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1. INTRODUCTION 
 
In radiological protection, the risks of inducing stochastic health effects 1(largely cancer) 
by radiation exposure are generally controlled on the assumption that there is a linear no-
threshold 2(LNT) response. Beyond the central assumption of LNT response, radiological 
protection standards are based on the assumptions that (i) the influence of radiation 
quality3 can be described by applying a simple radiation weighting factor (wR) to LNT 
response curves, (ii) the reduced effectiveness of radiation at low dose rates can be 
described by the application of a modest dose and dose rate effectiveness factor 
(DDREF), (iii) within age and gender groups, radiation risks are uniformly distributed 
across populations, and (iv) a LNT response is assumed in the calculation of the quantity 
‘effective dose’. However, the validity of all the assumptions stated above is scientifically 
uncertain in the low dose/low dose-rate region, where practical radiation protection usually 
operates. It is essential that these uncertainties are reduced. 
 
The main objective of the research carried out within the RISC-RAD project has been to 
contribute to this goal by providing scientific evidence to allow more accurate assessment 
of the cancer risk due to exposure to low doses of ionizing radiation (<100mGy). 
Experimental and modelling studies have been undertaken to investigate the impact of low 
dose ionizing radiation on processes that are known to play a key role in the multistep 
process of carcinogenesis. A key foundation on which  the project strategy is built is the 
knowledge that ionizing radiation (at least at high doses) causes genetic damage in 
somatic cells and that certain of these changes are causally related to development of 
cancer : various forms of ionizing radiation-induced DNA damage, the immediate DNA 
damage response in cells and tissues, genomic instability 4and mutational events 
associated with tumor development, genetic susceptibility and cancer induction in mice. 
The ultimate goal is to integrate these different aspects into quantitative and 
predictive mathematical modelling approaches that are able to improve the 
quantitative evaluation of low dose ionizing radiation cancer risk. 
 
The research in RISC-RAD is centred around three key questions: A. Do the processes 
that drive carcinogenesis due to high dose exposures also contribute to low dose radiation 
carcinogenesis?  B. To what extent do heritable factors affect individual radiation cancer 
risks? C. To translate the information gathered in key questions A and B into practical 
radiation protection measures – what is the mathematical model for cancer risk estimation 
that is most consistent with available information and what are the possible operational 
consequences? 
 
In this Scientific Summary of RISC-RAD, each of the three key questions are addressed.  
For clarity KQC is addressed first in section 2, this provides a summary of some of the key 
findings and their implications for risk estimation.  KQs A and B which deal with the 
primary scientific issues are covered in section 3. 

 
1 Non-deterministic effects of exposure to radiation, i.e. whose probability is proportional to the dose 
but whose severity is independent of the dose, such as cancer and genetic effects 
2 The linear no-threshold model (LNT) is a model of the damage caused by ionising radiation which 
presupposes that the response is linear (i.e., directly proportional to the dose) at all dose levels. 
Thus LNT asserts that there is no threshold of exposure below which the response ceases to be 
linear. 
3 The different kinds of radiation (alpha and beta rays, neutrons, protons, x-rays, gamma rays, 
heavy ions ...) that have very different impacts on the organism exposed 
4 Gene mutations and chromosome rearrangements occurring in cells 
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2. TRANSLATION OF RISC-RAD RESULTS INTO MATHEMATICAL 
MODELLING OF LOW DOSE RISK – KQC:  
 What is the mathematical model for cancer risk estimation that is most 
consistent with available information and what are the possible 
operational consequences?   
 
It is abundantly clear from the work described in section 3 directed towards RISC-RAD 
scientific key questions A and B that some dose-response relationships in radiobiology are 
not linear over the entire dose range. This also holds true for animal carcinogenesis 
following radiation exposure, there is good evidence for a range of dose-response 
relationships existing for the induction of cancers by radiation in different tissues. This has 
been recognised and discussed in relation to radiation carcinogenesis in humans in many 
of the ICRP5, UNSCEAR6, NCRP and BEIR7 review publications over the years. The 
studies we carried out have extended our understanding and knowledge of a number of 
endpoints of potential relevance to radiation carcinogenesis. Particular efforts were made 
to ensure examination of the processes studied were at dose levels of 100 mGy and 
below.  Here in Section 2 we provide a brief summary of the scientific findings and our 
interpretation of their implications for low dose risk assessment. 
 
DNA double strand breaks8 are generally considered to be a radiation-induced critical 
initial lesion that can lead to genetic mutation, hence considerable efforts have been 
focused on these and related lesions. It has been established that the induction of DNA 
double strand breaks as detected by histone modification is linear with dose in mouse 
tissues in vivo.  However the handling and/or detection of these by the cell differ at 
differing dose levels. At the lowest exposures (0.01 Gy) where less than 1 in 2 cells carries 
a radiation-induced double strand break relatively little repair appears to occur. It is also 
clear from both experimental and modelling approaches that many factors influence the 
complexity of DNA lesions induced by radiation.  So- called ‘complex’ DNA double strand 
breaks predominate after high LET9 radiation exposures while following low LET radiations 
perhaps only 30-40% of double stranded breaks can be considered complex. Complex 
double strand breaks are those in which one or more base lesions or single strand breaks 
occurs in close proximity to the double strand break. At lower doses of low LET radiations, 
perhaps 100 mGy and less, relatively few double strand breaks form per cell and so 
complex breaks are rare while clustered damage sites without double strand breaks are 
more common. Clearly the complexity of the lesions induced in DNA consequent on lesion 
density is dose, dose-rate and radiation quality dependent. There remains a challenge to 
identify the structure and frequency of complex breaks and other forms of clustered 
damage that mathematical modelling approaches could help to resolve.  In the longer term 
it might be important to develop methods to detect such lesions quantitatively. The 
possibility exists that differing repair systems are deployed to correct lesions of differing 
complexity. The Artemis10 protein had been considered a candidate factor required for the 

 
5 International Commission on Radiological Protection 
6 United Nations Scientific Committee on the effects of Atomic Radiation 
7 US National Academy of Sciences Committee on the Biological Effects of Ionizing Radiation 
8 A break in double-stranded DNA in which the two strands have been cleaved 
9 The linear energy transfer (LET) is the energy loss per unit length of particle in radiation biology. 
Heavy charged particles are referred to as "high LET radiation" while x-rays, gamma-rays, and fast 
electrons are "low LET radiation". 
10 A component of the ATM signalling pathway involved in the repair of DNA damage 
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repair of complex double strand breaks.  A new possibility has emerged that Artemis 
functions in directing repair to different chromatin11 configurations in the cell. This adds an 
additional factor to the list that can modify the effect of a given DNA lesion – namely the 
chromatin context in which it occurs. 
 
Looking at some of the consequences of DNA damage induction through chromosomal 
damage detected in classical aberration assays and micronucleus assays, linear dose 
responses are often observed in the 20-100 mGy x-ray range. An assay for loss of 
heterozygosity12 – a form of genetic alteration very commonly associated with cancer – 
has found a linear dose-response relationship in the low dose region down to 50 mGy of 
low LET radiation. However, it is clear that some of the cellular responses to DNA damage 
are non-linear. For example, there is a clear dose threshold of around 200 mGy for the 
activation of the cell cycle checkpoint operating at the transition between the G2 and M 
phases of the cell cycle. By contrast other damage signalling pathways, for example the 
FANCD213 pathway, appear to respond in a linear fashion down to the a component of the 
ATM signaling pathway involved in the repair of DNA damage 100 mGy low LET radiation 
level. Longer term effects of radiation on cell growth show evidence of dose-rate 
thresholds for senescence in vitro; the growth of keratinocytes is affected only at doses 
above 500 mGy. Our data on some responses, such as gene amplification14, indicate that 
they may not be relevant to low dose radiation carcinogenesis as effects have only been 
observed at 1 Gy and above. 
 
