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Several genes encoding for DNA repair molecules implicated in maintaining genomic integrity have been
proposed as cancer-susceptibility genes. Although efforts have been made to create synopses for specific
fields that summarize the data from genetic association studies, such an overview is not available for

We have created a regularly updated database of studies addressing associations between DNA repair
gene variants (excluding highly penetrant mutations) and different types of cancer. Using 1087 datasets
and publicly available data from genome-wide association platforms, meta-analyses using dominant and
recessive models were performed on 241 associations between individual variants and specific cancer
types that had been tested in two or more independent studies. The epidemiological strength of each
association was graded with Venice criteria that assess amount of evidence, replication, and protection

Thirty-one nominally statistically significant (ie, P < .05 without adjustment for multiple comparisons)
associations were recorded for 16 genes in dominant and/or recessive model analyses (BRCA2, CCND1,
ERCC1, ERCC2, ERCC4, ERCC5, MGMT, NBN, PARP1, POLI, TP53, XPA, XRCC1, XRCC2, XRCC3, and
XRCC4). XRCC1, XRCC2, TP53, and ERCC2 variants were each nominally associated with several types of
cancer. Three associations were graded as having “strong” credibility, another four had modest credibil-
ity, and 24 had weak credibility based on Venice criteria. Requiring more stringent P values to account for
multiplicity of comparisons, only the associations of ERCC2 codon 751 (recessive model) and of XRCC1
—77 T>C (dominant model) with lung cancer had P <.0001 and retained P <.001 even when the first pub-
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from bias. All statistical tests were two-sided.
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lished studies on the respective associations were excluded.
Conclusions

We have conducted meta-analyses of 241 associations between variants in DNA repair genes and cancer
and have found sparse association signals with strong epidemiological credibility. This synopsis offers a
model to survey the current status and gaps in evidence in the field of DNA repair genes and cancer sus-
ceptibility, may indicate potential pleiotropic activity of genes and gene pathways, and may offer mecha-
nistic insights in carcinogenesis.
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With the rapid increase in the amount of data pertaining to the
association of genetic variants with complex diseases comes the chal-
lenge to appraise the cumulative evidence. Meeting this challenge is
crucial not only to drive research in the field but also to translate
results into useful applications for health care and disease prevention
(1-4). Although efforts have been made to create synopses for spe-
cific fields that summarize all of the data from genetic association
studies, including those testing selected variants and those following
agnostic genome-wide approaches (5) (http://www.alzforum.org/
res/com/gen/alzgene, http://www.schizophreniaforum.org/res/
sczgene), such an overview is not available for genes involved in
DNA repair.

In the field of DNA repair, the genotypic data that relate to
cancer risk have increased exponentally in recent years. This
increase derives from an effort to understand how DNA is damaged
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by environmental insults and how the cell’s machinery tries to
repair the damage without loss of genetic information.
Environmental carcinogens such as polycyclic aromatic hydro-
carbons, aromatic amines, or N-nitroso compounds predomi-
nantly form DNA adducts, but they also generate interstrand
cross-links and reactive oxygen species, which induce base dam-
age, removal, and single-strand breaks and double-strand breaks
(DSBs). Double-strand breaks can also be produced by replica-
tion errors or exogenous agents such as ionizing radiation.
Unrepaired damage can result in apoptosis (6) or transcriptional
changes, and mutations acquired in the process of DNA repair
may lead to unregulated cell growth and cancer.

Distinct pathways, each involving numerous factors, have
evolved to perform DNA repair (7). The nucleotide excision
repair (NER) pathway repairs bulky lesions such as pyrimidine
dimers, other products of photochemical reactions, large chemical
adducts, and DNA cross-links. The base excision repair (BER)
pathway operates on small lesions such as oxidized or reduced
bases, fragmented or nonbulky adducts, and adducts produced by
methylating agents. At least two pathways for DSB repair exist:
homologous recombination and nonhomologous end joining.
Mismatch repair (MMR) is an additional category of DNA repair
that corrects replication errors (base-base or insertion—deletion
mismatches) caused by the DNA polymerase. Finally, alkylated
bases are also directly removed by the suicide enzyme methylgua-
nine-DNA methyltransferase.

Genetic variation in some DNA repair genes in each of these
pathways appears to influence cancer susceptibility (8,9); however,
results pertaining to individual genes have been inconsistent, and
an inclusive evaluation of the evidence has not, to our knowledge,
been performed. We have collected and regularly updated the
cumulative data on associations between polymorphisms in the
known DNA repair genes and diverse cancers to create a field
synopsis. An online database is maintained at http://www.episat.
org, with detailed information on each study included in this syn-
opsis. Here, we present this synopsis and summarize with formal
meta-analyses the available data from all studies published before
August 31, 2007, that examined associations between a common
genetic variant in a DNA repair gene and cancer of any type in
humans.

Methods

Literature Search, Selection Criteria, and Data Extraction

We conducted PubMed and HuGE PubLit searches of the
English language literature published since 1985. The last update
of these searches was in August 2007 when, for purposes of analy-
sis, the databases were frozen. We aimed to identify all published
articles in which the frequencies of DNA repair alleles were deter-
mined for patients with cancer (of any type) and for unrelated
cancer-free control subjects. We excluded highly penetrant muta-
tions (ie, those associated with familial cancer) such as MMR gene
mutations in hereditary nonpolyposis colorectal cancer and BRCA1
and BRCA2 mutations in familial breast cancer and other familial
syndromes. The search terms included all the names or alias of the
genes of interest (see Table 1), plus “DNA repair,” in combination
with terms suggestive of cancer (cancer, neoplasm, tumor, and
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CONTEXT AND CAVEATS

Prior knowledge
Although genetic variation in genes involved in DNA repair may
influence susceptibility to cancer and there are many reports of
association between individual variants and cancer risk, a compre-
hensive analysis of genetic association data in this field had not
been performed.

Study design

Meta-analysis of reported associations between individual genetic
variants and specific cancers using dominant and recessive models
of genetic effects.

Contribution

An updateable database and an analytic framework for identifying
statistically significant associations and assessing their epidemio-
logical strength in terms of amount of evidence, replication consis-
tency, and protection from bias were developed. The analysis
suggested that the vast majority of postulated associations between
DNA repair alleles and cancer risk have not been replicated suffi-
ciently to give them strong credibility.

