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Abstract: Since nucleotide excision repair (NER) is primarily responsible for detecting and removing bulky DNA lesions
induced by tobacco smoke in the respiratory tract, single nucleotide polymorphisms (SNPs) in NER protein-encoding
genes may influence lung cancer risk, particularly in smokers. Studies testing this hypothesis have produced incon-
sistent results, with most analyzing a few SNPs in relatively small population samples. In a study nested in the Beta-
Carotene and Retinol Efficacy Trial, we examined 79 tag and previously reported risk-associated SNPs in the ERCC1,
ERCC2, ERCC3, ERCC4, ERCC5, LIG1, POLE, XPA, and XPC genes in 744 lung cancer cases and 1,477 controls, all of
whom were non-Hispanic white smokers. Using logistic regression, odds ratios (OR) and 95% confidence intervals
(95% CI) were calculated to estimate lung cancer risk associated with SNP genotypes and haplotypes, adjusting for
case-control matching factors. Lung cancer risk was modestly associated with LIG1 rs156640 (OR per G allele, 1.23;
95% Cl, 1.08-1.40), rs156641 (OR per A allele, 1.23; 95% Cl, 1.08-1.40), and rs8100261 (OR per A allele, 0.83; 95%
Cl, 0.76-0.98); XPA rs3176658 (OR per A allele, 0.83; 95% Cl, 0.69-1.00); and ERCC2 rs50871 (OR per C allele,
1.15; 95% CI: 1.01-1.30). Associations with LIG1 and XPA, but not ERCC2, haplotypes were found. The results of this
study and others suggest that inherited variants in LIG1 and possibly other NER genes may predispose to smoking-
related lung cancer. Given that chance likely accounts for one or more of the associations observed, replication of our
findings is needed.
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Introduction tional genetic characteristics likely contribute to
lung cancer development.

Although cigarette smoking is the predominant

risk factor for lung cancer, less than 20% of
lifetime smokers develop the disease [1]. Inher-
ited genetic characteristics are presumed to
account in part for this interindividual variation
in lung cancer susceptibility. Individuals with an
affected relative have an increased incidence of
lung cancer [2], and a shared tendency to
smoke between relatives does not appear to
account for the entire extent of this association
[3]. Genomewide association (GWA) studies
have also consistently identified lung cancer
susceptibility loci at 15924-25.1, 5p15.33, and
6p21.33 [4-11]. However, since few low-
penetrance loci have been discovered using
comprehensive, but not complete scans of
variation within the human genome [12], addi-

Tobacco smoke and other environmental expo-
sures, such as ultraviolet and ionizing radiation,
promote the formation of bulky adducts,
crosslinks, and strand breaks in DNA [1]. Higher
levels of such DNA damage induced by
mutagens, including the tobacco carcinogen
benzo(a)pyrene diol epoxide, have been quanti-
fied in vitro in cultured lymphocytes of persons
with lung cancer, relative to healthy persons [13
-16]. The extent of smoking-induced DNA dam-
age has been further associated with genotypes
of single nucleotide polymorphisms (SNPs) in
multiple DNA repair protein-encoding genes [17,
18]. Therefore, polymorphic variation in DNA
repair genes could conceivably influence lung
cancer risk by modulating DNA repair capacity,
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particularly among cigarette smokers.

Of the major DNA repair pathways, nucleotide
excision repair (NER) is principally responsible
for recognizing and removing bulky chemical
adducts [reviewed in [19-21]]. At least thirty
proteins, including those encoded by the
xeroderma pigmentosum (XP) and excision re-
pair cross-complementing (ERCC) genes, act in
NER to coordinate DNA damage detection, helix
unwinding, lesion excision, gap filling, and
strand ligation. Two NER subpathways exist:
transcription-coupled NER (TC-NER), which re-
moves lesions in actively transcribed DNA, and
global genome NER (GG-NER), which removes
lesions elsewhere in the genome. In TC-NER,
DNA damage is sensed when the RNA poly-
merase |l transcription complex is stalled by a
lesion, signaling recruitment of the Cockayne
syndrome proteins CSA and CSB and other core
NER proteins. In GG-NER, DNA damage is in-
stead recognized by the XPC-HHRAD23B het-
erodimer subcomplex. Thereafter in both sub-
pathways, XPA and replication protein A (RPA)
bind, facilitating damage verification and proper
assembly of a multiprotein repair complex.
ERCC2 (XPD) and ERCC3 (XPB), the two helicase
subunits of transcription factor TFIIH, unwind
the DNA helix to open a ~30 base segment
around the lesion. The endonucleases ERCC5
(XPG) and ERCC1-ERCC4 (ERCC1-XPF) then in-
cise the damaged DNA strand, cleaving 3’ and
5’ to the lesion, respectively. Using the opposing
strand as a template, the resulting gap is filled
by DNA polymerase delta (POLD1) or epsilon
(POLE), alongside the replication proteins RPA,
proliferating cell nuclear antigen (PCNA), and
replication factor C (RFC), and sealed by DNA
ligase | (LIG1).

Studies of single nucleotide polymorphisms
(SNPs) in NER-related genes in relation to lung
cancer risk have not provided consistent re-
sults. The majority of published studies have
evaluated a limited number of SNPs in a few
candidate genes in relatively small populations.
Also, since these SNPs have been primarily se-
lected on the basis of known or putative func-
tion alone, the extent to which variation across
these genes contributes to lung cancer suscep-
tibility has not been fully examined. Based on
meta-analyses, however, the carriage of some
SNPs, including ERCC2 rs13181 (CC versus AA
genotype) and XPA rs1800975 (AA versus GA/
GG genotype), appear to be associated with

increased lung cancer risk [22-25].

In a defined population of non-Hispanic white
smokers, including 744 lung cancer cases and
1477 controls, we conducted a more compre-
hensive evaluation of the hypothesis that germ
line variation in NER-related genes predisposes
to lung cancer. We examined whether tag and
previously reported risk-associated SNPs in the
NER protein-encoding genes ERCC1, ERCC2,
ERCC3, ERCC4, ERCC5, LIG1, POLE, XPA, and
XPC were associated with risk of lung cancer. In
addition, we assessed whether any observed
SNP associations were modified by host charac-
teristics, including age, sex, smoking quantity,
and dietary factors.

