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Associations between NBSI polymorphisms, haplotypes and smoking-related cancers
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Constituents of tobacco smoke can cause DNA double-strand
breaks (DSBs), leading to tumorigenesis. The NBS1 gene product
is a vital component in DSB detection and repair, thus genetic
variations may influence cancer development. We examined the
associations between NBSI polymorphisms and haplotypes and
newly incident smoking-related cancers in three case—control
studies (Los Angeles: 611 lung and 601 upper aero-digestive tract
(UADT) cancer cases and 1040 controls; Memorial Sloan-
Kettering Cancer Center: 227 bladder cancer cases and 211 con-
trols and Taixing, China: 218 esophagus, 206 stomach, 204 liver
cancer cases and 415 controls). rs1061302 was associated with
cancers of the lung [adjusted odds ratio (OR,q;) = 1.6, 95% con-
fidence interval (CD: 1.2, 2.4], larynx (OR,q; = 0.56, 95% CI:
0.32,0.97) and liver (OR,q; = 1.7,95% CI: 1.0, 2.9). Additionally,
positive associations were found for rs709816 with bladder cancer
(OR,4; = 4.2, 95% CI: 1.4, 12) and rs1063054 with lung cancer

(OR,4; = 1.6, 95% CI: 1.0, 2.3). Some associations in lung and
stomach cancers varied with smoking status. CAC haplotype was
positively associated with smoking-related cancers: lung
(ORy4; = 1.7, 95% CI: 1.1, 2.9) and UADT (OR,q4; = 2.0, 95%
CI: 1.1, 3.7), specifically, oropharynx (OR,q; = 2.1, 95% CI: 1.0,
4.2) and larynx (OR,q; = 4.8, 95% CI: 1.7, 14). Bayesian false-
discovery probabilities were calculated to assess Type I error. It
appears that NBS1 polymorphisms and haplotypes may be asso-
ciated with smoking-related cancers and that these associations
may differ by smoking status. OQur findings also suggest that
single-nucleotide polymorphisms located in the binding region
of the MRE-RAD50-NBS1 complex or microRNA targeted path-
ways may influence tumor development. These hypotheses should
be further examined in functional studies.

Introduction

Tobacco smoke is associated with many cancers (1) and is known to
contain >80 definite, probable or possible carcinogenic substances
(1,2), which can induce DNA single-strand breaks and double-strand
breaks (DSBs) (3). DSBs pose a major threat to a cell’s genomic
integrity (4). Unrepaired or defectively repaired chromosomal irreg-
ularities may lead to cell apoptosis or tumorigenesis (5).

The NBSI (HUGO name: NBN) gene, a component of the MRE—
RAD50-NBS1 (MRN) complex, plays a critical role in the DSB re-
pair pathway, functioning both in the non-homologous end joining
pathway as a sensor for DNA damage and in the homologous recom-
bination pathway by participating in DNA repair and the intra-S phase
cell cycle checkpoint (6,7). Increased tumor expression of NBSI has
been found in smoking-related cancer sites including lung, liver,
esophagus and head and neck (8,9). Studies in mice have shown that
mice heterozygous for NBS/-null mutations develop tumors affecting
the lung, liver, mammary gland and prostate (10,11). In humans, rare
mutations in NBS/ cause Nijmegen Breakage Syndrome, a disorder
resulting in microcephaly, immunodeficiency, chromosome instability
and increased risk of cancer (12,13). Thus, it could be hypothesized
that more common genetic variations in NBS/ could influence cancer
development; to date, at least 15 studies have investigated this poten-
tial association (14-28).

A meta-analysis of the commonly investigated rs1805794 polymor-
phism, a nonsynonymous coding single-nucleotide polymorphism
(SNP), showed a slight positive association between all cancers and
the variant genotype [odds ratio (OR) = 1.06, 95% confidence
interval (CI): 1.00, 1.12] (29). Given that the NBSI gene spans
~50 kb and codes for a 754 amino acid (a.a.) protein (6,30,31), it is
possible that additional SNPs within the region may influence smok-
ing-related cancer development. These associations may also be mod-
ified by smoking status, although this possibility has rarely been
investigated in published literature. We used data from three case—
control studies to investigate potential associations between NBSI
gene SNPs (rs709816, rs1061302 and rs1063054), its haplotypes
and nine smoking-related cancer sites: lung, upper aero-digestive tract
(UADT) (oropharynx, larynx, nasopharynx and esophagus), stomach,
liver, bladder and kidney.

Abbreviations: a.a., amino acid; OR,q;, adjusted odds ratio; BFDP, Bayesian
false-discovery probability; CI, confidence interval; DSB, double-strand break;
LA, Los Angeles; LD, linkage disequilibrium; MSKCC, Memorial Sloan-
Kettering Cancer Center; ROR,g;, ratio of adjusted odds ratio; SNP, single-
nucleotide polymorphism; UADT, upper aero-digestive tract.
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Materials and methods

Details regarding the Los Angeles (LA) (32,33); Taixing, China (34-36) and
Memorial Sloan-Kettering Cancer Center (MSKCC) (37,38) studies were pre-
viously published. All study participants signed informed consents. All studies
were approved by the Institutional Review Boards of the respective institutions.

The LA study was a population-based case—control study conducted from
1999 to 2004. Eligible participants were (i) residents of LA County at the time
of recruitment (for controls) or diagnosis (for cases); (ii) 18—65 years of age at
recruitment and (iii) fluent in English or Spanish. Newly diagnosed cases were
identified using the rapid ascertainment system of the Cancer Surveillance
Program for LA County (32). Controls were identified through a formal algo-
rithm from a list of households within the neighborhood of each individual case
and individually matched to cases on age (10 years intervals) and gender.
Among eligible cases, recruitment rates were 39% (lung cancer) and 46%
(UADT cancer). Seventy-nine percent of contacted eligible controls partici-
pated. Ultimately, the study enrolled 611 lung and 601 UADT cancer cases and
1040 population-based controls who did not have lung or UADT cancer.