Implications

Possible implications of this work are that larger scale studies
would be necessary to establish specific associations of genetic
variants in DNA repair and cancer and that the added risk conferred
by single variants in DNA repair genes may be small.

Limitations

Biases in genetic association studies could not be fully assessed in
this retrospective analysis; the best approach to modeling the
genetic effect of a particular variant was not known.

From the Editors

malignancy). We also excluded data that were unpublished or pub-
lished in abstracts only. We identified additional articles by search-
ing cited references in the eligible articles. We eliminated obvious
overlaps between articles in terms of populations investigated.
When publications had overlapping data, we kept the study with
the largest sample size. All of the Web tables and references to
original articles are available on the DNA repair Web site of the
Institute for Scientific Interchange Foundation (http://www.episat.
org). The search was performed by M. Manuguerra and indepen-
dently checked by G. Matullo and F. K. Kavvoura.

From all relevant articles, we collected information on genetic
polymorphisms, cancer organ site(s), histological type(s), any expo-
sure evaluated as potential effect modifier (ie, exposures that may
interact with genotype), racial descent (Caucasian, Asian, African),
and the nature of the recruited cohort (ie, population-based case—
control, hospital-based case—control, or case-cohort). Association
data were collected as 2 x 2 tables for each polymorphism and
cancer type addressed in each study. Two-by-two tables were
obtained for all case and control subjects; in addition, separate
tables were constructed according to histological type and smoking
exposure, whenever such split data were available.

Whenever possible, we used the absolute numbers from pub-
lished genotype frequencies. When these data were not avail-
able, we extracted and used the odds ratios and 95% confidence
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intervals as published in the articles. The most common allele
was defined as the wild type, unless functional information was
available.

Genome-Wide Association Data

Genome-wide association (GWA) studies can test a large number
of polymorphisms in an agnostic fashion (ie, without selection for
prior credibility). Data from these studies are important to be
incorporated in the meta-analyses, when they pertain to relevant
DNA repair gene polymorphisms. Therefore, we also searched for
GWA data on cancer phenotypes using PubMed, HuGE PubLit,
and the National Human Genome Research Institute catalogue of
GWA studies. The first search was performed in August 2007; an
updated search was performed in July 2008. From the GWA pub-
lications identified (10-34), we retrieved all relevant data that
were available in the public domain until July 31, 2008. We have
thus far been able to retrieve complete datasets for the Cancer
Genetic Markers of Susceptibility (CGEMS) study on breast and
prostate cancer (http://cgems.cancer.gov/data/). Thus, we selected
from the CGEMS database the polymorphisms overlapping with
those present in our database (124 and 98 variants for breast and
prostate cancer, respectively) and included them in the final data-
base that we used to perform all the meta-analyses. Partial dupli-
cation of data with published articles was avoided by excluding
those articles from the final meta-analyses. Among the GWA
publications for which the datasets were not publicly available,
none reported data on specific DNA repair polymorphisms in the
main article.

Data Quality Controls

To identify errors in the classification of genotypes, in particular
inversion of allele coding, at first screening, we subtracted for every
polymorphism the relative genotype frequency of one homozygote
from that of the other homozygote, obtaining in the case of inver-
sion a similar difference in frequency but one of opposite sign. To
exclude only studies with a high probability of reporting true inver-
sions, we defined a threshold corresponding to a difference of at
least 20% between the frequencies of the two homozygous geno-
types. We also checked for possible differences among studies due
to different genotype frequencies in ethnic groups by looking at
dbSNP frequencies reported for the different ethnic groups and at
published studies on the same polymorphism when at least three
studies were published for the same ethnic group. Twenty-four
datasets were excluded from the meta-analyses because they had a
very high probability of reporting inversions.

Statistical Analysis
Studies were classified according to type of cancer (ie, the site or
organ affected). If at least two different datasets evaluated the same
genetic variant and the same type of cancer from at least two dif-
ferent publications, a meta-analysis was performed. The primary
analyses combined data on a given association of a genetic variant
and a type of cancer. In secondary analyses, separate analyses were
performed according to histological type, smoking exposure, racial
descent, and the method of subject recruitment.

We used the odds ratio as the metric for all meta-analyses. We
explored genotype models based on both recessive and dominant
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contrasts. If the alleles were A and a, then for a dominant model, a
person was classified as 1 if AA and 0 otherwise; for a recessive
model with these alleles, a person was classified as 1 if aa and 0
otherwise. If a genetic effect is present, the most appropriate
genetic model (recessive, dominant, other) is typically not known
for these polymorphisms. Statistically significant results with one
model but not with another may occasionally offer a hint to the
correct model, but they cannot be taken as proof that the correct
genetic model has been identified.

The derived P values from these analyses should be interpreted
in light of the fact that multiple polymorphisms and two genetic
models were analyzed. Therefore, we examined which associations
would remain statistically significant if a more stringent threshold,
P <.0001, were adopted. This threshold corresponds to Bonferroni
correction for 500 comparisons (the approximate number of asso-
ciations meta-analyzed [n = 241] multiplied by the number of
genetic models [n = 2]). This correction may be too severe, given
we performed far fewer meta-analyses for each cancer. Therefore,
we also examined which of those associations would attain the
threshold of statistical significance after correction for 50 compari-
sons (P = .001) even if the first published study were excluded
under the assumption that in genetic epidemiology, the first study
often overestimates the effect estimate.