Materials and methods
Study population and design

As described previously [26], participants were
selected from the B-Carotene and Retinol Effi-
cacy Trial (CARET), a randomized, double-
blinded, placebo-controlled trial conducted to
assess the safety and efficacy of daily supple-
mentation with 30 mg of pB-carotene plus
25,000 IU of retinyl palmitate in reducing lung
cancer incidence [27-29]. In this trial, 18,314
high-risk individuals were enrolled at six U.S.
study sites from 1985 to 1994. Individuals at
high risk were defined as (a) men and women
aged 50-69 years who were either former (i.e.,
quit within six years prior to enrollment) or cur-
rent smokers with a smoking history of 20+
cigarette pack-years (n=14,254) and (b) men
aged 45-69 years who were either former (i.e.,
quit within fifteen years prior to enroliment) or
current smokers with an occupational history of
asbestos exposure (n=4,060). At the baseline
visit and follow-up visits every two years thereaf-
ter, participants were asked to complete a
structured questionnaire about health risk fac-
tors, including smoking behavior, and a food-
frequency questionnaire about dietary intake in
the prior year. Administration of the intervention
ceased in 1996, after a mean follow-up of four
years, based on interim data analyses showing
higher lung cancer incidence and overall mortal-
ity rates in the intervention versus placebo arm,
but follow-up for lung cancer and other out-
comes continued until 2005.

Eligibility for this nested case-control study of
lung cancer was restricted to CARET partici-
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pants who had provided a blood sample from
1994 to 1997 for genetic research use. Those
diagnosed with primary lung cancer from the
date of blood collection to the end date of
CARET follow-up were selected as cases. Of
those free of lung cancer who had completed at
least one food-frequency questionnaire, two
controls were selected per case by matching on
age (x 4 years), sex, race/ethnicity, enrollment
year (2-year intervals), baseline measures of
smoking status (current or former) and asbes-
tos exposure (yes or no), and duration of follow-
up. Through this process, 793 cases and 1,586
controls were identified for study inclusion.

Tumor histology was not documented in existing
CARET records for all cases. To acquire more
complete data on this measure, cases for whom
tumor histology had not been recorded (or if
deceased, their next-of-kin) were contacted by
mail to request permission for medical record
access. Retrieved records of consenting partici-
pants were systematically abstracted by a medi-
cal oncologist (GEG). Histology information was
additionally acquired through data record link-
ages to the cancer registries of California, Ore-
gon, and Washington, the three states in which
about 85% of all participants resided at the time
of CARET enrollment. Given the high degree of
concordance on histological classification of
tumors (i.e., non-small cell lung cancer (NSCLC),
small cell lung cancer (SCLC)) between data
sources, we elected to use the state cancer reg-
istry records as the primary data source for his-
tology. We used data contained in CARET re-
cords only when registry records were not avail-
able or indicated histology as unknown.

Written informed consent was obtained from all
participants. All study protocols were approved
by the institutional review boards of the Fred
Hutchinson Cancer Research Center (Seattle,
WA) and the five other participating study sites.
Approvals were also obtained from institutional
review boards affiliated with the state cancer
registries to conduct the data record linkages.

SNP selection

Tag and previously reported risk-associated
SNPs were identified to examine common pat-
terns of variation in the ERCC1, ERCC2, ERCC3,
ERCC4, ERCC5, LIG1, POLE, XPA, and XPC gene
regions. As the majority of participants were non
-Hispanic white, tag SNP selection for each gene

region (+ 2.5 kb of the coding sequence) was
based solely on HapMap Phase | and Il Centre
d’Etude du Polymorphism Humain (Utah resi-
dents of northern and western European ances-
try; CEU) data (NCBI build 36, dbSNP build 129).
The IdSelect algorithm [30] was applied to clas-
sify SNPs with a minor allele frequency (MAF) of
> 5% into bins with a pairwise linkage disequilib-
rium (LD) threshold of r2 > 0.8. At least one SNP
per bin was selected, prioritizing on the basis of
SNP function class and predicted genotyping
success. With respect to function class, SNPs
were ranked in the following order from highest
to lowest: non-synonymous SNP; SNP in the 5’
promoter region; SNP in the 3’ untranslated
region, synonymous SNP, intronic SNP in a
splice site; intronic enhancer SNP; and intronic
SNP with no known function. Bioinformatics
tools, including SIFT (http://sift.jcvi.org), Poly-
Doms (http://polydoms.cchms.org/polydoms),
PolyPhen (http://genetics.bwh.harvard.edu/
pph), and FastSNP (http://fastsnp.ibms.
sinica.edu/tw), aided in annotating SNP func-
tion. SNPs with lllumina design scores of > 0.6
were preferentially selected as a means to in-
crease the likelihood of genotyping success.

DNA extraction

For each participant, genomic DNA was ex-
tracted from one 2 ml aliquot of stored whole
blood using the QIAamp DNA Blood Midi Kit
(Qiagen). A second 2 ml aliquot from 84 partici-
pants was processed identically and served as
duplicate samples for quality control purposes.
Eighteen control samples and one duplicate
sample were excluded because of limited DNA
yield.

Genotyping

Using a custom-designed 384-plex GoldenGate
assay (Illumina) and individual pre- or custom-
designed TagMan assays (Applied Biosystems),
DNA from 793 cases, 1,568 controls, and 83
duplicate samples were genotyped for 82 of the
84 SNPs selected. The two omitted SNPs (XPC
rs13099160 and ERCC2 rs1799788) were tag
SNPs with relatively low MAFs in European
populations that could not be included in the
llumina panel. Genotyping was conducted by
laboratory technicians who were blinded to the
case-control status of study samples and the
identity of duplicate samples. Along with sam-
ples for cases and controls, duplicate samples
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were interspersed randomly across genotyping
plates. For TagMan assays, in-house DNA sam-
ples of known genotypes and no-template sam-
ples prepared in an identical fashion were also
tested as positive and negative controls, respec-
tively, on each plate.

Quality control evaluation and data exclusion

Based on the Illumina genotyping results, 10 of
the 2,444 samples were excluded due to geno-
typing failure or gender mismatch error. Of the
69 NER SNPs tested on the Illumina platform,
five SNPs failed completely (LIG1 rs274884,
LIGL rs754848, POLE rs14302, POLE
rs5744751, XPA rs2808676) and one SNP had
< 90% genotyping call success (ERCC1
rs11615). Three of these six poorly performing
SNPs (ERCC1 rs11615, LIG1 rs754848, POLE
rs14302) were re-examined by TagMan assay.
Three individuals originally identified as cases,
who were later determined to have had benign
or carcinoid lung cancer, were additionally ex-
cluded.

Genotype data for 79 SNPs on 787 cases,
1,562 controls, and 82 blind duplicates were
retained. For all 79 SNPs, genotype call success
exceeded 95%, and genotype concordance be-
tween blind duplicates was 100%. Observed
genotype frequencies in non-Hispanic white
study controls did not deviate from those ex-
pected under Hardy-Weinberg equilibrium (p >
0.001 using Fisher’s exact test).