The Taixing study was a population-based case—control study conducted in
Taixing City, Jiangsu Province, China, from 1 June 2000 to 30 December 2000.
Eligibility criteria included residency in Taixing City for >10 years and >20
years of age at recruitment. All newly diagnosed and pathologically or clini-
cally confirmed esophageal, stomach and liver cancer cases were identified
from the Taixing Tumor Registry at the Taixing Center for Disease Control and
Prevention. Of those identified, 65% (stomach), 57% (liver) and 67% (esoph-
agus) consented to participate in the study. Population-based healthy controls
were randomly selected from a list of residents frequency matched to cases on
gender, age group (5 years intervals) and residential village (or residential
block in the city). The participation rate for controls was 89%. This study
included 218 esophageal, 206 stomach and 204 liver cancer cases and 415
controls.

The MSKCC study was a hospital-based case—control study conducted from
1 August 1993 to 30 June 1997. Eligible bladder and kidney cancer cases were
newly diagnosed or undergoing a surgical procedure for their relevant cancer at
MSKCC. Cases had a pathologically confirmed diagnosis were in stable med-
ical condition and lived in the USA for at least 1 year. Ninety-five percent of
cases agreed to participate. Hospital-based controls were recruited from the
MSKCC blood bank or were patients with a negative cancer diagnosis at
MSKCC who had resided in the USA for at least 1 year and were in stable
medical condition. The participation rate for controls was 92%. During the
4 years study period, a total of 227 cases with bladder cancer, 30 cases with
kidney cancer and 211 controls were interviewed.

Data and biological specimen collection

All data were collected in-person by trained interviewers. Study-specific stan-
dardized questionnaires ascertained information regarding demographic fac-
tors, cigarette smoking, passive smoking, alcohol consumption, history of
occupational and environmental exposures, family history of cancer, dietary
factors (food frequency questionnaire), medical history and questions regard-
ing cancer site-specific environmental exposures.

Biological specimens were collected from interviewed participants in the forms
of buccal cells (39) (LA study) and peripheral blood samples (Taixing and
MSKCC studies). The percentages of interviewed participants providing buccal
cells were 89% for controls and 89, 68, 88 and 90% for lung, oropharyngeal/
nasopharyngeal, laryngeal and esophageal cancer cases, respectively. Blood sam-
ples in the Taixing study were obtained from 97.5% of controls, 95% of stomach
and liver cancer cases and 94% of esophageal cancer cases. Eighty-one percent of
bladder cancer cases, 67% of kidney cancer cases and 85% of MSKCC study
controls provided blood samples. All biological specimens were transported and
stored in freezers at —70°C in the Molecular Epidemiology Laboratory at the
UCLA School of Public Health.

SNP selection and genotyping by TagMan and SNPlex assays

Candidate SNPs in NBSI were selected according to the following a priori
criteria: (i) genomic context suggesting the possibility of functionality (i.e.
located in an exon or 3" untranslated region); (ii) previously reported minor
allele frequency >5% in National Center for Biotechnology Information’s
database of single nucleotide polymorphism (40) and (iii) previously associ-
ated with a disease outcome including smoking-related cancer. Based on these
criteria, five SNPs were selected and genotyped for this study.

All DNA samples were isolated from biological specimens using a modified
phenol—chloroform method and assayed for purity and concentration by spec-
trometry (39). SNP genotyping was performed using TagMan and SNPlex
platforms from Applied Biosystems (ABI) (Foster City, CA). For both plat-
forms, aliquots of cases’ and controls’ DNA were randomized onto polymerase
chain reaction plates. All five SNPs were genotyped on the SNPlex platform
(41,42). Detection was performed on the ABI Analyzer 3730 and data inter-
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pretation was performed with ABI Genemapper software v4.0. The UCLA
Genotyping Core, when using the SNPlex genotyping assay, on average
achieves call, reproducibility and concordance rates of 96, 99.7 and 99.8%,
respectively.

SNPs rs1061302, rs1063053, rs1063054 and rs2735383 were also genotyped
using TagMan; details regarding the protocol were previously reported (43).
End-point fluorescence was read using the ABI Primer 7900HT instrument and
genotypes were scored using SDS 2.3 Allelic Discrimination Software. For
quality control, 5% of randomly selected samples were re-genotyped to eval-
uate reproducibility; concordance was >99%. All SNPs had automatic call
rates >96%. Laboratory researchers were blinded to the disease status and
identity of quality control samples. For SNPs assayed on both platforms in
our present study, we used the TagMan genotyping results because of its higher
call rates, which maximized the precision of our estimates. Concordance for
the SNPs genotyped on both platforms had average Cohen’s kappa coefficient
of 0.919.

Preliminary analysis of data indicated that the genotypes of rs1063054,
rs1063053 and rs2735383 were in high linkage disequilibrium (LD) (> >
0.99). We therefore only present the results for one of these SNPs
(rs1063054) to avoid redundant reporting.