Heterogeneity among the studies was evaluated by Cochran Q
statistic (35) and was considered statistically significant at P less
than .10 (36). Both fixed- and random-effects models were used to
obtain summary effects. However, because the Q test is insensitive
in cases where studies are small in size or few in number, we based
our main inferences on the random-effects model. This model
assumes that the studies are a random sample of a hypothetical
population of studies and takes into account within- and between-
study variability. We also used the I? metric (37) as a measure of
the extent of between-study heterogeneity; I? values of 50% or
higher are considered to reflect large between-study heterogene-
ity, and values of 25%-50% indicate moderate between-study
heterogeneity. With a small number of studies, I? can have large
uncertainty, so inferences should be interpreted cautiously, and for
nominally statistically significant associations, we also estimated
the 95% confidence intervals of I? (38). We also performed several
analyses to explore the possibility for bias. For the formally statisti-
cally significant associations, we evaluated whether the results were
different after exclusion of the first published study and after
adjustment for deviations from Hardy-Weinberg equilibrium
(HWE) (39), excluding studies that had statistically significant
(P <.05) violation of HWE in control subjects according to an exact
test. We also evaluated whether smaller studies gave different
results than larger studies by using a regression test that formally
examined funnel plot asymmetry. The test is a modified version
(40) of the original Egger regression test that is considered to cor-
rect the inflated type I error of the original regression test.
Differences between smaller and larger studies are often inter-
preted as publication bias, but this is only one possible explanation
(41). Such differences may reflect publication bias, other biases,
quality differences, or genuine heterogeneity between small and
larger studies. We also used the test proposed by Ioannidis and
Trikalinos (42) to examine if there was an excess of statistically
significant results compared with what one would expect based on
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the observed summary effects in each of the meta-analyses. The
test was applied to each meta-analysis with nominally statistically
significant results and to the whole domain (ie, considering all
meta-analyses). We also examined whether there was an excess
of studies with statistically significant results in meta-analyses
that had found nominally statistically significant summary effects
vs those that had nonsignificant summary effects, and in meta-
analyses that had large estimated between-study heterogeneity
(I*> > 50%) vs those that did not. The modified regression and
excess tests are traditionally considered statistically significant at
P value less than .10.

Calculations were performed with R, version 2.4.1 (R Foundation
for Statistical Computing, Vienna, Austria), and Intercooled
STATA, (StataCorp LP, College Station, TX) version 8.2 (College
Station, TX). All P values are two-sided.

Assessment of Cumulative Evidence

To each nominally statistically significant association, we applied a
grading system that was recently developed to assess the strength
of the cumulative evidence [“Venice criteria,” presented in detail
elsewhere (43)]. Briefly, each meta-analyzed association was graded
based on the amount of evidence, the extent of replication, and
protection from bias. For amount of evidence, a grade of A, B, or
C was assigned when the sample size (case and control subjects) for
the rarer genotype in the meta-analyses was greater than 1000,
100-1000, or less than 100, respectively. For replication consis-
tency, point estimates of I? that were less than 25%, 25%-50%,
and greater than 50% were assigned grades of A, B, and C, respec-
tively. For protection from bias, a grade of A means that bias, if
present, may change the magnitude but not the presence of an
association; a grade of B means that there is no evidence of bias that
would invalidate an association, but important information is miss-
ing; and a grade of C means that there is a strong possibility of bias
that would render the finding of an association invalid. We consid-
ered various potential sources of bias, including errors in assigning
phenotypes or genotypes, confounding (population stratification),
and errors and biases at the level of meta-analysis (publication and
other selection biases); errors and biases are also considered in the
framework of the observed summary odds ratio estimate. When the
summary odds ratio deviated less than 1.15-fold from the null (ie,
for odds ratio [OR] values of 0.85-1.15) for meta-analyses based on
published data, we concluded that selective reporting bias alone
may have rendered the observed association invalid, regardless of
whether other biases were present. Therefore, we assigned a grade
of C. When the summary odds ratio deviated more than 1.15-fold
from the null, a grade of C was given if nominal statistical signifi-
cance was lost with the exclusion of the first published study or of
studies where HWE was violated, or if the results of modified
regression or excess tests attained statistical significance, indicat-
ing possible bias. In cases where odds ratios deviated more than
1.15-fold from the null, we considered that phenotyping errors
could affect the magnitude but not the presence of an effect in this
field because the misclassification rate for the various cancers con-
sidered here and for the control subjects is unlikely to be that high;
genotyping errors were also considered to affect the magnitude but
usually not the detection of statistically significant associations in
cases where odds ratios exceeded 1.15. Potential confounding from
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population stratification was considered to have a similar impact
(given that at least self-reported racial descent is taken into account
in all our analyses). Therefore, a grade of A for protection from bias
was assigned if summary odds ratios were greater than 1.15 or less
than 0.85, and no bias was detected.

Associations that were assigned three A grades are considered
to have strong epidemiological credibility; associations that
received a grade of B but for which all other grades were B or
greater were considered to have moderate credibility; any associa-
tion that received a grade of C were considered to have weak

credibility.

Results

Main Analyses

Our systematic searches identified 361 articles that referred to cancer
risk and DNA repair gene variants (Supplementary Table 1, available
online) that examined a total of 1123 associations of gene variants
with a type of cancer. Among these, we did not consider for meta-
analysis 833 associations where there was only a single dataset avail-
able and 50 associations where there were two or more datasets that
were all derived from the same article. Ultimately, we performed
meta-analyses on 241 associations with a total of 1087 datasets. The
summary odds ratio estimates in the dominant and recessive model
analyses are shown in Supplementary Tables 2 and 3 (available
online). From the 241 analyses, 31 associations involving 16 differ-
ent genes had a summary effect that was nominally statistically
significant, 14 in the dominant model analyses and 17 in the reces-
sive model analyses (Table 1). Four associations were nominally
statistically significant in both the recessive and the dominant
model analyses. Only 10 of the nominally statistically significant
associations involved more than five studies. Of the 31 associa-
tions, 19 remained nominally significant after excluding the first
published study. Only two of the 31 associations had a P value of
.0001 or less in the overall analysis: XRCCI —77 T>C and lung
cancer (dominant model) and ERCC2 codon 751 and lung cancer
(recessive model). Both of these had P values slightly below .001
after exclusion of the first published studies (Figure 1).

Secondary Analyses

In general, despite some variability, effect sizes for the associations
of a given polymorphism and particular cancers were not statisti-
cally significantly different according to histological type and
smoking status (Supplementary Tables 4 and 5, available online).
Because most studies did not present details and separate data
based on these variables, the results should be interpreted with
caution. For example, histological information was not available
for the association between XRCC1 —77 T>C and lung cancer (the
association with the overall lowest P value).