Statistical analysis

To minimize the potential for confounding by
race/ethnicity, analyses were limited to partici-
pants who self-identified as non-Hispanic white
(744 cases, 1,477 controls). With the study
population being predominantly non-Hispanic
white, analyses specific to other race/ethnicity
groups were not conducted. Unless otherwise
specified, analyses were performed using
Stata® 11 (StataCorp).

SNP analysis: To estimate the relative risk of
lung cancer associated with SNP genotype,
odds ratios (OR) and 95% confidence intervals
(95% Cls), adjusted for the case-control match-
ing factors (age, sex, enrollment year, baseline
smoking status, and occupational history of
asbestos exposure), were calculated using logis-
tic regression. To assess trends in risk, SNP

genotype was coded using a three-level ordinal
variable that indicated the number of minor
alleles carried (O, 1, or 2). The reference group
was the most common homozygous genotype
among controls.

Subgroup analyses were conducted to explore
whether the extent of observed SNP associa-
tions with lung cancer differ by specific charac-
teristics, including age at diagnosis
(dichotomized using the median value: < 70, >
70 years), sex (male, female), baseline smoking
status (former, current), number of pack-years
smoked (thirds of distribution among controls: <
40, 40-53, > 54), occupational history of asbes-
tos exposure (yes, no), CARET trial arm assign-
ment (intervention, placebo), tumor histology
(NSCLC, SCLC), and diet. Dietary factors in-
cluded intake level of total fruits, total vegeta-
bles, vitamin C, vitamin E, folate, nitrosamine-
containing foods, total carotenoids, total polyun-
saturated fatty acids, and foods from individual
botanical families (Rosaceae, Rutaceae, Cru-
ciferae, Apiaceae, Cucurbitaceae, Leguminosae,
Chenopidiaceae, Solonaceae). Levels of each
dietary factor were defined by thirds of the in-
take distribution among controls [as reported in
[26]]. To formally test for departure from a
multiplicative relation, p-values for the Wald test
of the cross-product term between SNP geno-
type (coded ordinally) and the exposure of inter-
est (coded ordinally for smoking quantity and
dietary intake level) were calculated.

Haplotype and diplotype analysis: For each
gene region, pairwise LD patterns of genotyped
SNPs were visualized using Haploview, version
4.2 [31]. Gene-specific haplotype analyses, in-
cluding haplotype imputation from genotype
data, were conducted using the haplo.stats
package (http://mayoresearch.mayo.edu/
schaid_lab/software.cfm) in R, version 2.10.1.
Haplotypes were inferred from genotype data
for tag SNPs only. Haplotype frequencies were
estimated using the expectation-maximization
algorithm, and case-control differences in haplo-
type frequencies were assessed using global
test score statistics. To evaluate haplotype as-
sociations with lung cancer risk, ORs and 95%
Cls were estimated for common haplotypes
(frequency > 1%), adjusting for the matching
factors, under an additive model. The most
common haplotype was used as the reference
group. Diplotype analyses were conducted post-
hoc to determine which SNP genotypes in com-
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bination were associated with lung cancer risk.

Gene-level analysis: To address the issue of
chance associations arising from multiple test-
ing of individual SNPs with lung cancer risk, set-
based tests were conducted for each gene us-
ing PLINK version 1.04 [32], with each set com-
prised of up to 5 independent (r2< 0.5), nomi-
nally significant (p < 0.05) SNPs per gene. This
approach controlled for the number of SNPs
and the extent of LD between SNPs in each
gene region, as gene-level association test sta-
tistics were first derived by averaging associa-
tion test statistics of individual SNPs within a
set and then permuted 10,000 times to calcu-
late empirical p-values. Max(T) permutation was
conducted within clusters defined by the match-
ing variables to preserve existing relations of
these variables with case-control status in the
study population. Analyses accounting for the
total number of genes studied were not per-
formed, due to primary interest in examining
variation in genes individually, as opposed to
collectively, in relation to lung cancer.

Results

In terms of baseline characteristics, most par-
ticipants were ages 55 and older, male, and
current smokers (Table 1). Cases were slightly
older and reported a heavier smoking history
than controls.

Of the 79 SNPs successfully genotyped, 69
were tag SNPs and ten were previously reported
risk-associated SNPs. Gene coverage, defined
as the proportion of common SNPs captured
(through LD) for a given gene in the HapMap
Phase | and Il CEU populations by those SNPs
genotyped, ranged from 92% to 100%. Specifi-
cally, coverage of ERCC2, XPA, and XPC was
incomplete, since one tag SNP was not geno-
typed in each of these genes as indicated in the
Materials and methods section.

Modest associations of lung cancer risk were
detected for five tag SNPs in three of the genes
examined (Table 2): ERCC2 rs50871 (OR per C
allele, 1.15; 95% CI, 1.01-1.30, p=0.029); LIG1
rs156640 (OR per G allele, 1.23; 95% Cl, 1.08-
1.40; p=0.001), rs156641 (OR per A allele,
1.23; 95% CI, 1.08-1.40; p=0.002), and
rs8100261 (OR per A allele, 0.86; 95% Cl, 0.76-
0.98; p=0.023); and XPA rs3176658 (OR per A
allele, 0.83; 95% Cl, 0.69-1.00; p=0.055). For

Table 1. Baseline characteristics of non-Hispanic
white study participants, by case-control status

Cases Controls
(n=744) (n=1,477)
Characteristic n % n %
Age, yearsa
<50 11 15 24 1.6
50-54 132 17.7 364 24.6
55-59 201 27.0 376 25.5
60-64 237 31.8 445 30.1
>65 163 219 268 18.1
Sexa
Male 501 67.3 984 66.6
Female 243 32.7 493 334
Smoking statusa
Former smoker 205 27.5 407 27.6
Current smoker 539 72.5 1070 72.4
No. of pack-years smoked
<40 180 24.2 511 34.6
40-53 249 33.5 493 334
>54 315 42.3 473 32.0
Occupational asbestos expo-
surea
Yes 125 16.8 247 16.7
No 619 83.2 1230 83.3
Trial arm assignment
Intervention 403 54.2 775 52.5
Placebo 341 45.8 702 475

aCase-control matching variable

XPA rs3176658, the OR for carriage of the mi-
nor allele (i.e., GA/AA vs. GG genotype) was
0.80 (95% ClI, 0.65-0.99). These risk estimates
remained unchanged after further adjustment
for the number of pack-years smoked at base-
line (data not shown). None of the previously
reported risk-associated SNPs, however, were
associated with lung cancer risk.

