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Abstract
Purpose

Evidence has accumulated in recent years suggestive of a genetic basis for a susceptibility to the development of radiation injury
following cancer radiotherapy. The purpose of this study was to assess whether patients with severe radiation-induced sequelae (RIS,
i.e. NCI/CTCv3.0 grade 23) display both a low capacity of radiation-induced CD8 lymphocyte apoptosis (RILA) in vitro and possess
certain single nucleotide polymor phisms (SNPs) located in candidate genes associated with the response of cellsto radiation.

Experimental Design

DNA was isolated from blood samples obtained from patients (n = 399) included in the Swiss prospective study evaluating the
predictive effect of in vitro RILA and RIS. SNPsin the ATM, SOD2, XRCC1, XRCC3, TGFB1, and RAD21 genes were screened in
patients who experienced severe RIS (group A, n = 16 ) and control subjects who did not manifest any evidence of RIS (group B, n =
18).

Results

Overall, 13 and 21 patients were found to possess a total of <4 and 24 SNPs in the candidate genes. The median (range) RILA in
group A was 9.4% (5.3-16.5) and 94% (95%Cl: 70-100) of the patients (15/16) had 24 SNPs. In group B, median (range) RILA was
25.7% (20.2- 43.2) and 33% (95%Cl: 13-59) of patients (6/18) had 24 SNPs (p < 0.001).

Conclusions

The results of this study suggest that patients with severe RIS possess 4 or more SNPs in candidate genes and low radiation-induced
CD8 lymphocyte apoptosisin vitro.
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Neoplasms ; genetics ; pathology ; radiotherapy ; Polymorphism, Single Nucleotide ; Radiation Injuries ; diagnosis ; Radiation Tolerance ; adverse effects ; Risk ; Time Factors
; Treatment Outcome

Radiation injury may develop months to years following radiotherapy (RT) with the manifestation of diverse pathological lesions such
as fibrosis, necrosis, atrophy, and vascular damages (1). In recognition of the large number of people who survive for many years
following a cancer diagnosis, the National Cancer Institute has identified cancer survivorship and the development of adverse late sequelae
resulting from the use of therapeutic modalities, including RT, as an important area that has been under-researched (2).
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A variety of patient, tumor, treatment, cellular, and molecular factors contribute to the variability in severity of normal tissue reactions
exhibited after RT. In addition, it has been hypothesized that individua intrinsic radiosensitivity may influence the development of adverse
radiation responses (3). Therefore, efforts have been made to develop assays capable of predicting susceptibility for the development of
radiation injury that would allow customization of RT protocols on an individual basis (3, 4). By doing so, it has been estimated that a
significant improvement in the therapeutic index could be achieved. In the clinic, two complementary approaches have been explored with
encouraging results: the lymphocyte assay (4) and single nucleotide polymorphism (SNP) screening (3).

Lymphocyte apoptosis was devel oped as a rapid tool for characterization of normal tissue radiosensitivity (5-8), particularly due to the
ease of blood collection in a standardized, patient-convenient manner. In a prospective study, blood samples were obtained from 399
patients treated with curative intent and tested using CD8 lymphocyte apoptosis following an X-ray dose of 8 Gy. Apoptosis was assessed
by associated condensation of DNA in lymphocytes. The 2-year cumulative incidence for grade 2 or 3 late toxicity was 70, 32, and 12
percent for patients with absolute changes in CD8 T-lymphocyte apoptosis of <16, 16-24, and >24 percent, respectively (4).

Consistent with these results are those reported by Svensson et a. (9) who examined the expression of a series of genes associated
with radiation response in radiotherapy patients with or without late radiation toxicity. It was reported that the majority of the
discriminative genes and gene sets belonged to the ubiquitin, apoptosis, and stress signaling networks. In addition, it has been reported that
possession of variantsin genes, the products of which play arole in radiation response, may be associated with the development of adverse
effects after RT (3). Candidate genes that possess SNPs associated with RIS include ATM, TGFB1, XRCC1, XRCC3, SOD2, and RAD21.
The selection of these specific six genes for SNP screening was based upon previous results indicating that these genes possess SNPs
associated with the development of adverse effects from RT (3, 10-14).

Here we present evidence that patients with severe RIS display both a low radiation-induced CD8 lymphocyte apoptosis (RILA) in
vitro and possess SNPs |ocated in candidate genes associated with the response of cellsto radiation.

