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Important advances in radiotherapy and nuclear medicine towards better 
treatment modalities and safer applications have taken place in recent years. 
Progress in medical imaging, better tumour targeting and optimization of 
radiation delivery have allowed for dose escalation and improved patient 
outcome. However, the tolerance of normal tissues constitutes the limiting factor 
for dose escalation in therapeutical uses of ionizing radiation (IR).  
Patients vary considerably in their normal tissue response to IR even after similar 
treatments. As many as 5% of cancer patients develop severe effects to external 
radiation  therapy in normal tissues within the treatment field: they may include 
acute effects such as erythema and desquamation of the exposed skin and mucosa 
that appear during or directly after radiotherapy, late effects developed months 
or years later, such as fibrosis and telangiectasia and cancer induction. Several 
patient and treatment related factors are known to influence the variability of 
side effects, however up to a 70% of the total variance of normal tissue radiation 
response remained unexplained [31]. Thus, individual sensitivity to IR, i.e. 
hypersensitivity to carcinogenic risks (stochastic effects) and hypersensitivity to 
deterministic effects, is becoming an important issue in oncology and raises 
questions regarding the underlying mechanisms.  
The mechanisms of DNA repair, the signalling pathways involved in radiation sensitivity and 
non-targeted effects are key aspects, essential to understanding radiation effects at genetic level. 
Moreover, human genetic diseases that combine higher incidence of cancer and hypersensitivity 
to IR are associated with defects in cell response to DNA damage. Therefore, much interest has 
raised during the last years in the developing of predictive tests capable to detect in advance such 
hypersensitive conditions. 
The goal of this presentation is to review the possible mechanisms involved in genetic and 
epigenetic susceptibility of cells to radiations, including DNA repair machinery and cell 
signalling pathways. Then, human genetic disorders related in varying degree to an increase 
sensitivity to IR will be highlighted. The main tests capable to detect in advance cell sensitivity 
will be analysed and ethical issues regarding the genetic testing will be considered. Finally 
recommendations to be applied by medical professionals will be proposed. 
 

 A) DNA REPAIR PATHWAYS 
The main forms of DNA damage induced by IR include single (SSBs) and double 
strand breaks (DSBs), sugar and base modifications, oxidative damage of bases, 
interstrand cross-links, DNA-proteins cross-links and locally multiply damaged 
sites (LMDS) [1]. The most dangerous of these damages are the DSBs and LMDS 
because they can initiate mutagenesis, genomic instability and 
carcinogenesis.The response of the cell to DNA damage results in either tolerance 
or repair. 
 
A-1) DNA damage tolerance 
In damage-tolerance mechanism, the replication machinery bypasses the sites of 
base damage, allowing normal DNA replication and gene expression to proceed 
downstream of the damage. It is a translesion DNA synthesis (TLS). Since 



mutations to the DNA sequence are incorporated, this mechanisms is responsible 
for most of damage-induced point mutations and is thus particularly relevant for 
oncogenesis [9]. 
A-2) DNA damage repair 
There is a variety of DNA repair mechanisms to cope with all kind of DNA 
damages and in many cases removal of the same damage may involve several 
alternative pathways, that is very important for DNA repair under the most 
unfavorable conditions.  
 Single step DNA repair: The simplest repair processes directly reverse the 

damage: for example the enzyme O6 alkylguanine-alkylltransferase (AGAT) 
directly removes methyl groups induced in DNA by alkylating carcinogens. 
 Excising base mechanisms of DNA repair: Three mechanisms named base 

excision  
repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR) 
operate for excising damaged bases by splicing out the damaged region, inserting 
new bases to fill the gap, and ligating the pieces [9]. 
 Base excision repair (BER) and SSBs repair: The main lesions subjected to BER 
are oxidized DNA bases due to cellular metabolism or arising from exposure to 
exogenous agents, including IR. Other base modifications repaired are 
methylation, deamination and hydroxylation. The main enzymes involved in this 
pathway are: DNA glycosylases, a DNA endonuclease (APE1), a phosphodiesterase, 
a DNA polymerase (DNA polβ) and finally a DNA ligase (XRCC1-ligase3 complex). 
Some steps of BER may also be used to repair SSBs. The only difference is the 
presence of Poly(ADP-ribose) polymerase (PARP) that, together with XRCC1, DNA 
polβ and ligase3, constitues a nick sensor which detect and repair SSBs. 

