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Gamma-radiation sensitivity and polymorphisms in RAD51L1 modulate glioma risk
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Background: DNA strand breaks pose the greatest threat to geno-
mic stability. Genetically determined mutagen sensitivity predis-
poses individuals to a variety of cancers, including glioma.
However, polymorphisms in DNA strand break repair genes that
may determine mutagen sensitivity are not well studied in cancer
risk, especially in gliomas.
Methods: We correlated genotype data for tag single-nucleotide
polymorphisms (tSNPs) of DNA strand break repair genes with
a gamma-radiation-induced mutagen sensitivity phenotype [ex-
pressed as mean breaks per cell (B/C)] in samples from 426 glioma
patients. We also conducted analysis to assess joint and haplotype
effects of single-nucleotide polymorphisms (SNPs) on mutagen
sensitivity. We further validate our results in an independent ex-
ternal control group totaling 662 subjects.
Results: Of the 392 tSNPs examined, we found that mutagen sen-
sitivity was modified by one tSNP in the EME2 gene and six tSNPs
in the RAD51L1 gene (P < 0.01). Among the six RAD51L1 SNPs
tested in the validation set, one (RAD51L1 rs2180611) was signifi-
cantly associated with mutagen sensitivity (P 5 0.025). Moreover,
we found a significant dose–response relationship between the
mutagen sensitivity and the number of adverse tSNP genotypes.
Furthermore, haplotype analysis revealed that RAD51L1 haplo-
types F-A (zero adverse allele) and F-E (six adverse alleles) exhibited
the lowest (0.42) and highest (0.93) mean B/C values, respectively.
A similar dose–response relationship also existed between the
mutagen sensitivity and the number of adverse haplotypes.
Conclusion: These results suggest that polymorphisms in and
haplotypes of the RAD51L1 gene, which is involved in the
double-strand break repair pathway, modulate gamma-
radiation-induced mutagen sensitivity.

Introduction

The genetic instability driving tumorigenesis is fueled by DNA damage
and by errors made by the DNA machinery (1). Of all the DNA errors,
strand breaks are perhaps the most dangerous and major threats to the
genomic stability in humans. Both single-strand breaks and double-
strand breaks (DSBs) can arise from ionizing radiation or X-rays, free
radicals and chemicals. Single-strand breaks and damaged bases are
repaired by the action of enzymes in the base excision repair (BER)
pathway (1). These lesions may or may not impede transcription and

replication, although they frequently cause miscoding errors. BER is
therefore particularly relevant for preventing mutagenesis. However,
DSBs are more problematic because both strands are affected. To repair
such breaks, human cells employ either an error-prone non-homolo-
gous end-joining mechanism, which cements broken DNA ends to-
gether regardless of their genomic position or identity, or an error-
free mechanism that recreates the unbroken DNA sequence by homol-
ogous recombination with an undamaged homologous strand (1). Ho-
mologous recombination repair tends to occur in dividing cells during
the S phase of the cell cycle, when the freshly replicated sister chro-
matid offers a perfect template for exchange; this process is therefore
essential for the maintenance of genome stability and tumor avoidance.

It is believed that deficient DNA strand repair results in an abnor-
mally high frequency of chromosomal aberrations after exposure to
radiation and that this process may underlie the mutagen sensitivity
associated with susceptibility to cancer. The rationale behind these
associations between genes and cancer risk is that these radiation-
sensitive genetic variants may result in alterations in DNA repair
capacity (DRC), an intermediate phenotype. However, correlations
between genotype and phenotype have not been explored for the
majority of these polymorphisms in DNA strand break repair pathway
[including BER and double-strand break repair (DSBR)] genes in risk
of cancer, especially in glioma.

The in vitro mutagen sensitivity is a phenotypic measure of genetic
susceptibility to various forms of cancer. It is measured by quantifying
the number of chromatid breaks induced by known mutagens in short-
term-cultured lymphocytes and has been used as an indirect measure of
an individual’s DRC that serves as an intermediate phenotype for can-
cer risk (2). Epidemiologic studies have suggested that mutagen sensi-
tivity is a predisposing factor for a variety of cancers, including glioma
(3). In previous studies (3,4), we found that cells from glioma patients
were more sensitive to gamma-radiation than that from normal control
subjects. To substantiate our preliminary findings, we have expanded
the study to include 426 glioma patients with gamma-radiation-induced
mutagen sensitivity phenotype. We hypothesized that variants of DNA
strand break repair genes may influence mutagen sensitivity pheno-
type, and alterations in these genes could cause altered mutagen sen-
sitivity that modulate glioma risk. In the present study, we used
a pathway-based approach to investigate 392 tag single-nucleotide
polymorphisms (tSNPs) from 45 genes involved in DNA strand break
repair pathways, including BER and DSBR. Lastly, we tested our
findings in an additional independent control group.