Materials and M ethods

Blood samples

Between April 1998 and October 2001, a total of 399 patients with miscellaneous cancers were included in the KFS
00539-9-1997/SKL 00778-2-1999 prospective study evaluating the predictive value of CD4 and CD8 T-lymphocyte apoptosis on the
development of radiation-induced late side effects (4). Among them, twenty-eight patients (7%) developed grade 3 sequelae. These latter
patients experienced 32 grade 3 late side effects: 14 subcutaneous, 5 skin, 9 salivary gland, 1 brain, 1 pharynx, 1 ear and 1 mucous
membrane. At the 2-year visit, 24 patients maintained the same grade 3 late toxicity. Grade 3 late toxicities were mainly observed for
patients with breast (9%), and head and neck (16%) cancers. These patients were invited to participate in the Gene-Pare project(3) for
genetic profile evaluations (see details below). Sixteen patients (group A) accepted this new study approved by the Lausanne University
Ethical Committee and came for a medical visit where informed consent were signed before sending blood samples to the Mount Sinai
hospital in New Y ork (Pr Rosenstein) for genetic screening. Details of all patients were described (4) but briefly, 9/16 (56%) and 6/16 (38
%) breast and head and neck-cancer patients, respectively, experienced grade 3 subcutaneous fibrosis. One patient (6%) treated for a
localized meningioma presented a severe intracerebral edema with long term treatment of corticoids.

The second step was to include “control” patients (group B) from this trial treated for breast and head and neck cancers and
meningioma without any long term clinical signs of radiation-induced toxicities. We stopped accrual when a “matched” sample size was
obtained in comparison with group A, i.e. 10 breast, 7 head and neck and 1 meningioma. The selection of the “matched” patients was made
from the entire population included initially in the prospective trial. Just before the genetic screening but after identifying patients who
suffered from severe side-effects, we selected patients who did not present any radiation-induced sequelae. The selection was made
according to the type and location of the tumor, initial tumor size, total radiation dose, irradiated volume, concurrent tamoxifen (breast) or
cisplatin (head-and-neck) administration. No statistical difference was found between the two groups.

Blood samples were sent to the Mount Sinai hospital in New York for genetic screening. The human investigations were performed
after approval by the local institutional review board.

Toxicity assessments

Toxicities were graded according to the RTOG/EORTC system in al patients by the same physician without knowledge of any
trandational studies so as not to bias the evaluation (15). The timing of late side effects from 6 weeks post RT up to 2 years corresponds to
the time of observation of the worst late toxicity grade. The exposure to concomitant RT chemotherapy (head and neck cancer patients),
concomitant hormonotherapy and post RT chemotherapy (mainly breast cancer patients) as well as all technical RT modalities (irradiated
volume, total dose, dose at the surface of the skin, dose fractionation) were also taken into account to evaluate late side effects (4, 16).

Genetic screening
Page 2/7

Clin Cancer Res. Author manuscript



The lymphocyte isolation, DNA extraction and denaturing high performance liquid chromatography (DHPLC) procedures were
performed as previously described (12). All PCR products were subjected to either DHPLC or the Surveyor nuclease assay using a
Transgenomic WAVE High Sensitivity Nucleic Acid Fragment Analysis System. PCR primers for the DNA amplicons encompassing the
SNPs of interest were designed using the genomic sequence obtained from NCBI (http://www.ncbi.nim.nih.gov), and the online primer
design program Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The SNPs in ATM were identified using DHPLC
whereas the SNPsin all other candidate genes were detected using the Surveyor nuclease assay which was performed as described (17-20

).

Briefly, a mixture was added to each 25 ul PCR reaction product consisting of 0.5 ul 10X buffer, 1 yl Surveyor nuclease W, 1 yl
Enhancer W, and 2.5 pl ddH20 (Transgenomic Surveyor kit). The reaction was incubated at 42°C for 20 minutes. At thistime, the reaction
was terminated by adding 5 pl of a mixture of 3 pl Stop Buffer and 2 pl ddH20. For each primer set, a gradient was chosen using
Navigator software (Transgenomic) based on the size of the PCR fragment. The “DS multiple fragments’ setting was used at 45°C with the
addition of the dye WAVE-HS1 (Transgenomic). The fragment length minimum was set to 25 bp, and the fragment length maximum was
set to roughly 50-75 bp larger than the size of the fragment. The resulting traces were examined for the presence of multiple peaks
suggestive of heterozygosity for the SNP, comparing the sizes against a low molecular weight DNA ladder (New England Biolabs). To
identify patients who may be homozygous for the minor allele for each SNP, an equal amount of DNA derived from a subject known to be
homozygous for the major allele was mixed with each DNA sample prior to the PCR to create a potentialy heterozygous SNP if that
patient had been homozygous for the minor allele. Any samples for which the chromatogram differed from that obtained for DNA
homozygous for the major allele were subjected to DNA sequencing using an ABI BigDye Terminator Version 3.1 Ready Reaction Cycle
Sequencing kits and an ABI 3730xI DNA Analyzer. All analyses were blinded to treatment, side-effects, and RILA yield.

