8-Oxoguanine incision activity is impaired in lung tissues of NSCLC patients with the polymorphism of OGG1 and XRCC1 genes
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A B S T R A C T

Decreased repair of oxidative DNA damage is a risk factor for developing certain human malignancies. We have previously found that the capacity of 8-oxo-7,8-dihydroguanine repair was lower in leukocytes of NSCLC patients than in controls. To explain these observations, we searched for mutations and polymorphisms in the OGG1 gene among 88 NSCLC patients and 79 controls. One patient exhibited a heterozygous mutation in exon 1, which resulted in Arg46Gln substitution. Normal lung and tumor tissue carrying this mutation showed markedly lower 8-oxoG incision activity than the mean for all patients. The predominant polymorphism of OGG1 was Ser326Cys. A significant difference was observed in the frequencies of the OGG1 variants between populations of NSCLC patients and controls. The frequency of the Cys326 allele and the number of Cys326Cys homozygotes was higher among patients than controls. In individuals with either Ser326Cys or Cys326Cys genotype 8-oxoG incision rate was lower than in those with both Ser326 alleles, either in lung or leukocytes. Moreover, 8-oxodG level was higher in lung tissue and leukocytes of patients carrying two Cys326 alleles and in leukocytes of patients with the Ser326Cys genotype. We also screened for polymorphisms of the XRCC1 gene. Only heterozygotes of the XRCC1 variants Arg194Trp, Arg280His and Arg399Gln were found among patients and controls, with the frequency of Arg280His being significantly higher among patients. NSCLC patients with Arg280His or Arg399Gln polymorphism revealed lower 8-oxoG incision activity in their lung tissues, but not in leukocytes. We can conclude that the OGG1 Ser326Cys polymorphisms may have an impact on the efficiency of 8-oxoG incision in humans and the XRCC1 His280 and Gln399 may influence the OGG1 activity in tissues exposed to chronic oxidative/inflammatory stress. Higher frequency of the OGG1 Cys326 allele among NSCLC patients may partially explain the impairment of the 8-oxoG repair observed in their leukocytes.
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1. Introduction
Oxidative stress is involved in the production of DNA damage and mutations associated with the initiation or progression of human cancers 
 ADDIN EN.CITE 
[1,2]
. Among the various lesions 8-oxo-7,8-dihydroguanine  is one of the most common and is considered to be one of the most mutagenic products of oxygen radicals forming agents 
 ADDIN EN.CITE 
[3-5]
. Its presence in DNA causes G:C(T:A transversions 
 ADDIN EN.CITE 
[6,7]
, which are the prevalent mutations in the TP53 gene in lung cancer [8]. Although these mutations may also derive from benzo(a)pyrene adducts to guanine [9], their cause is not obvious. Many observations indicate a direct correlation between 8-oxodG formation and carcinogenesis in vivo 
 ADDIN EN.CITE 
[10-12]
.
8-OxoG is eliminated from DNA by the base excision repair (BER) pathway. The major enzyme catalyzing the removal of 8-oxoG is the OGG1 DNA glycosylase/AP lyase 
 ADDIN EN.CITE 
[13,14]
. The AP lyase activity of the OGG1 protein is about 10-fold lower than that of the glycosylase [15]. Human OGG1 glycosylase recognizes and excises several lesions from oligodeoxynucleotides with single DNA damages, including 8-oxoG, 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG), 2,6-diamino-4-hydroxy-5N-methyl-formamidopyrimidine (Fapy-7-MeG) and 8-oxo-7,8-dihydroadenine 
 ADDIN EN.CITE 
[16,17]
. However, when γ-irradiated DNA was used as a substrate, pure human OGG1 liberated only 8-oxoG and FapyG, as measured by gas chromatography coupled with isotope dilution mass spectrometry 
 ADDIN EN.CITE 
[16]
. Catalytic efficiency of the OGG1 protein was shown to be influenced in vitro by two components of the BER machinery, apurinic site endonuclease 1 (APE1), which cleaves DNA at apurinic sites 
 ADDIN EN.CITE 
[18,19]
, and X-ray cross-complementation group 1 protein (XRCC1) 
 ADDIN EN.CITE 
[20]
. XRCC1 is a platform protein recruited to the site of the lesion by DNA glycosylases and bound to proteins of BER complex from the beginning till the end of repair, coordinating the consecutive activities of the BER partners 


