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Background. Association studies of germline DNA repair single nucleotide polymorphisms (SNPs) and glioma risk have yielded incon-
clusive results. We therefore performed a systematic review and meta-analysis of studies investigating this association.

Methods. We identified 27 eligible studies investigating 105 SNPs in 42 DNA repair genes. Of these, 10 SNPs in 7 genes were analyzed in
at least 4 studies and were therefore included in our meta-analysis. The meta-analysis was performed for homozygote comparison,
heterozygote comparison, and dominant and recessive models by applying a fixed- or random-effects model. The funnel and forest
plots were created using RevMan software.

Results. We found that SNPs rs3212986 (odds ratio [OR] = 1.35 (1.08-1.68), P=.008),rs13181 (OR=1.18 (1.06-1.31), P=.002), and
rs25487 (OR=1.12 (1.03-1.22), P=.007) in DNA repair genes ERCC1, ERCC2 (XPD), and XRCC1 may increase the risk of glioma, while
polymorphisms rs1136410 (OR=0.78 (0.68-0.89), P=.0004) and rs12917 (OR=0.84 (0.73-0.96), P=.01) in PARP1(ADPRT) and
MGMT are associated with decreased susceptibility to glioma. No evidence of significant associations between ERCC2 rs1799793,
0OGG1 rs1052133, XRCC1 rs25489, XRCC1 rs1799782, or XRCC3 rs861539 and risk of glioma was observed.

Conclusion. This study provides evidence that DNA repair genes ERCC1, ERCC2, and XRCC1 might be low-penetrance glioma-risk genes,

while MGMT and PARP1 polymorphisms may confer protection against glioma.
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Although primary brain and other nervous system tumors ac-
count for only 2% of all cancer incidence, they represent a sub-
stantial burden in terms of morbidity and mortality. For
example, people diagnosed with the most common primary ma-
lignant brain tumor, glioblastoma,? have a median survival time
of only 14 months.

Glioma accounts for ~81% of malignant and 31% of all brain
and CNS tumors.? This tumor arises from glial cells that surround
and support neurons? and includes astrocytoma, glioblastoma,
oligodendroglioma, ependymoma, mixed glioma, and malignant
glioma.?> The etiology of glioma is poorly understood; to date, ex-
posure to ionizing radiation is the only clearly established environ-
mental risk factor.* However, a family history of brain tumors and
several inherited single gene disorders including Li-Fraumeni and
Turcot’s syndromes, neurofibromatosis type 1 and 2, retinoblast-
oma, and tuberous sclerosis are each associated with increased
risk of glioma.*?

Since only a minority of glioma cases are caused by inherited
disorders or the effects of ionizing radiation, gliomagenesis prob-
ably results from complex interactions among germline DNA var-
iants and interagenic and epigenetic regulatory elements in
concert with the environment. These so-called gene-environment
interactions may allow cells to escape from growth-regulatory
mechanisms” and thus produce a tumor.

Ionizing radiation induces several types of DNA damage in-
cluding oxidative damage to nucleotide bases, single- and
double-strand breaks, and DNA-DNA or DNA-protein crosslinks.
Such DNA damage, which is considered to be an important mech-
anism in the development of glioma, is repaired by DNA repair-
pathway genes that restore genomic integrity.>’

The main DNA repair pathways in humans are direct reversal,
base excision, nucleotide excision,” mismatch, homologous re-
combination repair, and nonhomologous end joining. If the pro-
ducts of these pathways fail to repair damage because of a
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functional deficiency, the cell accumulates excessive DNA dam-
age and induces apoptosis. Alternatively, unrepaired damage
may enhance mutation, including chromosomal aberrations
that can in turn alter apoptotic signals, dysregulate cell growth,
and induce carcinogenesis. Therefore, it has been hypothesized
that germline or somatic variations of DNA repair-related genes
play an important role in the risk of cancer development.®?

Epidemiological studies indicate that single nucleotide poly-
morphisms (SNPs) of several DNA repair-related genes are asso-
ciated with risk of developing different tumor types including
glioma,”'*!* although the results are conflicting.”*?~* Due to
insufficient population sizes, the statistical power of each study
is low, and the evidence of the risk associated with each poly-
morphism is inconclusive. To increase statistical power, we con-
ducted a systematic review and meta-analysis of published
studies investigating the association between SNPs in germline
DNA repair genes and risk of glioma.