Some observed SNP associations differed in
magnitude by sex and prior history of occupa-
tional asbestos exposure (Table 3). The associa-
tion between XPA rs3176658 and lung cancer
risk was more pronounced in women (OR per A
allele, 0.62; 95% Cl, 0.44-0.87) than men (OR
per A allele, 0.95; 95% Cl, 0.76-1.19). With re-
gard to asbestos exposure, the association of
ERCC2 rs50871 with lung cancer risk was
stronger in exposed (OR per C allele, 1.48; 95%
Cl, 1.09-2.01) than unexposed (OR per C allele,
1.09; 95% ClI, 0.95-1.25) persons, while the
associations of LIG1 rs156640 and rs156641
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Table 2. Association of tag and previously reported risk-associated SNPs in nucleotide excision repair genes with lung cancer risk among
non-Hispanic white participants

Major  Minor No. of cases No. of controls
Allele  Allele MAFa
SNP Gene (A1) (A2) A1/A1  AL/A2 A2/A2 A1/A1 A1/A2 A2/A2  ORperA2 (95%Cl)>  p-trend
rs735482 ERCC1 A c 14.3% 564 165 15 1086 360 31 0.90 (0.75-1.08) 0.252
rs3212986 ERCC1 o A 25.5% 418 284 41 829 537 107 0.97 (0.84-1.11) 0.634
rs16979802¢ ERCC1 G ¢ 8.1% 642 99 3 1253 210 14 0.85 (0.67-1.08) 0.192
rs11615 ERCC1 T ¢ 38.3% 289 359 96 585 653 239 0.95 (0.84-1.08) 0.451
rs2298881 ERCC1 C A 10.6% 609 124 11 1183 273 20 0.91(0.74-1.12) 0.379
rs10853773 ERCC2 G A 28.2% 386 304 53 761 594 118 0.98 (0.85-1.12) 0.742
rs13181 ERCC2 A C 37.2% 310 330 102 585 681 207 0.95 (0.83-1.08) 0.437
rs1799787 ERCC2 G A 30.8% 366 304 71 700 639 134 0.97 (0.84-1.11) 0.623
rs238417 ERCC2 G C 40.8% 254 351 136 513 719 242 1.05 (0.92-1.19) 0.449
rs238416 ERCC2 G A 34.7% 307 333 103 628 668 178 1.07 (0.93-1.21) 0.339
rs50872 ERCC2 G A 23.6% 433 261 a7 851 554 71 1.02 (0.88-1.18) 0.813
rs50871 ERCC2 A C 48.2% 166 389 188 400 726 346 1.15 (1.01-1.30) 0.029
rs238404 ERCC2 A G 44.5% 218 354 167 450 727 289 1.08 (0.95-1.23) 0.218
rs1799793 ERCC2 G A 35.5% 326 329 89 610 685 182 0.93 (0.82-1.07) 0.316
rs238406 ERCC2 G T 43.6% 228 357 159 461 745 271 1.07 (0.95-1.22) 0.275
rs3810366 ERCC2 C G 45.4% 245 353 144 431 744 295 0.92 (0.81-1.04) 0.193
rs1803541 ERCC3 G A 4.0% 681 58 4 1355 113 2 1.09 (0.80-1.48) 0.580
rs4150506 ERCC3 G A 22.1% 449 255 37 894 511 71 1.00 (0.86-1.16) 0.995
rs4150471 ERCC3 G A 29.6% 388 293 62 725 623 125 0.93 (0.81-1.07) 0.316
rs4150454 ERCC3 A G 38.8% 259 359 121 555 690 225 1.08 (0.95-1.23) 0.235
rs4150403 ERCC3 G A 8.9% 638 104 2 1223 243 10 0.81 (0.64-1.02) 0.078
rs1799797 ERCC4 T A 26.7% 391 295 58 796 574 107 1.05 (0.92-1.21) 0.461
rs1800067 ERCC4 G A 7.1% 635 101 7 1273 199 5 1.09 (0.86-1.39) 0.465
rs3136166 ERCC4 T G 34.2% 320 340 84 636 672 169 1.00 (0.88-1.14) 0.980
rs1799801¢ ERCC4 A G 28.3% 380 302 60 763 592 121 1.02(0.88-1.17) 0.816
rs2018836¢ ERCC5 G A 31.1% 361 320 62 705 624 147 0.95 (0.83-1.09) 0.444
rs2296147 ERCC5 A G 47.8% 182 385 174 407 723 341 1.07 (0.94-1.21) 0.309
rs7325708 ERCC5 G ¢ 18.3% 497 225 21 985 439 50 0.97 (0.83-1.15) 0.749
rs1047768 ERCC5 G A 41.1% 256 378 108 507 722 245 0.96 (0.84-1.09) 0.498
rs1047769¢ ERCC5 A G 3.8% 694 45 1 1359 111 1 0.80 (0.56-1.14) 0.214
rs2227869 ERCC5 o G 3.9% 680 63 1 1362 110 2 1.15 (0.84-1.59) 0.374
rs3759500 ERCC5 G A 23.0% 445 260 37 879 513 82 0.98 (0.84-1.14) 0.798
rs4150351 ERCC5 A C 17.0% 499 221 22 1016 417 42 1.07 (0.90-1.26) 0.452
rs4150355 ERCC5 G A 37.6% 277 375 90 584 672 219 0.98 (0.86-1.12) 0.819
rs732321¢ ERCC5 A ¢ 3.9% 680 63 1 1364 111 2 1.14 (0.83-1.56) 0.409
rs4150386 ERCC5 A C 12.8% 589 150 5 1120 330 24 0.83 (0.68-1.01) 0.060
rs17655¢ ERCC5 G ¢ 21.2% 454 261 29 919 489 68 1.01(0.87-1.18) 0.856
rs873601 ERCC5 A G 27.1% 392 299 51 783 584 107 1.00 (0.87-1.15) 0.990
rs4150393 ERCC5 A G 11.1% 567 168 6 1166 291 19 1.10 (0.90-1.34) 0.347
rs274883 LIG1 A G 18.1% 523 192 29 996 424 55 0.91 (0.77-1.07) 0.247
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rs3731014 LIG1 G A 12.3% 595 138 11 1139 311 26 0.85 (0.70-1.03) 0.102
rs3731007 LIG1 G A 5.7% 656 86 2 1311 158 5 1.07 (0.82-1.39) 0.630
rs156640 LIG1 C G 41.0% 217 366 157 499 741 233 1.23 (1.08-1.40) 0.001
rs156641 LIG1 G A 35.3% 271 352 121 596 709 164 1.23 (1.08-1.40) 0.002
rs754948 LIG1 C T 4.6% 684 59 1 1345 128 4 0.89 (0.66-1.22) 0.474
rs4987068¢ LIG1 G A 2.1% 699 44 0 1411 63 0 1.40 (0.94-2.08) 0.100
rs3730931¢ LIG1 A G 12.4% 595 137 11 1137 313 26 0.84 (0.69-1.02) 0.081
rs20580 LIG1 C A 47.9% 175 381 184 395 744 334 1.11 (0.98-1.26) 0.111
rs8100261 LIG1 G A 48.3% 227 368 147 396 734 347 0.86 (0.76-0.98) 0.023
rs20579¢ LIG1 G A 13.0% 583 141 18 1126 312 36 0.90 (0.75-1.09) 0.278
rs14302 POLE C T 41.1% 263 336 144 535 668 272 1.04 (0.92-1.17) 0.551
rs5745066 POLE G A 2.1% 709 34 1 1412 63 0 1.11 (0.73-1.68) 0.634
rs7963858 POLE C T 31.8% 340 332 72 690 635 152 1.02 (0.89-1.16) 0.809
rs5744990 POLE G A 16.1% 512 210 22 1039 400 37 1.08 (0.91-1.28) 0.374
rs5744941 POLE A T 8.7% 612 127 5 1230 237 10 1.07 (0.86-1.33) 0.564
rs5744857 POLE G A 44.9% 246 362 143 448 723 299 0.92 (0.81-1.05) 0.211
rs5744807 POLE A G 4.1% 691 50 2 1356 116 2 0.88 (0.64-1.23) 0.463
rs5744799¢ POLE A T 1.7% 726 18 0 1427 49 0 0.74 (0.43-1.29) 0.287
rs5744769 POLE C G 13.7% 551 181 12 1098 354 25 1.00 (0.83-1.20) 0.991
rs5744761 POLE G A 4.5% 676 66 1 1345 129 2 1.01(0.75-1.37) 0.921
rs11147005 POLE A G 31.1% 375 300 66 703 627 145 0.91 (0.80-1.05) 0.189
rs3176757 XPA G A 19.8% 473 239 32 944 479 52 1.04 (0.89-1.22) 0.610
rs3176748 XPA A G 31.5% 335 332 63 679 620 145 0.99 (0.86-1.14) 0.898
rs2808667 XPA G A 6.6% 657 83 1 1282 178 8 0.85 (0.65-1.10) 0.220
rs2805835 XPA G C 11.3% 597 141 5 1159 301 17 0.89 (0.73-1.10) 0.290
rs3176689 XPA A T 16.8% 518 203 23 1024 409 43 0.99 (0.84-1.17) 0.902
rs3176683 XPA A G 6.7% 662 77 1 1284 185 7 0.77 (0.59-1.01) 0.056
rs3176658 XPA G A 13.9% 581 148 14 1094 348 31 0.83 (0.69-1.00) 0.055
rs3176633 XPA C G 15.0% 552 173 19 1064 384 29 0.94 (0.79-1.13) 0.511
rs1800975 XPA G A 33.8% 320 326 71 622 621 166 0.95 (0.83-1.09) 0.452
rs1126547 XPC G C 13.3% 551 184 9 1105 351 21 1.02 (0.85-1.23) 0.815
rs2228001 XPC A C 39.8% 263 379 100 520 739 218 0.96 (0.85-1.10) 0.594
rs3731124 XPC A C 24.2% 424 276 44 847 545 84 1.00 (0.87-1.16) 0.973
rs2607737 XPC G A 48.5% 177 395 168 381 751 338 1.03 (0.91-1.17) 0.624
rs9653966 XPC A C 8.4% 631 104 9 1236 231 8 0.99 (0.79-1.24) 0.921
rs1124303 XPC T G 8.0% 626 114 4 1252 214 11 1.02 (0.81-1.28) 0.848
rs3731143 XPC A G 6.1% 648 91 5 1307 161 9 1.14 (0.89-1.46) 0.295
rs2228000 XPC G A 25.1% 401 299 43 822 566 87 1.06 (0.91-1.22) 0.451
rs2733537 XPC A G 33.4% 320 337 84 638 684 150 1.05 (0.91-1.20) 0.515