Materials and methods

Study subjects

The population for this study was a subset of patients from a prospective study
of malignant glioma patients consecutively diagnosed and treated at The Uni-
versity of Texas M. D. Anderson Cancer Center, Houston, TX (5,6). The
patients had histologically confirmed and previously untreated malignant gli-
omas and were participants in an ongoing epidemiological study of glioma
from 1992. The study recruited participants sequentially but excluded those
having previously received chemotherapy or radiotherapy. Only Caucasian
patients were included. Non-Caucasian patients (11 Hispanic, 12 African-
American and 3 Asian) were excluded since the number of patients was too
small for a statistically meaningful analysis. Other exclusion criteria included
previous diagnosis of other cancers and previous radiation treatment for other
illnesses. The study was approved by M. D. Anderson IRB, and written in-
formed consent was obtained from each participant.

A questionnaire administered to the patients by trained interviewers yielded
comprehensive data on their history of personal health, family history of brain
tumors (first-degree), occupation, exposures, smoking and alcohol consump-
tion. A 20 ml blood specimen was obtained from all patients.

Mutagen sensitivity assay

Gamma-radiation was selected as the test mutagen because it induces both
single-strand breaks and DSBs and because radiation exposure is the only

Abbreviations: B/C, breaks per cell; BER, base excision repair; CI, confi-
dence interval; DRC, DNA repair capacity; DSB, double-strand breaks; DSBR,
double-strand break repair; FPRP, false-positive report probability; LD, link-
age disequilibrium; OR, odds ratios; SD, standard deviation; SNP, single-
nucleotide polymorphism; tSNP, tag single-nucleotide polymorphism; UTR,
untranslated region.
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documented risk factor for brain tumors (7,8). The assay has been described in
detail elsewhere (3,4). Briefly, we used a previously established optimal dose
of gamma-radiation (1.5 Gy) to investigate the mutagen sensitivity of periph-
eral blood lymphocytes. This dose is within the range of the daily dose gen-
erally used in clinical practice and is also similar to the amount of radiation
therapy, most patients undergoing radiation therapy receives as a single daily
dose (1.2–2 Gy per fraction). Two standard lymphocyte cultures were estab-
lished from each subject in blood samples as described elsewhere (2). Fifty
metaphases/samples were scored and only frank chromatid breaks were re-
corded; chromatid gaps or attenuated regions were discarded. The average
number of chromatid breaks per cell (B/C) was then calculated.

Selection of tSNPs and genotyping assays

We identified a set of 17 genes involved in the BER pathway and 28 genes
involved in the DSBR pathway by selecting all the genes listed in the Human
DNA repair genes reviewed by Wood et al. (9) (http://sciencepark.mdanderson.
org/labs/wood/DNA_Repair_Genes.html) and then adding five genes listed in
the PANTHER database (http://www.pantherdb.org/pathway/) as being related
to the DSBR pathway (ATM, RTEL1, BTBD2, HMGA2 and XRCC9). A total of
718 single-nucleotide polymorphisms (SNPs) were identified on the above 50
genes from Human 610-Quad Bead Chip (Illumina, San Diego, CA). Some
SNPs on the chip were in linkage disequilibrium (LD) with each other. To select
the LD tSNPs, we analyzed the genotype data with the HAPLOVIEW software
(http://www.broad.mit.edu/mpg) using the tag procedure with a threshold of
r2 .0.8 and a minor allele frequency .0.05. We selected a total of 308 LD
tSNPs; the vast majority of which were located in intronic regions (see supple-
mentary Table 1, is available at Carcinogenesis Online, for the list of the tSNPs).

We contracted with Illumina to conduct the genotyping using the Illumina
Infinium HD Human 610-Quad Bead Chips according to the manufacturer’s
protocols (Illumina).

Statistical methods

Descriptive statistics [mean, median, range and standard deviation (SD)] of
mutagen sensitivity were computed for all participants and for subgroups by
age, sex, first-degree family history of brain tumor and histological type of
tumors. SNP variables were divided into two categories according to their best
genetic model as selected by Akaike’s information criterion (10).

Mutagen sensitivity by genotype was compared using Student’s t-test or
analysis of variance. Mutagen sensitivity was also dichotomized at the median
to calculate odds ratios (ORs) associated with each genotype: B/C values
greater than the median were considered to be mutagen sensitive, whereas
values less than the median were considered to be non-sensitive. ORs and
95% confidence intervals (CIs) were calculated by unconditional logistic

regression analysis with adjustment for age and sex. The joint effect analysis
was evaluated by adding up the number of adverse alleles of the significant
SNPs identified from the main effects analysis. Adverse alleles were defined as
the minor allele of the risk SNPs and the common allele of the protective SNPs.