Materials and Methods

Search Strategy, Eligibility of Relevant Studies, Data
Extraction, and Inclusion Criteria

To identify all published peer-reviewed literature on the associ-
ation between germ line SNPs of DNA repair genes and brain
tumor risk, we searched the PubMed database (up to December
2012) using combinations of the following keywords: “brain
tumor,” “single nucleotide polymorphism,” “association,”
“gene,” “risk,” “case control,” “susceptibility,” and “polymorph-
ism.” All English-language articles that included glioma samples
and contained crude odds ratios (ORs) and confidence intervals
(CIs) or the raw data necessary to calculate ORs and Cls, were
considered eligible. References in the selected articles were
examined manually to identify additional appropriate published
articles. Moreover, all genes associated with brain tumors
reported by genome-wide association studies were evaluated to
determine whether they belonged to DNA repair pathways to in-
clude them in our meta-analysis.

The following data were extracted from the selected articles:
authors’ names, year of publication, total number of cases and
controls, mean age of cases and controls, source of the controls,
sex and ethnicity distributions of participants, country where the
study was conducted, DNA repair genes and polymorphisms
investigated in the study, genotyping methods, the number of
cases and controls for each polymorphism genotype, and the P
value for Hardy-Weinberg equilibrium (HWE).

If overlapping samples were used in a series of publications for
the same SNP, the most informative and complete study covering
the majority of samples was included. If necessary data for each
DNA repair SNP were available from at least 4 studies, that SNP
was included in the meta-analysis.

Statistical Analysis

To investigate the quality of studies, HWE was assessed in the con-
trols using the x* goodness-of-fit test. A P value < .05 was consid-
ered statistically significant, and studies with deviation from HWE
were defined as low-quality studies. Data pooling was performed
with and without these studies to test the robustness of the esti-
mates. When we encountered conflicts between HWE reported in

publications and the one that we calculated, we used the latter.
Two factors may account for the conflicting calculations: either
the HWE was calculated using a method different from ours or
the data used for HWE testing were not the same as the published
data. Most previous studies that we investigated reported adjusted
ORs and their corresponding CIs. However, because adjustment
factors vary across studies, the reported ORs and CIs were not
comparable. Therefore, we calculated the crude OR and 95% (I
for each study, and our meta-analysis was based on these un-
adjusted estimates; however, we detected no conflict between
the crude and corresponding adjusted ORs and CIs.

The meta-analysis was performed for homozygote and het-
erozygote comparisons, as well as dominant and recessive mod-
els, by applying the fixed-effects model. In the case of significant
heterogeneity among studies (P <.1), pooled ORs were calcu-
lated using the random-effects model or omitting the heteroge-
neous studies. The meta-analysis was performed to test the
specific hypothesis that polymorphisms in DNA-repair genes af-
fect glioma risk; therefore, we did not adjust CIs for multiple com-
parisons because a Bonferroni correction is overly conservative
given that each SNP is tested according to the different genotypic
models. The possibility of false-positive findings is still a concern,
however, and therefore we provide the reference P value for an
experiment-wide significance with the Bonferroni’ correction. For-
est plots to compare ORs among studies and funnel plots to iden-
tify publication bias were created using RevMan software Version
5.2 (Cochran Collaboration). Egger’s test was used to assess sym-

metry of the funnel plots’.*®

Results

We identified 36 articles that evaluated the association between
germline DNA-repair gene SNPs and brain tumor risk,”!%:12~ 141646
Twenty-seven of these studies met the eligibility criteria defined
in the Materials and Methods section.”-t2-1%16-21,23,26,28 42
Overall, 105 SNPs in 42 DNA repair genes were investigated, of
which 10 SNPs in 7 DNA repair genes were analyzed in at least
4 studies and evaluated for inclusion in the meta-analysis. The
main characteristics of the included studies are summarized in
Table S1, and the main findings for each SNP are reported
below. Table 1 shows all SNPs for which significant findings
were observed, and Table 2 illustrates sensitivity analyses with re-
spect to exclusion of studies deviating from HWE. Corresponding
nonsignificant findings are found in the Tables S2 and S3.

