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Abstract

Purpose—To explore if functional single nucleotide polymorphisms (SNPs) of base-excision
repair genes are predictors of radiation treatment-related pneumonitis (RP), we investigated
associations between functional SNPs of ADPRT, APEX1, and XRCC1 and RP development.

Methods and Materials—We genotyped SNPs of ADPRT (rs1136410 [V762A]), XRCC1
(rs1799782 [R194W], rs25489 [R280H], and rs25487 [Q399R]), and APEX1 (rs1130409
[D148E]) in 165 patients with non-small cell lung cancer (NSCLC) who received definitive
chemo-radiation therapy. Results were assessed by both Logistic and Cox regression models for
RP risk. Kaplan-Meier curves were generated for the cumulative RP probability by the genotypes.

Results—We found that SNPs of XRCC1 Q399R and APEX1 D148E each had a significant
effect on the development of grade =2 RP (XRCC1: AA vs. GG, adjusted hazard ratio [HR] =
0.48, 95% confidence interval [C1] 0.24-0.97; APEX1: GG vs. TT, adjusted HR = 3.61, 95% ClI
1.64-7.93) in an allele-dose response manner (Trend tests: P = 0.040 and 0.001, respectively). The
number of the combined protective XRCC1 A or APEXL1 T alleles (from 0 to 4) also showed a
significant trend of predicting RP risk (P = 0.001).

Conclusions—SNPs of the base-excision repair genes may be biomarkers for susceptibility to
RP. Larger prospective studies are needed to validate our findings.
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INTRODUCTION

Radiation therapy is one of the major treatment modalities for unresectable non-small cell
lung cancer (NSCLC) and has been shown to improve local control and overall survival.
However, such treatment is associated with a risk of developing radiation treatment-related
pneumonitis (RP), resulting from the irradiation and inflammation of the normal lung
tissues. RP has been identified as the most common dose-limiting complication of thoracic
radiation, with 10% to 20% of patients experiencing moderate or severe RP (1). Several
therapeutic and patient-related factors have been reported to influence susceptibility to RP,
including patient performance status, dosimetric parameters, smoking, and plasma
inflammatory cytokine levels (2). Recently, we demonstrated that a single nucleotide
polymorphism (SNP) of the TGFf1 gene (rs1982073 [T869C]) independently predicted RP
risk in patients with NSCLC (3), suggesting that genetic predisposition may be involved in
RP development. Considering the relatively sparse reports of RP investigation from a
genetic perspective, we were interested in identifying additional genetic factors that are
likely to predict RP susceptibility.

Theoretically, RP is a dysregulated wound-healing inflammatory reaction to normal lung
tissue injury, characterized by lympholytic alveolitis (2). Genetic factors that could extend
the wound-healing process or cause suboptimal repair of irradiated normal lung tissues
presumably could lead to prolonged and intensified inflammatory reactions. Therefore, the
genes involved in repair of damaged DNA in the irradiated normal lung tissues are potential
candidates to predict susceptibility to RP. This hypothesis was reinforced by the evidence
that patients with ataxia telangiectasis, Fanconi’s anemia, or Nijmegen breakage syndrome
are at increased risk of severe RP as a result of germline mutations in DNA repair genes (4).
However, these syndromes, all of which involve increased sensitivity to ionizing radiation,
are very rare and thus the mutations associated with them may not influence the
development of RP among patients with NSCLC that are otherwise unselected from the
general population.

Base excision repair (BER) is the major system responsible for the removal of damaged
single DNA bases and for efficient repair of DNA single-strand breaks generated
extensively by radiation therapy (5,6). Several key repair genes play important roles in BER,
of which the APEX1 (apurinic/apyrimidinic endonuclease 1), ADPRT (adenosine
diphosphate ribosyl transferase), and XRCC1 (x-ray repair cross-complementing 1) genes
are the most extensively investigated, commonly for their effects on genetic susceptibility to
cancer risk (7,8) but rarely for tissue sensitivity to radiation therapy (9). It has been shown
that a low BER capacity may lead to increased tissue radiosensitivity and perhaps more
severe radiation toxicity (6,10). Since SNPs can contribute directly to disease predisposition
by modifying a gene’s function, or they can serve as genetic markers for nearby disease-
causing variants through association or linkage disequilibrium (LD), we hypothesized that
functional SNPs of the BER genes are biomarkers for predicting susceptibility to RP among
patients with lung cancer treated with radiation. To test this hypothesis, we performed a
case-only study, seeking associations between RP risk and common functional variants of
ADPRT, XRCC1, and APEX1 in patients who received definitive radiation therapy, with or
without chemotherapy, for NSCLC.