RISC-RAD studies on the cellular consequences of radiation exposure indicate that a 
variety of dose-response relationships exist for these endpoints which reflect the handling 
of primary radiation damage. The ‘-omics’ technologies hold great promise for enabling a 
deeper understanding of biological processes in general and, in the current context, the 
impact of radiation at differing dose levels on biological processes. The profiling of gene 
transcription15 over the entire genome (transcriptomics) is the best developed approach 
and this has been applied in our studies and elsewhere. An emerging consensus is 
developing that suggests that the overall response to ionizing radiation at the level of gene 
transcription is dose-dependent. This is perhaps not surprising in light of the knowledge 
that cellular radiation responses can be different at different dose levels. It is as yet far 
from clear what the consequences at the cellular and tissue level are for all the many 
changes in gene expression that have been documented. It must also be borne in mind 
that gene expression is only one level of many at which cell function may be affected.  
Functional consequences will depend on translation of proteins, modification of proteins by 
phosphorylation16, ubiquitination, acetylation etc and protein location (eg nuclear or 

 
11 A complex of nucleic acids (e.g. DNA or RNA) and proteins (histones), which condenses to form 
a chromosome during cell division. Heterochromatin shows an abnormal pattern of staining as 
opposed to euchromatin and is enrched in DNA repeated sequences. 
12 The Loss of heterozygosity (LOH) in a cell represents the loss of normal function of one allele of 
a gene in which the other allele was already inactivated. 
13 The FANCD2 gene is a key player in the genetic syndrome Fanconi anemia (FA) characterized 
by chromosome fragility, congenital malformations and cancer susceptibility. 
14 A cellular process characterized by the production of multiple copies of a particular gene or 
genes, leading frequently to the amplification of the phenotype that the gene confers on the cell 
15 Transcription is the process of transcribing or making a copy of genetic information stored in a 
DNA strand into a complementary strand of RNA. Thus, the transcriptome is all the RNAs present 
in a cell type. 
16 The creation of a phosphate derivative of an organic molecule. This is usually achieved by 
transferring a phosphate group from ATP. This mechanism plays a role in the regulation of 
enzymatic activity. 
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cytoplasmic). Furthermore, cell function can be affected by the very recently discovered 
micro RNAs – little work is available on the effects of radiation on micro RNAs but it is 
becoming clear that they might play a significant role in determining cell fate. 
 
Therefore the studies of basic biological processes and how they respond to radiation 
suggest that a range of dose-response relationships exist. However, it is not yet possible 
to draw a conclusion on what the aggregate effect of these might be on human disease 
risk – in the present case specifically cancer risk. For example, is the lack of activation of a 
G2/M17 phase cell cycle checkpoint in a cell following, say, exposure to 25 mGy going to 
increase the probability of the formation of a cancer-related mutation or increase the 
probability of cell elimination through apoptosis18? 
 
Our experimental studies have paid relatively little attention to tissue-level responses to 
radiation but have included extensive in vivo mouse studies. There is evidence from work 
elsewhere that modifying influences of intracellular signalling between neighbouring cells 
in heterogeneous tissue matrices may be critical in determining the final medical outcomes 
of radiation exposures including carcinogenesis. There are multiple levels of tissue 
regulation and control and it has been known for many years of basic (non-radiobiological) 
research that tissue context can exert a profound influence on the behaviour of individual 
cells or groups of cells. The phenomenon of inter-cellular induction of apoptosis is one 
interesting example of such phenomena studied in RISC-RAD. In this process normal cells 
in culture can induce cells transformed by, for example radiation or viruses, to enter 
apoptosis and these primary and secondary processes can be affected by low dose 
radiation. Should such a process operate in vivo it may serve to modulate the survival of 
cells carrying genetic alterations associated with carcinogenesis.  A clear need exists to 
understand better the responses at the tissue level to radiation.  These would not be seen 
in in vitro cellular approaches and may not always be apparent, but may well be present, 
in whole animal experiments.  Nonetheless, responses at all levels of organisation must be 
occurring in animal tumorigenesis studies and many such studies have been undertaken 
during the RISC-RAD project. 
 
Throughout RISC-RAD there has been a strong and evolving dialogue between those who 
use experimental biological approaches and those who apply mathematical modelling to 
such biological processes.  An ultimate aim of such a dialogue is to develop new insights 
into radiation action based on a biologically realistic mathematical description of radiation 
carcinogenesis.  This is clearly a major task and one that requires considerable effort to 
come to fruition.  However, some significant progress should be noted.  There has been 
considerable development of quantitative models of the induction of single and double 
strand breaks incorporating chromatin structure and detailed information on the complexity 
of such breaks and base damages.  Such models were developed for primary x-ray fields, 
gamma-emitting radionuclides, neutrons and alpha particles and have included Monte-
Carlo simulation approaches.  At a higher level of DNA organisation, mathematical models 
for the induction of various chromosomal aberrations and micronuclei19 were successfully 
developed and tested.  Such mathematical simulations draw on experimental biological 
information from Key Question A for the purpose of developing biologically based models 
of radiation carcinogenesis.  RISC-RAD has supported some proof of principle work using 

 
17 The second checkpoint, which is located at the end of G2 phase, triggering the start of the M 
phase (mitosis) 
18 Programmed cell death as signalled by the nuclei in normally functioning human and animal cells 
when age or state of cell health and condition dictates 
19 A micronucleus is the small nucleus that forms whenever a chromosome or a fragment of a 
chromosome is not incorporated into one of the daughter nuclei during cell division. 
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mouse tumorigenesis systems.  In a radiation-induced acute myeloid leukaemia system a 
greater understanding of the nature, timing, frequency and fate of a key mutational step 
(loss of the haemopoietic transcription factor Sfpi1/PU.1) has been obtained and this 
information has been applied in two modelling approaches.  Similarly, experimental 
observations on the role of loss of a specific gene (Ptc1) in the development of 
medulloblastoma in mice have been successfully formalised into a mathematical model 
that provides support for the view that radiation seems to act primarily through the 
induction of gene losses that appear to be rate limiting for carcinogenesis in this system. 
Indeed a mathematical one-step model for medulloblastoma incidence in Ptc1+/- mice has 
been developed. 
 
In order to develop and explore the properties of mathematical models for cancer risk 
projection that most accurately reflect biological reality it is obvious that there is a 
requirement to have a good understanding of the many processes that contribute to 
spontaneous and induced carcinogenesis in humans and those that modulate 
carcinogenesis following low dose radiation exposure.  At present three major classes of 
process that might contribute to carcinogenesis have been identified: 
 
• direct damage to single cells (eg changes to DNA information content by DNA 

damage) 
• non-targeted damage to single cells (eg telomere20 shortening ,,genomic instability 

and bystander effect) 
• multi-cellular tissue level responses (eg inflammation, tissue homeostasis). 
 
Cancers are generally clonal in nature and so single cell level events must contribute.  
However, clonality may occur either as a direct consequence of radiation-induced cellular 
damage or possibly following the induction of tissue level inflammatory processes. In the 
latter case the primary action of radiation might be the induction of an inflammatory 
reaction in a tissue which subsequently causes a mutation or instability in a cell that goes 
on to develop into a cancer. Thus a tissue level response may conceivably consequently 
cause clonal events although little experimental evidence is available in support of this 
concept.  The difficulties in identifying a reliable ‘fingerprint’ of radiation may therefore be a 
reflection of such a secondary induction of cancers following radiation. In this scenario, 
radiation does not directly induce the tumors and so no fingerprint should be expected. 
Much in vitro work has highlighted the potential involvement of non-targeted responses 
such as the induction of genomic instability or the operation of bystander21 phenomena. 
Provision of in vivo evidence for these phenomena is a challenge. In this connection our 
studies have revealed a dramatic effect on medulloblastoma (a brain tumor) induction 
following the high dose irradiation of Ptc1+/- mice with heads shielded. This suggests an 
unexpectedly strong influence of bystander-type or other systemic phenomena in the 
induction of this tumor.  In this system tissue level or organism level effects may also be 
operating – eg at the immune system level or at the level of systemic inflammation – much 
work will be needed to understand this system better.  In particular, establishing the 
relevance of such phenomena at low doses is important and this in vivo model provides a 
unique system to address this issue.  The lack of clear evidence for the induction of a non-
specific ageing following low dose/low dose rate irradiation casts some doubt on the 

 
20 A region of repetitive DNA at the end of chromosomes, which protects the end of the 
chromosomes from fusing with each other or rearranging. Its length decreases at each cell division 
due to incomplete replication in most of somatic cells. It acts as a mitotic clock  numbering cell 
divisions before the block in senescence. 
21 Radiation-induced effects in unirradiated cells 
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hypothesis that radiation might contribute to carcinogenesis by causing a global 
acceleration of telomere shortening. However cell studies highlight the role of the 
disturbance of telomere maintenance in carcinogenesis and raise the question of local 
premature cellular aging at the tissue level. 
 
Current consensus suggests that all three classes of process are likely to contribute to 
different degrees but again knowledge on the relative contribution of each class at differing 
dose levels is not well developed.  Mathematical approaches to the description of classical 
mutational processes, genomic instability and bystander signalling have been developed 
in the context of RISC-RAD.  Application of these models generally point to a relatively 
minor involvement of directly induced genomic instability in single cells and of bystander 
phenomena in the induction of cancer in irradiated populations. However, it should be 
noted these approaches have been only recently developed and may be refined in the 
future in the light of emerging experimental evidence.  Systems level approaches using 
nested mathematical models including the immune system are under development. 
However, the mathematical complexity of non-standard fuzzy-set theory approaches 
describing cross-talking networks of signals and responses was too large to be undertaken 
with the resources available. Therefore, most of the quantitative risk descriptions have 
been based on standard models, such as the two-step clonal expansion model, empirically 
adapted to animal and published human data on spontaneous and radiation-induced 
carcinogenesis. Consideration of bystander effects and other non-targeted effects in a 
more explicit fashion will only be possible when greater insight has been obtained into the 
mechanistic aspects of these phenomena. 
 