Statistical analysis

Unconditional logistic regression models were used to obtain ORs and 95%
CIs with SAS v9.1.3 software (SAS Institute, Cary, NC). Tests for Hardy—
Weinberg equilibrium and differences in variant allele frequencies were eval-
uated for SNPs using Pearson’s chi-squared test. For lung and UADT cancers
(LA study), we adjusted for age (<34, 35-36, 37-38, 39-40, 41-42, 43-44,
45-46, 47-48, 49-50, 51-52, 53-54, 55-56, 57-58 and 59-62), gender, race/
ethnicity (White, Asian American, African American, Mexican—American and
other), educational level (years, continuous) and tobacco smoking (pack years,
continuous). Controls who were >3 years younger than the youngest case or
3 years older than the oldest case were excluded from the analysis: 11 lung
cancer controls and 1 UADT cancer control were excluded. For UADT
cancers, alcohol drinking (drinks per day, continuous) was included in the
statistical models. Analyses for the Taixing study were adjusted for age (con-
tinuous), gender, education (four level, ordinal), smoking (pack-years, contin-
uous) and alcohol drinking (never, occasionally, often or every day). The
regression model additionally included helicobacter pylori infection status or
HBsAg status for stomach and liver cancer analyses, respectively. For bladder
and kidney cancers, we adjusted for gender, age (<55, 55 to <60, 60 to <65
and >65), race (White/non-White), smoking (never/ever) and years of educa-
tion (continuous). If the direction of associations was consistent across all
cancer sites, we pooled data from all studies to examine the association be-
tween NBSI SNPs and any smoking-related cancer, adjusting for study
location/ethnicity, age (continuous), gender and smoking status. We used vary-
ing cut-points for adjustment of potential confounding variables determined
from our previous publications (32-38) and the different distributions of the
covariates in the control populations for each specific cancer sites. However,
when using the same cut-points for potential confounding factors, the observed
associations were consistent.

We evaluated the associations of SNPs and cancers according to unrestricted
genotypes and genotypes following three genetic models (log-additive, reces-
sive and dominant). For all SNPs, the ancestral allele as indicated by database
of single nucleotide polymorphism (40,44) was considered wild-type and the
homozygous wild-type genotype was considered the referent genotype. ORs
for these SNPs across levels of tobacco smoking were evaluated using un-
conditional logistic regression, adjusting for the previously mentioned cova-
riates. Tests for interaction between each SNP and smoking status on the
multiplicative scale were conducted using the likelihood ratio test to compare
the fit of the full regression model to the full regression model with the product
of SNP genotypes and smoking status (ever versus never). To measure depar-
tures from multiplicativity, the ratio of adjusted odds ratios (ROR,q;) was
calculated by dividing the joint OR [genotype and smoking adjusted odds ratio
(OR,qj)] by the product of the OR,q; for separate ORs (genotype OR.qj X
smoking OR,g;).

Haplotype analyses were conducted using HPlus v2.5 (45,46). Haplotypes
are presented in the order of 5’3" (rs709816, rs1061302 and rs1063054) and
variant alleles within the haplotypes are specified by an underline. The most
common haplotype served as the referent, which happened to be the wild-type
allele for all three SNPs. On account of limited DNA, rs709816 was not
genotyped in the Taixing study. Therefore, the haplotypes for the esophagus,
stomach and liver cancer sites are presented with two alleles.

To account for false-positive findings due to multiple hypothesis testing, we
calculated the Bayesian false-discovery probability (BFDP) (47). Due to the
likelihood that the DSB repair pathway plays a role in smoking-related carci-
nogenesis, we considered a prior probability range from 0.01 to 0.10, an ORg;
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Table I. Baseline characteristics of cases and controls, stratified by study

LA study Taixing study MSKCC study
Lung UADT Controls Esophagus  Stomach Liver Controls Bladder Kidney Controls

Total, N 611 601 1040 218 206 204 415 227 30 211
Mean age 522 50.4 49.9 60.6 61.5 539 57.7 64.3 59.5 41.8
Gender (%)

Male 303 (49.6) 454 (75.5) 623 (59.9) 141 (64.7) 138 (67.0) 159 (77.9) 287 (69.2) 189 (83.3) 21 (70.0) 152 (72.0)

Female 308 (50.4) 147 (24.5) 417 (40.1) 77 (35.3) 68 (33.0) 45 (22.1) 128 (30.8) 38 (16.7)  9(30.0) 46 (21.8)

Missing — — — — — — — — — 13 (6.2)
Ethnicity (%)

White 359 (58.8) 341 (56.7) 634 (61.0) 206 (90.8) 24 (80.0) 191 (90.5)

African American 53 (8.7) 70 (11.7) 150 (14.4)
Mexican American 96 (15.7) 69 (11.5) 102 (9.8)

Asian American 70 (11.5) 64 (10.7) 62 (6.0)

Chinese 218 (100.0) 206 (100.0) 204 (100.0) 415 (100.0)

Other 32 (5.2) 5509.2) 91 (8.8) 16 (7.1) 6 (20.0) 6 (2.8)

Missing 1(0.2) 2(0.3) 1(0.1) — — — — 522 — 14 (6.6)
Education (%)

<12 years 265 (43.4) 273 (45.4) 300 (28.9) 215 (98.6) 203 (98.5) 204 (100.0) 405 (97.6) 87 (38.3) 12(40.0) 34 (l16.1)

>12 years 346 (56.6) 328 (54.6) 739 (71.1) 0 (0.0) 3 (1.5) 0 (0.0) 10 (2.4) 139 (61.2) 18 (60.0) 177 (83.9)

Missing — — 1(0.1) 3(14) — — — 1(0.4) — —
Smoking (%)

Never 110 (18.0) 182 (30.3) 492 (47.3) 94 (43.1) 92 (44.7) 85 (41.7) 217 (52.3) 39 (17.2) 10(33.3) 107 (50.7)

Ever 501 (82.0) 419 (69.7) 548 (52.7) 117 (53.7) 109 (52.9) 107 (52.5) 197 (47.5) 184 (81.1) 20 (66.7) 89 (42.2)

Missing — — — 7(3.2) 524) 12 (5.9) 1(0.2) 4(1.8) — 15 (7.1)
Drinking (%)

Never 170 (27.8) 117 (19.5) 264 (25.4) 116 (53.2) 111 (53.9) 87 (42.7) 207 (49.9) 31 (13.7)  9(30.0) 36(17.1)

Ever 440 (72.0) 482 (80.2) 772 (74.2) 95 (43.6) 90 (43.7) 105 (51.5) 205 (49.4) 187 (82.4) 21 (70.0) 161 (76.3)

Missing 1(0.2) 2(0.3) 4(0.4) 7(3.2) 524 12 (5.9) 3(0.7) 9 (4.0 — 14 (6.6)

of 1.5 between cancer and genotype, and an OR,q; of 2.5 for associations
stratified by smoking status. To determine noteworthy findings, the BFDP
threshold was set to 0.8, where false non-discovery rate is four times as costly
as a false discovery.