aMinor allele frequency among controls; b Adjusted for age, sex, smoking status, occupational asbestos exposure, and enroliment year; ¢ non-tag SNP
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Table 3. Subgroup-specific odds ratios (OR) and 95% confidence intervals (95% Cl) for lung cancer risk associated with selected SNPs in non-Hispanic white study participants

Characteristic
Subgroup

ERCC2 rs50871

OR percaliete (95% Cl)2

LIG1 rs156640

OR per G allele (95% Cl)2

LIG1 rs156641

OR perAaliele (95% Cl)a

LIG1 rs8100261

OR perAaliele (95% Cl)a

XPA rs3176658
OR perAaliele (95% Cl)a

Age at diagnosis
<70 years
>70 years
Pinteraction
Sex
Male
Female
Pinteraction
Smoking status
Former Smoker
Current Smoker
Pinteraction
No. of pack-years smoked
<40
40-53
>54
Pinteraction
Occupational asbestos exposure
Yes
No
Pinteraction
Trial arm assignment
Intervention arm
Placebo arm
Pinteraction
Histologic subtype
Non-small cell lung cancer

Small cell lung cancer

1.16 (0.98-1.38)
1.13 (0.94-1.36)
0.80

1.20 (1.03-1.40)
1.06 (0.85-1.32)
0.36

1.03 (0.81-1.32)
1.20 (1.03-1.39)
0.31

1.34 (1.04-1.71)

1.10 (0.88-1.38)

1.05 (0.86-1.28)
0.17

1.48 (1.09-2.01)
1.09 (0.95-1.25)
0.07

1.09 (0.91-1.30)
1.22 (1.01-1.46)
0.38

1.15 (1.00-1.33)
1.16 (0.90-1.49)

1.31 (1.10-1.56)
1.16 (0.96-1.41)
0.36

1.16 (0.99-1.36)
1.39 (1.11-1.74)
0.20

1.07 (0.83-1.37)
1.30 (1.12-1.52)
0.17

1.21 (0.94-1.56)

1.13 (0.91-1.42)

1.31(1.07-1.61)
0.57

0.93 (0.68-1.27)
1.31 (1.13-1.50)
0.05

1.26 (1.06-1.51)
1.21 (1.00-1.45)
0.73

1.18 (1.02-1.37)
1.39 (1.07-1.80)

1.30 (1.08-1.55)
1.16 (0.96-1.41)
0.43

1.18 (1.00-1.39)
1.32 (1.05-1.65)
0.45

1.07 (0.83-1.38)
1.29 (1.11-1.51)
0.20

1.20 (0.93-1.55)

1.24 (0.99-1.55)