[20,21] ADDIN EN.CITE .  XRCC1 interacts physically and functionally with OGG1, leading to a 2-3-fold stimulation of its glycosylase activity 
 ADDIN EN.CITE 
[20]
. 
The OGG1 gene is expressed as multiple alternatively-spliced isoforms, of which 1a ((OGG1) and 2a ((OGG1) are predominant. The 1a-isoform mRNA is transcribed from exons 1–7 and has a nuclear localization signal. The 2a splice variant is transcribed from exons 1–6 and 8, and has been located to the inner membrane of mitochondria [22]. Several polymorphic changes in the OGG1 gene have been described. The major OGG1 polymorphism is the C to G transversion in the (OGG1-specific exon 7, which results in serine to cysteine change in codon 326 
 ADDIN EN.CITE 
[23,24]
. Pure OGG1 Cys326 protein was found to have a lower enzymatic activity in comparison to OGG1 Ser326 protein, both when incised oligodeoxynucleotides containing 8-oxoG [25] and when 8-oxoG and FapyG were excised from γ-irradiated DNA 
 ADDIN EN.CITE 
[16,24]
. Moreover, the Ser326 variant exhibited substantially higher activity than the Cys326 one in complementation assay using an E. coli mutant strain deficient in 8-oxoG repair (mutM/mutY) 
 ADDIN EN.CITE 
[23]
. Previous studies suggested that the OGG1 Cys326 allele was associated with increased risk of lung, stomach, prostate, nasopharyngeal, esophageal and cervical cancers 
 ADDIN EN.CITE 
[26-33]
 but not with the risk for breast and colon cancers 
 ADDIN EN.CITE 
[33-36]
. Whether the linkage of the OGG1 Ser326Cys polymorphism to increased cancer risk is due to decreased enzyme activity remains to be elucidated since contradictory results concerning the correlation between OGG1 polymorphism and 8-oxoG incision activity in human leukocytes have been published 
 ADDIN EN.CITE 
[37,38]
. Less frequent OGG1 polymorphisms or just alterations are Gly12Glu, Arg46Gln, Ala85Ser, Arg131Gln, Arg154His, Arg169Gln, Ser232Thr and Gly308Glu. These variants were found in human lung [39], kidney 
 ADDIN EN.CITE 
[39,40]
 and gastric tumors [41]; both  Arg46Gln and Arg154His were defective in their catalytic capacities 
 ADDIN EN.CITE 
[17,40,42]
. Due to the rare occurrence of these polymorphisms their relation to human cancers has not been established.
Three polymorphisms at the conserved sequences in the XRCC1 gene have been identified, Arg194Trp, Arg280His and Arg399Gln 
 ADDIN EN.CITE 
[43]
. These polymorphisms, involving an amino acid change at evolutionarily conserved regions (BRCT1 domain and the “hinge” between NTD and BRCT1), which interact with the OGG1 and APE1 
 ADDIN EN.CITE 
[20]
, could alter the XRCC1 function. However, studies on the association between polymorphism in this protein and cancer have yielded conflicting and inconsistent results. Some studies reported increased lung cancer risk for the XRCC1 Arg399Gln polymorphism 
 ADDIN EN.CITE 
[44-46]
, but many did not show any elevated risk or, on the contrary, even a protective effect 
 ADDIN EN.CITE 
[47-50]
. Although the importance of XRCC1 protein for the effectiveness of BER was demonstrated in model studies 
 ADDIN EN.CITE 
[51,52]
, no information is available on the XRCC1 polymorphisms and 8-oxoG incision rate in humans. 
We 
 ADDIN EN.CITE 
[53]
 and Paz-Elizur et al. [54] have previously demonstrated the deficiency in 8-oxoG incision activity in leukocytes of non-small cell lung cancer (NSCLC) patients and, in parallel, higher amount of 8-oxoG in their leukocyte DNA. We have also shown lower 8-oxoG repair in tumorous lung tissue in comparison to the surrounding normal lung tissue 
 ADDIN EN.CITE 
[55]
. Such a decrease in repair rate may accelerate the acquisition of mutations in critical genes leading to cancer. To elucidate the underlying mechanism(s) we decided to search for mutations and polymorphisms in genes that could potentially decrease 8-oxoG repair capacity in tissues of lung cancer patients, namely in OGG1 and XRCC1. Here we show that tissue capacity to incise DNA containing 8-oxoG as well as the 8-oxodG level in DNA are associated with the OGG1 Ser326Cys polymorphism. We suggest that the observed differences in 8-oxoG repair activity in leukocytes of NSCLC patients and controls may be caused by different frequencies of OGG1 protein Ser326Cys polymorphism in both groups. The XRCC1 variant His280 or Gln399 might influence the OGG1 activity in human tissues when under chronic oxidative and/or inflammatory stress.
2. Materals and methods 
2.1. Study subjects
This case-control study was conducted in two groups. The first group of 88 untreated patients diagnosed with primary NSCLC comprised 73 males and 15 females of median age 60 years (range 44–82 years). The second group consisted of 79 healthy individuals (65 males and 14 females) of median age 58 years (range 39–79 years). All participants were Caucasians and they were unrelated. All individuals participating in the study were recruited through the hospital (Department and Clinic of Thoracic Surgery and Tumours, Collegium Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland). All the subjects, when recruited to the study, filled out a questionnaire concerning demographic data, smoking, diet and medical history. The control group was chosen to maximally match the patient group by age, sex, diet (consumption of fat, carbohydrates and vitamin intake), body weight, and smoking status. Within both healthy volunteers and NSCLC patients, three groups were distinguished on the basis of their smoking status, namely those who had never smoked, former smokers and active smokers. 
The samples were coded before the analysis and information concerning age, sex, and smoking habit became available only before statistical analysis. The patients were not treated with any anticancer drugs or vitamins during the time from the diagnoses until surgery (up to 4 weeks).
The study was conducted in accordance with the Helsinki Declaration and was approved by the medical ethics committee of the Collegium Medicum, Nicolaus Copernicus University (in accordance with Good Clinical Practice, Warsaw 1998). All participants signed informed consent.

2.2. Isolation of leukocytes from venous blood

Blood samples were withdrawn from patients and controls in the morning before breakfast in clinical units of the Collegium Medicum, Nicolaus Copernicus University. Blood samples (18 ml) were carefully applied on top of Histopaque 1119 solution (Sigma–Aldrich, St. Louis, MO, USA) and leukocytes were isolated by centrifugation according to the manufacturer’s procedure. 