RISC-RAD has provided some good examples of the benefits of interdisciplinary 
experimental/modelling dialogue and interaction.  It has become clear that a major 
limitation to further model development is the lack of quantitative knowledge of the 
biological processes that drive radiation carcinogenesis.  While RISC-RAD work has 
provided some such data and exploited it for modelling, a future challenge remains the 
identification of key steps in carcinogenesis and the subsequent development of sensitive 
methods to identify and quantify these events in vivo combined with the development of 
appropriate mathematical descriptions. Another major challenge is to obtain a better 
understanding of the impact of genetic factors on spontaneous and radiation-induced 
cancer risk and the incorporation of individual sensitivity into risk models. 
 
Considerable evidence is now available – much of it obtained in RISC-RAD – that 
indicates genetic factors can affect risk of radiation cancer in many tissue types. Some of 
the genetic factors have been identified and these may operate at one of several different 
stages in carcinogenesis. For example, DNA damage repair genes have been found in 
some systems to modulate risk as a direct consequence of shifting the probability that a 
DNA lesion in a single cell will be converted to a cancer-related mutation.  However, it 
should be noted the anticipated value of an experiment producing mice deficient in the two 
main DNA double strand break repair pathways has not been realised – results to date are 
inconclusive. At the other end of the spectrum, evidence has been obtained that radiation-
induced thymic lymphoma risk can be modulated by a certain gene that is expressed only 
in stromal cells, highlighting the potential importance of cell-cell interactions and of the 
tumor cell microenvironment. 
 
It is evident from our studies and elsewhere that a contribution of genetics to radiation 
cancer risk can be included in mathematical risk models  What is less clear is how this 
might be applied to populations – essentially how would human populations be 
segmented?  It is already known that age affects risk as does gender, environment and 



10/28 

   
   

 

RISC-RAD – FI6R-CT-2003-508842 

Final Deliverable Part II : Scientific summary  

Dissemination level : PU 

Date of issue of this report : 58 months  

 

lifestyle.  Development of individual risk estimates has its place in radiation protection, 
albeit in a limited range of situations. In the future, with techniques available to identify 
individual genetic risk factors these could in principle be taken into account. Stratifying 
populations (be they public or workers) to the individual level would be cumbersome. An 
understanding of the range of human radiation cancer susceptibility is nevertheless 
needed as is an estimate of the contribution of genetics to that range. With such 
knowledge an approach of developing coarse risk bands (high, medium, low) based on 
genetics, lifestyle etc might be feasible.   
It should be noted that the existence of two or more sub-populations that differ appreciably 
in susceptibility due to genetic or other factors will distort otherwise linear relationships 
between dose and risk.  But again the net impact of such sub-groups within the population 
on the overall form of the dose-risk relationship will depend on the degree of differences in 
risk between sub-groups and the size of the sub-groups. So again we remain in the 
position of knowing there are factors in the population that will modify the shape of dose-
risk relationships but we do not yet have the quantitative understanding to evaluate how 
the relationships would be affected. 
 
Taken together the results of RISC-RAD give no reason to move from current practice in 
radiation protection based on a LNT model for cancer risk projection at low doses.  
However, it is now the case that there is a growing body of evidence that low dose 
radiation responses can differ from high dose responses and that genetic factors will affect 
dose-risk/response relationships. It is not yet known how all these factors will, in 
aggregate, impact on risk and the form of dose-risk relationships.  RISC-RAD partners 
wish to note that the present LNT based approach provides a relatively simple and 
convenient means by which to ensure radiation protection and this has served public and 
occupational health very well in reducing exposures. A clear message from RISC-RAD is 
that the biological responses to radiation are complex and can be non-linear, many studies 
carried out in the project have significantly added to the evidence base here.  The 
technologies available to examine radiation responses at low doses are improving all the 
time. We would therefore strongly recommend that research efforts continue to explore 
low dose radiobiology and carcinogenesis, especially in multicellular systems; it can be 
anticipated that the results of such research may be of use in supporting judgements on 
radiation cancer risk projection. 
 
Especially promising areas identified on which to focus research efforts include: 
 
(i) developing a better understanding of the DNA lesion distributions after low dose 

radiation exposures, how such lesions interact with spontaneously arising lesions 
(generated by radical damage, during DNA replication, cellular aging22  etc) and 
their respective consequences for radiation carcinogenesis 

 
(ii) developing a better understanding of radiation damage responses at the tissue 

level through applications of systems level and other approaches  
 
(iii) improving detailed understanding of the steps that lead from radiation exposure to 

cancer and developing quantitative methods for tracking such events over time in 
relevant target cells (ie stem cells23 in vivo), and of the modulating effects of the 
host tissue environment 

                                                  
22 The loss of dividing potential in normal cells during senescence 
23 Cells able to renew themselves through mitotic cell division and differentiate into a diverse range 
of specialized cell types 
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(iv) utilising data generated in (i-iii) for refining and developing biologically realistic 

quantitative human health effect projection models  
 
(v) defining the range of human radiosensitivity and the major genetic, developmental 

lifestyle and environmental factors that affect radiosensitivity.  Exploring the 
consequences of the existence of populations at significantly different levels of risk 
for practical radiation protection. 
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3. SCIENTIFIC CONTENT AND CONCLUSIONS  
 
 
3.1  Key Question A 
Do the processes that drive radiation carcinogenesis at high doses also contribute to low 
dose radiation carcinogenesis? 
 
 
 
Introduction 
 
Ionizing radiation induces a broad spectrum of different types of DNA damage including 
DNA double strand breaks (DSBs). DSBs are generally considered to be a radiation-
induced critical lesion that can lead to genetic mutation. Organisms are protected against 
the deleterious effects of radiation induced DNA damage by activation of a network of 
defense mechanisms termed the DNA damage response (DDR). In Key Question A we 
have investigated dose response relationships for the activation of these defense 
pathways, novel players in these pathways, the generation of genetic mutations by 
radiation, the transmission of damaged cells and the induction of genomic instability. Fig1 
presents a schematic view of the various steps that are discussed.   
 
Fig1 
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DNA damage  
 
Radiation damage to DNA constitutes a broad spectrum of DNA base damage and DNA 
strand breaks that overlaps substantially with DNA lesions produced by endogenous 
oxidative metabolism in the cell24. An acute dose of 100 mGy γ-rays does not add to the 
spontaneous level of endogenous oxidative damage in cultured cells by more than about 
10% as shown by RISC-RAD research. However, 100 mGy of γ-rays enhances the 
number of DSBs several-fold; based on histone marker γ-H2AX25, the induction of DSBs is 
linear from 1mGy up to 2Gy. Biophysical modelling and experimental data in the literature 
suggest that ionizing radiation-induced base damage and single strand breaks can occur 
in clusters (non-DSB clustered DNA damage) and in close proximity to DSBs (‘dirty DSB’) 
and that the complexity of the clusters increases with increasing ionization density of the 
radiation. RIS-RAD findings provide further evidence that this non-DSB clustered DNA 
damage (detectable at 100mGy) and dirty DSBs (30-40% of gamma radiation-induced 
DSBs) can compromise the repair machinery, are toxic and mutagenic and hence of 
relevance for carcinogenesis. Non-DSB clustered DNA damage sites are formed in higher 
yield than DSB (4 to 1 ratio). and the distribution of non-DSB clustered DNA damage 
relative to DSB within a cell may vary at low, relative to high doses i.e. in the low dose 
region some cells containing only non-DSB clustered DNA damage will be more common. 
Although induction of clustered DNA damage by endogenous metabolic processes might 
not occur at significant levels, there remains doubt and the question is not yet definitely 
answered.  
 

 Conclusions: Clustered DNA damage can compromise repair and may contribute to 
cancer risk at doses when on average only one DSB or non-DSB cluster is formed in any 
one cell. 
 