METHODS AND MATERIALS

Patient population

We identified 261 patients with DNA samples available from a data set of 576 patients with
NSCLC treated with definitive radiation at The University of Texas M. D. Anderson Cancer
Center between 1999 and 2005. Among these 261 patients, 172 patients had documented
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information on RP with complete follow-up information and radiation dosimetric data. Since
stage 1V patients normally have limited life expectancy and only receive a palliative dose of
radiation, which often do not cause significant toxicity, we excluded these 7 patients, and the
final sample pool consisted of 165 patients, including 120 whites, 32 blacks, 9 Hispanics, 1
Asian and 3 patients whose ethnicities were not self-reported. The median total radiation
dose was 63 Gy (range, 50.4 to 84.0 Gy) given at 1.2 to 2.0 Gy/fraction. Of all patients, 19
patients received radiation only, 145 received radiation in combination with chemotherapy,
and one received radiation but other therapies were unknown. Details of the radiation
treatment planning, follow-up schedule and tests, guidelines for RP scoring, and dosimetric
data analysis have been described elsewhere (11,12). Briefly, all patients were examined by
their treating radiation oncologists weekly during concurrent chemoradiotherapy and 4—6
weeks after completion of treatment. The patients were then followed every 3 months for the
first 3 years and every 6 months thereafter unless they had symptoms that required
immediate examination or intervention. Radiographic examination by chest X-ray or CT
was performed at each follow-up visit after completion of chemoradiotherapy. For this
analysis, we reviewed all relevant dictated clinical notes by the treating physicians and all
radiographic images for every patient. Radiation treatment-related pneumonitis was
diagnosed by clinical presentation and any of the following radiographic abnormalities:
ground-glass opacity, attenuation, or consolidation changes within the radiation field.
Pneumonitis was assessed and scored using the Common Terminology Criteria for Adverse
Events version 3.0 (13). The time to end point development was calculated from the
beginning of the radiation therapy; patients not experiencing the end point were censored at
the last follow-up. This study was approved by the appropriate M. D. Anderson Cancer
Center institutional review board.

Genotyping methods

We selected five common, well-studied functional variants of ADPRT, XRCC1, and APEX1
genes involved in BER: ADPRT (rs1136410 [V762A]), XRCC1 (rs1799782 [R194W],
rs25489 [R280H], and rs25487 [Q399R]), and APEX1 (rs1130409 [D148E]). These SNPs
were selected because they cause nonsynonymous amino acid changes that have been
reportedly associated with cancer risk (7). Blood collection and sample preparation were
described previously (3). Genotypes were generated by the polymerase chain reaction
restriction fragment-length polymorphism method. The primer sequences, restriction
enzymes, and polymerase chain reaction conditions used for the experiments are available
upon request.

Statistical analysis

Patients were grouped according to their genotypes. Statistical analysis was performed using
the SAS 9.2 statistical software (SAS Inc, Chicago, IL). Cox proportional hazards analysis
was performed to calculate the hazard ratios (HRs) and 95% confidence intervals (Cls) to
evaluate the influence of genotypes on RP risk. Kaplan-Meier analysis was performed to
estimate the cumulative RP probability. In addition, multivariate Cox regression was
performed to adjust for other covariates. Likelihood ratio tests were performed for each
multivariate Cox regression to assess the goodness of fit. Chi-square test was used to
calculate the Hardy-Weinberg equilibrium. P values of 0.05 or less were considered
statistically significant.

Finally, we created a classification and regression tree (CART) to identify higher-order
interactions between clinical factors and genetic variants using the rpart package in S-PLUS
Version 8.0.4 (TIBCO, Palo Alto, CA). CART creates a decision tree to identify how well
each genotype or environmental factor variable predicts the class (e.g. RP). Specifically, the
recursive procedure starts at the root node and uses a log-rank statistic to determine the first
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optimal split and each subsequent split of the data set. This process continues until the
terminal nodes have no subsequent statistically significant splits or the terminal nodes reach
a pre-specified minimum size (n > 10).