Analysesaccording toracial descentare shownin Supplementary
Table 6 (available online). Of the 31 associations identified in
dominant and recessive models, only five were tested in at least
two independent studies in at least two different racial descent
groups, and the effect sizes for a given association in the different
groups did not differ statistically significantly. Moreover, the
summary estimates were in the same direction in all racial descent
groups, with the exception of the association between ERCC?2
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ERCC2 codon 751 and Lung cancer
Recessive model

Odds ratio
Study (95% Cl)
David-Beabes (2001) I 1.61(1.01, 2.56)
Spitz (2001) 4 - 1.32 (0.84, 2.07)
David-Beabes (2001) —_— 1.32 (0.57, 3.02)
Xing (2002) : 1.83(0.43, 7.72)
Park (2002) i 0.65 (0.04, 10.54)
Chen (2002) S 0.50 (0.23, 1.10)
Zhou (2002) T 1.17 (0.93, 1.48)
Liang (2003) 2.39 (0.91, 6.23)
Misra (2003) — - 1.18(0.77,1.81)
Vogel (2004) - 1.36 (0.86, 2.16)
Popanda (2004) 4 - 1.27 (0.89, 1.82)
Harms (2004) : 0.91(0.30, 2.81)
Shen (2005) : 0.45 (0.04, 5.07)
Vogel (2005) T 1.42 (0.89, 2.25)
Zienolddiny (2006) — - 1.45 (1.03, 2.05)
Matullo (2006) — 1.03 (0.63, 1.70)
Lopez-Cima (2007) —1-— 1.20 ( 0.80, 1.79)
Figure 1. Forest plots for the associations of  De Ruyck (2007) — 1.41(0.61,3.22)
ERCC2 codon 751 and lung cancer (recessive Overall o . <> 126 (1.12,1.41)
model) and XRCCT —77 T>C and lung cancer OVverall (excluding first studies) <> 1.23 (1.09, 1.39)
(dominant model). Each study is shown by the I f I T I T
odds ratio (box) and 95% confidence interval 0.1 03 05 08113 2 3 5 7
(horizontal line). The size of each box is propor- QOdds ratio
tional to the weight of each study. Also shown
are the diamonds of the summary effects based XRCC1 -77 T>C and Lung cancer
on all studies and excluding the first studies. Dominant model
s Odds ratio
tudy (95% Cl)
u (2005) . 1.54 (1.21, 1.96)
Hao (2006) . 1.46 (1.18, 1.80)
De Ruyck (2007) = 1.11 (0.64, 1.94)
Overall 1.46 ( 1.25, 1.70)
Overall (excluding first study) S 1.41(1.16,1.72)
T T T T T T
0.5 0.6 0.8 1 1.2 1.5 2
Odds ratio

codon 751 and lung cancer in the dominant model, where the
summary odds ratio was 1.18 (P = .01) in studies of Caucasian
populations but was 0.66 (and not statistically significant) in two
small studies of subjects of Asian descent. Analyses by racial
descent revealed another 12 associations with nominal statistical
significance specifically in one racial descent population
(Supplementary Table 6, available online).

Heterogeneity

Heterogeneity among studies may be due to gene—environment
interactions, gene-gene interactions, study design differences,
biases, or chance. Of the 31 associations that were nominally sig-
nificant in the main analysis, the results of the different studies
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differed beyond chance (P < .10) for four of them (Table 1), with
I? estimates suggesting modest amount of heterogeneity.

Across all the 241 meta-analyses using the dominant model, 67
(27.9%) associations had Q test P values that were less than .10.
Also, 25 (10.4%) meta-analyses had very large (>75%) estimates of
between-study heterogeneity, 46 (19.1%) had large (50%-75%)
between-study heterogeneity, and 41 (18.0%) had modest (25%—
50%) between-study heterogeneity. In the recessive model, 41
(17.1%) associations had Q test P values less than .10. Eighteen
(7.5 %) meta-analyses had very large (>75%) estimates of between-
study heterogeneity, 26 (10.8%) had large (50%-75%) between-
study heterogeneity, and 32 (13.3%) had modest (25%-50%)
between-study heterogeneity. Estimates of heterogeneity should
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be interpreted cautiously especially when they are based on few
studies.

Bias Issues

The 12 associations that were nominally statistically significant in
the main analysis but not when the first study was excluded
were the following: BRCA2 codon 1915 and breast cancer with the
dominant model, ERCC?2 codon 312 and bladder cancer with the
dominant model, ERCC4 codon 415 and breast cancer with
the recessive model, MGMT codon 143 and prostate cancer with
the dominant model, POLI codon 706 and lung cancer with the
dominant model, 7P53 intron 6 (Msp I) and breast cancer with the
recessive model, XRCCI codon 194 and skin and stomach cancer
with the dominant model, XRCCI codon 399 and cervix cancer
with the recessive model, XRCC3 4541 A>G (5’ untranslated
region [UTR]) and breast cancer with the dominant model,
XRCC3 codon 241 and breast cancer with the recessive model,
XRCC3 TVS7 17893 A>G and breast cancer with the recessive
model. Four additional meta-analyses for the dominant model
(ATM codon 1853 D>N and breast cancer, TP53 codon 72 and
stomach cancer, XRCCI codon 399 and leukemia, and XRCC3
codon 241 and colorectal cancer) and five for the recessive model
(ERCCS codon 1104 and lung cancer, MGMT codon 84 and breast
cancer, TP53 codon 72 and stomach cancer, and XRCCI codon
399 and leukemia and prostate cancer) crossed the threshold of
nominal significance after exclusion of the first study, but the
P values were not less than or equal to .001.

After exclusion of studies in which the requirement for HWE
was not met, nine of the 31 associations in the main analysis were
no longer nominally statistically significant (BRCA2 codon 1915
and breast cancer with the recessive model, CCND1 codon 241 and
head and neck cancer with the recessive model, ERCC2 codon 312
and bladder cancer with the dominant model, ERCC5 codon 46
and lung cancer with the recessive model, 7P53 codon 72 and
cervix cancer with the dominant model, 7P53 intron 6 [Msp I]
and breast cancer with the recessive model, XRCCI codon 194 and
esophageal cancer with the recessive model, XRCC2 codon 188
and colorectal cancer with the dominant model, and XRCC3 4541
A>G [5" UTR] and breast cancer with the dominant model).
Conversely, exclusion of HWE-violating studies yielded nominally
statistically significant results for three other associations that did
not have statistically significant results in the primary analyses
(ERCC2 codon 751 and lymphoma with the dominant model,
TPS53 intron 6 (Msp I) and breast cancer with the dominant model,
and ERCC5 codon 1104 and lung cancer with the recessive model;
all P values were slightly less than .05).