Nucleotide excision repair (NER): NER repair removes bulky DNA adducts, 
cyclobutane pyrimidine dimers (CPDs), intrastrand cross-links and large chemical 
adducts generated from exposure to genotoxic agents that cause distortion of the 
double helix. Two NER subpathways exist: global genome NER (GG-NER) and 
transcription-coupled repair (TCR). In NER at least 13 proteins are involved. 
Among the proteins of GG-NER, XP proteins are the products of the gene which 
deficit is responsible for xeroderma pigmentosum. Among the proteins of TCR, 
Cockayne Syndrome proteins A and B (CSB and CSA) are involved in the Cockayne 
Syndrome (Table 1). 
 Mismatch repair (MMR): MMR removes nucleotides mispaired by DNA pol 
and insertion/deletion loops that result from slipagge during replication of 
repetitive sequences or during recombination [12]. The recognition of 
mismatches and single-base loops is performed by the hMutSα complex composed 
by the MSH2 and MSH6 proteins, whereas hMutSβ (MSH2 and MSH3) recognizes 
insertion/deletion loops. A number of proteins are implicated in the excision of 
the new strand past the mismatch and re-synthesis steps, including exonuclease I 
[10], DNA pol δ and factors such as proliferating cell nuclear antigen (PCNA), 
replication protein A (RPA) and replication factor C (RFC) [13]. MMR components 
also interact functionally with NER, recombination and translesion repair. 
 DSBs repair pathways 

 DSBs repair pathways include homologous recombination (HR) and non-
homologous end-joining (NHEJ). The two repair processes employ entirely 
separate protein complexes, are error-free and error-prone respectively and 
function in complementary ways to effect the repair. 



 Non Homologous End Joining: NHEJ brings about the ligation of two DSBs 
without the requirement for an undamaged partner and extensive homologies 
between the recombining ends [32]. The first step in NHEJ is the binding to the 
damaged DNA of a heterodynamic complex consisting of the proteins Ku70 and 
Ku80, thus protecting DNA from exonuclease digestion. Thereafter, the Ku 
heterodimer associates with the catalytic subunit of DNA-dependent protein 
kinase (DNA-PKcs) forming the active DNA-PK holoenzyme [4]. Once bound to the 
DSBs, DNA-PK displays protein Ser/Thr kinase activity and the substrates in vivo 
likely include X-ray repair cross-complementing gene 4 (XRCC4) and replication 
factor A2. XRCC4 forms a stable complex with DNA ligase IV and DNA-PKcs may 
play a critical role in recruiting the ligase to the lesion site. Most DSBs generated 
by mutagenic agents cannot be directly religated and some limited processing 
and /or DNA polymerization must take place. Consequently, NHEJ is rarely error-
free and sequence deletions of various lengths are usually introduced. The 
nucleolytic processing may be performed by the MRE11-RAD50-NBS1 complex. A 
protein involved in processing overhangs during NHEJ is the Artemis protein. The 
NHEJ pathway occurs in all cell cycle phases, but particularly in G0-G1. Mutations 
of the genes for DNA ligase IV are associated to the Ligase IV Syndrome genetic 
disease. Characteristically, the cells of these patients show pronounced 
radiosensitivity, suggesting that NHEJ is the dominant pathway for the removal 
of radiation-induced DSBs. Furthermore, several enzymes of the NHEJ pathway 
play a role in the V(D)J recombination, which occurs in developing B and T 
lymphocytes to provide the basis for the antigen-binding diversity of the 
immunoglobulin and T-cell receptor proteins. This is the reason by which 
mutations in these genes are also associated with immunodeficiency syndromes. 

