
© The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com

DNA repair gene variants in relation to overall cancer risk: a population-based study
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The hypothesis that germ-line polymorphisms in DNA repair 
genes influence cancer risk has previously been tested primarily 
on a cancer site-specific basis. The purpose of this study was to test 
the hypothesis that DNA repair gene allelic variants contribute to 
globally elevated cancer risk by measuring associations with risk of 
all cancers that occurred within a population-based cohort. In the 
CLUE II cohort study established in 1989 in Washington County, 
MD, this study was comprised of all 3619 cancer cases ascertained 
through 2007 compared with a sample of 2296 with no cancer. 
Associations were measured between 759 DNA repair gene single 
nucleotide polymorphisms (SNPs) and risk of all cancers. A SNP in 
O6-methylguanine-DNA methyltransferase, MGMT, (rs2296675) 
was significantly associated with overall cancer risk [per minor 
allele odds ratio (OR) 1.30, 95% confidence interval (CI) 1.19–1.43 
and P-value: 4.1 × 10−8]. The association between rs2296675 and 
cancer risk was stronger among those aged ≤54  years old than 
those who were ≥55 years at baseline (P-for-interaction = 0.021). 
OR were in the direction of increased risk for all 15 categories of 
malignancies studied (P < 0.0001), ranging from 1.22 (P = 0.42) for 
ovarian cancer to 2.01 (P = 0.008) for urinary tract cancers; the 
smallest P-value was for breast cancer (OR 1.45, P = 0.0002). The 
results indicate that the minor allele of MGMT SNP rs2296675, 
a common genetic marker with 37% carriers, was significantly 
associated with increased risk of cancer across multiple tissues. 
Replication is needed to more definitively determine the scientific 
and public health significance of this observed association.

Introduction

Despite the unique etiologic, clinical and prognostic features that dis-
tinguish each different type of malignancy, the underlying process of 
carcinogenesis across human tissues shares common features. Cancer 

is ultimately a disease of altered DNA structure or function. Hence, 
most carcinogens cause cancer by damaging DNA. DNA repair mech-
anisms therefore assume central importance in defending against car-
cinogenesis. This is demonstrated by the fact that global defects in the 
DNA repair apparatus can cause inordinately high risks of malignan-
cies in different tissues. Examples are autosomal recessive disorders 
such as Bloom’s syndrome (1) and xeroderma pigmentosum (2), in 
which rare but highly penetrant mutations in DNA repair genes lead 
to early age of onset of malignancies that increase cancer risks in mul-
tiple tissues by orders of magnitude greater than seen in the general 
population. The hypothesis tested in this study was that more com-
mon, but less penetrant germ-line allelic variants in DNA repair genes 
could also introduce inter-individual differences in DNA repair pro-
ficiency that could impact on carcinogenesis across multiple tissues, 
and hence increase overall cancer risk.

DNA repair is accomplished through many interacting biochem-
ical pathways that interact and have overlapping functions. The five 
principal DNA repair pathways are nucleotide excision repair, base 
excision repair, nonhomologous end joining, homologous recombina-
tional repair, and mismatch repair (3). Additional DNA repair-related 
genes include those involved in DNA–DNA crosslink repair, DNA–
protein crosslink repair, direct reversal repair, DNA damage signal 
transduction, poly (ADP ribose) polymerase family genes, hereditary 
disease genes with deficient DNA repair phenotypes, and genes with 
putative DNA repair functions (3).

There is a large body of epidemiologic evidence on the associ-
ations between DNA repair gene variants and the risk of cancer. For 
example, a field synopsis of cancer risk in relation to low-penetrant 
DNA repair gene variants published in 2009 ascertained 361 relevant 
articles (4). The results identified 31 nominally statistically significant 
associations; of these, three were rated as providing strong epidemio-
logic evidence (4). This synopsis was subsequently updated with 25 
additional meta-analyses published through 2010 (5). In recent meta-
analyses of specific candidate DNA repair gene polymorphisms, stud-
ies of different cancer sites were grouped as a way to estimate the 
associations of genetic variants with overall cancer risk. The results 
of these meta-analyses have been equivocal, e.g. specific variants in 
genes such as MLH1 (6), O6-methylguanine-DNA methyltransferase 
(MGMT) (7) and ERCC1 (8) have documented evidence supporting 
associations across cancer types, but in several other instances, the 
evidence has not supported such cross-cutting associations (9–11).

From this very large body of epidemiologic evidence on DNA repair 
gene variants in relation to the risk of human cancer, only a few rela-
tively small-scale reports have directly investigated the association of 
DNA repair gene variants in relation to overall cancer risk. The few 
previous reports of associations between DNA repair gene variants 
and multiple malignancies included at most 22 polymorphisms and 
less than 600 cancer cases (12,13). To more globally test the hypoth-
esis that germ-line DNA repair allelic gene variants contribute to an 
overall elevated risk of any type of cancer, 759 single nucleotide poly-
morphisms (SNPs) in 118 DNA repair genes were tested for associ-
ations with all pathologically confirmed cancer cases that occurred in 
a community-based cohort during 18 years of follow-up.

