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Lung cancer is the leading cause of cancer mortality worldwide.
There have been only slight improvements in early diagnosis and
survival, reflecting limited advances in screening and treatment for
lung cancer. The identification of host differences in susceptibility
to lung carcinogens, in particular to cigarette smoke, is essential in
predicting who is at highest risk. Susceptibility differences in the
form of rare, high-penetrance genes are suggested from studies of
familial aggregation of lung cancer and a linkage study. Studies
focused on more common, low-penetrance genes in the tobacco
smoke metabolism pathways (phase I and phase II enzymes) and
DNA repair pathways are reviewed, as are inflammation and cell
cycle-related genes and DNA adducts as intermediate biomarkers.
Also reviewed are studies of epigenetic mechanisms, such as meth-
ylation, as alternative sources of variation in host susceptibility.
Studies of molecular epidemiology in lung cancer survival are dis-
cussed briefly. In the future, studies that focus on complex inter-
actions between multiple genes and environmental exposures
within pertinent pathways areneeded.New technological advances
in genotyping will help move the field forward.

Introduction

Lung cancer is the leading cause of cancer mortality worldwide. In
the USA in 2006, an estimated 174 470 new lung cancer diagnoses
and 162 460 deaths will occur (1). Whereas men have seen declines in
incidence and mortality beginning in the mid-1990s, in women,
incidence rates have only recently leveled off and mortality rates
continue to increase (2). Survival after a lung cancer diagnosis has
changed little, with overall 5-year relative survival increasing only
slightly from 12.4% for 1974–1976 diagnoses to 15.0% for 1996–
2002 diagnoses (1). This slight improvement in survival reflects lim-
ited advances in screening and treatment for lung cancer.

Although cancers of the lung have proven difficult to diagnose
early and treat successfully, the cause of most of these cancers is well
known. Epidemiologic studies have demonstrated that cigarette smok-
ing is the major risk factor in the development of lung cancer (3), with
a striking dose-response relationship (4). It is estimated that 80–90%
of lung cancer incidence can be attributed to cigarette smoking (5).
Even with the high attributable risks due to cigarette smoke exposure,
only 10–15% of all smokers develop lung cancer (6), suggesting that
there are host differences in susceptibility to lung carcinogens. Pre-
dicting which smokers are at highest risk would focus screening and
chemoprevention studies and offer insights into biologic mechanisms.

Technologic advances over the last 20 years have allowed for the
investigation of the molecular mechanisms underlying susceptibility
to lung cancer and provided the necessary tools for molecular epide-
miology studies. Susceptibility differences may be inherited in the
form of low-frequency, high-penetrance genes or high-frequency,
low-penetrance genes or may be acquired through epigenetic mecha-
nisms such as methylation, with likely genetic heterogeneity. The goal
of this review is to summarize the molecular epidemiology of lung
cancer, focusing on larger studies (including pooled and meta-analyses)
and new areas of research on inherited and acquired susceptibility and
complex interactions between multiple genes and environmental ex-
posures within pertinent pathways. Studies of the molecular epidemi-
ology of lung cancer survival are discussed briefly.

High-penetrance, low-frequency genes

Many lines of evidence support a hereditary influence on risk of lung
and other smoking-related cancers. Familial aggregation is a hallmark
for inherited susceptibility, particularly when familial clustering of
shared environmental factors, such as smoking, can be ruled out. Over
the last 40 years, studies with increasingly sophisticated designs and
analytic approaches have consistently demonstrated familial aggrega-
tion, even after adjusting for family smoking patterns (7–12). A recent
meta-analysis including 32 studies revealed an �2-fold increased risk
of lung cancer in individuals with a family history [case–control
studies: odds ratio (OR) 5 1.82, 95% confidence interval (CI) 1.58–
2.10; cohort studies: Relative risk 5 2.01, 95% CI 1.62–2.50] (8). In
the 11 studies that evaluated risk among non-smokers, risk associated
with family history was still elevated (RR 5 1.51, 95% CI 1.11–2.06).
It is well recognized that there are limitations to these studies, the
most important of which are incomplete adjustment for smoking
among relatives and lack of validation of family histories. However,
even with these limitations, the consistency of findings across study
designs and populations lends credence to these results.