1.22 (0.99-1.51)
0.97

0.91 (0.66-1.27)
1.30 (1.13-1.50)
0.06

1.27 (1.06-1.53)
1.17 (0.97-1.42)
0.56

1.19 (1.02-1.38)
1.38 (1.06-1.79)

0.78 (0.65-0.92)
0.97 (0.80-1.17)
0.09

0.89 (0.76-1.04)
0.81 (0.66-1.01)
0.52

0.96 (0.76-1.22)
0.83 (0.71-0.96)
0.29

0.81 (0.63-1.03)

0.83 (0.66-1.04)

0.96 (0.78-1.17)
0.26

0.98 (0.73-1.34)
0.84 (0.73-0.96)
0.32

0.84 (0.71-1.00)
0.88 (0.73-1.06)
0.66

0.89 (0.78-1.03)
0.76 (0.58-0.98)

0.76 (0.58-0.99)
0.91 (0.69-1.18)
0.34

0.95 (0.76-1.19)
0.62 (0.44-0.87)
0.04

0.96 (0.67-1.36)
0.79 (0.63-0.98)
0.35

0.62 (0.42-0.92)

1.06 (0.77-1.46)

0.79 (0.59-1.07)
0.47

0.69 (0.42-1.13)
0.86 (0.70-1.05)
0.44

0.85 (0.66-1.10)
0.81 (0.62-1.08)
0.78

0.80 (0.65-1.00)
0.73 (0.48-1.09)
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Total fruits
<3.5 servings/wk
3.6-8.4 servings/wk
>8.4 servings/wk

Pinteraction

Total vegetables
<8.4 servings/wk

8.5-13.3 servings/wk
>13.3 servings/wk
Pinteraction
CruciferaeP
<1.0 servings/wk
1.1-2.3 servings/wk
>2.3 servings/wk
Pinteraction
Nitrosamine-containing foods
<1.2 servings/wk
1.3-3.6 servings/wk
>3.6 servings/wk
Pinteraction
Total carotenoidse
<6890.4 mcg/d

6890.5-10802.1 mcg/d

>10802.1 mcg/d

Pinteraction

Nucleotide excision repair gene variation and lung cancer

1.06 (0.87-1.30)

1.33 (1.05-1.68)

1.16 (0.92-1.47)
0.53

1.09 (0.87-1.36)

1.14 (0.92-1.43)

1.21 (0.97-1.51)
0.50

1.19 (0.97-1.48)

1.02 (0.81-1.29)

1.25 (1.00-1.57)
0.84

1.13 (0.90-1.44)

0.98 (0.79-1.22)

1.34 (1.08-1.66)
0.26

1.14 (0.91-1.42)

1.24 (0.99-1.54)

1.11 (0.89-1.39)
0.90

1.14 (0.92-1.41)

1.49 (1.18-1.88)

1.09 (0.86-1.37)
0.93

1.07 (0.86-1.34)

1.38 (1.10-1.73)

1.28 (1.02-1.60)
0.26

1.14 (0.91-1.42)

1.57 (1.24-1.99)

1.07 (0.85-1.34)
0.70

1.56 (1.23-1.98)

1.14 (0.91-1.42)

1.11 (0.89-1.39)
0.04

1.41(1.12-1.77)

1.22 (0.97-1.53)

1.10 (0.88-1.38)
0.14

1.13 (0.92-1.40)

1.58 (1.24-2.01)

0.98 (0.77-1.25)
0.54

1.18 (0.93-1.48)

1.21 (0.96-1.52)

1.29 (1.02-1.62)
0.56

1.08 (0.86-1.35)

1.48 (1.16-1.88)

1.16 (0.93-1.46)
0.65

1.43 (1.12-1.82)

1.16 (0.93-1.44)

1.14 (0.91-1.44)
0.18

1.44 (1.14-1.81)

1.21 (0.96-1.53)

1.07 (0.85-1.34)
0.08

0.87 (0.71-1.08)

0.78 (0.62-0.98)

0.96 (0.77-1.21)
0.62

0.92(0.73-1.15)

0.78 (0.63-0.97)

0.88 (0.71-1.10)
0.80

0.97 (0.78-1.20)

0.66 (0.52-0.83)

0.96 (0.77-1.18)
0.99

0.71 (0.57-0.90)

0.93 (0.75-1.16)

0.91 (0.73-1.13)
0.14

0.73 (0.58-0.92)

0.89(0.71-1.11)

0.96 (0.77-1.18)
0.10

0.76 (0.55-1.03)

1.12 (0.80-1.56)

0.71 (0.50-1.01)
0.94

0.97 (0.72-1.32)

0.61 (0.43-0.88)

0.88 (0.63-1.22)
0.56

1.07 (0.79-1.47)

0.75 (0.54-1.05)

0.66 (0.47-0.95)
0.04

0.72 (0.50-1.03)

0.92 (0.68-1.25)

0.82 (0.59-1.15)
0.59

0.80 (0.58-1.11)

1.00 (0.72-1.38)

0.71 (0.51-1.00)
0.60

aAdjusted for case-control matching factors, as appropriate; bPBroccoli, cauliflower, brussel sprouts, cole slaw, cabbage, sauerkraut, mustard greens, turnip
greens, and collards; cAlpha-carotene, beta-carotene, beta-crytoxanthin, lutein, zeaxanthin, and lycopene
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with lung cancer risk were stronger in unex-
posed (OR per G allele, 1.31; 95% Cl, 1.13-
1.50; OR per A allele, 1.30; 95% ClI, 1.13-1.50)
than exposed (OR per G allele, 0.93; 95% Cl,
0.68-1.27; OR per A allele, 0.91; 95% Cl, 0.66-
1.27) persons. Although the observed associa-
tions did not vary appreciably by age at diagno-
sis, smoking history, trial arm assignment, or
histology, associations for the LIG1 and XPA
SNPs were slightly stronger among persons di-
agnosed with lung cancer at earlier than later
ages and among current than former smokers.
For most of the dietary factors examined, the
observed SNP associations varied little accord-
ing to intake level [data not shown]. Monotonic
trends in risk per minor allele were evident only
for XPA rs3176658 by Cruciferae intake, with a
moderately stronger association among persons
with higher intake, and for LIG1 rs156640 and
rs156641 by intake of nitrosamine-containing
foods and all three LIG1 SNPs by intake of total
carotenoids, each with a moderately stronger
association among persons with lower intake.