2.3. DNA isolation and genotyping of OGG1 and XRCC1
For genotyping, DNA was isolated from frozen lung tissues (both tumor and histologically unchanged lung; for simplicity, the latter will be called normal lung) using Genomic Mini Kit (A&A Biotechnology, Gdansk, Poland). The quality and quantity of the DNA was measured spectrophotometrically with A260/A280 ratio ranging from 1.8 to 2.0. The DNA samples were kept at -20°C until tested.
OGG1 Ser326Cys and XRCC1 Arg194Trp, Arg280His and Arg399Gln polymorphisms were identified by the polymerase chain reaction-multitemperature single strand conformation polymorphism (PCR-MSSCP) method [56]. To PCR amplify exons 1–7 of the OGG1 gene, six pairs of intron based primers were used, forward and reverse, respectively: 5’-TGAATTCGTCTTTGGGCGTCGCGA-3’ and 5’-ACAGGCTTCTCAGGCTCATG-3’ for exon 1, 5’-ATTGAGTGCCAGGGTTGTCA-3’ and 5’-TGGCAAAACTGAGTCATAGAG-3’ for exon 2, 5’-AACAGCAGGTACCTGTCCTA-3’ and 5’-ACAGATCTTGAAAGCTGA-3’ for exon 3, 5’-GAGAGCTCACTTACTAGCCT-3’ and 5’-AGTAGAGAGGGCAGCTCCTA-3’ for exon 4, 5’-AAGCAAGATGCTGGCCACAT-3’ and 5’-TGGTGGAAGAGTCCACTGG-3’ for exons 5 and 6, 5’-ACTGTCACTAGTCTCACCAG-3’ and 5’-TGAATTCGGAAGGTGCTTGGGGAAT-3’ for exon 7 
 ADDIN EN.CITE 
[23]
. For the detection of XRCC1 Arg194Trp, Arg280His and Arg399Gln polymorphisms the primers described by Kure and coworkers [57] were used. Aliquots of 3 (l of template DNA (~100 ng) were added to a PCR mix containing 1 U of Taq DNA Polymerase (Promega, Madison; WI, USA), 5 pmol of each primer, 5 (l 10 x Taq buffer, 10 mM dNTPs (Sigma), 1.5 mM MgCl2 and water to a final volume of 50 (l. Cycling conditions for OGG1 PCR–MSSCP were 95°C for 3 min, 35 cycles of 1 min at 95°C, 1 min at 55°C and 2 min at 72°C, followed by an extension step of 7 min at 72°C. For XRCC1 PCR-MSSCP they were 94°C for 5 min, 35 cycles of 1 min at 94°C, 1 min at 63°C and 2 min at 72°C, followed by an extension step of 10 min at 72°C. For every PCR experiment, water was used as a template negative control. PCR products (4 l) were denatured and separated by electrophoresis on native polyacrylamide gels of different percentage (7-10%) depending on the size of the PCR product. Electrophoresis was performed in 0.5 x TBE buffer in DNA Pointer System Plus (BioVectis, Warsaw, Poland). Initial electrophoresis was performed at 100V for 10 min at 35C and subsequently at three temperatures of 35, 15 and 5C for 30 min each at 40V. DNA bands were visualized by silver staining (BioVectis) according to manufacturer’s instructions. A typical gel of migrating conformers is shown in Fig. 1A. Abnormally migrating conformers were sequenced in the Oligonucleotide Synthesis and Sequencing Laboratory, IBB PAS.

2.4. Preparation of tissue extracts

Lung tissue samples (both tumor and normal lung) and blood leukocytes were homogenized with 50 mM Tris–HCl, pH 7.5 buffer containing 1 mM EDTA, 1.5 µM aprotinin, 50 µM, leupeptin, 1 µM bestatin, 1 µM pepstatin, 2 mM DTT and 0.5 mM PMSF. Cells were disrupted by sonification (three 15 s pulses with 30 s intervals). The cell debris was removed by centrifugation (7000xg, 4°C, 15 min), and the supernatant was collected. Protein concentration was determined by the Bradford method [58] using the protein assay reagent (Sigma). Supernatants were stored in aliquots at –80°C for further analysis.
2.5. 8-OxoG incision activity assay
8-OxoG incision activity was measured by the nicking assay using 32P-labeled 40 nt oligodeoxynucleotide duplex containing a single 8-oxodG residue, as described previously 
 ADDIN EN.CITE 
[55]
. The reaction mixture of 20 μl contained 25 mM Tris-HCl, pH 7.8, 50 mM NaCl, 5 mM β -mercaptoethanol, 1 mM EDTA, 1 pmol of 32P-labeled duplex, and increasing amounts of tissue extract (5–100 μg of protein/sample). Reactions were incubated at 37°C for 1 h, then  digested with proteinase K (1 μg/μl of reaction mixture, 1 h, 37°C). Because the AP lyase activity of recombinant full-length human OGG1 protein is up to 10-fold lower than that of glycosylase [15], we incubated the reaction mixtures in 0.2 M NaOH at 70°C for an additional 30 min. This incubation permitted complete cleavage of the oligonucleotide at the apurinic site formed in the oligodeoxynucleotide molecule after excision of 8-oxoG. Finally 10 µl of formamide stop solution (90% formamide, 20 mM EDTA, 0.05% bromophenol blue and 0.05% xylene cyanol) was added and samples heated to 95°C for 5 min. Products were resolved on 20% polyacrylamide, 7M urea denaturing gels and digital image of radioactive oligonucleotides was captured on a Storm PhosphorImager (Molecular Dynamics). A representative autoradiogram of the incision activities in lung tissues of a patient with NSCLC is shown in Fig 1B. The radioactivity of the bands was quantified with ImageQuant software (Molecular Dynamics). Samples from patients and controls were interspersed throughout the batches to reduce the possibility of batch effects. Experiments included positive and negative control samples. The positive control consisted of the 32P-labeled 8-oxodG substrate being digested with an excess of the damage specific repair glycosylase/AP lyase yOGG1, and the negative control consisted of omitting the lung tissue extract from the reaction mixture with 32P-labeled 8-oxodG duplex. The assay procedure included 32P-labeled undamaged substrate control (containing dG instead of 8-oxodG in the same sequence) incubated with lung tissue extract (Fig. 1B).

2.6. RNA extraction and complementary DNA synthesis
Total RNA was isolated from frozen lung tissues and leukocytes using the TRIzol reagent [59] from Invitrogen (Carlsbad, CA, USA), according to the manufacturer’s recommendations. The concentration of RNA samples was ascertained by measuring the optical density at 260 nm. Total RNA (1 µg as starting material) from each sample was used to generate complementary DNA (cDNA) using the Advantage RT-for-PCR cDNA synthesis kit (Clontech; Mountain View, CA, USA) with oligo (dT) primers. 
2.7. Real-time PCR using SYBR-Green chemistry 


Real-time PCR assays were carried out on the Applied Biosystems 7500 apparatus (Foster City, CA, USA). Each measurement was carried out in 25 μl reaction mixture containing: 1 x Taq polymerase buffer (without MgCl2) supplied with Taq polymerase (Invitrogen), 3 mM MgCl2, 0.01% Tween 20, 0.8% glycerol, 5% dimetyl sulfoxide, 0.5 ng/μl acetylated bovine serum albumin, 400 μM each dATP, dCTP, dGTP and dTTP, 1 x reference dye ROX, 1:40000 diluted SYBR Green dye, 0.625 U of Taq polymerase, 400 μM each of forward and reverse primers, and an appropriate amount of template cDNA. The time–temperature program was as follows: 95°C for 3 min as the initial denaturation step, followed by 45 cycles consisting of denaturation step at 95°C for 30 s, primer annealing at 60°C for 30 s, and extension step at 72°C for 1 min. Fluorescence was read during the extension step of each cycle. Melting-point temperature analysis was performed in the range of 60–95°C with temperature increments of 0.33°C. Background range and threshold for Ct evaluation in each experiment were adjusted manually. 