Pairwise LD was examined using Lewontin’s standardized coefficient D#
(11). Haplotype block structures were defined by the method of LD CIs method
(12). The HAPLO.STATS package (http://www.mayo.edu/hsr/Sfunc.html) in
the software language R was used for the haplotype analysis (13). Multiple
linear regression models with Bonferroni correction were fit including the
probabilities of the common haplotypes (frequency . 0.05) to compare mu-
tagen sensitivity levels among the haplotypes in each block and to estimate
mutagen sensitivity B/C values (mean ± SD). We used a Dirichlet distribution
to calculate the correlation between each predictor variable in a fitted model to
verify that variables were not correlated (14). The mutagen-sensitive and non-
sensitive groups were also compared using a logistic regression analysis to
evaluate the association between each haplotype and sensitivity. Empirical
P values, based on 10 000 simulations, were computed for the global score
test and each of the haplotype-specific score tests. All statistical tests were two
sided, and a P value ,0.05 was considered statistically significant.

To evaluate the chance of obtaining a false-positive association in our data
set, we used the false-positive report probability (FPRP) test (15). For our
analyses, we used the moderate range of prior probabilities 0.05 and FPRP
cutoff value of 0.2 as suggested by the authors for summary analyses.

Subjects for the replication phase

As a validation group, we obtained data for 662 healthy controls from another
independent population (16,17). Controls were Caucasian people without prior
cancer history (except for non-melanoma skin cancer) who were identified
through Kelsey-Seybold Clinics, the largest multispecialty physician group
in the Houston metropolitan area.

The mean age was 62.9 for this control group. There were 519 men (78.4%)
and 143 women (21.6%). Mutagen sensitivity assay was treated with 1.25 Gy
of gamma-radiation delivered from a cesium-137 irradiator. The number of
chromatid breaks in 50 metaphases per sample was counted and expressed as
the average number of B/C. Replication genotyping of the six SNPs was con-
ducted using the Illumina 610k chip at M.D. Anderson from another study (17).

Results

Patient and sample characteristics

Table I summarizes the characteristics of the 426 glioma cases in-
cluded in this analysis. The mean age at diagnosis was 44.9 years
(median, 45.5 years; SD, 12.4 years). There were 267 men (62.7%)

Table I. Radiation-induced mutagen sensitivity status by select variables in glioma patients

Variables All cases (N 5 426) Comparisona

N (%)b B/C mean (SD) P-value Non-sensitive (n 5 223) Sensitive (n 5 203) P-value

Age, years
Mean 44.9
Range 18–78
�45 213 (50.0) 0.66 (0.54) 0.15 110 (49.3) 103 (50.7) 0.85
.45 213 (50.0) 0.59 (0.46) 113 (50.7) 100 (49.3)

Sex
Male 267 (62.7) 0.60 (0.45) 0.30 148 (66.4) 119 (58.6) 0.08
Female 159 (37.3) 0.66 (0.57) 75 (33.7) 84 (41.4)

Smoke
Ever 186 (43.7) 0.63 (0.51) 0.91 96 (47.1) 90 (48.9) 0.72
Never 202 (47.4) 0.62 (0.52) 108 (52.9) 94 (51.1)

First-degree family history
of brain tumor
Yes 13 (3.1) 0.38 (0.13) 0.16 10 (4.7) 3 (1.6) 0.07
No 394 (92.5) 0.63 (0.49) 205 (95.3) 189 (98.4)

Histologyc

High grade 214 (50.3) 0.58 (0.40) 0.02d 114 (51.1) 100 (49.3) 0.71
Medium grade 67 (15.7) 0.78 (0.70) 32 (14.3) 35 (17.2)
Low grade 145 (34.0) 0.62 (0.51) 77 (34.5) 68 (33.5)

aComparison dichotomized at the median of B/C (0.48) among 426 study subjects.
bNumbers do not add up to the column totals due to missing values.
cHigh-grade glioma (glioblastoma), medium-grade glioma (anaplastic astrocytoma) and low-grade glioma (oligodendroglioma, not-otherwise-specified
astrocytoma and mixed glioma).
dBold numbers indicate significant values at P ,0.05.
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and 159 women (37.3%). The mean B/C was 0.62, with a median
value of 0.48 (SD, 0.50) and a range of 0.12–3.82. Any individual who
expressed a value higher than the median (.0.48 B/C) was considered
mutagen sensitive.

We found statistically significant differences in mutagen sensitivity
by glioma histology. The mean B/C was 0.58 for the 214 glioblastoma
multiformes, 0.78 for the 67 anaplastic astrocytomas and 0.62 for the
other 145 gliomas (oligodendrogliomas or mixed glioma). All the
other variables, including age, sex and first-degree family history of
brain tumor, did not influence the gamma-radiation-induced mutagen
sensitivity. However, after dividing the samples into two groups based
on mutagen sensitivity (sensitive versus non-sensitive) using the me-
dian B/C value (0.48), we found a marginally significant difference in
mutagen sensitivity by gender (P 5 0.08) and first-degree family
history of brain tumor (P 5 0.07).