Homologous recombination: HR requires undamaged DNA molecule that 
contains a homologous DNA sequence which is used as a template; thus HR is of 
importance during S and G2 phases of the cycle. HR starts with nucleolytic 
resection of the DSB by the MRE11-RAD50-NBS1 complex, forming a 3’ single 
stranded DNA fragment to which RAD52 binds. RAD52 competes with the Ku 
complex for the binding to DNA ends. This may determine whether the DSB is 
repaired via the HR or the NHEJ pathway. RAD52 interacts with RAD51. These 
events are influenced by the other members of the RAD50 group of proteins and 
by a DNA pol that copies information from the undamaged partners. HR involves 
the simultaneous action of large numbers of the same molecules, which are found 
to be concentrated in radiation–induced nuclear foci. These depend on and also 
include the breast cancer proteins 1 and 2 (BRCA1 and BRCA2). Recent evidences 
implicate BRCA2 directly or indirectly in nuclear translocation of RAD51 [12]. 
Defects in genes belonging to the RecQ family of DNA helicases, which play a role 
in regulating HR, are described as the cause of the Bloom Syndrome and Werner’s 
Syndrome hereditary diseases. Mutations in genes that are involved in HR often 
cause only modest or no radiation hypersensitivity. 
 

 B) GENES AND SIGNALING PATHWAYS INVOLVED IN RADIATION SENSITIVITY 
Two chains of events take place in the irradiated cell: (a) radiation-induced DNA damage 
recognised by the sensory monitoring system, leading to recruitment of DNA repair enzymes, 
followed by restoration of higher-order DNA structure, and (b) the initiation of signalling 
cascades and the resulting activation of transcription of specific groups of genes, cell cycle arrest 
and/or apoptosis. 
 



 Nuclear sensors of DNA damage 
 The general cascade of IR response may be summarized as follows: 

                                   
 

 
                
      
 
 
 
 
 
 
 
 

 Poly (ADP-ribose) polymerase (PARP): Upon binding to DNA strand breaks PARP 
catalyses a rapid poly (ADP-ribosylation) of proteins involved in DNA repair, such as p53 and 
DNA-PK, thereby protecting genomic integrity. Another proposed role for PARP is preventing 
illegitimate recombination by occupation of the strand break site during the interval needed for 
recruitment of repair enzymes [29].  

DNA-dependent protein kinase (DNA-PK) and other protein complexes: DNA-
PK is involved in NHEJ. It has been implicated in genomic surveillance, detection 
and signalling of DNA damage and cell-cycle control.  In a similar way, two 
potentially cooperating complexes, RAD17-RFC and RAD1-RAD9-HUS1 are in the 
center of interest in the study of sensors of DNA damage. Other proteins such as 
the MRE11-RAD50-NBS1 complex and the BRCA1 protein have been implicated in 
the sensing of DSBs. NBS1, the product of the gene that is responsible for 
Nijmegen breakage syndrome, forms a complex with MRE11 and RAD50, which 
localizes to DSBs within 30 minutes after cellular exposure to IR. 
 The p53 protein: One of the key proteins in checkpoint pathways is the 
tumour suppressor p53, which coordinates DNA repair with cell cycle progression 
and apoptosis.  Activation of p53 following irradiations leads to: a) its 
accumulation due to an increase in its nuclear half-life and b) binding to specific 
DNA sequences within the regulatory regions of certain genes, resulting in 
transcriptional activation or silencing. These effects lead to the transcription of 
a large number of genes, among them the p21 Waf1/cip1, an inhibitor of CDK4-
Cyclin E kinase that mediates the cell cycle arrest in G1 [22]. The p53 stability is 
regulated by its binding with murine double minute 2 (MDM2), which induces its 
proteasome-mediated degradation. Phosphorylations of p53 and MDM2 by ATM 
disrupts the binding of MDM2 with p53 and protects p53 from ubiquitination and 
degradation. 

Ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia related (ATR) 
protein: ATM, the product of the ataxia-telangiectasia mutated gene, is the main 
determinant of the early checkpoint response induced by IR, whereas ATR, the 
product of ATM related gene, participates later to process IR induced lesions.  
ATR, specifically activated after DSB, phosphorylates CHK1 [20] and ATM 
phosphorylates CHK2 kinases, which in turn phosphorylate p53. At the same time, 
p53 and MDM2 are phosphorylated by ATM, promoting p53 accumulation by 
protecting it from degradation. In adition to CHK1 and CHK2, other targets of 
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ATM and possibly also ATR include BRCA1 [15] and NBS1. ATM is the causative 
gene of ataxia-telangiectasia (AT). Homozygotic AT patients present  
hypersensitivity to deterministic effects of IR. 
 
 Extranuclear damage sensor systems 

             Protein kinase cascades: Lesions of cell membranes by IR can result in the 
activation of Protein Kinase-C (PKC), the family of Mitogen-Activated Protein 
Kinase (MAPKs) [6], the ceramide pathway and other signal transduction 
pathways. Three families of MAPKs have been identified: a) extracellular 
receptor-activated kinases (ERKs), b) c-Jun N-terminal kinase/stress-activated 
protein kinase (JNK/SAPK) and c) p38. Activation of MAPKs results in the 
phosphorylation and activation of transcription factors and their consequent 
responses: proliferation, apoptosis or differentiation. Overexpression of the 
activated JNK/SAPK is linked to induction of apoptosis after exposure to gamma 
rays and other genotoxins [29]. 
              Other proteins involved in signal transduction: signalling pathways that 
normally start at various plasma membrane receptors become activated in the 
irradiated cell. This kind of activation does not require de novo protein synthesis 
[29].  Factors other than DNA damage may stimulate translocation of p53 to the 
nucleus. One of these factors, Bcl-2, is a protein able to prevent cellular damage 
inflicted by reactive oxygen species (ROS). The proteins coded by several 
oncogenes are implicated in the extracellular modulation of the response to IR, 
e.g., those pathways involving Ras and Raf proteins. c-Myc proto-oncogene under 
certain conditions is another potential genetic modifier of cellular 
radiosensitivity. Although dominant oncogenes usually enhance radioresistance, 
some of them may confer increased radiosensitivity [6]. 
             Ceramide: A biphasic increase of radiation-induced ceramide, which is a 
signal for apoptotic death in some cell types, involves two independent signalling 
pathways. The first transitory increase observed within few minutes after 
irradiation results from hydrolysis of sphingomyelin via sphingomyelinase 
activation at membrane level. The second wave appears several hours after 
irradiation, when de novo synthesis of ceramide results from DNA damage-
dependent activation of ceramide synthase that involves ATM requiring a nuclear 
signalling pathway involving ATM. Thus, ceramide could play a central role in the 
crosstalk between nuclear DNA and cell membrane as targets for IR induced 
damage [14]. 
          Growth factor/cytokine signalling pathways: Various growth factors and 
cytokines present in the cell microenvironment can inhibit apoptosis, resulting in 
enhanced cell survival and decrease radiosentivity. The best studied is Insulin-
like growth factor-1 (IGF-1). The activated IGF receptor transduces an 
antiapoptotic signal via a set of domains on the intracellular portion of the 
receptor. Interleukin-1 (IL-1) can block or enhance apoptosis of various normal 
and tumour cell types via signalling through the activated type I IL-1 receptor. 
TNF-alpha can protect against whole body irradiation as well as modulate the 
radiosensitivity of tumour cells in vitro. It is due in part to induction of 
expression of other cytokines (IL-1, IL-6) and to activation of the survival-
promoting transcription factor nuclear factor kappa B (NF-κ-B) [18]. 
 



 C) IMPLICATIONS OF NON-TARGETED AND DELAYED EFFECTS IN 
RADIOSENSITIVITY 

A central dogma in radiation sciences has been that energy from radiation must 
be deposited into the cell nucleus to generate a biological effect, named 
targeted effect. Recent studies have demonstrated non-targeted effects that 
appear in neighbour cells not directly exposed or in the progeny of a previously 
irradiated cell. These non-targeted effects are bystander effect and genomic 
instability (GI), with a crucial importance in radiosensitivity [28]. 