For three of the 31 meta-analyses with nominally statistically
significant results in the primary analysis (7P53 codon 72 and lung
cancer in the dominant model analysis, FRCC2 codon 312 and
bladder cancer, and TP53 codon 72 and cervix cancer in the reces-
sive model analysis), the modified regression test suggested that
larger studies had statistically significantly more conservative
results than small studies.

For two of these 31 meta-analyses (7P53 codon 72 with cervical
and lung cancer, both in dominant model analysis), there was clear
evidence of an excess of individual studies with statistically signifi-
cant results. Among all the 241 meta-analyses, another 14 (5.8%)
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had more statistically significant single studies than what would be
expected in the dominant model (CCNH codon 270 and colorectal
cancer; ERCC2 codon 751 and esophageal and head and neck can-
cer; MGMT codon 84 and head and neck cancer; TP53 IVS1 —112
G>A and breast cancer; 7P53 codon 72 and breast, cervix, and lung
cancer; XPA 23 G>A and lung cancer; XRCCI codon 194 and head
and neck cancer; XRCC1 codon 399 and breast and colorectal can-
cer; XRCC?2 codon 188 and breast cancer; and XRCC3 codon 241
and breast and skin cancer). Six (2.5%) meta-analyses had more
statistically significant single studies than what would be expected
in the recessive model (ERCC2 codon 312 and breast cancer,
ERCC2 codon 751 and esophageal cancer, TP53 IVS1 —112 G>A
and breast cancer, TP53 codon 72 and stomach cancer, XRCCI
codon 399 and lung cancer, and XRCC2 codon 188 and breast
cancer). These meta-analyses typically pertained to situations
where early studies had suggested a statistically significant effect,
but an effect in the opposite direction that was also nominally
statistically significant was seen (often quite soon) in one or more
subsequent studies, reminiscent of the Proteus phenomenon (ie,
the rapid interchange of statistically significant results in opposite
directions in early published studies) (44).

Among all studies analyzed, we estimated that one would expect
an average of 93.8 studies with nominally statistically significant
results vs an observed number of 136 (P = .00002) for the dominant
model analysis; for the recessive model, there would be 85.8 studies
expected with nominally statistically significant results vs the
observed 100 (P = .06). There was an excess of statistically signifi-
cant results in meta-analyses that had large heterogeneity (£ =36.2,
O=71,P=10%and E=21.3,0 =42, P =107, in dominant and
recessive model analyses, respectively), but not in meta-analyses
without large between-study heterogeneity (E = 57.6, O = 65, P =
.30, and E = 64.4, O = 58, P = .44, in dominant and recessive model
analyses, respectively). According to the dominant model analy-
sis, there was an excess of statistically significant results in meta-
analyses with statistically significant results (£ = 17.9, O =31, P =
.002) and those with non—statistically significant results (£ = 75.9,
O =105, P = .001), whereas no clear excess was seen according to
the recessive model analysis for either subgroup.

The majority (61.8%) of the studies analyzed were population-
based case—control studies. We did not find a systematic differ-
ence in terms of statistical significance between population- and
hospital-based studies, although for many associations, data on
each type of design were limited or absent (Supplementary Table 7,
available online). Population-based studies are considered to be
superior in design, but very often the response rate in control sub-
jects is low (50%—-60%), with unpredictable implications for the
estimates of association. Hospital-based studies pose different
problems because response rates are higher, but hospital control
subjects may offer a biased representation of the population that
gave origin to the case subjects.

In most studies, identification of genetic variants was performed
with a 5’ nuclease assay or other recent technologies, and thus,
genotyping error should not have caused spurious genetic effects
with odds ratios above 1.15 or below 0.85 for common variants
(45). Also, the potential for misclassification of phenotypes is low
because case—control studies allow accurate disease ascertainment
in the field of cancer. Misclassification of control subjects because
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of early-stage or undiagnosed cancer was likely to be low, except
for the most common cancers and would, if anything, have weak-
ened the observed associations.

Overall Grading and Overview of the Epidemiological
Evidence

Based on the Venice criteria, for “amount of evidence,” 13 associa-
tions were graded as “A,” 13 as “B,” and five as “C”; for “replication
consistency,” 24 were graded as “A” and seven as “B”; and for “pro-
tection from bias,” 10 were graded as “A” and 21 as “C (Table 2).”
The main reasons for low protection from bias were the loss of
nominal statistical significance after excluding the initial study (n =
12) or violation of the assumption of HWE (n = 9) or the presence
of an odds ratio so close to 1 that the nominal association could
easily be due to small biases in meta-analyses of published data (n
= 3). Overall, three associations (ERCC2 codon 312 and lung can-
cer, ERCC2 codon 751 and lung cancer in recessive model analysis,
and NBN codon 185 and bladder cancer in dominant model) were
assigned a grade of A across all three criteria, and based on these
guidelines, they were considered to have strong epidemiological
credibility. Another four associations (ERCC2 codon 751 and lung
cancer, XRCCI —77 T>C and lung cancer, and XRCC4 IVS7 —1

A>G and bladder cancer in dominant model, and XPA 23 G>A and
lung cancer in recessive model analysis) were found to have modest
epidemiological credibility, whereas the remaining 24 showed only
weak credibility. It is interesting that in analyses limited to popula-
tions of Caucasian descent, the association of ERCC2 codon 751
and lung cancer was also graded as strong. No association was
rated as strong in analyses limited to Asian or African
populations.

When a more demanding P value was required for statistical
significance (ie, P < .0001), only the ERCC2 codon 751 association
with lung cancer (recessive model) had strong credibility.

