et a l 1995) and
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syndromic patients such as AT heterozygotes (Djuzenova et a l 1999). In addition to its 
use in radiosensitivity testing, it has been used for the pre-natal diagnosis of XP 
(Alapetite et a l 1997) the detection of apoptosis (Humar et a l 1997) and as a means for 
detecting cancer predisposition (Leprat et a l 1998). This latter study determined 
whether the risk of developing thyroid tumours in patients who had previously received 
head and neck irradiation could be predicted from the measurement of initial or residual 
DNA damage using an alkaline comet assay. Lymphocytes from 13 patients with thyroid 
tumours, 8  normal donors and 2  patients who did not develop thyroid tumours were 
studied and the residual damage remaining after 1 h repair was significantly higher in 
thyroid patients compared with the control group.

Several studies have investigated the relationship of DNA damage induction and repair 
as measured by the comet assay with clonogenic survival (Evans et a l 1993, Hu and 
Hill 1996, Oppitz et a l 1999b). Marples et a l (1998) found a significant correlation 
between SF2  (measured at HDR and LDR) and the ratio of initial/residual DNA damage 

in a series of seven cervical carcinoma cell lines. This was confirmed by Eastham et al 
(1999) in a series of nine cervical cancer and two radiosensitive patients. Alapetite et al 
(1999) examined lymphocyte from cancer patients who developed severe tissue reactions 
following radiotherapy and found an increased level of residual DNA damage in 7/17 
(41%) breast cancer patients and 1/9 (11%) Hodgkin's disease patients. They concluded 
that an increased tissue reaction may be associated with a DNA repair defect in a specific 
subgroup of breast cancer patients.

5.2.4 Halo assay

This assay, developed by Roti Roti and Wright (1987), utilises the ability of an 
intercalating dye, e.g. propidium iodide to cause dose-dependent unwinding and 
rewinding of DNA loops attached to the nuclear matrix. These unwound DNA loops 
extmde from the matrix as a fluorescent halo. By altering the intercalating agent 
concentration the DNA can be expanded and rewound. The amount of rewinding and 
therefore the halo dimensions, is affected by radiation induced DNA strand breaks. The 
attachment of DNA loops to the nuclear matrix is maintained with this technique and it is 
therefore possible to investigate differences in the degree of this attachment between cell 
lines (Woudstra et a l 1996). The conditions of cell lysis again affect the result obtained 
(Woudstra et a l 1996, Okayasu and Iliakis 1989). Lysis conditions that preserve the 
chromatin organisation as loops provide information not simply on the number of DSB, 
but on the chromatin itself which may be an important determinant of radiosensitivity 
(§1.7.4.1.2). Woudstra et a l (1998) investigated whether there was a correlation 
between DNA damage induction and radiosensitivity measured using the halo assay in a 
series of 10 tumour cell lines. They found no correlation between the two parameters, 
although 2  of the radiosensitive lines gave sensitive responses, indicating that in some
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cases radiosensitivity may be due to hypersensitivity of chromatin.

5.2.5 Pulsed-field gel electrophoresis

As is seen from Table 5.1, PFGE is becoming the preferred method to study the DNA 
damage response of both tumour and normal cells at biologically relevant doses 
(Whitaker etal. 1995, Blocher and Kunhi 1990). PFGE is used to separate large DNA 
molecules and is able to resolve fragments of eukaryotic DNA up to 12 Mbp in size. The 
human diploid genome is approximately 6-7 Gbp in size with chromosomes ranging 
from about 50-263 Mbp, thus limiting the sensitivity of PFGE with whole human 
chromosomes. In a constant field electric gradient, DNA over 30 Kbp in size does not 
move according to its molecular weight but moves by snaking its way through the gel 
matrix, a process known as reptation. However, with PFGE, pulsed, alternating fields 
of different strength and orientation are applied and DNA strands realign according to the 
field applied. Large DNA molecules become trapped every time the direction of the 
electric field is altered or ‘switched’ and can make no further progress through the gel 
until they have reorientated along the new axis of the electric field. Larger molecules take 
longer to realign and molecules are separated according to size. The relationship between 
the switch time and velocity of a chosen size of DNA is thought to be the most important 
factor in achieving maximum resolution using PFGE (Birren et a l 1989). At higher 
switch times larger DNA will migrate faster but the resolution of smaller sized DNA will 
be reduced.

Various techniques based on PFGE have been developed and applied in the detection of 
radiation induced DSB in mammahan cells (Elia et a l 1991). In the present study, the 
protocol published by Eha and Nichols (1993) was used to separate fragments in the 
225 kbp to 5.7 Mbp range. The CHEF system provides homogenous electric fields 
within the gel by use of the 24 electrodes arranged within an hexagonal array. The 
electrodes sense changes in buffer conductivity resulting from buffer breakdown, 
changes in the gel thickness, pH fluctuations or temperature and change potentials to 
adjust this, maintaining uniform fields throughout the run. The current version of CHEF 
(DR III, Bio-Rad) allows pulse angles between 90° and 120° to be used and has the 
option of up to three blocks of running conditions (all of which specify different 
voltages and switch intervals) to be used. This increases the size range of fragments 
which can be separated on one gel. For effective separation using two alternating fields 
the angle between these fields must be greater than 90°. Lowering the angle from 120° to 
angles approaching 90° (with constant switching times) increases the velocity of the 
DNA with larger fragments being affected more than smaller ones. Decreasing the angle 
also leads to decreased resolution as bands begin to merge into each other leading to 
compression zones. This is also the case as the switch interval is increased. However 
combined with reorientation angle, resolution can be improved again by decreasing the
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switch interval correspondingly thus reinstating separation according to size. Large DNA 
molecules require lower voltages for effective separation. With PFGE, large molecules 
that have migrated into the gel lane at low voltages will continue to migrate through the 
gel if the voltage is increased, but the bands no longer separate as they move through the 
gel, but simply retain their distances from each other. By combining running conditions 
i.e, setting up separate blocks of voltage, angle and switch time a range of molecular 
weights can be effectively separated on one gel. A more recent idea is that of stepping 
the conditions so that the gel is in effect divided into blocks of finely size defined DNA 
(Lawrence er aZ. 1993).

The amount of DNA that may leave the well and migrate into the lane of the gel is not 
finite. It is dependent on its size and its state, both of which are also dependent on the 
running conditions present at a threshold level. The cell-cycle phase and therefore the 
conformation of the DNA is also an important factor influencing the migration of DNA, 
with S-phase DNA migrating differently in an electric field compared with the linear bulk 
DNA because of its unique stmctural properties (Iliakis et a l 1991). Consequently, 
plateau-phase cells were routinely used in the present study due to their low S-phase 
content.

Before applying an electric field to the DNA it must be efficiently purified by removing 
overlaying proteins and cell structure via detergent and proteinase treatment. However 
because of the fragile nature of the larger pieces of DNA found in mammahan cells, the 
DNA must be protected prior to any treatment to keep background damage to a 
minimum. The cells were therefore encapsulated in agarose before removal of other ceU 
structures. There are several techniques used to visualise the separation of DNA on a 
pulsed-field gel. These include staining with DNA dyes e.g, ethidium bromide (Lobrich 
et a l 1993) and SYBR Green (Kiltie and Ryan 1997), pre-labelling of the DNA with 
radiolabel (Kysela et a l 1993) and post-labelling of DNA with probes (Smeets et al 
1993).

5.3 Aims

The present study was carried out to examine the relationship between initial and residual 
DNA damage and radiosensitivity in 17 early passage non-syndromic fibroblast strains 
and 1 AT strain. The clonogenic survival of these cells had been assessed earlier 
(Chapter 4) where it was found that they displayed a wide range of HDR SF2  values. 

Fibroblasts from the seven clinically radiosensitive patients had an in-vitro 
radiosensitivity that fell at the lower range of the normal strains (Figure 4.8). A number 
of external collaborations were embarked upon to assess the importance of other aspects 
of DNA repair in several of the clinically radiosensitive strains (§5.8).
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5.4 Data analysis

There are various ways of expressing data obtained using PFGE (Ruiz de Almodovar 
1994, Cedervall et a l 1995). The majority of studies on normal cells have measured the 
fraction of activity released (FAR: §2.7) (Blocher et a l 1989). This method is used as a 
measure of DNA DSB induction and repair. The measure of DNA is indirect and uses 
the distribution of radiolabel such as (incorporated into proliferating cells over a 
period of 96 h prior to the experiment in the present study) or fluorescence emission 
from fluorescent dye visualised by an image processor, as an actual measure of the 
DNA. The signal in the well is compared with that in the gel lane and this is taken as a 
measure of the amount of DNA that has migrated into the gel. The test lane can be 
corrected for the background level of damage by subtracting the amount of migration 
seen in the 0 Gy control well and DNA damage is expressed as %FAR where:

This provides an indirect measure of DNA damage and a measure of the average level of 
damage within the fragment sizes that are being separated. The FAR is dependent on the 
running conditions used, which particularly affect the threshold level of the DNA that is 
able to migrate into the lane. The FAR is not a linear response throughout the gel 
because of limits set by the electrophoretic running conditions. Compression zones, 
whereby DNA of a range of sizes remains in a bulk mass, and size inversion where 
larger DNA migrates further than smaller DNA can occur. Therefore it is not appropriate 
to use the fraction migrated into the gel as a measurement of DNA damage from gel to 
gel unless precisely the same running conditions are used.

In the present study, the dose-response curves for DNA damage were fitted by linear 
regression for each data set with the fitted line forced through the origin. An additional 
analysis was carried out to assess whether the y-axis intercept of the line would be 
significantly different from the origin if not forced through it. An analysis of variance 
(ANOVA) was used to compare the degree of intra-strain and inter-individual variation 
for both initial and residual DNA damage. The comparison between cellular 
radiosensitivity and DNA damage slopes was performed by linear regression analysis. 
Residual DNA damage was also expressed as a single dose point. The FAR at 70 Gy, 
the highest dose given, was chosen to maximise the difference between cell lines. 
Experiments were carried out a minimum of three times, with three plugs at each dose 
point.

The number of disintegrations per cell (DPM) was calculated to ensure adequate 
incorporation of the radiolabel (Table 5.4). The cell-cycle distribution of each cell line at
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the time of irradiation was determined by propidium iodide incorporation (§2 .8 ). 
Analysis was performed using flow cytometry and quantified using the Lysys II 
software program (§6.7.1: Becton Dickinson). Results are shown in Table 5.3.

5.5 Results

Figure 5.1 shows a representative example of a 0.8% agarose gel stained with ethidium 
bromide following 48 h PFGE for the assessment of initial DNA damage. Each dose 
point is performed in triplicate and it can be seen that there is a good separation of DNA 
fragment sizes. As the radiation dose given is increased from 2-30 Gy, there is a 
corresponding increase in the 'leakage' of DNA from the wells. The molecular markers 
can be seen divided into bands, indicating that the running conditions were satisfactory 
for this gel. A similar result was seen for residual damage, although the amount of DNA 
'leakage' is less following the 4 h repair period.

Results obtained with propidium iodide staining show that the percentage of cells in G 1 
was >90% in all 18 primary cell strains (Table 5.3). A representative flow cytometric 
plot showing the regions set to calculate proportions of cells in each cell-cycle phase is 
shown in Figure 5.2. Although there was inter-strain variability in the proportion of cells 
in either S phase or G2/M phase, there was no correlation with HDR SF2  (G1 phase: 

r=0.37, p<0.13; S phase: r=0.30, p<0.22; G2/M phase: r=0.47, p<0.05).

The amount of background DNA released from untreated 0 Gy samples ranged from 4.8 
to 8.4% among the 18 fibroblast strains (Table 5.4). There was no correlation between 
HDR SF2  and background damage (r=0.02, p<0.91) or the number of DPMcell‘1 (Table 
5.4: r=0.30, p<0.22).

An analysis of variance revealed significantly greater inter-individual heterogeneity 
compared with intra-individual differences in both initial (p<0.009) and residual DNA 
damage (p<0 .0 0 0 1 ) in the 18 primary fibroblast strains.

Considering the linear fit for both initial and residual DNA damage graphs, in the 
majority of the non-syndromic strains the y-axis intercept was not significantly different 
from zero and so a linear fit through the origin was justified. For those strains where the 
intercept was significantly higher or lower than the origin, there was no correlation with 
radiosensitivity.

5.5.1 Initial DNA damage

Considering DNA damage induction, over the dose range studied (2-30 Gy) a linear 
relationship was seen between FAR and radiation dose for aU 18 primary fibroblast
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Figure 5.1. A photograph of a 0.8% agarose gel stained with ethidium 

bromide, destained and photographed on a transiluminator. The gel was 

subject to 48 h pulsed-field gel electrophoresis on a CHEF III machine 

(BioRad). As the radiation dose is increased from 2-30 Gy, the amount of 

initial DNA damage is increased as seen in a greater ‘leakage’ of DNA from 

the wells. Following electrophoresis, the well is removed from the lane and the 

amount of DNA in the gel quantified by scintillation counting. DNA markers 

are shown on the extreme right of the gel.
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Figure 5.2. DNA profile from early passage fibroblast cells grown into 

confluence for one week prior to use in the measurement of DNA 

damage. The cells were stained with propidium iodide and analysed on a 

flow cytometer to quantify the proportion of cells in each cell-cycle 

phase. The markers used to delineate Gl/GO (Ml), S (M2) and G2/M 

(M3) are shown. It can be seen that the percentage of cells in S (5.8%) 

and G2/M (1.4%) are small, with the majority of cells contact-inhibited in 

G1 (92.7). .
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Table 5.3. Cell-cycle proportions ± SEM of early passage fibroblast cell 
strains prior to use in experiment. The percentage of cells in each phase was 
calculated using the Lysys II analysis programme (§6.7.1: Becton Dickinson) 
from DNA profiles generated using propidium iodide incorporation and flow 
cytometry (Figure 5.2).

Cell strain GO/Gl (%) S(% ) G2/M (%)

16 92.8 ±0.5 5.2 ±0.3 2 . 1  ± 0 . 2

23 94.0 ±0.6 3.8 ±0.3 2.3 ±0.3
9 94.9 ±0.2 3.6 ±0.2 1 .6 ± 0 . 1

15 96.2 ±0.2 2.9 ±0.1 1 .0 ± 0 . 1

6 96.0 ±0.4 3.1 ±0.2 1.0 ±0.3
2 1 94.0 ±0.4 4.0 ±0.1 2.0 ±0.3
24 94.7 ±0.9 3.8 ±0.8 1 .6 ± 0 . 1

2 2 96.1 ±0.5 3.0 ±0.5 1 .0 ± 0 . 1

27 96.3 ± 0.4 2.8 ±0.5 0.9 ±0.1
25 97.2 ±0.6 2.4 ±0.6 0.4 ±0.03
26 96.9 ±0.5 2.5 ±0.5 0.7 ±0.1

7 94.7 ±0.8 3.7 ±0.5 1.6±0.3
18 92.6 ±0.5 5.4 ±0.3 2 .0 ± 0 . 2

1 97.3 ±0.5 2.2 ±0.5 0.5 ±0.1
19 91.6± 1.1 6.4 ±0.8 2.1 ±0.3
2 0 95.6 ±0.7 3.6 ±0.6 0.9 ±0.1
17 96.1 ±0.1 3.1 ±0.04 0.7 ±0.03

AT 91.3 ±0.7 6.7 ±0.5 2 . 0  ± 0 . 2
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Table 5.4. Slopes of initial and residual DNA DSB dose-response curves as measured by 

PFGE. The ratio values refer to the ratio of residual to initial damage and represent the level 

of damage remaining after repair for 4h at 37°C. The background level refers to the amount 

of damage measured in the 0 Gy control samples. Errors (± SEM) represent the mean of at 

least three experiments. The intra-strain CV is shown for both initial and residual damage.

Cell
Strain

Initial
Slope

Residual
Slope

Ratio
(%)

DPMceir* Background 
level (%)

Average 
intra-strain CV (%)

Initial Residual

16 1.19±0.08 0.28 ± 0 . 0 1 23.7 0 .1 1 ± 0 . 0 1 6 . 6  ± 1.4 13.9 4.8

23 1.26 ±0.08 0.30±0.02 23.8 0 .1 1 ± 0 . 0 1 6.5±0.8 1 0 . 8 1 1 . 2

9 1.39 ±0.07 0.30±0.05 2 1 . 6 0.12±0.003 7.8±0.8 9.4 30.2

15 1.30±0.10 0.33 ±0.03 25.2 0 .1 2 ± 0 . 0 1 8.4 ±1.2 13.4 13.6

6 1.03 ±0.11 0.24 ±0.02 23.0 0 .1 0 ± 0 . 0 1 6 . 8  ± 1 . 0 18.6 15.0

2 1 1.20±0.06 0.24±0.03 19.9 0.16±0.01 8 . 1 ± 1 . 6 8.7 24.3

24 1.56 ±0.07 0.29 ±0.02 18.6 0.08 ±0.003 6 .0 ± 0 . 2 7.4 9.6

2 2 1.32±0.10 0.24 ±0.02 18.1 0.09 ±0.01 8 .0 ± 1 . 1 14.9 14.9

27 1.51 ±0.08 0.27 ±0.01 17.8 0.11 ±0.004 4.8 ±0.4 8.7 3.9

25 1.48 ±0.03 0.23 ±0.01 15.3 0.10±0.003 8.2±0.5 2.9 8.3

26 1.40 ±0.03 0.18±0.02 12.7 0 .1 0 ± 0 . 0 0 2 7.3±1.1 3.3 15.6

7 1.05 ±0.11 0.15 ±0.02 14.7 0 .1 1 ± 0 . 0 1 7.1±1.0 18.9 18.5

18 1.39±0.12 0.16±0.02 11.3 0.09±0.01 7.0±0.4 15.3 25.1

1 1.33 ±0.04 0.18±0.01 13.7 0 . 1 1  ± 0 . 0 0 1 7.5±0.8 4.9 9.8

19 1.45±0.10 0.16±0.01 11.4 0.16±0.02 8.3 ±0.4 12.3 13.7

2 0 1.33±0.13 0.14±0.0001 10.4 0 .1 2 ± 0 . 0 1 7.0±1.0 17.2 2 . 0

17 1.04±0.15 0 .1 2 ± 0 . 0 1 11.3 0.14 ±0.02 5.7±1.1 24.9 1 1 . 2

AT 1.24±0.17 0.30±0.03 24.1 0.09 ±0.01 6 .6 ± 1 . 0 24.1 15.0
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strains. The initial DNA damage dose-response curve for Strain GLl is shown in Figure 
5.3. The dose-response curves for the remaining fibroblast strains are shown in Figure 
5.8. The data points representing the means and SEM were fitted by linear regression 
(correlation coefficients 0.98 or higher for all fibroblast strains). The slopes calculated 
from the initial dose-response curves are summarised in Table 5.4. The values for the 17 
non-syndromic strains varied by a factor of 1.5, ranging from 1.03 to 1.56. The 
response of the AT strain (1.24) was intermediate in the range observed between the 17 
non-syndromic strains.

The amount of initial damage was not significantly different between the seven 
radiosensitive and ten control strains (Figure 5.4: p<0.52).

5.5.2 Residual DNA damage

The residual damage-response curve for Strain GLl following irradiation (10-70 Gy) at 
4°C and a subsequent 4 h repair period at 37°C is shown in Figure 5.3. The remaining 
curves are shown at the end of the chapter in Figures 5.8. As was found for initial DNA 
damage, over the dose range studied the dose-response curves were well fitted by linear 
regression (correlation coefficients 0.97 or higher). For each cell strain the slope of the 
residual plot was considerably shallower than that observed for initial DNA damage, 
indicating the influence of the 4 h repair period. The corresponding slope values are 
given in Table 5.4. The sensitivity for residual damage among the 17 non-syndromic cell 
strains differed by a factor of 2.8 (range 0.12-0.33), 1.9 times as large as the variation 
in initial damage. The AT strain had one of the highest measures of residual damage 
(0.30).

The amount of residual damage remaining in the seven chnically radiosensitive strains 
was significantly greater than the ten control strains. (Figure 5.5: p<0.0003).

5.5.3 Comparison between initial and residual DNA damage

The comparison between residual and initial damage revealed that in the dose range 
studied for initial damage most of the damage was repaired after a 4 h repair period. 
However, analysis of residual DNA DSB alone does not take into account that the initial 
levels of induced damage varied significantly between cell strains. Therefore the 
relationship between residual and initial damage can be expressed as the ratio of the 
residual damage slope divided by the initial damage slope and represents the amount of 
DNA damage remaining after the 4 h repair period. These values are given in Table 5.4 
and range from 10.4%-25.2%. As for residual damage, the AT strain had one of the 
highest levels of damage remaining (24.1%). The seven radiosensitive strains had a 
statistically significant higher amount of DNA damage remaining compared with the ten
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Figure 5.3. Dose-response curves showing initial damage (measured over 
2-30 Gy) and residual damage after a 4 h repair period at 37°C (measured 
over 10-70 Gy) for control strain GLl. The points are fitted by linear 
regression and the line is a measure of the fraction of activity released as 
measured on a scintillation counter. Each data point represents the mean of 
three experiments ± SEM. Error bars are shown where they exceed the width 
of the symbol. The slope of these lines are related to the amount of total 
initial and residual damage over the dose range studied (Table 5.4).
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control strains (Figure 5.6: p<0.0001).

5.5.4 Comparison of DNA damage with cellular sensitivity

The relationship between the cell survival parameters measured in Chapter 4 and the 
level of initial and residual DNA damage has been examined. HDR SF2  was found to be 
the parameter which gave the best discrimination between the seven clinically 
radiosensitive patients and the ten control strains (Chapter 4). Initial DNA damage and 
cellular radiosensitivity were not significantly correlated (Figure 5.4: r=0.03, p<0.92). 
In contrast, residual DNA damage and cellular radiosensitivity showed a significant 
correlation (Figure 5.5: r=-0.90, p<0.0001). The ratio of residual to initial damage gave 
the strongest correlation with HDR SF2  (Figure 5.6: r=-0.93, p<0.0001).

The correlation between mean FAR at 70 Gy and HDR SF2  is shown in Figure 5.7 
(r=-0.92, p<0.0001). The correlation between the ratio of residual/initial DNA damage 
and FAR at 70 Gy was also highly significant (r=0.93, p<0.0001: Figure 5.7).

5.6 Discussion

In the present study the potential of PFGE (Blocher et a l 1989, adapted by Eha and 
Nichols 1993) as a DNA damage assay for use in normal-tissue predictive testing was 
assessed by measuring the level of initial and residual DSB in a panel of seventeen early 
passage non-syndromic fibroblast strains and an AT strain and correlated to intrinsic 
radiosensitivity expressed as HDR SF2 . To reliably predict cellular radiosensitivity as an 
alternative to cell survival, the assay must correlate with cell survival.

Table 5.1 indicates that although the analysis of both initial and residual DNA DSB and 
the kinetics of repair have been shown to correlate with radiosensitivity in many studies 
on normal cells, it is not universal finding. This may indicate that factors other than 
DNA damage induction and repair influence the intrinsic radiosensitivity of some cell 
types and that the exact nature of the link between DNA damage and ceU lethality is still 
to be established. There are several potential explanations for these conflicting findings. 
Firstly, it has been found that different assays produce different results with the same 
cell lines due to the nature of the specific lesions measured by the assays (Woudstra et 
a l 1996, 1998, Smeets et a l 1993, Schwartz et a l 1988). For example, it has been 
suggested that under alkahne lysis conditions, the filter elution assay is sensitive to 
changes in cell shape and chromatin organisation that may influence both the detection of 
breaks and radiosensitivity (Olive 1998). A detailed review of those assays used to 
detect both DNA SSB and DSB that may be influenced by chromatin organisation or the 
placement of lesions is provided by Olive (1998).
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Alternatively, a failure to demonstrate a DNA repair defect may be due to conventional 
techniques used to measure SSB and DSB not being sensitive enough to detect a small 
subclass of DNA damage that remains unrepaired. However, while the majority of 
techniques used to measure DNA damage (§5.2) are hmited to detection thresholds of 
about 10 Gy, the sensitivity of PFGE, particularly with improved imaging techniques, 
has meant that doses within the cell-survival range are sufficient to measure DSB 
induction and repair. Doses as low as 50 cGy are being used for DSB induction and 
5 Gy for repair studies. Further reports have suggested that the sensitivity levels can be 
reduced to doses of around 0.1 Gy, using either neutral filter elution (Kaur and Blazek
1997) or the micronucleus assay (Vral et a l 1997). If a technique to measure DNA 
damage is able to detect damage at doses similar to those used in clonogenic studies 
(generally up to 5 Gy), then direct comparisons of both sets of data would be more 
meaningful. Alternatively, how a particular assay interprets a DSB is not necessarily the 
same as how a cell interprets a DSB which may affect the ability of an assay to resolve 
differences in response between cell lines (Olive 1998).

Furthermore, many techniques cannot comment on the fidelity of the repair process 
which has been shown to be an important determinant of survival (§1.7.4.2). DSB 
rejoining has been shown to be five-fold less accurate in AT cells compared with 
controls (Powell et a l 1993). A positive correlation between the accuracy of DSB 
rejoining and SF2  has been found in a panel of eight DSB-repair proficient tumour cell 
lines (Britten et a l 1997). A high rate of misrepair has been reported for hypersensitive 
cell lines from bladder tumours, in which there was neither an excess of DSB induction 
nor an excess of residual damage (Powell et a l 1992).

It is becoming apparent that the DNA repair process is considerably more complex than 
the simple rejoining of the DNA strands (§1.7.4.2). DSB rejoining is now considered as 
a key component of an integrated cellular response pathway necessary to allow the 
biologically effective repair of radiation induced DNA damage (reviewed in Szumiel
1998). Consequently DSB repair capacity may be only one of several determinants of 
radiosensitivity (§1.7.4). Between cells there may be substantial differences in ability to 
remove various DNA lesions or to invoke DNA damage response pathways. Radiation 
induced DNA damage activates many cellular pathways, including early response genes, 
the stress activated protein pathway and those leading to cell-cycle arrest (Paulovich e t 
a l 1997). Such arrests presumably facilitate the repair of DNA damage (Sherr 1996) and 
a prolonged G2/M and/or GO/Gl phase in response to radiation in mammahan cells has 
been shown to correlate with radiosensitivity (reviewed by Levine 1997). In Chapter 6 , 
the extent of radiation-induced delays were examined in the 18 cell strains to examine 
any relationship with the level of initial and residual DSB.
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An optimal co-ordination of these processes would be required to produce a 
radioresistant phenotype and any defect within the various response pathways or a 
defective temporal co-ordination of these processes (cell-cycle arrest, DNA repair, 
suppression of DNA synthesis, suppression of transcription and activation of early 
response genes) could lead to biologically inadequate repair of the DNA damage and a 
more radiosensitive phenotype. Therefore, it seems unlikely that just one property will 
be predictive.