 
Genomic Instability 
Genomic instability (GI) is a term used to describe a phenomenon that results in 
the accumulation of multiple changes required to convert a stable genome of a 
normal cell to unstable genome characteristic of a tumour. GI may also be used to 
describe the increase rate of acquisition of alterations in the genome [24]. 
Radiation-induced GI arises at delayed times after exposure and manifests in the 
progeny of exposed cells many generations after the original insult. 

 End-points of genomic instability 
           Delayed reproductive cell death: the progeny of irradiated cells shows 
reduced clonogenic survival compared with unirradiated cells. Several types of 
chromosomal rearrangements (e.g. dicentric chromosomes) are generally involved 
in delayed reproductive death in normal cells. 
          Chromosomal instability: Dicentric chromosomes are generally not 
compatible with the survival of normal cells but other cytogenetic changes (e.g. 
translocations, inversions and insertions) are not cytotoxic in terms of cell death. 
However, these events may initiate the cascade of destabilizing steps associated 
with chromosomal instability.  

 Gene amplification : It is a process by which specific gene regions are 
altered during cell propagation and drug selection, supposedly by unequal sister 
chromatide exchange, deletion and reintegration of genomic sequences and / or 
chromosome breakage by fusion.   

 Delayed mutations: Most mutations induced by IR are large deletions multi-
locus and usually include specific genes and adjacent genomic regions. The 
mechanisms for directly induced mutations compared to late-arising mutations 
are different. More than 70% of the directly induced mutations involve total or 
partial deletions, whereas the great majority of delayed mutations appear to 
involve point mutations [19]. 
 Initiating events leading to genomic instability 

Experimental evidence argues against DBSs being the only initiator of instability 
[33]. It has been proposed that an initiation event or events involving the 
activation of signal transduction pathways and leading to alternative gene 
expression, may be responsible in part for radiation-induced genomic instability 
[16]. Induction of the activated Ras oncogene leads to rapid instability in the 
genome of mouse fibroblasts as detected within one cell cycle [5]. RAD18 
contributes to maintenance of genomic stability through post-replication repair 
mechanisms. Dysfunction of RAD18 greatly increases the frequency of homologous 
and illegitimate recombination. Radiation-induced overexpression of C-Myc alters 
G1 /S arrest.GI induced by C-myc protooncogene has been communicated. The 
H2AX histone has been associated to GI. In mammalian cells H2AX is rapidly 
phosphorylated by ATM and possibly DNA-PKcs upon the induction of DSBs by IR. 



In this context the γH2AX isoform may play a role in the recruitment of BRCA1, 
RAD51 and perhaps other DNA repair factors and therefore in the maintenance of 
genomic stability [2]. Different pathways are involved in the initiation and 
maintenance of GI. 
 Interstitial telomere repeat-like sequences and genomic instability 

Telomere-like repeat sequences (TTAGGG)n are present in discrete bands at 
distinct interstitial chromosomal sites, and are considered as hot spots for 
recombination, breakage and chromosomal fusion, raising the possibility that 
these interstitial telomeres may contribute to delayed chromosomal instability 
[27]. 
 Dose-rate and LET in genomic instability 

While a dose independence has been demonstrated following exposure to low LET 
radiation, a dose-dependent increase in chromosomal aberrations in human 
marker chromosome 4 was evident using iron ion (high LET) [17]. High LET 
radiation appears to be more efficient at inducing end-points of GI in a dose-
dependent manner and is also able to inducing GI at much lower doses than low 
LET radiation. 
 Radiation-induced genomic instability in vivo 

Transmissible GI has been observed after irradiation in vivo followed by culture 
in vitro and vice-versa. GI assessed in vivo after in vivo irradiation using 
different models is more controversial. Persistent chromosomal instability has 
been communicated in acute myeloid leukemia and myelodysplastic syndrome 
patients among heavily exposed atomic bomb survivors [26].  
Bystander Effects 
The bystander effect deals with the ability of cells affected by an agent to 
convey manifestations of damage to other cells not directly targeted by the 
agent or necessarily susceptible to it per se. There are at least two different 
types of mechanisms involved in bystander effect: those mediated by cell-to-cell 
gap junction communication and those induced by secreted soluble factors [7].  
Bystander effect in vitro can be divided into four sub-categories not mutually 
exclusive. 