Figure 2 presents an overview of the evidence in the field of
DNA repair. Because most associations have not been studied with
sufficient data, “negative” results should be interpreted cautiously.
The evidence seems to be more comprehensive for common can-
cers where risk is considered to be affected by exposure to environ-
mental carcinogens, such as lung and bladder cancer, and also for
breast cancer. Data pertaining to associations are modestly com-
prehensive for esophageal, head and neck, and colorectal cancer,
and less comprehensive for other types of cancer. Some cancers
have nominally statistically significant associations with several
candidate genes. There are hints that cancers at several sites may

Table 2. Venice grading of the strength of the cumulative epidemiological evidence for the nominally statistically significant

associations*

Gene Polymorphism Cancer Model Protection from bias Reason Overall grade
BRCA2 Codon 1915 Breast Recessive C F, HWE C
CCND1 Codon 241 Head and neck Recessive C HWE C
ERCC1 Codon 118 Bladder Dominant C F C
ERCC2 Codon 312 Bladder Dominant C F, HWE, R C
ERCC2 Codon 312 Lung Recessive A A
ERCC2 Codon 751 Lung Dominant A Bt
ERCC2 Codon 751 Lung Recessive A A
ERCC4 Codon 415 Breast Recessive C F C
ERCC5 Codon 46 Lung Recessive C HWE C
MGMT Codon 143 Prostate Dominant C F C
MGMT Codon 143 Prostate Recessive A Ct
NBN Codon 185 Bladder Dominant A A
PARP1 IVS9 +104 A>G Breast Recessive A Ct
POLI Codon 706 Lung Dominant C F C
TP53 Codon 72 Cervix Dominant C HWE, R, E C
TP53 Codon 72 Lung Dominant C Low OR, E C
TP53 Codon 72 Lung Recessive C R C
TP53 Intron 6 (Msp 1) Breast Recessive C HWE C
XPA 23 G>A Lung Recessive A B+
XRCC1 -77 T>C Lung Dominant A B+
XRCC1 Codon 194 Esophageal Recessive C HWE C
XRCC1 Codon 194 Head and neck Recessive A C#
XRCC1 Codon 194 Skin Dominant C F C
XRCC1 Codon 194 Stomach Dominant C F C
XRCC1 Codon 399 Cervix Recessive C F C
XRCC2 Codon 188 Colorectal Dominant C HWE C
XRCC3 4541 A>G (5" UTR) Breast Dominant C F, HWE, low OR C
XRCC3 Codon 241 Breast Recessive C Low OR C
XRCC3 Codon 241 Stomach Recessive C F C
XRCC3 IVS7 17893 A>G Breast Recessive C F C
XRCC4 IVS7 =1 A>G Bladder Dominant A Bt,*

* Low OR = odds ratio <1.15; R = small-study effect; F = statistical significance lost excluding first study; HWE = statistical significance lost excluding studies
violating Hardy-Weinberg equilibrium; E = excess of statistically significant single studies; UTR = untranslated region.

T Did not receive a grade of A for extent of replication.
1 Did not receive a grade of A for amount of evidence criterion.
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GENE rs Polymorphism alias

Bladder
Brain
Breast
Cervix
Colorectal

Endometrial

Esophageal
Glioma
Head and neck
Leukemia
Liver

Lung
Lymphoma
Oral
Ovarian
Pancreas
Prostate
Skin
Stomach

APEX 1130409 | Codon 148

ATM 1801516 | Codon 1853 D>N

1800889 | Codon 1526

4987876

ATR 13091637 | 3357 +128 G=A

10804682 | 4383 -177C>T

2227932 | 5460 T>C

1802904 | 7875 A>G

2227928 | Codon 211 (632C>T)

2229032 | Codon 2425

BRCAI 1799950 | Codon 356

799917 | Codon 871

16941 | Codon 1038

16942 | Codon 1183

1060915 | Codon 1436

1799966 | Codon 1613

3737559

BRCA2 144848 | Codon 372

1801406 | Codon 1132

4987117 | Codon 1915

1799955 | Codon 2414

i

11571789

206115

2126042

3092989

BRIP1 4986764 | Codon 919

CCNH 2266690 | Codon 270

CCND1 603965 | Codon 241

CHEK2 2073327

738722

coMT 4680 | Codon 158

ERCCI 3212948 | 19716 C>G (intron 3)

3212986 | 8092 nucleotide position

11615 | Codon 118 d

3212961 | IVS5+33 C>A

ERCC2 238406 | Codon 156

1799793 | Codon 312 d

13181 | Codon 751

ERCC4 1799797 | 5' UTR pos.2063

1799801 | Codon

1800067 | Codon

ERCCS 1047768 | Codon

17655 | Codon 1104

ERCC6 2228526 | Codon 1097

2228529 | Codon 1413

LIG1 20580 | ex6 111 A>C

LI1G4 1805388 | Codon 9

1805386 | Codon 568

MDM2 2279744 | -309 T>G

MGMT 1803965 | Codon

2308321 | Codon

Rd

2308327 | Codon

12917 | Codon

NBN 1805794 | Codon

0GG1 1052133 | Codon

Figure 2. Overall view of accumulated evidence for association of vari-
ants in DNA repair genes and cancer at specific sites. Colored cells
denote that at least two studies were available and a formal meta-
analysis was performed. Blue color stands for associations where the
total sample size (cases and controls combined) is more than 10000,
yellow color stands for associations with 1000-10000 subjects, and
green color stands for associations with less than 1000 subjects. For
nominally statistically significant associations, the letters R and D inside
the cell denote that the association has nominal statistical significance
(P value <.05) with recessive and/or dominant model even after exclu-
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sion of the first and HWE-deviating studies; the letters r and d indicate
associations that lose their statistical significance in recessive and domi-
nant models, respectively, when the first and/or HWE-deviating studies
are excluded. APEX = APEX nuclease (multifunctional DNA repair
enzyme); ATM = ataxia telangiectasia mutated; ATR = ataxia telangiecta-
sia and Rad3 related; BRCA1 = breast cancer type 1 susceptibility protein;
BRCA2 = breast cancer type 2 susceptibility protein; BRIP1T = BRCA1
interacting protein C-terminal helicase 1; CCNH = cyclin H; CCND1 =
cyclin D1; CHEK2 = CHK2 checkpoint homolog; COMT = catechol-O-
methyltransferase; ERCC = excision repair cross-complementing rodent

(continued)
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Figure 2 (continued).