Methods

The methods for this study have been described previously (14) and are thus 
briefly summarized here. This study uses the same study population and the 
same genetic markers to address a distinctly different study question, namely the 
association between DNA repair gene variants and overall cancer risk, whereas 
the outcome of the previous study was a cancer-prone phenotype defined by the 
presence of nonmelanoma skin cancer (NMSC) plus another type of cancer.

Study population
This study was embedded within the parent CLUE II (after the campaign slo-
gan ‘Give us a clue to cancer and heart disease’) cohort, established in the 

Abbreviations: CI, confidence interval; GWAS, genome-wide association 
studies; LD, linkage disequilibrium; MAF, minor allele frequency; MGMT, 
O6-methylguanine-DNA methyltransferase; NMSC, nonmelanoma skin can-
cer; OR, odds ratio; SNP, single nucleotide polymorphisms.
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Washington County, Maryland, community. In 1989, blood samples were col-
lected from >30 000 adult county residents by drawing 20 ml into heparinized 
Vacutainers. Buffy coats were placed in storage at −70°C. A brief question-
naire was administered that included demographics, cigarette smoking, height 
and weight. Ascertainment of cancer cases was achieved by linking to the 
Washington County Cancer Registry, which is also linked with the Maryland 
Cancer Registry. The study was approved by the Institutional Review Boards 
of the Johns Hopkins University Bloomberg School of Public Health and the 
Medical University of South Carolina.

Genotyping was attempted for a total of 6277 cohort members. This 
included all those with a confirmed cancer diagnosis as of September 2007 
and a cancer-free comparison group. The cancer-free comparison group was 
comprised primarily of a 10% age-stratified random sample of adult CLUE II 
participants. The exception was that 250 controls were added for a substudy 
focused on lung cancer; these added controls almost all had a positive history 
of cigarette smoking. Before beginning the data analyses, all those initially 
selected to be in the cancer-free comparison group in 2007 but who were sub-
sequently diagnosed with cancer by 31 December 2010 were reclassified as 
cancer cases for the data analyses.

From this total, excluded were those whose DNA sample had <95% of SNPs 
successfully genotyped (263, 4.2%) and, to guard against population stratifica-
tion, those of non-Caucasian ethnic ancestry (98, 1.6%). Ethnic ancestry clas-
sification was based on principal components analysis comparisons to three 
HapMap2 populations. After making these exclusions, the final study popula-
tion was comprised of 3620 cancer cases and 2296 cancer-free controls.

SNP selection.  The SNP selection algorithm was described previously 
(15). In brief, 118 human DNA repair genes and DNA repair-related 
genes (3) were assigned to one of the five central DNA repair pathways 
(nucleotide excision repair, base excision repair, nonhomologous end join-
ing, homologous recombinational repair and mismatch repair) or to one of 
seven ancillary DNA repair-related pathways (DNA–DNA crosslink repair, 
DNA–protein crosslink repair, direct reversal repair, poly (ADP ribose) 
polymerase family, DNA damage signal transduction, hereditary disease 
genes with deficient DNA repair phenotypes and genes with putative 
DNA repair functions) based on putative activities, functions, sequence 
homology or physical associations with other DNA repair proteins. These 
pathways were prioritized based on evidence of association with NMSC 
because the primary study question was to address associations with a 
cancer-prone phenotype defined by the presence of NMSC. Selected for 
genotyping were nonsynonymous coding SNPs in DNA repair genes and 
tagging SNPs were selected using a general minor allele frequency (MAF) 
cutoff of 0.05 with the MAF cutoff relaxed to 0.01 for top priority path-
way genes. Despite the inclusion of rare variants in the SNP selection, 
for the data analyses, all SNPs with MAF < 0.05 were excluded, due to 
the high prevalence of monomorphic and quasi-monomorphic SNPs in our 
study population and the lack of statistical precision associated with the 
low MAF SNPs that were not monomorphic. SNP frequencies and linkage 
disequilibrium (LD) were estimated using the CEPH population (European 
ancestry) data from the HapMap (CEU), as the study population for this 
study was limited to those of European ancestry. R2 was set to >0.80. 
Potentially eligible SNPs were excluded if they had a genotyping platform 
design score <0.60. Tagger™ software was used to access the HapMap 
data (16). A total of 828 DNA repair gene SNPs with MAF ≥ 0.05 were 
identified that met these criteria.

Genomic DNA extraction and genotyping.  Buffy coats with no pre-
vious DNA extraction were stored at −70°C from collection until DNA 
extraction. Genomic DNA was extracted from buffy coats using standard 
phenol/chloroform extraction procedures, followed by ethanol precipitation 
and re-suspension to concentrations of 150  µg/ml (17). The precipitated 
DNA was re-suspended in low salt buffer to uniform DNA concentrations 
(50 µg/ml) for genotyping. DNA was quantified using a NanoDrop spectro-
photometer per manufacturer instructions.