Family linkage studies have been used successfully to identify
highly penetrant, low-frequency susceptibility genes for other cancers,
such as BRCA1 and BRCA2 for breast cancer and APC for colorectal
cancer. Bailey-Wilson et al. (13) report the first results of a region on
chromosome 6q23–25 (146cM–164cM) linked to familial lung can-
cer. Multipoint parametric linkage analysis was conducted assuming
an autosomal dominant, low-penetrance model with a susceptibility
allele frequency of 0.01, 10% penetrance in gene carriers and 1%
penetrance in non-carriers. Under this model, a maximum HLOD
(Logarithm of the Odds favoring genetic linkage given Heterogeneity)
of 2.79 on chromosome 6q (155cM) was achieved. In a subset of 23
families with five or more affected relatives in multiple generations,
the HLOD was 4.26, with 94% of these families estimated to be linked
to this region. The 1-HLOD support interval in these 23 families
extended from 146cM to 164cM. Non-parametric tests, which do not
require specification of an underlying inheritance model, supported
the parametric linkage findings. On top of the effect of inheritance,
smoking was associated with a 3-fold increase in lung cancer risk. The
search for a lung cancer gene within this region is ongoing. Only �1%
of lung cancer patients have such extensive family histories (with
three or more affected relatives), but 10–15% have at least one first-
degree relative with the disease and host susceptibility differences
exist regardless of family history, so the search for susceptibility genes
has also focused on genes with minor allele frequencies of .5%.

Low-penetrance, high-frequency genes

Candidate susceptibility genes for lung cancer have been extensively
studied, with most of the work focusing on mechanistically plausible
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variants in genes coding for enzymes involved in the activation, de-
toxification and repair of damage caused by tobacco smoke. Alterations
in these pathways are hypothesized to affect an individual’s processing
of tobacco carcinogens and therefore risk of developing lung cancer. In
addition, genes in inflammatory pathways have been studied.

Carcinogen-metabolizing genes

Some of the most widely studied polymorphic loci are those coding
for phase I and II enzymes involved in the activation and conjugation
of tobacco smoke. Metabolism of polycyclic aromatic hydrocarbons
(PAHs), tobacco-specific nitrosamines and aromatic amines in ciga-
rette smoke occurs via two classes of enzymes: phase I (oxidation/
reduction/hydrolysis) and phase II (conjugation) enzymes. The most
frequently studied phase I and II enzymes include CYP1A1, micro-
somal epoxide hydrolase 1 (mEH/EPHX1), myeloperoxidase (MPO),
NAD(P)H quinone oxidoreductase 1 (NQO1) and the glutathione
S-transferases (GST: M1, P1 and T1), although others have also been
studied. A survey of PubMed (English language, original journal
articles) for the past 10 years uncovered 92 studies of CYP1A1 var-
iants with an average sample size of 120 cases and 200 controls, 103
studies of GSTM1 variants with an average sample size of �230 cases
and 315 controls and between 10 and 20 studies were identified for
CYP1B1, CYP2D6, CYP2E1, NQO1, EPHX1 and MPO. Results from
pooled and meta-analyses are presented in Table I.