The following primers designed using the Primer Express program (Applied Biosystems; Foster City, CA, USA) were used: 5’-ATTCGAACGTCTGCCCTATCA-3’ and 5’-TGCCTTCCTTGGATGTGGTAG-3’ for the 18S rRNA gene, 5’-CCCCACGTCTCATGTTG-3’ and 5’-CCATCCTTAGCGCTGTCTCC-3’ for OGG1 and 5’-GCCTTTCGCAAGTTCCTGA-3’ and 5’-GCGTGAAGCCAGCATTCTTT-3’ for the APE1 gene. Annealing temperatures for these primers were 58–60°C. The product from each pair was 131-132 bp long.
Before use, the primers were tested for equal efficiency of the PCR. To ensure that the 2–ΔΔCt method validation was applied [60], each experiment involved measurement of Ct values at four or five amounts of the template, each in duplicate. The amounts of template per sample were as follows: for 18S rRNA – 10, 20, 40, 80 and 160 ng, for OGG1 – 80, 160, 320 and 640 ng and for APE1 – 40, 80, 160, 320 and 640 ng.

Measurements of mRNA expression involved four reactions for each cDNA sample, using the template at 10 and 40 ng, each in duplicate. The quality of results was evaluated on the basis of expected Ct differences between the two amounts of cDNA as well as product melting curves. Various determinations yielded results, which differed from 2 to 20%. Rare higher differences were considered outliers and omitted in the calculations. Most (about 80%) measurements differed from 2 to 10%. Thus the contribution of experimental variation to the relatively high standard deviations observed among the calculated means (the means differed up to 10 fold) of the assay should be considered negligible. For each gene, the amounts of cDNA were chosen individually (if possible, the same for all genes) to obtain Ct values in the range of 14–34 cycles. All Ct values were normalized to the higher amount of cDNA used for the 18S rRNA reference gene (40 ng), and then the standard ΔΔCt method was applied. The results were calculated with normalization of Ct values to the mean Ct value for the 18S rRNA reference gene as described previosly [61]. This procedure ensured that the same value for the 18S rRNA gene was used in the calculation of each target gene’s expression.
2.8. DNA isolation and 8-oxodG determination in DNA isolates

For 8-oxodG determination, DNA from frozen lung tissues and blood leukocyte samples was isolated using the method described earlier [62]. Determination of 8-oxodG by means of the HPLC/EC technique was described previously [63].

2.9. Statistical analysis
All variables were examined for normality and homogeneity of variance. Data are presented as means ± SD. Chi-square distribution analysis was applied to compare the expected and observed distribution of OGG1 genotypes among controls as well as differences in OGG1 and XRCC1 genotype frequencies between cases and controls. Differences in 8-oxoG activity, the mRNA level of OGG1 and APE1, and 8-oxodG level between normal lung and tumor tissues of patients or leukocytes of patients and controls were tested for statistical significance using either Wilcoxon rank sum test or Mann-Whitney U-test. Differences among the above variables in relation to the genotype were analyzed using Mann-Whitney U-test after the Kruskal-Wallis ANOVA.
To determine whether tobacco smoking, sex and age were associated with 8-oxoG incision activity or OGG1 mRNA and 8-oxodG levels in normal lung and tumor tissues of patients or leukocytes of patients and controls, data were analyzed with Kruskal-Wallis or Friedman ANOVA. Correlations between 8-oxoG incision activity and the level of OGG1 mRNA or 8-oxodG within the patient’s and control’s populations were calculated using Spearman's correlation analysis. All statistical analyses were performed using Statistica 6.0 (StatSoft, Tulsa, OK, USA). All statistical tests were two-sided, and p values less than 0.05 were considered statistically significant. 

3. Results
3.1. Mutations found in the OGG1 gene of NSCLC patients


We have previously shown that NSCLC patients revealed significantly lower 8-oxoG incision activity in blood leukocytes in comparison to healthy controls 
 ADDIN EN.CITE 
[53]
 and that 8-oxoG incision was significantly lower in tumor tissue in comparison to asymptomatic unchanged lung of lung cancer patients 
 ADDIN EN.CITE 
[55]
. To examine whether lower OGG1 activity in tumor of NSCLC patients might be associated with the presence of the OGG1 gene mutations, we examined exons 1–7 as well as introns of the OGG1 gene both in normal and tumor lung tissue of 88 NSCLC patients, using the MSCCP method (Fig. 1). All the genetic changes found were present both in normal and tumor lung, indicating the overall 8-oxoG repair capacity of the individual. DNA from one patient exhibited a homozygous mutation causing amino acid change of Arg to Gln in codon 46 of exon 1 (Table 1). This type of substitution is a known OGG1 gene polymorphism found in human cancers [39]. Normal lung and tumor tissue bearing this mutation revealed markedly lower 8-oxoG incision activity in relation to the mean activity value for all patients (2.5 and 2.3 pmols/h/mg protein in normal and tumor lung tissues bearing mutated OGG1 variant vs. 18.16 ( 7.08 and 7.93 ( 4.09 pmols/h/mg protein in normal and tumor lung in the whole population of patients). 

In forty individuals, C to G transversion in codon 326 of exon 7 was observed; it is a common OGG1 polymorphism causing Ser to Cys amino acid change. Moreover, mutations were identified in introns 2–4 of four patients (Table 1). Intronic mutations had no effect on the efficiency of 8-oxoG incision by lung tissue extracts (data not shown). 