When previously extracted DNA was available, that DNA was re-suspended 
in low salt buffer to the same concentration and utilized for genotyping. 
Illumina GoldenGate® arrays customized by the manufacturer were used to 
attempt genotyping on 828 selected DNA repair gene SNPs with MAF ≥ 0.05. 
After excluding 52 SNPs (6%) with failed genotyping in ≥ 5% of the sam-
ples and 17 SNPs (2%) that deviated from Hardy–Weinberg equilibrium at 
P < 0.001, 759 SNPs were included in the final analyses. A summary of the 
pathways studied, genes per pathway and number of SNPs per gene was pre-
viously published (14); the complete SNP list is provided in Supplementary 
Table  1, available at Carcinogenesis Online. For quality control purposes, 
the genotyping results were compared for 24 SNPs that had been previously 
genotyped in earlier studies. Among CLUE II cohort members who overlapped 

with this study population (per SNP number of participants ranged from 3943 
to 4757), the overall concordance was 98%.

Statistical analyses.  Potential type I  error inflation due to genotyping 
errors and batch effects was assessed using a quantile–quantile (Q–Q) plot 
of the observed versus expected −log10 P-values. As a SNP screening step, 
to test the hypothesis that DNA repair gene SNPs contribute to globally 
elevated cancer risk, the association between each SNP and all cancers 
combined was tested using the additive genetic model with SNPs coded 
as having 0, 1 or 2 copies of the minor allele, using logistic regression to 
estimate odds ratios (OR), confidence intervals (CI) and P-values. Using 
Bonferroni correction for multiple comparisons, the threshold for statisti-
cal significance in this SNP screening step was a two-sided test P-value of 
0.05/759 = 6.6 × 10−5.

The lone SNP that exceed this threshold was then assessed in greater detail 
by using logistic regression to characterize the associations by genotypic, 
dominant and recessive model and in subgroup analyses based on age and 
smoking. An interaction with age was tested because true genetically driven 
risk was hypothesized to be stronger in a younger than older age group. The 
potential interaction between cigarette smoking and the significant SNP was 
assessed because it was from a gene MGMT that repairs DNA damage caused 
by alkylating agents, and cigarette smoke is a source of exposure to alkylating 
agents. To account for the possibility that any potential effect modification by 
cigarette smoking could be specific to malignancies established to be caused 
by cigarette smoking, the smoking-stratified analyses were also performed 
stratified according to smoking-caused cancer and cancers not currently estab-
lished to be caused by cigarette smoking. The definition of smoking-caused 
cancer was taken to be on the basis of judgment of causation in US Surgeon 
General’s reports (18), which includes the following nine malignancies: lung, 
oral cavity, esophagus, bladder, pancreas, kidney, uterine cervix, stomach and 
acute myelogenous leukemia.

Associations between the significant SNP and 14 site-specific cancers with 
≥60 cases were assessed; cancer sites with <60 cases were grouped into an 
‘other cancer’ category. The nonparametric sign test was used to test the prob-
ability of observing by chance alone the number of OR that were in the direc-
tion of increased risk out of the total of 15 cancer site-specific OR that were 
calculated in this step.

Due to the method of selection of the comparison group, it was on aver-
age substantially younger than the cancer cases. In addition to adjusting 
for age, to further assess for the potential impact of this age difference on 
the findings, ancillary analyses were restricted to those aged 35 years and 
older at study baseline, which made the two age distributions much more 
comparable and resulted in the loss of only a small number of cancer cases 
from the analyses. Further, there were 250 controls included from a separate 
study of lung cancer. Of these, 232 had >95% successful genotyping and 
were included in this study. To address the potential concern that inclu-
sion of a subset of controls selected in a different way may have altered 
the observed association, a sensitivity analysis with these 232 individuals 
excluded was performed.

The first three principal components were adjusted for in all analyses to 
control for potential residual confounding by ethnic ancestry. Variables addi-
tionally adjusted for were age, sex, education, smoking status and body mass 
index because of their associations with cancer risk and because factors such as 
these have been observed to be associated with DNA repair capacity (19,20). 
All analyses were carried out in the statistical environment R (http://cran.r- 
project.org/) and SAS 9.1 (SAS Institute, Cary, NC, USA).

Results

Baseline descriptive characteristics of the cancer cases and controls are 
summarized in Table I. The cancer-free group was significantly younger 
than the cancer cases (average age 43.1 versus 58.2 years) and had a 
significantly high proportion of females (58.1% versus 53.0%). The 
prevalence of ever-smokers was only slightly higher in the cases than the 
comparison group (54% versus 49%) but when stratified by smoking-
caused malignancies, the expected higher prevalence of former (38% 
higher) and current (37% higher) smokers was observed. NMSC, breast, 
prostate, lung and colorectal cancers were the most common cancer 
diagnoses. The age distribution was much more comparable between the 
study groups when age was restricted to those aged 35 years and older 
(Supplementary Table 2, available at Carcinogenesis Online).