CYP1A1 is active in the metabolism of PAHs found in tobacco
smoke. Evidence for an association between CYP1A1 polymorphisms
and risk of lung cancer originally came from studies in Japanese pop-
ulations where variant alleles occur at higher frequencies than in Cau-
casians, with reports of .2-fold increased risk (14). Other studies have
reported conflicting results (15–20). A meta-analysis of 16 studies of
CYP1A1 polymorphisms found no association with lung cancer risk

(MspI: OR5 1.27, 95% CI 0.91–1.77; Ile462Val Val/Val homozygotes:
OR 5 1.62, 95% CI 0.93–2.82) (21). Both a pooled analysis and
a meta-analysis of the CYP1A1 Ile462Val polymorphism were con-
ducted by the Genetic Susceptibility to Environmental Carcinogenesis
(GSEC) consortium (22). The meta-analysis demonstrated no signifi-
cant risk associated with the presence of the Val allele, whereas the
pooled analysis found a significant 55% increased risk in Caucasians
heterozygous at this locus. The effect of the polymorphism was stron-
ger for females than for males, and in never-smokers than in ever-
smokers. In another pooled analysis using data from 22 studies, a sig-
nificant 2.4-fold increase in risk was seen in individuals carrying the
MspI variant (23). In the pooled data, those under the age of 45 dem-
onstrated a 4.7-fold increased risk, but this finding was based on very
small numbers (five cases and four controls) (24). A pooled analysis of
14 studies in non-smokers by GSEC showed a 3-fold increased risk
associated with the Val allele of Ile462Val (95% CI 1.51–5.91), again
based on small numbers, but no effect of the MspI polymorphism (25).
Findings in non-smokers or light smokers are not uncommon in genetic
epidemiology studies of lung cancer and have been interpreted to sug-
gest that in heavy smokers the exposure is so high that subtle changes in
enzyme function based on genotype are masked. Non-smokers have
lower exposures to lung carcinogens in tobacco smoke (primarily
through environmental tobacco smoke exposure) so contributions from
genetic polymorphisms may be stronger in this subpopulation. The
evaluation of risk in non-smokers unfortunately includes small numbers
of individuals. Only one study was identified that evaluated CYP1A1
variants in survival after a lung cancer diagnosis. In this relatively small
study of 232 patients, those carrying at least one copy of the MspI
variant showed decreased survival (26).

GSTs occur in a number of classes and act to conjugate electro-
philic compounds with glutathione. GSTM1 occurs in the null form in

Table I. Risk associated with genetic polymorphisms in phase I and phase II carcinogen-metabolizing enzymes

Author No. of studies
(cases/controls)

OR 95% CI Risk genotype Comments

CYP1A1 MspI and CYP1A1 Ile462Val
Houlstona (21) 16 (total 3473) 1.27 0.91–1.77 MspI homozygous variant No smoking or race data

8 (total 2290) 1.62 0.93–2.82 Ile462Val Val/Val No smoking or race data
Vineis et al.b (23) 22 (2451/3358) 2.36 1.16–4.81 MspI homozygous variant Caucasians, 30 cases/24 controls with risk genotype
Taioli et al.b (24) 21 (261/1452) 4.7 1.2–19.0 MspI homozygous variant Caucasians, �45 years of age, five cases/four controls

with risk genotype
21 (261/1452) 3.3 0.2–44.5 Ile462Val Val/Val Caucasians, �45 years of age, one case/two controls

with risk genotype
Le Marchand et al. (22) 11 (1950/2617) 1.28a 0.94–1.75 Ile462Val Val allele Caucasians

11 (1950/2617) 1.55b 1.11–2.16 Ile462Val Val allele Caucasians
Hung et al.b (25) 14 (302/1631) 2.99 1.51–5.91 Ile462Val Val allele Non-smokers

14 (302/1631) 2.17 1.12–4.12 MspI variant allele Non-smokers
GSTM1

Houlstona (27) 21 (3593/6131) 1.13 1.04–1.25 Null Only two studies had .80% power to detect risk of 1.5
Taioli et al.b (24) 22 (236/1452) 1.1 0.9–1.3 Null Caucasians �45 years of age
Benhamou et al. (147) 43 (7463/10 789) 1.17a 1.07–1.27 Null Lack of homogeneity across all studies