Results

Baseline characteristics of the study participants are presented in
Table I. The LA study was the most ethnically heterogeneous. The
percentage of self-reported smoking was greatest among lung and
bladder cancer cases. The allelic distributions for all investigated
NBS1 SNPs among the control populations did not vary much be-
tween racial/ethnic groups, with the exception of rs709816, where
among non-White populations, the variant allele was more frequently
distributed (supplementary Table I is available at Carcinogenesis On-
line). The distribution of rs709816 among the White MSKCC control
population deviated from Hardy—Weinberg equilibrium (P = 0.023)
but the remaining SNPs were in Hardy—Weinberg equilibrium among
all study controls. SNPs rs709816 and rs1061302 are synonymous and
rs1063054, as well as the two SNPs in LD with rs1063054 (rs1063053
and rs2735383), are located in the 3’ untranslated region.

Table II presents the associations between NBSI polymorphisms
and cancer sites. We found that the rs1061302 heterozygous genotype
was associated with lung cancer (OR,q; = 0.74; 95% CI: 0.56, 0.98);
however, a linear trend was not detected and we found a positive
association between the homozygous variant and lung cancer
(ORyqj = 1.6; 95% CI: 1.0, 2.4). The rs1061302 variant allele was
inversely associated with laryngeal cancer (OR,q; = 0.56; 95% CI:
0.32, 0.97). The rs1063054 homozygous variant was associated with
lung and liver cancers and rs709816 was positively associated with
bladder cancer, suggesting recessive models of inheritance for these
two SNPs. No robust associations were detected between NBS1 SNPs
and cancers of the nasopharynx and kidney (data not shown).

Associations stratified by smoking status are presented in Figure 1;
supplementary Table II (available at Carcinogenesis Online). Across
all cancer sites, a pooled estimate among never-smokers indicated that
rs709816 was positively associated with smoking-related cancers un-
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der the dominant inheritance model (OR,4; = 1.4; 95% CI: 0.98, 2.0)
(data not shown). The inverse association between the heterozygous
rs1061302 genotype and lung cancer persisted in ever-smokers
(OR,gj = 0.62; 95% CI: 0.45, 0.87) (Figure 1), and the estimated
OR for this genotype was lower for smokers than for never smokers
(ROR,q; = 0.41; 95% CI: 0.22, 0.77) (Table IID); test for heterogene-
ity of OR,q;: P = 0.021. The change in the lung cancer OR with
smoking status among homozygous variants was similar but impre-
cise (ROR,q; = 0.56;95% CI: 0.24, 1.4). Noteworthy changes in ORs
were also found when using the dominant model for both rs709816
and smoking with lung cancer and for rs1063054 and smoking with
stomach cancer (Pjperaciion = 0.-024 and 0.046, respectively).

The LD estimates for the SNPs in our study are as follows:
r2 = 0.55 for rs709816 and rs1061302, 2 = 0.25 for rs709816 and
rs1063054 and 2 = 0.43 for rs1061302 and rs1063054. We found
that the CGC haplotype was inversely associated with laryngeal
cancer OR,qg; = 0.45 (95% CI: 0.23, 0.86) (Table IV). The CAC
haplotype was positively associated with cancers of the lung, UADT,
oropharynx and larynx. In never-smokers, the CGC haplotype was
positively associated with lung cancer, whereas among ever-smokers,
the GA and GC haplotypes were positively associated with liver
and stomach cancers, respectively. Additional NBS/ haplotype and
smoking-related cancer findings are presented in supplementary
Table III (available at Carcinogenesis Online). Because of the multi-
ple hypotheses that were tested, we considered the BFDP. We found
that when using a prior probability of 10%, 11 of the observed asso-
ciations remained noteworthy (supplementary Table IV is available at
Carcinogenesis Online). When we reduced the prior probability
to 5%, the associations between lung cancer and the rs1061302
heterozygous variant (BFDP = 0.65) and the CAC haplotype
(BFDP = 0.71) among ever-smokers remained noteworthy.

Discussion

We found that NBSI polymorphisms and haplotypes are associated
with incidence of smoking-related cancers and that these associations
may be modified by smoking status, supporting the notion that genetic
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Table II. Associations between NBSI SNPs and smoking-related cancers, stratified by cancer site