Association between mutagen sensitivity and genetic variants

Individual SNP association analysis. Of the 392 tSNPs analyzed, 31
were significantly associated with mutagen sensitivity (P� 0.05), and
seven of these had statistically significant genotype–phenotype corre-
lations in individual analyses (P � 0.01; one in EME2 and six in
RAD51L1; Table II). Compared with wild-type homozygous and het-
erozygous patients, individuals with homozygous variants for the
three risk SNPs (recessive model: RAD51L1 rs2256608, rs2064827
and rs4902623) exhibited significantly higher radiation-induced B/C
values (P 5 0.004, 0.004 and 0.002, respectively). Compared with
individuals with the wild-type homozygous phenotype, those with the
variant-type homozygous and heterozygous protective SNPs (domi-
nant model: RAD51L1 rs12432197, rs12893578 and rs2180611) ex-
hibited significantly lower B/C values (P 5 0.0007, 0.00008 and
0.002, respectively).

Among the other DSBR genes, significant differences in mutagen
sensitivity were observed for EME2 rs2437732. Individuals homozy-
gous for EME2 rs2437732 variant (recessive) exhibited significantly
higher gamma-radiation-induced B/C than individuals with the wild-
type homozygous or heterozygous variants (P 5 0.007). We did not
observe any other SNPs in the same DSBR pathway with significant
genotype–phenotype correlations. In addition, we did not find any
associations between mutagen sensitivity and genetic polymorphisms
in the BER genes, even when we used a P-value cutoff of 0.05.

We next assessed mutagen sensitivity as modified by the combined
effects of the seven SNPs found to have a significant correlation with
phenotype. We treated the minor allele of the four risk-effect SNPs
(EME2 rs2437732 and RAD51L1 rs2256608, rs2064827 and
rs4902623) and the common allele of the three protective-effect SNPs
(RAD51L1 rs12432197, rs12893578 and rs2180611) as adverse al-
leles and set individuals with zero adverse alleles as the reference
group. In this analysis, we observed that the mean B/C values in-
creased progressively as the number of adverse allele increased:
0.55 for those carrying zero, 0.58 for those carrying one to two,
0.73 for those carrying three to four and 1.30 for those carrying five
to seven adverse alleles (P for trend , 0.0001). When we compared
the mutagen-sensitive and non-sensitive subgroups with subjects car-
rying the zero adverse genotype, mutagen sensitivity increased by
1.72-fold (95% CI, 1.08–2.73) in individuals carrying one to two,
2.67-fold (95% CI, 1.61–4.41) in individuals carrying three to four
and 3.94-fold (95% CI, 1.19–13.05) in individuals carrying five to
seven adverse alleles (Table II).

To evaluate the robustness of these findings, we calculated FPRP
values at 0.05 levels of prior probabilities for the seven SNPs. As
shown in Table II, two of these seven SNPs (RAD51L1 rs12893578
and rs2180611) remained noteworthy (FPRP � 0.2).

Haplotype block structure and LD analysis. Because six tSNPs of the
RAD51L1 gene showed a significant correlation with mutagen sensi-
tivity, we compared mutagen sensitivity among the RAD51L1 haplo-
types. Figure 1 shows a plot of the pairwise LD (D#) values for the 92
tSNPs and LD structures of RAD51L1. RAD51L1 (�700 kb) is highly
polymorphic; it has extensive haplotype diversity and weak LD across

the entire gene. Thirteen blocks with high LD were identified: block 1,
encompassing the majority of the gene from the upstream region
intron 1 through intron 6; blocks 2–8, spanning intron 6–9; block 9,
ranging from intron 9 to the 3# untranslated region (UTR) and blocks
10–13 covering predominantly the 3# UTR (Figure 1).

Because the significant tSNPs of RAD51L1 are located in block 9
(rs2256608), block 10 (rs2064827), block 11 (12432197), block 12
(rs12893578 and rs4902623) and the interblock region between
blocks 12 and 13 (rs2180622), we looked at the association between
the common haplotypes of blocks 9–12 in RAD51L1 and the mutagen
sensitivity. Supplementary Table 2, is available at Carcinogenesis
Online, shows the D# and r2 between pairs of SNPs for each blocks
in RAD54L1. As shown in Table III, one protective haplotype, 11-B
(mean B/C 5 0.47; adjusted OR, 0.66; 95% CI, 0.45–0.97) was iden-
tified in block 11; and two risk haplotypes were identified in block 12:
12-B (mean B/C 5 0.61; adjusted OR, 1.51; 95% CI, 1.10–2.08) and
12-C (mean B/C 5 0.71; adjusted OR, 1.62; 95% CI, 1.05–2.47). In
further analysis, a global score test showed statistically significant
differences in the haplotype profile for block 12 (global P 5
0.042). For blocks 9 and 10, although no haplotypes were found to
be significantly associated with mutagen sensitivity, both haplotypes
9-C (mean B/C 5 0.74) and 10-C (mean B/C 5 0.72), which carried
a risk allele that was individually associated with increased mutagen
sensitivity, conferred the highest mutagen sensitivity (B/C value)
among the observed haplotypes.