21 (3940/5515) 1.08b 0.98–1.18 Null No differences by smoking status, sex, histology
and ethnicity

Ye et al.a (29) 130 (23 452/30 397) 1.18 1.14–1.23 Null
5 (3436/3897) 1.04 0.95–1.14 Null Larger studies only (.500 cases)

Hung et al.b (25) 14 (302/1631) 1.15 0.86–1.53 Null Non-smokers
MPO (G-463A)

Feyler et al.a (32) 10 (2686/3325) 0.86 0.31–2.32 AA (versus GG) Results influenced by a single large study
Kiyohara et al.a (36) 12 (4285/4656) 0.81 0.64–1.02 AA þ GA (versus GG) Multiple ethnic groups

NQO1 Pro187Ser
Kiyohara et al.a (36) 3 (741/846) 1.12 0.96–1.47 Pro/Ser þ Ser/Ser Caucasians

3 (499/959) 0.70 0.56–0.88 Pro/Ser þ Ser/Ser Japanese
mEH Tyr113His (decreased activity) and His138Arg (increased activity)

Lee et al. (44) 7 (2078/3081)a 1.54 0.77–3.07 High-activity alleles
8 (986/1633)b 1.18 0.92–1.52 High-activity alleles

Kiyohara et al.b (50) 8 (1944/2670) 0.75 0.53–1.07 Low-activity alleles Nine ethnic groups
6 (815/1286) 0.72 0.43–1.22 Low-activity alleles Caucasians

aMeta-analyses.
bPooled analyses.
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�50% of the Caucasian population. One of the first meta-analyses
conducted of GSTM1-null variants (27) showed a modest increase in
lung cancer among carriers of the GSTM1-null genotype (OR 5 1.13,
95% CI 1.04–1.25). A recent pooled analysis in Caucasians ,45 years
of age also found similar, but not statistically significant, results (OR 5
1.1, 95% CI 0.9–1.3) (24). A larger meta-analysis reported that lung
cancer risk increased by 17% in those who were GSTM1 null (95% CI
1.07–1.27) (28). The companion pooled analysis based on 21 studies
reported no significant findings. The most recent and largest meta-
analysis of 130 studies found an 18% increased risk of lung cancer
among individuals with the GSTM1-null genotype (95% CI 1.14–
1.23), but when analyzing data only from the larger studies there
was no association (29). This same group also looked at GSTP1 and
GSTT1 in these 130 studies. For GSTP1 I105V and A114V, there was
no association with lung cancer risk, whereas for the GSTT1-null ge-
notype, risk of lung cancer was modestly increased (OR 5 1.09, 95%
CI 1.02–1.16). However, when only the larger studies with a lower
probability of false-positive findings were evaluated, the GSTT1 as-
sociation became non-significant. Both study size and ethnic back-
ground were important sources of heterogeneity between studies.
Frequencies of variant alleles differ markedly by ethnicity and studies
in populations with lower frequencies of variant alleles may be un-
derpowered to detect risk differences. In addition to conjugating
carcinogens in tobacco smoke, the GSTs catalyze glutathione
conjugation of chemotherapeutic agents and by-products of reactive
oxygen damage, suggesting that genotype might predict survival after
a lung cancer diagnosis. Studies to date have been relatively small.
Two of the largest studies have shown (i) increased risk of death for
men carrying the GSTM1-null genotype, but no associations for
GSTT1 or GSTP1 (30) and (ii) decreased risk of death for late-stage
cases carrying the exon 6, and not the exon 5, variant of GSTP1 (31).
These studies are limited in that complete treatment data, includ-
ing chemotherapy use and other measures of prognosis such as co-
morbidities, were not available.