 

DNA DAMAGE RESPONSE 
 
As pointed out in the section ’introduction’, a network of DNA damage response 
mechanisms (DDR) protects living organisms against deleterious effects of DNA damage 
This network includes (i) DNA repair, (ii) cell cycle control, (iii) apoptosis, (iv) 
transcription/stress response and (v) chromatin remodeling (Fig1). Impaired activation of 
the DDR after ionizing radiation can have severe health consequences most notably 
manifested by rare recessive human syndromes with cancer susceptibility and 
radiosensitivity. An important question relates to existence of threshold levels of DNA 
damage; below such a putative threshold, cells might die because of unrepaired damage 
(low dose hypersensitivity) or accumulate genetic damage and escape cell cycle arrest 
thereby contributing to carcinogenesis. Within the RISC-RAD project new data have been 
generated on almost all aspects of DDR. RISC-RAD data and recent data in literature 
indicate that  DNA damage signalling (Fig1)26 is linear with dose down to 10 mGy without 
evidence for a threshold. 
There is a significant inter-individual variation in high dose radiation responses (as 
observed in radiation therapy). This variation might be related to genetically determined 

 
24 Respiration in the biochemical sense 
25 A member of the histone H2A family, bound to DNA strands, which becomes extensively 
phosphorylated within 1-3 minutes of DNA damage and forms foci at break sites, thus providing a 
marker of DNA double strand-breaks 
26 DNA-damage response network consisting of Fanconi Anemia and BRCA (breast cancer 
susceptibility) proteins 
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variations in DDR as shown in literature and as a RISC-RAD working hypothesis, also be 
found in individual cancer risks after low and protracted doses27 of ionizing radiation. In 
RISC-RAD we identified novel genes and pathways  involved in the response to ionizing 
radiation including human disease genes not previously linked to defective DDR (i.e. the 
multisystem disorders Cornelia de Lange Syndrome and Dyskeratosis congenita with 
increased predisposition to cancer). In addition, the first radiosensitive SCID patient with 
mutations in the repair gene DNA-PKcs has been identified. 
 
. 
 

 Conclusions: Low dose radiation promotes an effective damage signalling response with 
no evidence of a threshold dose above 10 mGy. The group of genetic factors that can affect 
radiation cancer risk might be larger than currently anticipated  
 
DNA repair and cell cycle checkpoints28

 
Effective DNA damage signalling at low dose exposure will activates the various genome 
protection pathways (Fig1). RISC-RAD repair measures in cultured cells (based on 
quantification of γ-H2AX foci) revealed very efficient DSB rejoining capacity over a broad 
dose range (from several mGy up to 100 mGy of ionizing radiation). However, resting 
fibroblasts fail to repair DSB after doses where only one out of 20 cells harbors a 
DSB. Also various tissues of mice irradiated with 10mGy of 6MeV photons display 
incomplete DSB repair. In contrast, normal individuals exposed to CT scans do repair 
DSBs in lymphocytes to background levels. Hence, the relevance of this impaired DSB 
repair remains to be investigated. 
RISC-RAD research revealed that specific genetic factors (ATM/Artemis) are required for 
repair of a subset (10-15%) of γ-ray induced DSBs. Densely ionizing radiation increased 
ATM/Artemis-dependent DSB repair to 20-25%.  Results obtained following different 
radiation qualities (carbon-K characteristic X-rays, alpha-particles ) or treatment with 
radiomimetic reagents suggests that the predicted complexity of DNA damage.only weakly 
correlates with the requirement of ATM/Artemis for repair Interestingly, cytogenetic29 
analysis in RISC-RAD suggests that these breaks are generated to a lesser extent by 
endogenous metabolic processes. 
What is the fate of cells carrying unrepaired DNA damage? DDR activates cell cycle 
checkpoints that monitor the structural integrity of chromosomes before the irradiated cells 
can undergo replication and mitosis and continue cell growth. Following exposure to 
ionizing radiation, these checkpoints are initially activated by ATM in mammalian cells. 
Again an important question concerns the existence of threshold levels of DNA damage 
i.e. does a single DSB prevent cell cycle progression or are multiple DSB per cell required 
to activate cell cycle checkpoints? It is now evident that the G2/M checkpoint arrest is 
released prior to the completion of DSB repair and has an activation threshold of 10-20 
DSBs. Hence, diminished checkpoint arrest is observed following exposure to 0.2 Gy and 
lower doses. Literature data indicate that failure to arrest at the G2/M checkpoint leads to 
a high level of chromosome breakage. 
 

 Conclusions: Repair of DSB is efficient in the low dose range; however, a threshold at 
very low dose below which the DSB repair machinery is not activated, perhaps depending on 

 
27 Exposure to very low dose rates for a long period of time 
28 Cell cycle checkpoints are used by the cell to monitor and regulate the progress of the cell cycle. 
Checkpoints prevent cell cycle progression at specific points, allowing verification of necessary 
phase processes and repair of DNA damage. 
29 Cytogenetics is a branch of genetics that is concerned with the study of chromosomes. 
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cell type, cannot be excluded A significant fraction of ionizing radiation induced DSBs 
requires ATM/Artemis for repair.  
DNA damage induced by low dose may not activate G2/M checkpoint arrest and may thus 
allow the formation of chromosome breakage that contributes to genomic instability. These 
results provide a further demonstration that low doses may not activate the same processes 
that are activated by higher doses. 
 
 
Apoptosis 
 
An apoptosis-based protective mechanism has been identified within RISC-RAD and 
included in the mathematical modelling of low dose radiation effects. Intercellular induction 
of apoptosis might represent a good candidate to explain this protective effect. Radiation 
doses in the mGy range induce ROS (see ‘stress response’) and our findings provide 
evidence that low dose radiation has the potential to enhance the removal of precancerous 
(transformed) cells through a mechanism of ROS-dependent intercellular induction of 
apoptosis. The low dose radiation effects on apoptosis are specific for transformed cells as 
non-transformed cells are not affected and tumor cells show resistance.   
If this system works in vivo as efficiently as it does in vitro, it might control multistep 
oncogenesis primarily at early stages, when cells are transformed and still sensitive to ROS-
mediated apoptosis induction. At later stages during tumor progression, tumor cells that are 
resistant to ROS-mediated intercellular induction of apoptosis are not affected by low dose 
radiation alone. 
 

 Conclusions: Low dose radiation has the potential to enhance elimination of transformed 
cells.  
 
Transcription response  
 
Genome-wide analysis of transcriptional responses (Fig1) after radiation provides insight 
into genes and pathways that are affected by radiation and might help to define individual 
cancer risk following low dose radiation exposure. RISC-RAD experiments revealed that 
transcriptional responses in peripheral lymphocytes30 from donors following a broad dose 
range of in vitro exposures (2 mGy – 2 Gy) showed substantial variation between donors. 
This high dose variation is not linked to differences in radiation toxicity. Nevertheless, a 
RISC-RAD retrospective study, identified a classifier (series of selected genes) capable of 
predicting high dose radiation toxicity in patients with reasonable certainty.  
Transcriptome analysis of lymphocytes from two blood donors exposed to chronic or to 
acute low LET radiation (dose range 25 mGy-2 Gy), reveals a very subtle low dose 
response, resulting in low fold changes and very few genes that have a significantly 
changed expression level.  
Within RISC-RAD, studies have been initiated to perform transcriptome analysis at the 
tissue level in mice. Currently, only data in nonexposed animals are available. 
Interestingly, the DDR is already triggered31in the absence of exogenously applied ionizing 
radiation in DSB repair deficient mice.  
 

 Conclusions: Although much more experimental data are required, there are 
indications that the low dose transcriptional response (25-100 mGy) may differ from that 
induced at high dose (>1 Gy) both in terms of the number and type of differently 

 
30 A lymphocyte is a type of white blood cell in the vertebrate immune system. 
31 P21 (CDKN1A/CIP1/WAF1), one of the cyclin-dependent kinase inhibitors, plays a key role in 
regulating the cell cycle and is transcriptionally regulated by p53. 
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expressed genes. Current results might be compatible with the operation of different 
pathways and networks after low and high doses.  The impact of such early responses on 
carcinogenesis is not yet clear. 
 
Stress response  
 
Patients suffering severe acute side-effects during mammary breast cancer therapy differ 
from patients with no observable negative effects, in enhanced formation of extra cellular 
8-oxo-dG32 in urine. Radiation-induced endogenous production of ROS (reactive oxygen 
species, measured as the production of extra-cellular 8-oxo-dG) is the result of an 
endogenous stress response. Analysis of dose-response relation reveals that the 
response is triggered by doses in the mGy range in a nonlinear dose response, saturating 
already around 5 mGy.  The stress-response is also reflected by changes in protein 
expression in cultured human cells after low dose and dose rate exposures. The results 
show that a dose of 2 mGy affected protein expression but the response did not follow a 
simple dose-response relation over a broad dose range (2-2000 mGy). 
 

 Conclusions: Radiation doses in the mGy range induce ROS and changes in 
protein expression profiles. The dose-response relation for all endpoints is nonlinear. The 
fact that a stress-response and repair are induced down to the lowest dose (mGy range) 
investigated supports the non-threshold part of LNT hypothesis.  
 