It has been suggested that the experimental protocol in terms of dose rate and 
temperature of irradiation may have an effect on the result obtained (Olive 1998). For 
example. Foray et a l (1995, 1997a) examined residual DNA damage in AT and control 
cells using two protocols: LDR irradiation (0.01 Gymin’l) at 37°C (which allows repair 
during irradiation) and irradiation at HDR (1 Gymin'^) at 4°C (followed by repair at 
37°C). They found that the former protocol allowed a cleaner distinction between the AT 
and control cells as it selects for those DSB which are most slowly repaired and/or 
unrepairable DSB. In addition such a protocol allowed differences in residual damage to 
be measured at a biological relevant dose of 5 Gy. This improved discrimination was 
shown to be predictable from detailed studies of repair using different dose rates with a 
normal cell line (Foray et a l 1996).

The length of time that cells are left to repair at 37°C following irradiation in the study of 
residual damage has also been put forward as an explanation for the conflicting results 
obtained in studies examining repair in AT strains. Foray et a l (1997a) concluded that 
the reason why the majority of such studies established no clear relationship with 
hypersensitivity of AT cells (Table 5.1) was because repair was not monitored after 6  h. 
They found that although AT cells repaired DSB more quickly than the controls in the 
first 4—6 h after irradiation, DSB repair seemed to stop after 6  h in AT cells but continued 
in the controls. As a result all the control DSB repair curves cross the AT curves at about 
8-9 h. However, in the present study the residual damage remaining after 4 h was 
sufficient to detect a difference between the AT and control strains as has been found in 
several other studies (Wurm et a l 1994, Zhou et a l 1998). This suggests that the 4 h 
repair time used in the present study is past the repair curve cross over time determined 
by Foray et a l (1995, 1997a). Although the choice of incubation time may be critical for 
detecting repair deficiencies in severely hypersensitive AT cells, it may not be so critical 
in non-syndromic patients such as the seven chnically radiosensitive patients in this 
study.

The PFGE assay used in this study is based on the observation that the damage induced 
by ionising radiation, measured as the fraction of activity released (FAR) into the 
gel, is linear with dose. However, the interpretation of DNA damage assays often 
depends upon the radiation dose range that has been examined. In the present study, the
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dose-response curves for initial (2-30 Gy) and residual DNA damage (10-70 Gy) were 
well fitted by linear regression and passed through the origin, so comparison between 
cell strains was made over the whole dose-response curve. However, Kiltie et al. 
(1997) found a non-linear lag portion to the residual damage curve between 0 and 60 Gy 
and above 150 Gy some curves appeared to plateau. Wurm et a l (1994) found that 
dose-response curves for initial damage measured between 0 to 30 Gy and residual 
damage between 0 to 80 Gy were well fitted by linear regression, although the shape of 
the dose-response curves for initial damage over a wider dose range (up to 70 Gy) 
clearly indicated a non-hnear relationship. Several reasons for a non-linear relationship 
have been discussed (Diakis et a l 1991, Blocher and Kunhi 1990). For example, 
interstrand DNA crosslinks may increase the effective size of DNA molecules containing 
other forms of damage and prevent their migration into agarose gels. This effect is 
thought to operate especially after high radiation doses used in these other studies.

In a review of the correlation between DSB induction and cell killing by Foray et al 
(1997b) they found that only in a minority (20%) of tumour cells studied was the 
intrinsic radiosensitivity related to DSB induction level. However, such a relationship is 
not seen in human fibroblasts (reviewed in Foray et a l 1997b, Wurm et a l 1994) as 
confirmed by the present study.

In the present study, the analysis of initial DNA damage was assessed following 
irradiation on ice to prevent repair. Measurement of damage induction showed a 
significant variation in slope between cell strains and a non significant relation with cell 
survival in agreement with other studies (Wurm et a l 1994). The steepest and 
shallowest initial dose-responses were seen in clinically radiosensitive patients (GL24 
and GL6  respectively). The studies which have shown that radiosensitive cells exhibit 
higher levels of initial damage support the hypothesis that radiosensitive cells have an 
increased susceptibility to potentially lethal DNA damage (Radford 1986). However in 
the present study one of the highest initial responses was seen in control strain GL19 
and this might reflect a higher tolerance to initial DNA damage levels in more 
radioresistant lines, and could be indicative of a higher capacity to repair damage. This is 
in accord with the observation of increased repair in this strain (Table 5.4) having a ratio 
of residual/initial damage of only 11.4%. However, although it is thought that some 
cells may simply tolerate DNA damage better than others, this concept is seldom 
considered for radiation resistance (McMillan 1992). The inter-individual difference in 
initial damage, which varied by a factor of 1.5 in slope of the initial damage curve, was 
not sufficient to explain the difference in steepness of the survival curves for which the 
initial slopes vary by a factor of 2.3.

Differences in the measurement of initial damage may be caused by higher order 
chromatin organisation in the nucleus (Diakis et a l 1991, Ljungman 1991, Ohve et al
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1986). Chromatin structure and DNA packaging (in terms of the mobihty of the DNA 
through the gel), lesion distribution and recognition and the accessibility of repair 
enzymes to sites of damage can influence the detection of DNA damage (Ohve 1992, 
1998). Consequently, variations in DNA structure as opposed to the actual level of DNA 
damage have been hypothesised to explain differences in radiosensitivity. Woudstra et 
a l (1996) using PFGE demonstrated equal DSB levels in two cell lines, which differed 
in SP2  by a factor of 20. They found higher damage in the radiosensitive cell line 

measured with the halo assay, which allows the higher DNA structure to remain partially 
intact (§5.2.4). The author concluded that this anomaly was due to differences in the 
structural organisation of chromatin in these cells. Techniques which require extensive 
cell lysis, e.g. alkahne unwinding, the comet assay and conventional PFGE, affect the 
nuclear structure sufficiently so that slight differences in chromatin structure would be 
removed. However, techniques such as the halo assay and NEE utilise lysis conditions 
that retain the attachment of DNA loops to the nuclear matrix. If the DNA structure 
affects the detection of DSB, then the relationship of DSB levels with radiosensitivity 
cannot be treated as a simple one. However, it is unlikely that the differences in initial 
damage seen in the 17 non-syndromic fibroblast strains were due to differences in DNA 
structure and conformation as primary fibroblast cultures such as those used in the 
present study are diploid and would be expected to exhibit a similar nuclear structure.

The distribution of cells within the cell cycle has been shown to affect DNA migration in 
agarose during electrophoresis and this is dependent on electrophoresis conditions 
(Giaccia er a/. 1992, Ohve and Banath 1993). Under neutral electrophoresis conditions 
DNA from S phase cells shows less migration than DNA from cells in other phases of 
the cell cycle. Olive et a l (1991) showed that the FAR from S phase cells was reduced 
to one-third or one-quarter of that seen in cells irradiated in the G1 or G2 phases due to 
the formation of replication clusters. Badie et a l (1995a) showed that normal fibroblasts 
irradiated under exponential growth showed a reduced FAR compared with confluent 
cultures. DNA in S-phase cells has a different conformation and the presence of ‘forks’ 
and ‘bubbles’ is believed to contribute to the slower migration of such DNA. Under 
alkaline conditions, replicating structures are interpreted as strand breaks when 
denatured, thereby increasing the extent of DNA migration (Salagovic et a l 1997). The 
comparison of DSB levels to radiosensitivity could also be influenced by the cell cycle as 
radiosensitivity varies throughout the ceU cycle. Cells in late S phase are generally 
regarded as the most radioresistant while those in G2 the most radiosensitive (Sinclair 
and Han 1967).

In the present study, to overcome the potential influence of cell-cycle variation, DNA 
damage experiments by PFGE were performed on confluent cultures to ensure a low 
proportion of cells in S phase. This is easier for primary fibroblasts where the 
experimental conditions are more uniform, as they can be grown to confluence unlike
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tumour cell lines. In the present study, flow-cytometric analysis of the confluent cell 
cultures showed the cell populations to consist of at least 90% or more cells in G1 with a 
very low percentage in either S or G2/M (Table 5.3). No relationship between the 
percentage of cells in S-phase or G2/M phase and HDR SF2  was seen. In addition 

Diakis et a l (1991) showed that the FAR dose-response curves were similar for cells 
irradiated in G l, G2, or mitosis. Indeed, Mateos et a l (1996) reported that the S-phase 
fraction was only significant at values of >0.70 (70% of the total population) in the 
bladder carcinoma cell line MGH-UI, a much higher fraction than would be seen in 
confinent fibroblast cultures. Additionally, during the 4 h 37°C incubation period used 
for residual DNA damage repair, there were no potential cell-cycle effects due to 
redistribution of the cells or differential cell-cycle delay responses as cultures were 
confluent during the incubation period.

Several studies have now shown that some degree of DSB repair deficiency may be an 
important factor contributing to the hypersensitivity of cells in vitro (Table 5.1). If 
unrejoined DSB are responsible for cell killing then it seems logical that residual damage 
should correlate with radiosensitivity. For the 17 non-syndromic cell strains in the 
present study, much of the measured initial damage was repaired following a 4 h repair 
period at 37°C. This resulted in a group of residual damage curves that over the dose 
range studied, were close to linear and varied by a factor of 2 . 8  in slope, almost twice as 
much as the variation in initial slope. This compares to a variation in residual slope of
1.5 for four non-syndromic strains studied by Zhou et a l (1998), 2.4 for five primary 
non-syndromic fibroblast strains in the study by Wurm et a l (1994) and 4.0 in the 
study of nine cervical cancer patients studied by Kiltie et a l (1997). In the latter study a 
dose of up to 180 Gy was used compared with a top dose of 70 Gy in the present study. 
However, for the study of residual damage a low dose range is preferable, as irradiation 
with high doses (above 100 Gy) may saturate repair systems so that the distinction 
between sensitive and resistant cells might be lost. In the present study this increased 
range of residual damage between strains seemed to be the result of a reduced amount of 
repair in the seven clinically radiosensitive strains (as expressed by the ratio of residual 
to initial damage) which retained considerably more damage under these conditions 
(ranging from 18.6-25.2%). In contrast, the ten control strains had between 10.4 to 
18.1% of the initial damage levels remaining after repair. The amount of residual damage 
and ratio of residual/initial damage were also strongly correlated with clonogenic 
survival (Figure 5.4 and 5.5).

Strain GL27 was established from a CHART control patient who, although they did not 
experience any adverse acute tissue reaction were found during follow-up to have 
developed a severe subcutaneous fibrosis at six years post treatment. Interestingly the 
residual DNA damage measurement for strain GL27 was the most sensitive of the 10 
control strains (0.27: normal range 0.12-0.24, excluding GL27) and fell within the
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range seen for the sensitive strains (0.24-0.33). A similar ranking was seen for the ratio 
of residual/initial damage, suggesting that measurement of these parameters can identify 
those patients experiencing late as well as acute tissue reactions.

Considerable effort has been expended to determine whether the radiosensitivity of AT 
cells is associated with defective DSB repair. Although early reports failed to reveal any 
significant defect in DSB rejoining at short times after irradiation, Coquerelle and 
Weibezahn (1981) and Coquerelle et a l (1987) reported that the rejoining of DNA DSB 
was slower in AT fibroblasts than in controls. Blocher et a l (1991) found 1.4% 
residual damage for normal compared with 2.1% in AT heterozygotes and 5.2% in AT 
fibroblasts following LDR irradiation. Monitoring of repair over a 24 h period or after 
LDR irradiation has also revealed a higher level of residual DNA damage in AT cells 
(Badie et a l 1995a, Foray et a l 1995). In addition to a direct defect due to inabihty to 
repair residual breaks, some studies have pointed to a defect in the chromatin structure in 
AT, which predisposes to chromosome breakage throughout the cell cycle (Pandita and 
Hittelman 1992a, 1992b).

In the present study, the AT strain did not show a particularly sensitive initial DNA 
damage response (initial damage slope of 1.24, compared with a mean of 1.33 for the 10 
control strains and 1.27 for the 7 clinically radiosensitive strains). This result agrees 
with previously published work of others, where both primary (Hannan et a l 1991a, 
Coquerelle et a l 1987, Blocher et a l 1991) as well as transformed (Radford and 
Hodgson 1990) control and AT fibroblast lines showed a similar relationship between 
initial damage levels and dose. However, the residual DNA damage response was one of 
the most sensitive (AT residual damage slope of 0.30, compared with a mean of 0.18 for 
the 10 control strains and 0.28 for the 7 clinically radiosensitive strains). This suggests 
that in this AT strain, the failure to repair DNA damage may be an important determinant 
of cellular radiosensitivity.

Further evidence supports the interpretation that AT cells are defective in certain types of 
DSB DNA break repair (Sikpi et a l 1998). Thus, the molecular defect in AT cells may 
be an inability to respond correctly to certain types of DNA DSB particularly those 
arising from reactive oxygen species/oxidative stress (Dar et a l 1997). ATM may 
function as a sensor of such a specific type of strand break and its inability to recognise 
the damage in AT cells may be responsible for the residual DNA breaks and their 
translation into chromosome breaks rather than a repair defect per se (Rotman and Shiloh
1998). The residual chromosome breaks may be at least partially responsible for the 
radiosensitivity in AT and may also contribute to the genetic stability and cancer 
predisposition (Lavin 1998).
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The fibroblast strains used in the present study were not a homogeneous group of cells, 
but had been shown to have a wide range of radiosensitivities (Table 4.1), with the 
strains from the clinically radiosensitive patients having HDR SF2  values at the lower 

range of the control group studied (HRS range 0.11-0.19 and control range 0.17-0.34). 
On the basis of residual damage and the ratio of residual/initial damage, it was possible 
to separate the seven clinically radiosensitive patients from the six surgical reduction 
patients. However, as was seen for clonogenic survival, two of the CHART patients 
segregated with the clinically radiosensitive patients and two with the surgical reduction 
patients. Several of the previous studies on DNA damage included many radiosensitive 
repair-deficient syndromic cells as opposed to ’normal’ cells (Dikomey et a l 1998). For 
example, although the study by Zhou et a l (1998) found a good correlation between 
residual DNA damage and survival in seven strains, only two of these were 'normal', 
the rest being from radiosensitive syndromic patients. The study by Wurm et a l (1994) 
included five non-syndromic fibroblast strains, two of which were derived from 
clinically radiosensitive patients who had developed severe normal-tissue reactions. 
However, only one of the radiosensitive strains exhibited a decreased level of repair 
(measured as residual/initial damage ratio), comparable to that of two AT strains studied, 
the other being indistinguishable from the three control strains. In fact, neither cell 
survival, nor initial or residual damage identified both these lines as radiosensitive. 
Although the HDR SF2  values of the two clinically radiosensitive strains were 
comparable to those found in the present study (0.15 and 0.21) the values for the three 
remaining control strains (0.20-0.23) were all at the low end of the control range found 
in the present study (Table 4.1). The nine pre-treatment cancer patients studied by Kiltie 
et a l (1997) showed a large range of SF2  values (0.15-0.32). Although a strong 
correlation was seen between residual damage and HDR SF2  when two radiosensitive 

strains were included (1 AT and 1 SCID), the relationship had borderline significance 
when only the nine non-syndromic strains were considered.

The average CV for repeat measurements of residual damage on a single non-syndromic 
strain was 13.6% compared with a non-syndromic inter-strain CV of 29.3% (Table 
5.4). Considering initial damage the average intra-strain CV was 12.1% compared with 
an inter-strain difference of 12.4%. The CV obtained for residual damage compares well 
to the HDR SF2  CV found with the clonogenic assay (Table 4.4) where the average 

intra-individual CV was 10.7% (range 2.9-24.5%) with an inter-individual difference of 
30.4%. This result emphasises the predictive power of residual DNA damage compared 
with initial DNA damage and compares well to those in the literature. Kiltie et a l (1997) 
found an intra-strain CV of 10%, compared with an inter strain CV of 33% for residual 
damage for nine non-syndromic fibroblast strains. The study by Wurm et a l (1994) 
showed an inter-strain CV of 13.4% and 35.4% for initial and residual DNA damage 
respectively for the five non-syndromic fibroblast strains studied.
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Overall, the results suggest that initial damage in primary human fibroblasts is unlikely 
to predict normal-tissue tolerance to radiotherapy. The positive correlation between 
cellular radiosensitivity and residual damage in the 17 non-syndromic fibroblast strains 
is encouraging and confirms the potential usefulness of measuring residual DNA damage 
as an alternative to a clonogenic assay to predict normal-tissue tolerance to radiotherapy 
in the majority of non-syndromic patients with cancer treated by radiotherapy. Further 
studies will have to be carried out to assess whether the measurement of residual damage 
fulfils all the requirements of a predictive test in terms of precision and assay variability.

As stated in §5.2, there have been conflicting results on the correlation between 
measurement of residual DNA damage and the risk of fibrosis. One explanation for the 
lack of correlation between the two parameters observed in one of these studies 
(Brammer et a l 1998c) is that radiotherapy late reactions involve not only cellular 
responses to radiation but also important tissue responses. These include an altered 
cellular proliferation and important stromal effects such as oedema formation, interstitial 
fibrinous exudates and increased collagen deposition (Barcellos-Hoff 1998). As 
discussed in § 1.4.1 any effect on the vasculature will have important ramifications for 
tissue response (Hopewell et a l 1986). This response involves the interplay of several 
cellular systems mediated by growth factors and cytokines including TGF-P (Rodemann 

and Bamberg 1995). Some of these processes may not be directly related to the 
magnitude of DNA damage and subsequent repair, thereby masking any correlation 
between tissue response and damage.

In its present form the measurement of residual DNA damage by PFGE is still too time- 
consuming to be of use as a predictive test. However, as discussed in more detail in 
§7.4, there are several potential modifications to the technique that would reduce the 
time taken to produce useful chnical data. These include the use of imaging techniques 
as opposed to radioisotope pre-labelling of cells (Zhou et a l 1997, Kiltie and Ryan 
1997). Ideally, to prove useful in the clinical setting, PFGE would be further modified 
into a test for the direct assessment of radiosensitivity in fresh, normal-tissue samples 
from small skin biopsies as the derivation of fibroblast cell strains prior to PFGE would 
be too time consuming for routine clinical application. Such modifications could 
potentially yield results in 1 week.

When disaggregating cells from the primary biopsy material, the result obtained can be 
affected by the nature of the specimen at the time of irradiation. In a study by Ozawa e t 
a l (1999) on human glioma strains, the effect of different experimental conditions on the 
measurement of DNA damage by PFGE was studied. They found that although the 
radiation induced DNA DSB and rejoining of tumour chunks in vitro were similar to 
results obtained for tumours irradiated and allowed to repair in vivo, the irradiation of 
minced pieces or single-cell suspensions resulted in steeper dose-response curves, and
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that the sample could be held for up to 48 h post excision without affecting DNA DSB 
rejoining.

The demonstration of a correlation between the residual damage slope and the FAR at 
70 Gy (Figure 5.7) suggests that measurements of the relative differences in levels of 
residual DNA DSB can be derived from a single irradiation dose point rather than the 
slope derived from a number of irradiations as a DNA damage end point, confirming the 
findings of other studies (Eastham et a l 1999, Kiltie et a l 1997). Several replicates at a 
single irradiation dose could be performed in contrast to single replicates at multiple 
radiation dose points, which is less time consuming and reduces the variabihty 
associated with a single determination (Brock et a l 1995) both important requirements 
for a potential predictive test.

5.7 Conclusion

To conclude, this study has confirmed that there is a strong and statistically significant 
correlation between residual DNA damage as measured by PFGE and intrinsic 
radiosensitivity in primary fibroblasts from a larger number of non-syndromic patients 
with a variety of normal-tissue responses than in previous studies (Wurm et a l 1994, 
Kiltie et a l 1997, Dikomey et a l 1998, Zhou et a l 1998). Although it has been 
suggested that cells from syndromic patients such as AT and from tumours may possess 
defects in pathways leading to the repair of residual DNA lesions, which in turn may 
have a detrimental effect on the correlation of residual DNA damage with cellular 
radiosensitivity, this may not be true for fibroblasts in non-syndromic patients (Kiltie e t 
a l  1997).
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5.8 Associated studies

As a reliable predictive assay to allow individually planned treatments is currently not 
available, research has focused on the development of new assays for determining 
normal-tissue intrinsic radiosensitivity. For example several proteins involved in DNA 
damage repair have now been identified (Jeggo 1998, Lehmann 1998). These may 
play key roles in tumour development and radiosensitivity. Altered levels of 
expression or activity of these proteins could be responsible for the different reactions 
to IR and molecular techniques to measure them may be useful for predicting cellular 
sensitivity and those at risk from excessive normal-tissue reactions during 
radiotherapy (§1.8.5.4: Stone et al. 1998). External collaborations were entered into to 
study further aspects of radiosensitivity in several of the radiosensitive cell strains. 
The results are summarised in Table 5.5.

5.8.1 Microsatellite repeat analysis of DNA repair genes

5.8.1.1 Background

Within the genome there are a large number of seemingly unimportant DNA segments 
arranged in repetitive units. These stretches of DNA contain variations or 
polymorphisms that are characteristic for an individual. Approximately 30% of the 
DNA repeat sequences are arranged as short 2- to 7-base pair tandem repeat sequences 
called microsatellites (Naidoo and Chetty 1998). Genetic instability in microsatellite 
sequences has been reported in a variety of human cancers and is termed microsatellite 
instability (MSI). It is commonly seen in tumours associated with the hereditary 
nonpolyposis colorectal cancer syndrome. Sporadic manifestations of several tumour 
types, including colorectal (Thibodeau et a l 1998), gastric (Chong et al. 1997) and 
endometrial carcinomas (Burks et a l 1994) also exhibit MSI in a significant fraction 
of cancers. Although the underlying molecular genetic defect for some sporadic 
cancers remains obscure, it is thought to result from defects in the cells’ DNA 
mismatch repair system. This system recognises and restores misincorporated bases or 
slippage errors, which frequently occur during DNA replication (Jiricny 1998). Loss 
of DNA mismatch repair therefore strongly accelerates the evolutionary process of 
mutagenesis and selection, which underlies the development of cancer. Determining 
whether particular cancers display MSI may have significant biological and clinical 
importance in understanding the pathogenesis of the cancer, as a diagnostic tool and in 
the prediction of tumour response to treatment (Anbazhagan et a l 1999).
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Strain HDR SF2 LDR Do.oi 
(Gy)

Initial
DNA

damage

Residual
DNA

damage

Ratio
Residual/
Initial(%)

Polymorphic 
Microsatellite 

Allele 1

ATM
Mutation^

G2 assay 
CA3

6 0.17 6 . 2 1.03 0.24 23.0 XRCC3, 
[AC] 2 0

none
detected

-

2 1 0.18 5.6 1 . 2 0 0.24 19.9 XRCCl, 
[AC] 1 2

none
detected

124

9 0.15 5.8 1.39 0.30 2 1 . 6 XRCC3, 
[AC] 2 0

none
detected

15 0.16 5.9 1.30 0.33 25.2 XRCC52,
[GAPyA]i8

none
detected

84

16 0 . 1 1 5.6 1.19 0.28 23.7 XRCC3, 
[AC] 2 0

none
detected

23 0.15 6 . 1 1.26 0.30 23.8 -

24 0.19 6 . 8 1.56 0.29 18.6 -

Table 5.5. Summary of results from external collaborations for the seven clinically radiosensitive patients (2 severe over-reactors (GL6  and 
12) and 5 highly radiosensitive (GL9, 15, 16, 23, 24)). Details of clonogenic survival and DNA damage responses measured as part of this 
thesis are also given.

1 Patients were analysed for repair gene microsatellite length polymorphisms. The alleles shown here were detected solely in cancer patients 
and have yet to be seen in a ‘normal’ sample (Price et a l 1997).

2GL15 was found to have normal levels of DNA-dependent protein kinase levels (P. Jeggo, personal communication.

^CA: chromosome aberrations/100 cells. The range for the group of normal patients studied who experienced mild or moderate fibrosis or 
telangiectasia was 76-151 CA/100 cells (D. Scott, personal communication).

^Assessed by Y. Shiloh using a method detailed in Gilad et a l (1996).
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Blood samples from 34 unrelated control volunteers and 19 radiotherapy patients 
(including 8  clinically radiosensitive patients) were analysed by Price et a l (1997) for 
polymorphic microsatellites in three DNA repair genes, XRCCl, XRCC3 and XRCC5 
for possible linkage to cancer status and/or clinical radiosensitivity. The 8  clinically 
radiosensitive patients included 5 from the present study (Strains GL6 , 9, 15, 16 and 
21).

XRCCl is involved in base excision repair (Caldecott et a l 1996) and XRCC3 in 
homologous recombinational repair (Thompson 1996). The XRCC5 gene product was 
identified as the Ku80 protein, the 80 kDa subunit of the Ku heterodimer that binds to 
free DNA ends (§1.7.4.2: Taccioli et a l 1994). High expression levels of XRCCl and 
XRCC3 have been shown to contribute to a radioresistant phenotype (Yanagisawa et 
a l 1998).

5.8.1.2 Results and Discussion

For each of the three genes analysed a potentially useful polymorphic microsatellite 
was found. These were [AC]n for XRCCl and XRCC3 and [GAPyAJn for XRCC5. Of 

the 19 cancer patients (including the clinically radiosensitive patients) who were 
analysed, 11 (58%) had inherited one rare allele for one of these microsatellites, with 
the other allele lying within the 'normal' size range. However, of the 8  clinically 
radiosensitive patients, 6  showed rare microsatellite polymorphisms and this included 
all five of the clinically radiosensitive patients from the present study (Table 5.5: 
Strain GL21: XRCCl; Strains GL6 , 9 and 16: XRCC3 and Strain GL15: XRCC5). 
None of the normal volunteers showed these rare alleles.

The rare XRCC5 allele that was identified in Strain GL15 was a full tetranucleotide 
repeat containing 18 units. To date, this is the only repair gene microsatellite 
polymorphism found to occur solely in a clinically radiosensitive cancer patient. 
Ku80/XRCC5 hamster cell mutants are deficient in V(D)J recombination due to their 
inability to rejoin DSB (Taccioli et a l 1993). V(D)J recombination is also impaired in 
SCID mice, which have a mutation in the DNA-dependent protein kinase (DNA-PK) 
subunit of the Ku complex, and are therefore immune compromised due to impaired 
lymphocyte activity (Peterson et a l  1995). If the clinical radiosensitivity of Strain 
GL15 was due to the presence of a defective allele for XRCC5 the patient might be 
expected to be immunocompromised. However, no obvious immune deficiencies were 
noted from the clinical history of this patient (Table 2.1).
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The level of DNA-PK activity in normal fibroblasts from Strain GL15 were assessed 
by Dr. Penny Jeggo at the University of Sussex (using a method detailed in Badie et 
a l  1997) to determine whether the Ku complex was functional and able to perform 
adequate V(D)J recombination. The DNA-PK complex is known to be part of the non- 
homologous recombination pathway, which is considered to be the dominant DSB 
repair mechanism active in mammalian cells (§1.7.4.2: Jackson and Jeggo 1995). The 
cells were found to express wild-type levels of the three components of DNA-PK 
(Ku70, Ku80, and DNA-PKcs) and have normal levels of DNA end-binding and 
DNA-PK activity. This is in agreement with Badie et a l  (1997) who found no defect 
in DNA-PK activity in fibroblast strain 180BR, isolated from an extreme over-reactor 
to radiation.