Haplotype frequencies for LIG1 (global p-
value=0.008) and XPA (global p-value=0.01),
but not ERCC2 (global p-value=0.30), differed
between cases and controls. Relative to the
most common LIG1 haplotype, two LIG1 haplo-
types were associated with increased lung can-
cer risk (Table 4): the second most common
haplotype (OR, 1.22; 95% Cl, 1.06-1.41), which
contained the putative risk-conferring alleles for
rs156640, rs156641, and rs8100261, and the
least common haplotype (OR, 1.88; 95% ClI,
1.13-3.14), which contained the putative risk-
conferring alleles for rs156640 and
rs8100261. In the analysis of LIG1 rs156640,
rs156641, and rs8100261 diplotypes, lung
cancer risk was greatest (OR: 1.69, 95% ClI:
1.24-2.30) for persons carrying the homozygous
minor (versus major) genotypes of rs156640
and rs156641 and homozygous major (versus
minor) genotype of rs8100261 (Table 4). These
three SNPs were moderately correlated with one
another (r2 = 0.50-0.78) among controls. For
XPA, one haplotype, which contained all major
alleles, was associated with elevated lung can-
cer risk (OR, 1.47; 95% Cl, 1.14-1.91), relative
to the most common haplotype, which con-
tained the minor allele for rs3176748 and the
major alleles for the other eight SNPs (Table 4).
Only a suggestive decrease in risk was found for
the two XPA haplotypes containing the minor (A)
allele of rs3176658.
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Gene-level analyses supported an association of
lung cancer risk with LIG1 only. Except for LIG1
(empirical p-value=0.01) and ERCC2 (empirical
p-value=0.18), the empirical p-values for XPA
and the other six genes were essentially 1.00,
since none of the per-allele ORs for individual
SNPs in these genes attained nominal statisti-
cal significance.

Discussion

In this nested case-control study, which was
comprised entirely of former or current smok-
ers, lung cancer risk was modestly associated
with tag SNPs in the ERCC2, LIG1, and XPA
genes. The associations of ERCC2 rs13181 and
XPA rs1800975 SNPs with lung cancer risk
seen in meta-analyses [22-24], however, were
not confirmed. Of the SNP associations de-
tected, some varied in magnitude by sex and
occupational asbestos exposure history, while
none varied appreciably by age at diagnosis,
smoking quantity, and lung cancer histology.
Diet also appeared to exert minimal influence
on genetic susceptibility, given the lack of effect
modification by most of the dietary characteris-
tics studied.

The most robust evidence to support our hy-
pothesis was found for the LIG1 gene:
rs156640 and rs156641, two intronic SNPs of
unknown function located about 645 base pairs
apart, were each associated with a 23% in-
crease in risk per minor allele, and rs8100261,
a predicted intronic enhancer, was associated
with a 14% decrease in risk per minor allele.
Homozygous carriage of the putative risk
(versus non-risk) allele for all three markers
combined was associated with a 69% increase
in lung cancer risk. LIG1 is a key nuclear en-
zyme that maintains genomic integrity by joining
Okazaki fragments during DNA replication and
sealing single-strand breaks in both nucleotide
and base excision repair processes [33-35].
Missense mutations in the human LIG1 gene
result in extreme sensitivity to DNA-damaging
substances, including alkylating agents, ionizing
radiation, and ultraviolet light [36]. In mice, cells
lacking LIG1 display normal DNA repair capac-
ity, but less genome stability [37].

The results of prior studies examining LIG1 vari-
ants in relation to lung cancer risk [38-45] and
ours, although not entirely consistent, point to
LIG1 or another gene at 19913.2-q13.3 as a
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Table 4. Relation of LIG1 haplotypes and diplotypes and XPA haplotypes to lung cancer risk in non-
Hispanic white participants

LIG1 Haplotypes

< ~ -
™ — o o — 0 ©
00 o o] < <t < o I
1) - - © © o) 15 o
< ™ ™ © © < 0 S
~ ~ ~ 0 0 T} o < Cases Controls
9 9 9 v B v 9 B (%) (%) OR (95% Cl)°
A G G C G C C A 43.1 46.3 1.00 (reference)
A G G G A C A G 39.7 35.0 1.22 (1.06-1.41)
G A G C G Cc A G 9.3 10.4 0.95 (0.76-1.18)
G G A G G T C G 3.9 4.4 0.97 (0.70-1.35)
G A G C G (o} A A 1.4 1.8 0.79 (0.47-1.33)
G G A G G Cc C G 1.9 1.1 1.88 (1.13-3.14)
* * * * * * * * 0.7 1.0 0.71 (0.30-1.70)
global p-value = 0.008
LIG1 Diplotypes
Cases Controls
rs156640 rs156641 rs8100261 (n) (n) OR (95% Cl)a
CC GG AA 146 340 1.00 (reference)
CG AG AG 267 523 1.17 (0.92-1.50)
GG AA GG 119 163 1.69 (1.24-2.30)
cc GG AG 61 137 1.00 (0.70-1.44)
CG AG GG 47 118 0.92 (0.62-1.35)
CG GG AG 38 69 1.27 (0.81-1.98)
GG AG GG 35 65 1.24 (0.79-1.96)
Other genotype combinations 25 50 1.14(0.68-1.92)
XPA Haplotypes
~ ) ~ 0 o) ™ © [} To)
19) < © %) 00 o) 0 ™ ~
N ~ © o) © © © © o
© © 0 0 © © © © S
~ ~ o o ~ ~ ~ ~ o
- - o] 19} < < < < Q Cases Controls
2 9 9 9 8 B B B 0¥ (%) (%) OR (95% Cl)°
G G G G A A G C G 31.6 31.7 1.00 (reference)
G A G G T A G C G 16.7 16.7 1.00 (0.83-1.21)
G A G C A A G C G 10.2 11.3 0.92(0.73-1.15)
G A G G A A G C G 9.1 6.3 1.47 (1.14-1.91)
G A G G A A A C A 6.1 7.2 0.86 (0.65-1.13)
G A A G A A A C A 5.7 6.5 0.89 (0.68-1.18)
A A G G A A G C A 6.4 5.0 1.31(0.99-1.75)
A A G G A A G G A 8.6 8.0 1.08 (0.85-1.38)
A A G G A G G G A 5.4 6.7 0.79 (0.60-1.06)
* * * * * * * * * 0.2 0.6 0.97 (0.17-5.68)