MPO oxidizes pro-carcinogens and participates in locally mediated
immune response. Individual studies investigating MPO polymor-
phisms have been small but have shown fairly consistent, although
not always statistically significant, reductions in risk of lung cancer
associated with the variant allele of �50% (32–34). The largest study
conducted, however, reported a non-significant OR of 1.15 in Cauca-
sians (35). Ten case–control studies were combined to investigate the
role of the MPO G-463A promoter polymorphism in lung cancer (32).
No association between the AA genotype and lung cancer risk was
found when analyzing all studies together. Twelve case–control stud-
ies were included in a meta-analysis that reported a non-significant
summary OR for the AA genotype of 0.81 (36).

NQO1 can act in both carcinogen activation and detoxification.
Studies that have reported significant associations between NQO1
genotype and lung cancer risk have been based on fairly small sample
sizes and/or subgroup analysis (37–40). In the largest study (40), risk
was increased at lower levels of cigarette consumption and decreased
at higher levels of cigarette consumption, suggesting complex gene–
environment interactions. A recent meta-analysis reported that the
Pro/Ser þ Ser/Ser genotypes were not associated with risk in Cauca-
sians (OR 5 1.12, 95% CI 0.96–1.47) but were associated with re-
duced risk in Japanese (OR 5 0.70, 95% CI 0.56–0.88) (36). Overall,
however, there was significant heterogeneity between studies.

mEH has two roles. It hydrolyzes arenes, alkenes and aliphatic
epoxides, making them less reactive and activates PAHs found in
tobacco smoke into more reactive compounds. Two polymorphisms
have been studied in the gene for mEH (EPHX1). The Tyr113His
polymorphism is associated with decreased enzymatic activity and
His139Arg is associated with increased activity. Studies in lung can-
cer have generally reported that the predicted high-activity genotype
is associated with increased risk (36,41–48). One of the largest studies
(974 cases and 1142 controls) demonstrated a 2-fold increased risk
among non-smokers with the low-activity genotype (95% CI 1.1–3.3)
and 30% decreased risk in smokers of 80 pack-years with the low-
activity genotype (95% CI 0.4–1.0) (49). Given mEH’s role in

detoxification and activation, it is not surprising to see variation
in results based on cigarette smoke exposure. A pooled analysis
demonstrated no significant increased risk associated with these
polymorphisms (44). A second meta-analysis that included both
polymorphisms reported a non-significant summary OR of 0.75 for
low-activity genotypes (50).

Gene–gene combinations/interactions. The results of large studies,
meta-analyses and pooled analyses of candidate gene polymorphisms
do not point conclusively to a single polymorphism in one gene that
substantially alters the risk of lung cancer. The lack of significant
findings that are reproducible across studies has refocused the think-
ing behind these studies and led to studies of multiple genes within
pathways. To accomplish this, larger studies are needed and consortia
have emerged to conduct pooled and meta-analyses. There have been
many attempts to look at multiple genes in a small study setting, but
this review is limited to larger studies (Table II).

The role of combined genotypes at CYP1A1 MspI and Ile462Val,
GSTM1 null, GSTT1 null and NQO1 Pro187Ser was evaluated in
a Swedish population (51). All possible combinations of four genes
were explored with no evidence of gene–gene interactions found;
however, the protective effect of the GSTT1-null genotype for squa-
mous cell carcinoma of the lung reported was limited to those indi-
viduals carrying the CYP1A1�1/�1 genotype (lacking both variants)
(OR 5 0.33, 95% CI 0.10–0.95).

Vineis et al. (52) report an analysis of multiplicative interactions
between phase I and II metabolic enzymes, CYP1A1�2A (MspI),
GSTM1 null and GSTT1 null, utilizing the GSEC collaborative con-
sortium. This study was powered to detect ORs for interactions of
�1.5–3.0 for the various genotype combinations. Individual genotype
analysis showed increased lung cancer risk associated with the
CYP1A1�2A variant (OR 5 2.6, 95% CI 1.2–5.7); however, no statis-
tically significant interactions were evident.