The XRCCl cDNA from Strain GL21 has been cloned using RT-PCR (Price et a l 
1997). SSCP analysis of the cDNA, a method capable of predicting 80-90% of single 
base mutations within short regions of DNA suggests the presence of a coding 
sequence alteration in this region (Hayashi 1991). The clones will be sequenced to 
confirm the presence of the putative mutation. The hallmark of hamster cells mutant 
for XRCCl is a high frequency of sister chromatid exchange (SCE) and therefore it 
would be of interest to examine SCE levels in cells from Strain GL21. SCEs represent 
symmetrical exchanges between sister chromatids. Although they have been widely 
studied as a non-chemical-specific indicator of genetic damage, the health risk 
associated with this marker is unknown (Perera et a l 1989).

5.8.2 AT gene mutations

5.8.2.1 Background

The sequence of the AT gene (ATM) has provided much information on the response 
of cells to radiation-induced DNA damage. ATM is thought to be a signal transduction 
protein, playing an important role in the pathways linking DNA damage to apoptosis, 
cell-cycle control and DNA repair (§1.5.1: Meyn 1995, Lavin 1998).

Studies have now characterised the percentage of cancer patients that have ATM 
mutations. Vorechovsky et a l  (1996a) detected 3 ATM mutations amongst 8 8  breast 
cancer patients {Le. 3.4%), a figure close to the predicted frequency of 4.0% based 
upon the estimates of the population frequency of AT heterozygotes and their 
increased risk of breast cancer. Athma et a l (1996) have estimated that 6 .6 % of all 
breast cancers in the USA occur in AT heterozygotes, based upon values of 3.8 for the 
relative risk of breast cancer in AT heterozygotes and 1.4 for the population frequency
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of AT heterozygotes in the USA, This is consistent with the study of Janin et a l 
(1999) who found an increased relative risk of breast cancer of 3.32 in obligate AT 
heterozygotes. However, a study of 38 sporadic breast cancer specimens revealed no 
evidence of ATM mutations (Vorechovsky et a l 1996b). Furthermore Fitzgerald et a l
(1997) concluded that heterozygous ATM mutations do not confer genetic 
predisposition to early onset breast cancer, finding only 2 ATM mutations in 401 
women with such a condition. This has been confirmed for familial breast cancer 
(Chen et a l 1998) and for 47 women with late onset, sporadic breast cancer (Bebb et 
a l  1999). However Janin et a l (1999) found that the breast cancer relative risk was 
significantly increased in obligate AT heterozygotes aged under 44 years.

There have been several studies to ascertain whether germline ATM mutations lead to 
severe tissue reactions to radiation. ATM heterozygous mice do not demonstrate an 
increased sensitivity to acute radiation injury or increased incidence of tumours 
(Barlow et a l  1996). Furthermore, a bilateral breast cancer patient with an ATM 
mutation whose fibroblasts and lymphoblastoid cells showed an elevated clonogenic 
radiosensitivity compared with controls developed only a mild skin reaction and 
minimal late effects after radiotherapy (Ramsay et a l 1996). A further study has 
shown that breast cancer patients with a mutant ATM allele did not suffer an adverse 
reaction to radiotherapy (Fitzgerald et a l 1997).

To assess the importance of the ATM gene in the development of severe tissue 
reactions to radiotherapy, five of the seven sensitive strains (Strains GL6 , 9, 15, 16, 
21) were screened for the presence of ATM mutations by Professor Y. Shiloh using a 
method detailed in Gilad et a l (1996).

5.S.2.2 Results and Discussion

No mutations typical of those previously reported in AT patients or obligate 
heterozygotes were identified in the five radiosensitive strains (Table 5.5).

This is in contrast to Ramsay et a l (1998b) who found a homozygous ATM mutation 
in a radiosensitive melanoma line. In addition, a preliminary study by Hall et a l
(1998) examined 17 prostate cancer patients who experienced severe late tissue 
reactions and found significant ATM gene mutations in 3 patients, an incidence of 
17.6%. None were found in a control group who experienced no late tissue effects. 
However, a study by Appleby et a l (1997) found no evidence of ATM mutations in 23 
cancer patients who exhibited a HRS response to their radiotherapy. Additionally, 
Clarke et a l  (1998) found no evidence of AT gene truncations in 5 clinically
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radiosensitive patients tested. Ramsay et a l (1998a) found no mutations in the ATM 
gene in 15 breast cancer patients who developed severe late radiotherapy reactions and 
had increased in-vitro radiosensitivity. Furthermore, 180BR fibroblasts from a patient 
with an extreme overreaction to radiotherapy were not defective in either ATM or 
DNA-PKcs protein expression. A study by Shayeghi et a l (1998) found only 1 ATM 
mutation in 41 cancer patients who developed marked changes in breast appearance 
after radiotherapy and no mutations in 39 control subjects who showed no clinically 
detectable reaction. Oppitz et a i  (1999a) found no ATM mutations in 20 cancer 
patients selected on the basis of their severe acute and/or late tissue reactions. Chan et 
a l  (1998) found that variations in the level of ATM protein were insufficient to 
explain the differences in cellular radiosensitivity observed in a panel of human 
malignant glioma cell lines.

These results suggest that the ATM screening of cancer patients prior to radiotherapy 
will not be of particular value in predicting severe tissue responses. A similar 
conclusion has been reached on the potential influence of the BRCAl and BRCA2 
genes. Mutations in BRCAl and BRCA2 are responsible for the inherited basis of 
certain breast cancers and are identified in approximately 12 and 3% of young women 
with breast cancer respectively (Fitzgerald et a l 1996, Langston et a l 1996). BRCAl 
and BRCA2 encode nuclear proteins able to interact with the human homologue of 
RAD51 and are involved in transcription-coupled and homologous recombination 
respectively (Abbott et a l 1999, Kinzler and Vogelstein 1997, Yuan et a l  1999). 
However, in a study by Gaffney et a l (1998) on 21 breast cancer patients with either 
BRCAl or BRCA2 mutations, moist desquamation developed in 27% of the former 
group and 30% of the latter following irradiation. This rate of incidence compares 
favourably with unaffected individuals suggesting that patients with such gene 
mutations do not have an exacerbated acute response to radiation.

It is possible that individuals who are clinically sensitive to IR may have defects in 
more than one DNA repair gene so that any genetic test for sensitivity might need to 
address multiple genes. However, Carlomagno et a l  (1998) found no correlation 
between mutations in a panel of proteins and in-vitro fibroblast radiosensitivity or 
in-vivo clinical reaction in 15 fibroblast cell lines from breast cancer patients. The 
genes studied included the three components of DNA-PK (Ku 70, Ku80 and DNA- 
PKcs), Ligase IV and its activator XRCC4, RAD 51, a novel DNA repair gene known 
as H-Rdl and ATM. Until other genes that confer clinical radiosensitivity have been 
identified and cloned, the further development of assays based upon in-vitro radiation 
responses would appear to be justified.
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5.8.3 Chromosomal radiosensitivity measured by G2 assay

Two of the seven radiosensitive patients (GL15: classified as a HRS strain and GL21: 
classified as a severe over-reactor) were sent to Dr. David Scott in Manchester for 
assessment with the G2 chromosome assay (method detailed in Scott et al. 1999). 
Several studies have shown that chromosomal radiosensitivity is closely linked to 
cancer predisposition (§4.9.2 reviewed in Scott et a l 1998). Scott et a l (1994) found 
that using the G2 assay, lymphocytes from approximately 40% (21 out of 50) of an 
unselected series of breast cancer cases showed elevated chromosomal radiosensitivity 
compared with normal, healthy controls.

The results with the G2 assay for the two fibroblast strains were compared with those 
obtained from a larger series carried out on 14 patients recruited from a data-base of 
over 300 breast cancer patients at the Christie Hospital. These patients have been 
followed up prospectively for the late effects of radiotherapy as part of the ‘Christie 
Hospital Breast Conservation Study’ (Ribeiro et a l 1993). Cases for investigation 
were chosen from among the most severely and least severely reacting surviving 
patients, to obtain the widest possible range of radiotherapy reactions.

In a personal communication it was reported that three of the Christie patients who 
showed severe fibrosis had a range of 107-132 chromosome aberrations (CA)/100 
cells compared with a range of 76-151 CA/100 cells for eleven showing mild and 
moderate fibrosis. Considering telangiectasia, 5 strains showing severe telangiectasia 
had a range of 99-151 CA/100 cells, compared with a range of 76-151 CA/100 cells 
for nine with mild and moderate telangiectasia. Considering Strains GL21 and GL15, 
the former was found to have 124 CA/100 cells and the latter 84 CA/100 cells (Table 
5.5). Both these results were well within the range observed for those patients with 
mild or moderate reactions.

This is in contrast to a study by Terzoudi et a l (1998) on 25 normal and 185 cancer 
patients who found that the latter group and in particular those showing severe early or 
late skin reactions after radiotherapy were significantly more sensitive than controls.

5.8.4 Conclusion

The results from the present study have stressed the importance of DNA repair 
processes as a determinant of radiosensitivity in non-syndromic cells. However, 
although this is now accepted the influence of individual genes such as ATM is still to 
be clarified. Although screening for mutations in ATM appears to be of limited use as
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a means of identifying radiosensitive patients, there is still much interest in, for 
example the role of ATM in breast cancer (Telatar et a l 1998). Similarly, although the 
two clinically radiosensitive patients tested in the present study were not identified as 
such by the G2 assay, this test has potential as a means of detecting cancer 
predisposition (Roberts et a l 1999). The linkage of a group of specific alleles of DNA 
repair genes to sensitivity to IR may allow the development of a rapid PCR based 
assay able to identify the minority of radiosensitive cancer patients.
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6.0 Cell-cycle characteristics and effect of radiation on 
cell-cycle progression

6.1 Introduction

An important property of untransformed, eukaryotic cells is their ability to respond to 
changes in their extracellular environment which affect cell-cycle regulation. Such 
changes are the result of mitogens and anti-mitogens, survival factors, differentiation- 
inducing factors and cell-cell and cell-substratum interactions. This variety of signals 
influences a cell's decision to remain (or become) quiescent, to differentiate, to undergo 
apoptosis or to enter the cell cycle and divide. Disruption of the balance between these 
processes contributes to the genetic instability characteristic of many cancers by allowing 
cells to cycle under inappropriate conditions. Therefore, the main function of the 
eukaryotic cell cycle is to ensure precise replication of cellular DNA during S phase and 
to complete division of the cell during mitosis forming two daughter cells each carrying a 
chromosome comphment identical to the parental cell (Stillman 1996).

Initially when populations of cells were observed using conventional light microscopy, 
the only event which was distinguishable was the process of cell division, or mitosis 
(M phase) where equal segregation of chromosomes occurred prior to cell division. Little 
was known about the processes occurring between the time required for two visible 
mitoses of a cell, known as the ceU division time or mitotic cycle. Howard and Pelc 
(1953) were the first to elucidate the other phases of the cell cycle, using autoradiography 
of root cells of the bean, Vida faba, labelled with 32p. They found that cells incorporated 
the radioactive label during a defined fraction of the cell cycle, a DNA synthesis phase 
(S phase). They also observed a gap between DNA synthesis and the beginning of 
mitosis (G2 phase) and by the subtraction of S, G2 and M phase from the inter-mitotic 
time, calculated that there was a further gap (G1 phase) between the end of M phase and 
the start of S phase. This view of the cell cycle as a series of four discrete cellular events 
was first described in mammalian cells by Quastler and Sherman (1959), who studied the 
rate of passage of intestinal epithelial cells into segregated time points between mitoses. 
In the typical dividing eukaryotic cell, G1 phase lasts approximately 12 h, S phase 6  to 
8  h, G2 phase 3 to 6  h and mitosis about 30 min, although the exact length of each phase 
varies with cell type and growth conditions.

Intrinsic radiosensitivity is variable throughout the cell cycle in human (Terasima and 
Tolmach 1963) and rodent cell lines (Sinclair 1968). In general, cells irradiated in S 
phase are relatively radioresistant, with those in late S being most resistant. Cells in
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G2/M are more radiosensitive, similar to those irradiated in G1 (Iliakis and Okayasu, 
1990, West et a l 1988). There does appear to be an increased radiosensitivity in G1 
when this phase is relatively long, which probably corresponds to the proportion of cells 
irradiated beyond the restriction point (§6.2.1). This order of radiosensitivity is not 
exclusive as, for example, the radiosensitivity of HT29 cells does not vary significantly as 
a function of cell-cycle phase (Tang et a l 1994). Many compounds that affect the 
radiosensitivity of cells do so through altering the proportion of cells in radiosensitive 
and radioresistant phases of the cell cycle (Huang et a l 1999).

6.2 Regulation of the cell cycle

Deregulated cell-cycle control is a characteristic of many tumour cells, and often results 
in altered proliferation rates compared with the surrounding normal tissue. It has been 
shown that a diminished G 1 checkpoint control is an early event in the process of 
carcinogenesis that is associated with the mahgnant transformation of individual cells and 
is independent of p53 status (Syljuasen et a l 1999). Several of the altered cell-cycle 
elements of cancerous cells have been suggested as potential novel targets for therapeutic 
intervention and to have use as prognostic indicators of treatment outcome (Marsh and 
Varley 1998, Rao 1996, Benassi e ta l  1997).

The fidelity of cell division is of utmost importance to the survival of the normal 
organism and complex homeostatic controls and fail-safe mechanisms have evolved to 
achieve successful replication (Dirks and Rutka 1997). Control of the cell cycle is 
maintained through a complex network of phosphorylation reactions involving cyclin 
dependent kinases (cdks) and their regulatory activating subunits, the cyclins, which 
catalyse transitions both into and through S phase and mitosis (Gao and Zelenka 1997). 
Because of the irreversible nature of both DNA replication and mitosis, activation of cdk 
is subject to multiple regulatory pathways (Iliakis 1997). One important regulatory 
mechanism is the availability of the activating cychns, which in most instances, are 
synthesised periodically at specific times during the cell cycle (Table 6.1). On the basis 
of the specific phase in which peak levels are reached, it is possible to distinguish 
G 1-phase cyclins (including cyclins Ds and E), S-phase cyclins (mainly cyclins A and B) 
and G2- and M- phase cyclins (cyclins A and B).

The cdk partners of each cyclin are also specific, allowing the formation of different 
complexes in the cell-cycle phases. In addition to association with a specific cyclin, cdks 
must also undergo a series of phosphorylations and dephosphorylations at specific 
amino acids residues by kinases and phosphatases. These modifications rapidly change 
the conformation of the cdk altering its kinase activity and leading to precise activation in

226



CDK Associated cyclin Proposed function

Cdc2 (Cdkl) Cyclins A, B, B2, B3 G2/M

Cdk2 Cyclins A, E, D l, D2, D3 G1/S,S

Cdk3 Unknown Gl/S

Cdk4 Cyclins D l, D2, 03 Gl/S

Cdk5 p35/p25, Cyclins D l, 03 Neuronal differentiation

Cdk6 Cyclin D l, 0 2 ,0 3 Gl/S

Cdk7 Cyclin H Cdk activating kinase 
Transcriptional regulation

Cdk8 Cyclin C Transcriptional regulation

Table 6.1. Cdks and their associated cyclins (adapted from Gao and Zelenka 1997).
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the cell cycle. The regulation of cychn/cdk complex activity is mediated by 
phosphorylation at a conserved threonine residue, by a cdk activity kinase (CAK) whose 
subunits include cdk7, cyclin H and a RING finger protein MATl (Draetta 1997). Cdk 
phosphatase (CAP) is responsible for inactivating the cyclin/cdk complex by 
dephosphorylating these threonine residues. Only when all of these conditions are met 
can the necessary substrates be phosphorylated, allowing the cells to proceed into 
S phase or mitosis (Shackelford et a l 1999).

The activity of cyclin/cdk complexes is further regulated by cdk inhibitory proteins 
(cdki). There are two distinct families of cdki defined on the basis of their structural 
homology, cdk targets and mechanism of inhibition. The Cipl/Kip family includes p21, 
p27 and p57 and inhibits multiple cyclin/cdk complexes, whereas the INK 4 family 
includes p i5, p i 6 , p l 8  and p l9  which are restricted to inhibition of G1 cyclin/cdk4 or 
cdk6  complexes (Nakayama and Nakayama 1998). In addition to its role in cell-cycle 
progression, the p2 1  family also seems to be of importance in activation of the 
differentiation pathway (Liu et a l 1996). Proteolysis by the ubiquitin-proteasome 
pathway further regulates cdk activity by degrading cdk activators and inhibitors 
(reviewed in King et a l 1996). Therefore, through the combined effects of kinases, 
phosphatases, inhibitory proteins, and protein partnering, the cell has established an 
elegant network of regulation.

Alterations in the core cdk elements may be necessary to generate genomic instability, 
crucial in the development of cancer. It has been shown that abnormahties in cyclins can 
lead to loss of growth control with, for example, cells overexpressing cyclin E passing 
through the Gl/S checkpoint without delay (Tsuji et a l 1998).

6.2.1 G1 phase

In early to mid Gl, cells can exit from G1 into a reversible, quiescent GO state either to 
carry out specialised functions or on the withdrawal of external growth factors which 
results in a rapid lowering of cyclin D levels. However, in mid to late G l, a critical point 
is reached where the cell is no longer responsive to the withdrawal of growth factors, but 
is irreversibly committed to S-phase entry and division (Pardee 1989). This point is 
called the restriction point and is thought to coincide with pRb phosphorylation.

Early events in Gl that commit the ceU to division include the induction of the D-type 
cyclins in response to growth factors (Iliakis 1997). Three mammalian isoforms of cychn 
D occur (types D l, D2 and D3) and are expressed to varying degrees in different cell 
types (Sherr 1996). In mid-to-late Gl, cyclin D l associates with cdk4 or cdk6  and the
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kinase activity associated with these complexes phosphorylates and inactivates the 
members of the retinoblastoma (Rb) protein family which include pRb, p i30 and p i07 
(Matsushime et a l 1992). Phosphorylation of pRb disrupts the inhibitory complexes 
formed between pRb and members of the E2F family of transcription factors, which in 
GO and early Gl are bound to hypophosphorylated pRb and are inactive (Sherr 1994). 
E2F proteins can then form complexes with members of the DP-1 family of proteins and 
these complexes can act as transcriptional activators for several genes required for S 
phase (Figure 6.1). These genes include dihydrofolate reductase, thymidine kinase, 
histone H2A, DNA polymerase alpha, PCNA as well as cyclin A, cyclin E, cdc2 and 
E2F1 itself (Lavia and Jansen-Durr 1999).

A further cyclin/cdk complex that plays a crucial role in Gl/S transition is cyclin E/ckd2. 
The expression and activity of cychn E follows that of cyclin D, with increases in cychn 
E expression occurring in the nucleus in early Gl, peaking at the Gl/S border and 
declining thereafter (Koff et a l 1992). Following formation of the cychn E/cdk2 
complex, a number of exogenous protein substrates are phosphorylated, including pRb 
and DNA replication begins (DelSal et a l 1996).

6.2.2 S phase

During S phase, the entire DNA content of the nucleus must be replicated before cehs 
enter G2. Cychn A protein levels, which are expressed at low levels in G l, steadily 
increase from S phase through G2, with degradation occurring during M phase. Cychn A 
forms two distinct complexes with cdk2 and cdkl (cdc2). It has been hypothesised that 
cychn A/cdk2 is required for S-phase progression, whereas cychn A/cdc2 is required for 
G2/M progression (Fang and Newport 1991). The endogenous targets of these protein 
kinases are not known, although in-vitro protein substrates for cychn A/cdc2 complexes 
include histone HI protein (Peeper et a l 1993).

DNA replication can be broadly divided into two stages: a pre-synthetic, initiation stage 
and a synthetic, fork elongation stage. Initiation events include the binding on the origin 
of a DNA recognition protein which triggers DNA unwinding and the assembly of a 
replication fork (Iliakis 1997).

Both the initiation and elongation stages of DNA replication are mediated by replication 
protein A (RFA) (Wold and Kelly 1988, Wobbe et a l 1987). Regulation of RFA 
through normal cell-cycle progression is maintained by phosphorylation of the p34 sub
unit of RFA at the Gl/S boundary when the protein binds to single-strand DNA, formed 
as a consequence of the unwinding of the template (Fotedar and Roberts 1992).
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Figure 6.1. Cell-cycle regulation in mammalian cells. The important transitions into both S phase and M phase are controlled 

primarily through the regulation of cyclin/cdk complex activation (Harris et al. 1999).
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Proliferating cell nuclear antigen (PCNA) is also a key protein in the DNA synthesis 
machinery, acting as an auxiliary protein of DNA polymerase delta, the principal 
replicative DNA polymerase (Bravo et a l 1987). Levels of PCNA increase at the outset 
of S phase and remain relatively constant throughout S and G2/M phases, suggesting 
that its synthesis is a perquisite for initiation of DNA replication (Liu et a l 1989)

6.2.3 G2 phase

Before the onset of mitosis, cells progress through another gap phase in the cell cycle, 
G2. This progression is regulated by the protein kinase activity of cyclin B/cdc2 protein 
complex, referred to as the maturation promotion factor (MPF). Cyclin B levels oscillate 
through the cell cycle, with cychn B first appearing in S phase, increasing through G2, 
and being abmptly degraded at anaphase (Pines and Hunter 1989). Three major 
mammahan cyclin B isoforms have been characterised (Bl, B2 and B3). During 
interphase, cyclins B 1 and B2 are cytoplasmic, whereas cychn B3 appears to be nuclear. 
At the G2/M transition, the cytoplasmic B cychns translocate to the nucleus prior to 
nuclear envelope breakdown.

The cdc2 kinase is a 34 kDa protein whose levels remain constant throughout the ceU 
cycle but whose achvity rises sharply at the G2/M boundary, in conjunction with its 
association with cychn B (Figure 6.1: Bernhard et a l 1999). While the binding of mitohc 
cychns to p34cdc2 is necessary for its achvahon, its achvity is also regulated by 
phosphorylation by the phosphatase cdc25c which facilitates cychn binding (Hoffman et 
al 1993).

Activation of MPF inihates a phosphorylation cascade that leads to the dissolution of the 
nuclear envelope via lamin phosphorylation and the condensation of the chromosomes 
via histone HI phosphorylation (Ihakis 1997). To complete mitosis, cells must 
proteolitically degrade a number of proteins that are required for earlier entry into mitosis 
and this is accomplished by the achvahon of the proteasome, a component of the large 
multiprotein complex referred to as the anaphase-promohng complex (APC) (King et al 
1996). Mitosis ends following ubiquitin conjugation and proteolysis by APC resulting in 
degradation of cychn B proteins and inactivation of MPF. Without the sufficient levels of 
cychn A and B, the cdc2 proteins are unable to remain achve, resulting in an inachve 
MPF complex. Phosphatases also switch off the enzymes achvated by MPF, but to 
ensure the continuation of the ceh cycle, these enzymes also include those that degrade 
the cychns (Sudakin et a l 1995). This leads to gradual restoration of the cychn levels 
and re-entry of the now divided cell into another round of replication.
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6.3 Cell-cycle checkpoints

Cell-cycle progression is characterised by checkpoints at which the cell ensures that the 
previous steps have been completed before embarking on the subsequent steps 
(Kaufmann and Paules 1996). In principle, a checkpoint is a biochemical pathway that 
ensures dependence of one process on another process that is otherwise biochemically 
related (Iliakis 1997). Consequently, DNA synthesis begins only when cells have 
reached a certain size (Gl/S checkpoint), and chromosome segregation occurs only when 
DNA synthesis is completed (G2/M checkpoint) (Wuarin and Nurse 1996). Checkpoint 
controls were first defined by Weinert and Hartwell (1988), who demonstrated that 
unlike wild-type Saccharomyces cerevisiae cells, cells rendered radiosensitive by 
mutations in the RAD9 gene did not undergo cell cycle arrest in G2 in response to 
radiation but died.

Checkpoint function often involves a delay in activation or inactivation of a particular 
cyclin/cdk complex (EUedge 1996). Breakdown of any of the steps in this signal 
transduction pathway can lead to cancer (reviewed in Paulovich et a l 1997) although the 
consequence of checkpoint failure depends both on the type of damage and on the stage 
of the cell cycle. Elongation of such checkpoints as with a cell-cycle arrest is also 
important in the response of cells to DNA damage, acquired either through routine 
replication or by treatment with DNA damaging agents such as radiation. The cell-cycle 
arrest resulting from such DNA damaging agents is not caused by the damage per se but 
by specific surveillance mechanisms that detect damage and induce inhibitors of key cell- 
cycle transitions (reviewed by Szumiel 1998). Such elongation allows DNA integrity to 
be checked and the initiation of repair or where appropriate, apoptosis, before entry into 
replication and division phases (Sherr 1996). This inherent protection mechanism is vital 
to the survival of the cell as it prevents the transmission of DNA lesions which can be 
fixed in the genome and give rise to mutations in daughter cells.

6.4 Cancer and the cell cycle

There are several pathways involved in cell-cycle progression which are potential targets 
of cancer-related deregulation including the ubiquitin-proteasome pathway which 
regulates cdk activity and is crucial during mitosis (reviewed in Spataro et a l 1998). 
However, there are three pathways that are most frequently altered in sporadic cancer: 
Ras, p53, and p l 6  cyclin Dl/cdk4-pRb (reviewed in Hunter 1997). The Ras pathway 
responds to external signals which are ultimately converted to proliferative responses 
(Peeper and Bernards 1997). The p53 pathway is involved in responding to DNA
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damage by inducing either a reversible cell-cycle arrest or apoptosis. The p l 6 -cychn 
Dl/cdk4-pRb pathway is involved in control of the cell cycle and is the most commonly 
mutated pathway in tumour cells (Lukas et a l 1995) leading to escape from the normal 
controls on cellular proliferation (Huschtscha and Reddel 1999)

6.4.1 p53

p53 has been characterised as a tumour suppressor gene product and is known to be 
mutated in 50% of human cancers (Levine 1997). It is a key component of the DNA 
damage monitoring and signalling systems which respond to cellular insult (reviewed in 
Szumiel 1998). p53 is important in determining the fate of cells, either in survival which 
involves cell-cycle delay accompanied by DNA repair or apoptosis or by permanent cell- 
cycle arrest terminated by necrosis or cell differentiation (Schwartz and Rotter 1998). 
p53 protein accumulates in the nucleus in response to damaged DNA and/or during the 
repair of damaged DNA and once induced it can function as a transcription regulatory 
factor, binding to the regulatory sequences and activating a number of genes, including 
p21, Mdm2 and GADD45 (Kastan e ta l  1992, Funk et a l 1992). One DSB per nuclear 
genome may be sufficient to activate p53 as a transcription factor (Huang et a l 1996). In 
the cell cycle, p53 protein functions to halt cycle progression in response to DNA 
damaging agents, primarily by the transcription of the p2 lWAFl/Cipl ge^e (El-Diery et 
a l 1994). However, there is now evidence suggesting that p53 is involved in cell cycle 
regulation in the absence of DNA damage through an interaction with ras-mediated 
mitogenic signalling, thereby inducing p2 lWAFl/cipl transcription (reviewed in Shackney 
and Shankey 1999).