Finally, we explored the haplotype association between mutagen
sensitivity and six tSNPs of RAD51L1 globally using a block-free
approach. Consistent with the genotype analysis, the most common
haplotype, F-A, was also the most favorable haplotype, containing all
six favorable alleles (zero adverse alleles) and exhibiting the lowest
B/C value (Table III). When we used haplotype F-A as the reference
group, haplotype F-C (containing three adverse alleles), haplotype F-D
(containing four adverse alleles) and haplotype F-E (containing all six
adverse alleles) all showed statistically significant increased mutagen
sensitivity. The most adverse haplotype, F-E, completely mismatched
at every SNP with the most favorable haplotype, F-A (termed ‘yin-yang
haplotypes’), and exhibited the highest B/C value (Table III).

Further analyses of the number of adverse haplotypes revealed
a significant dose–response relationship between the mutagen sensi-
tivity and the number of adverse haplotypes. Mutagen sensitivity B/C
values for individuals carrying zero, one to two, three to four or five to
six adverse haplotypes were 0.42, 0.57, 0.70 and 0.92, respectively
(trend test, P 5 0.001). Using individuals carrying zero adverse hap-
lotype as the reference group, the risks of being mutagen sensitive
(B/C values greater than the median) was 1.87 (95% CI, 1.05–3.62)
for those carrying one to two, 1.94 (95% CI, 1.18–2.65) for those
carrying three to four and 2.28 (95% CI, 1.19–3.99) for those carrying
five to six adverse haplotypes.

Replication results. We further tested the six RAD51L1 SNPs
(rs2256608, rs2064827, rs4902623, rs12432197, rs12893578 and
rs2180611) in 662 healthy controls.The confirmation analysis was
adjusted for age and sex. Only RAD51L1 rs2180611 showed signifi-
cant association with mutagen sensitivity (Table III). Compared with
individuals with the wild-type homozygous phenotype, those with the
variant-type homozygous and heterozygous exhibited significantly
lower B/C values (P 5 0.025).

Individuals wild-type homozygous for RAD51L1 rs2180611 ex-
hibited significantly higher gamma-radiation-induced B/C than indi-
viduals with the variants homozygous or heterozygous (0.33 versus
0.31). None of the SNPs were significantly different between the
mutagen-sensitive and non-sensitive subgroups when dichotomized
at the median of B/C value of 0.3 (Table IV).

Discussion

In our comprehensive pathway-based evaluation of associations of
variants of BER and DSBR genes with mutagen sensitivity, we found
that seven of 392 selected tSNPs showed a robust association with

Y.Liu et al.

1764

Supplementary tTable 2


Table II. Association between strand break repair pathway gene SNP genotype and mutagen sensitivity

Gene SNP ID Genic position Predicted
functiona

MAF Genotype All cases (N 5 426) Comparisonb

n (%) B/C mean (SD) P Non-sensitive/
sensitive

OR (95% CI) P FPRPc

Risk effect
RAD51L1 rs2256608 Intron 12 Recombination

hot spot
0.211 AG/GGR 404 (94.84) 0.61 (0.49) 0.004 216/188 Reference 0.038

AA 22 (5.16) 0.92 (0.64) 7/15 2.53 (1.01–6.37) 0.750
RAD51L1 rs2064827 3# UTR TFBS 0.225 TT/TGR 400 (93.89) 0.61 (0.49) 0.004 214/186 Reference 0.047

GG 26 (6.11) 0.90 (0.63) 9/17 2.20 (0.97–5.05) 0.744
RAD51L1 rs4902623 3# UTR TFBS 0.435 AA/AGR 356 (83.57) 0.59 (0.45) 0.002 196/160 Reference 0.008

GG 70 (16.43) 0.79 (0.69) 27/43 1.92 (1.13–3.22) 0.312
EME2 rs2437732 3# UTR microRNA

target site
0.396 AC/AAR 368 (86.39) 0.60 (0.47) 0.007 201/167 Reference 0.013

CC 58 (13.61) 0.79 (0.65) 22/36 1.96 (1.11–3.46) 0.422
Protective effect
RAD51L1 rs12432197 3# UTR TFBS 0.473 TT 116 (27.23) 0.76 (0.67) 0.0007 51/65 Reference 0.022

TC/CCD 310 (72.77) 0.57 (0.41) 172/138 0.62 (0.41–0.96) 0.423
RAD51L1 rs12893578 3# UTR TFBS 0.424 AA 129 (30.28) 0.77 (0.65) ,0.0001 53/76 Reference 0.001

AG/GGD 297 (69.72) 0.56 (0.41) 170/127 0.52 (0.34–0.79) 0.067
RAD51L1 rs2180611 3# UTR TFBS 0.380 GG 153 (35.92) 0.72 (0.58) 0.002 62/91 Reference 0.0002