In the work by Raimondi et al. (53), potential interactions between
the phase I and II enzymes CYP1A1 MspI, CYP1A1 Ile462Val,
GSTM1 and GSTT1 were evaluated in non-smokers from GSEC.
Analyses were performed separately for the Caucasians and Asians
to minimize bias from a heterogeneous population with different un-
derlying allele frequencies. A protective effect was found for Cau-
casians with the combination genotype of CYP1A1 non-variants,
GSTM1 null and GSTT1 non-null (for CYP1A1 MspI non-variant/
GSTM1 null/GSTT1 non-null: OR 5 0.34, 95% CI 0.15–0.76) (for
CYP1A1 Ile462Val Ile/Ile/GSTM1 null/GSTT1 non-null: OR 5 0.29,
95% CI 0.13–0.62). Even beginning with a large study population, the
number of individuals carrying one of these protective genotypes was
28 (5.1%) cases for the combination including the CYP1A1 MspI
polymorphism and 29 (5.2%) cases for the combination including
the CYP1A1 Ile462Val.

Larsen et al. (54) reported that individuals carrying two risk alleles
in the carcinogen-metabolizing pathway (MPO G-463A GG and
CYP1A1 Ile462Val Ile/Val þ Val/Val) were at increased risk of lung
cancer in general (OR 5 2.88, 95% CI 1.70–5.00) and adenocarcino-
mas in particular (OR 5 3.72, 95% CI 2.01–6.88) versus those car-
rying the referent alleles (MPO AA/AG and CYP1A1 Ile/Ile). This
was the only significant interaction out of 10 possible two-gene com-
binations for GSTM1, GSTP1, GSTT1, MPO and CYP1A1. This study
included 1103 cases and 627 chronic obstructive pulmonary disease
and healthy smoking controls. The use of smoking controls may not
only result in a conservative estimate of risk but also limit discovery
of susceptibility genes if gene associations are only evident in those
with low exposures.

Gene–gene interactions between MPO and manganese superoxide
dismutase (SOD2) have also been explored in a study by Liu et al.
(55). These enzymes are involved both in the generation and in the
removal of reactive oxygen species, a by-product of inflammation
associated with airway exposure to tobacco smoke, in addition to
MPO’s phase I metabolizing activity. In the subset of females carrying
the MPO G-463A variant genotype (GA or AA), increased risk of lung
cancer was associated with the SOD2 Ala16Val risk genotype (Val/Val
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versus Ala/Ala) (OR 5 3.26, 95% CI 1.55–6.83), whereas males were
not at increased risk. Likewise, the interaction between SOD2 and
MPO genotype was significant in females (P 5 0.049) but not in
males (P 5 0.75). The gender difference was hypothesized to be
related to estrogen action on MPO A promoter activity.

Interactions between variants in genes coding for NAT2 and mEH
in determining lung cancer risk were studied by Zhou et al. (56). Both
these enzymes have dual roles; NAT2 activates certain arylamine
metabolites in cigarette smoke and deactivates aromatic amines,
whereas mEH activates some PAHs and deactivates arene, alkene
and aliphatic epoxides. This study found significant interactions be-
tween the NAT2 variants associated with acetylation levels (rapid or
slow) and mEH variants associated with activity levels (high, low,
very low) and risk of lung cancer. Among non-smokers, a 50% de-
creased risk of lung cancer was seen for the combined NAT2 slow-
metabolizing and mEH high-activity genotype and a 2-fold increased
risk of lung cancer was seen among subjects with 120 pack-years
exposure and NAT2 slow-metabolizing and mEH high-activity geno-
type. This complex relationship between genotypes and smoking fur-
ther illustrates the complicated nature of host susceptibility to lung
cancer.