The p21 protein can induce Gl arrest and block entry into S phase by two separate 
interactions. p21 effectively inhibits cdk2, cdk3, cdk4 and cdk6 , which have a direct role 
in the Gl/S transition, but is a poor inhibitor of other known cdks (Harper et a l 1995, 
Xiong et a l 1993). One consequence of p21 binding to and inhibiting cdk2 is to prevent 
cdk-dependent phosphorylation and subsequent inactivation of the Rb protein. This 
holds the cells in a reversible Gl arrest, giving time for the cell to repair DNA damage or 
commit itself to death before DNA replication is initiated (Gartel et a l 1996) (§6.2.1). 
p21 can also bind to PCNA and block its ability to activate DNA polymerase delta, 
affecting DNA replication, but not repair (Waga et a l 1994).

p53 has also been strongly linked to the regulation of the apoptosis and repair pathways 
in response to DNA damage by increased expression of bcl-2 and GADD45, key 
regulatory proteins in the respective pathways (Papathanasiou et a l 1991, Philips 1999). 
Both p53 and GADD45 have been implicated in the NER pathway and p53 itself in the
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modulation of DSB rejoining capacity (Mallya and Sikpi 1998, Wang et a l 1995).

6.4.2 Retinoblastoma (Rb)

Rb is a childhood cancer that arises when both alleles of the Rb gene are inactivated 
(§1.5.3: Knudson 1971). The Rb gene product (pRb) appears to be one of the master 
regulators of the balance between cell cycle, differentiation and apoptosis and has a 
significant role in the maintenance of genomic stability (Almasan et a l 1995). Many 
cancer cells lack the Rb Gl checkpoint through mutation of one of the elements in the 
p l 6  cyclin Dl/cdk4-pRb axis and loss of Rb gene function is frequently associated with 
tumours of the lung, breast, prostate and bladder in humans (Weinberg 1991). The net 
result is that Rb protein family members (including pRb and p i07) are constitutively 
inactivated in such cells, providing a trigger for progression from Gl into S phase.

In its physiologically active state as an inhibitor of cell cycle progression, pRb is 
hypophosphorylated (Sherr 1996). Indeed, Knudsen et a l (1998) found that a 
phosphorylation-site-mutated pRb was capable of blocking progression through S phase, 
suggesting that the continued phosphorylation of pRb by kinases may be a necessary 
part of cell-cycle progression (Herwig and Strauss 1997). The mechanisms controlling 
Rb phosphorylation are still very much under investigation, although accumulated 
evidence suggests that components of the cell cycle mediate much and perhaps all of Rb 
phosphorylation. To permit progression, pRb is phosphorylated by a holoenzyme 
complex containing cyclin D and cdk4 or cdk6  (§6.2.1: Ewen et a l 1993). The INK4 
family, especially p i 6 , may function to disrupt this association (Serrano et a l 1993).

Rb phosphorylation is accelerated late in Gl by the cyclin E/cdk2 complex, whereas 
cyclin A and B maintain the hyperphosphorylated state in the remainder of the cell cycle 
(Iliakis 1997). The growth inhibitory signals that prevent Rb phosphorylation do not 
seem to impinge on Rb directly, operating instead by modulation of cdks.

6.5 Effect of radiation on cell cycle

Faithful replication of cellular DNA is vital to cell survival and responses of normal cells 
to DNA damage can take on many forms. These include: (i) apoptosis (Szumiel 1994); 
(ii) the induction of a nonproliferating, 'senescence like' condition in which cells 
ultimately appear to be maintained in GO/Gl (Di Leonardo et a l 1994, Chang et al 
1999); (iii) differentiation (Gao and Zelenka 1997); and (iv) delays or arrests in 
progression of cells from Gl to S phase, inhibition of DNA synthesis and/or a delay in 
the progression from G2 phase into mitosis (Maity et a l 1994, D'Anna et a l 1997).
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Such delays in transit through cell-cycle checkpoints after exposure to DNA-damaging 
agents allow time for repair of DNA damage before continuation of the cycle (§6.3) 
(Murnane 1995, Elledge 1996). The degree of radiation-induced cell-cycle arrest at 
checkpoints might therefore be anticipated to influence radiosensitivity although this has 
not been a universal finding (Brachman et al. 1993).

Both G 1 and 0 2  phase delays in mammalian cells involve the inactivation of the cdk 
required for progression within or progression to the next cell-cycle stage (Iliakis 1997, 
Bernhard et al. 1995). The regulation of the Gl checkpoint is understood to require at 
least in part, p53 functionality (Kastan et al. 1991, Lee and Bernstein 1993) and its 
transcriptional activation of the p2 lWAFl/Cipl protein which functions as described in 
§6.4.1. However, p21 is not solely responsible for the observed p53-induced G l arrest. 
Other possible mediators are GADD45 and C-ABL which can cause Gl arrest when 
overexpressed (Zhan etal. 1994, Sawyers et al. 1994). However, it has been shown that 
several transformed and tumour derived human cell lines containing wild-type p53 do not 
undergo a Gl arrest (Li et al. 1995, Nagasawa et al. 1995). Indeed, cancer cells with 
wild-type p53 can have relaxed cell-cycle controls following radiation and can tolerate 
unrepaired chromosomal damage, despite normal p53 function (Olivier et al. 1998).

The genes and mechanisms underlying radiation-induced cell-cycle delays in S and G2 
phase are not so well understood (reviewed in Iliakis 1997, Schwartz and Rotter 1998). 
G2 phase delay has been associated with a decrease in the levels of cyclin B 1 mRNA and 
protein and the inactivation of the cdc2 kinase by phosphorylation at specific amino acid 
residues at the G2/M border mediated by the weel (Poon et al. 1997) and Myt-1 kinases 
(Bernhard et al. 1999). An additional component that contributes to the G2 checkpoint is 
regulation of the subcellular localisation of cyclin B/Cdc2 complexes. Cyclin B/cdc2 
complexes accumulate in the cytoplasm in S/G2 phase and as cells progress into mitosis, 
cyclin B/cdc2 complexes move into the nucleus (Gallant and Nigg 1992). Cyclin B 
complexes are retained in the cytoplasm in response to IR, suggesting that differential 
localisation might also account for some aspects of the G2 checkpoint function 
(Toyoshima et al. 1998). The control of G2 phase may be linked to genetic stability. 
Cells that are derived from patients with Li-Fraumeni syndrome and that have one 
mutation in the p53 gene show evidence of increased genetic instability and aneuploidy 
with increasing passage (Paules et al. 1995). This change in stability correlates with a 
decreased G2-phase delay after irradiation.

A relationship between p53 and G2 delay is less clear. It has been suggested that p53 
affects the duration of the G2 delay in two complementary ways: firstly, p53 prolongs the
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delay to enable sufficient repair of the damaged DNA before onset of the mitosis and 
secondly p53 contributes to the efficiency of the DNA repair at the G2 phase, which in 
turn reduces the duration of the DNA-damage-dependent G2 delay. Therefore, the net 
effect of p53 expression on the G2 checkpoint may vary due to the nature of the DNA 
damage, the amount or 'severity' of the damage, or the cell type specificity (Schwartz and 
Rotter 1998). The expression of p53 in the absence of damage is sufficient to induce 
cell-cycle arrest at both the Gl/S and G2/M checkpoints (Agarwal et a l 1995) and 
although G2/M arrest following IR has been observed in p53 deficient cells (Kastan et 
al 1991, Ceraline et a l 1998) cells lacking p53 or its downstream effector p21 are 
unable to maintain an arrest following irradiation (Bunz et a l 1998).

6.6 Aims

In the present study, seventeen early passage non-syndromic human fibroblast strains 
displaying a wide range of radiosensitivity (as measured by HDR SF2  in Chapter 4) were 

analysed to assess whether their pre-irradiation cell-cycle characteristics and delays 
induced following irradiation with 2 Gy at the Gl/S and G2/M checkpoints correlated 
with radiation response. An early passage AT line was also studied as a positive control 
for radiosensitivity. The effect of radiation on regulation of the AT ceU cycle has been 
extensively studied and defects in G l, S and G2/M checkpoint function have been 
suggested as an underlying cause of the radiosensitivity seen in this syndrome (Shiloh 
1997, Beamish and Lavin 1994).

Many of the in-vitro studies on cell-cycle regulation in response to DNA damage have 
been carried out on tumour cell lines. However, the use of primary fibroblasts as in this 
study is advantageous as tumour cell lines are genetically unstable and may have been 
grown for long periods in culture. This may result in the accumulation of further genetic 
alterations, further affecting cell-cycle regulation. Indeed, the modulation of radiation 
responsive genes controlling cell-cycle regulation has been shown to differ between 
normal human fibroblasts and tumour cells (Guillouf et a l 1995).

A sensitive tool for evaluating cell proliferation kinetics is the bromodeoxyuridine 
(BrdUrd) pulse-labelling of DNA-synthesising cells (Dolbeare et a l 1983, Schutte et al 
1987). BrdUrd is a thymidine analogue which is incorporated into cells actively 
synthesising DNA, Le. S-phase cells. This method facilitates the discrimination of single 
cell-cycle phases, separate analysis of asynchronously growing cells irradiated in S, Gl 
or G2/M phases and is more informative than static methods used in several studies to 
infer changes in cell-cycle progression (Quinn and Wright 1990).
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6.7 Data acquisition and analysis

The cell cycle was assessed by flow cytometry using a Becton-Dickinson FACScan. The 
FACScan is an automated cell analyser attached to a computer. It is capable of measuring 
five optical parameters simultaneously: forward scatter, side scatter, and three spectral 
regions of fluorescence. It has three high performance photomultipliers with band pass 
filters of 530 nm, 585 nm and >650 nm. The FACScan has an air-cooled 15 mW Argon- 
ion laser with a single excitation wavelength of 488 nm.

Single cells enclosed within a pressurised saline solution pass through the laser beam in 
a flow cell generating a pulse of hght containing the scattered and fluorescence 
information. The five signals are separated by dichromic and interference optical filters 
and collected by photomultipliers (and a photodiode in the case of FSC). These pulses 
are processed by an analogue-digital converter and then stored and processed by the 
computer system which enables single and multiple parameter data analysis.

The experimental protocol used is described in detail in §2.8.

6.7.1 Lysys II

Lysys II FACScan software, which allows the collection and analysis of the light 
emission data, was used to analyse samples stained with BrdUrd/propidium iodide (PI). 
The green FITC signal related to BrdUrd incorporation and was collected in FLl 
(515-545 nm) on a log scale to discriminate the total labelled and unlabelled populations. 
The red PI emission signal (620 nm) was indicative of DNA content and was collected in 
FL3 on a linear scale for best discrimination of each cell-cycle phase. This set up negates 
spectral overlap between the fluorochromes. A double discrimination module was used to 
process the DNA signal into height, area and width to allow separation of cell doublets 
from the single cell population. Doublets were removed by gating around a single 
population on an area versus width plot of the DNA channel. Data for 10000 single cells 
was collected for analysis of each sample. In analysis mode any combination of the 
collected data could be displayed as histograms or dot plots. Statistical analysis was 
carried out by studying computer generated regions of the data.

6.7.2 Cellfit

Cellfit is a comparative data package to Lysys II but was used for analysis of cells 
stained with PI only (i.e. DNA profiles). DNA histograms were used to determine the 
distribution of cells within the cell cycle by calculating the percentage of cells in G 1/GO,
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s  and G2/M. The Cellfit model which gave the best fit of the DNA profile was the 
SOBR (Sum of Broadened Rectangles) model.

SOBR assumes that cells are distributed in all phases of the cell cycle. A complex 
formula fits the G 1/GO and G2/M populations with single Gaussian curves producing 
successive approximations to the actual histogram. A selected number of Gaussian 
convolved rectangles fit the S phase. The SOBR fit estimates the initial percentage 
coefficient of variance (CV) by determining the peak width at the inflection point (60 % 
of peak height) and then generates the final reported CV during the iterated fit. The 
reported CV is determined by the final Gaussian curve that is fitted to the G 1/GO peaks 
(Figure 6.2)

6.7.3 Cell-cycle parameter analysis

The following cell-cycle parameters and proliferation measurements were analysed: 
percentage of cells in G 1/GO, S and G2/M phases, duration of G l, S and G2/M phases, 
total cell-cycle time, delays in Gl and G2 phase following treatment with 2 Gy, labelling 
index (LI), potential doubling time (Tpot), and growth fraction (GF). Data analysis was 
generally performed on bivariate dot plots (DNA versus BrdUrd content) with regions 
set around the various subsets of cells required to calculate the various parameters.

Using a series of plots showing BrdUrd incorporation with DNA content as 
demonstrated in Figure 6.3, BrdUrd labelled (Rl) and unlabelled populations (R2) were 
distinguished by regions generated using the Lysys II software. At each time interval 
examined, cells in each of these regions were analysed separately for DNA content. 
Figure 6.4a-c. The populations of interest, labelled M1-M5, were defined on a plot of 
total DNA content (a) and superimposed onto the histograms of the BrdUrd labelled (b) 
and unlabelled cells (c) only. These regions acted as analysis windows through which 
cell-cycle progression of each population was observed. This was adapted from the cell- 
cycle analysis procedures reported by Kam et al. (1989) and Higashikubo et al. (1996).

6.7.3.1 Duration of cell cycle (Tc)

The cell-cycle time (Tc) is the time taken for the cells to complete one mitotic cycle. It 

was calculated by measuring the passage of cells through a narrow window in mid S 
phase (Figure 6.4, M4). The ratio of BrdUrd-labelled cells to the total number of cells in 
this window was plotted against time and Tc was estimated as the time interval between

238



3 12

tj —I

! ! ! I !

3  S 0 4  0 0  £ 0 0
t -  L 3  — H

A
£00

!
1 000

Cell-Cycle Statistics

Phase Events Percent

G 1/GO 6052 65.2

S 1413 15.2

G2/M 1812 19.5

Total 9277 100

Figure 6.2. Cell-cycle phase distribution of a primary fibroblast strain. The propidium 

iodide (PI) signal is represented as arbitrary channel numbers on the x-axis (FL3-A). 

Cell numbers are represented as number of events on the y-axis. The GO/Gl population 

were manually defined by placing a marker at the peak height of the GO/Gl signal 

(around 400). G2/M cells, which have twice the DNA content of GO/Gl cells were 

similarly defined. The proportion of cells in each was calculated using Cellfit™ software 

(Becton Dickinson), which applies a 'sum of broad rectangles' (SOBR) model with five 

Guassian convolved rectangles to fit S-phase. Parameters of interest from the curve fit 

include the percentage of cells in each phase (Cell-Cycle Statistics).
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Figure 6.3. Cell-cycle analysis using BrdUrd and flow cytometry. The dot plot 

represents stained nuclei from fibroblasts harvested immediately after incubation 

with BrdUrd for 20 min. G 1-phase cells have a 2N DNA content and no BrdUrd 

incorporation, whereas 0 2  and M phase cells have a 4N DNA content and no 

BrdUrd incorporation. S phase cells have a DNA content ranging between 2N 

and 4N, depending on the degree of completion of DNA synthesis and show a 

characteristic 'horseshoe profile'. BrdUrd incorporation is represented by the FLl 

emission signal on the y-axis. DNA content is measured using the FI emission, 

plotted on the x-axis. Regions outlining the populations of interest are generated 

using the Lysys II software (Becton Dickinson). BrdUrd-labelled cells are 

highlighted by R l and unlabelled cells by R2.
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Figure 6.4. Cell-cycle phase length and cycle delay analysis. Panel A shows the 
total cell population, and the markers (M1-M5) are initially defined on this plot. 
These are then overlaid onto individual plots of BrdUrd labelled (panel B) and 
unlabelled cells (panel C) only (from Rl and R2 respectively. Figure 6.3). Markers 
key is as follows: M1=G0/G1 cells, M2=G2/M and S phase cells (for relative 
movement analysis), M3=G2/M cells, M4=mid S cells and M5=early S cells.
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the first and second peaks (Figure 6.5, lower panel). A more accurate method of 
determining Tc was performed using the Macintosh IMP package which fits a curve to 

the graph of percentage mid S-phase cells versus time and calculates the midpoint of the 
second peak using a fitting procedure based on that reported by Watson and Taylor 
(1977) and adapted by M C Joiner (personal communication) employing normally 
distributed mean times for the intermitotic times (Figure 6.5, upper panel). The model 
(Appendix B) required the manual input of reasonable estimates of Tg and Tc to 

optimise the accuracy of fit for each cell line.

6.T.3.2 Duration of S phase (T§)

The length of S phase (Tg), the time taken for cells to complete DNA synthesis, was 

calculated by two different methods. Firstly the IMF Mackintosh analysis from the curve 
fitted to calculate Tc, as described in §6.7.3.1, also provides an estimate of T§.

Alternatively, Tg may be estimated using the relative movement (RM) technique 

described by Begg et a l (1985), where the movement of S-phase cells relative to the 
positions of Gl and G2/M is calculated from,

RM = — — --------- —  Equation 6.1
FG2 / M - F g I

where F l  is the mean red fluorescence of the BrdUrd-labelled cells (M3), Fqi and 
Fg2 /M the mean red fluorescence for the total Gl (Ml) and G2/M (M2) populations 

respectively (see Figure 6.4). At time zero, RM is approximately equal to 0.5 as BrdUrd- 
labelled cells are uniformly distributed throughout S phase, midway between the Gl/GO 
and G2/M populations. As labelled cells progress towards G2, RM increases to unity if 
all the cells originally in S phase at time zero remain undivided in G2. Values for RM 
were calculated at regular time intervals and fitted using linear regression. T§ was 

estimated from the x-axis intercept of the extrapolated best fit line where RM equals 1 
(Figure 6 .6 ).

6.7.3.3 Duration of G2/M phase (Tg2/m)

The duration of G2/M phase (Tg2 /m) was measured directly from the rate of entry of 
BrdUrd-labelled cells into Gl phase (appearance in Ml). At time zero, cells in late S 
phase are ready to enter G2/M. The appearance of these cells in Gl relates to the time 
taken to complete G2/M. All cells appearing in this window have completed mitosis, and 
divided to form two daughter cells with G 1-phase DNA content. This cell division was
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Figure 6.5. Estimation o f cell-cycle time (T^) in Strain GL19. was estimated by two 

methods: (i) a shows the curve fit obtained using the model described by Watson and Taylor 

(1977). (i) b The cell-cycle time (T^) and S-phase length (Ts) were calculated from the formula 

and approximate standard errors are given for each, (ii) shows the same data fitted by a simple 
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corrected for by the application of the following formula for estimation of labelling index 
at time zero,

_  . j  11 • 0 .5  X GlBrdUrdCorrected cells in Gl = --------------------------------------------  Equation 6.2
TotalSrdUrd - 0 .5  X  GlBrdUrd

where GlBrdUrd is the number of BrdUrd-labelled cells in GL The entry of cells into G l 
with time, corrected for cell division, followed a sigmoidal trend and were fitted using a 
non-linear regression procedure (Johns and Joiner 1991) using a generalised logit 
equation as follows,

{exp[(X -S)W ]|
Y = (U - L) -p---------   ^  + L Equation 6.3

{l + exp[(X-S)lV]}

where U and L are the upper and lower asymptotes respectively, S defines the inflection 
point and W is the slope of the line (dY/dX) at the inflection point (X=S). This fit was 
applied to the individual data points for each experiment, and the hmits were optimally 
defined for each cell line. Extrapolation of the regression line in the hnear region of the 
curve to the x-axis estimated the time taken for labelled cells to complete G2, i.e. Tg 2 /M 

(Figure 6.7). This formula was also used to fit the response of radiation-treated cells in 
the calculation of G2/M delay values (§6.7.3.6).

6.T.3.4 Duration of G l phase (Tg i)

The duration of GO/Gl (Tqi) cannot be calculated directly from the data collected using 

the BrdUrd method of cell-cycle analysis. However an estimate can be obtained by 
subtraction of the sum of the calculated phase times from the cell-cycle time, i.e.

T go / G l  =  T c - (T s  +  T g 2 / m )  Equation 6.4

6.7.3.S G l Delay

(i) Early S unlabelled cells

Gl delay was assessed by analysing the movement of Gl cells into an early S-phase 
window (Figure 6.4, M5) expressed as a proportion of the total unlabelled population. 
This shows any delay of cells moving into or out of early S phase.
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(ii) G l unlabelled cells

The fraction of G l unlabelled cells can also be used to assess a delay of cells either 
entering or leaving Gl.

In both cases, the Gl delay was quantified by estimating the area under the curves for 
irradiated and unirradiated cells using Simpson's rule (Appendix C) over both the course 
of a single cell-cycle phase (§6.7.3.1) and over the whole 32 h study period. The ratio of 
the area under the irradiated and control curves reflected the duration of any G l delay 
(Figure 6 .8 )

6.T.3.6 G2 Delay

The entry of BrdUrd-labelled cells into Gl was used to calculate a G2 delay of S-phase 
cells. This indicates a delay of S-phase cells entering G2/M phase or a delay of G2/M 
phase cells entering G l. The extent of G2/M delay of BrdUrd-labelled cells was 
determined from the shift in the inflection points of the best fit curves representing 
unirradiated controls and irradiated samples (Figure 6.9).

6.7.3.7 Potential doubling time (Tpot)

Great interest is devoted to development of proliferation markers and methods for the 
direct measurement of the proliferation rate primarily of neoplastic cells in tumours. The 
potential doubling time (Tpot) is a rate measurement and is defined as the time taken for 
a cell population to double in number, if cell loss did not occur. Thus, if all of the cells 
were proliferating (GF=1) and there was no cell loss then the Tpot would equal the Tc- 

At present Tpot is regarded as the best measure of the tumour cell proliferation rate. 
There are only a few published clinical reports comparing pre-treatment Tpot values with 
outcome of radiotherapy, involving head or neck or cervical tumours. The consensus 
emerging from these data is that pre-treatment Tpot may have predictive value for long, 
but not short treatments, although the exact border between short and long is still ill- 
defined (Begg et a l 1999).

Tpot is defined as:

Ts
Tpot = —  

LI

where Ts is the duration of DNA synthesis and LI is the labelhng index (proportion of
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cells synthesising DNA) assuming that the age distribution factor, lambda, is unity (Steel 
1977). Although a long Ts is expected to result in a long Tpot, a long Ts may also be 

associated with a high LI, which would give a short Tpot.

6.7.3.S Labelling index (LI)

The labelling index gives the fraction of the total cell population synthesising DNA at 
any instant. It can be calculated by setting a region or marker around the cells with 
significant BrdUrd uptake (Figure 6.3, R l) and this is expressed as a percentage of the 
total number of cells.

6.7.3.9 Growth fraction (OF)

The growth fraction is the proportion of cells within a population that are proliferating (in 
the cell cycle). The growth fraction can be calculated from:

G F =
T pot

6.7.4 Statistical analysis

The comparison between cellular radiosensitivity and measured cell-cycle parameters was 
performed by linear regression analysis. A t-test was performed for several of the 
parameters studied, to see if the response of the seven radiosensitive strains was 
significantly different from the ten control strains (six cancer controls and four surgical 
reductions).

6.8 Results

Figure 6.10 shows examples of dot plots obtained for one of the non-syndromic primary 
fibroblast strains and illustrates the progression of BrdUrd-labelled cells through the cell 
cycle as measured over the 32 h study period. It is possible to visualise the delays 
induced by 2 Gy of irradiation at both the G1 and G2/M checkpoints, both in the BrdUrd 
positive and negative populations. All cell-cycle parameters and checkpoint delays were 
quantified from such plots as detailed in §6.7.1.3.

6.8.1 Cell-cycle phase distribution

The distribution of cells within the individual cell-cycle phases is summarised in
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Figure 6.10. Dot plots showing progression of BrdUrd-labelled S-phase cells through the cell cycle (upper panels) and after irradiation with 2 Gy 
(lower panels). It can be seen that as S-phase cells pass into 02, they divide and reemerge into G1 (panel (iii) A). However, this is not seen in 
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Table 6.2. Data is expressed as the percentage of the total number of cells analysed in 
each experiment. In the 18 cell strains examined the majority of cells were in GO/Gl 
phase, while the remaining proportion of cells were distributed between the S and G2 
phases. Distributions followed the general pattern of 60-90 % cells in GO/Gl, 10-30% 
in S and 5-20% in G2/M. The seven radiosensitive strains had a significantly higher 
percentage of cells in G1 compared with the ten control strains (Figure 6.11: p<0.01), 
whereas there was a trend for the ten control strains to have a greater percentage of cells 
in S and G2 phases (p<0.05 in both cases).

A correlation was seen between the percentage of cells in S phase and HDR SF2  (Figure 

6.11: r=0.61, p<0.0095), with less radiosensitive cells having a higher proportion of cells 
in S phase. Conversely, a negative correlation was seen with the percentage of cells in 
Gl/GO phase and radiosensitivity, with more radiosensitive cells having a higher 
percentage in Gl/GO (Figure 6.11: r=-0.61, p<0.009). No correlation was seen with the 
percentage of cells in G2 phase and radiosensitivity.

6.8.2 Cell-cycle duration

The cell-cycle time was analysed using both estimation by eye after applying a simple 
smooth fit to the data and application of the computer curve fit model as described in 
§6.7.1.3.1. As Figure 6.5 (i) shows, the initial ratio is at a maximum value, close to 1, 
dropping to a minimum at a time equal to 0.5 Tc, and remaining low until the BrdUrd 

population completed one cell cycle and re-entered S phase. Re-entry of cells into the 
mid S window indicated the completion of one cell cycle. At this point the ratio reaches a 
second maximum, close to the initial value as the majority of cells divide and re-enter S 
phase.