The results of the allelic trend test OR and P-values for each SNP 
are given in Supplementary Table  1, available at Carcinogenesis 
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Online. A  total of 57 SNPs (7.5%) were nominally significant at  
P ≤ 0.05. These included the following percentage (and number) of 
SNPs per pathway: 17% nonhomologous end joining (13), 16% base 
excision repair (9), 11% mismatch repair (11), 10% transduction (6), 
7% poly (ADP-ribose) polymerase (1), 5% nucleotide excision repair 
(10), 4% DNA cross-link repair (2), 4% from CHAF1A, a chromatin 
gene with putative DNA repair function (1) and 2% homologous 
recombination (3).

The Q–Q plot of the observed versus expected −log P-values 
(Figure  1) revealed two key points. First, the slight departure of 
P-values from the expected line indicated enrichment for high 
P-values. This pattern could be attributable to (i) the candidate gene 
association study approach enriching signals for associations between 
DNA repair SNPs and overall cancer risk and/or (ii) genotyping error 
rates causing type I error inflation, more commonly seen in studies 
using custom arrays than those using off-the-shelf platforms. The sec-
ond key point is that the datum in the top right corner of Figure 1 
is for a SNP that was highly statistically significantly associated 
with overall cancer risk even after correction for multiple compari-
sons. This was a SNP in the MGMT gene, specifically, MGMT SNP 
rs2296675, which had a MAF of 0.21 and a P-value from the exact 
test of Hardy–Weinberg equilibrium of 0.42. It is an intronic SNP 
located on chromosome 10 at chromosome position 131,454,987. The 
per minor allele OR was 1.30 (95% CI 1.19–1.43, P = 4.1 × 10−8;  
Table II). Over one-third (37.2%) of the population were carriers 
of at least one minor allele, with a genotype distribution of 62.8%, 
33.1% and 4.1% homozygous common, heterozygous and homozy-
gous minor, respectively. The ORs were 1.38 (95% CI 1.23–1.55) and 
1.43 (95% CI 1.08–1.88) for heterozygous and homozygous minor 

genotypes, respectively, with an OR of 1.38 (95% CI 1.24–1.55) com-
paring those with one or two minor alleles to those with two common 
alleles (dominant model; Table II). The data were much more compat-
ible with a dominant than recessive mode of inheritance for rs2296675 
(recessive model: OR 1.28, 95% CI 0.97–1.69 and P = 0.08).

Age was assessed as a potential effect modifier by stratifying by 
age at study baseline in 1989 (≤54 years versus ≥55 years; median 
55  years). The association between rs2296675 and all cancers was 
stronger in the younger age group (OR 1.51, 95% CI 1.29–1.76) than 
the older age group (OR 1.14, 95% CI 0.96–1.37), a statistically sig-
nificant difference (P = 0.021; Table II). Overall, the adjustments for 
age, sex, education, smoking and body mass index did not appreciably 
alter the inferences for the results presented in Table III, except for 
differences in the association for the homozygous minor genotype, 
the group with the smallest stratum sizes. The associations observed 
in the overall study population were upheld in the age-restricted study 
population for the association between rs2296675 and overall cancer 
risk (Supplementary Table 3, available at Carcinogenesis Online).

The potential interaction between cigarette smoking and rs2296675 
was assessed because MGMT repairs DNA damage caused by alkylat-
ing agents and cigarette smoke is a source of exposure to alkylat-
ing agents. There was no interaction between cigarette smoking 
and rs2296675 on the risk of overall cancer (likelihood ratio test 
P-value = 0.22; Table III). To account for the possibility that cigarette 
smoking may act as an effect modifier specifically for smoking-caused 
cancers but not for cancers not caused by smoking, these analyses 
were further stratified by the outcome categories of smoking-caused 
cancers and cancers not currently established as caused by smoking. 
The associations between rs2296675 and these cancer endpoints was 
consistent within the different categories of smoking status, rein-
forcing the absence of evidence that cigarette smoking was an effect 
modifier for the association between rs2296675 and cancer risk (Table 
III). The smoking-stratified analyses yielded very similar results to 
those described above when analyses were restricted to those aged 
35 years and older at study baseline (Supplementary Table 3, available 
at Carcinogenesis Online).