SNP rs709816 (D399D) rs1061302 (P672P) rs1063054 (3° UTR)
Case/control OR,q4j (95% CcDn? Genotype Case/control OR.qj (95% CDn? Genotype Case/control OR.q4j (95% CDn?
LA study
Lung
TT 156/278 1.0 AA 265/407 1.0 AA 241/411 1.0
TC 230/421 0.88 (0.65, 1.2) AG 196/414 0.74 (0.56, 0.98) AC 226/427 0.88 (0.67, 1.2)
CC 127/194 1.0 (0.70, 1.5) GG 72/95 1.6 (1.0, 2.4) CC 72/80 1.5 (0.96, 2.3)
Ptrend 0.97 Ptrend 0.45 Ptrend 0.39
Dominant 357/615 0.92 (0.68, 1.2) Dominant 268/509 0.88 (0.68, 1.2) Dominant 298/507 0.96 (0.74, 1.2)
Recessive 127/194 1.1 (0.81, 1.6) Recessive 72/95 1.8 (1.2,2.7) Recessive 72/80 1.6 (1.0, 2.3)
UADT (squamous)
TT 107/283 1.0 AA 174/413 1.0 AA 170/415 1.0
TC 194/423 1.1 (0.81, 1.5) AG 184/415 1.0 (0.79, 1.3) AC 200/430 1.1 (0.86, 1.5)
CC 80/196 0.95 (0.64, 1.4) GG 38/97 0.82 (0.52, 1.3) CC 33/82 0.95 (0.59, 1.5)
Ptrend 0.90 Ptrend 0.60 Ptrend 0.60
Dominant 2741619 1.1 (0.79, 1.4) Dominant 222/512 0.99 (0.76, 1.3) Dominant 233/512 1.0 (0.84, 1.4)
Recessive 80/196 0.89 (0.64, 1.3) Recessive 38/97 0.81 (0.52, 1.2) Recessive 33/82 0.89 (0.57, 1.4)
UADT stratified
Oropharynx
TT 63/283 1.0 AA 97/413 1.0 AA 94/415 1.0
TC 117/423 1.2 (0.83, 1.7) AG 114/415 1.2 (0.84, 1.6) AC 119/430 1.2 (0.86, 1.6)
CcC 45/196 1.0 (0.65, 1.7) GG 24/97 0.96 (0.56, 1.7) CC 27/82 1.4 (0.81, 2.3)
Ptrend 0.73 Ptrend 0.74 Ptrend 0.19
Dominant 162/619 1.2 (0.82, 1.7) Dominant 138/512 1.1 (0.82, 1.5) Dominant 146/512 1.2 (0.88, 1.6)
Recessive 45/196 0.92 (0.62, 1.4) Recessive 24/97 0.89 (0.54, 1.5) Recessive 27/82 1.2 (0.75, 2.0)
Larynx
TT 24/283 1.0 AA 41/413 1.0 AA 36/415 1.0
TC 35/423 0.65 (0.34, 1.2) AG 28/415 0.54 (0.30, 0.98) AC 39/430 0.91 (0.53, 1.6)
CcC 17/196 0.49 (0.21, 1.1) GG 7197 0.62 (0.24, 1.6) CcC 2/82 0.25 (0.05, 1.2)
Ptrend 0.080 Ptrend 0.079 Ptrend 0.16
Dominant 52/619 0.60 (0.33, 1.1) Dominant 35/512 0.56 (0.32, 0.97) Dominant 41/512 0.80 (0.47, 1.4)
Recessive 17/196 0.66 (0.33, 1.3) Recessive 7197 0.82 (0.32, 2.1) Recessive 2/82 0.28 (0.06, 1.2)
MSKCC
Bladder
TT 40/63 1.0 AA 75/85 1.0 AA 90/88 1.0
TC 79/58 1.0 (0.43,2.4) AG 83/58 0.97 (0.48, 2.0) AC 76/60 1.3 (0.64, 2.6)
CC 29/29 4.2 (1.3, 14) GG 19/24 1.7 (0.56, 5.4) CC 10/20 2.3(0.57,9.2)
Ptrend 0.037 Ptrend 0.50 Ptrend 0.24
Dominant 108/87 1.5 (0.68, 3.2) Dominant 102/82 1.1 (0.56, 2.1) Dominant 86/80 1.4 (0.71,2.7)
Recessive 29/29 4.2 (14, 12) Recessive 19/24 1.8 (0.59, 5.3) Recessive 10/20 2.1 (0.54, 8.1)
Taixing study®
Esophagus
AA 72/140 1.0 AA 74/152 1.0
AG 93/169 0.97 (0.63, 1.5) AC 95/178 1.0 (0.78, 1.6)
GG 36/69 1.0 (0.59, 1.8) CcC 32/52 1.4 (0.78, 2.5)
Ptrend 0.89 Ptrend 0.33
Dominant 129/238 0.98 (0.66, 1.5) Dominant 1277230 1.1 (0.75, 1.7)
Recessive 36/69 1.0 (0.63, 1.7) Recessive 32/52 1.4 (0.80, 2.3)
Stomach
AA 54/140 1.0 AA 66/152 1.0
AG 96/169 1.3 (0.82, 2.0) AC 97/178 1.2 (0.77, 1.8)
GG 38/69 1.2 (0.70, 2.2) CcC 26/52 1.2 (0.63, 2.2)
Ptrend 0.37 Ptrend 0.61
Dominant 134/238 1.3 (0.82, 2.0) Dominant 123/230 1.2 (0.79, 1.8)
Recessive 38/69 1.1 (0.65, 1.7) Recessive 26/52 1.1 (0.60, 1.9)
Liver
AA 52/140 1.0 AA 67/152 1.0
AG 94/169 1.2 (0.75, 2.0) AC 90/178 1.1 (0.72, 1.8)
GG 39/69 1.9 (1.1, 3.5) CC 32/52 1.8 (0.98, 3.4)
Ptrend 0.034 Ptrend 0.092
Dominant 133/238 1.4 (0.89, 2.2) Dominant 122/230 1.3 (0.83, 1.9)
Recessive 39/69 1.7 (1.0, 2.9) Recessive 32/52 1.7 (0.96, 3.0)

UTR, untranslated region.
“LA study: lung cancer adjusted for gender, smoking, education, race and age; UADT cancers additionally adjusted for alcohol drinking; MSKCC Study: bladder
cancers adjusted for gender, smoking, race, education and age. Taixing study: esophageal cancer adjusted for gender, smoking, age, alcohol drinking and education;
stomach and liver cancers additionally adjusted for helicobacter pylori infection and HBsAg status, respectively.
°rs709816 (D399) not genotyped in Taixing study.
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SNP: rs709816