The values obtained by each technique for the cell-cycle duration were highly correlated 
(Figure 6.12: r=0.95, p<0.0001). It was decided, therefore, to use the cell-cycle times 
calculated from the model for subsequent analyses, as it was reasoned that this technique 
would be less prone to interpersonal variation and therefore more accurate and robust. 
Table 6.3 summarises the cell-cycle times obtained using the curve fit model. Values 
ranged from 15.9-28.7 h and while this range was extensive, it did not correlate with the 
observed differences in HDR SF2  (r=0.39, p<0.13). The duration of Tc for the seven 
radiosensitive strains was not significantly different from the ten control strains (p<0.17).
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Cell Strain HDR SF2 Cell-cycle distribution (%) Tpot
(h)

GF LI
(%)

Doubling 
Time (h)

GO/Gl S G2/M

16 0 . 1 1 72.3 15.4 12.3 49.7 0.39 17.7 42.6
23 0.15 76.1 2 1 . 6 2 . 2 44.3 0.41 18.3 31.7

9 0.15 90.5 5.7 3.8 143.9 0 . 1 2 5.7 37.1
15 0.16 81.8 9.2 9.0 85.9 0.19 9.9 31.2

6 0.17 79.6 14.6 5.7 130.0 0.13 8 . 0 33.7
2 1 0.18 75.1 9.1 15.9 57.9 0.29 14.5 27.7
24 0.19 81.3 9.4 9.2 43.3 0.37 15.7 27.9

2 2 0.17 78.9 11.3 9.8 38.7 0.53 16.8 40.8
27 0 . 2 0 52.9 17.6 29.5 34.9 0.47 19.2 53.8
25 0.24 60.8 24.3 14.9 2 1 . 2 0.84 32.1 52.9
26 0.29 60.2 32.0 7.8 28.1 0.60 33.5 51.2

7 0.24 8 6 . 8 4.1 9.1 154.4 0 . 1 0 5.7 54.0
18 0.26 76.6 10.3 13.1 59.7 0.37 14.4 40.0

1 0.27 63.6 25.9 10.5 40.9 0.46 29.1 48.0
19 0.29 39.4 37.3 233 17.2 1 . 0 0 45.3 38.3
2 0 0.31 57.8 2 1 . 2 2 1 . 1 30.2 0.95 29.5 45.0
17 0.34 60.7 29.1 1 0 . 1 27.1 0.62 32.8 35.8

AT 0.05 65.2 15.2 19.5 38.6 0.58 2 1 . 0 42.9

Table 6.2. Cell-cycle phase distribution and measurements of proliferation in 18 early passage fibroblast strains, arranged in order of 
increasing HDR SF2  within three groups and a primary AT strain. Data on cell-cycle distribution was collected using propidium iodide 

(PI) incorporation and flow cytometry and analysed using CellFit^^ software (Becton Dickinson). Data is presented as the percentage 
of cells in each phase under exponential growth conditions. Tpot, GF and LI were calculated as descibed in the text (§6.7.3.7-6.7.3.9). 
The doubling time was calculated as desribed in §2.5.1.
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Strain HDR SF2 Cell-cycle 
time (h)

G 1 phase (h) S Phase (h) G2/M Phase 
(h)

G2 delay 
(h)

G 1 delay^
Tc

G 1 delay^ 
32 h

G2/M
ratio

G 1 delayb

16 0 . 1 1 19.3 7.0 (0.36) 8 . 8  (0.46) 3.5 (0.18) 6 . 1 6.9 9.3 0.96 1 . 2

23 0.15 18.1 7.0 (0.39) 8.1 (0.45) 3.0 (0.17) 5.7 2 . 0 2 . 6 1 . 2 1 1 . 0

9 0.15 17.4 3.1 (0.18) 8.2 (0.47) 6.1 (0,35) 3.6 5.6 4.7 1.25 1 . 0

15 0.16 16.7 3.6 (0.22) 8.5 (0.51) 4.5 (0.27) 6 . 0 2 . 8 2.4 0.94 1 . 1

6 0.17 18.3 3.2 (0.17) 10.4 (0.57) 4.7 (0.26) 6.7 1 . 0 1 . 0 1.23 1 . 1

2 1 0.18 17.2 4.4 (0.26) 8.4 (0.49) 4.4 (0.26) 3.2 1.5 1 . 8 1.18 1 . 1

24 0.19 15.9 5.0 (0.31) 6 . 8  (0.43) 4.1 (0.26) 4.9 1.9 2 . 1 1.34 1 . 2

2 2 0.17 2 0 . 6 10.8 (0.52) 6,5 (0.32) 3.3 (0.16) 5.6 2 . 1 2.3 1.53 1 . 1

27 0 . 2 0 16.5 7.0 (0.42) 6.7 (0.41) 2.8(0.17) 5.0 2 . 0 1 . 8 0.96 1 . 2

25 0.24 17.8 5.8 (0.33) 6 . 8  (0,38) 5.2 (0.29) 6 . 2 1 . 6 1 . 6 0.99 1 . 2

26 0.29 16.8 4.3 (0.26) 9.4 (0.56) 3.1 (0.18) 4.8 1 . 8 1 . 8 1 . 0 2 1 . 1

7 0.24 16.1 4.2 (0.26) 8 . 8  (0.55) 3.1 (0.19) 3.9 2 . 2 2 . 8 1.16 1 . 1

18 0.26 21.9 9.5 (0.43) 8 . 6  (0.40) 3.8 (0.17) 6.4 1.7 1.5 1 . 2 2 1 . 1

1 0.27 18.9 2.3 (0.12) 11.9 (0.63) 4.7 (0.25) 2 . 8 2 . 0 1.9 1 . 2 0 1 . 2

19 0.29 25.7 13.4 (0.52) 7.8 (0.30) 4.5 (0.18) 4.5 2.4 2.5 1.23 1 . 2

2 0 0.31 28.7 15.9 (0.55) 8.9 (0.31) 3.9 (0.14) 4.8 3.2 3.0 1.41 1 . 1

17 0.34 16.8 5.9 (0.35) 8.9 (0.53) 2 . 0  (0 .1 2 ) 4.7 1.4 1.5 1.34 1.3

AT 0.05 22.4 10.5 (0.47) 8.1 (0.36) 3.8(0.17) 3.9 1.3 1.4 1.33 1 . 1

^inlabelled cells in early S
^fraction of unlabelled cells in G1 (duration of Tc)

Table 6.3, Cell-cycle characteristics of 18 primary fibroblast strains, arranged in order of increasing HDR SF2  within three groups and a primary 
AT strain. Cell-cycle data was calculated using the BrdUrd and flow cytometry technique of cell-cycle analysis and is presented as duration of 
each phase in hours and the fraction of total cell-cycle time occupied by each phase (in brackets). The G1 delay data is derived as described in 
§6.7.3.5. The G2/M ratio represents the ratio of irradiated cells that have completed G2/M relative to the control (§6.9).
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6.8.3 S-phase duration

The length of S phase was calculated using the relative movement (RM) technique 
described by Begg et a l (1985) (§6.7.1.3.2). The data generated by the RM analysis 
were plotted against time and fitted using linear regression, not forced through the origin 
(Figure 6 .6 ). Ts was also calculated from the curve fit model used to analyse the cell- 
cycle time, as Ts is approximately half the distance between the first and second peak 
heights of labelled cells in mid S phase. When Ts results obtained using both these 

techniques were compared, values were found to be outside statistical significance 
(Figure 6.12: r=0.02, p<0.94).

The Ts values of the cell lines in this study calculated using RM ranged from 6.5-11.9 h. 

However, this range did not correspond with the observed differences in radiosensitivity 
(p<0.36). The seven radiosensitive strains did not have a significantly different Ts length 

compared with the ten control strains (p<0.96).

The fraction of Tc occupied by S phase, referred to as Fs, were very similar for each cell 
line, and values ranged from 0.31-0.63. As a result, values did not correlate with 
radiosensitivity (r=0.05, p<0.86).

6.8.4 G2/M-phase duration

Figure 6.7 shows an example of the experimental data used to calculate Tg 2 /M for each 
cell line. Individual data points were fitted from the logit equation (Equation 6.3). The 
linear region of each curve was fitted using linear regression, not forced through the 
origin. This was extrapolated to intercept the x-axis, providing an estimate of G2/M 
length. Mean values are presented in Table 6.3.

In all ceU hnes, G2/M was the shortest phase with a range of 2.0-6.1 h. Correlation of 
Tg 2 /M values with HDR SF2  was not significant (r=0.28, p<0.28), although a trend was 
seen between the fraction of cells in G2 (Fg2 /m) and HDR SF2 (Figure 6.13: r=0.46, p< 
0.07), with more radiosensitive strains having a higher Fg 2 /m- The seven radiosensitive 
and ten control strains did not have significantly different Tg2 /m values (p<0.17).

It is conceivable that the length of G2 phase in unirradiated cells may have an effect on 
the length of radiation-induced G2 delay, le. a short G2 phase might be associated with a 
long G2 delay. The length of the G2/M phase in untreated cells did not appear to 
influence the extent of delay in irradiated cells as there was no correlation between the
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length of G2 phase and G2 delay (r=0.13, p<0,63).

6.8.5 GO/Gl-phase duration

Tgi was estimated indirectly, by the subtraction of Ts and Tg 2 /m from Tc. The mean 
values are presented in Table 6  3. Values ranged from 2.3-15.9 h. Correlation of these 
values with HDR SF2  was not significant (r=0.35, p<0.17). Although it did not reach 
statistical significance, there was a trend for the ten control strains to have a longer Tgi 
than the seven sensitive strains (Figure 6.13: p<0.09). The fraction of Tc occupied by G1 
phase was similar for all cell strains tested and did not correlate with HDR SF2  (r=0.25, 

p<0.33).

6.8.6 Measurements of proliferation

The doubling time of the fibroblast strains was calculated as detailed in §2.5.1. As shown 
in Figure 6.14, although no correlation was seen between HDR SF2  and Tpot or 

doubhng time, a significant correlation was seen with both LI (r=0.69, p<0.002) and GF 
(r=0.58, p<0.014), with less radiosensitive cells having a larger GF and LI. The ten 
control strains had a significantly higher LI (p<0.01) and GF (p<0.01) and a longer 
doubling time (p<0.0009) compared with the seven radiosensitive strains (Figure 6.15). 
No difference was seen between the two groups on the basis of Tpot (p<0.11).

6.8.7 Gl/S delay

A delay in the transition of G1 cells into S phase was analysed by following the 
movement of BrdUrd-unlabelled cells through a small analysis window placed in early S 
phase An example of the response obtained is shown in Figure 6 . 8  (upper panel). 
Immediately after labelling, the proportion of early S-phase unlabelled cells is low as 
most cells in this phase are labelled. As cells move out of G1 into early S phase the 
proportion in early S phase increases. Therefore if the proportion in early S phase does 
not increase, a delay in G1 is evident. It can be seen from Figure 6 . 8  (upper panel) that 
although the percentage of unlabelled cells passing into the early S-phase window 
initially increases in the irradiated population, it declines rapidly, indicating that cells are 
delayed in G1 and not passing into the early S-phase window.

A G1 delay was also assessed by measuring the fraction of unlabelled cells in G1 
(Figure 6 .8 , lower panel). Immediately after labelling this population represents 
approximately 85% of unlabelled cells. With time, they exit G1 and enter S phase, while 
cells in G2/M move into G1 phase. Thus a delay in cells leaving G1 into S phase will
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result in a build up of cells in G1 and the proportion of G1 unlabelled will remain high 
for the duration of the delay, as seen for the irradiated cells. Cells blocked in G2/M phase 
will show a decrease in the proportion coming back into G 1 either immediately after 
labelling or after the first cell division

G 1 delay was assessed by the ratio of the treated to the untreated cells both over the 
course of the cell-cycle duration (Tc) and the whole 32 h study period (Figure 6 .8 ). In 
both cases, no correlation was seen with HDR SF2  and there was no significant 

difference between the control and radiosensitive strains in terms of G 1 delay.

6.8.8 G2/M delay of S-phase cells

The entry of BrdUrd-labelled cells into the G1 phase indicates their completion of G2 
and M phases and re-entry into G 1 for a further round of replication. A delay in the entry 
of these cells into G1 indicates a delay in their progression through G2 and M phases. 
Entry of cells into GO/Gl followed a sigmoidal trend and was fitted using the general 
logit equation (Equation 6.3). This allowed the calculation of the extent of this delay in 
each cell line in terms of hours per radiation dose (Figure 6.9). This type of G2/M delay 
analysis was less prone to interference by the entry of cells from other phases of the cell- 
cycle into the analysis window, as only the BrdUrd-labelled cells (S-phase cells at the 
time of irradiation) were considered.

AH cell lines demonstrated a delay in the progression of BrdUrd cells through G2/M 
phase. The extent of this delay ranged from 2.8-6.7 h for the non-syndromic strains 
(Table 6.3). There was no correlation with radiosensitivity (r=-0.27, p<0.30) or difference 
in duration of G2 delay between the radiosensitive and control strains.

6.8.9 DNA damage and cell-cycle delay

Radiation induced DNA damage activates many cellular pathways, in particular those 
leading to cell-cycle arrest (Paulovich et a l 1997). Such delays presumably facihtate the 
repair of DNA damage (Sherr 1996), and a prolonged G2/M and/or GO/Gl phase in 
response to radiation in mammalian cells has been shown to correlate with 
radiosensitivity (Levine 1997). In a previous section of this thesis (Chapter 5) the extent 
of both initial DNA damage and residual damage remaining after a 4 h repair period was 
measured using PFGE. Although no correlation was observed between initial DNA 
damage and radiosensitivity (HDR SF2 ) a significant correlation was found between 
radiosensitivity and residual damage. In this study the relationship between the level of 
initial and residual DSB and G2/M delay duration was examined. It could be speculated
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that the level of unrejoined DSB after radiation might dictate to some extent the length of 
the radiation-induced cell-cycle delay. However, there were no significant correlation 
between the length of G2 delay and either initial damage, residual damage or the ratio of 
residual/initial damage.

6.9 Discussion

Although the factors involved in maintaining cell-cycle control both under normal 
replication conditions and in the presence of DNA damage are yet to be fully understood, 
there is no doubt that many elements of cell-cycle control can be important determinants 
of cell survival in individual cell lines (§1.7.4.4: McKenna et al. 1991, Busse et al. 1978).

In this study, the pre-irradiation cell-cycle characteristics and cell-cycle delays in GO/Gl 
and G2/M phase after treatment with 2 Gy of ̂ ®Co gamma rays were examined in a panel 
of 17 early-passage non-syndromic fibroblast strains. A dose of 2 Gy was chosen as it is 
both clinically relevant and of sufficient magnitude to induce checkpoint delays. Cell- 
cycle progression was analysed using the simultaneous analysis of BrdUrd incorporation 
and PI staining. The cell-cycle parameters measured were correlated with intrinsic 
radiosensitivity as measured by HDR SF2 . This parameter was previously found to give 
the best discrimination between the seven radiosensitive patients and ten normal controls 
(Chapter 4).

An AT strain was also included in the study. Several anomalies have been found in the 
cell-cycle regulation of AT strains and these have been suggested as a cause of the 
extreme radiosensitivity and cancer predisposition of this syndrome (Beamish and Lavin
1994). Studies have highlighted the inability of AT cells to arrest in either G l, S or G2/M 
phase and to stop DNA synthesis in response to radiation (Shiloh 1997). However, the 
molecular basis behind the cell-cycle defects in AT cells is largely unknown (Brown and 
Tagle 1997).

The clinical value of measurements of DNA index such as DNA ploidy and S-phase 
fraction in the diagnosis of cancer and more importantly in the prediction of outcome has 
been reviewed by Ross (1996). Although the use of DNA ploidy status as a stand-alone 
diagnostic signal of malignancy has generally been unsuccessful, DNA content and cell- 
cycle analysis have achieved value in augmenting the standard diagnostic process in a 
variety of body sites and human tissue samples (Berho et al. 1997, Davey et al. 1998, 
Lee et al. 1999, Cascinu et al. 1998).
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The cell-cycle times of the fibroblast strains in the present study (Table 6.3: range 
15.9-28.7 h) were typical of those observed in human fibroblast strains cultures in vitro, 
where the cell cycle is normally complete within 1-2 days. Although variations in 
radiosensitivity throughout the mammahan cell cycle have been well documented 
(Terasima and Tolmach 1963, Sinclair 1968), the extent to which cell-cycle phase 
distributions and progression rates through the individual phases influence radiation 
response is still unclear. Chen et al. (1994) analysed tumours from 12 patients with 
cervical cancer and found that 6  patients with a high (>10%) G2/M fraction prior to 
treatment showed greater than 50% tumour reduction after radiotherapy. In contrast, only 
2 out of 6  patients with a low (<10%) G2/M fraction prior to treatment responded 
favourably and of these patients, 3 had recurrence during the 33-40 month follow-up 
period. Quiet et a i (1991) analysed the ceU-cycle distribution of two squamous cell 
carcinoma cell lines derived from head and neck tumours. The survival values of these 
cell lines differed by a factor of almost two (Dq of 2.4 and 1.3 Gy respectively) and the 

resistant cell line had a higher proportion of cells in S phase compared with the more 
radiosensitive cell line (28% and 13.2% respectively). As both cell lines demonstrated 
increased radioresistance in S phase, as determined by élutriation studies, the author 
concluded that the in-vitro radiosensitivity of these cell lines may be related to the pre
irradiation distribution of cells throughout the cell cycle, in this case, to differences in the 
proportion of cells in S phase.

It can be hypothesised that if a cell has a long S phase (Ts) then a higher proportion of 
cells would exist in this phase at any one time compared with cells with a shorter Ts. In 
the present study, a correlation was observed between the percentage of cells in S phase 
and HDR SF2  (r=0.61, p<0.009), with the ten control strains having a higher percentage 

of cells in S phase (average of 21.3% and range of 4.1-37.3%) compared with the seven 
radiosensitive strains (average of 12.1% and range of 5.7-21.6%). This may be because 
S-phase cells, particularly those in late S phase, are generally more resistant than cells in 
other phases of the cell cycle (Sinclair 1968).

Conversely, the G2 phase is generally regarded as the most radiosensitive phase of the 
cell cycle (Sinclair 1968). Although in this study the correlation of Tg 2 /m values with 
HDR SF2  was not significant (r=0.28, p<0.28), a trend was seen between the fraction of 
cells in G2 (F g 2 /m )  and HDR SF2  (r=0.46, p< 0.07), with the seven radiosensitive 
strains having a higher Fg 2 /m (average of 0.25 and range of 0.17-0.35) compared with 

the ten control strains (average of 0.19 and range of 0.12-0.29).

Although the results obtained in the present study indicate large inter-individual 
differences for several of the parameters measured and provide information useful for
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subsequent analysis of radiation-induced responses, the majority of the parameters 
measured do not correlate with HDR SF2 . While it is generally accepted that in most cell 

types the order of increasing radiosensitivity is S, GO/Gl and G2/M cells, this may not 
be the case in all cell lines (Tang et a l 1994).

As stated in §6.5, cells respond to radiation in several ways including the induction of 
cell-cycle checkpoint delays or apoptosis (Little 1994). However, in contrast to tumour 
and lymphoid cells, studies have concluded that the induction of apoptosis following IR 
is not an important pathway of cell death for normal human fibroblasts (Lu et a l 1998, 
Chung et a l 1998, Duchaud et a l 1996). Enns et a l (1998) studied apoptosis using 
DNA content and DNA laddering and found that nontransformed fibroblasts exhibited 
no significant increase over control levels of 2 % 72 h after irradiation with up to 50 Gy. 
Wang (1995) found that senescent human fibroblasts take up to 4 weeks to develop 
phenotypic signs of apoptosis on serum withdrawal. However, high levels of exogenous 
p53 gene expression have been shown to cause apoptosis in primary human fibroblasts, 
suggesting that there is a threshold for the level of p53 protein to trigger apoptosis 
(Hansen and Braithwaite 1996).

In contrast, a G l arrest after IR was demonstrated in diploid human fibroblasts as early 
as the late 1960s (Little 1968). The Gl arrest in primary fibroblasts can either be in the 
form of a transient pause in cell-cycle progression which has been reported following 
irradiation of asynchronous cells as in the present study (Kastan et a l 1991) or a 
senescent-like arrest reported following irradiation of cells synchronised in G l (Little 
1968,1970) where a significant fraction of the population may be blocked in G l for up 
to 44 h after irradiation (Gadbois et a l 1996, Di Leonardo et a l 1994). Although there 
are similarities between cellular senescence and the prolonged G l arrest, the radiation- 
induced arrest is not true senescence as it is reversible by disruption of anchorage 
dependence (Gadbois et a l 1997). As with transient G l arrest, the senescent-like arrest is 
dependent upon the expression of wild-type p53 and the induction of p2 1  and although 
such cells do not undergo further replication, they remain intact with an enlarged 
morphology characteristic of senescent cells (Li et a l 1995, Di Leonardo et a l 1994). 
After a period of latency, these cells might die directly, or terminally differentiate and 
survive without further cell division (Rodemann and Bamberg 1995). It has been 
suggested that this senescent-like state is analogous to apoptosis and is important in 
eliminating cells containing DNA damage from the reproductively viable population 
(Linke et a l 1997).

In the present study, the extent of radiation-induced Gl/S delay was assessed both by 
analysis of the movement of GO/Gl cells into early S-phase with time and by the fraction
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of unlabelled cells in G l over time (§6.7.3.5). A G l arrest was seen in all 17 non- 
syndromic fibroblast strains with the exception of GL6  (isolated from a severe over- 
reactor) which showed no evidence of a Gl delay. This confirms the results of other 
studies on normal fibroblasts where irradiation is followed by a G l delay (Zolzer et al 
1995). The cells entering the S-phase window after irradiation consist of those cells 
already committed to proliferate at the time of irradiation and those beyond the G l 
checkpoint, although it is not possible to distinguish between these two categories. In 
exponentially growing primary fibroblast strains, a fraction of cells are not blocked in G l 
following IR as they are beyond the checkpoint, are committed to S-phase progression 
and will delay at the following G2 phase. However, cells prior to the checkpoint will 
experience a G l delay. Gadbois and Lehnert (1997b) showed that 73% of G 1-phase 
human lung fibroblasts remained in Gl phase after gamma irradiation, placing the G l 
radiation checkpoint near the end of the Gl phase. The location of the radiation 
checkpoint at this position correlated with an increased expression of cyclin E, increased 
cyclin E/cdk2 kinase activity, and hyperphosphorylation of pRb in proliferating human 
fibroblasts (§6 .2 ).

A possible explanation for the lack of a delay in GL6 , is that it might result from a defect 
in the signal transduction pathway operating through p53. The presence of such a 
mutation would have to be confirmed in future work. It was presumed at the outset of this 
study that the non-syndromic fibroblast strains had wild-type p53 expression, as all 
experiments were carried out on early passage cells (P<8 ) which are unlikely to have 
acquired p53 mutations. It may be hypothesised that strain GL6  was isolated from a 
patient who was suffering from an inherited familial syndrome such as Li-Fraumeni 
Syndrome (LES). In approximately 60% of LFS and 25% of LFS-like families, cancer 
predisposition is associated with a germline mutation in one allele of the p53 gene, the 
majority of which are missense mutations (Malkin et a l 1990). This defective p53 
regulation following DNA damage has been postulated to lead to accumulation of DNA 
damage, genomic instability and eventually cancer development (Little 1994). However, 
GL6  was isolated from a patient with cervical carcinoma, whereas the prevalent types of 
cancer in LFS patients are soft tissue sarcomas, osteosarcomas, brain tumours, 
leukaemias and premenopausal breast cancers (Li et a l 1988). In addition, unlike GL6 , 
fibroblasts from some LFS patients have been shown to be radioresistant compared with 
control cells (Sproston et a l 1996). Finally, Williams et a l (1996, 1997) found that LFS 
and LFS-like LCL and fibroblasts showed a transient Gl arrest indistinguishable from 
controls, again contrary to GL6 , although the extent of permanent Gl arrest was greatly 
reduced in LFS cells and correlated with their increased radioresistance. However 
Gilchrist et a l (1999) suggested that this result may reflect the method used and that in 
contrast to a G l arrest, LFS cells irrespective of their p53 status show a slowing down in
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S-phase entry from G l and in movement through S phase which again was 
indistinguishable from controls. However, the precise nature of the p53 mutation can 
affect the Gl arrest response and p53 homozygous strains have been shown to have an 
extremely reduced, or no G l arrest (Boyle et a l 1999, Dulic et a l 1994, Delia et al 
1997).

Interestingly, Ceraline et a l (1998) found a decreased survival of human fibroblasts after 
inactivation of p53 that was linked to an increased G2/M delay. They suggested that this 
increased arrest was possibly due to the abrogation of the Gl/S block and/or the 
inhibition of G2 exit. In agreement with these results, in the present study, GL6  was 
found to be radiosensitive, showed no Gl/S block and indeed had the longest G2 delay 
of 6.7 h among the 17 non-syndromic strains (compared with an average of 4.9 h for the 
remaining 16 non-syndromic strains: range 2.8-6.4 h).

The Gl delay in the AT strain was the smallest of those strains showing a delay and such 
a response has been seen in several other studies (Beamish and Lavin 1994, Skog et al 
1997). The failure to efficiently activate the Gl/S checkpoint in AT cells may be partially 
due to a defective p53 response (Kastan et a l 1992, Khanna and Lavin 1993). The p53 
pathway, its target gene p21, cyclin-dependent kinases and Rb protein phosphorylation 
are defective in AT cells (Khanna et a l 1995). However, it is unlikely that the failure of 
AT cells to mount an effective p53 response to radiation accounts for their 
radiosensitivity as it has been shown that although enforced expression of wild-type p53 
in AT cells activated the Gl checkpoint, it failed to alter the radiosensitivity (Khanna et al
1995). A similar study in NBS cells found that their failure to initiate a Gl delay could 
not account for their extreme radiosensitivity (Antoccia et a l 1999). Clearly, the link 
between p53 status and intrinsic radiosensitivity is not straightforward, with several 
studies demonstrating no relationship between p53 status and radiation response 
(§1.7.4.4: reviewed by Bristow et a l 1996, Brachman et a l 1993, Zellars et a l 1997).

The results obtained in the present study suggest that the G l arrest and p53 gene alone 
do not have a significant role in the radiation response of the cells lines. Previous studies 
have been contradictory on the contribution of transient Gl arrest to intrinsic 
radiosensitivity (Slichenmyer et a l 1993, Nagasawa et a l 1995, Mcllwrath et a l 1994, 
Danielsen e ta l  1999). Warenius et a l (1998) examined a series of 12 cancer cell lines 
and found a correlation between late G l accumulation following 2 Gy irradiation, raf 
expression and radiosensitivity as measured by SF2 . Sirzin et a l (1997) found an 

accelerated G l to S transit in a radiosensitive lung carcinoma line compared with two 
others classified as average or resistant radiosensitivity. However, Nagasawa and Little 
(1988) examined G 1-phase block after irradiation in 10 apparently normal human
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fibroblast lines. They found that 3 of the 10 strains had a response similar to that 
previously reported for AT heterozygotes and they concluded that such variabihty in the 
‘normal’ response would make it difficult to use this technique to detect gene carriers in 
the general population. In addition, a normal Gl arrest has been found in fibroblasts 
isolated from non-syndromic patients who displayed extreme radiosensitivity (Badie et 
al 1997) or immunodeficiency (Peake et a l 1999). The significance of the role of p53 
and Gl/S delay in the radioresponse of the cell lines is possibly dependent on the extent 
of cellular processes, such as DNA repair, that actually occur during the Gl/S arrest, 
rather than the duration of the delay. This is supported by the fact that a correlation 
between residual DNA damage and HDR SF2  was found in the 17 non-syndromic 

strains (Chapter 5).

A G2 radiation-induced delay is found in the vast majority of cells regardless of their p53 
status, including cells isolated from patients with syndromes resulting in extreme 
radiosensitivity, such as AT and NBS (Antoccia et a l 1997). Although little is known 
about the signalling triggered by DNA damage that eventually results in the G2 phase 
delay, more is known about the downstream mechanisms of cell-cycle progression that 
are affected by radiation. The formation of an active cychn Bl/cdkl (or p34^^^^) 
complex is a central component required for the transition of cells through G2 phase into 
mitosis (reviewed in Hwang and Muschel 1998).