Bystander effect after cytoplasmatic irradiation: cytoplasmatic irradiation 
using a microbeam of single α particles capable of putting an exact number of 
particles in subcellular compartments, doubled the spontaneous mutation 
frequency [7]. 

Bystander effects after low fluences of α particle irradiation: an increase 
in sister chromatid exchange frequency has been observed in ~ 30% of cells even 
though less that 1% of the cells were traversed by an α particle [8]. 

Bystander effects after irradiation with a charged particle microbeam:  by 
using a single cell microbeam, it is possible to estimate bystander effects in 
unirradiated cells. One α particle per nuclei, the lowest possible dose of high-LET 
radiation, effectively elicits a bystander response in different cell types [3].  

Bystander effects after transfer of medium from irradiated cells  It has 
been demonstrated a significant reduction in plating efficiency in unirradiated 
cells that received culture medium from irradiated cultures [25]. Irradiation can 
lead to secretion of factors by irradiated cells that can reduce cloning efficiency 
predominantly by stimulating apoptosis, increasing neoplastic transformation or 
inducing GI in non-irradiated cells.  
Oxidative stress and Inherited Radiosensitivity  



Free radicals may be involved in the generation of GI both as initiating events 
and perpetuating mechanisms. In cultures where induced GI has been 
demonstrated, a significant increase in intracellular oxidants, oxidative DNA 
base damage and vulnerability to free radical-mediated membrane superoxide 
production has been established [30]. On the other hand, mechanisms of signal 
transduction by ROS involve alterations in cellular redox state and oxidative 
impairments of proteins. Intracellular signalling production of free radicals and 
cytokines are features of inflammatory responses and have the potential for both 
bystander mediated and persistent damage [21]. Nitric oxide (NO) at low 
concentration may modulate radiosensitivity protecting against  radiation-
induced apoptosis [11]. Similarly, NO may mediate in bystander effects following 
ionising radiation exposure, e.g., NO secreted by irradiated donor cells could 
modulate the radiosensitivity of non-irradiated recipient cells [23]. Likewise, the 
presence of a NO specific scavenger in culture medium was capable to inhibit the 
bystander effect observed by using charged particle microbeam.  
Radiobiological implications of non-targeted effects of ionizing radiation 
Since these non-targeted effects essentially amplify the biological effectiveness 
of a given radiation exposure, the target for radiation-induced damage may be 
greater than the precise volume irradiated. One obvious conclusion is that it must 
be necessary to consider both direct and indirect effects in models of radiation-
induced carcinogenesis, and therefore when evaluating radiation risks. Another 
important point may be related to the notion of tolerance of tissues around the 
tumour target in radiation therapy. Non-targeted effects may influence the 
responsiveness of these tissues by increasing the risk of detrimental effects. 
Non-targeted effects must be considered in assessing risks in the following cases: 
a) low-fluence of high LET radiation (e.g. radon), where only a small fraction of 
the cell population would be hit. b) therapeutical utilization of low fluences of 
high LET (e.g. boron neutron capture therapy/BNCT) 
 

 D) HUMAN DISEASES ASSOCIATED WITH RADIOSENSITIVITY 
There are numerous genetic diseases associated with hypersensitivity to 
radiations. In some diseases the genetic abnormality affects a signalling pathway 
and the hypersensitivity to IR appears with a secondary cancer after radiation 
therapy (Table 1). In other diseases the genetic abnormality affects the DNA 
damage repair mechanisms (Table 2).   
 
Table 1  Hypersensitivity to ionising radiations as evidenced by second cancers 
     

Disease Defective 
mechanisms 

Mutated gene Inheritanc
e pattern 

 Main features ancer predisposition 

Non-polypoid 
colon 
carcinoma 
syndrome 
(HNPCC) 

MMR hMSH2, hPMS2 and 
hMSH6. 

autosomal 
dominant  

Extracolonic cancers of the endometrium, 
ovary,excretory urinary tract, stomach, 
biliary tract, small intestine. 