global p-value = 0.01

a Adjusted for age, sex, smoking status, occupational asbestos exposure, and enroliment year
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susceptibility locus for lung cancer. Among
these studies, different sets of SNPs have been
analyzed, and all except for one by Hung et al.
[41], in which participants (1,604 cases, 2,053
controls) were enrolled at multiple sites across
Central and Eastern Europe, have included
fewer cases (range: 138-599). Of those examin-
ing rs156640, rs156641, rs8100261, or other
strongly correlated SNPs [40, 42-45], one has
likewise found a ~20% increase in lung cancer
risk per minor allele of rs10500298, a SNP in
perfect LD with rs156641, among Caucasian
smokers with a > 10 pack-year history [45]. Al-
though the other studies did not identify these
individual SNPs as putative risk markers, they
were relatively less powered to detect effects of
low penetrance variants [40, 42-44]. Similar to
others [38, 39, 42, 44], we observed no asso-
ciation between rs20580 and lung cancer risk.
In contrast, we did not find associations with
rs3730931 and rs20579, two correlated SNPs
for which Hung et al. [41] reported a 19% in-
crease in risk per minor allele. In a preceding
study of early onset lung cancer also conducted
in Europe, the heterozygous (versus major ho-
mozygous) genotype for each of these SNPs was
associated with a 73% increase in risk [40].
Among U.S.-based studies, one found no rela-
tion with rs20579 in a multiethnic population
[44], while one found a decreased risk per mi-
nor allele for rs20579 in African Americans, but
not Latinos [43]. In the latter [43], a modest
association with rs439132, a common SNP
present in non-Europeans only, was also de-
tected in African Americans.

All studies that have examined LIG1 haplotypes
have found associations with lung cancer risk,
particularly in smokers, despite using different
SNPs to construct haplotypes [42-44]. In the
most analogous study to ours, Michiels et al.
[42] similarly inferred three common LIG1 hap-
lotypes (although based on 22 SNPs) in a small
population of Caucasian smokers. The haplo-
type frequencies among controls were 45%,
33%, and 15% in their study, compared to 46%,
35%, and 10%, respectively, in ours. However,
these investigators observed a decreased risk
of lung cancer associated with the third most
(versus most) common haplotype, which we did
not, and we observed an increased risk of lung
cancer associated with the second most (versus
most) common haplotype, which they did not.
This discrepancy does not appear to be ex-
plained by differences in the coverage of LIG1
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variation between studies, since the SNPs that
we genotyped tag (at r2 > 0.8) all 22 SNPs that
Michiels et al. included in their haplotype analy-
sis.

In the absence of gene-level associations for
XPA and ERCC2, the SNP and haplotype asso-
ciations observed for these genes are likely to
be spurious. The lack of association for XPA at
the gene level, however, may be partly attrib-
uted to the fact that SNP associations were
evaluated strictly under the additive model in
the set-based tests conducted. At the nominal
level of statistical significance, XPA rs3176658
was associated with lung cancer risk under the
dominant, but not additive, model. The XPA SNP
rs1800975 has been primarily examined in
prior candidate gene studies of lung cancer. In a
meta-analysis of six studies [25], the
rs1800975 AA (versus GA/GG) genotype was
associated with a 26% increased risk of lung
cancer in Caucasians, a relation in the opposite
direction to what we observed. In a pooled
analysis of 2803 lung cancer cases and 3452
controls from three European studies (two were
included in the aforementioned meta-analysis),
no association was evident [46]. Mutations in
the human XPA gene have been shown to inhibit
the interaction of XPA with ERCC1, a critical
event in the NER process [47]. XPA-deficient
mice have also been found to develop lung tu-
mors after benzo(a)pyrene exposure [48]. Taken
together, a closer inspection of the underlying
genetic architecture in the XPA gene region
(chromosome 9¢22.3) in relation to lung cancer
may be warranted.

Our inability to confirm the results of meta-
analyses associating carriage of the ERCC2
rs13181 CC (versus AA) genotype with a ~25%
increased risk of lung cancer in Caucasians [23,
24] may stem from studying primarily long-term,
heavy smokers. Some studies, including the
largest conducted in the U.S., have found a
stronger positive association in never smokers
than ever smokers, along with a possible in-
verse association in heavy smokers [49, 50].
Due to the marked effect of smoking on DNA
damage, the extent to which this non-
synonymous variant affects DNA repair and
thereby lung cancer risk, especially if modest,
may be only apparent when examining never
and light smokers. With regard to ERCC2, we
observed an association between rs50871 and
lung cancer risk, particularly in persons exposed
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to asbestos. This intronic SNP of unknown func-
tion was unrelated to overall lung cancer risk in
a smaller study conducted in China [51].

Among the ~315,000 SNPs analyzed in the ear-
liest GWA studies of lung cancer [4-7] were
some that we examined, including LIG1
rs156641 and ERCC2 rs13181. It should be
noted, however, that by employing a tag SNP
approach, we were able to more extensively
survey common patterns of variation in specific
gene regions and identify possibly novel lung
cancer susceptibility markers in persons of
European ancestry. For example, eleven LIG1
SNPs were genotyped in the present study, with
at least one SNP selected from each of the eight
tag bins identified based on HapMap CEU data.
In comparison, five LIG1 SNPs were genotyped
using the Illumina HumanHap 300 array in
those GWA studies, which capture SNPs in only
four of the bins, excluding the putative risk-
bearing LIG1 SNPs rs156640 and rs8100261.
Although the lllumina HumanHap 300 array
does include one SNP in strong LD with
rs8100261 (r2 = 0.90) that lies outside of LIG1,
none of the commercial genomewide arrays
presently assess rs156640 or its proxies (within
+ 500 kb).

Our study was limited by common constraints
inherent to candidate gene association studies.
Due to the size and composition of our study
population, only SNPs with > 5% MAF in persons
of European ancestry were examined, and SNP
associations, both overall and subgroup-specific
(e.g., by race, smoking and other lifestyle fac-
tors, and histology), may have been missed. In
addition, the associations that we did observe
could be attributed to highly correlated variants,
or alternatively, given the number of SNPs and
subgroups examined, to chance alone. In the
case of LIG1, SNPs in strong LD with rs156640,
rs156641, and rs8100261 appear to cluster
primarily in the 19913.2-q13.3 region where
LIG1 resides. While GWA studies have identified
19q13.2 as a locus associated with smoking
behavior, where two genes encoding for the
nicotine-metabolizing enzymes CYP2A6 and
CYP2B6 lie [52, 53], we did find that associa-
tions between LIG1 SNPs and lung cancer risk
persisted after adjusting for the number of pack
-years smoked. Our results are also suggestive
that individuals carrying the putative risk-
conferring LIG1 genotypes with diets low in ca-
rotenoids might be more susceptible to develop-
ing lung cancer. However, with the unexpected
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finding of some LIG1 associations being more
pronounced in those with lower (rather than
higher) intake of nitrosamine-containing foods,
such indications of diet as a modifying factor
should be interpreted cautiously.

Although subject to a number of caveats, our
results, along with others, suggest that inherited
variation in LIG1 and possibly other NER protein
-encoding genes predispose to lung cancer in
smokers. Further research to validate these
observed associations in large and well-
characterized populations is needed.
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