 
Chromatin remodelling 
 
Cellular responses to DNA damage resulting from ionizing radiation cannot be considered 
without taking into account the packaging of DNA in chromatin (Fig1). Of fundamental 
importance to DNA damage induced by ionizing radiation is the observation that chromatin 
impedes the detection and repair of DNA damage and that DNA repair requires 
remodelling of chromatin to facilitate repair. As discussed in section ’DNA repair and cell 
cycle checkpoints’ Artemis and ATM are required for the repair of a subset of DSBs 
representing approximately 15 % of ionizing radiation induced DSBs. The initial suggestion 
was that these DSBs might represent complex DSBs. Recent RISC-RAD experiments 
suggest that dependency of DSB repair upon Artemis/ATM is more influenced by DNA 
complexity than damage complexity. The data are consistent with the model that ATM 
dependent chromatin remodeling is required for the repair of these DSBs.  
 

 Conclusions: These findings demonstrate that consideration of chromatin structure 
is important in understanding the response to IR and that ATM signalling is specifically 
required for DSB located within or close to heterochromatin. 
 

 
 

GENETIC EFFECTS 
 
As pointed out, organisms are equipped with efficient DNA damage response pathways to 
avoid the generation of deleterious genetic damage (mutations, chromosomal aberrations 

 
32 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxo-dG) is one of the mutagenic base modifications 
produced in DNA by the reaction of reactive oxygen species. The biological significance of 8-oxo-
dG is shown by the existence of repair pathways that are able to recognize and remove this lesion 
from both DNA and the nucleotide pool. 
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- CA, loss of heterozygosity - LOH) by DNA damage exposure. Nevertheless, there is 
overwhelming evidence that high doses of ionizing radiation can induce genetic changes. 
To estimate the potential risk of exposure to low doses of radiation it is essential to know 
whether cells cope differently with damage induced by low and protracted doses 
(<100mGy) of ionizing radiation than by high dose. These data were not available at the 
start of RISC-RAD. 
  
Nuclear architecture33 and formation of chromosomal aberrations 
 
The very majority of studies in literature suggest that at least 2 breaks are required for the 
formation of chromosome exchange aberrations. Exchange formation is generally 
considered as incorrect rejoining of DSBs by the repair machinery. Breaks induced in 
close proximity have a higher chance of being repaired incorrectly compared to distal 
breaks. This ‘interaction distance’ is one of the parameters needed in computer models to 
estimate the frequencies of exchange formation. Also the organization of chromosomes in 
distinct regions (chromosome territories) in the cell nucleus is implemented in current 
computer simulations. RISC-RAD research emphasizes the level of intermingling between 
neighbouring chromosome territories as an additional, highly relevant, parameter for the 
formation of chromosome exchange aberrations and this has led to significant adjustment 
of the parameter ‘intermingling’ to fit the experimental observations. Consequently, other 
parameters, such as the interaction distance, require adjustment to maintain the ‘fit’ 
between estimated and observed interchange frequencies after a given radiation dose. 
 

 Conclusions: the more accurate description of spatial organization of chromatin 
provides essential information to make more accurate estimates of exchange interactions 
induced by IR using computer simulations.  
 
Micronuclei and chromosomal aberrations: dose response relationships and mechanisms 
 
The formation of micronuclei (MN) reflects remaining chromosomal damage resulting from 
misrepaired or unrepaired lesions in cells that passed the cell-cycle checkpoints and 
reached and underwent mitosis (Fig1). In at least one of the daughter cells this causes 
genetic alterations such as loss of heterozygosity (LOH) and might initiate chromosomal 
instability34. The fact that a high frequency of spontaneous micronuclei in cultured 
lymphocytes reflects an increased cancer risk later in life strengthens the suggested 
relationship between chromosomal damage and cancer risk. MN induction was measured 
following exposure to acute doses of X-rays in cycling normal human and repair deficient 
fibroblasts (Artemis). A near linear dose-response curve (dose range 20-100mGy) is 
obtained for S-phase cells; G0 and G1cells do not display MN induction in this dose range 
The very majority of spontaneously and radiation (100 mGy) formed MN are telomere 
containing chromosomal fragments; loss of whole chromosomes is rarely observed. 
Primary fibroblasts obtained from repair deficient (Artemis) individuals are characterized 
by a 2-fold enhanced spontaneous MN frequency compared to normal human fibroblasts 
and a distinct induction of MN after G1 irradiation. In the dose range of 10-50 mGy, the 
frequency of chromatid breaks increases in both normal and Artemis cells in a linear dose-
dependent manner with approximately a doubling of these breaks in Artemis deficient cells 
when compared to normal fibroblasts. 
 

 
33 Architectural organization of the cell nucleus 
34 On going chromosome rearrangements occurring in cells 
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 Conclusions: RISC-RAD provides an unique set of data indicating that in the low 
dose range of X-rays, the induction of chromosomal damage is near linear with dose for 
fibroblasts from normal donors and radiosensitive Artemis patients. Repair deficiencies 
such as Artemis and ATM increase MN and chromatid break formation in the low dose 
range. The background frequency in Artemis cell lines is not (chromosomal aberrations) or 
only slightly (MN) elevated. Hence in the spontaneous DNA damage spectrum Artemis-
dependent DNA lesions are either absent or form only a minor fraction. Present 
experiments clearly demonstrate the absence of a threshold above 20 mGy for IR-induced 
chromosomal damage. 
 
Loss of Heterozygosity: dose response relationship and mechanisms 
 
Loss of Heterozygosity (LOH) of large DNA regions is an important event in the multi-step 
carcinogenesis process as LOH is found in tumors in regions containing tumor suppressor 
genes35 (TSG) both in cancer initiation and progression. Our research exploits the 
autosomal HLA36 genes located on human chromosome 6 (6p21) to determine the dose 
response relationship for LOH and ionizing radiation. A linear dose-response relationship 
was observed and significant induction of LOH is observed at the lowest dose tested (50 
mGy). Analyses of the HLA-status of the HLA-A2 mutants show that the majority of the 
induced mutants at low dose are the result of LOH events encompassing at least 1 Mb of 
DNA. The results imply that broken chromosomes can be carried several cell divisions. 
In RISC-RAD we found that, in yeast, genes involved in homologous recombination37 (HR) 
repair are important for these LOH events as in the absence of HR LOH is induced by a 
different mechanism). 
 

 Conclusions: The LOH results are unique and indicate that low dose radiation 
induces LOH and hence may contribute to cancer risk. LOH induction is significant at 50 
mGy with no evidence for the existence of a threshold. In a yeast model system a single 
DSB can induce LOH. The dose-response curve for LOH induction does not deviate from 
linear. Linking the formation of MN and LOH at low-dose radiation, we postulate that low-
dose induced LOH observed after several cell divisions, results from broken chromosomes 
passing through cell division. 
 
 
 

TRANSMISSION OF RADIATION-INDUCED DAMAGE 
 
Equally important for carcinogenesis is the transmission of cells carrying radiation-induced 
genetic damage and their interplay with cellular aging (Fig1). Numerous studies on the 
transmission of radiation-induced damage through several cell generations have 
highlighted the complexity of the mechanisms involved. A direct link between radiation-
induced initial biological lesions and those described in radiation-induced tumor cells has 
never been established. Over the last two decades there is increasing evidence that 
accumulation of chromosomal damage continues in the progeny of irradiated cells. Most of 
these chromosomal changes are similar to those seen in cancer cells. The role of 

 
35 Genes that protect a cell from one step on the path to cancer. When a tumor suppressor gene is 
mutated to cause a loss or reduction in its function, the cell can progress to cancer, usually in 
combination with other genetic changes. 
36 The human leukocyte antigen (HLA) system is a group of antigens present on the surface of 
nucleated body cells that are coded for by the major histocompatibility complex of humans. It allows 
the immune system to distinguish self and nonself. 
37 One of the major DNA-repair mechanism involved in repairing DNA strand breaks 
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telomeres in chromosomal stability maintenance was demonstrated in the long term 
progeny of irradiated human fibroblasts. Recently, a dysfunctional telomere-induced 
genomic instability model has been proposed to explain the origin of epithelial cancers. 
 
Low dose radiation induces telomere instability and gene amplification  
 
RISC-RAD studies confirmed previous data that a single DSB near a telomere leads to 
chromosome instability, gene amplification (via the breakage/fusion/bridge (B/F/B) cycle), 
and chromosome imbalances (gain and loss of chromosome arms). Within RISC-RAD it 
was demonstrated that chromosomes lacking one telomere remain unstable until they are 
capped, but the karyotype is stabilized at the cost of large genomic imbalances (LOH) up 
to 100Mb. Such instability generated by a single telomere loss may promote the selection 
of cells with proliferative advantage and increased tumorigenicity. RISC-RAD research 
revealed that doses as low as 0.1 Gy of γ-rays can initiate telomere instability in the 
progeny of human mesenchymal stem cells and subsequently after long term growth lead 
to chromosomal instability.  
Although one DSB near a telomere can initiate gene amplification in model systems, we 
showed in RISC-RAD that low dose radiation does not increase gene amplification above 
basal level, in either wild-type or repair deficient cells.  
 