Familial breast 
cancers 

HR BRCA1 or BRCA2 autosomal 
dominant  

Breast, braion, leukaemis, sarcoma. 
Fybroblasts exhibit increased rate of 
spontaneous mutations and increased 
radiosensitivity. 

Li-Fraumeni 
syndrome (LFS) 

DSBs cell 
signalling 

TP53 autosomal 
dominant 

Highly susceptible to both spontaneous and 
radiogenic cancers.  Risk of subsequent 
development of a second primary malignancy 

Familiar 
retinoblastoma 

 DSBs cell 
signalling 

Rb gene Autosomal 
recessive 

 High risk of developing a second cancer in 
the irradiation field: sarcpma, 
melanoma.brain tumour 

Nevoid basal Tumour PTCH autosomal Characterised by cutaneous basal cell 



cell carcinoma 
syndrome 
(NBCCS) 

suppressor 
function 

dominant carcinomas. Risk to develop other type of 
tumours in the radiotherapy field 

 
Table 1: Genetic disorders associated with a defective response to DNA damage 

 
Sensitivity tob  

Disease 
 

Defective Mechanisma 
 

Mutated gene 

UV Ionising radiation 

Xeroderma 
pigmentosum 

NER 
(+/- TCR) 

XP-A, XP-B, XP-C, XP-D, 
XP-E, XP-F, XP-F/ERCC1, 

XP-G 

(+++) ? 

Trichothiodystrophy NER/TCR TFIIH-related XP-D and 
XP-B 

(++) ? 

Xeroderma 
pigmentosum variant 

TLS hRAD30 (+) (+) 

Ataxia-telangiectasia  
homozygote 

DSB cell signalling ATM (-/-)  (++++) 

Ataxia-telangiectasia  
heterozygote 

DSB cell signalling ATM (+/-)  (+) 

AT-like disorder DSB cell signalling hMRE11  (++++) 
Nijmegen breakage 

syndrome 
DSB cell signalling NBS1 (nibrin)  (++++) 

Fanconi anaemia Cross-linking repair 
and HR 

FANC-A, FANC-B, FANC-C, 
FANC-D1/BRCA2, FANC-D2, 
FANC-E, FANC-F, FANC-G 

 (++) 

Bloom’s syndrome HR/TLS BLM RecQ helicase (+) ? 
Wiedemann-

Rautenstrauch 
syndrome 

Neonatal progeria 
WRS 

 ? 

Hutchinson-Gilford 
syndrome 

Progeria infantum HGPS (lamin A) (++) (++) 

Ligase IV NHEJ Ligase IV  ++++ 
Cockayne Syndrome NER/TCR (youthful 

progeria) 
CS-A and CS-B (++)  (?) 

Werner’s syndrome 
HR/TLS (adult 

progeria) 
WRN RecQ helicase (+) (+) 

Seckel syndrome DSB cell signalling ATR  (+++) 
Severe combined 
immunodeficiency 

V(D)J/NHEJ Artemis  (+++) 
(RS-SCID) 

a Abbreviations: NER, nucleotide excision repair; TCR, transcription coupled repair; DSB, double-strand 
break; HR, homologous recombination; TLS, trans-lesion synthesis; NHEJ, non-homologous end joining. 

b Increasing number of +’s means increasingly greater radiosensitivity. Query symbol (e.g. ?) means probably 
radiosensitive, but not demonstrated. 

 
 E) THE RADIATION SENSITIVITY TESTS 

A number of tests have been described and used to assess individual 
radiosensitivity. They may be useful as predictive assays of patient response to 
radiotherapy, to tailor patient’s treatment for a higher probability of cure. 
Radiation sensitivity tests can be performed either on tumour cells or on normal 
cells (table 3) 
 
Table 3: Radiosensitivity assays of tumour and normal cells 
 

CELLULAR TYPE ASSAY ASSAY TIME 
Clonogenic assay 28 days 

CAM (Cell adhesive matrix assay) 21 days TUMOR CELLS 
MTT (capacity to reduce a tetrazolium compound) 1-2 months 