Whether G2/M delay is a critical determinant of intrinsic radiosensitivity is still an area 
of ongoing research (Mumane 1995). In individual cell hnes, shortening of the length of 
post-irradiation G2 delay as a result of mutation in genes, including the ATM and rad9 
gene or by drugs such as caffeine has been shown to be related to increased 
radiosensitivity (Meyn 1995, Busse et al 1978). Also transfection of normal cell lines 
with dominant oncogenes, such as myc and ras (McKenna et a l 1991), or SV40 has 
resulted in increased radioresistance and a concomitant increase in G2 delay even in the 
absence of detectable changes in the rate of DSB induction (lliakis and Okayasu 1990). 
Tamamoto et a l (1999) measured G2 arrest in two human tumour cell lines of differing 
radiosensitivities and found that although the radioresistant strain underwent a marked 
G2 arrest, no such delay was evident in the more sensitive hne. Warenius et a l (1996) 
found that high endogenous expression of the raf oncogene was strongly related to 
radiosensitivity and a rapid exit from a radiation-induced G2/M block in seven human 
cell lines. Again, as for Gl/S arrest, 180BR fibroblasts were able to arrest normally in G2 
(Badie et a l 1997). However, a general relationship between G2 delay and intrinsic 
radiosensitivity has not been convincingly demonstrated across the wide range of cell 
lines described in the literature.
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In the present study, radiation-induced delays at the G2/M checkpoint were examined by 
following the movement of BrdUrd-labelled cells into an analysis window placed around 
GO/Gl phase (§6.7.3.6). Cells which appeared in this window represented those S-phase 
cells at the time of irradiation which have completed G2/M phase and re-entered the cell- 
cycle at GO/Gl for another round of replication. Cell numbers were corrected for cell 
division (as they have undergone mitosis) and the proportion of labelled cells which 
appear to be in GO/Gl at the start of the experiment, due to an overlap of the cell 
populations (i.e. cells in early S can appear to be in late GO/Gl, as a result of the 
similarity in their DNA contents) were eliminated from the analysis where appropriate. 
The curves generated using this type of analysis were fitted using a generalised logit 
equation (Equation 6.3) (Johns and Joiner 1991) which quantitatively describes 
functional dose-response data. This represented an effective way of describing the extent 
of delay obtained in each cell line. The variables (upper and lower asymptotes and the 
inflection point) were estimated by eye and defined for each cell line in increments until 
the errors on the curve fit were minimised.

A radiation-induced G2/M delay of BrdUrd-labelled cells (i.e. S-phase cells) at the time 
of irradiation was detected in aU 18 primary fibroblasts following 2 Gy of irradiation. 
This extensive delay of the S-phase cells was in agreement with reports showing that 
cells irradiated in S phase are the most sensitive to G2/M delay (Terasima and Tolmach 
1963, Yu and Sinclair 1967). The G2 delay in the 17 non-syndromic strains ranged from 
2.8-6.7 h, although there was no correlation with HDR SF2 . As alluded to previously, the 
actual processes that are presumed to occur during the delay, such as repair of damage 
and apoptosis, are more likely to affect radiosensitivity. It remains to be determined 
whether the length of radiation-induced cell-cycle delays indicate the extent of repair or 
apoptosis that has occurred during the delay, and whether this in turn indicates radiation 
response.

Several studies have found that examination of the extent of G2 delay has prognostic 
significance. Hannan et al. (1994) studied G2 phase accumulation post-irradiation in 
LCL and fibroblasts from non-Hodgkin’s lymphoma (NHL) patients, AT patients, AT 
heterozygotes and normal controls and found an intermediate effect of the NHL and AT 
heterozygotes between the AT patients and controls. Lavin et al. (1994) attempted to 
identify a radiosensitive subgroup of patients by correlating G2 arrest with prognostic 
indicators and in-vivo radiosensitivity in lymphoblastoid cells from 108 breast cancer 
patients and 45 bladder cancer patients. They identified a subgroup of breast cancer 
patients with larger tumour sizes and more extensive nodal involvement, who exhibited a 
high level of G2 arrest after irradiation. This characteristic was not apparent in patients
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with bladder cancer. However, they did not advocate that the extent of radiation-induced 
G2 block should be used as a specific prognostic test. Tell et al. (1998) evaluated the use 
of radiation-induced cell-cycle delay in lymphocytes to predict tumour response to 
radiotherapy by examining the fraction of lymphocytes passing to S and G2 after 
irradiation in 25 healthy donors and 49 head and neck patients. In general, healthy 
donors had similar cell-cycle kinetics compared with non-responders. They concluded 
that radiation-induced cell-cycle delay in lymphocytes was inversely correlated with 
tumour response to radiotherapy in head and neck cancer patients, although the value of 
the test for predicting individual tumour response was limited by assay variabihty and 
overlap between groups. However, using flow cytometry, Lavin e ta l  (1992) reported that 
6  AT heterozygotes could be distinguished from a group of 22 controls by the 
proportion of cultured lymphoblasts in post irradiation G2 arrest, with only 2 of the 
controls overlapping. Nagasawa et al. (1994) examined the relationship between G2/M 
delay and radiosensitivity in a series of human and rodent cell lines. They found that 
while normal lines showed similar, small G2/M delays of approximately 1 h, 
radiosensitive lines had a longer delay and delays of 5.0-7.7 h were found in two extreme 
over-reactors.

In the present study, a G2 delay was evident in the AT strain (3.9 h). The relationship 
between the duration of G2 delay after irradiation and radiosensitivity in AT cells has 
been controversial (Scott et al. 1994). While overwhelming evidence supports the view 
that AT cells possess both a defective Gl and S-phase checkpoint mechanism, 
characterisation of a similar defect at the G2 checkpoint has not been as straightforward 
(Mumane 1995). Data supporting a diminished G2 delay (Beamish and Lavin 1994, 
Painter and Young 1980) as well as data opposing this have been reported (Smith et al 
1985, Hong et a l 1994). Skog et al. (1997) concluded that although a defective 
radiation-induced Gl arrest was present in AT complementation groups A and C, a 
defective G2 arrest was not always observed. The G2 checkpoint may be an important 
determinant of radiosensitivity in AT cells. Chen et a l (1999) found that transfection of 
chkl kinase, which is important for maintaining p34cdc2 in its phosphorylated state, into 
AT lymphoblastoid cells enhanced their survival partly by restoring the G2 checkpoint, 
but not the Gl/S or S-phase checkpoint.

The length of the G2/M phase in untreated cells did not appear to influence the extent of 
delay in irradiated cells as there was no correlation between the length of G2 phase and 
G2 delay (r=0.13, p<0.63). It could be speculated that an extensive G2/M-phase length 
would indicate a relatively shorter G2/M-phase delay (as was seen in strain GL9), and 
that cells may have similar combined times of G2/M-phase length and delay at a given 
dose. In the present study, this was not the case. Indeed in some strains (GL25 and 6 )
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there was a trend towards increased delay in the cell lines that demonstrated a longer 
G2/M-phase length. This could indicate that, in addition to the factors involved in the 
control of normal proliferation, there are others which regulate cell-cycle progression in 
response to DNA damage. Therefore, while the mechanism of cell-cycle regulation under 
normal growth conditions and in the presence of DNA damage are probably the same, 
the processes are not inter-dependent and cells with a long G2/M phase can also exhibit a 
long G2/M delay.

From analysis of the time course of progression of BrdUrd-labelled cells through G2/M, 
it is possible to examine the fraction of cells which re-enter GO/Gl. This fraction 
decreases after irradiation and is characterised by a reduction in the upper limit of the 
proportion of BrdUrd-labelled cells in GO/Gl. It may be that the cells which did not 
progress into GO/Gl were irreparably damaged and unable to overcome the radiation- 
induce delay. Also, the reduced survival observed in the radiosensitive lines may be 
directly related to this proportion of cells that do not progress into GO/Gl. To examine 
this, the proportion of BrdUrd-labelled cells in GO/Gl was calculated from a ratio of the 
upper limit values (U) of the control with the irradiated sample populations shown in 
Figure 6.9. This value was termed the G2/M ratio (i.e. U2 Gy/Ucontrol) as it represents the 
ratio of irradiated cells that have completed G2/M relative to the control (Table 6.3). 
However there was no correlation with radiosensitivity.

The effect of radiation on cell-cycle delay checkpoints has been shown to be both 
influenced by the LET of the radiation (Gadbois et al. 1996) and the cell type. A 
differential terminal arrest of lung fibroblasts after exposure to gamma irradiation has 
been seen compared with bronchial epithelial cells (Gadbois and Lehnert 1997a). They 
found that contrary to human lung fibroblasts (HLF) which ultimately entered a 
condition of apparently terminal arrest in G l, bronchial epithelial cells (BEC) continued 
proliferating through their initial, transient G l and G2 delay. They concluded that the 
frequent hyperplastic response of BEC to DNA damaging agents may be due to 
insufficient DNA repair time because of a limited checkpoint responses. Flatt et al. 
(1998) examined the effect of radiation on checkpoints in human epidermal kératinocytes 
(HK) and human dermal fibroblasts (HE) isolated from the same tissue. It was found 
that HF primarily arrested in G1 in response to DNA damage, whereas HK had a 
diminished G l arrest but a more prominent G2 arrest. They concluded that the high 
cancer incidence in epithelial HK in contrast to the lower frequency in mesenchymal HF 
may be partly due to the less stringent checkpoint responses, primarily the attenuated G l 
arrest.

Recent evidence has suggested that the Gl/S and G2/M checkpoints are related in some
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cell types, sharing the same initiators and effectors (reviewed in Hwang and Muschel
1998). Perhaps the best evidence for this comes from studies using caffeine treatment, 
which abrogates G2/M delay. Russell et a l (1995a) reported differential 
radiosensitisation of G l checkpoint-deficient and competent cells by the abrogation of 
the G2 checkpoint, depending on the p53 status. They demonstrated that human tumour 
cells which were radioresistant due to the loss of the p53 mediated G l checkpoint 
showed an increase in radiosensitivity after abrogation of the G2 checkpoint. In addition, 
a sustained G2 arrest in cells expressing wild-type p53 is associated with nuclear 
localisation of cdc2 and cyclin B1 (§6.5). This nuclear localisation of cdc2 can be 
promoted in a p53 null background by an enforced expression of p21 (Winters et al
1998). However, in the present study, there was not a direct relationship between the 
duration of Gl delay (measured either as the transition of G l cells into S phase or the 
fraction of unlabelled cells in G l) and G2 delay in the 17 non-syndromic fibroblast 
strains. This observation is consistent with those reported elsewhere (Warenius et a l 
1998, S'ÛQsetal 1996).

Various proliferation parameters were also studied, including the doubling time, growth 
fraction (GF), labelhng index (LI) and potential doubling time (Tpot). Tpot is defined as 
the doubhng time in the absence of cell loss (Steel 1968). The advent of flow cytometric 
techniques based on the in-vivo labelling of cells in S phase with thymidine analogues 
such as BrdUrd has permitted the rapid evaluation of parameters required to describe the 
growth kinetics of cells (Wilson 1991). The predictive value of flow cytometric 
measurements of pretreatment Tpot in individual patients is yet to be proved conclusively 
(reviewed in Begg et a l 1999). While some studies have seen a correlation between Tpot 
and clinical outcome (Corvo et a l 1995, Antognoni et a l 1998) this is not a universal 
finding (Stmikmans et a l  1998, Hoyer et a l  1998).

It was found that among the seventeen non-syndromic strains, a more clinicahy sensitive 
response (lower SF2 ) was associated with more rapid proliferation due to a shortening of 

the cell cycle which resulted primarily from a reduction in the length of the G l phase 
(sensitive strains Gl phase: average of 4.8 h and range of 3.1-7.0 h compared with 
normal strains: average of 7.9 h and range of 2.3-15.9 h). The idea that the length of the 
G l phase is increased in radioresistant cell strains has been noted in several studies. 
Hahn and Bagshaw (1966) demonstrated that, as the length of G l in a population is 
lengthened in relation to the cell cycle, the population also becomes more radioresistant. 
Although for most cell strains cells at late S are the most radioresistant, other cell lines, 
especially those with a significant Gl phase, may have another radioresistant peak in G l 
(Ohara and Terasima 1969, Watanabe and Horikawa 1973). A study by Yau et a l (1980) 
examined the proportion of cells in Gl, S and G2/M phases in murine L5178Y cells
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spanning a wide range of radiosensitivities. They found that the radiosensitive strains 
contained a lower proportion of cells in Gl phase and a larger proportion of cells in S 
phase than the radioresistant strains, reflecting a direct correlation between 
radioresistance and the duration of Gl phase. This last study is not in complete 
agreement with the present study where a positive correlation was seen between the 
percentage of cells in Gl/GO and radiosensitivity. However , this may be a consequence 
of the fact that the proportion of non-cycling (GO) cells may be increased in the sensitive 
strains. The presence of GO cells cannot be resolved from G l cells by the present 
method. Therefore, although the G l phase of the cychng cells may be shorter in the 
radiosensitive strains, there may be an increased percentage of cells in GO/Gl due to a 
larger number of non-cycling cells. This is in agreement with the fact that the 
radiosensitive strains showed a significantly reduced growth fraction and labelling index 
compared with the control strains.

These findings may be a reflection of the radiosensitive strains having a higher 
percentage of fibroblasts further along the fibroblast differentiation hneage (Herskind 
and Rodemann 1997). This lineage consists of a stem cell compartment, a precursor 
compartment with three potentially mitotic fibroblast types and a functional compartment 
consisting of three postmitotic fibrocytes (§3.4.1). Each type in the lineage has unique 
proliferative and morphological characteristics (Rodemann and Bamberg 1995). Post
mitotic fibroblasts are characterised by a lower plating efficiency and so less cells would 
be actively proliferating leading to a lower GF and LI.

6.10 Conclusion

In conclusion, although differences were detected between cell lines in terms of both pre
irradiation and post-irradiation parameters, they were not informative in determining 
radiosensitivity. In addition, although several studies have found predictive value in the 
measurement of cell-cycle parameters, results from this study suggest that factors other 
than those solely related to ceU-cycle response might be involved in radiosensitivity. 
Consequently the measurement of such cell-cycle parameters is not likely to form the 
basis for a suitably sensitive clinical, predictive test.
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7.0 Final Discussion

7.1 Introduction

Over the past twenty years, a large body of data has been amassed concerning the in-vitro and 
in-vivo response of normal tissues to ionising radiation (§1.6.3). One of the long-term aims of 
such studies has been the development of a predictive assay to measure acute and late 
radiation morbidity. Such a test might allow a more accurate estimation of the risk of 
developing a given level of normal-tissue reaction to radiotherapy, though doubts have been 
raised as to the clinical benefit of such individualised therapy (Bentzen 1997: §7.7.3).

The existence of reproducible inter-individual differences in acute and late radiation effects in 
patients receiving identical physical dose and fractionation schedules is a prequisite of such a 
predictive test. In support of this, Turesson et al. (1996) demonstrated dose-dependent, 
reproducible, inter-individual differences in clinical radiation sensitivity among breast cancer 
patients, measuring telangiectasia as the late-tissue endpoint (Tucker et at. 1992). In-vitro 
studies on fibroblasts have revealed not only several genetic disorders with enhanced 
fibroblast radiosensitivity, including Ataxia Telangiectasia, Nijmegen Breakage Syndrome and 
Fanconi Anaemia (§1.5), but also a significant inter-individual range in radiosensitivity among 
apparently normal persons, reflecting the existence of a real difference in intrinsic 
radiosensitivity within the normal population (§1.6.2.2: Deschavanne et al. 1986). Therefore 
the background for development of a predictive test based on normal-cell in-vitro 
radiosensitivity appears favourable, although it has been documented that radiation sequelae 
also depend on pre-existing co-morbidity including diabetes mellitus, connective tissue 
disease, and injury induced by surgery and drugs (§1.4.1: Fleck et al. 1989, Zimmermann 
1998b).

Several groups have attempted to predict acute and late tissue reactions in patients using 
normal-tissue in-vitro radiosensitivity as measured by a colony forming assay, primarily with 
fibroblasts (§1.6.3.2). Studies to date suggest that fibroblast radiosensitivity in vitro is 
generally correlated with the degree of late radiation-induced morbidity (Table 1.4: Burnet et 
al. 1994b, Johansen et al. 1996). However these studies have also shown that a clinically- 
useful predictive test would require considerably higher precision than that offered by the 
clonogenic assay at present (Brock et al. 1995). Several indirect assays to estimate cellular 
radiosensitivity have been established and are currently under investigation 
(§1.8.5.2-§1.8.5.4).
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The aim of the work described in this thesis was to study several of the mechanisms 
underlying normal-tissue radiosensitivity (§1.7.4). Specifically, this involved the establishment 
of primary fibroblast cell lines from skin biopsies obtained from a group of selected 
individuals in a population. They comprised radiosensitive patients with severe acute reactions 
to their radiotherapy, cancer patients with a tissue response within the normal range and non
cancer surgical reductions or volunteers. The radiosensitivity of each cell strain was measured 
using a standard clonogenic assay following radiation exposure at both high and low dose rate 
(Chapter 4). The levels of initial and residual DNA damage were measured using pulsed-field 
gel electrophoresis and compared with clonogenic survival (Chapter 5). The importance of cell 
cycle as a determinant of fibroblast intrinsic radiosensitivity was studied, examining both the 
pre-irradiation characteristics and checkpoint delays induced by irradiation (Chapter 6 ).

A series of collaborations was also set up to investigate the potential significance of other 
aspects of radiosensitivity concerned with DNA repair (§5.8). Specifically, several of the 
radiosensitive strains were studied for rare microsatellite polymorphisms in the DNA repair 
genes XRCCl, XRCC3 and XRCC5, the presence of mutations in the ATM gene and 
chromosomal radiosensitivity using the G2 chromosomal assay.

7.2 Fibroblast strains

In the group of 17 non-syndromic fibroblast strains used in this study, seven were from 
patients who had experienced severe acute reactions to their radiotherapy. Their chnical details 
are shown in Table 2.1. The patients represent a heterogeneous group in terms of both their 
primary tumours and treatment schedules undertaken. Although there was a wide variation in 
age between the seven radiosensitive patients (range 42-75 years) it is not known whether this 
plays a role in increased normal-tissue toxicity (Baumann 1998).

It is difficult to estimate the incidence of those patients who experience severe radiotherapy 
reactions, but during the 5-year period of this project, consultants at Mount Vernon Hospital 
were asked to refer any patient who showed unusual, extreme reactions to radiotherapy. 
During this period, approximately 15000 patients were treated with radiotherapy, with 
approximately half of these receiving radical radiotherapy in whom extreme reactions may 
have manifested themselves more clearly. It is unlikely that the total of 7 patients referred 
represents all patients who showed extreme reactions, but this does suggest that the incidence 
of adverse reactions is very low (approximately 0.1%). This low incidence also suggests that 
these patients demonstrated very unusual radiotherapy reactions and are likely to be different 
from the majority of patients. A similar incidence has been reported from other institutions 
(Loeffler gr aZ. 1990, Smith et a l 1980). Clarke et a l (1998) identified 5 severe overreacting
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patients over a period of 3 years from approximately 2250 patients seen (approximately 
0.2%).

As discussed in §1.6.1, the range of normal-tissue reactions follows a Gaussian distribution 
(Burnet et a l 1998). Although several attempts have been made to classify the tissue reactions 
of patients accurately to distinguish between normal and severe reactions, methodological 
difficulties remain in studying clinical reactions after radiotherapy (Bentzen and Hendry
1999). Specifically, there is no universally accepted means of categorising the range of 
severity of normal-tissue reactions that occur in non-syndromic patients. Secondly, the 
distinction between a 'normal' and an 'extreme' reaction is somewhat subjective. Usually the 
assessment of skin reactions to radiotherapy is carried out by an examining physician using 
visual assessment and palpation. Due to their unquantitative and subjective nature, the 
estimation of the visible changes varies among different examiners. Although it has been 
shown that under optimal conditions acute skin reactions can be measured reliably to within 
± 3% (Turesson and Notter 1976) inter-observer variations are a well documented source of 
quantitative differences in the scoring of reactions (Denham et a l 1996). Consequently, 
although a number of formal scales exist, there is a problem with their precision. A study by 
Lopez et a l (1998) assessed four different scoring systems for the reporting of tissue 
reactions in 108 breast cancer patients and found only a strong agreement between two of the 
scoring systems.

One way of overcoming this lack of precision is through the use of non-invasive instrumental 
methods for a more accurate quantification of visible reactions. Several alternatives have been 
suggested. Johansen et a l (1994b) assessed the degree of subcutaneous fibrosis after 
postmastectomy radiotherapy by magnetic resonance imaging. This technique is able to 
discriminate between pathological changes in the subcutaneous tissues. Warszawski et al 
(1997) used 20 MHz ultrasonic imaging to detect early and late structural changes in 
irradiated skin. They found that this method was both non-invasive and quantitative and 
suggested that it may be used to identify clinically radiosensitive patients. Wymenga et al 
(1997) developed an objective in-vitro assay for chemotherapy-induced mucositis by 
measuring the characteristics of the oral epithelial cells remaining after chemotherapy. 
Lahtinen et a l (1999) found a strong correlation (p<0.005) between the measurement of 
subcutaneous fibrosis of breast cancer patients following postmastectomy radiotherapy as 
assessed by clinical scoring and a technique based on dielectric properties of the skin which 
are determined by the tissue water content.

To try and overcome the problems of terminology and definition in describing normal-tissue 
reactions of patients treated with radiotherapy, Burnet et a l (1998) suggested a simple
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numerical scale (Figure 1.2) and a mathematical definition for normal-tissue reactions as part 
of the European Union Concerted Action Programme on the Development of Predictive Tests 
of Normal Tissue Response to Radiation Therapy. Using this terminology the seven sensitive 
patients described in this thesis can be further divided into highly radiosensitive (HRS) 
Category 5 “normal patients with highly-sensitive normal tissues” (GL9, 15, 16, 23 and 24) 
and severe over-reactors “whose reactions forced a major change in the radiotherapy 
prescription or who developed very severe normal-tissue reactions and serious morbidity” 
(GL6  and 21).

The four radiotherapy control patients (GL22, 25, 26, 27) formed an ideal control group to 
compare with the clinically radiosensitive lines. These were patients who had received 
conventional radiotherapy as part of the randomised trial of CHART and who experienced 
tissue reactions that fell within the normal range seen in the clinic (Table 2.2).

The remaining six strains (GL 1,7, 17, 18, 19, 20) were established from biopsies taken from 
normal volunteers and surgical reductions. Although the response of these patients to 
radiotherapy was unknown it is unlikely that they would be clinically radiosensitive due to the 
rare nature of such patients.

The untransformed AT fibroblast strain was included as a positive control for extreme 
radiosensitivity.

The enzymatic method employed in this study for establishing fibroblast cultures from skin 
biopsies had a high success rate (§3.6.1). Of the 19 skin biopsies received, successful growth 
was achieved in 17 (89%).

Following establishment of the primary fibroblast cultures, the cells were shown to be of 
fibroblastic origin by antibody staining (§3.6.3). Fibroblasts differentiate along a terminal cell 
lineage in vitro (§3.4.1: Bayreuther et a l 1988b). When grown in culture, the fibroblast 
strains used in the present study were found to consist primarily of early stage progenitor 
fibroblasts (I, mixed i n  and U) as opposed to late stages (II-III or III). All experiments were 
carried out on early passage fibroblast strains (P<10). Several investigators are now looking at 
the importance of the stage of fibroblast differentiation in predicting the normal-tissue 
response to radiotherapy (§7.7.2: Herskind et a l 1998).

7.2.1 Endogenous factors associated with increased normal-tissue reaction

Considering the patient details of the clinically radiosensitive patients (Table 2.1), it can be
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seen that in some cases there were predisposing factors which may have promoted the acute 
normal skin reactions observed (Bentzen and Overgaard 1994). Strain GL15 was established 
from an HRS patient who was a heavy smoker, a factor found in some studies to promote skin 
reactions in patients who undergo radiotherapy (Zimmermann et a l 1998b).

Strain GL21 was isolated from a severely overreacting patient who experienced severe acute 
erythema and moist desquamation in response to radiotherapy and who, two years previous to 
presenting with a carcinoma of the left breast, had developed dermatomyositis, one of several 
collagen vascular diseases (CVD) (Callen 1998). Dermatomyositis is a rare (incidence of 
1 - 1 0  cases per million population) inflammatory myopathy with characteristic skin 
manifestations and muscular weakness (Kovacs and Kovacs 1998). Literature reviews have 
demonstrated that certain cancers are highly associated with dermatomyositis and/or 
polymyositis relative to the normal population, although the most common malignancies (such 
as breast cancer in Strain GL21) are often not statistically associated (Barnes and Mawr 1976, 
Okayasu et a l 1984, Brown and Steven 1999). The frequency of malignancy in 
dermatomyositis varies from 5% to 60% in various studies. Siguregeirsson et a l (1992) 
documented the increased frequency of malignancy in dermatomyositis over the general 
population, indicating a relative risk of associated mahgnancy of 2.4-3.4 in patients with 
dermatomyositis.

As discussed later in this section, such disorders have been associated with increased normal- 
tissue reactions following radiotherapy. Consequently in patient G121 a slightly reduced total 
dose of 40 Gy minimum tumour dose in 20 fractions over 4 weeks was planned (Delanian et 
a l 1996).

Considering the chnical details of GL21 (Table 2.1), treatment with oral steroids such as 
prednisolene has been shown to lessen the side effects of radiotherapy in patients with 
advanced cancer and not to result in any significant increase in distant metastasis (Hu et al
1996). Patient GL21 was receiving chemotherapy and was diabetic, both factors which do not 
result in increased tissue effects in CVD patients undergoing radiotherapy (Morris and Powell
1997). However this patient was receiving tamoxifen for treatment of breast cancer. Bentzen et 
a l (1996) studied 196 breast cancer patients and found a significantly increased risk of 
marked lung fibrosis in patients who received tamoxifen simultaneously with postmastectomy 
radiotherapy compared with those patients receiving radiotherapy alone. They hypothesised 
that tamoxifen mediated this enhanced radiation-induced fibrosis through the induction of 
TGF-p (§1.4.1). Patient GL21 died from distant metastasis which is a major cause of death in 

cancer patients with CVD, accounting for 41% of deaths in a study by Hu et a l (1996) 
compared with 34% due to recurrence of primary cancer, 19% due to dermatomyositis and
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6 % from accidental deaths.