Radiation-induced CD8 lymphocyte apoptosis

As described (4, 5, 8), heparinized whole blood collected before starting RT was diluted 1:10 in RPMI 1640 medium containing 20
percent fetal bovine serum, irradiated with 0- and 8- Gy, and incubated for 48 h. The cells were then labeled with FITC-conjugated
anti-CD8 monoclonal antibodies, red blood cells were lysed, and the DNA of the remaining cells stained with propidium iodide (P1).
Samples were measured using a FACScan flow cytometer and data analysis performed using CellQuest software (Becton-Dickinson, San
Jose, CA). Apoptotic CD8 T-lymphocytes were defined as those cells staining positively for their cell-type-specific antibodies, and
displaying reduced Pl fluorescence and cell size. These cells were previously demonstrated to be apoptotic using the TUNEL assay (8).
Datafrom at least 10,000 cells/sample were acquired.

In our earlier study (4), a decreased percentage of grade 2 or more late toxicity was observed for increasing values of CD4 and CD8.
No grade 3 side effects were observed for patients with CD4 apoptosis >15% and CD8 apoptosis >24%. A multivariate ROC analysis for
CD4 and CD8 was performed among the patients who were evaluated at 2 years, or who experienced a grade =2 before 2 years. The area
under the ROC curve was greater for CD8 (0.827 [95% Cl: 0.78- 0.87]) than for CD4 (0.714 [95% Cl: 0.66-0.77]). The addition of CD4
into the model did not contribute significantly in separating the two groups (AUC = 0.84). Therefore, we decided to take into account only
CD8 results for the present study. In the prospective trial (4), all apoptosis yields were blindly collected by a technician before final
analyses.

Statistical M ethods

Fisher’s exact test was used for the comparison of 2x2 contingency tables. An odd's ratio (OR) was estimated from the probabilities of
developing grade =3 toxicity between groups A and B. 95% confidence intervals for probabilities were obtained from the binomial
distribution. Y ouden’s index associated with ROC curves was obtained from sensitivity (Se) and specificity (Sp) as Se+Sp-1. This index
was used to determine the best cut-off point for the number of SNPs. Median values for continuous variables were compared between
groups with the Wilcoxon non parametric test.

Results

Genotype distributions and sever e radiation-induced sequelae

The genotype distributions are depicted in Figures 1 and 2. A putative model for estimation of fibrosis risk based on multiple SNPs
was used as has been described (13). Overall, 13 and 21 patients were found to possess atotal of <4 and =4 SNPs in the candidate genes
screened (ATM, TGFB, SOD2, XRCC1, XRCC3, RAD21). Among the 16 patients who experienced grade >3 sequelae (group A), 15 (94%
, 95%Cl: 70-100%) carried 24 SNPs compared to 6/18 (33%, 95%Cl: 13-59%) patients without any clinical signs of RT-induced late
toxicity (p < 0.001).

The probability for the development of grade =3 toxicity (Figure 3) was significantly higher (OR 9.3, 95% Cl: 1.4-62, p = 0.003) for
patients with 24 SNPs (0.71, 95%Cl: 0.48-0.89) compared to those with <4 SNPs (0.08, 95%Cl 0.01-0.36). In terms of sensitivity and

Page 3/7
Clin Cancer Res. Author manuscript



specificity, as can be seen from Figure 2, the cut-off at 4 or more SNPs gave the largest values for Y ouden’s index with sensitivity (true
positives) = 94% (15/16) and specificity (true negatives) = 67% (12/18) corresponding to an index of 0.61. At the 4 or more cut-off value,
the positive predictive value (PPV) was 71% and the negative predictive value (NPV) was 92%. Few patients (10/34) had 5 or more SNPs
in our study. Youden'sindex was lower and equal to 0.39 (sensitivity = 50% and specificity = 89%) and PPV = 80% and NPV = 67%.

Taken individually, the total numbers of SNPs detected in ATM 5557 G>A (number of patients, n=15), SOD2 47 T>C (n=22), TGFB1
-509 C>T (n=18) and 870 T>C (n=24), XRCC1 1321 G>A (n=15), XRCC3 1075 C>T (n=18), and RAD21 1625 T>C (n=10) were greater
in group A compared with group B (Table 1).

L ow radiation-induced CD8 lymphocyte apoptosis (RILA), number of SNPs, and radiation-induced sequelae

Grade 3 late toxicities were mainly observed for patients with breast (9%), and head and neck (16%) cancers with an inverse
relationship between the incidence of late side effects and percent CD8 apoptosis. The median (range) RILA in group A was 9.4% (5.3-
16.5) and 94% (95%CI: 70-100) of patients (15/16) had 24 SNPs.