3.2. OGG1 Ser326Cys polymorphism and 8-oxoG incision activity and mRNA level of OGG1
To examine whether lower OGG1 activity observed previously in leukocytes of lung cancer patients might be associated with the presence of the Ser326Cys polymorphism, we performed a case-control study with 88 NSCLC patients and 79 healthy volunteers, matched for age, sex and smoking status. We determined the OGG1 genotypes of NSCLC patients and control individuals (Tables 1 and 2). The genetic frequencies of the control subjects were in accordance with Hardy-Weinberg equilibrium (chi2 = 3, df = 1, p = 0.083). A statistically significant difference was observed in OGG1 frequencies between populations of lung cancer patients and healthy controls (chi2 = 16.15, df = 1, p < 0.0001). Among NSCLC patients there was a lower number of Ser326Ser homozygotes (54.55%) than in the control group (72.15%). In both groups studied ~27% of individuals carried both alleles; however, among lung cancer patients there was a higher number of Cys326Cys homozygotes (18.18%) than in the control group (1.27%, Table 2). 
We confirmed that 8-oxoG incision rate was lower in leukocytes of lung cancer patients (24.1 ± 9.7 pmols/h/mg protein) than in those of healthy controls (46.5 ± 18.6 pmols/h/mg protein, p < 0.0001; Table 3). Moreover, we also confirmed our earlier finding 
 ADDIN EN.CITE 
[55]
 that 8-oxoG incision was lower in tumor tissue in comparison to normal lung of NSCLC patients (7.9 ± 4.1 and 18.2 ± 7.1 pmols/h/mg protein, respectively; p < 0.0001; Table 3). In order to obtain an insight into the mechanism of lower 8-oxoG incision in leukocytes of NSCLC patients, we further examined the association between the OGG1 genotype and 8-oxoG incision activity in lung tissues and leukocytes of lung cancer patients as well as in leukocytes of healthy controls. In individuals carrying the Ser/Cys genotype 8-oxoG incision rate was lower than in those with the Ser/Ser genotype, both in lung tissue and in leukocytes of NSCLC patients as well as healthy controls (pmols/h/mg protein: 15.6 ± 5.3 vs. 20.3 ± 6.5, p = 0.0007 for normal lung; 6.6 ± 3.7 vs. 8.8 ± 3.7, p = 0.024 for lung tumor; 18.1 ± 5.5 vs. 27.3 ± 9.7, p = 0.02 for patients leukocytes, and 39.1 ± 20.1 vs. 50.3 ± 16.8, p = 0.003 for control leukocytes; Table 3). NSCLC patients with the Cys/Cys genotype revealed the lowest 8-oxoG incision in their normal lung (11 ± 5.9 pmols/h/mg protein), tumor (3.7 ± 1.3 pmols/h/mg protein) and leukocytes (15.1 ± 4.7 pmols/h/mg protein) in comparison to the population carrying Ser/Ser alleles (p = 0.0001, p = 0.0004 and p = 0.0001, respectively; Table 3). There was also a statistically significant difference in 8-oxoG incision activity in normal lung and tumor between populations of patients with Cys/Cys and Ser/Cys polymorphism (p = 0.03 and p = 0.004, respectively; Table 3). Furthermore, we observed statistically significant lower 8-oxoG incision in tumors than in normal lungs in populations of patients with either Ser/Ser or Ser/Cys or Cys/Cys genotypes (p < 0.0001 or p = 0.0006 and p = 0.0003, respectively) and significantly lower incision activity in leukocytes of lung cancer patients than of healthy controls in populations of individuals with either Ser/Ser or Ser/Cys genotype (p < 0.0001 or p = 0.0002, respectively; Table 3).
Moreover, we analyzed the mRNA level of OGG1 in relation to the genotype in normal lung and tumor of NSCLC patients as well as in leukocytes of healthy controls. Due to insufficient quantity of clinical material, we were unable to measure 8-oxoG mRNA in leukocytes of lung cancer subjects. There were no statistically significant differences in mRNA levels of OGG1 among NSCLC patients and control individuals in relation to the OGG1 genotype (Table 3). Also, no statistically significant differences in OGG1 mRNA levels were found between normal lung and tumor of NSCLC patients, either for the entire population or for subpopulations distinguished on the basis of Ser326Cys genotype (Table 3). These results strongly suggest that differences in 8-oxoG incision activity between NSCLC patients and healthy controls might be caused by different frequencies of OGG1 protein Ser326Cys polymorphism in both groups. 
Interestingly, we did not find any statistically significant correlation between 8-oxoG incision activity and mRNA level of OGG1 both in the group of lung cancer patients and in the group of healthy controls, either for the entire groups or subgroups of OGG1 polymorphic variants. This may suggest that although mRNA level of OGG1 should have an impact on the rate of 8-oxoG incision in human tissues, the effective incision activity is also influenced by other factors [64].
3.3. OGG1 Ser326Cys polymorphism and 8-oxodG level in DNA
In order to find out whether differences of 8-oxoG incision in individuals with Ser326Ser, Ser326Cys and Cys326Cys genotype might be associated with different amounts of 8-oxodG, we analyzed the level of 8-oxodG in relation to the genotype in normal lung and lung tumor of NSCLC patients as well as in leukocytes of patients and controls. We found that 8-oxodG level in patients with the Cys/Cys genotype was higher than in those with the Ser/Ser genotype, both in lung tissue DNA (in normal lung and tumor) and in leukocyte DNA (8-oxodG/106dG: 16.6 ± 8.2 vs. 10.6 ± 6.7, p = 0.039 for normal lung; 8.5 ± 3. vs. 5.8 ± 4, p = 0.041 for lung tumor; 10.6 ± 5.1 vs. 7.6 ± 2.9, p = 0.032 for leukocytes; Table 3). When comparing the population of heterozygous Ser/Cys patients with homozygous Ser/Ser ones, we found that heterozygous individuals accumulated significantly more 8-oxodG in their leukocytes DNA than homozygous ones (8-oxodG/106dG: 12.4 ± 6.3 vs. 7.6 ± 2.9, p = 0.016; Table 3).
We confirmed our earlier findings 
 ADDIN EN.CITE 
[53,55]
 that 8-oxodG level was higher in leukocytes of lung cancer patients (8-oxodG/106dG: 9.5 ± 5) than in those of healthy controls (8-oxodG/106dG: 4.9 ± 2, p < 0.0001) and that 8-oxodG level was lower in tumor tissue in comparison to normal lung of NSCLC patients (8-oxodG/106dG: 6.6 ± 3.7 and 12.8 ± 8, respectively; p < 0.0001; Table 3). Furthermore, we observed significantly higher 8-oxodG level in leukocytes of lung cancer patients than in healthy controls in populations of individuals with either Ser/Ser or Ser/Cys genotype (p = 0.0018 or p = 0.0001, respectively) and significantly less 8-oxodG in tumors than in normal lungs in populations of patients with either Ser/Ser (p = 0.005) or Ser/Cys (p = 0.0095) or Cys/Cys genotypes (p = 0.014; Table 3).
A negative correlation between 8-oxoG incision activity and 8-oxodG level with statistical significance was found only in leukocytes of healthy controls, both for the entire group (ρ = -0.24, p = 0.031, n = 79) and for individuals carrying Ser/Ser genotype (ρ = -0.31, p = 0.03, n = 57). There was no such correlation in lung tissues and leukocytes of NSCLC patients (Figure 2). 
3.4. XRCC1 polymorphism and 8-oxoG incision activity and mRNA level of OGG1
We also screened for the association between XRCC1 polymorphisms, Arg194Trp, Arg280His and Arg399Gln, and 8-oxoG incision activity in lung tissues and leukocytes of NSCLC patients as well as in leukocytes of healthy controls. We identified XRCC1 genotypes of 88 NSCLC cancer patients and 79 control individuals (Table 4). Only heterozygotes of polymorphic XRCC1 gene variants were found among cancer patients and healthy volunteers, Arg194Trp (15.91% and 12.66%, respectively), Arg280His (25% and 15.19%, respectively), Arg399Gln (27.27% and 35.44, respectively). Comparison of XRCC1 polymorphic frequencies between NSCLC patients and controls revealed statistically significant difference only for the His280 allele (chi2 = 8.35, df = 1, p = 0.0039). The frequency of either Arg194Trp or Arg399Gln genotype was similar between cases and controls (chi2 = 1.96, df = 1, p = 0.16 or chi2 = 3.89, df = 1, p = 0.05; respectively).
We found no association between Arg194Trp polymorphism and 8-oxoG incision activity in any type of tissue analyzed (Table 5). However, 8-oxoG incision activities among lung tissues of patients with polymorphic changes in the XRCC1 gene of Arg280His (8.7 ± 3.8 pmols/h/mg protein in normal lung and 4.8 ± 2.3 in tumor) and Arg399Gln (8.6 ± 5.3 pmols/h/mg protein in normal lung and 3.2 ± 1.7 in tumor) were significantly lower than among cases with wild type of the XRCC1 gene (for Arg280Arg: 18.9 ± 6.7 pmols/h/mg protein, p = 0.0001 and 8.2 ± 4.1 pmols/h/mg protein, p = 0.04 in normal lung and tumor, respectively; and for Arg399Arg: 19.2 ± 6.4 pmols/h/mg protein, p < 0.0001 and 8.5 ± 3.9 pmols/h/mg protein, p < 0.0001 in normal lung and tumor, respectively; Table 5). However, no statistically significant difference in 8-oxoG incision was observed either between leukocytes of patients with wild type of the XRCC1 gene or in any of its polymorphic variant analyzed (Table 5). Interestingly, leukocytes of healthy donors carrying Arg/Gln alleles, but not Arg/Trp or Arg/His, revealed significantly lower incision activity (39.7 ± 19.9 vs. 51.5 ± 18.5, p = 0.005, Table 5). We also found significantly lower 8-oxoG incision in tumors than in normal lungs in all subpopulations of patients with either Arg194Trp or Arg280His or Arg399Gln polymorphism and significantly lower incision activity in leukocytes of lung cancer patients than of healthy controls in subpopulations of individuals with either Arg194Trp or Arg280His or Arg399Gln polymorphism (Table 5).