Table I.  Baseline characteristics of those with and without cancer, CLUE II 
Cohort, Washington County, MD (1989–2010)a

Characteristics No cancer Cancer

Total (row %) 2296 100% 3620 100%
Mean age (years), 
(Q1,Q3)

43.1 (30,57) 58.2 (49,68)

Sex
  Male 963 41.9% 1703 47.0%
  Female 1333 58.1% 1917 53.0%
Mean body mass 
index (Q1,Q3)

25.7 (22.0,28.4) 26.6 (23.4,28.9)

Education
  <12 years 597 26.0% 1035 28.6%
  12 years 998 43.5% 1518 42.0%
  >12 yearss 701 30.5% 1064 29.4%
Cigarette smoking
  Never 1161 50.6% 1671 46.2%
  Former 561 24.4% 1298 35.9%
  Current 574 25.0% 650 18.0%

Type of cancer Not applicable Not applicable
Non-melanoma  
skin only

694 19.2%

Breast 527 14.6%
Prostate 483 13.3%
Lung 332  9.2%
Colorectal 292  8.1%
Melanoma 197  5.4%
Bladder 130  3.6%
Uterus 113  3.1%
Lymphoma 89  2.5%
Cervix 83  2.3%
Ovary 74  2.0%
Pancreas 72  2.0%
Leukemias 69  1.9%
Kidney/urinary tract 62  1.7%
All other 
malignancies

403  11.1%

aColumn totals vary due to missing data.
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Fig. 1.  Quantile–quantile plot of observed versus expected −log(P values) 
for association between 759 DNA repair SNPs and risk of any cancer, CLUE 
II Cohort, Washington County, MD 1989–2007.
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A total of 21 MGMT SNPs were genotyped. Other than rs2296675, 
none was significantly associated with risk of all cancers (allelic 
trend test P > 0.05 for all) (Supplementary Table  4, available at 
Carcinogenesis Online). None of these 21 MGMT SNPs were in LD 
with rs2296675 (all R2 < 0.04).

OR for rs2296675 in relation to site-specific cancers were in the 
direction of increased risk for all 15 groupings of malignancies (non-
parametric sign test P-value <0.0001; Table IV). In minimally adjusted 
analyses, the OR ranged from 1.22 (P = 0.42) for ovarian cancer to 
2.01 (P = 0.008) for kidney/urinary tract cancers; the smallest P-value 
was for female breast cancer (OR 1.45, P = 0.0002). P-values <0.05 
were observed for cancers of the skin, breast, prostate, lung, colorec-
tum, uterus, bladder, kidney, as well as leukemias, lymphomas and the 
‘other cancers’ group. After additionally adjusting for age, sex, edu-
cation, cigarette smoking and body mass index, the OR ranged from 
1.04 (P = 0.80) for prostate cancer to 1.74 (P = 0.04) for kidney/urin-
ary tract cancer; the smallest P-value was for breast cancer (OR 1.58, 
P = 6.6 ×10−5). After these additional adjustments, the OR for all but 
uterine and ovarian cancer were closer to the null, and for some of these, 

such as prostate (1.28 to 1.04) and bladder (1.47 to 1.08), the attenu-
ation was substantial. Only the associations for breast and kidney can-
cer remained statistically significant. Although the more fully adjusted 
associations tended to not be statistically significant and to be closer to 
the null, all 15 OR were still greater than the null value of 1.0 (sign test 
P-value <0.0001). Similar results were observed in the age-restricted 
analyses (Supplementary Table 5, available at Carcinogenesis Online).

Further, a comparison of the results with the 232 controls selected 
for a lung cancer case–control study excluded showed that the 
overall inferences were unchanged (data not shown), and in fact, 
the association between MGMT rs2296675 and all cancer actually 
increased, from an OR of 1.30 (95% CI 1.19–1.43, P = 4.1 × 10−8) 
to 1.38 (95% CI 1.25–1.52, P = 1.25 × 10−10). For most individual 
cancer sites, the associations were not materially changed, but there 
was some fluctuation in the associations, e.g. the association for 
melanoma went from being nominally statistically significant (OR 
1.36, 95% CI 1.00–1.85 and P-value = 0.048) to nonsignificant (OR 
1.26, 95% CI 0.97–1.65 and P-value = 0.08).

The second and third ranked SNPs, with additive model P-values of 
0.004, were two base excision repair SNPs in XRCC1, rs1799782 and 
rs3213344 that were in high LD (R2 = 0.99). Although not exceeding 
the Bonferroni-defined level of significance, these associations can be 
considered significant in the context of the overall P-value distribu-
tion. The MAF for both of these SNPs was 6%, and carriers of a minor 
allele had >25% lower risk of cancer (rs1799782: OR 0.74, 95% CI 
0.63–0.87; rs3213344: OR 0.73, 95% CI 0.62–0.86). For both SNPs, 
associations in the direction of decreased risk were observed for carri-
ers of the minor allele for 12 of the 15 cancer groupings (nonparamet-
ric sign test P-value = 0.04).

Discussion

A large-scale, population-based study with extensive coverage of 
common allelic DNA repair gene variants revealed a robust associa-
tion between the minor allele of MGMT SNP rs2296675 and increased 
overall cancer risk. Carriers of the rs2296675 minor allele had 38% 
increased risk of developing any type of cancer and comprised 37% 
of the study population (33% heterozygotes and 4% homozygous rare 
genotype). Consistent with a genetically driven cancer risk, the asso-
ciation of rs2296675 with cancer risk was significantly stronger in 
younger individuals. The strength of the associations varied by cancer 
site, but all of the cancer site-specific associations were in the direc-
tion of increased risk.