RESULTS

Patient characteristics and association with radiation pneumonitis

Table 1 lists the characteristics of the 165 patients (93 men and 72 women with a median
age of 63 years [range, 35 to 88 years]), of whom 72.7% were white, 76.4% had stage 111
disease, 88.5% were treated with a combination of chemotherapy and radiation therapy, and
96.8% received radiation doses between 60 and 70 Gy. To determine if any confounding
factors were influencing the risk of RP, we analyzed the associations between RP and
clinicopathologic characteristics, including age, sex, race, Karnofsky Performance Score,
disease stage, tumor histology, smoking history, use of chemotherapy, radiation dose, mean
lung dose (MLD) and VV20. The median follow-up time for RP of any grade after radiation
therapy, with or without chemotherapy, was 21 months (range, 1 to 97 months). We found
that disease stage and smoking history were significantly associated with RP (grade =2) in
the univariate analysis (HR for stage I/11 vs. stage 111 0.35, 95% CI 0.15-0.82, P = 0.016;
and HR for former vs. current smokers 2.07, 95% CI 1.07-4.00, P = 0.031). The traditional
RP risk factors, MLD and V20, were also confirmed in the current study (HR for MLD >
19.8 vs. MLD < 19.8 1.91, 95% CI 1.16-3.12, P = 0.011; and HR for V20 > 0.33 vs. V20 <
0.332.10, 95% CI 1.27-3.48, P = 0.004). None of the other clinicopathologic characteristics
were associated with RP risk in this study population.

Table 2 shows the frequency distribution of the five SNPs among the patients. Notably, the
minor allele frequency of the XRCC1 R194W and R280H polymorphisms was 0 in this
patient group, and their rarity was consistent with some reported data from the National
Center for Biotechnology Information’s SNP database of nucleotide sequence variation
(dbSNP; http://www.ncbi.nlm.nih.gov/projects/SNP/). The genotype distribution of ADPRT
V762A, XRCC1 Q399R, and APEX1 D148E met the Hardy-Weinberg equilibrium.

Radiation pneumonitis and genotype association

Table 3 shows the results of univariate and multivariate analyses of the associations between
genetic polymorphisms and grade >2 RP by the Cox proportional hazard model. In the
univariate analysis, there was a trend effect for having the increasing number of XRCC1 A
allele with a decreasing HR (P = 0.049) and for having the increasing number of APEX1 G
allele with an increasing HR (P = 0.008); however, the association was statistically
significant only for having the APEX1 G allele (crude HR for GT+GG vs. TT 2.18, 95% ClI
1.14-4.18, P = 0.019). In multivariate analyses performed with adjustment of confounding
factors shown in Table 1, we found that the XRCC1 Q399R AA genotype was associated
with a reduced HR of RP (adjusted HR for AA vs.GG 0.48, 95% CI 0.24-0.97, P = 0.041),
whereas having the APEX1 D148E GG genotype was associated with an increased hazard of
RP (adjusted HR for GG vs. TT 3.61, 95% CI 1.64-7.93, P = 0.001) (Table 3), and both the
trend effects for the XRCC1 A and APEX1 G alleles remained (P = 0.040 and 0.001,
respectively). Furthermore, patient with increased number of the combined protective A or T
alleles showed a dose-response effect of RP reduction in both univariate and multivariate
analyses (adjusted HR = 0.48, 95% CI 0.27-0.86 for 2 vs. 0/1 alleles, P = 0.013; adjusted
HR = 0.35, 95% CI 0.18-0.68 for 3/4 vs. 0/1 alleles, P = 0.002 and P = 0.001 for the trend
test) (Table 3). Fig. 1 plots the incidence of RP grade >2 as a function of time since
radiation therapy according to these three genetic polymorphisms. We further assessed these
associations in the white patients only (n=120) and found similar tendency of associations,
although significance level was not reached for the XRCC1 Q399R polymorphism
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(Supplementary Table 1). None of these significant findings were observed for the ADPRT
V762A SNP (Table 3).