 

 Conclusions: Several cell divisions after irradiation (0.1Gy) of human mesenchymal 
stem cells, genomic instability has been observed caused, most likely, through 
dysfunctional telomeres. Low dose IR does not increase gene amplification frequency 
above basal levels, both in wild-type and in radiation sensitive cells. 
 
 

 NATURAL PROLIFERATION BARRIERS DIFFER AMONG CELL TYPES 
 AND CAN MODULATE THE TRANSMISSION OF RADIATION-INDUCED 

DAMAGE 
 
Radiation induced senescence 
 
Cultured primary normal human cells undergo a finite number of divisions and thereafter 
enter a non-replicative state termed cellular senescence as a result of telomere 
shortening. Gradients of telomere length exist within tissues and the RISC-RAD project 
has shown that the longest telomeres are a general feature of adult stem cell 
compartments.  Telomeres shorten with age in different mouse stem cell compartments 
and this parallels a decline in stem cell functionality. RISC-RAD research revealed that 
chronic low dose rate exposure induces premature senescence in human primary 
fibroblasts in a dose- and dose rate- dependent way. Similar results are observed after 
chronic exposure of endothelial cells. In repair deficient human cell lines growth rates were 
reduced compared to normal human and ATM deficient cells. Consistent with the 
conclusions of the section ’DNA repair and cell cycle checkpoints’ (p4), this implies that a 
certain quantity/quality of DNA damage within a defined time window is needed to trigger 
cell cycle arrest.  
 

 Conclusions: Long term chronic exposure of human cells leads to premature 
senescence with a threshold between 5 and 15 mGy/h indicating that cell cycle arrest 
triggered by DNA-damage response is not activated until a certain quantity/quality of DNA 
damage is reached. 
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Cell proliferation and senescence differ among cell types 
 
Telomere maintenance differs in the primary fibroblasts and keratinocytes. Although in 
both cell types multiple telomere loss and appearance of chromosomal aberrations were 
observed, the onset of these processes appeared during the senescence phase in 
fibroblasts, whereas in keratinocytes after senescence (during the agonescence plateau).  
Irradiated human primary keratinocytes (at doses as low as 1mGy) display emergence 
from senescence, leading to the formation of an unstable mutator phenotype consistent 
with telomere-based genomic instability. This cellular response differs between the two cell 
types as fibroblasts responded only to doses exceeding 1Gy. Mammary epithelial cells 
behave similar to keratinocytes. In the mammary gland, telomeres shorten as a 
consequence of epithelial turnover throughout life-time. Irradiated human epithelial cells 
with short dysfunctional telomeres derived from normal mammary gland display elevated 
chromosomal aberration formation with  dysfunctional telomeres joining radiation-induced 
DNA broken ends. 
 
Conclusions: Different human cell types have different natural proliferative barriers. 
Dysfunctional telomeres decrease the fidelity of repair of DSBs induced by radiation 
throughout the genome.  
 

SHORT TELOMERES MAY INCREASE RADIOSENSITIVITY 
 
A considerable inter-individual variability of sensitivity to ionizing radiation is observed 
among individuals although the genetic basis and molecular mechanisms of such a 
variable response are poorly understood. Several studies performed in RISC-RAD have 
addressed the question of the connection between radiosensitivity and telomere length. 
The association between telomere length and radiosensitivity was evidenced in studies 
with telomerase deficient mice and in senescent human fibroblasts with short telomeres 
i.e. cells with short telomeres were significantly more radiosensitive than those with longer 
telomeres. Whether radiosensitivity is correlated with telomere length in healthy people 
was assessed by analysing radiosensitivity in peripheral blood lymphocytes from two 
groups of individuals of the same age but with heterogeneous telomere length. In this 
study long telomere length was a protective factor to the chromosome damaging effects of 
ionizing radiation. 
 

 Conclusions: Telomere length may correlate with radiosensitivity. Short telomeres 
can be sensed as DSB and, therefore, can activate a DNA damage-response and join 
radiation-induced DSB to form chromosome rearrangements.   
 
 

ANIMAL CARCINOGENESIS 
 
Radiation tumorigenesis: impact of DNA damage and gene loss 
 
In several mouse models of radiation tumorigenesis evidence supports a direct induction 
of genetic events by radiation as being causal for tumorigenesis.  In vivo dose-response 
studies show no threshold for the induction of loss of the Sfpi1/PU.1 gene38 in bone 
marrow cells by x-rays down to 100 mGy.  Sfpi1/PU.1 losses are critical for the major 
pathway of radiation leukaemogenesis.  Genetically mutant mouse models have also been 

 
38 Transcription factor, located on Chromosome 2, whose loss is an early event in mouse Acute 
Myeloid Leukemia 
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used to provide evidence for linear induction to tumors down to 250 mGy X-rays.  Such 
cancers are driven by the direct formation of LOH events in critical genes such as Ptc1 
(skin and brain tumors) or Apc39 (intestinal and mammary tumors). 
The Xrcc240 homologous recombination repair gene modifies spontaneous and radiation-
induced tumor yields in Apcmin mice. Deficiency of one copy of the xrcc2 gene leads to a 
reduction in spontaneous risk but an increase in the radiation-induced excess of mammary 
tumors.  This increase in risk is not observed in intestine suggesting some tissue 
specificity in risk modifying factors.  These data along with others, provide evidence that 
DNA repair deficiencies can modify radiation cancer risk. 
With regard to the deficiency of repair genes RIS-RAD results show that DNA-PKcs 
knockout mice and the DNA-PKcs/RAD54 double knockout mice have an insufficiently 
long lifespan for development of irradiation induced tumors. However, in RAD54 knockout 
mice radiation induced tumorigenesis (in the 100-400mGy dose range) was found. Thus, 
we conclude that deficiency of genes involved in homologous recombination, and in 
particular the RAD54 gene deficiency, plays a role in radiation induced carcinogenesis. 
The carcinogenesis experiments are still ongoing. 
 
 
Radiation tumorigenesis: in vivo bystander effects 
 
Genetic/epigenetic changes can occur in unexposed "bystander cells" neighbouring 
directly-hit cells. To date, the vast majority of these effects is described in cell-culture 
systems. In the RISC-RAD project, we focused our efforts on the ex vivo/in vivo validation 
of bystander effects. In vivo we demonstrated a bystander-related tumor induction in the 
cerebellum of radiosensitive Patched-141 (Ptch1) heterozygous mice after 3 Gy x-ray 
exposure of the remainder of the body. Moreover we have evidence that bystander effects 
occurring in CNS42 by exposure of distant tissues are not specific to Ptch1-mutant mice, 
and represent a cross-strain phenomenon. 
 

 Conclusions: Several mouse models of radiation tumorigenesis provide evidence for 
the direct induction by radiation of gene loss and LOH events to be causal at doses down 
to the ~100 mGy level.  Modification of risk by DNA repair genes again suggests that 
directly induced DNA damage is a key driver of radiation tumorigenesis. The experiments 
on Ptch1-mutant mice provide proof-of-principle that bystander effects may induce cancer 
in vivo.  
 
Radiation tumorigenesis and microsatellite43 instability 
 
Microsatellite instability was studied in a large set of tumors, mouse intestinal, mammary, 
brain, skin and haemopoietic tumors induced by relatively high doses of x-rays (2 Gy+) or 
neutrons (0.4 Gy). Microsatellite instability appears to occur more commonly in tumors 
developing in irradiated mice compared to those occurring in unirradiated mice but is not 
required for tumor development. Microsatellite instability is more common and pronounced 

 
39 Acronym of Adenomatosis Polyposis Coli, gene found mutated in familial polyposis 
40 Acronym of X-ray repair complementing defective repair in Chinese hamster cells 2. Gene 
involved in the repair of DNA double-strand breaks by homologous recombination. 
41 Gene in which individuals affected with Gorlin syndrome, an autosomal dominant disease, carry a 
germ line mutation. This syndrome is characterized by a variety of clinical problems, such as 
increased body size, developmental abnormalities of the skeleton and a predisposition to benign 
and malignant tumors including medulloblastomas. 
42 Central Nervous system 
43 Polymorphic loci present in DNA, that consist of repeating units of 1-6 base pairs in length 
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in neutron associated tumors than in x-ray associated tumors. These results suggest that, 
to a limited extent, delayed and persistent instabilities may contribute to radiation 
carcinogenesis and this is more prominent following high LET radiation exposures. 
 