MGMT directly repairs alkyl adducts that arise in the O6 position 
of guanine. The O6 position is important because O6-methylguanine 

Table II.  Association between rs2296675 and risk of all cancers, overall and stratified by age at baseline

Additive model Genotype (n)c Genotypic and dominant models

OR (95% CI)a OR (95% CI)b OR (95% CI)a OR (95% CI)b

Overall 1.30 (1.19–1.43) 1.25 (1.13–1.39) AA (3633) 1.0 (referent) 1.0 (referent)
AG (1912) 1.38 (1.23–1.55) 1.33 (1.17–1.51)
GG (235) 1.43 (1.08–1.88) 1.28 (0.94–1.74)
AG + GG 1.38 (1.24–1.55) 1.33 (1.17–1.50)

Stratified by age at baseline; P-for-interaction = 0.021 (dominant model)
  Age ≤54 years 1.37 (1.20–1.57) 1.34 (1.16–1.55) AA (1889) 1.0 (referent) 1.0 (referent)

AG (917) 1.53 (1.31–1.80) 1.50 (1.26–1.79)
GG (101) 1.28 (0.86–1.92) 1.24 (0.81–1.92)
AG + GG 1.51 (1.29–1.76) 1.47 (1.24–1.74)

  Age ≥55 years 1.13 (0.97–1.32) 1.14 (0.98–1.33) AA (1745) 1.0 (referent) 1.0 (referent)
AG (995) 1.13 (0.93–1.36) 1.13 (0.94–1.37)
GG (134) 1.31 (0.84–2.03) 1.32 (0.84–2.06)
AG + GG 1.14 (0.96–1.37) 1.15 (0.96–1.38)

aAssociations adjusted for first three principal components to control for potential residual confounding by ancestry.
bAssociations adjusted for first three principal components plus age, sex, education, cigarette smoking, and body mass index.
cNumbers may not sum to 5916 due to genotyping failures.

Table III.   Association between being a carrier of a minor allele in 
rs2296675 (dominant model: AG + GG versus AA) and risk of (a) all cancers,  
(b) smoking-caused cancers, and (c) cancers not currently established to be 
caused by cigarette smoking, stratified by cigarette smoking status at baseline

Smoking status Minimally adjusted Fully adjusted

OR (95% CI)a OR (95% CI)b

Total (P-for-interaction = 0.22)
  Never smokers 1.53 (1.30–1.79) 1.41 (1.18–1.70)
  Former smokers 1.20 (0.98–1.48) 1.14 (0.91–1.42)
  Current smokers 1.43 (1.13–1.80) 1.45 (1.13–1.86)

Smoking-caused cancers (P-for-interaction = 0.43)
  Never smokers 1.50 (1.09–2.07) 1.37 (0.98–1.92)
  Former smokers 1.16 (0.86–1.55) 1.10 (0.81–1.49)
  Current smokers 1.47 (1.10–1.82) 1.49 (1.09–2.03)

Cancers not established to be caused by smoking (P-for-interaction = 0.27)
  Never smokers 1.53 (1.30–1.80) 1.42 (1.18–1.71)
  Former smokers 1.22 (0.98–1.51) 1.15 (0.91–1.45)
  Current smokers 1.39 (1.06–1.82) 1.41 (1.07–1.88)

CI, confidence interval; OR, odds ratio.
aAssociations adjusted for first three principal components to control for 
potential residual confounding by ancestry.
bAssociations adjusted for first three principal components plus age, sex, 
education, and body mass index.
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tends to be read as adenine during replication, resulting in G:C to A:T 
transition mutations (21). Germ-line MGMT polymorphisms could 
potentially affect carcinogenesis via at least three mechanisms: (i) 
directly diminishing MGMT-mediated DNA repair via a functional 
coding change; (ii) the sequence variation could increase MGMT’s 
susceptibility to epigenetic silencing of its transcription and (iii) other 
potential biologic pathways, such as, if this region of MGMT was a 
target for RNA interference (RNAi), which can silence gene expres-
sion by degrading mRNA (22,23).

Concerning the first, there is some evidence that at least one func-
tional MGMT SNP may be associated with overall cancer risk. For 
example, several functional MGMT polymorphisms (not including 
rs2296675) were assessed for associations with overall cancer risk by 
using meta-analytic techniques that combined the results of site-spe-
cific cancer studies. The results indicated Leu84Phe (rs12917; but not 
Ile143Val, rs2308321) was associated with overall cancer risk, par-
ticularly among populations of European ancestry (7). Although not 
directly relevant to rs2296675, the results of the meta-analysis lend 
credence to the notion that MGMT functional polymorphisms could 
potentially contribute to human carcinogenesis in different tissues 
via putative effects on protein activity. On a cautionary note, how-
ever, the results of this study were null for rs12917, emphasizing the 
need for replication of our study findings with respect to rs2296675. 
The association observed for rs2296675 could be a consequence of 
being in high LD with a functional SNP. MGMT SNP rs2296675 is an 
intronic SNP located on the 5ʹ side of exon 5, within 66 base pairs of 
rs2308321, a functional SNP in exon 5.