Clonogenic assay (early cell passage)  2-3 months 
Evaluation of residual DNA double strand breaks 
through pulsed field gel electrophoresis (PFGE) in 

dermal fibroblasts or keratinocytes 
23-134 days 

NORMAL 
CELLS 

LYMPHOCYTE 
FIBROBLASTS 

KERATINOCYTES 

Evaluation of DNA damage and repair through comet 
assay (alkaline or neutral conditions), 72 hours 



Evaluation of radiation-induced apoptosis in CD4 and 
CD8 T-lymphocytes through flow cytometry 

(fluorescence), TUNNEL and DNA fragmentation.  
24-96 hours 

  

Cytogenetic tests (in lymphocytes): dicentric 
chromosomes, micronucleus, translocations 

(Fluorescence in situ hybridization -FISH-), DNA 
fragments (Premature Chromosome Condensation –PCC- 

and FISH) 

3-5 days 

At present, none of the existing test systems by themselves can fully predict 
clinical reaction to radiation to allow an individualisation of radiotherapy. Tests 
on a blood sample (not on a biopsy) should be easy to perform, to manage and to 
interpret. They should produce reliable results in a short time (less than one or 
two weeks) and at a reasonable cost. Future assays for clinical radiosensitivity 
should be based on genotype, rather than phenotypic aspects such as cellular 
radiosensitivity or subcellular damage endpoints. Recent advances in genetics 
and molecular biology would provide the tools to unravel the genetic basis of 
clinical normal tissue radiosensitivity. 
 
 F) ETHICAL ISSUES AND GUIDELINES 

 Ethical issues 
The identification of genetic and epigenetic susceptibility to radiations is going 
to develop more because it is needed to optimise radiation therapy. Thus, 
further development of genetic testing might results in the possible 
discrimination of individuals due to their genetic characteristics. There is a 
global international consensus on a principle of non-genetic discrimination [35]. 
Genetic testing is permitted only for medical purpose or medical research. 
Person’s consent must be obtained in writing prior to the realisation of the test, 
and the person must be informed of the nature and the goal of the testing. Data 
must remain confidential at all times. At work, medical investigations should be 
restricted only to the health status of the worker, and genetic testing can be used 
only to detect abnormalities due to the exposure to genotoxic agents 
On the basis that the number of cases of hypersensitive individuals do not lead to 
measurable distortion to population risk estimates after exposure to IR, ICRP has 
stated that the present (severe) rules for radioprotection therefore do not need 
to be modified [34]. However, the same document pointed out that «For the 
future, special consideration of the impact of susceptibility is likely to apply to 
the rise of radiations for therapy…», and this for two rather obvious reasons: 
first, the higher rate of hypersensitive cases in a cancer patient population, and 
second, the high doses that should be delivered to cure malignant tumours (the 
dose levels being in these cases 1000 to 10000 times higher that those considered 
in current radioprotection). 
 Guidelines for the oncologists 

Since hypersensitivity to IR exists in about 5% of patients, oncologists must pay 
attention to its possibility in any given patient. Therefore, the following 
recommendations can be formulated: 
- Do not ignore known hyper-radiosensitive syndromes, essentially AT-
homozygotes, Nijmegen breakage syndrome homozygotes and Fanconi anemia 
patients, even if they are rare. 
- Beware of a few more frequent diseases, systemic sclerosis, Behcet’s disease 
and diabetes with some degree of radiosensitivity. 



- Pay attention to a family history of cancers. Familial disorders predisposing to 
cancer could also predispose to radiation-induced second cancers and clinical 
hyper-radiosensitivity.  
- Be particularly careful with children with cancer and a family history of cancer  
- Beware of unusual early reactions during radiation therapy. Severe acute 
toxicity can correlate with increased late toxicity and also with an increased 
tumour radiosensitivity. Adaptation of total dose could be proposed to 
particularly severe cases 
- Do not hesitate to propose the presently available radiosensitivity tests, even 
suboptimal, to unusual specific cases when needed either prospectively or 
retrospectively 
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