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The benefits of ionising radiation in the field of energy production, food sterilisation, 
industrial applications, diagnostic and therapeutic medical procedures are often obscured by 
late effects of unintended or intended exposure that tend to attract large media attention. Some 
individuals may have a disproportionately high risk of incurring radiation damage as a result 
of environmental, occupational, accidental or medical exposure. If these individuals could be 
identified, the risk of adverse effects can be considerably reduced thus making more 
acceptable these industrial or medical procedures. Previous research indicates that genetic 
predisposition could play an important role in radiosensitivity. The RaHGe study aimed at 
establishing biological resources to measure the relative contribution of environment and 
genetic predispositions to radiosensitivity. Subsequently, these will be used to initiate the 
identification of the genetic polymorphisms and, eventually, gene expression profiles 
involved in radiation senstivity. This work could result in tests enabling a better prediction of 
susceptibility of the individual to radiation effects. Outcomes of the RaHGe project could 
therefore ultimately help to improve the quality of industrial and medical uses of radiation. 
 
The first issue to be addressed in the RaHGe project was the need to establish reliable assays 
for radiosensitivity. In the past, many in vitro assays have been proposed, but no consensus on 
their application has emerged. This is for the major part due to the fact that none of the 
proposed assays was capable of providing sufficient inter-individual resolution, caused by a 
lack of intra-individual repeatability due to a high experimental variability. In order to 
quantitatively determine individual radiosensitivity, we studied experimental variability and 
devised ways to control and compensate for it. This has resulted in an innovative experimental 
strategy that was validated in terms of a quantitative assay of in vitro radiosensitivity 
phenotypes. The basis of this experimental strategy is the simultaneous testing of many 
samples per experiment, allowing the quantification of experimental variance, and therefore 
offering the possibility of its compensation. We studied defined lymphocyte sub-populations 
(T4, T8 and B cells) in a cohort of approximately 100 unrelated normal healthy individuals. 
Each of the donors has provided several blood samples over a period of two years. We used 
two independent tests, quantifying immediate radiation effects (apoptosis) and late radiation 
effects (gene-loss mutations). Our results indicated that more than 70 % of the observed 
phenotypic variance in early radiation effects was attributable to inter-individual differences, 
indicating that significant inter-individual discrimination can be achieved by this test (P < 
0.0001). 
 
This work established that inter-individual differences in radiosensitivity at the cellular level 
could be quantified and that radiosensitivity phenotypes could be measured reliably in a 
normal population. The phenotypes were stable over time in the individuals studied and, 
interestingly, the radiosensitivities of different lymphocyte subsets are not necessarily 
correlated. It turned out that several (memory) lymphocyte subpopulations are extremely 
refractory to apoptosis induction by irradiation, whereas other lymphocyte subpopulations 
(effector) within the same individual are highly sensitive. This finding illustrated the 
importance of the chosen experimental approach. Furthermore, since large differences exist 
between individuals in the quantitative composition of lymphocyte subpopulations, inter-
individual differences are potentially obscured if these differences are not taken into account. 
Furthermore, we showed that the phenotypes vary only slightly with age in a cell-lineage 
specific manner. These combined observations were compatible with the involvement of 
genetic factors in the variability of the characters. Details of these results are presented in the 
final scientific report of the RaGHe project. 
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The next step was to study these phenotypes in genetically related individuals, i.e. from 
members of the same families. We collected biological samples from members of extended 
pedigrees, and characterised these for early radiation effects (apoptosis induction) and 
long(er)-term radiation effects (gene-loss mutations). A refined experimental approach was 
developed for lymphocyte radiosensitivity testing in the family cohort, based on 8-colour flow 
cytometry. The experimental scheme allowed assessment of radiation-induced cell death 
(apoptosis) in precisely defined lymphocyte subpopulations. Flow-cytometric identification of 
gene-loss mutations was performed by determining the proportion of CD4-positive 
lymphocytes lacking CD3 expression. For both tests, dose-effect analysis and statistical 
interpretation resulted in the quantification of putative cellular radiosensitivity phenotypes, for 
which segregation/transmission and heritability were analysed.  
 
Experiments were performed on samples from a cohort of families of multiple sizes as shown 
in the table below. 
 
Characteristics of the cohort used for heritability analysis 
 

Number of parents sampled Size of sib-ship 2 1 0 Total offspring 

8   1 8 
7 1  1 14 
6 3  2 30 
5 4 5 5 70 
4 10 5 2 68 
3 19 7 5 93 
2 36 8 8 104 
1 26 14  40 

 
In order to control for the possibility that apparent familial correlation could be introduced by 
effects of experimental batches, we adopted a complex study design that allowed us to 
measure and control for such effects. The total number of individuals tested per batch varied 
from 12 to 18, whereas the number of unrelated individuals per batch varied from 6 to 10. In 
addition, about 20 samples from unrelated individuals, sampled several times and analysed 
previously, were included. Furthermore, 30 samples of related individuals were analysed 
twice in independent experiments. This design would allow to test and correct for 
experimental variance and continuity in the experimental procedures. 
 