Hypermethylation of CpG islands in the MGMT promoter blocks 
gene transcription (24). MGMT promoter hypermethylation is found 
in >20% of colon, lung, testicular, head-neck, retinoblastoma, cervi-
cal, lymphoma and brain tumors and 10–20% of esophageal, stomach, 
pancreatic and melanoma tumors (25–27). The epigenetic silencing of 
MGMT transcription renders cells unable to remove O6 alkylguanine 
adducts, a defect that leads to increased mutations in key tumor sup-
pressor genes and oncogenes, such p53 and K-ras (27).

Thus, MGMT variants could plausibly impact susceptibility to a 
broad spectrum of cancers by enhancing MGMT promoter hyper-
methylation, thereby inducing gene silencing, and creating a more 
permissive, procarcinogenic environment across multiple tissues. In 
support of this line of reasoning, germ-line MGMT polymorphisms 
have been linked to both MGMT promoter hypermethylation and 
gene silencing in colorectal cancer (28). In a study of 182 colorectal 

tumors, the results for rs2296675 were not statistically significant 
but compared with those with two common alleles, MGMT promoter 
hypermethylation in colorectal tumor tissue was 1.7 and 4.0 times 
more prevalent in those with one and two minor alleles, respectively 
(28). Further, the rs2296675 minor allele was associated with loss 
of MGMT expression, which increased from 28% to 38% to 50% in 
those with zero, one, and two minor alleles, respectively (28). These 
are the only previously published data we know of for rs2296675; 
they raise the possibility that the rs2296675 minor allele could be a 
marker of susceptibility to MGMT promoter hypermethylation and 
loss of gene expression, at least in the colorectum.

The levels of methylation in tumor compared with normal tissue 
may provide evidence to assess the likelihood that rs2296675 variants 
may be associated with cancer risk via a pathway that includes MGMT 
promoter methylation. In healthy individuals without colorectal neo-
plasia, similar patterns of MGMT promoter methylation in normal 
mucosa were seen as in tumor tissue from patients with colorectal 
cancer (29), suggesting that promoter methylation may be involved 
early in the carcinogenic pathway in the colon and rectum. MGMT 
activity is inversely correlated with promoter methylation (30), and 
there is more evidence available for MGMT activity in tumor com-
pared with normal tissue (31). Comparisons of MGMT activity in 
malignant tissue to normal tissue showed that for cancers relevant 
to this study’s findings (breast, colon and rectum and lung), MGMT 
activity was uniformly greater in the tumor tissue than the normal 
tissue. To the extent that MGMT activity serves as a useful proxy 
for promoter methylation, this differential between tumor and normal 
tissue does not support the hypothesis that germ-line variants alone 
determine enhanced susceptibility to promoter methylation.

Alkylating agents are potent carcinogens that originate from a 
variety of endogenous and exogenous sources (32,33). Many endog-
enous alkylating agents (or precursors) have been identified, includ-
ing S-adenosyl-methionine, a common methyl donor in biochemical 
reactions, nitrosated amines or bile acids produced enzymatically 
by Escherichia coli, and nitrosated alkaloids possibly produced by 
endogenous nitrosating agents such as Nox (33). With respect to exog-
enous sources of exposure to alkylating agents, N-nitroso compounds 
are common environmental alkylating agents found in tobacco prod-
ucts and prepared foods, or formed during natural and industrial pro-
cesses (33). Active cigarette smoking is a major environmental source 
of exposure to alkylating agents (33). Cigarette smoke contains many 
N-nitroso compounds that have been shown to produce O6-meG or 

Table IV.  Associations between rs2296675 and risk of specific malignancies

Types of cancer # cases Minimally adjusted Fully adjusted

OR (95% CI)a P valuea OR (95% CI)b P valueb

Nonmelanoma skinc 694 1.23 (1.03–1.48) 0.02 1.15 (0.94–1.40) 0.17
Breast 527 1.45 (1.19–1.76) 0.0002 1.58 (1.27–1.97) 6.6 × 10−5

Prostate 483 1.28 (1.01–1.61) 0.04 1.04 (0.79–1.37) 0.80
Lung 332 1.48 (1.16–1.86) 0.002 1.16 (0.88–1.51) 0.29
Colorectal 292 1.54 (1.18–2.00) 0.002 1.33 (1.00–1.78) 0.054
Melanoma 197 1.36 (1.00–1.85) 0.048 1.31 (0.96–1.80) 0.09
Bladder 130 1.47 (1.03–2.11) 0.04 1.08 (0.73–1.59) 0.72
Uterus 113 1.47 (0.99–2.18) 0.057 1.51 (0.99–2.30) 0.055
Lymphoma 89 1.41 (0.92–2.18) 0.12 1.31 (0.84–2.05) 0.23
Cervix 83 1.32 (0.84–2.08) 0.23 1.33 (0.83–2.13) 0.23
Ovary 74 1.22 (0.75–2.00) 0.42 1.28 (0.76–2.14) 0.35
Pancreas 72 1.57 (0.98–2.53) 0.06 1.39 (0.85–2.27) 0.19
Leukemias 69 1.80 (1.11–2.91) 0.02 1.59 (0.97–2.61) 0.06
Kidney/urinary tract 62 2.01 (1.20–3.34) 0.008 1.74 (1.03–2.94) 0.04
All other malignanciesd 403 1.28 (1.03–1.59) 0.03 1.13 (0.90–1.43) 0.30