AG/AAD 273 (64.08) 0.57 (0.44) 161/112 0.46 (0.31–0.70) 0.016
Joint effect

No. of adverse alleles 0 199 (46.7) 0.55 (0.44) ,0.0001 124/75 Reference ,0.0001
1–2 117 (27.5) 0.58 (0.33) 58/59 1.72 (1.08–2.73)
3–4 96 (22.5) 0.73 (0.61) 37/59 2.67 (1.61–4.41)
5–7 14 (3.3) 1.30 (1.01) 4/10 3.94 (1.19–13.05)

Akaike’s information criterion was used to determine the genetic model for each SNP. D, dominant genetic model; R, recessive genetic model.
aFunctional predictions based on the in silico tool SNP function portal (http://brainarray.mbni.med.umich.edu/Brainarray/Database/SearchSNP/snpfunc.aspx) (18).
bDichotomized at the median of B/C (0.48), analysis adjusted by age and sex.
cBold data have a noteworthy association at prior 0.05, FPRP �0.2.
dWe treated the minor allele of the four risk-effect SNPs and the common allele of the three protective-effect SNPs as the adverse alleles and set individuals with 0 adverse alleles as the reference group. Adverse
genotypes—for risk SNPs: RAD51L1 rs2256608 AA, rs2064827 GG and rs4902623 GG and EME2 rs2437732 CC; for protective SNPs: RAD51L1 rs12432197 TT, rs12893578 AA and rs2180611 GG.
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mutagen sensitivity, of which six were from RAD51L1 and the other
was from EME2. In addition, a more consistent and stronger correla-
tion was observed between the mutagen sensitivity phenotype and
the combination of these polymorphisms. Specifically, when the
seven SNPs were analyzed together, we observed a significant
dose–response relationship between the number of adverse genotypes
and the mutagen sensitivity. Furthermore, haplotype analysis revealed
significant differences in the haplotype profile for RAD51L1. The
RAD51L1 haplotypes F-A (zero adverse alleles) and F-E (all six ad-
verse alleles) have complementary nucleotides at all six sites, make
opposing haplotypes and exhibited the lowest (B/C, 0.42) and highest
(B/C, 0.93) mutagen sensitivity, respectively. Analyses of the number
of adverse haplotypes revealed similar dose–response trend between
the mutagen sensitivity and the number of adverse haplotypes. The
association of RAD51L1 rs2180611 with mutagen sensitivity was
confirmed in the validation set which contain 662 healthy control
subjects.

Genetic instability can be triggered by the failure to repair breaks in
double-stranded DNA that can be damaged by exposure to ionizing
radiation. However, until now, no study has examined the effects of
genetic polymorphisms of DSBR pathway genes on the mutagen
sensitivity phenotype in patients with glioma or other cancers. We
reported previously that increased sensitivity to radiation is an in-
dependent risk factor for gliomas (3,4). In the present phenotype–
genotype analysis in glioma patients, we observed a strong association
between polymorphisms in the DSBR pathway gene RAD51L1 and
mutagen sensitivity.

The involvement of RAD51L1 in radiation-induced DNA damage is
biologically plausible. RAD51L1 (also known as Rad51B, OMIM
602948), is a member of the RAD51 paralogue family (RAD51B,
RAD51C, RAD51D, XRCC2 and XRCC3) and plays a crucial role
in homologous recombination of the DSBR pathway (19–21). Human
RAD51L1 is induced by both ionizing and ultraviolet radiation, and its
overexpression causes a delay in the G1 phase of the cell cycle and cell
apoptosis (22). RAD51L1 has been shown to interact with RAD51C
(23–25), which further interacts with the other family members, such
as RAD51, XRCC2 and XRCC3 (26,27). Furthermore, RAD51L1 has
been shown to interact directly with p53 (28), suggesting that this

protein plays a role in the cell cycle, early embryonic development
and perhaps apoptosis. An interesting feature of RAD51L1 in cancer
genetics is that the gene maps to the chromosome break point in some
benign tumors that harbor balanced chromosome translocations in-
volving 14q23–24. This gene was reported to form fusion products
upon translocation with HMGA2 (high-mobility-group protein family,
member 2; OMIM 600698) in uterine leiomyoma (29). Interesting,
HMGA2 was recently proved to be directly involved in DSBR path-
way (30,31). RAD51L1 is also involved in the frequently occurring
t (6;14) (p21;q23/q24) in pulmonary chondroid hamartomas (32). In
addition, a recent genome-wide association study identified RAD51L1
as a new susceptibility gene for breast cancer risk (33). It is conceivable
that the genetic variants of RAD51L1 may modify the association
between breast cancer and radiation because it is up-regulated in
human lymphocytes at radiation doses as low as 25 cGy (34). Fur-
thermore, a copy number variant on chromosome 14q24.1 that in-
cludes RAD51L1 has been observed repeatedly in pedigrees with
Li-Fraumeni syndrome with p53 germ line mutations, suggesting
a possible contribution of this locus to the spectrum of cancers (in-
cluding glioma) observed in this hereditary syndrome (35). Together,
these studies strongly support a significant role for RAD51L1 in not
only signaling and repairing DSBs induced by radiation but also
genetic instability and cancer.