The meta-analysis suggests significant associations between
ERCC1 rs3212986, XRCC1 rs25487, and ERCC2 rs13181 poly-
morphisms and increased risk of glioma. The rs3212986 poly-
morphism was associated with an increased risk of glioma only
in the recessive model, while an increased risk associated with
SNP rs25487 was detected under all investigated genotypic mod-
els. All models, except the recessive model, showed significant
associations with the rs13181 polymorphism (Table 1). As
shown in Table 2, the association between the rs25487 poly-
morphism and glioma after exclusion from the study, which
deviated from HWE, remained statistically significant only in the
dominant model. Figs 1 and 2 display the forest plots of the dom-
inant model for XRCC1 rs25487 and ERCC2 rs13181 polymorph-
isms, respectively. No publication bias was detected by the
funnel plots shown in Figs 3 and 4, and Egger’s test did not
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Table 1. Pooled results of ERCC1-rs3212986, ERCC2-rs13181, MGMT-rs12917, PARP1-rs1136410, XRCC1- rs25487

Identified Studies

Genotype/model OR 95% CI P No. Cases/ Included Studies, Excluded Heterogeneity Deviation
value*  Controls ref. no. Studies, Between From
ref. no. Studies HWE,
ref. no.
ERCC1 - rs3212986 2189/3200 139 17, 18, 42 19°33°  None None
CAvs CC 0.966 0.852-1.095  .587
AAvs CC 0.929 0.801-1.078  .332

Dominant: CA/AA vs CC 1.006 0.892-1.136 917
Recessive: AA vs CA/CC 1.349 1.083-1.680 .008

ERCC2 (XPD) - rs13181 2552/3717 7,139 17,18,20,42  20P None None
AC Vs AA 1142  1.015-1.285 .027
CCvs AA 1239  1.044-1471 014

Dominant: AC/CCvs AA 1.180 1.063-1.310 .002
Recessive: CC vs AC/AA 1.150 0.983-1.346  .081

MGMT - rs12917 2097/3267 7,12413¢17 - DM None
CTvs CC 0.929 0.801-1.078  .332
TTvs CC 1.087 0.702-1.684  .707

Dominant: CT/TT vs CC 0.838 0.728-0.964  .013
Recessive: TT vs CT/CC 1.113 0.721-1.718  .629

PARPI - rs1136410 1818/2944 7,13%14,17 - HC RM 14
TCvs TT 0.778  0.664-0.911 .002
Dominant: T(/CCvs TT 0.779  0.684-0.888  .0002
XRCC1 -rs25487 3995/6000 7,12,13%16,17, 142 HC DM" 37
21,29,31,37
AG vs GG 1.104  1.011-1.206 .028
AA Vs GG 1223 1.005-1.487  .044

Dominant: GA/AAvs GG 1.143 1.019-1.283  .023
Recessive: AA vs AG/GG 1.148 1.014-1.301 .029

“Reported the data only for the recessive model.

Samples overlapping.

“Reported the data only for the dominant model.

dExcluded from dominant model due to heterogeneity

°Excluded from all genetic models due to heterogeneity.

fRandom-effects model was applied.

Abbreviations: DM, dominant model; HC, homozygote comparison; HWE, Hardy-Weinberg equilibrium; OR, odds ratio; RM, recessive model.
*Bonferroni corrected reference P values: .0015 for an experiment-wide significance of.05;.003 for a significance of.10.

Table 2. Sensitivity analysis of PARP1 - rs1136410, XRCC1 - rs25487

Without the Study Deviated from HWE

Genotype/model Ref. no. deviated from HWE OR 95% CI P value*
PARPT - rs1136410 14
TCvs TT 0.809 0.685-0.955 .012
Dominant: TC/CCvs TT 0.783 0.684-0.897 .0004
XRCC1 - rs25487 37
AG vs GG 1.089 0.995-1.192 .063
AAvs GG 1.187 0.971-1.451 .095
Dominant: GA/AA vs GG 1.121 1.032-1.218 .007
Recessive: AA vs AG/GG 1.135 0.999-1.289 .052