In order to investigate whether differences in 8-oxoG incision observed in lung tissues of patients with XRCC1 Arg280His or Arg399Gln polymorphisms might be caused by lower amounts of OGG1 glycosylase, we analyzed mRNA level of OGG1 in relation to the genotype in normal lung and tumor tissue of NSCLC patients. We did not find any statistically significant differences in OGG1 mRNA levels among cancer patients in relation to the XRCC1 genotype (Supplementary Table 1). Also, no statistically significant differences in OGG1 mRNA levels were found between normal lung and tumor of NSCLC patients, either for the whole population or for subpopulations distinguished on the basis of the XRCC1 genotype (Supplementary Table 1).
3.5. XRCC1 polymorphism and 8-oxodG level in DNA
To examine whether there was any association between 8-oxoG incision in individuals with Arg194Trp, Arg280His and Arg399Gln polymorphism and the amounts of 8-oxodG, we analyzed the level of 8-oxodG in relation to genotypes in normal lung and tumor tissue of NSCLC patients as well as in leukocytes of patients and controls. We did not find any statistically significant difference in 8-oxodG level between populations of patients and controls with Arg194Trp, Arg280His and Arg399Gln polymorphism (Supplementary Table 1).
3.6. 8-OxoG incision activity, mRNA level of OGG1 and 8-oxodG level in relation to tobacco smoking, sex and age
No apparent effect of tobacco smoking, sex and age on 8-oxoG incision rate and mRNA level of OGG1 as well as 8-oxodG level was observed in NSCLC patients and healthy individuals, in all analyzed tissues, either for entire populations or for subpopulations distinguished on the basis of genotype.
4. Discussion