OR 95% CI*
Bladder
Main effect (CC vs. TC+TT) 4.2 1.4-12
Never smoker (CC vs. TC+TT) 43 0.66-29
Ever smoker (CC vs. TC+TT) 29 0.74-11
Lun
Mair? effect (CC+TC vs. TT) 092 068-12
Never smoker (CC+TC vs. TT) 1.5 0.83-2.9
Ever smoker s C+TCvs. TT) 081 057-1.2
SNP: rs1063102
Lung
Main effect (AG vs. AA) 0.74 0.56-098
Never smoker (AG vs. AA) 1.5 0.84-25
Ever smoker (AG vs. AA) 062 0.45-087
Main effect (GG vs. AA) 1.6 1.0-2.4
Never smokeréGG vs. AA) 23 1.1- 4.8
Ever smoker (GG vs. AA) 15 0.89-25
Larynx
Main effect (GG + AG vs. AA) 056 0.32-097
Never smoker (GG + AGvs. AA) 0.18 0.021-1.6
Ever smoker (GG + AGvs. AA) 069 0.38-1.3
Liver
Main effect (GG vs. AG + AA}\A 1.7 1.0-29
Never smoker (GG vs. AG + ) 1.2 053-25
Ever smoker GG vs. AG +AA) 26 1.2-55
Esophagu ((3 aixin
Main effect (GG vs. + AAAA 1.0 0.63-1.7
Never smoker (GG vs. AG + AA) 068 0.33-1.4
Ever smoker (GG vs. AG+ AA) 1.6 0.76-31
SNP: rs1063054
Lung
Main effect (CC vs. AC+AA) 1.6 1.0-23
Never smoker (CC vs. AC+AA) 19 0.88- 3.9
Ever smoker (CC vs. AC+AA) 1.4 0.87-2.3
Stomach
Main effect (CC + AC vs. AA) 1.2 0.79-1.8
Never smoker (CC+ ACvs. AA) 074 0.40-14
Ever smoker (CC + ACvs. AA) 1.8 1.0- 3.2

0.1 0.5

: +%+ i fh ﬁ+ 4[% W i l |

| I I
20 5.0

Fig. 1. Selected associations between NBS! SNPs and smoking-related cancer sites, stratified by smoking status. Grey boxes represent association between SNP
and cancer site, white boxes represent findings for never-smokers and black boxes represent findings for ever-smokers. *LA study: lung cancer adjusted for gender,
smoking, education, race and age; UADT cancers additionally adjusted for alcohol drinking; MSKCC study: bladder cancer adjusted for gender, smoking, race,
education and age. Taixing study: esophageal cancer adjusted for gender, smoking, age, alcohol drinking and education; stomach and liver cancers additionally
adjusted for helicobacter pylori infection and HBsAg status, respectively.

Table III. Modifications of SNPs and smoking status on the association of selected SNPs and smoking-related cancer sites

Cases/controls

OR (95% CI)*

Lung
rs1061302
Smoking status

rs709816
Smoking status

Stomach
rs1063054
Smoking status

Genotype A/A A/G
Never 34/194 39/189
Ever 231/213 157/225

Genotype-specific ROR,q4j (95% CI)
Genotype-combined ROR,q; (95% CI)
T/T

T/C and C/C
Never 17/137 72/285
Ever 139/141 285/330
ROR,; (95% CI)

A/A A/C & CIC
Never 33/71 51/125
Ever 30/80 70/105

ROR,; (95% CI)

G/G
19/47
53/48

A/A A/G
1.0 1.4 (0.82, 2.4)
1.7 (1.0, 2.8) 1.0 (0.60, 1.7)

0.41 (0.22, 0.77)°

1.0 (0.92, 1.2)¢

T/T T/C and C/C

1.0 1.6 (0.90, 3.0)

2.0 (1.1, 3.8) 1.5 (0.82, 2.8)
0.46 (0.23, 0.90)

A/A A/C & C/C

1.0 0.77 (0.43, 1.4)

0.64 (0.27, 1.5) 1.1 (0.50, 2.5)
2.3 (1.0,5.3)

G/G

24 (1.2,4.9)
2.3(1.2,4.3)
0.56 (0.24, 1.4)°

“Lung cancer adjusted for gender, smoking, education, race and age; stomach cancer adjusted for gender, smoking, age, alcohol drinking, helicobacter pylori

infection and education.

RORmJ (95% CI) for rs1061302 A/G genotype and smoking, with A/A plus never-smoker as referent.
RORde (95% CI) for rs1061302 G/G genotype and smoking, with A/A plus never-smoker as referent.
ROR;.dJ (95% CI) for rs1061302 genotypes-combined and smoking, with A/A plus never-smoker as referent.

variation within NBS! plays a role in tobacco-related carcinogenesis.
To our knowledge, many of these relationships have not been pre-
viously reported for cancers of the stomach, liver and UADT subsites

(esophagus, oropharynx, larynx and nasopharynx).
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We observed positive associations with the CAC haplotype and

cancers of the lung, oropharynx and larynx. In our study, we did
not find consistent associations with rs709816 and rs1063054 in
smoking-related cancer sites. However, haplotype analyses showed
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Table IV. Selective associations between NBS/ haplotypes® and smoking-related cancers