 Conclusions: This suggests that on-going mutational processes may contribute to 
radiation tumorigenesis 
 

DOSE DEPENDENCE OF BIOLOGICAL PROCESSES: FINAL CONCLUSIONS 
 
 
Ionizing radiation induces a broad spectrum of different types of DNA damage, that 
substantially overlap with DNA lesions produced spontaneously in cells of all organisms. 
However, radiation particularly enhances the number of DNA double strand breaks (DSBs) 
in comparison with spontaneous DNA damage. The induction of DNA double strand 
breaks as detected by histone modification is linear with dose. Biophysical modelling and 
experimental data in the literature suggest that ionizing radiation-induced base damage 
and single strand breaks can occur in clusters (non-DSB clustered DNA damage) and in 
close proximity to DSBs (‘dirty DSB’) and that the complexity of the clusters increases with 
increasing ionization density of the radiation. At lower doses of low LET radiations, 
perhaps 100 mGy and less, relatively few double strand breaks form per cell and so 
complex DSBs are rare while clustered damage sites without double strand breaks are 
more common.  It is now well established that organisms are protected against the 
deleterious effects of DNA damage by activation of a network of defense mechanisms 
termed the DNA damage response (DDR).The major protection mechanisms are repair of 
DNA damage, arrest of dividing (cycling) cells and controlled cell death (apoptosis). The 
importance of DDR for human health is demonstrated by rare recessive human syndromes 
with genetically determined variations in the cellular response to DNA damage, as well as 
enhanced cancer susceptibility and radiosensitivity.  
 
New findings in RISC-RAD.  
 
In the RISC-RAD project we have discovered novel genes and pathways involved in radiation 
response some of which are associated with human disease. We conclude that the group of 
factors that can affect radiation cancer risk might be larger than currently anticipated. We also 
provide evidence that low dose radiation (10mGy or higher) promotes an effective damage 
signalling response and activation of defense mechanisms with some notable exceptions. 
Whereas repair of DSB is efficient in the low dose range (25mGy), the data also indicate a 
threshold at very low dose below which the DSB repair machinery is not activated although 
confirmation of a repair defect by an independent approach is needed. Moreover, DNA 
damage induced by low dose may not activate cell cycle arrest and may thus allow the 
formation of chromosome breakage which is important for carcinogenesis. These results 
provide a demonstration that low doses may not activate the same processes that are 
activated by higher doses. In line with this are the findings that a stress-response is induced 
nonlinearly in the mGy range and that low and high dose induced transcriptional 
responses differ in terms of the number and type of differently expressed genes. Although 
much more experimental data are required, current results may be compatible with the 
operation of different pathways and networks after low and high doses. The impact of such 
early responses on the process of radiation induced carcinogenesis is not yet clear. 
Surprisingly, the efficient activation of cellular defense mechanism in the low dose range of 
X-rays (down to 25mGy) does not lead to a threshold of genetic damage induction as 
previously found for genotoxic chemicals. The poor repair of clustered damage may 
account for this. The induction of genetic damage with relevance for cancer (mutations, 
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chromosomal damage, and loss of heterozygosity) is near linear with dose. Cells from 
radiosensitive and cancer prone patients suffering genetic variations in DNA repair and 
cell cycle control genes display increase levels of radiation induced genetic damage in the 
low dose range. Thus present experiments clearly demonstrate the absence of a threshold 
above 20 mGy for IR-induced chromosomal damage and this conclusion is line with 
studies of early genetic events in specific radiation tumorigenesis systems suggesting that 
direct induction of gene loss and LOH events underlie radiation carcinogenesis. Other 
non-targeted phenomena may contribute as well but the importance of these is yet to be 
fully established.  
Working model. The outcome of DNA damage processing after low dose radiation (as 
low as 25mGy) is that a fraction of the DNA lesions are unrepaired or misrepaired resulting 
in the loss of genetic material from the lesion to the telomere. Single chromosome breaks 
can initiate a phase of genomic instability in which a surviving cell might suffer from 
genetic alterations including LOH. Therefore we speculate that low doses of radiation 
could contribute to an increase cancer risk by the formation of chromosomes with a 
terminal deletion when occurring in dividing cells. These truncated chromosomes might 
initiate genomic instability (i.e. via breakage-fusion-breakage cycles) leading to LOH in the 
surviving cells. LOH is considered a fundamental mechanism for the formation of tumors 
by low doses of IR in mouse models and has established roles in human tumorigenesis. 
Extra large LOH events could result from cellular aging and its interplay with radiation 
induced DNA damage.  
It is clear that future research is needed to bridge the gap between the initial formation of 
cells carrying radiation induced genetic damage, the fate of these cells during subsequent 
cell divisions, genomic instability and tumor progression. 
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3.2 Key question B 
To what extent do heritable factors affect individual radiation cancer risks? 
 
 
 
Introduction 
 
The development of late effects (primarily cancer) after exposure to ionizing radiation 
is considered to be a stochastic event. Thus, not every exposed individual develops 
cancer, even at high doses, and the chance of an individual developing cancer due to 
the exposure was considered to be governed by statistical probability. Two logical 
extensions of this concept are that: 1) all individuals in a population, and different 
populations are, ceteris paribus, at equal risk and 2) at low doses the diminished risk 
predicted by the LNT model applies equally to all members of the population. 
This dogma is challenged by the observation that there is a greater than expected 
incidence of secondary cancers in some radiotherapy-treated cancer patients. These 
highly sensitive individuals suffer from a limited subset of the syndromic forms of 
cancer, including the Li-Fraumeni, heritable retinoblastoma and Gorlin syndromes. 
These cancers all show a clear familial pattern of inheritance due to the very rare 
germ-line transmission of a mutant gene, conferring sensitivity not only to the first 
(sporadic) cancer, but also to the subsequent radiation-induced second cancer. 
A second challenge comes from growing epidemiological and genetic evidence that 
demonstrates that common genetic polymorphisms44 within the human genome can 
influence individual susceptibility to a wide range of diseases, including cancer. 
Although each of these gene polymorphisms may only make a modest contribution to 
susceptibility, together they can exert profound influences.  
The RISC-RAD project was designed to investigate the contribution of both the rare 
monogenic gene mutations and common gene polymorphisms to the risk of 
developing cancer after exposure to ionizing radiation. The relative contribution of 
any individual genetic risk may be expected to be most pronounced in predisposed 
individuals at low doses. 
Inherited genetic factors determine the susceptibility of an individual to 
disease. The risk of developing cancer after exposure to ionizing radiation 
appears to be under the same genetic influences. If so, individual outcome after 
irradiation will be influenced by genetic background, and the risks of low dose 
exposures may not be equally distributed within a population, or even between 
populations. 
 
Rare high penetrant45 mutations acquired through the germ line influencing one allele 
to promote sensitivity 
 
Malignant tumors of bone, osteosarcoma, have a close association with exposure to 
bone-seeking alpha-particle emitting radionuclides and to therapeutic exposures to 
photon irradiation. Two genetic diseases, Li-Fraumeni syndrome and 
Retinoblastoma, arise due to mutations of the p53 and Rb1 tumor suppressor genes 
respectively, (LOH, amplification, translocation etc). Both of these syndromes 

                                                  
44 Each gene has small modifications among individuals. We talk about polymorphisms when, 
in the same population, multiple discrete alletic states exist, of which at least two have high 
frequency (conventionally of 1% or more) 
45 : The trait produced by a high penetrant gene will always or almost always be apparent in 
an individual carrying the gene. 
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predispose to increased sensitivity to radiation-induced cancer. We have established 
that both of these genes are inactivated during the development of model tumors 
induced by either 227-Th in mice or 238-Pu in rats. The loss of genes that play a role 
in heritable cancer also during the formation of cancers in "genetically normal" 
somatic tissues indicates that they have a critical role in the carcinogenic process for 
that specific tissue. Consequently, we have suggested that other highly penetrant 
genes that can influence susceptibility to radiation-induced cancer may be found by 
screening radiation-induced cancers for common genetic event. 
These studies identified a panel of at least 13 gene loci that are altered during alpha-
induced osteosarcomagenesis in the mouse. As a validation we studied the Tbx18 
gene, a transcription factor controlling early skeletal development, in more detail. 
Consistent with our hypothesis, mice bearing one normal copy and one deleted copy 
of the Tbx18 gene were more sensitive to osteosarcoma after injection of 
radioactivity. 
We postulate that inheritance of any one of a number of highly penetrant mutations 
will predispose to radiation-induced cancer formation, and that this will make affected 
individuals more sensitive to lower doses than normal individuals. Germ-line mutation 
of the patched gene, a signalling protein coordinating tissue development, results in 
heightened sensitivity to a number of different radiation-induced tumors. Mice bearing 
a germ line deletion of one patched gene were highly sensitive to x-radiation-induced 
medulloblastoma and to basal cell carcinoma. We have experimentally verified that 
mice bearing the mutated patched gene allele are sensitive to much lower doses 
than their wild-type litter mates. 
 