Although it is thought that CVD predisposes patients to increased tissue toxicity, especially 
fibrosis, from radiotherapy, it is not a universal finding (Peng et a l 1995, Hu et a l 1996). To 
date, studies which support or refute this observation have been sparse. However, in a review 
of the literature. De Naeyer et a l (1999) reported that of 326 patients with a non-rheumatoid 
arthritis (RA) CVD who received radiotherapy, 93 (28%) has serious side effects while 9 
(2.7%) died possibly due to the morbidity of the radiotherapy. The majority of publications 
on the topic are case reports on small numbers of CVD patients, who experienced increased 
tissue reactions to radiotherapy (Abu-Shakra and Lee 1993, Hareyama et a l 1996, Robertson 
et a l 1991, Varga gr a l 1991, Ransom and Cameron, 1987, Olivotto et a l 1989, Cooper and 
Denham, 1990, Aref et a l 1996, Delanian et a l 1996, Mayr et a l 1997, De Naeyer et al
1999). The first publication to describe increased effects in CVD patients reported nine 
patients with non-RA CVD irradiated to the breast, with severe effects found in the four with 
pre-existing CVD and not in those with CVD that developed after irradiation (Fleck et al
1989). Teo et a l (1989) examined ten nasopharyngeal carcinoma patients with 
dermatomyositis, and reported that acute confluent mucositis, necessitating interruption of 
radiotherapy, occurred in eight of the patients. In the same group, two patients suffered from 
chronic radiation skin necrosis with ulceration at seven and nine months after radiotherapy. 
However a large case-matched study by Ross et a l (1993) on 61 patients with CVD and 61 
controls was unable to demonstrate conclusively any increased toxicity between the CVD and 
control group for both acute (11% vs. 7% respectively) and late complications (10% vs. 7% 
respectively). Morris and Powell (1997) studied 209 patients with a variety of CVD and found 
that while patients with RA did not appear to have an elevated rate of late toxicity, non-RA 
CVD was significantly associated with increased late effects at standard doses (6 % vs. 21% at 
5 years). Furthermore, several steps to minimise normal-tissue effects when cancer patients 
with non-RA CVD undergo radiotherapy were suggested.

The pathogenesis of the exaggerated fibrotic reaction in CVD following radiotherapy is 
unknown, although several hypotheses have been suggested (Robertson et a l 1991, Morris 
and Powell 1997). Several of these focus on the histopathological changes in the 
microvascular system of CVD patients (von Bierbrauer et a l 1998). They include additive 
microvascular damage between CVD and irradiation, radiation basement membrane damage to 
capillary endothelial cells which become a target of the patient's pre-existing autoimmune 
process and radiation-induced production and release of cytokines that stimulate collagen 
production.
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Few studies have measured the in-vitro radiosensitivity of normal cells from patients with 
CVD. However Smith et ai (1981) studied a patient with juvenile dermatomyositis who 
presented with a basal cell carcinoma of the eyelid. Although the patient experienced no 
abnormal-tissue reaction to their radiotherapy (in contrast to Strain GL21), two fibroblast 
cultures established from unaffected skin were found to have an increased radiosensitivity 
(Do.i of 2.6 and 2.8 Gy) compared with three normal controls (average Dq.i of 4.2 Gy).

There are other factors suggested to reduce the incidence of normal-tissue reactions. A case 
study by van der Zee et al. (1998) suggested a protective effect by hyperthermia on the 
development of telangiectasia in a cancer patient. Several randomised clinical studies have 
suggested improved response rates when hyperthermia is combined with radiotherapy 
(Overgaard gr a/. 1995). The case study detailed one patient with recurrent breast cancer who 
was irradiated twice on adjacent fields. One field was treated with re-irradiation alone and the 
other with re-irradiation plus hyperthermia. During the follow up period, telangiectasia was 
observed 9 months after treatment with re-irradiation alone and progressed to confluent, 47 
months post-treatment. However, in the reirradiation plus hyperthermia area, the maximum 
observed telangiectasia was slight. The observed difference in late reaction could not be 
explained by any known treatment prognostic factors (Turesson et al. 1996). However, a 
protective effect by hyperthermia has been explained by Haveman et al. (1988) who have 
shown experimentally that heat treatment leads to enhanced proliferation of endothehal cells, 
inducing a fast repopulation and replacement of radiation-damaged cells that could lead to 
development of telangiectasia.

7.3 Clonogenic assay

The measurement of clonogenic cell survival has become the gold standard assay for 
measuring normal-tissue radiosensitivity and has been the method of choice in chnical studies 
examining the relationship between in-vitro cellular sensitivity and in-vivo tissue response 
(§1.8.5.1.1). In this thesis, the clonogenic assay was used to assess the radiation response of 
18 fibroblast strains (§2.2). A heavily-irradiated feeder layer was used to improve cloning 
efficiency. Alternative methodologies were employed including the use of a low dose-rate 
(LDR) protocol (0.01 Gymin'l) and an internal control which have been suggested to further 
increase the discrimination between radiosensitive and normal individuals in other studies 
(§4.4-4.5: Elyan^ra/. 1993a, 1993b, Burnet era/. 1996b).

Radiation cell-survival curves for the 18 primary fibroblast strains were fitted using the linear- 
quadratic model. A number of parameters were calculated from these curves to examine 
differences in intrinsic radiosensitivity between the fibroblast strains (Table 4.1^.2).

281



HDR SF2  was found to be the parameter that gave the best discrimination between the 7 

sensitive patients and the 10 normal strains (p<0.0001). Although other parameters have been 
suggested to distinguish between patients, SF2  has been found to discriminate between 

strains in both normal tissue (Peters 1990) and tumours (Fertil and Malaise 1981) and reflects 
the important initial part of the survival curve (a  component). However, Burnet et al 
(1996b) suggested LDR Dq.oi to be the most sensitive parameter for discrimination between 

strains (§4.3.2).

The range of SF2  values for the 17 non-syndromic strains at both HDR (0.11-0.34) and 

LDR (0.20-0.39) were comparable with many previous studies on primary fibroblast 
radiosensitivity (Table 4.5: Burnet gr a/. 1996b, Dahlberg et al. 1993) although there was a 
lack of strains with an SF2  greater than 0.40 which have been found in some studies 
(Johansen et al. 1994a, Brock et al. 1995, Rudat et al. 1997). A general finding of aU in- 
vitro fibroblast studies is that, by comparison with tumour cells, there appears to be an 
absence of 'resistant' fibroblast strains, with the highest SF2  values for fibroblasts of 0 . 6 6  

being reported in the study of Rudat et a l (1997), compared with up to approximately 0.9 
reported with some resistant tumour cell lines, typified by glioblastomas.

The observation that the 7 clinically radiosensitive patients show an increased in-vitro 
radiosensitivity confirms previous reports (Burnet et al. 1996b, Geara et a l 1993). The 
range of SF2  values observed (0.11-0.19) in these seven sensitive strains is comparable with 
studies on other clinically radiosensitive patients, but many of these have been carried out on 
small groups or single patients (Table 4.7), whose tissue reactions are not always well 
documented. The response of the AT line (HDR SF2  of 0.05) was distinct from the range of 

values seen in the non-syndromic strains as would be expected from an ‘extreme over
reactor’ (Table 4.8).

The CV of a single strain gives an indication of the inter-assay variation and is of utmost 
importance as it questions the validity of using a single estimate of ceU survival as a reliable 
measure of radiosensitivity as may be required for a predictive test. As assay variability 
would lower the predictive power of any potential assay, it would affect any potential 
increase in tumour control probability (Mackay and Hendry 1999). It has been suggested that 
the lack of any significant correlation between in-vitro radiosensitivity and in-vivo tissue 
response in the large Amsterdam (Russell et a l 1998) and Sutton studies (Peacock 1998) 
may in part be influenced by an unfavourable relationship between the inter-patient and the 
assay variability, that is the signal to noise relationship (Bentzen and Hendry 1999).
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In the work reported in this thesis, the inclusion of an internal control in each determination of 
radiosensitivity allowed an examination of the variability in repeat measurements in SF2  on a 

single fibroblast cell strain (31 repeat assays at HDR and 24 at LDR on Strain GLl). Other 
studies which have at least ten repeat measurements on a single strain have considered the 
radiation parameter Dq (Arlett and Harcourt 1980, Arlett et a l 1988 and Little et a l 1988). 
Good agreement was found between all the studies, with a Dq CV in strain GLl of 10.3% in 

this study, compared with a range of 9-18% in the literature (Table 4.10).

Generally, a considerable inter-patient variability in SF2  and a relatively small intra-patient 

variation will increase the predictive accuracy of an in-vitro test. At both HDR and LDR the 
inter-individual variability for the 18 strains was greater than the intra-individual variation for 
all the parameters studied (p<0 .0 0 0 1 ), with the exception of the P component of the linear 
quadratic curve measured at HDR and the a/p  ratio. Considering HDR SF2 , the CV of the 

internal control was 14% compared with an inter-individual CV of 30% for the 17 non- 
syndromic strains. At LDR D q.o i » the internal control CV was 12.7% compared with 19.5% 

for the inter-individual CV. These two findings indicate that the variation seen in 
determinations of radiosensitivity among the 17 non-syndromic strains is not due solely to 
inter-experimental error, but represent a true variation in inter-individual intrinsic 
radiosensitivity. This contrasts with the study by Nakamura et a l (1991) who found that the 
CV for a single measurement of radiosensitivity in 31 individuals was nearly identical to the 
CV for 28 independent determinations for a single individual in GO T-lymphocytes.

There are three main potential sources of error in any cell survival experiment, which have 
been summarised by Boag (1975). These are dilution errors due to inaccuracy in the volume 
of cell suspension transferred, sampling errors due to the limited number of cells transferred 
in the dilution or plating and ‘Gremlin’ errors due to inadequately controlled or unforeseen 
variables. The latter include the quality of serum or temperature. In a study on the intrinsic 
radiosensitivity of peripheral blood lymphocytes, Elyan et a l  (1993b) used an internal 
standard to normalise the results relative to this value and demonstrated that the CV for repeat 
assays on a single individual was reduced from 41% to 19%. However, in the present study, it 
was found that in many strains normalisation had the effect of increasing the intra-individual 
CV, without a corresponding increase in the inter-individual CV (§4.8.3). These results would 
suggest that the ‘Gremlin’ errors which were common to the internal control assay and the 
assay of the fibroblast strain under study, such as an effect of temperature or pH of the 
medium, were small relative to the intra-assay errors. Inclusion of an internal standard with 
each assay could identify ‘Gremlin’ errors specific to each assay, such as those associated 
with a specific X-ray jig, but such errors are likely to be rare. Thus, whilst an internal standard 
would be useful to check for large, unexpected errors, it would not appear to be valid to
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normalise all results relative to an internal standard.

One technique which has been developed to reduce the sampling errors associated with plating 
and counting cells is a computerised microscopic analysis system which is able to revisit and 
count cells at individual locations in a flask (Spadinger and Palcic 1993). However, whilst this 
technique has been successfully used with established tumour cell hues, this method is not 
suitable for use with primary fibroblasts due to their ability to migrate during incubation, 
making revisiting a particular cell impossible. However, a protocol using a cell sorter, which is 
able to plate a precise number of cells into a tissue culture flask would overcome this problem 
(Skarsgard et al. 1994).

A further method which has the effect of increasing the differences in radiosensitivity 
measurements between individuals, thereby minimising the effects of inter-assay variation, is 
the use of a LDR irradiation protocol (§4.5.2: Burnet et a l 1996b). LDR irradiation allows 
recovery of sublethal damage repair to occur during radiation treatment, but no significant cell 
proliferation. However, in the present study, the use of LDR irradiation was found not to 
increase the discrimination between normal and chnically radiosensitive patients (LDR D q.o i  

p<0.0006 compared with p<0.0001 for HDR SF2 ) possibly as the result of the inter
individual CV being greater at HDR than LDR. The use of LDR to increase discrimination 
has not been a universal finding (§4.9.5: Geara et al. 1993). The protocol employed by Geara 
et a l (1993) used a higher dose rate (0.029 Gymin'^) than conventionally used in LDR 
studies (0.01 Gymin'l) and this has been suggested as a reason for the lack of increased 
discrimination in this study. However, a similar result was found in the present study despite 
the use of a lower dose rate. Considering the magnitude of dose-rate sparing, Burnet et al 
(1996b) found httle or no sparing in their chnically radiosensitive patients compared with 
controls leading to an increased separation between the two groups compared with HDR. This 
contrasts with the present study where all cell strains displayed dose-rate sparing to varying 
degrees including the repair-deficient AT cell line (Table 4.3). However, it has been suggested 
that further lowering the dose rate might improve the discrimination between patients (§4.9.4: 
Jones gfaA 1995).

In conclusion, the results from the present study indicate that by the measurement of SF2  

using a standard clonogenic assay at HDR (1.6 Gymin )̂, primary fibroblasts strains 
established from chnically radiosensitive patients, fah at the lower end of the range of 
radiosensitivities measured for a group of normal subjects. However, several problems remain 
regarding the use of a clonogenic assay as the basis of a predictive assay. First, results from a 
clonogenic assay would only be available after approximately 4 weeks at the earliest (allowing 
for fibroblast growth from a biopsy and execution of the assay) which is longer than the ideal
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time of approximately 1 week, if the results are to be of clinical use. Secondly, although the 
inter-patient variability was greater than the intra-patient variability, the fact that variation was 
still apparent in a single strain (average intra-patient HDR SF2  CV of 10.7%) questions the 

use of a single estimate of cell survival as a reliable measure of radiosensitivity. With the 
current precision of the clonogenic assay, it is not certain whether measurements of 
clonogenic survival in vitro would discriminate between those patients at either extreme of the 
in vivo tissue reaction range. So, although a clinically useful predictive assay would require 
considerably higher precision, a large improvement of the accuracy based on clonogenic cell 
survival seems to be an unrealistic achievement.

7.4 DNA damage measured by PFGE

The search for a more rapid assay of radiosensitivity which is not directly dependent on cell 
growth has focused on several endpoints, including measurement of DNA damage (§5.2). The 
principle effect of ionising radiation in mammalian cells is the production of DNA damage 
and the most critical lesion to survival is the DNA DSB (§1.7.2; Frankenberg-Schwager
1990).

The relationship between initial and residual DNA DSB after radiation exposure and the 
intrinsic radiosensitivity of both normal and tumour cells has been assessed in several studies 
with a variety of techniques (§5.1: reviewed in Ohve 1998). Recently, encouraging results have 
been obtained by the study of DNA damage using pulsed-field gel electrophoresis, with 
studies showing a correlation with clonogenic survival (Table 5.1: Wurm et al. 1994, Kiltie et 
al. 1997, Sarkaria et al. 1998, Zhou et al. 1998). In the present study, the ability of initial 
DNA damage and residual DNA damage (following a 4 h repair period) to discriminate 
between the 17 non-syndromic patients was studied. The ratio of residual/initial damage, 
which gives a measure of the damage remaining after the repair period, was also examined. 
The results obtained were correlated with those obtained from the clonogenic assay described 
in Chapter 4.

The results from the 17 non-syndromic strains indicated that when measuring initial DNA 
damage, variability within a strain was similar to that between strains (average intra-strain CV 
of 12.1% compared with an inter-strain CV of 12.4%). Also, this parameter was unable to 
discriminate the clinically radiosensitive patients from the normal responders (p<0.52). 
Additionally, no correlation with SF2  measured by the clonogenic assay was observed (Figure 

5.4). Indeed the AT cell line showed an average level of initial DNA damage, not a high level 
as might be expected if the level of initial DNA damage was correlated with radiosensitivity. 
This result is in agreement with several studies in both normal and tumour cells, where no
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correlation was seen between initial DNA damage and clonogenic survival (Eastham et al. 
1999, Woudstra et a l 1998, Wurm et al. 1994).

However, the average CV for repeat measurements of residual damage on a single strain was 
13.6% compared with an inter-strain CV of 29.3%. This variability compared well with that 
found for HDR SF2  measured with the clonogenic assay, where the average intra-individual 

CV was 10.7% and the inter-individual difference 30.4%, again indicating that the variation 
seen between patients was not due solely to assay variation. Measurement of residual damage 
was able to distinguish the seven radiosensitive from the ten control patients (p<0.0003) and 
this discrimination was further improved when the ratio of residual/initial damage was studied 
(p<0.0001). Furthermore, strong correlations were seen between residual DNA damage or the 
ratio of residual/initial DNA damage and HDR SF2  (r=0.90 and r=0.93 respectively: 

p<0 .0 0 0 1 ), with the clinically radiosensitive patients as expected showing higher levels of 
DNA damage (§5.5.2). This agrees with other studies on normal tissue (Wurm et al. 1994, 
Kiltie et a l 1997, Zhou et a l 1998) and suggests that DNA repair insufficiency may be a 
significant underlying cause of the sensitive reaction seen in chnically radiosensitive patients. 
As expected, the extreme overreacting AT cell line had one of the highest levels of residual 
DNA damage (Table 5.4).

The strong positive correlation between cellular radiosensitivity and residual damage in the 17 
non-syndromic fibroblast strains will require further study with a larger number of samples, to 
establish more fully the variation seen in residual damage and its potential importance. 
However, the results obtained in the present study together with reports in the hterature 
suggest that the measurement of residual damage may provide the basis for an in-vitro 
normal-tissue predictive test in pre-radiotherapy cancer patients. To prove useful in a routine 
clinical setting, a PFGE based assay would have to be further optimised into a test for the 
direct assessment of radiosensitivity in fresh, normal-tissue samples from small skin biopsies. 
Such a possibility is not available with an assay requiring cellular growth such as the 
clonogenic assay.

There are several potential alterations to the method which would enable the test to be 
optimised for clinical use. In particular, these involve shortening and simplifying the assay to 
reduce the cost and the number of cells required per test. The 48 h run time used in the present 
study was shorter than the 96 h used by Wurm et a l (1994). No loss in sensitivity was 
observed as the amount of DNA extracted from the wells over the dose range studied was 
similar. It may be possible to further reduce the run times while maintaining assay sensitivity. 
The study of residual repair in cells from normal-tissue biopsy specimens would require the 
analysis of small samples of non-cycling cells and radioisotope pre-labelling of the DNA
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would not be possible. However, the use of Southern blot hybridisation and phosphoimager 
analysis can bypass the use of radioisotopes. Results obtained by Zhou et a l (1997) indicate 
that when coupled with such a system, GVGE was as sensitive as the liquid scintillation- 
counting method using radiolabelled cells.

Another alternative to the radioactive prelabelling of genomic DNA has been suggested by 
Kiltie and Ryan (1997) using SYBR Green I nucleic acid stain. The dye is used to stain DNA 
in dried agarose gels and DNA is then detected using image analysis software. This method 
was found to be as sensitive as [^H] thymidine pre-labelling of cells.

In the present study, primary fibroblast outgrowth cultures from a single punch biopsy 
required at least 1-2 weeks to reach confluence in a 25 cm^ culture flask. At this rate of 
growth, a single determination for a dose-response curve by PFGE, as performed in this 
study, would take at least 3 weeks from the time of biopsy, which is not a dramatic 
improvement over the four to six weeks required by the clonogenic assay. Therefore the 
derivation of fibroblast cell strains prior to PFGE would be too time consuming for routine 
clinical apphcation. A more rapid method would be to irradiate cells disaggregated from 
primary biopsy material, allow repair for a specified period (4 h in the case of the present 
study) and then analyse by PFGE. Cells can be disaggregated from the tissue biopsy either 
enzymatically or by mechanical disaggregation without affecting the amount of damage 
measured (Ozawa et a l 1999). This protocol could yield results within 1 week. Longo et al 
(1997) have described a potential assay system based on PFGE and Southern hybridisation to 
study the induction and repair of DSB in non-prelabelled cells of a freshly obtained human 
glioblastoma tumour using as few as 125 cells per time in a biologically relevant dose range 
(below 10 Gy). A small skin biopsy may yield less than 1 0  ̂ cells. Therefore the use of a 
single dose point as a measurement of residual DNA damage would be advantageous. The 
demonstration of a correlation between the residual damage slope and a single dose point (the 
fraction of activity released at 70 Gy: Figure 5.7) suggests that it would be possible to 
measure several replicates at a single irradiation dose, rather than single replicates at multiple 
radiation dose points. This would be both less time consuming and technically less 
demanding.

The performing of several replicates would be an important procedure, as questions remain as 
to whether a single experiment could provide reliable data. In the present study, the intra
individual CV ranged from 2.0% up to 30.2%, suggesting that variability within a strain could 
be a barrier to relying on a single measurement of residual damage. Considering the problem 
of assay variability. Kiltie et a l (1999b) suggested that even if there was too much variability 
in the assay to use it to modify the treatment dose in individual patients (§7.7.3) it may be
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used to select out patients with a higher than average risk of severe late effects for alternative 
treatments.

To conclude, with the alterations to the method proposed above, residual DNA damage as 
measured by PFGE with primary fibroblasts has the potential to be a robust and rapid assay 
of normal cell radiosensitivity.

7.5 Cell cycle

The major function of the eukaryotic cell cycle is to rephcate cellular DNA during S phase 
and to complete division of the cell during mitosis to give two cells each carrying a 
chromosome compliment identical to the parental cell (Harris et a l 1998). Control of the cell 
cycle is tightly regulated (§6.2). There is no doubt that aspects of cell-cycle control can be 
important determinants of cell survival in individual cell hues (§1.7.4.4).

In the present study, inter-individual differences in the pre-treatment characteristics of the 17 
non-syndromic cell lines were evident (§6.8.1-6.8.5). However, in the majority of cases 
neither the proportion of cells in each phase, nor the lengths of each phase correlated with 
radiosensitivity, as has been demonstrated in some other cell types (Quiet et a l 1991, Chen et 
a l 1994). While it is generally accepted that in most cell types the order of increasing cell- 
cycle phase radiosensitivity is S, GO/Gl and G2/M cells, this may not be the case in all cell 
lines. Characterisation of the differential radiosensitivity throughout the cell cycle was outside 
the scope of this project, but such an analysis could provide information on the different 
sensitivities observed in the total populations. This would facihtate a more detailed 
examination of the potential significance of observed differences in cell-cycle distributions 
and phase lengths.

Exposure of mammahan cells to ionising radiation results in prolongation of the cell cycle, 
including delays or arrests in G l, S and G2 phase (§6.5: Maity et a l 1994). Such delays 
facilitate the repair of the damaged DNA before either DNA synthesis (S) or mitosis (M) 
occurs (reviewed by Nasmyth 1996). The Gl phase arrest in fibroblasts can either be in the 
form of a transient pause in cell-cycle progression, or a permanent arrest. The latter appears to 
be a senescent-like state, with the vast majority of cells having lost the capacity for continued 
proliferation (Di Leonardo et a l 1994) and it may be a functional equivalent of apoptosis 
(Linke et a l 1997). Whereas this permanent Gl arrest has been reported following irradiation 
of cells synchronised in Gl (Little 1968, 1970) the transient arrest has is found following 
irradiation of asynchronous cells (Kastan et al 1991) as in the present study. An extensive 
delay in either phase, therefore, intuitively suggests radioresistance due to increased repair of
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damage. While such a relationship has been observed with regard to both the extent of G 1/S 
and G2/M delays (reviewed by Paulovich et al. 1997), where increased delay has been 
correlated with radioresistance, there is now considerable evidence which suggests that the 
length of cell-cycle, delays does not indicate survival in many cell types (§6 .9 ).

Following treatment with 2 Gy, a G2/M delay was detected in all 18 fibroblast strains (§6 .8 .8 ) 
although this was not significantly correlated with intrinsic radiosensitivity. Although the 
majority of cell strains showed a Gl delay which was not correlated with radiosensitivity 
(§6.8.7), one of the radiosensitive patients (GL6 ) showed no evidence of Gl arrest suggesting 
a defect in p53 or one of its downstream effectors such as the cyclin-dependent kinase 
inhibitor, p21. However there was no indication that this patient suffered from a condition 
such as Li-Fraumeni syndrome, which is characterised by germline mutations in p53. Patients 
suffering from this syndrome with homozygous p53 mutations have been shown to undergo 
an extremely reduced or no G1 arrest (Boyle et a l 1999).

Various proliferation parameters were also studied (§6.7.3.7-6.7.3.9). While it has been 
suggested that flow cytometric measurements of pre-treatment tumour potential doubling time 
(Tpot) may be predictive of outcome in patients with tumours with average short doubling 
times such as head and neck, colo-rectal and cervical tumours, results so far have been 
inconclusive (reviewed in Begg et a l 1999). The importance of other proliferation parameters 
such as the labelling index has been stressed (Tsang et a l 1999).

In the present study among the seventeen non-syndromic strains, a higher radiosensitivity was 
associated with more rapid proliferation primarily due to a reduction in the length of the G l 
phase as has been found in other studies (Hahn and Bagshaw 1966). The seven radiosensitive 
strains also exhibited a reduced labelling index and growth fraction which may be due to these 
cultures having a greater proportion of cells further along the fibroblast differentiation lineage 
(§3.4.1).

In conclusion, although inter-individual differences were detected for several of the parameters 
between the 17 non-syndromic fibroblast lines, there was no strong correlation with 
radiosensitivity or significant differences between the radiosensitive and control groups. 
However, due to the strong correlation between residual DNA damage and clonogenic 
survival, observed in the 17 non-syndromic fibroblast lines (§5.5.4), it is speculated that the 
processes thought to occur during radiation-induced cell-cycle delays, le. DNA repair, 
determine survival following irradiation, rather than the extent of cell-cycle delay.
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As discussed in §7.1, according to the definitions for normal-tissue reactions described by 
Burnet et a l (1998), the seven sensitive patients could be further divided into five highly 
radiosensitive and two severe over-reactors. An interesting fact is that on the basis of the in- 
vitro fibroblast response, the two severe over-reactor strains did not appear more 
radiosensitive than the five highly radiosensitive strains as measured by either HDR SF2  or 

residual DNA damage (Table 7.1). This suggests that the determinants of radiosensitivity in 
these two groups may be similar. The fact that their in-vivo response was more sensitive may 
be due to some extrinsic or other predisposing factor, such as the underlying CVD in Strain 
GL21 (§7.2.1).

7.6 Associated studies

The external collaborations, which focused on the clinically radiosensitive fibroblast strains, 
examined several endpoints thought to be of varying significance in determining 
radiosensitivity. These endpoints have all been proposed as forming the basis of a predictive 
test of radiosensitivity. The results obtained are discussed in detail in §5.8.

Five of the seven patients were examined as part of a larger study looking at polymorphic 
microsatellites in three DNA repair genes, XRCCl, XRCC3 and XRCC5 and their possible 
linkage to cancer status or clinical radiosensitivity (Price et a l 1997). For the 34 ‘normal’ 
volunteers and 19 cancer patients (including 8  radiosensitive patients) studied, rare 
polymorphisms were found in one of the three genes in 75% of the radiosensitive patients 
(including all 5 of the strains from this study) and 45% of the cancer patients who had a 
normal-tissue response, but were not present within the ‘normal’ population (§5.8.1).