Haplotype® Al Never-smoker

Ever-smoker

Frequency Frequency Frequency
Cases Controls OR,q; (95% CI)® Pvalue Cases Controls  OR,q; (95% CI® Pvalue Cases Controls  OR,q; (95% CD® Pvalue
LA study
Lung
TAA 045 049 1.0 0.39  0.50 1.0 0.47 0.48 1.0
CGC 023 025 1.0 (0.81, 1.3) 0.91 0.30 0.24 1.6 (1.0, 2.4) 0.031 0.22 0.25 0.83 (0.53, 1.3) 0.40
CAA  0.14 0.11 1.3 (0.96, 1.7) 0.098 0.16 0.10 1.4 (0.84, 2.3) 0.203 0.13 0.12 1.26 (0.90, 1.8) 0.19
CAC 0.045 0.016 1.7 (1.1, 2.9) 0.033 0.015 0.014 0.67 (0.12,3.6)  0.647 0.052 0.019 2.2 (1.3,3.8) <0.01
UADT
TAA 047 0.50 1.0 0.46 0.50 1.0 0.48 0.48 1.0
CAC 0.036 0.017 2.0(1.1,3.7) 0.021 0.038 0.014 2.4 (0.93,6.2) 0.069 0.036 0.019 1.9 (0.87,3.9) 0.11
Oropharyx
TAA 047 050 1.0 0.48 0.50 1.0 0.47 0.49 1.0
CAC 0.030 0.017 2.1(1.0,4.2) 0.039 0.014 0.014 1.2 (0.26, 5.6) 0.82 0.040 0.019 2.7(1.2,6.1) 0.021
Larynx
TAA 051 050 1.0 0.33  0.50 1.0 0.52 0.49 1.0
CGC 0.17 025 0.45 (0.23, 0.86) 0.016 0.056 0.24 0.36 (0.05, 2.37) 0.29 0.19 0.25 0.52 (0.28, 0.97) 0.041
CAC 0.064 0.017 4.8 (1.7, 14) <0.01 <0.01 0.014 — 0.12 0.051 0.019 3.7(1.2,11) 0.020
MSKCC
Bladder
TAA 048 0.55 1.0 0.26  0.56 1.0 0.50 0.54 1.0
CAA  0.13  0.062 3.6 (1.0, 13) 0.045 0.24  0.066 2.0 (0.55,7.5) 0.29 <0.01 <0.01 —
Taixing study®
Stomach
AA 0.51 0.56 1.0 049 051 1.0 0.52 0.60 1.0
GC 0.38 034 1.1 (0.85, 1.5) 0.40 034 037 0.86 (0.56, 1.3)  0.50 0.41 0.31 1.5 (0.99, 2.3) 0.055
GA 0.086 0.070 1.3 (0.74, 2.2) 0.39 0.11  0.078 1.3 (0.64, 2.8) 0.43 0.068 0.062 1.2 (0.51,2.6) 0.72
Liver
AA 0.52 0.56 1.0 047 053 1.0 0.55 0.60 1.0
GC 0.37 033 1.4 (0.98, 1.9) 0.066 040 035 1.4 (0.89, 2.2) 0.14 0.34 0.31 1.3 (0.81, 2.1) 0.29
GA 0.087 0.067 1.6 (0.91, 2.8) 0.11 0.088 0.076 1.1 (0.44, 2.6) 0.88 0.086 0.058 2.3 (1.1,4.8) 0.025

LA study: Lung cancer adjusted for gender, smoking, education, race and age; UADT cancers additionally adjusted for alcohol drinking; MSKCC study: bladder
cancer adjusted for gender, smoking, race, education and age. Taixing study: esophageal cancer adjusted for gender, smoking, age, alcohol drinking and education;
stomach and liver cancers additionally adjusted for helicobacter pylori infection and HBsAg status, respectively.

PHaplotypes in order of 5’3’ (rs709816, rs1061302 and rs1063054).

“Taixing study includes only two SNPs for haplotype analysis because rs709816 was not genotyped.

consistent positive associations across three of the four evaluated
cancer sites, suggesting that either the variant C alleles in rs709816
and rs1063054 have a combined effect in tobacco-related tumorigen-
esis or that there is some other causal allele in LD with the CAC
haplotype. In addition, when stratified by smoking, we found that this
positive association persisted among ever-smokers. Given that the
associations were observed in cancer sites with direct contact to
smoke inhalation (such as the oral cavity and lung), the CAC haplo-
type may be involved in field cancerization (48).

To our knowledge, these two SNPs have rarely been investigated in
smoking-related cancers (14). We are aware of one study investigating
NBSI haplotypes (rs1063045 and rs1805794, which are in LD with
rs1061302) in lung cancer, in which the investigators found a positive
association between lung cancer and the haplotype with recessive
allele variants A and G (16). While it is still possible these findings
are in error given the rarity of the haplotype, the CAC haplotype
should be evaluated in studies with larger sample sizes and additional
cancer sites, such as the esophagus, stomach and liver. The potential
effect modification from smoking should be examined as well.

The potential functionality of rs709816 and rs1063054 remains
unclear. However, the microRNA Target Site (PolymiRTS) database
designates rs2735383, which is in LD (+2 > 0.99) with rs1063054, as
one of the most probable targets for microRNA, miR-499 (49,50),
offering the possibility that alleles at this locus may influence NBS1
gene regulation.

SNP rs1061302 was associated with cancers of the lung, larynx and
liver in our study. Two NBS1 SNPs not included in our study, rs1805794
and rs1063045, were previously examined in relation to smoking-related

cancers (14-20,22-24,26-28). LD estimates from the Haploview pro-
gram (51) using HapMap data of the Centre d’Etude du Polymorphisme
Humain (CEPH) population (52) showed that both of these SNPs are in
high LD (2 > 0.99) with each other and with rs1061302. A recent meta-
analysis of four bladder cancer studies reported that the variant allele of
rs1805794 was positively associated with bladder cancer (OR = 1.15;
95% CI: 1.01, 1.31) (53). A meta-analysis of three lung cancer studies
detected no association with this cancer site (OR = 0.98; 95% CI: 0.51,
1.89) (53). Since rs1805794 is in high LD with rs1061302, we expected
to find similar results in our study. For bladder cancer, our point esti-
mates for heterozygote and homozygote variant allele carriers of
rs1061302 were in the positive direction but the Cls included the null.
Similar positive associations were seen for smokers and non-smokers.
The large CIs may be due to small sample size.