 Conclusions: We have conducted animal studies that confirm that the 
inheritance of a single mutated gene influences susceptibility to radiation-induced 
cancer. In the test case studied the presence of the mutant gene increased cancer 
incidence at doses down to 100 mSv, levels at which a carcinogenic effect is not 
seen in genetically normal animals. Based upon our survey results a number of these 
highly penetrant genes can be assumed to exist. Although we have limited data at 
this time it appears that some genes, such as p53 and Rb1, influence multiple 
tissues, whilst others are much more restricted. 
 
Modifier loci with weak penetrance but high frequency in the population 
 
The existence of more than 5-10 million polymorphic variations in the human genome 
establishes the extreme genetic heterogeneity of mankind. Common gene variants 
(present in >1% of the population, influence gene function and contribute to 
differences in individual sensitivity to disease. If these polymorphisms contribute to 
sensitivity to ionizing radiation then both individuals and populations may have quite 
divergent responses to low doses. In our mouse model we established that inbred 
mouse strains exhibit different sensitivities to 227-Th-induced osteosarcoma. That 
the differences are due to genetic factors was confirmed by crossing and 
backcrossing experiments between four different strains. The contribution of two of 
the loci influencing susceptibility was confirmed using congenic mouse strains where 
the presence of two of the candidate modifier genes increased sensitivity to 227-Th. 
Using the technique of quantitative trait locus mapping we could show that a 
minimum of 5 polymorphic genes are responsible for the differences. This 
phenomenon appears to be a general effect as we observe similar genetic 
modification effects on the induction of radiation-induced cancers in bone, skin and 
the hematopoietic system (acute myeloid leukemia and thymic lymphoma). 
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 Conclusions: Low penetrance modifying genes act to influence susceptibility 
to radiation-induced cancer. Whilst the number of these genes appears finite we 
have no evidence to suggest that the same genes influence susceptibility of all 
tissues. The inherent genetic variability of the human genome may contribute to 
differences in susceptibility to radiation-induced cancer at low doses. 
 
  
Interactions between high and low penetrance alleles act to modify susceptibility 
 
Our genetic studies also revealed that the long-known, but often ignored, 
phenomenon of gene-gene interaction applies to the genetic modification of 
susceptibility to radiation-induced cancer. In the patched mouse model (see above) 
the contribution of modifying genes from mouse strains with greater or lesser 
sensitivity to skin cancer were able to influence the extent to which the mutant 
patched allele induced sensitivity to radiation-induced skin cancer. In the study of 
227-Th induced osteosarcoma we determined that sensitivity to the carcinogenic 
effects is increased by the inheritance of combinations of up to five separate alleles 
which act in a synergistic manner to increase sensitivity. 
Further evidence establishing these genetic interactions comes from studies 
investigating the interaction of highly penetrant gene mutations. In two separate 
studies we have shown that the loss of function of genes acting in different functional 
pathways acts synergistically to promote sensitivity to radiation, even if individually 
they have little influence. Mice carrying a mutant copy of the Apc tumor suppressor 
gene show heightened sensitivity to the development of sporadic intestinal and 
mammary cancer, whilst mice lacking one functional copy of the Xrcc2 DNA repair 
gene have little change in sporadic cancer compared to normal litter mates. When 
both mutations are combined the animals show decreased risk of spontaneous 
mammary tumors but a significantly greater radiation-induced excess risk. 
Interestingly the effect on radiation-induced risk is not seen in the gut, where no 
increase in cancers is seen, suggesting a strong tissue-specificity of the modifying 
action.  This study also serves to highlight the importance of environmental context 
and gene-environment interactions in the genetics of cancer risk modification   
A third study further confirms that potent gene interactions influence sensitivity. The 
tumor sensitivity of the patched mouse is further increased in crosses where the 
animals also inherit a defective allele for the DNA repair gene Rad54. The presence 
of this gene increased the rate of radiation-induced medulloblastoma formation. In 
addition, preliminary results from carcinogenesis studies with low doses of high LET 
radiation involving Rad54 deficient mice show also an increased cancer incidence 
compared with wild type mice.  
 

 Conclusions: We have obtained evidence that shows there is a considerable 
degree of interaction between radiation-cancer sensitivity modifying genes and there 
is also evidence that demonstrates the importance of environmental context in the 
genetics of risk modification. The interaction does not appear to be restricted to any 
class of gene, as high and low penetrance genes may interact with each other in 
different combinations. However, the effects are tissue specific and no change in 
specificity has yet been seen when genes are combined. Although it is predicted that 
gene-gene and gene-environment interactions will influence low dose sensitivity the 
necessary in vivo studies will require some time to complete. 
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Mechanism of action of genetic modifiers 
 
The points in cellular regulation at which modifier genes act will provide useful 
information to facilitate understanding the processes that determine genetic 
susceptibility, and at the same time indicate where additional modifier genes may be 
acting. 
Studies of genetic syndromes and highly penetrant genes conferring radiation 
sensitivity have indicated that the p53 and Rb1 genes play a key role. These two 
genes regulate cell cycle transit as tumor suppressor genes, whilst p53 also is 
involved in cell signalling and cell death. DNA repair genes have also demonstrated a 
role in modifying sensitivity as well, with Xrcc2, Rad54 both being involved. This 
indicates that the effect of one subset of modifier genes is to influence the ability of 
the irradiated cell to manage the initial response to radiation. 
A second set of genes, represented by Apc, Tbx18 and Patched are involved in 
regulating development. In the case of patched we have evidence that the presence 
of the patched mutation results in the failure of embryonic cells to differentiate. One 
must assume that these cells represent a highly sensitive target for radiation-induced 
cancer. In one special case we have identified a susceptibility modifier gene that is 
not actually expressed in the tissue targeted by irradiation. In thymic lymphoma the 
modifying gene acts in a paracrine manner, exerting its influence from thymic 
epithelial tissue upon developing thymocytes. It is tempting to suggest that some of 
these developmental genes may act in a cell autonomous manner. 
 

 Conclusions: The modifier genes so far identified are surprisingly restricted to 
two functional groups, albeit with quite divergent points of action. Modifiers acting to 
modulate the radiation response and modifiers acting to modulate available target 
cell populations have been identified. We cannot, however, exclude the possibility 
that other functional groups of modifiers exist. Indeed our studies have only just 
begun to identify the genes responsible for the effect. 
 
 
 
 

THE INFLUENCE OF GENETIC FACTORS AT LOW DOSES: FINAL 
CONCLUSIONS 

 
 
We have provided compelling evidence confirming that both highly penetrant gene 
mutations and less penetrant gene polymorphisms influence susceptibility to radiation-
induced cancer in rodent model systems. Sensitivity is specific to restricted subsets of 
gene and tissue combinations (i.e. Retinoblastoma gene and osteosarcoma, Patched 
gene and skin or brain tumors). The application of this model of genetic influence from 
rodent models to man appears to be justified, in particular as the same radiation-
sensitivity phenotypes are reiterated in both systems. We therefore conclude that there is 
indeed a contribution of genetic factors to individual susceptibility to radiation. 
As a caveat it must be recognized that familial cancer syndromes due to a single germ-
line mutational event are extremely rare. Even if each known syndrome were assumed to 
confer heightened sensitivity to radiation-induced cancer, the number of at-risk 
individuals in a population would be small. However, the number of individuals carrying 
common gene polymorphisms with the potential to predispose to radiation-induced 
cancer, but which do not result in the development of a recognizable cancer syndrome, 
may be considerably greater.  



28/28 

   
   

 

RISC-RAD – FI6R-CT-2003-508842 

Final Deliverable Part II : Scientific summary  

Dissemination level : PU 

Date of issue of this report : 58 months  

 

Our animal studies show that it is technically possible to identify these genes. State of the 
art molecular diagnostics are available to conduct genetic testing to establish individual 
genotypes. However, our studies also show that the interaction between susceptibility 
genes can influence individual susceptibility. Neither the magnitude nor direction of the 
interactions is known at the moment, making a genetic-based prediction of sensitivity 
inappropriate. Molecular epidemiological studies, in conjunction with further animal 
studies, offer a realistic chance to establish the major gene-gene interactions. Until this 
time the use of genotype-based predictive testing to identify at risk individuals is neither 
appropriate nor justified by current scientific knowledge.  
 
Radiation-induced cancer is a consequence of both the exposure itself and the 
presence of a sensitive phenotype. The genetic determinants that influence individual 
sensitivity may be highly penetrant mutations inactivating single genes or may be a 
collection of common polymorphic variants distributed throughout the population. The 
effect of genetic variation in determining individual susceptibility can be seen from 
second tumors induced at therapeutic doses in individuals suffering from some 
syndromic cancers. In animal models the genetic variation may be sufficient to increase 
sensitivity to doses much lower than those inducing cancer in less susceptible 
individuals. It cannot be excluded that a genetic contribution will render individual 
humans more susceptible to low doses.  
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