Two of the clinically radiosensitive strains from the present study were of particular interest. 
GLl5 (a highly radiosensitive patient) was found to have a microsatellite polymorphism in 
XRCC5 and at present this is the only polymorphism to be found solely in a radiosensitive 
patient. Cells from this patient were found to have normal levels of the DNA-PK complex 
which is known to participate in non-homologous recombination, the dominant repair 
pathway active in mammalian cells (§1.8.5.4: Jackson and Jeggo 1995). Although there is 
evidence of a human glioma cell line in which radiosensitivity corresponds with a DNA-PKcs 
(XRCC7) transcriptional defect (Lees-Miller et a l 1995), several studies have shown no 
such correlation (Allalunis and Turner 1995, Nicolas et a l 1996). The levels and activity of 
DNA-PK were normal in 180BR fibroblasts isolated from a patient who had an extreme 
reaction to radiotherapy (Badie et a l 1997). Also a study by Kasten et a l (1999) found no 
correlation between DNA-PK activity and cellular radiosensitivity or DSB break repair in a 
panel of 1 1  human fibroblasts.
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GL21 (an extreme over-reactor) had a microsatellite polymorphism in XRCCl. The cDNA 
from this patient has been cloned and is thought to contain a coding sequence alteration. The 
fact that a significant association was found between these DNA repair gene polymorphisms 
and clinical radiosensitivity is encouraging for the development of a predictive test, although 
the presence of a polymorphism does not necessarily result in altered gene expression. Scott 
et a l (1999) are currently investigating whether such rare polymorphisms may also confer 
chromosomal radiosensitivity. The study of XRCCl polymorphisms has been extended to 
several of the Royal Marsden breast cancer patients. It has been found that rare XRCCl 
alleles predict 20% of all cases of radiosensitivity in late-onset breast cancer. However, as they 
do not predict all cases of radiosensitivity, this suggests that other base excision or 
recombinational repair genes may also be involved.

Following the cloning of the ATM gene, it was considered as a useful marker of 
radiosensitivity as a result of its importance in the pathways linking DNA damage to 
apoptosis, cell-cycle control and DNA repair (Meyn 1995). A predictive assay based on 
screening of a gene would have the advantage of being rapid, as cell growth is not required 
(§1.8.5.4). However, in the five radiosensitive fibroblast strains from the present study 
examined, no mutations typical of those previously reported in AT patients or obligate 
heterozygotes were identified (§5.8.2). This is in agreement with several other studies 
suggesting that the ATM screening of cancer patients prior to radiotherapy will not be of value 
in predicting severe tissue responses (Appleby et a l 1997, Shayeghi et a l 1998).

Finally, the chromosomal radiosensitivity of two of the seven sensitive patients was examined 
with the G2 assay (§1.8.5.3.2). This assay has shown promise in the detection of both cancer 
predisposition and an elevated normal-tissue response (Scott et a l 1996, Terzoudi et al 
1998). However, the number of chromosomal aberrations measured in the two patients was 
well within the range found for patients who had suffered only mild/moderate fibrosis or 
telangiectasia (personal communication. Dr. D. Scott).

7.7 The future of normal-tissue radiosensitivity testing

7.7.1 Introduction

A significant problem in cancer therapy is the failure of local control. Approximately 70% of 
tumours are apparently localised at presentation, as judged by presently available methods of 
clinical examination and investigation. In patients who die of cancer, 29% have evidence of 
only local disease at death, while 39% die with both local disease and distant métastasés (Read
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1998). Suit (1982) has stated that increasing local control could potentially have a greater 
effect upon survival than improving the treatment of distant disease. Therefore, further 
research and development in radiotherapy through improvements in equipment and advances 
such as conformai radiotherapy should lead to improved local control and reduced normal- 
tissue toxicity (§1.2.4: Coleman and Harris 1998). A further important advance may be 
through altered radiotherapy fractionation schedules which can increase tumour control and 
cure rates (Benson and Burnet 1998) although normal-tissue tolerance will remain an obstacle 
(§1.3: Emami gr aZ. 1991).

However, it might also be possible to optimise treatment by the use of a predictive factor 
containing prognostic information which could be used to choose between alternative 
treatments. Several variables and assays capable of predicting response to treatment have been 
suggested (reviewed in Wennerberg 1996, Chapman and Anderson 1999) and the choice of 
any factor should preferably be founded on an understanding of the underlying biological 
mechanisms rather than empirical knowledge (§1.8.5). Measurement of the intrinsic 
radiosensitivity of both tumours and normal cells has been suggested as one such possible 
factor (Bartelink et a l 1999).

There are several basic issues crucial to the relevance of the measurement of normal-tissue 
radiosensitivity in vitro that remain unanswered including:

(i) the validity of the link between fibroblast radiosensitivity measured in vitro and late 
normal-tissue reactions,
(ii) the likelihood that an assay will become available that fulfils all the requirements of an 
ideal predictive test (§1 .8 .1 ),
(iii) if such a test were available, would it ultimately lead to an increase in tumour control 
probability (§7.7.3)?

According to several of the published studies investigating the link between the in-vitro 
cellular and in-vivo tissue response, in-vitro cellular radiosensitivity does not predict acute 
radiation reactions (§1.6.3.2.1: Geara et a l 1993, Rudat et a l 1997). This observation gives 
indirect evidence that other factors besides radiation dose and fractionation, such as 
superfractionation of irradiated mucosa or additional mechanical irritation of irradiated skin 
may profoundly influence the severity of acute radiation reactions (Zimmermann et al 
1998b). This lack of a correlation may also reflect the importance of considering the type of 
tissue being studied in vivo and whether the in-vitro cell type is appropriate. To predict the 
reaction of a tissue to radiotherapy, one should therefore measure the sensitivity of the critical 
target cells for radiation injury in that tissue. Consequently, neither lymphocytes nor
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fibroblasts are considered target cells for acute side effects of radiation therapy (Budach et al 
1998). At least for the mucosa, kératinocytes have been identified as target cells for acute 
radiation effects (Dorr and Weber-Frisch 1995). However Kiltie et a l (1999a) found no 
correlation between keratinocyte residual DNA damage measured by PFGE and acute 
radiation reactions in a series of radiotherapy patients.

Fibroblasts are a ubiquitous component of connective tissue and to the extent that connective 
tissue injury is thought to determine the development of late tissue effects, it is reasonable to 
expect that they are more appropriate for assessing late reactions such as fibrosis. Indeed the 
majority of the published studies have found a correlation between fibroblast sensitivity 
measured in vitro and late normal-tissue response, encouraging the belief that it may be 
possible to develop a predictive test based on fibroblast radiosensitivity (§ 1.6.3.2.2). However, 
the two larger studies which were initiated to provide definitive information on the nature of 
this relationship have not produced encouraging results. In the first from the Netherlands 
Cancer Institute, Amsterdam, 79 patients who experienced unexpectedly high or low fibrosis 
were selected from a group of 385 patients in whom fibrosis was accurately scored (Russell et 
a l 1998). However, the intrinsic in-vitro radiosensitivity of fibroblasts was only weakly 
correlated with fibrosis (p=0.13). In the second study from the Royal Marsden Tmst, 
fibroblast radiosensitivity was measured in 104 breast cancer patients, 39 of whom showed 
significant late tissue reactions. Each of these 39 patients were case matched on the basis of 
several risk factors known to affect normal-tissue reaction of the breast (including 
fractionation schedule, breast size and adjuvant chemotherapy) with two control patients. 
However, no significant relationship was found between fibroblast radiosensitivity ( D q.o i ) at 
HDR or LDR and the degree of normal-tissue damage after radiotherapy (Peacock 1998). 
Such results suggest that clonogenic assays alone will have limited usefulness as predictors of 
radiosensitivity and question the link between in-vitro and in-vivo measurements. Indeed, 
according to the R^ values of the documented correlations in the published studies on this 
relationship, 40 to 87% of clinically observed variations in late reactions cannot be explained 
by the measured differences of individual fibroblast radiosensitivity in vitro (Budach et al 
1998).

One limitation of basing an assay principally on fibroblasts is the relatively small number of 
primary fibroblasts that can be obtained from a skin biopsy. For the present, this will require 
the use of fibroblast cell culture, which increases the time to produce a result. This could be 
circumvented by using lymphocyte-based predictive assays, although several studies have 
suggested that there is no correlation between the radiosensitivity of GO lymphocytes and log 
phase fibroblasts (Table 1.5: Kushiro e ta l  1990, Green e ta l  1991).
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7.7.2 Potential predictive assays under study

From the many potential predictive assays currently under study, no one assay has emerged 
which fulfils all the criteria required from a predictive test, in terms of sensitivity and 
reproducibility. Indeed, Guo et a l (1999) suggested that the simultaneous use of two assays 
(micronucleus assay and the detection of apoptotic cells) is a more reliable measure of cell 
survival compared with the separate assays. One problem is that between laboratories a 
number of different in-vitro assays and different methodologies for the same assay are 
currently under investigation. In an attempt to overcome this problem, the EU Concerted 
Action Programme was initiated to evaluate and standardise assays. Such a collaboration 
allowed for the identification and establishment of rare cell strains from clinically 
radiosensitive patients and for a more thorough examination of the potential in-vitro assays 
for radiosensitivity measurement. Through the use of gold standard fibroblast lines distributed 
among several laboratories the extent of inter-laboratory and assay variability in 
radiosensitivity measurements could be measured and protocols standardised.

A wide range of in-vitro assays based on normal tissue are currently being investigated for 
suitabihty as the basis for a predictive test for late tissue reactions (§1.8.5). Recent results 
from the latest European Union Concerted Action Programme and other investigators have not 
been encouraging. Two groups found no correlation between radiosensitivity and DNA 
damage (initial, residual or kinetics of repair) as measured by the comet assay (Brammer et al 
1998a, Court et a l 1998). A further study comparing three different protocols for the comet 
assay found that the sensitivity of the assay was limited by several methodological features 
such as lysis conditions, which interfere with analysis of the DNA damage (Bauch et al
1998). A study on the micronucleus assay in seven fibroblast cell lines distributed between 
various laboratories of the BIOMED project failed to find a correlation with clonogenic cell 
survival (Streffer 1998). Indeed, a study by O'Driscoll et a l (1998) on nine pretreatment 
cervical cancer patients found a poor correlation with clonogenic survival and a high level of 
inter-experimental variability leading the authors to conclude that ‘the current micronucleus 
assay on human fibroblasts does not appear to have a role in predictive testing of normal- 
tissue radiosensitivity’. However the outlook for PFGE as a predictive test was more 
encouraging with several studies showing positive correlations between the measurement of 
residual DNA damage and clonogenic survival. However, although Brammer et a l (1998c) 
found a correlation between the number of residual DSB and cellular radiosensitivity, there 
was no correlation with excess risk of fibrosis in the 12 fibroblast lines under study. This is in 
contrast to a study by Kiltie et a l (1999b) who found a correlation between residual DNA 
DSB measured by PFGE and the development of fibrosis (p<0.0003) but not telangiectasia in 
39 breast cancer patients. A further study by Sarkaria et a l  (1998) concluded that PFGE
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would be more useful than the comet assay as a possible predictive test. A series of 23 
radiotherapy patients were examined and a correlation between fibroblast radiosensitivity 
(LDR Dq.oi) and DNA damage was found for PFGE but not the comet assay and the 

determinants of the dose response for PFGE were more reproducible than those for the comet 
moment.

Although in the present study of 17 non-syndromic primary fibroblast lines, the use of both a 
clonogenic assay and the measurement of residual DNA damage were able to discriminate the 
group of ten control patients from the seven clinically radiosensitive patients, the parameters 
varied on their abihty to predict the individual outcome for each patient. It is of utmost 
importance that from the standpoint of a predictive assay, it is not whether the clinically 
radiosensitive population as a whole had a more sensitive in-vitro response, but whether the 
individual outcome for each patient can be reliably predicted. It is unlikely that clinicians will 
be willing to accept an assay where the correlation between the measured predictive parameter 
and local outcome is less than 90% accurate (Rosenthal et al. 1994). Therefore, the successful 
identification of patients who sustain severe normal-tissue reactions is vital to the success of 
any proposed predictive assay. Table 7.1 shows the results obtained for each of the clinically 
radiosensitive patients versus the normal group for several of the parameters measured. The 
use of the ratio residual/initial DNA damage as measured by PFGE was the only parameter 
measured that identified each of the seven sensitive patients as being significantly more 
sensitive from the normal population range. At this stage however, even by the use of this 
parameter, the variability in repeat assays on a single cell strain is such that in its present form 
it could not be used as a definitive clinical test for radiosensitivity.

Although research continues on assessing the use of traditional assays which measure 
endpoints such as DNA damage, further novel avenues are being explored which focus on 
more functional determinants of tissue response. For example, recent studies have examined 
both the role of fibroblast differentiation and the action of cytokines in the pathogenesis of the 
normal-tissue response (§3.4). Irradiation of fibroblast cultures in-vitro results in premature 
terminal differentiation of fibroblasts to fibrocytes, the functional cells synthesising 
extracellular matrix proteins such as collagen (§3.4.1). Recently, Rodemann and Bamberg 
(1995) proposed the terminal differentiation of fibroblasts to functional fibrocytes as a cellular 
mechanism for radiation-induced fibrosis. The hypothesis was formulated that accumulation 
of terminally differentiated fibrocytes may be a key step in the development of radiation- 
induced fibrosis. Herskind et al. (1998) studied the possible relationship between SF3 . 5  and 

the differentiation response of fibroblasts to radiation and concluded that the ratio of late to 
early colony-forming fibroblasts and the excess risk of fibrosis might be used to develop a 
predictive test. However, in the present form of the assay, the time required to obtain

295



Strain HDR SF2 LDR Do.oi Initial
DNA
damage

Residual
DNA
damage

Ratio
Residual/
Initial(%)

Doubling 
Time (h)

6 0.17
p<0.03

6 . 2

p<0.06
1.03

p<0.04
0.24

p<0.13
23.0

p<0 . 0 0 1

33.7
p<0.04

2 1 0.18
p<0.05

5.6
p<0 . 0 2

1 . 2 0

p<0 . 2 2

0.24
p<0 . 1 2

19.9
p<0 . 0 1

27.7
p<0.004

9 0.15
p<0 . 0 2

5.8
p<0.03

1.39
p<0.37

0.30
p<0 . 0 1

2 1 . 6

p<0 . 0 0 2

37.1
p<0 . 1 0

15 0.16
p<0.03

5.9
p<0.04

1.30
p<0.42

0.33
p<0 . 0 0 1

25.2
p<0 . 0 0 1

31.2
p<0 . 0 2

16 0 . 1 1

p<0 . 0 0 2

5.6
p<0 . 0 2

1.19
p<0 . 2 0

0.28
p<0 . 0 2

23.7
p<0 . 0 0 1

42.6
p<0.32

23 0.15
p<0 . 0 2

6 . 1

p<0.05
1.26

p<0.34
0.30

p<0 . 0 1

23.8
p<0 . 0 0 1

31.7
p<0.03

24 0.19
p<0.07

6 . 8

p<0.15
1.56

p<0.81
0.29

p<0.013
18.6

p<0.04
27.9

p<0 . 0 1

Sensitive 
vs. Normal

p<0 . 0 0 0 1 p<0.0006 p<0.52 p<0.0003 p<0 . 0 0 0 1 p<0.0009

Normal
Range

0.17-0.34 6.0-9.7 1.04-1.51 0.12-0.27 10.4-18.1 35.8-54.0

Table 7.1. Summary of results obtained from a variety of assays for seven clinically 
radiosensitive patients and a control group of ten individuals.
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a differentiation pattern starting from a biopsy is similar to the time required to determine SF2  

values using the colony forming assay. A similar differentiation assay study has been carried 
out on the fibroblast lines from the large normal-tissue study by Russell et al. (1998). 
However, no significant correlations were found between tissue reactions and fibroblast 
differentiation and it was concluded that clinical factors were better predictors of fibrosis 
development (Moody et a l 1994).

Fibroblast differentiation, the response to radiation and cytokines are inter-hnked and TGF-p 

may be an important factor mediating the accelerated terminal differentiation of fibroblasts 
after radiation treatment (§3.4.2). Burger et a l (1998) determined the effect of increasing 
exogenous TGF-p levels on the differentiation of lung fibroblasts using the clonogenic assay. 
The addition of TGF-p inhibited clonogenic activity by 70% and induced terminal 

differentiation of fibroblasts into fibrocytes. Herskind et a l (1998) have suggested that the 
specific amount of TGF-p 1 released per cell increases with the state of progression of 
fibroblast differentiation, suggesting that release of TGF-p 1 might potentially be used as an 

additional, biochemical parameter for predictive testing.

Consequently, recent studies of fibroblast radiosensitivity have assessed the involvement of 
TGF-p with radiation-induced late damage such as fibrosis (Delanian et a l 1997, Burger et 
al 1998). TGF-p regulates extracellular matrix production and degradation, and is a potent 
modulator of growth, angiogenesis, immune response and inflammation. Therefore the TGF-p 

radiation-induced signalling pathways have important ramifications for tissue integrity 
(Anscher et a l 1998b) and TGF-p signalling pathways may be a suitable target for 

manipulating normal-tissue response to radiation and not tumour kill (Barcellos-Hoff 1998). 
Two studies have shown that TGF-p levels may be of clinical value in identifying patients at 
risk of developing post-radiotherapy fibrosis. Li et a l (1999) quantified the level of TGF-p 1 

in 91 pre-radiotherapy plasma samples from early stage breast cancer patients. During the 
follow-up period, the mean TGF-p 1 level in the 25 patients who developed moderate or severe 

fibrosis were significantly elevated compared with those with no fibrosis. In a study of 73 
patients, Anscher e ta l  (1998a) found that plasma TGF-p 1 levels in lung cancer patients may 

be a useful marker to identify patients at lower risk for the development of symptomatic 
radiation pneumonitis. Indeed, they are currently carrying out a clinical trial using TGF-p 1 

levels to select patients with lung cancer for radiation dose escalation above the normal 73 Gy 
(Anscher et al 1998b). Although the number of patients involved are small, those in whom the 
measured TGF-P level is <7.5 ngml  ̂ are escalated up to 80 Gy, although the maximum 

tolerated dose remains to be determined. However, a study in 20 normal and 20 breast cancer 
patients found that the measurement of TGF-P levels were not of diagnostic value in early
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stage breast cancer (Sminia et a l 1998).

7.7.3 Potential use of predictive test

As discussed in §1.8.2 there is evidence for a link between tumour and normal-tissue 
radiosensitivity. However, allowing for this and assuming that an ideal predictive test was 
available, there has been much discussion as to the potential chnical impact of normal-tissue 
intrinsic radiosensitivity testing, le. if a patient’s dose was prescribed based on cellular 
radiosensitivity, to what extent could any increase in local tumour control probability (TCP) be 
achieved without increasing normal-tissue complications (Bentzen and Hendry 1999). Much 
of the research into predictive assays for normal-tissue radiosensitivity has been motivated by 
the potential for improving the efficacy of radiotherapy by the introduction of a suitably 
robust predictive assay into routine clinical use. It has been argued that a strategy using 
normal-tissue sensitivity testing to permit dose escalation without increased normal-tissue 
complication rates should provide a worthwhile, measurable increase in TCP (Williams et al 
1984, Suii et a l 1989, Norman et a l 1988, Tucker et a l 1996, West et a l 1991). Suit et al 
(1989) calculated that the percentage improvement in TCP for a given dose escalation is 
approximately twice the percentage dose increase. Consideration of both TCP and fatal 
normal-tissue damage in almost 200 head and neck patients led Agren et a l (1990) to suggest 
that if prediction of normal-tissue response were possible, an increase in uncomplicated local 
control of up to 2 0 % could be achieved.

A number of different strategies have been suggested as potential objectives for the use of an 
in-vitro assay (Bentzen 1997). The first is to screen for extreme over-reactors and treat these 
with a reduced total dose. However, the incidence of both severe and extreme over-reactors is 
extremely rare clinically (Loeffler et a l 1990, Smith et a l 1980) and their detection would 
require a high-precision predictive assay. Therefore such patients would hardly feature in a 
programme to individualise dose prescription, although they are of value as a means to study 
the determinants of radiosensitivity in normal cells (Riballo et a l 1999).

Other potential strategies concentrate on patients within the normal range of tissue sensitivity 
(Burnet et a l 1998: §1.6.1) which are numerically far more important and in whom 
individualisation of therapy may be of most clinical value. If it were possible to identify the 
sensitive tail of the normal-tissue response distribution, these radiosensitive individuals could 
be treated with some reduction in dose per fraction or total dose that corresponded to the 
increase in radiosensitivity measured for their normal cells. Alternatively they may receive 
other treatment modalities (Philips and Howard 1999). The remaining patients could then be 
dose escalated.
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Alternatively, it may be possible to individualise the dose given to each patient based on their 
measured in-vitro radiosensitivity. Exactly who could be safely dose escalated, and to what 
extent, depends on the acceptable incidence of normal-tissue damage and on how patients are 
categorised according to sensitivity (Bentzen and Hendry 1999). The idea of increasing the 
total dose in patients with radioresistant normal cells must be approached with caution, as the 
tolerance of late reacting tissues is modified by a number of factors, e.g. vascular disease for 
spinal cord irradiation, which might be difficult to quantify (Lawton 1993). Radioresistant 
patients could be treated with hyperfractionation or concomitant boost techniques, with novel 
radiation modalities such as high-LET radiation or with alternative treatment modalities such 
as surgery and/or chemotherapy (Crompton et al. 1997).

Several studies have attempted to quantify the potential increase in TCP which may result 
from individualisation. These modelling exercises are very imprecise because there are many 
factors which adversely affect the anticipated gain in TCP. These include the degree of 
predictive assay variabihty, whether the measured quantity (e.g. fibroblast SF2 ) is strongly 

predictive of treatment outcome and whether there is a correlation between radiosensitivity of 
tumours and normal cells for the same patient.

Burnet etal. (1996a) suggested that on dividing patients into three groups, the most resistant 
40% of patients could be dose escalated by 17-18% (with an incidence of moderate to severe 
late normal-tissue reactions of between 0  to 1 0 %) which may, in turn be associated with gains 
in local control, of as much as 34-36%. There have been discrepancies concerning the 
potential magnitude of any dose escalation and consequent increase in TCP. Bentzen (1997) 
concluded that none of the strategies outlined above would be likely to lead to important 
therapeutic gains in TCP and suggested that the most promising clinical use of a predictive 
assay may be as a guide for the prescription of treatment schedules that are costly or involve a 
high risk of complication. However, a further simulation by Mackay et al. (1998) concluded 
that dose adjustments following individualised radiotherapy could lead to an increase of 35% 
in TCP. The discrepancy between the two simulations is a result of how the dose adjustments 
are made, based on the measurement of a patients SF2 , which is an important determinant of 

any potential gain. The rationale of MacKay et al. (1998) is that only 5% of patients 
experience a complication and so the dose could be lowered for these patients and raised for 
the remainder. Bentzen and Tucker (1998) argued that this was only appropriate if there was a 
perfect correlation between assay prediction and clinical response which is not observed for 
current assays. Consequently the cut off point in their study was closer to the middle of the 
SF2  distribution, resulting in a smaller effect on TCP as the treatment dose is reduced for 
roughly half the patients with a lower than median SF2  and raised only for those with a higher
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than median SF2 .

In a further study, MacKay and Hendry (1999) concluded that even if full individualisation 
was not carried out, the division of the patient population simply into three groups of high, 
average and low radiosensitivity gave gains of up to 20% in TCP. This simulation was more 
resilient to assay variability. Small improvements in TCP (5-10%) were still achievable even if 
the correlation between fibroblast SF2  and late tissue complications was as low as 0.4-0.6 as 

has been suggested in some studies (Johansen et al. 1996).

7.8 Conclusion

The present study allows several conclusions to be drawn. Considering the clonogenic assay 
with primary human fibroblasts, the extra work involved in the use of an internal control to 
reduce assay variability or LDR radiation to increase discrimination between strains, does not 
appear to be justified as a means for identifying chnically radiosensitive patients. Although 
cell-cycle delays are an important cellular response to DNA damage and can be a determinant 
of intrinsic radiosensitivity in certain cell lines, such responses do not appear to determine 
survival directly in primary fibroblasts. However, the present study has stressed the 
importance of DNA repair as a determinant of radiosensitivity. Several genes have now been 
identified that contribute to human radiosensitivity, including ATM, NBSl and possibly 
BRCAl and BRCA2, all of which are involved in some aspect of DNA repair. The recent 
identification of a defect in DNA ligase IV as a possible underlying cause of the 
radiosensitivity observed in 180BR fibroblasts has underlined this (Riballo et a l 1999). The 
potential of the measurement of residual DNA damage as a means of identifying clinically 
radiosensitive patients has been confirmed. Other aspects of DNA repair, such as analysis of 
microsatellite repeats, may have potential for predictive testing, although this does not seem to 
be the case for the study of ATM mutations.

The observation of an XRCCl polymorphism in a clinically radiosensitive patient with 
dermatomyositis and increased in-vitro fibroblast radiosensitivity is a novel finding and 
further research is planned to examine other patients with dermatomyositis to see if the 
XRCCl polymorphism is associated with radiosensitivity or cancer predisposition. This thesis 
supports the concept that the extreme radiosensitivity observed clinically in a small number of 
patients is due to an underlying defect in DNA repair. The future challenges are to understand 
the detailed cellular mechanisms involved and to pursue the clinical applications of this work.
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At present, it is unlikely that a single measure of cellular response will provide the basis for 
the development of an in-vitro predictive assays of normal-tissue response. Most endpoints 
tested so far are not sufficiently discriminatory and lack high inter-laboratory reproducibility. 
It is likely that since tissue response is multifactorial, it may be possible to develop predictive 
assays based on two or more characteristics in order to look at several potential biological 
parameters simultaneously. Although this is feasible, there are a large number of potential 
prognostic biological parameters that may be investigated in clinical practice.
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APPENDIX A

To set up a quench curve manually the following steps were necessary:

1. An average background count (CPM) of scintillation fluid was determined. Due to the 
low counts each sample took several hours (~ 7) to obtain a significant count.

2. Using a Hamilton syringe, 5 pi of standard, of known total DPM, in this case 
n-[\-^^C\ hexadecane (Amesham Life Science), was placed into a series of scintillation 
vials (at least 10), each containing 10 ml of scintillation fluid with 200 pi of IM HCl. The 
vials were then counted and CPM values noted.

3. The samples with the most similar values of CPM were selected. A series of quenched 
samples was prepared by adding different amounts (in the range of 100 pl-1.5 ml) of 
quencher (chloroform) to the selected vials. These included a standard without quencher.

4. The samples were put onto the counter, the unquencehed standard DPM was 
programmed in and the program to derive the quench curve was selected.

5. The quench curve with its calculated coefficients, and the background CPM were 
saved into a new program.
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APPENDIX B

Formula used to calculate cell-cycle time (Tc)

 ̂ r TimeQi) + ts • 0.5^normDist
V V Vstc'«0.00001

-  normDist ^Time (h)-ts^0.5

\

+normDist
V

Time{h) -  tc + ts • 0.5
Vstc^

A
-  normDist  ̂Time{h) -  tc -  ts • 0.5^

y V Vsts  ̂+stc' y

+normDist Time f/i)-tc«2 + ts®0.5^
V Vstĉ  #2

-  normDist
y

Time{h) -  tc • 2 -  ts • 0.5 
V Vsts  ̂+Stc^ #2 y

+normDist Time{h) -  tc • 3 + ts • 0.5^
V Vstc  ̂#3

-  normDist
y

 ̂Time{h) - t s #  0.5 -  tc • 3 Y  
V Vsts  ̂+stc^ #3 Y

+ f
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APPENDIX C

Approximate integration

h h

If Yo, Yi, Yz, Yn sucessive ordinates dividing a region R into n strips of equal

width h, Simpson’s rule s a Y S  that, when h is even, the area A of R is a p p r o x i m a t e l Y
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