8-OxoG is one of the major oxidative DNA lesions of high mutagenic potential [65]. 
Elevated 8-oxoG content in DNA has been shown to increase the risk of cancer. We have previously shown that blood leukocytes of NSCLC patients exhibit lower 8-oxoG repair capacity in comparison to healthy controls 
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[53]
 and that decreased 8-oxoG repair is also observed in tumorous lung tissue in comparison to the surrounding normal lung, despite the lower 8-oxoG level in tumor DNA 
 ADDIN EN.CITE 
[55]
. To explain the lower 8-oxoG repair activity in tumorous lung tissue in comparison to the surrounding normal lung, and the deficiency in 8-oxoG incision activity in leukocytes of non-small cell lung cancer patients, we searched for mutations and polymorphisms in the OGG1 gene, in lung tissues (both from tumor and normal lung) and leukocytes of the NSCLC patients and healthy controls. In one patient we found a mutation within exon 1, resulting in Arg46 to Gln in one allele (Table 1). The Arg46 is conserved among many eukaryotic OGG1 proteins and its alteration to Gln has been found in kidney tumors 
 ADDIN EN.CITE 
[40]
. Recombinant protein carrying this amino acid substitution had drastically reduced DNA glycosylase/AP lyase activity 
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[17,40]
. Lung tissue extracts from the patient of our study carrying the Arg46Gln genotype exhibited diminished 8-oxoG incision activity in comparison to the mean activity for all patients. However, such a rare mutation (only one case) does not explain the lower activity observed in the entire population of NSCLC patients. Moreover, the occurrence of the OGG1 Arg46Gln mutation both in tumor and unchanged lung could not explain the lower 8-oxoG incision in the tumor. 