For apoptosis-related phenotypes, we found significant correlations between first-degree 
relatives but not between spouses compatible with genetic effects:  
 
Statistical analysis of intra-familial correlation coefficients of radiosensitivity phenotypes after 
correction for relevant co-varieties 
 

Cell type 
(common name) 

Parent – 
offspring Inter-sibling Inter-spouse 

T4 0.13 0.33 NS 
T4 – effector memory 0.26 0.21 NS 
T8 0.08 0.08 NS 
T8 – effector memory 0.16 0.09 NS 
B 0.35 0.32 NS 
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The data were analysed subsequently using a variety of statistical programs that allow 
heritability estimates to be made with complex family structure. Significant heritability of 
several cellular radiosensitivity phenotypes was found. Notably, total additive genetic 
heritability of B cell, T4 effector memory, and T8 effector memory cells were 0.36, 0.40, and 
0.60 respectively (SOLAR). 
 
We also evaluated heritability of the TCR mutant test phenotype. This was developed as a 
relatively simple assay of clastogenic effects of radiation, based on the quantification of cells 
carrying established chromosomal aberrations. We showed that after in vitro gamma 
irradiation, loss of TCR� or TCR� gene copies would result in an aberrant cellular 
phenotype, characterised by cell surface expression of CD4 in the absence of expression of 
CD3. This aberrant phenotype is easily assessed using flow cytometry, and large and 
heterogeneous samples can be rapidly examined. With increasing dose, an increasing 
proportion of mutant cells is observed. We decided to study this phenotype in relation with 
apoptosis induction phenotypes in the same individuals. Dose-effect (LOG) curves were fitted 
by linear regression, and regression coefficients were used as radiosensitivity phenotype value 
(rT). Heritability of this phenotype was significant though somewhat smaller in magnitude 
compared to the apoptosis phenotypes (0.26).  
 
Subsequently data have been collected on additional family members and an extensive 
phenotype database established for future studies. Given the significant heritability of the 
traits, it is planned that DNA samples from the collection will be genotyped with a high-
resolution set of markers to determine genomic regions that contain genetic factors 
influencing these phenotypes. Positional cloning strategies will be employed to identify the 
underlying genes. 
 
In addition to this genetic approach, gene expression profiling was applied to identify genes 
that were differentially expressed in sorted lymphocyte subsets. Such differentially expressed 
genes are strong candidates for involvement in radiosensitivity. The experimental strategy 
(genome-wide analysis of gene expression using microarrays) required the development of 
protocols for collection of cells and extraction of RNA in sufficient quantities for the 
expression assays. A substantial fraction of effort in the project was devoted to establishing a 
procedure for efficient collection cells, undertaking extraction of RNA from these, and testing 
of the RNA on custom oligo-nucleotide arrays. Although it proved extremely challenging 
technically to obtain sufficient RNA from the sorted cells, data are now available on some 
samples and these are being subject to further analysis. From the total RNA obtained from the 
samples received at SCK•CEN (40 samples from 15 individuals), only four passed all the 
stringent quality-control procedures. Data are now available on these four samples, which are 
being subject to further analysis. A preliminary analysis has identified a selection of 
seventeen genes that may be modulated differentially in lymphocyte subpopulations in the 
four individuals.  Importantly, by the end of the programme the experimental procedures had 
been substantially optimised and we are now able to obtain sufficient RNA for expression 
analysis from approximately 50 % of collected samples. 
 
The advances made in RaGHe establish the basis for new studies that could not be undertaken 
during the course of the project. It is worthwhile to recall here that RaHGe has provided the 
most extensive, high-fidelity phenotype data yet available for studies of radiosensitivity. 
Along with the biological samples from the GENEPI programme, these are a key resource for 
future genetic and other biological investigations of radiosensitivity. The original proposal 
anticipated that a small number of genetic markers would be investigated for correlation with 
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the radiation-sensitivity phenotypes. Reliable estimates of heritability of the traits were 
needed to justify genotyping. Also genetic methodologies were in a state of rapid evolution 
during the contract period. For these reasons it was decided to postpone genotyping and to 
evaluate new options for this at the end of the project period. Based on the phenotypes, 
samples, and results that have been obtained in RaGHe, planning of a large genotyping study 
taking advantage of recent technological advances is now underway. This is an example of 
technology implementation that is possible only because of the availability of these high-
fidelity phenotype data and biological resources. Development of a predictive test for 
individual radiosensitivity, which is the ultimate goal of RaGHe, will be dependent on the 
results that are obtained from the additional genetic studies. As discussed above, it is now 
possible to undertake additional expression studies because of the protocols for RNA 
extraction from sorted T lymphocytes that were put into place as part of the project. 
 