DNA repair

Individual variability in DNA repair capacity may contribute to in-
herited susceptibility to lung cancer, with individuals who are unable
to repair DNA damage or who do so at a slower rate, accumulating
mutations that may modulate risk. Tobacco smoke contains many
carcinogens and reactive oxygen species that produce DNA adducts,
cross-links, DNA damage and DNA strand breaks requiring repair

through multiple pathways, including the following: base excision
repair (BER), nucleotide excision repair (NER), mismatch repair,
single-strand break and double-strand break mechanisms. Phenotypic
studies of DNA repair capacity have been thoroughly reviewed
in Spitz et al. (57). In these studies, measures of total DNA repair
capacity reflect variation across repair pathways; however, they are
more difficult and costly to conduct than genotyping studies and
usually reflect repair capacity in non-target tissue. Polymorphisms
in genes coding for DNA repair enzymes active in BER (XRCC1,
OGG1), NER (ERCC1, XPD, XPA), double-strand break repair
(XRCC3) and mismatch repair pathways (58,59) have been studied
in relation to lung cancer risk (57,60,61). For example, in the last 10
years, 27 studies of XRCC1 including an average of 385 cases and 533
controls, 18 studies of XPC/ERCC1 including an average of 270 cases
and 380 controls and 27 studies of XPD/ERCC2 including an average
of 308 cases and 395 controls have been published (PubMed, English
language, original journal articles). The largest studies are described
and Table III presents results from pooled and meta-analyses. DNA
repair also plays a role in response to the chemotherapeutic agent
cisplatin and to ionizing radiation. Studies evaluating DNA repair
polymorphisms as predictors of survival will also be discussed.

A meta-analysis performed on 13 studies of XRCC1 found no
association between the Arg194Trp, Arg280His or Arg399Gln var-
iants and lung cancer risk (60). A large European case–control study
(2188 cases and 2198 controls) also reported no association with
XRCC1 and risk of lung cancer overall (62). However, among indi-
viduals with the highest quartile of pack-years exposure, the
Arg194Trp and Arg280His variants were both associated with a reduc-
ed risk of lung cancer (OR 5 0.65, 95% CI 0.46–0.93, and OR 5 0.56,

Table II. Risks associated with multiple risk genotypes

Author Cases/controls OR 95% CI Risk genotype Comments

Phase I and phase I enzyme polymorphisms
Alexandrie et al. (51) 524/530 0.33 0.10–0.95 GSTT1 null and CYP1A1 non-variants Squamous cell only. No gene gene interactions

found when evaluating all possible
combinations of CYP1A1 MspI, CYP1A1
Ile462Val, GSTM1, GSTT1 and NQO1

Vineis et al.a (52) 1361/1247 2.70 0.50–15.30 CYP1A1�2A/GSTM1 null Caucasians
0.10 0.04–2.70 CYP1A1�2A/GSTT1 null Caucasians
1.00 0.60–1.50 GSTM1 null/GSTT1 null Caucasians

Raimondi et al.a (53) 555/2209 0.34 0.15–0.76 CYP1A1 MspI non-variant/GSTM1 null/
GSTT1 non-null

Caucasian, non-smokers

555/2209 0.29 0.13–0.62 CYP1A1 Ile/Ile/GSTM1 null/GSTT1 non-null Caucasian, non-smokers
Larsen et al. (54) 1103/627 2.88 1.70–5.00 MPO GG/CYP1A1 Val allele Non-small-cell lung cancer

3.72 2.10–6.88 MPO GG/CYP1A1 Val allele Adenocarcinoma
Liu et al. (55) 830/1119 3.26 1.55–6.83 MPO A allele/SOD2 Val/Val Females

1.37 0.66–2.86 MPO A allele/SOD2 Val/Val Males
Zhou et al. (56) 1115/1250 0.47 0.27–0.83 NAT2 slow/mEH high Non-smokers

0.30 0.14–0.62 NAT2 rapid/mEH high Non-smokers
1.65 1.07–2.56 NAT2 slow/mEH high 80 pack-year smokers
2.19 1.26–3.81 NAT2 rapid/mEH high 80 pack-year smokers
2.19 1.22–3.95 NAT2 slow/mEH high 120 pack-year smokers
3.42 1.61–7.26 NAT2 rapid/mEH high 120 pack-year smokers