GENE rs Polymorphism alias
’ 3
k] E E - k] g @
5 . | |3 |E |8 | |5 |E 2 E |5 |2 'l
=® ] @ &} o = = Qo = s} = = - =} =] A & n wn
PARPI 1136410 | Codon 762
1805410 | IVS9 +104 A>G R
PPPIRI3L 6966 | 2485 A>T (3 UTR)
1970764 | 1VS1 4364 A>G E
POLI 8305 | Codon 706 D
RAD23B 1805329 | Codon 249
RADS1 1801321 | 172 G>T
1801320 | 5" UTR
RADS2 11226 | 2259 C>T
RAGI 2227973 | Codon 820
TP53 1042522 | Codon 72 _ - -
1614984 | 1474 bp 3STP C>T
9894946 | 1846 bp 3STP T>C
8079544 | IVS1-112 G>A
1642785 | IVS2 +38 C>G
2909430 | 1VS4 91 A>G
12947788 | IVS7 +72 T>C
12951053 | IVS7+92 T>G
1625895 | Intron 6 (Msp I)
17878362 | PIN3
TP53BP1 1869258 | -885 T>G
2602141 | Codon 1136
560191 | Codon 353
WRN 1346044 | Codon 1367
XPA 1800975 | 23 G>A R
XPC 2228000 | Codon 500
2228001 | Codon 939
PAT Intron 9
XRCC1 1799782 | Codon 194 r R -Z
915927 | Codon 206
25489 | Codon 280
25487 | Codon 399 v - H
3213245 | -7 T>C D
XRCC2 3218536 | Codon 188 d
XRCC3 1799794 | 5' region pos.4541
861539 | Codon 241 - - r
1799796 | 1VS7 17893 A>G
XRCC4 1805377 | 1VS7-1 A>G D
XRCC6 132788 | Codon 593 | [

repair deficiency; LIG = leucine-rich repeats and immunoglobulin-like
domains; MDM2: = transformed mouse 3T3 cell double minute 2 p53
binding protein homolog (mouse); MGMT = O6-methylguanine-DNA
methyltransferase; NBN = nibrin; OGG1 = 8-oxoguanine DNA glycosy-
lase; PARP1 = poly (ADP-ribose) polymerase family, member 1; POL/ =
polymerase 1; PPP1R13L = protein phosphatase 1, regulatory (inhibitor)

be associated with variants in the same genes, in particular ERCC?2,
XRCC1, XRCC3, and TP53, but most of these associations had
weak credibility.

Discussion

This synopsis offers an integrated picture of the accumulated evi-
dence in the field of DNA repair gene variants and cancer risk.
The synopsis shows the current status and strength of the available
evidence and the gaps in the available data in this field. Only 31
(6%) of the 482 conducted meta-analyses yielded nominally statis-
tically significant results even at a lenient threshold for statistical
significance (P = .05), and only 10 of the 31 included more than
five datasets. Similar to other areas of genetic associations, many
postulated associations were not replicated in the field of DNA
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subunit 13 like; RAD = RAD homolog B; RAGT=recombination activating
gene 1; TP53bp1 = tumor protein p53 binding protein 1; TP53 = tumor
protein 53; WRN = Werner syndrome; XPA = xeroderma pigmentosum,
complementation group A; XPC = xeroderma pigmentosum, comple-
mentation group C; XRCC = X-ray repair complementing defective repair
in Chinese hamster cells; HWE = Hardy-Weinberg equilibrium.

repair and cancer. This most likely reflects the presence of a sub-
stantial component of false positives and many, perhaps most, of
the nominally statistically significant signals that we observed may
represent false positives. This may represent a combination of
both chance findings and bias, as suggested by some results of test-
ing for excess number of single studies with nominal statistical
significance.

The lack of many signals with strong credibility that emerged
from our analysis, despite an enormous amount of work in this
area over the years, needs careful consideration. The ability of the
candidate gene approach to identify genetic risk factors may have
been overestimated. Alternatively, the importance of the DNA
repair pathway may have been exaggerated. However, there is
increasing recognition that genetic risks of cancer conferred by
single variants are almost always very modest. This means that
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even if the DNA repair pathway is essential for carcinogenesis,
extremely large-scale evidence would be necessary to establish
with high confidence the presence of specific associations.
Environmental and/or lifestyle covariates and genetic interactions
may also account for some of the diversity and heterogeneity in
the observed results, and capturing this heterogeneity would
require studies that carefully collect information for both genetic
and environmental variables.

Biological plausibility is difficult to evaluate without clear
evidence on the carcinogens involved in the etiology of specific
cancers and on the repair pathways that could be plausibly
involved. There are a few exceptions, however. The example of
TP53 and lung cancer is particularly intriguing because muta-
tions in 7P53 have been found in lung cancer in association
with tobacco smoking (see http://www-p53.iarc.fr/index.html
for a systematic database on the subject). Therefore, it is plau-
sible that gene variants for 7P53 could be associated with lung
cancer (46,47) if they result in some functional change or if they
are in linkage disequilibrium with other functional variants.
Another key player in carcinogenesis is the X-ray repair cross-
complementing group 1 gene (XRCC1I), which encodes a scaffold
protein within the BER repair system. The lowest P value in our
field synopsis was obtained for the XRCCI —77 T>C polymor-
phism and lung cancer, although it did not reach an overall
strength of grade A after applying the Venice criteria. The
XRCCI gene has an important role in the BER pathway. A com-
puter analysis predicted that the —77 T>C single nucleotide
polymorphism (SNP) was in the core of Spl-binding motif,
which suggested its functional significance (48). Further investi-
gation confirmed that hypothesis and showed that the T>C
substitution greatly enhanced the binding affinity of Spl to this
region, and luciferase assays indicated that the Sp1-high-affinity
C-allelic XRCCI promoter was associated with a reduced tran-
scriptional activity (48). Other SNPs in XRCCI may also be rel-
evant to carcinogenesis (49,50).