In forty NSCLC patients and in twenty-two controls, we identified polymorphism in OGG1 exon 7 giving rise to Ser326Cys amino acid change (Table 1 and 2). Ser326Cys is the major polymorphic form of OGG1 existing in human populations, suggested to be associated with cancer susceptibility. Hill and coworkers [25] showed that pure OGG1-Cys326 protein incised 8-oxoG in duplex DNA at rates 2–6-fold lower than the wild type enzyme, depending on the opposite base. In contrast to the wild type enzyme, the OGG1 Cys326 variant binds damaged DNA as a dimer, and is not significantly stimulated by the presence of AP endonuclease; thus, if prevalent in cancer patients, it might result in decreased repair activity. However, published data are controversial. Janssen et al 
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[37]
 reported that 8-oxoG incision activity in human lymphocytes was unaffected by the polymorphic status at codon 326 of the OGG1 gene. But Yamane et al. 
 ADDIN EN.CITE 
[66]
 showed that OGG1-Cys326 protein had a lower ability to prevent mutagenesis caused by 8-oxoG in vivo in human cells than OGG1-Ser326, supporting the results on the association between the OGG1 Ser326Cys polymorphism and a risk for human cancers. Smart et al. [67] indicated that OGG1-Cys326-initiated BER was impaired with respect to OGG1-Ser326 following prooxidant treatment, possibly via OGG1 cysteine 326 oxidation. In parallel, Bravard at al. [68] reported recently that extracts from lymphoblastoid cell lines established from individuals carrying the Cys326Cys genotype have almost 2-fold lower basal 8-oxoG DNA glycosylase activity than the Ser326Ser variant. Furthermore, the DNA glycosylase activity of cells carrying the Cys/Cys alleles was more sensitive to inactivation by oxidizing agents than that of the Ser/Ser cells. Analysis of redox status of the OGG1 protein in cells confirmed that the lower activity of OGG1-Cys326 was associated with the oxidation of Cys326 to form a disulfide bond. In our hospital-based case-control study, we found that the OGG1 Cys326 allele and the Cys/Cys genotype were more frequent among cancer patients than among controls (Table 2); and 8-oxoG incision activities in lung tissue extracts and leukocytes from patients with Ser/Cys and Cys/Cys genotypes were significantly lower than in patients with the Ser/Ser variant of OGG1 (Table 3). Moreover, leukocytes of healthy Ser/Cys hetorozygotes also revealed less efficient 8-oxoG incision in comparison to Ser/Ser homozygotes. In parallel, 8-oxodG level was higher in lungs and leukocytes of patients carrying two Cys326 alleles and in leukocytes of patients with Ser/Cys genotype (Table 3). Besides polymorphic variant status, the second potential mechanism of lower 8-oxoG incision activity is inhibition of OGG1 enzyme by modification of the OGG1 protein by ROS and reactive nitrogen species (RNS). As OGG1 Cys326 variant was shown to be less active itself and also more sensitive to oxidative conditions a combine effect of polymorphic variant status and more pronounced inactivation of hOGG1 Cys326 protein by ROS or RNS is a plausible explanation for the decreased hOGG1 activity observed in lung and leukocytes of NSCLC patients as well in leukocytes of healthy controls. Taking into account that OGG1 Cys326 variant was more frequent among NSCLC patients (Table 2) these results could also explain the lower 8-oxoG repair observed in leukocytes of NSCLC patients. The distributions of the OGG1 allelic variants in either patients or controls were in good agreement with published data concerning Polish population [69]. We also observed that the 8-oxoG incision activities were significantly lower in tumorous lung tissue than in the surrounding normal lung either for the entire patient population or for subpopulations distinguished on the basis of OGG1 polymorphic variant (Table 3). Several observations suggest increase in oxidative processes in cancer tissues 
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[70]
. Our previous results showed that oxidative stress, represented by the elevated amount of 8-oxoG in urine and 8-oxodG in leukocyte DNA, was increased in NSCLC and colorectal cancer patients 
 ADDIN EN.CITE 
[38,53]
. It is assumed that the level of the modified base in urine is reflective of involvement of BER pathway [71]. The suggested mechanisms responsible for the elevated oxidative stress in cancer patients include granulocyte activation with release of ROS, and production of hydrogen peroxide by malignant cells, which in advanced stages of cancer may be released into the blood stream and penetrate into other tissues 
 ADDIN EN.CITE 
[72,73]
. Exogenous nitric oxide and peroxynitrite have been shown to inhibit the activity of hOGG1 
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[74]
 by direct nitrosylation. Despite the contradictory data regarding the activity of nitric oxide synthase in various types of lung cancer versus normal lung tissues 
 ADDIN EN.CITE 
[75,76]
, the inactivation of hOGG1 protein by ROS or RNS in tumors is a possible explanation for the decreased hOGG1 activity in lung cancer tissues. In our study, we noted a negative correlation between 8-oxoG incision activity and 8-oxodG level; however, only in leukocytes of healthy controls (Figure 2D). The lack of such correlation in lungs and leukocytes of NSCLC patients may suggest that, although 8-oxoG incision activity is an important component in regulating the 8-oxoG level in human lung DNA, other DNA repair pathways (e.g. hMTH1 activity) and antioxidant defense mechanisms may also be involved, especially in tissues supposed to be under increased oxidative stress and/or to have deregulated repair mechanisms. Aberrant DNA oxidation in cancerous and precancerous conditions may overshadow the subtle relationship observed in healthy subjects. Moreover, our previous results suggested that incorporation of 8-oxodGTP from the nucleotide pool could be an important mechanism regulating the 8-oxodG in human DNA 
 ADDIN EN.CITE 
[55]
. 
Third potential mechanism, which may explain lower 8-oxoG incision activity is deregulation of OGG1 cooperation with partners of the BER pathway. One partner is the AP endonuclease 1, which cleaves DNA at apurinic sites and stimulates OGG1 activity in vitro up to 400-fold by increasing the OGG1 turnover on damaged DNA 
 ADDIN EN.CITE 
[18]
. However, in our assay, in which we used 0.2 M NaOH for complete cleavage of the oligodeoxynucleotide, it was not possible to assess the influence of APE1 on OGG1 activity. We cannot exclude deregulation of the interaction between OGG1 and its other partner, the XRCC1 protein, which coordinates and stimulates OGG1 activity 
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[20]
. Because of this, we also examined the role of polymorphisms in the XRCC1 gene, whose product was shown in model studies to interact physically with OGG1 glycosylase and to stimulate 2–3-fold its incision activity in vitro. In our study, we observed that 8-oxoG incision capacity was significantly lower in tissues obtained both from tumor and normal lung of patients with the XRCC1 Arg280His and Arg399Gln polymorphisms but not with Arg194Trp polymorphism. We also found lower 8-oxoG incision in leukocytes of healthy individuals with Arg399Gln alleles (Table 5). The observed effects of the XRCC1 Arg280His or Arg399Gln polymorphisms on 8-oxoG incision were dominant since only heterozygotes were found among the cancer patients (Table 4). However, we did not find any statistically significant difference in 8-oxodG level between populations of patients and controls with Arg194Trp, Arg280His and Arg399Gln polymorphism (Supplementary Table 1). Our results obtained for lung tissue extracts and for healthy donors with Arg399Gln genotypes are in disagreement with the results obtained by Wang et al. [77], which revealed that XRCC1-deficient Chinese hamster ovary cell extracts exhibited normal 8-oxoG incision activity and normal gap filling. Furthermore, gap filling was unaffected, but a significant reduction in nick ligation activity was observed. We hypothesize that the observed lower activities in lung tissues from carriers of the XRCC1 His280 or Gln399 alleles could be tissue-specific, perhaps due to the higher sensitivity of XRCC1-His280 or XRCC1-Gln399 protein to inactivation by the products/signals of oxidative stress/inflammation, which are increasingly released during premalignant and malignant disease stages. Moreover, this might suggest that the resected lung tissue surrounding the tumor, regarded as normal lung, may be as highly influenced by oxidizing agents as is the tumor tissue. We are currently unable to pinpoint the mechanisms responsible for the lower 8-oxoG incision in leukocytes of Arg399Gln controls especially as we did not observe any difference in leukocytes of Arg399Gln patients. Furthermore, since in the case-control study, we did not find higher frequency of Arg399Gln genotype among cancer patients than among controls, this polymorphism is an unlikely explanation for the observed differences in 8-oxoG repair activity in leukocytes between NSCLC patients and controls.
In conclusion, we have found that the 8-oxoG incision capacity is compromised in human tissues expressing Ser326Cys or Cys326Cys polymorphic variant of the OGG1 protein. The frequency of the OGG1 Cys326 allele was significantly higher among NSCLC patients than controls; this could explain significantly lower capacity to incise 8-oxoG by leukocytes of NSCLC patients in comparison to healthy controls. The XRCC1 protein variant His280 or Gln399 may have an impact on the OGG1 activity in human tissues exposed to oxidative stress-triggering conditions.
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Figure legends
Fig. 1. A) A typical gel of MSSCP analysis of the PCR products covering exon 7 of the OGG1 gene of six NSCLC patients. Ser326Ser homozygotes (1, 3 and 5), Ser326Cys heterozygote (2) and Cys326Cys homozygotes (4 and 6) are visible. Arrows indicate changed band pattern. M, DNA weight marker (100 kb, Promega); N, normal lung; T, lung tumor. B) A PhosphorImage of typical gel showing the cleavage of the 8-oxodG–containing oligodeoxynucleotide duplex after incubation with lung tissue extracts (normal lung and lung tumor) of a patient with NSCLC. The annealing and the identity of the damaged base in the 8-oxodG duplex were verified by digestion with pure OGG1 glycosylase derived from S. cerevisiae (lane 2). The integrity of 8-oxodG substrate was verified by incubation without OGG1 or tissue extract (lanes 1 and 4, respectively). The percentage of spontaneous break, measured in control lane (lane 4), was subtracted from the percentage of breaks obtained from incubation with the tissue extracts (lanes 5-14). The assay procedure included undamaged substrate control (containing dG instead of 8-oxodG in the same sequence) incubated with normal lung tissue extract (lane 3). The number above each lane indicates the amount of tissue extract or pure protein added per assay (in micrograms of protein). M, 20 nucleotide marker. N, normal lung; T, lung tumor.
Fig. 2. Correlations between 8-oxoG incision activity and 8-oxodG level in normal lung (A), lung tumor (B), leukocytes of patients with NSCLC (C) and leukocytes of healthy controls (D). Correlation coefficients and levels of significance are shown above the plots. 
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