Interestingly, the in silico analysis using the SNP Function Portal
server (http://brainarray.mbni.med.umich.edu/Brainarray/Database
/SearchSNP/snpfunc.aspx) (18) revealed that RAD51L1 rs2256608
(intron 9) may be a recombination hot spot. Recent studies have
shown that recombination is a ubiquitous feature of the human ge-
nome, and hot spots are the main contributor of the block-like pattern
of haplotypes. A SNP in the vicinity of recombination hot spots could
vastly increase the diversity of RAD51L1, a gene that is already di-
verse by virtue of polymorphisms. In addition, the SNP Function
Portal (18) also identified the other five significant tSNPs of
RAD51L1, which are all located in 3# UTR region (i.e. rs2064827,
rs12432197, rs12893578, rs4902623 and rs2180611), as transcription
factor binding sites. It is plausible that these 3# UTR polymorphisms
may affect RAD51L1 expression by affecting either its RNA half-life
or influencing the ribosomal translation of its messenger RNA.

Fig. 1. LD plots and haplotype block structure of the RAD51L1. Haplotype blocks were defined according to the criteria reported by Gabriel et al. (12). The values
indicate the LD relationship between each pair of SNPs; darker shading denotes a greater extent of LD between SNPs.
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Table III. Association between haplotypes in blocks 9, 10, 11 and 12 of RAD51L1 and mutagen sensitivity

Blocks Haplotypea All cases Comparisonb

n (%) Estimated B/C,
mean (SD)

P-value Percent non-sensitive/
sensitive

OR (95% CI) Global test, Pc

Block 9 0.13
9-A (GGAATT) 124 (29.1) 0.56 (0.61) ,0.0001 29.1/29.1 Reference
9-B (GGGACC) 99 (23.3) 0.55 (0.63) 22.9/23.7 1.00 (0.69–1.44)
9-C (AGAGCC) 89 (21.1) 0.74 (0.62) 23.6/18.7 1.32 (0.93–1.90)
9-D (GGAGCC) 67 (15.7) 0.40 (0.65) 12.8/18.2 0.70 (0.46–0.06)
9-E (GAAACT) 41 (9.7) 0.42 (0.68) 10.3/9.0 1.21 (0.73–1.99)

Block 10 0.12
10-A (TTGT) 122 (28.6) 0.57 (0.62) ,0.0001 28.3/28.8 Reference
10-B (TCGT) 105 (24.6) 0.56 (0.63) 24.6/24.6 1.07 (0.74–1.54)
10-C (GTAT) 95 (22.3) 0.72 (0.62) 24.4/20.5 1.27 (0.89–0.79)
10-D (TCGC) 62 (14.5) 0.44 (0.67) 12.1/16.7 0.74 (0.48–1.14)
10-E (TTAT) 42 (9.8) 0.40 (0.68) 10.6/9.1 1.23 (0.74–2.04)

Block 11 0.15
11-A (GGT) 224 (52.7) 0.57 (0.40) ,0.0001 554/50.2 Reference
11-B (GAC) 84 (19.8) 0.47 (0.66) 17.0/22.3 0.66 (0.45–0.97)
11-C (TGC) 76 (17.9) 0.52 (0.63) 17.2/18.5 0.84 (0.58–1.20)
11-D (GGC) 41 (9.6) 0.42 (0.69) 10.3/9.0 1.05 (0.65–1.71)

Block 12 0.042
12-A (CGA) 179 (42.1) 0.44 (0.62) ,0.0001 37.6/46.1 Reference
12-B (CAG) 159 (37.5) 0.61 (0.60) 40.8/34.4 1.51 (1.10–2.08)
12-C (CAA) 60 (14.1) 0.71 (0.68) 15.6/12.9 1.62 (1.05–2.47)
12-D (TAG) 25 (6.2) 0.50 (0.70) 5.3/6.3 1.10 (0.59–2.07)

Block free
F-A (GTCGAA) 110 (25.5) 0.42 (0.69) ,0.0001 30.5/20.6 Reference 0.022
F-B (GTCGAG) 31 (7.2) 0.48 (0.73) 6.6/7.6 1.86 (0.98–3.54)
F-C (GTTAAG) 30 (6.7) 0.83 (0.73) 5.5/8.3 2.35 (1.18–4.66)
F-D (GTTAGG) 104 (24.3) 0.57 (0.67) 23.2/25.9 1.70 (1.09–2.66)
F-E (AGTAGG) 42 (9.9) 0.93 (0.80) 8.4/11.5 2.19 (1.24–3.88)

No. of adverse
haplotypes 0 110 (25.5) 0.42 (0.69) 0.001 30.5/20.6 Reference 0.0061

1–2 73 (17.2) 0.57 (0.74) 9.5/10.1 1.87 (1.05–3.62)
3–4 172 (40.3) 0.70 (0.78) 37.3/43.1 1.94 (1.18–2.65)
5–6 55 (12.6) 0.92 (0.81) 11.9/13.7 2.28 (1.19–3.99)

Loci chosen for block 9: rs2256608, rs10483814, rs4899246, rs963918, rs963917 and rs10136316; Block 10: rs2064827, rs2145157, rs12878344 and rs17105965;
Block 11: rs2331779, rs2331780 and rs12432197; Block 12: rs10438159, rs12893578 and rs4902623; block free: rs2256608, rs2064827, rs12432197, rs12893578,
rs4902623 and rs2180611.
aHaplotypes with frequency ,0.05 were excluded from the analysis.
bDichotomized at the median of B/C (0.48), analysis adjusted by age and sex.
cGenerated by 10 000 permutation test.