Abbreviations: HWE, Hardy-Weinberg equilibrium; OR, odds ratio.
*Bonferroni corrected reference P values: .0015 for an experiment-wide significance of .05;.003 for a significance of .10.
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Odds Ratio Odds Ratio
Study or Subgroup Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Felini, MJ. 2007 9.0% 0.96[0.73, 1.26]
Kiuru, A, 2008 21.7% 1.04[0.87,1.24] N
Liu, Y. 2009 7.8% 1.30[0.97, 1.74] T
McKean-Cowdin, R. 2009 27.4% 1.14[0.97, 1.33] %
Rajaraman, P. 2010 9.0% 1.09[0.83, 1.44]
Wang, D. 2012 12.2% 1.40[1.11, 1.78] I
Wang, L.E. 2004 6.9% 0.81[0.59, 1.11] —
Zhou, LQ. 2011 6.1% 1.28[0.92, 1.79] ]
Total (95% CI) 100.0% 1.12[1.03, 1.21] <
Heterogeneity: Chiz = 11.19, df =7 (P = 13); 2=37% | y t d
Test for overall effect: Z = 2.66 (P =.008) a5 07 1 14 2
Fig. 1. Forest plot of odds ratios from the dominant model, XRCC1 rs25487.
Odds Ratio Odds Ratio
Study or Subgroup Weight IV, Fixed, 95% CI IV, Fixed, 95% ClI
Chen, DQ. 2012 13.2% 1.36[1.02, 1.81] T
Liu,Y. 2009 12.4% 1.31[0.97, 1.76] i I
McKean-Cowdin, R. 2009 451% 1.19[1.02, 1.39] —u—
Rajaraman, P. 2010 13.4%  1.24[0.93, 1.65] D
Wrensch, M. 2005 15.9%  0.91[0.70, 1.18] - =
Total (95% Cl) 100.0% 1.18 [1.06, 1.31] <
Heterogeneity: Chiz = 5.35, df = 4 (P = .25); |2 = 25% f f t t
Test for overall effect: Z = 3.13 (P = .002) 04 ¥ 1 1.3 2
Fig. 2. Forest plot of odds ratios from the dominant model, ERCC2 rs13181.
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Fig. 3. Funnel plot of odds ratios from the dominant model, XRCC1
rs25487.

provide statistical evidence of asymmetrical funnel plots’ (Pegger =
.93 and Pggger = .88, respectively).

A significantly decreased glioma risk was associated with
MGMT rs12917 under the dominant model, as well as with
PARP1 rs1136410 under the heterozygote comparison and the
dominant model (Table 1). As can be inferred from Table 2, inclu-
sion or exclusion from the study that deviated from HWE did not
alter our conclusions regarding the association between
rs1136410 polymorphism and glioma risk.

Fig. 4. Funnel plot of odds ratios from the dominant model, ERCC2
rs13181.

No statistically significant associations were observed be-
tween SNPs rs1799793, rs1052133, rs25489, rs1799782,
rs861539, and risk of glioma (Table S2). This conclusion remained
unchanged after omitting the studies showing deviation from
HWE (Table S3).

Overall, we performed 34 testing procedures, as described
above. When the Bonferroni correction is applied, the reference
P value is .0015 for an experiment-wide significance level of .05,
and .003 for a significance level of .10. The details about
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individual ORs, CIs, and HWE calculated for each study and each
SNP are reported in Tables S4-S13.

Discussion

This meta-analysis of the association between germline SNPs in
DNA repair genes and the risk of glioma suggests that DNA repair
genes ERCC1, ERCC2 (XPD), and XRCC1 are low-penetrance glioma
risk genes, while MGMT and PARP1 polymorphisms have protective
effects on glioma development. However, after Bonferroni adjust-
ment for multiple comparisons, only the association with PARP-1
remained statistically significant.

To date, genome-wide association and candidate gene studies
have reported few inherited variations consistently associated
with sporadic glioma such as polymorphisms in RTEL1, TERT,
CDKNZ2A, CDKNZB, EGFR, CCDC26, PHLDB1, ERCC1, ERCC2, GLTSCR1,
XRCC7, MGMT, GSTT1-null, and GSTP1.*>16-1847-50

In the present study, we found that the absence of C allele in
ERCC1 SNP rs3212986 is significantly associated with an increased
risk of glioma, while the C allele may be a risk allele in ERCC2
rs13181; moreover, the A allele of XRCC1 SNP rs25487 may be a
marker for increased susceptibility to glioma. The ERCC1 and
ERCC2 (XPD) genes reside near each other in chromosome
19q13.3 and produce excision repair cross-complementing group
1 and group 2 proteins, respectively,”* which play important
roles in the DNA nucleotide excision repair pathway. Alterations
in ERCC1 and ERCC2 result in deficiency in DNA repair, RNA tran-
scription, and apoptosis and lead to accumulation of mutations
relevant to gliomagenesis in the absence of apoptosis.®¥°%°3

The XRCC1gene, located at chromosome 19g13.3, produces an
enzyme called X-ray cross-complementing group 1 that is
involved in base excision repair pathway.>* XRCC1 polymorphisms
disrupt the interaction of XRCC1 with other enzymatic proteins
and consequently overwhelm DNA repair capacity, which leads
to genetic instability and carcinogenesis.”*