Interestingly, we found that the association between rs1061302 and
lung cancer differed by smoking status, which may explain why we
observed associations where the previous meta-analysis did not. For
never-smokers, there was a clear dose—response relationship for the
variant allele of rs1061302 and lung cancer. For smokers, rs1061302
heterozygotes showed an inverse relationship with lung cancer.
Thus, it is possible that these smoking-dependent associations were
masked in the previous meta-analysis by combining smokers and
non-smokers. Additionally, our BFDP correction suggests that the
observed rs1061302 association in smokers and non-smokers were
probably not due to false discoveries (supplementary Table II is avail-
able at Carcinogenesis Online).

There are no published reports between rs1061302 and laryngeal or
liver cancer. We observed that rs1061302 was inversely associated
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with laryngeal cancer and positively associated with liver cancer. The
different direction of associations may reflect modification by major
risk factors. Hepatitis infections are the primary risk factors for liver
cancer (54), whereas alcohol and smoking are considered risk factors
for laryngeal and liver cancers (55). To date, however, alcohol has not
been established as a known risk factor for lung cancer (56).

The associations between NBSI polymorphisms and smoking-
related cancers may be modified by smoking status, suggesting dif-
ferent tumorigenic pathways among smokers and never-smokers (57).
Our interaction analyses (Table III) support the idea that smoking
status modifies the rate ratio for the associations for rs1061302 and
rs709816 with lung cancer and for rs1063054 with stomach cancer.
A study among a cohort of smokers found that rs6998169 was in-
versely associated with gene methylation (58). Although our SNPs do
not appear to be in LD with rs6998169, these findings suggest that
genetic variation in NBS1 among smokers may alter the development
of lung cancer by decreasing DNA methylation.

The NBS1 protein has three known functional regions: N-terminus
(a.a. position 1-196), central region (a.a. position 278-343) and
C-terminus (a.a. position 665-693) (59). The C-terminus is the bind-
ing site for the MRN complex (59) and DSBs cannot be detected in the
non-homologous end joining pathway or repaired by the homologous
recombination pathway without this complex (6,7). Given that
rs1061302 codes for a.a. 672 in the C-terminus and that we found
associations between rs1061302 and lung, larynx and liver cancers,
SNPs in LD with rs1061302 or within this region may inadvertently
affect proper binding of the MRN complex and alter its ability to
accurately repair or detect DNA DSBs. Although rs1061302 is a syn-
onymous polymorphism, the altered nucleotide may affect messenger
RNA stability (60,61), splicing (62) or the translation rate (63). Con-
firmation studies are needed to determine the true ‘functional’ SNP.

Our candidate SNP selection approach, which relied heavily on
previously reported SNPs, is a limitation of this study. We may have
missed important genetic variations in NBS1. However, an analysis of
SNP genotype data from the International HapMap project (52) sug-
gests that the SNPs included in our study may be adequate proxies for
the majority of genetic variation in NBS1. We used LDSelect (64,65)
to bin SNPs in the NBS1 gene region (all exons, introns and 2 kb
flanking sequence) that were in high LD (> > 0.80) in the CEPH
population. The rs1061302 SNP captured information on 31 other
SNPs, rs1063054 captured information on 13 additional SNPs and
rs709816 captured information on another 9 SNPs. Thus, of the 63
NBSI SNPs with a minor allele frequency >5% genotyped in
the HapMap project, our three selected SNPs captured information
on ~89% of the SNPs.

The small sample sizes or low participation rates observed for some
of the cancer sites may be a consequence of low survival for many of
these cancers (liver, stomach and esophagus) (66). If NBS! polymor-
phisms are associated with survival, our study findings may be af-
fected by survival bias. To our knowledge, only a breast cancer study
investigated such an hypothesis and found no association among
1s709816, rs1805794, rs1063045 and rs1061302 in breast cancer sur-
vival (P = 0.65, 0.24, 0.53 and 0.40, respectively) (67). Additionally,
the small sample sizes of the Taixing City and MSKCC studies limited
the precision of our estimates and assessment of effect modification
by smoking status. Subsequent studies evaluating SNP function or
potential SNP-SNP interactions between NBSI and other genes in
the non-homologous end joining or homologous recombination path-
way may elucidate potential biological mechanisms.

Ours is the first study that we are aware of to investigate the asso-
ciation between NBS1 SNPs and haplotypes with nine smoking-related
cancers. We had a range of racial/ethnic groups, enabling us to exam-
ine NBS1 SNPs in different populations, and our sample size was fairly
large for lung and UADT cancer sites. We took several precautions to
minimize genotype misclassification and our quality control assess-
ment indicated a high degree of accuracy. We also used the BFDP
correction to account for multiple comparisons. Our findings suggest
that NBSI is probably influential in the development of lung, UADT,
stomach, liver and bladder cancers and that smoking status may alter
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the direction of the association. The association of the CAC haplotype
with cancers of the lung, UADT, oropharynx and larynx indicates that
this haplotype or SNPs in LD with this haplotype may alter tobacco
smoking-related DSB repair ability. The role of SNPs that influence
microRNA function or those that code for the C-terminus portion of
NBS1 should be considered and evaluated in future studies.

Supplementary material

Supplementary Tables I-IV can be found at http://carcin
.oxfordjournals.org/
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