CI, confidence interval; OD, odds ratio.
aResults for dominant model (AG + GG versus AA genotypes). All associations adjusted for first three principal components to control for potential residual 
confounding by ancestry.
bAssociations adjusted for first three principal components plus age, sex, education, cigarette smoking, and body mass index.
cThis group is comprised of those whose only cancer diagnosis was non-melanoma skin cancer.
dThis group includes all remaining cancer cases not included in the above categories.
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other methylated bases after metabolic activation (34). Other than 
smoking status, a limitation of this study was the lack of information 
on potential sources of alkylating agent exposure.

The results observed in this study, indicating that carrying the 
minor rs2296675 allele was robustly associated with increased 
risk of all cancers, as well as several specific cancer sites, raises 
the question as to why this SNP, or others in LD with it, have not 
previously been reported to be associated with cancer in prior 
genome-wide association studies (GWAS) of specific cancer sites. 
One factor contributing to this apparent discrepancy may be a loss 
of power in GWAS due to corrections for multiple comparisons. 
That is, SNPs in high LD with rs2296675 may have been associ-
ated with risk of specific cancer sites, but these associations were 
not statistically significant after correcting for multiple compari-
sons. For some cancer sites, the associations in this study were 
large enough to be detected in GWAS. Differences in defining the 
cancer phenotype may have contributed to important differences 
in the magnitude of the observed associations between this study 
and GWAS. Typically, individuals with a history of NMSC are not 
excluded from the control group. However, it is now becoming well 
established that NMSC is associated with increased risk of malig-
nancy in virtually all other tissues (35). In this study, rs2296675 
was shown to be weakly associated with NMSC risk; this asso-
ciation would have been masked had NMSC patients been classi-
fied as controls. Including NMSC cases in the control group could 
therefore have introduced misclassification that biased associa-
tions toward the null. This bias could be substantial because the 
prevalence of NMSC among Caucasian populations is very high. 
Misclassification of NMSC patients is an issue that needs to be 
carefully addressed in future validation studies.

A consideration of these issues emphasizes the need for repli-
cation of our study finding before strong inferences can be made 
about the observed association between rs2296675 and overall 
cancer risk. In the absence of replication, an important limitation is 
the possibility that the results of this study could be false-positive 
findings. Concerns about the possibility of a false-positive finding 
could be heightened by the fact that the P-value distribution was 
slightly enriched for lower P-values, possibly due to genotyping 
error rates leading to type I error inflation. However, as is evident 
in Figure  1, this deviation from the expected null distribution is 
not severe and cannot reasonably explain the P-values of the most 
significant findings, a marker with an appreciable MAF of 0.21. 
As previously discussed, the lack of any published supportive data 
from GWAS nonetheless adds to the index of suspicion of a false-
positive finding. False-positive findings from epidemiology stud-
ies have been a source of growing concern (36,37). Replication 
studies could come in the form of taking a similar cohort study 
approach as in this study, or alternatively pooling existing data 
across different cancer sites from case–control or nested case–con-
trol studies. The approach of pooling across case–control studies 
has the advantage of more cancer site-specific matching for poten-
tial confounding variables, whereas the cohort study approach has 
the advantage of being inclusive of all malignancies occurring in 
a population, in keeping with the goal of this study. Even though 
replication is lacking, this study does contain the appropriate safe-
guards of accounting for multiple comparisons and appropriately 
cautious inferences, taking into account previous findings and bio-
logic plausibility (37).

In summary, the hypothesis that germ-line SNPs in DNA repair 
genes were associated with risk of all cancers combined was tested. 
Compared with those with two common alleles, carriers of the 
minor allele of MGMT SNP rs2296675 had 38% greater risk of any 
cancer, an association that was highly statistically significant even 
after accounting for multiple comparisons. This overall increased 
cancer risk was not due to associations with a few malignancies but 
rather associations in the direction of increased risk were observed 
for all of the specific cancer sites studied. This implies that the 
association, if it is in actual fact genuine, may be relevant to a broad 
spectrum of malignancies. Replication of this finding in other study 

populations is needed before more definitive inferences concerning 
the potential scientific and public health importance of this finding 
can be made.

Supplementary material

Supplementary Tables 1–5 can be found at http://carcin.oxfordjournals.org/
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