Our findings of a reduced risk of glioma associated with the C
allele of PARP-1 SNP rs1136410 and the T allele in SNP rs12917
of MGMT correlate with findings for other types of cancer and
other diseases. The PARP-1 gene located at chromosome
1941-g42 encodes poly (ADP-ribose) polymerase family member
1, which is also one of the key molecules in the base excision repair
pathway. It has been shown that, in the presence of single-strand
breaks, the expression and activity of p53 and the rate of apoptosis
are strongly increased in cells with PARP-1 deficiency.>® Therefore,
in the lower levels of DNA damage, PARP-1 deficiency may cause
the cell to undergo apoptosis and prevent the survival of cancer-
prone cells. In addition, PARP polymorphisms have been shown
to be protective against several different diseases.”®~>® PARP inhib-
ition can prevent chronic diseases such as cancer, stroke, myocar-
dial infarction, and Crohn’s disease and emerges as a potential
therapeutic option for several diseases, including glioma.>®~®*

The MGMT gene, which resides in chromosome band 10926,
produces 0°-methylguanine-DNA methyl (alkyl) transferase
and is involved in the mismatch repair system. There is some evi-
dence suggesting an inverse association between SNP rs12917
and other types of cancer, which is similar to our findings.®>~®®
This SNP alters the structure of MGMT,%?~7? and the recombinant
structure may provide better zinc binding to MGMT and improve
the DNA repair rate. Therefore, the T allele of MGMT SNP
rs12917 has the chance of being selected by evolution.

Table S14 summarizes the functions of the genes reported by
this study as being associated with the risk of glioma.

The associations between XRCC1 rs25487 and PARP-1 rs1136410
polymorphisms and risk of glioma have been investigated by other
meta-analyses,’® ™’ but these were based on fewer data or mixed
evidence from germline and somatic variations. Three of the stud-
ies’3~7° reported results for XRCC1 that are consistent with our find-
ing, while one study was too small to reach significance.”® One
smaller meta-analysis’’ reported results for PARP-1 and was con-
sistent with our finding, although it was restricted to Caucasians.
Meta-analyses of polymorphisms in ERCC1 have only been per-
formed for combinations of different cancer types which is unin-
formative for glioma risk.”®’? In addition, these studies did not
include all the studies that we investigated. No previous
meta-analysis has investigated the associations between MGMT
rs12917 and ERCC2 rs13181 polymorphisms and risk of glioma.

A study by Walsh and colleagues®® was published shortly after
our closing date of the PubMed search and investigated 60
reported glioma-risk SNPs including ERCCI rs3212986 and
MGMT rs12917. The results were consistent with our finding for
ERCC1 SNP rs3212986 with respect to the direction of the OR
(P=.189), while they reported MGMTrs12917 as a nonsignificant
glioma risk factor (P=.202), which is inconsistent with our finding
of a reduced risk (P=.013). However, since they reported the
associations for an allelic additive model without providing the
raw data, we could not include this study in our meta-analysis
to investigate whether our summary estimate would be affected.

Since most of the investigated SNPs have been evaluated in
small samples, most of the individual studies did not find statis-
tically significant associations due to low statistical power. Hence,
the importance of conducting a meta-analysis for detection of
clinically meaningful risk and protective factors is emphasized.
This meta-analysis was conducted to test a specific hypothesis,
and one might argue that Bonferroni adjustment for multiple
testing is overly conservative in a meta-analysis investigating dif-
ferent genotypic models and may make researchers miss import-
ant findings.® However, to allow evaluation of the potential for
false-positive findings, we provided reference P values with Bon-
ferroni corrections. With these conservative estimates, only the
association with PARP-1 remained statistically significant, while
the findings for ERCCI and ERCC2 were of borderline significance.

Our aim was to provide evidence of the association between
the SNPs and glioma risk and not to investigate the mechanisms
behind these associations. Further studies, however, are needed
to evaluate gene-environment interactions in DNA repair gene
polymorphisms and the risk of glioma and to explore the
mechanisms through which these polymorphisms influence can-
cer susceptibility.

In conclusion, our meta-analysis indicates that SNPs
rs3212986, rs13181, and rs25487 in DNA repair genes ERCCI,
ERCC2, and XRCC1 may increase the predisposition to glioma,
while polymorphisms rs1136410 and rs12917 in DNA repair
genes PARP-1 and MGMT are associated with decreased suscepti-
bility to glioma.

Supplementary Material

Supplementary material is available online at Neuro-Oncology
(http://neuro-oncology.oxfordjournals.org/).
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