Table IV. Association between strand break repair pathway RAD51L1 gene SNP genotype and mutagen sensitivity in the replication control group

SNP ID Genotype Controls (N 5 662) Comparisona

n (%) B/C mean (SD) P Non-sensitive/
sensitive

OR (95% CI) P

Risk effect
rs2256608 AG/GG 634 (0.96) 0.32 (0.15) 0.721 314/320 1 (reference)

AA 28 (0.04) 0.33 (0.17) 12/16 1.33 (0.62–2.88) 0.464
rs2064827 TT/TG 633 (0.96) 0.32 (0.15) 0.282 313/320 1 (reference)

GG 29 (0.04) 0.35 (0.18) 13/16 1.18 (0.56–2.50) 0.668
rs4902623 AA/AG 551 (0.83) 0.32 (0.15) 0.347 274/277 1 (reference)

GG 110 (0.17) 0.33 (0.15) 51/59 1.19 (0.78–1.79) 0.418
Protective effect

rs12432197 TT 163 (0.25) 0.33 (0.19) 0.209 83/80 1 (reference)
TC/CC 499 (0.75) 0.32 (0.13) 243/256 1.09 (0.76–1.56) 0.636

rs12893578 AA 223 (0.34) 0.33 (0.17) 0.206 107/116 1 (reference)
AG/GG 439 (0.66) 0.31 (0.14) 219/220 0.91 (0.66–1.26) 0.568

rs2180611 GG 243 (0.37) 0.33 (0.17) 116/127 1 (reference)
AG/AA 419 (0.63) 0.31 (0.13) 0.025b 210/209 0.88 (0.64–1.21) 0.416

aDichotomized at the median of B/C (0.3), analysis adjusted by age and sex.
bBold numbers indicate significant values at P ,0.05.
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Therefore, these 3# UTR polymorphisms may thus reduce the level of
RAD51L1 protein and impair the cells’ capacity to protect the in-
tegrity of the genome upon environmental insult. However, the
in silico functional prediction for these SNPs needs to be tested
in vivo or in vitro.

Despite the strong and consistent associations of the tSNPs in
RAD51L1 with mutagen sensitivity and the in silico predicted func-
tional consequences of these SNPs, we recognize several potential
limitations with the study. The main one is that most of our findings
did not reach a statistically significant level in the replication set.
However, replication failure should not be surprising or be interpreted
as necessarily refuting the initial findings because of the potential
problems such as population stratification and genetic heterogeneity
(36–38). Our study subjects are glioma cases, whereas the replication
study subjects are healthy controls. Although the dose of gamma-
radiation used in the mutagen sensitivity assay in the two studies were
almost the same (1.5 versus 1.25 Gy), their mean B/C were totally
different (0.48 in our data set versus 0.3 in the replication set). When
comparing the characteristics of the two groups, we observed large
discrepancies in age (median 45.5 years in our cases versus 62.9 in the
replication set). Therefore, additional information from other lines of
evidence, such as resequencing and fine mapping of the interested
RAD51L1 haplotype blocks, especially the blocks 11 and 12, the 3#
UTR region, followed by functional characterization studies to assess
whether RAD51L1 is a true modifier gene and to identify the causal
variations, will be more useful for validating and illuminating the
functional relevance of genes identified in our study.

Another potential limitation is the study design. Tumor burden is a po-
tentially important confounding factor in the measurement of DRC; the
high metabolic rate and excessive endogenously generated oxidative
stress in tumors might either suppress or enhance the DRC of lympho-
cytes. Therefore, a cohort study that measures repair prior to the devel-
opment of cancer would be an ideal study design to make a definitive
conclusion about the relationship between DRC and cancer risk (39).

In summary, our study revealed a strong correlation between poly-
morphisms and haplotypes of the RAD51L1 gene and mutagen-
sensitivity phenotype in glioma patients. Our results support our
earlier preliminary findings, which indicate that the sensitivity to
gamma-radiation and the subsequent inability to repair radiation-
induced DSBs as measured by chromatid breaks may increase the
risk for brain tumorigenesis. Identification of causal variations in
the RAD51L1 gene that account for the mutagen-sensitivity pheno-
type will help us to clarify the molecular mechanisms underlying
mutagen sensitivity.

Supplementary material

Supplementary Tables 1, 2 and 3 can be found at http://carcin
.oxfordjournals.org/
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