Association of multiple factor interaction with RP risk (CART analysis)

We built a decision tree using clinicopathological variables (disease stage, smoking, MLD
and V20) and two SNPs (XRCC1 Q399R and APEX1 D148E) that were found to be
significantly associated with RP risk in the 165 patients. In the CART analysis, the first split
in the decision tree was MLD, indicating that MLD was the strongest risk factor for RP
among the factors considered. Further inspection of the tree structure showed distinct
patterns between low MLD (< 19.8Gy) and high MLD (= 19.8Gy) groups (Fig. 2). In the
low MLD group, compared with those with the wild-type XRCC1 GG genotype, patients
carrying XRCC1 AG/AA genotypes had the highest risk of RP when V20 > 0.33 (HR, 3.03,
95% CI 1.02-8.98). In the high MLD group, patients carrying APEX1 GT/GG genotypes
had the highest risk of RP (HR, 2.00, 95% CI 0.99-4.10).

DISCUSSION

To the best of our knowledge, this is the first report of an association between putatively
functional SNPs of the BER genes and risk of developing severe RP in lung cancer patients
treated with radiotherapy. Although due to our small sample size we could not detect two
rare functional polymorphisms of XRCC1 R194W and R280H, nor we had enough study
power to evaluate the effect of the ADPRT V762A, our findings indicated that
polymorphisms of XRCC1 Q399R and APEX1 D148E both independently and collectively
influenced RP development in patients treated with radiotherapy, and thus these
polymorphisms, if validated, could be used as biomarkers for susceptibility to RP in patients
under consideration of being given definitive radiation therapy for NSCLC.

Thoracic irradiation is a common approach of controlling lung malignancies to improve
survival and reduce symptoms; however, thoracic irradiation can also cause severe adverse
effects by agitating electrons and producing tissue-damaging free radicals, which limit the
thoracic radiation doses and volumes that can be safely delivered and thus restrict its
effective doses (14). Clinical RP can be life-threatening, despite aggressive treatment with
steroids, especially in patients with preexisting pulmonary diseases (15). Irradiation of
normal lung tissues induces immediate damage through intracellular protein denaturation,
membrane disruption, and alterations of DNA. RP is the primary consequence of cellular
DNA injury that appears in the second generation of cells, usually occurring 4-12 weeks
after the completion of radiation (16). Detailed information on radiation-induced DNA
damage and responses to it can be found elsewhere (17).

lonizing radiation can produce a wide variety of lesions in cellular DNA, including rupture
of strands, alteration of bases, destruction of sugars, crosslinks and formation of dimers. It is
estimated that a dose of ~1 Gy of x rays produces about 1,000 single-strand breaks and 50—
100 double-strand breaks in the DNA of a typical mammalian cell, which leads to the death
of 50% those cells (18,19). BER is one of the major pathways for repairing DNA base
lesions, AP sites, and single-strand breaks caused by ionizing radiation; this pathway
requires the normal function of four major proteins—a DNA glycosylase, an AP
endonuclease, a DNA polymerase, and a DNA ligase, of which APEX1, ADPRT, and
XRCC1 have been shown to play key roles (20). APEX1 processes the abasic sites left from
the incision of the damaged base by cleaving the DNA backbone at the 5’ side to the abasic
site, leaving a 3'-hydroxyl group and a 5’-deoxyribose phosphate group flanking the
nucleotide gap, and initiates the BER process (21); ADPRT specifically binds to DNA
strand breaks and participates in the long-patch repair process (22); and XRCCL1 interacts
with a complex of DNA repair proteins, including poly (ADP-ribose) polymerase, DNA
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ligase 111, and DNA polymerase B, and coordinates the gap-sealing process in the short-patch
BER (23).

In our study, XRCC1 Q399R and APEX1 D148E each showed a significant association with
RP development in patients undergoing thoracic irradiation for NSCLC, independent of
patient-, tumor-, and therapy-related factors. The XRCC1 Q399R polymorphism is situated
within the BRCT-1 region harboring the ADPRT binding domain that may affect the
interaction between XRCC1 and ADPRT (24); however, its functional significance remains
controversial; some studies showed an association of the A allele with measurably reduced
DNA repair capacity (25,26), which is likely to lead to an increased radiosensitivity,
whereas others showed negative results (27-29). Since reduced DNA repair capacity may
lead to an increased radiosensitivity in patients with NSCLC (30,31), our current results
indicating a protective effect against RP by the A allele requires further mechanistic
investigation. As for the APEX1 D148E polymorphism, although it does not affect the
endonuclease activity (32), cells having the variant G allele may have a higher sensitivity to
ionizing radiation (33), which may cause an increased RP risk as observed in our study.