In our control population (group B), median (range) RILA was 25.7% (20.2-43.2) and 33% (95%Cl: 13-59) of patients (6/18) had 24
SNPs (p < 0.001, Figure 2).

Discussion

Normal-tissue radiobiology has achieved notable advances mainly through an improved mechanistic understanding of molecular
pathogenesis (21). Radiation-induced tissue remodeling is a complex process driven by intercellular communication via cytokines and
growth factors, which are induced during the radiation response of participating cells (22).

Mechanistically, the early steps of radiation-induced fibrosis are similar to those of a wound-healing response characterized by an
upregulation of cytokines with proinflammatory recruitment of cells within the surrounding irradiated tissue (21). Transforming growth
factor-B (TGFB) is secreted in alatent form and may be activated directly in the extracellular space by a triggering event such as ionizing
radiation (23). The second key process characteristic of radiation fibrogenesis is damage of endothelia cells (24), which activates the
apoptosis death program and also leads to release of pro-fibrotic cytokines, mainly TGF (21).

We reported that radiation-induced T-lymphocyte apoptosis can be predictive for grade 2 and 3 late effects (P <0.0001). Patients with
grade 3 | ate effects showed CD8 radiation-induced apoptosis significantly (P <0.0001) below the median (4).

Regarding the relationship between genetic variation and clinical radiosensitivity (3, 13), we screened for SNPs in candidate genes that
are associated with the response of cells to radiation; ATM, TGFR1, SOD2, XRCC3, XRCC1, and RAD21. It has been reported (8) that
AT patients, who are homozygous for mutationsin ATM, display alow apoptotic response of CD4 and CD8 lymphocytes. Therefore, it is
plausible that SNPsin genes which encode proteinsinvolved with apoptosis may affect the apoptotic response in those cells.

Recent clinical investigations have suggested that fibrosis risk is not only dependent on the type of the SNPs but also on the number of
‘risk alleles (14). The results reported in the present article reinforce this hypothesis and indicate that possession of multiple SNPs
associated with radiosensitivity correlates with an increased probability for developing severe RIS.

Of particular note may be the inverse correlation between RILA and the number of SNPs in the candidate genes screened, whose
products are involved in both fibrosis and apoptosis following irradiation (3, 9, 11, 25). It is our hypothesis that radiation-induced late
effects are exacerbated in tissues with reduced apoptosis since a diminished apoptotic cell death response may enhance the probability for
induction the cytokine cascade induced by radiation that result in a pro-inflammatory response resulting in long-term adverse responses.
We should be able to verify this hypothesis in our on-going COHORT trial (NCI PDQ: NCT00208273) with 150 patients specifically
designed to evaluate this association.

Further investigations are strongly warranted to identify more comprehensively the SNPs that are associated with RIS and may
provide the basis for an assay to predict which patients are at greatest risk for the development of radiation injury, particularly in the
current era of combined modality treatments (16, 26, 27).
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Fig. 1
Digstribution of the number of Single Nucleotide Polymorphisms (SNPs) in the study population. The candidate genes were selected from
previous studies as ATM, SOD2, TGFb, XRCC3, XRCC1, RAD21. Thirteen and 21 patients presented less than three and four or more SNPs,
respectively.
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Fig. 2

Distribution of the number of Single Nucleotide Polymorphisms (SNPs) according to radiation-induced late effects (grade =3 vs grade <3).
Ninety-four percent (15/16) patients presented 24 SNPs in the grade 23 toxicity group compared to 33% (6/18) in the “control” group without
any severe clinical radiation-induced toxicity (p <0.001).
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Fig. 3

The probability of grade 3 or more toxicity as a function of the cumulative number of Single Nucleotide Polymorphisms (SNPs). Four and
more SNPs are strongly correlated with the risk of grade =3 toxicity; OR, oddsratio = 9.3, 95%Cl: 1.4-62, p = 0.003).
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Tablel

Number of patients presenting Specific Single Nucleotide Polymorphisms (SNPs) according to both groups (A, grade = 3 late effects and B, no severe late effects)

Number of patients (%)

Type of SNPs Grade 2 3 |ate effects group No sever e |ate effects group
n=16 n=18

ATM 5557 G>A 9 (56%) 6 (33%)

SOD2 47 T>C 13 (81%) 9 (50%)

TGFB1-509 C>T 11 (69%) 7 (39%)

TGFB1870T>C 15 (94%) 9 (50%)

XRCC1 1321 G>A 8 (50%) 7 (39%)

XRCC3 1075 C>T 9 (56%) 9 (50%)

RAD21 1625 T>C 7 (44%) 3(17%)
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