When we applied the Venice criteria, three associations
(ERCC2 codon 751 and lung cancer and ERCC2 codon 312 and
lung cancer in recessive model analysis, and NBN codon 185 and
bladder cancer in the dominant model) were considered to have
strong epidemiological credibility, although only the association
of ERCC2 codon 751 and lung cancer also had a P value less than
or equal to .0001. Contradictory results have been published on
the functional implications of these polymorphisms, but com-
puter analyses (PupaSuite: http://pupasuite.bioinfo.cipf.es/) have
predicted for all of them an alteration of an exonic splicing
enhancer (ESE) sequence. Exonic splicing enhancers appear to
be important in exons that normally undergo alternative splicing;
different classes of ESE consensus motifs have been described
but are not always easily identified. PupaSuite used a script that
scans into exon sequences to identify putative ESEs responsive to
the human SR proteins SF2/ASF, SC35, SRp40, and SRp55, by
using the nucleotide frequency matrices available for them.
Moreover, all three of these SNPs with strongly credible associa-
tions are located in a region that is conserved between mice and
humans.

Some other associations seem to be less strong from an epide-
miological perspective, but they provide a focus for future efforts.
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We have identified several associations that reach less stringent
thresholds of statistical significance and we have graded them
as having modest or weak credibility. Some of the putative asso-
ciations that were assigned a grade of C for protection from
bias because odds ratios were lower than 1.15 could be real and
thus need further investigation. It is increasingly documented
that many, possibly most, associations of common variants with
complex diseases have very small odds ratios. An odds ratio
less than 1.15 has to be seen cautiously in a retrospective meta-
analysis, given the unavoidable susceptibility of this design to
publication and other reporting biases. However, large-scale pro-
spective investigations may document whether these associations
are real.

Several meta-analyses were recently published on DNA repair
genes belonging to the DSB repair pathway (51-54) or to the NER
pathway, in particular the ERCC2 gene variants of the latter path-
way (54-57). The most recent meta-analysis (55) revealed an
increased risk of lung cancer for the XPD/ERCC2 751GIn/Gln
genotype carriers and a decreased risk for XPA 23A carriers. No
statistically significant result has been reported for the XPD/ERCC2
codon 312 polymorphism and lung cancer in either published
meta-analysis (54,55), whereas in our updated synopsis, there was
a slight but statistically significant increased risk conferred by this
allele.

There is considerable evidence that some chemical carcinogens
may affect the risk of different types of cancer. For example, alco-
holic beverages or food including nitrosocompounds may be
involved in head and neck, esophageal, colorectal, and bladder
cancer (58). Our checkerboard table approach (Figure 2) may help
in understanding if some of these genes are implicated in not only
one but in several different types of cancer. The synopsis reveals
areas of the DNA repair gene field where sufficient evidence has
been accumulated and where it is unlikely that further studies
could reveal strong associations. For example, there appears to
have been a thorough evaluation of most known gene variants in
relation to breast cancer, but all seven nominally statistically sig-
nificant associations observed were rated as having “weak” credi-
bility. Recent large-scale evaluation in GWA platforms has failed
to implicate any DNA repair genes in breast cancer susceptibility,
whereas other genes in very different pathways were proposed
(11,59). Similar results were obtained in a recent breast cancer
pooled analysis (52). Although it is possible that some subtle effects
may be missed, even with studies of several thousand subjects, it is
likely that the DNA repair gene polymorphisms investigated
per se do not play a major role in breast cancer.

Our analyses had some limitations. First, some genuine associa-
tions may have been missed due to misclassification from modest
nondifferential genotyping or phenotyping error. Second, as in
any retrospective meta-analysis of published information, biases
can never be fully probed. However, we used an array of diagnostic
tests for bias and a consensus approach for grading the evidence,
so we believe that our appraisal of the strength of the evidence is
not too optimistic. The design of some of the included studies may
be problematic or suboptimal in ways that are not possible to see
based on the presented information in published reports because
reporting in genetic association studies is sometimes deficient in
important details (60). This may introduce some heterogeneity
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and may create some false-positive signals, but it could also lead to
false negatives for some probed associations.

We have created a database that aims to be comprehensive and
continuously updated. It is expected that data will continue to accu-
mulate in this field at a rapid pace, and we plan to continue includ-
ing new studies in our online database and updating our calculations
at regular time intervals. In particular, the advent of GWA studies
will require the incorporation of their accumulated data in these
calculations. Untl now, large GWA studies on cancer have been
published for breast cancer (11-14), prostate cancer (13,15-20),
colorectal cancer (21-25), leukemia (26), lung cancer (27-30), and
esophageal cancer (31), melanoma (32,33), and neuroblastoma (34).
None of these studies showed highly statistically significant associa-
tions for any of these common DNA repair gene variants that
would place the DNA repair genes among the few top hits discussed
in each of these GWA publications. The genetic effects, if any, are
small in magnitude for each implicated polymorphism. Therefore,
it is anticipated that even if some of the DNA repair genes are asso-
ciated with specific cancer types, the signals observed in GWA
studies would not necessarily be among the reported low-lying fruit
(ie, the polymorphisms with the lowest P values). We have so far
been able to incorporate data from CGEMS that are publicly avail-
able (http://cgems.cancer.gov/), and we will similarly incorporate
additional GWA data for other available studies (such as the
Genotype and Phenotype database and the Wellcome Trust Case
Control Consortium) when the data become publicly available and
we have permission to access the data. Such data may help us under-
stand whether DNA repair gene variants affect cancer risk.

Finally, there is some uncertainty as to what would be the best
genetic model to represent genetic effects for these variants. We
used dominant and recessive models, and the results may differ
depending on the model used in nominal statistical significance,
especially for associations with weak credibility and borderline
Pvalues. For functional variants, recessive models may have some
rationale because recessive alleles might correspond to the lowest
enzymatic activity. Given the nature of the data, we could not
examine haplotypes and composite effects involving many genes,
whereas data on environmental exposures were typically limited.
We recommend that more information on environmental expo-
sures should be routinely collected and reported in these studies.
Consortia of investigators performing individual-level analyses
extensively covering candidate genes, and considering possible
functional variants selected in silico, should also be encouraged.

Despite its limitations, our field synopsis offers a comprehen-
sive picture that would be impossible to obtain from fragmented
investigation of single studies or isolated meta-analyses. Building
on this evidence base, we can expand, correct, and improve our
understanding of the effects of DNA repair genes in the etiology
of cancer.
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