Our CART analysis is an explorative, non-parametric approach that requires no assumption
of a genetic model. Through this decision tree-based data mining, we identified the mean
lung dose to be the most important risk factor. XRCC1 399AG/AA genotypes with V20 >
0.33 and MLD < 19.8 Gy and APEX1 GT/GG genotypes with MLD > 19.8 Gy were most
likely to be associated with RP, which suggest that those patients with such genotypes may
require close surveillance after thoracic radiotherapy. Besides these positive results, our
study did not support an association between the ADPRT V762A polymorphism and RP
risk, although the functional relevance of this polymorphism with the BER capacity has
been reported previously (22). In addition, the increased RP risk among former smokers (HR
for former vs. current smokers 2.07, 95% CI 1.07-4.00) did not seem to result from the
different tobacco consumption, because further examination did not reveal higher smoking
pack-years in the former smokers compared with the current smokers (50.9 vs. 56.4). It is
possible that the increased RP risk in former smokers may result from an unknown selection
bias or misclassification of these two subgroups due to recall bias. Finally, we did not adjust
the p-values for multiple tests because this was an exploratory study. We plan to confirm
current findings in more stringent conditions in future larger studies.

In summary, our study indicated that polymorphisms of the BER genes XRCC1 and APEX1
each had a significant effect on the risk of RP in patients who received definitive radiation
therapy for NSCLC, and therefore these polymorphisms could be useful biomarkers for
susceptibility to RP. However, larger independent studies are needed to validate these
findings. An ongoing cohort study among patients with NSCLC who had received radiation
therapy more recently at our institution than those included in the present study will be used
to validate the current findings in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cumulative probability of grade > 2 radiation pneumonitis in 165 patients with NSCLC as a
function of time from the start of radiation therapy by genotypes. (a) XRCC1 Q399R; (b)
APEX1 D148E; (c) ADPRT V762A; (d) XRCC1 399A and APEX1 148T combined alleles.
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Fig. 2.

Classification and regression tree analysis for predictors of grade > 2 radiation pneumonitis
in 165 patients with NSCLC. SNPs were classified as wild type (W) and variant genotype
(V).
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Table 1

Clinical characteristics of 165 NSCLC patients included in the study of radiation pneumonitis

Parameter Patient No. (%) HR  95% ClI pt
Sex

Female 72 (43.6) 1.00

Male 93 (56.4) 125 0.76-2.07 0.378
Age (years)

<63 79 (47.9) 1.00

>63 86 (52.1) 090 055-1.47 0.672
Race

White 120 (72.7) 1.00

Black 32(19.4) 1.08 0.56-2.08 0.819
Other 13(7.9) 149 0.64-3.49 0.357
KPS

<80 24 (14.5) 1.00

>80 141 (85.1) 1.31 0.60-2.87 0.505

Disease stage

1l 126 (76.4) 1.00

1,1 39(23.6) 0.35 0.15-0.82 0.016
Tumor histology

Adenocarcinoma 54 (32.7) 1.00

NSCLC, NOS 56 (33.9) 0.73 0.40-1.35 0.317

Squamous cell 54 (32.7) 0.82 0.46-1.46 0.503

Missing 1(0.7)
Smoking

Current 39 (23.6) 1.00

Former 111 (67.3) 207 1.07-4.00 0.031

Never 14 (8.5) 228 0.79-6.58 0.128

Missing 1(0.6)
Chemotherapy

No 19 (11.5) 1.00

Yes 145 (88.5) 1.71 0.74-3.98 0.210
Radiation dose (Gy)

<63 32 (19.4) 1.00

>63 133 (80.6) 0.60 0.34-1.07 0.081
MLD (Gy)

<19.8 86 (52.1) 1.00

>19.8 79 (47.9) 191 1.16-312 0.011
V20

<0.33 83 (50.3) 1.00

>0.33 82 (49.7) 210 1.27-3.48 0.004

NSCLC, NOS: non-small cell lung cancer, not otherwise specified
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TP values were obtained from the univariate Cox hazard model
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