DNA repair polymorphisms
Zhang et al. (71) 1000/1000 1.66 1.09–1.63 ADPRT Ala/Ala/XRCC1 Arg/Arg Chinese, not adjusted for smoking

5.91 2.09–16.72 ADPRT Ala/Ala/XRCC1 Gln/Gln Chinese, not adjusted for smoking
Zhou et al. (63) 1091/1240 5.2 1.7–16.6 Five or six risk alleles: XRCC1 Arg399Gln,

XDP Asp312Asn and Lys751Gln
Caucasians, non-smokers

1091/1240 0.3 0.1–0.8 5 or 6 risk alleles: XRCC1 Arg399Gln, XDP
Asp312Asn and Lys751Gln

Caucasians, heavy smokers

Cell cycle polymorphisms
Zhang et al. (92) 1106/1420 4.56 2.76–7.54 MDM2 G-5 þ 309T GG and TP53 Arg72Pro

Pro/Pro
Chinese

10.41 5.26–20.6 MDM2 G-5 þ 309T GG and TP53 Arg72Pro
Pro/Pro

Chinese, smokers

Schabath et al. (93) 863/852 1.30 1.05–1.61 1–3 p53 þ p73 risk alleles Hospital based
1.778 1.23–2.56 �4 p53 þ p73 risk alleles Hospital based

Zhang et al. (92) 1000/1270 4.18 2.83–6.18 FAS G-1377A AA/FASL T-844C CC Chinese

aMeta-analyses.
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95% CI 0.36–0.86, respectively). A tobacco–gene link was also seen
in a large case–control study (1091 cases and 1240 controls) in the
USA that found an interaction between tobacco use and the XRCC1
Arg299Gln Gln/Gln genotype, with an increased risk of lung cancer in
non-smokers with the variant genotype (OR 5 1.3, 95% CI 1.0–1.8)
and a decreased risk in heavy smokers with the variant genotype (OR 5
0.5, 95% CI 0.3–1.0) (63). XRCC1 polymorphisms may also influence
response to ionizing radiation by altering the capacity to remove DNA
adducts and enhance radiation sensitivity. Yoon et al. (64) report that
progression-free survival is decreased in non-small-cell lung cancer
(NSCLC) cases carrying the variant allele at Arg194Trp and receiving
radiation therapy (Hazard ratio (HR) 5 1.61; P 5 0.034). Haplotypes
other than TGG at the three XRCC1 polymorphisms were associated
with improved progression-free (HR 5 0.32, 95% CI 0.14–0.73) and
overall survival (HR 5 0.20, 95% CI 0.08–0.48).

A meta-analysis examining XPD/ERCC2 found that individuals
with the 751CC genotype were at 20% increased risk of lung cancer
compared with those carrying the 751AA genotype and compared
with individuals carrying the AC þ AA genotypes (65). Comparable
30% increased risk was also associated with the 312AA versus GG
genotype and with the 312A allele (GA þ AA) versus the GG geno-
type. Another meta-analysis of XPD/ERCC2 polymorphisms found
no association with lung cancer risk and the Asp312Asn (G312A) or
the Lys751Gln (A751C) polymorphisms across all studies (66). Sig-
nificant findings were seen when the analysis was limited to those
studies conducted in the USA (Asn/Asn versus Asp/Asp: OR 5 1.43,
95% CI 1.11–1.83; Gln/Gln versus Lys/Lys: OR 5 1.25, 95% CI
1.03–1.52). This variation in findings by geographic region may be
due to differences in variant allele frequencies across populations.
XPD variants may also alter removal of platinum-DNA adducts,
thereby altering sensitivity to platinum-based chemotherapeutic
agents. In a small study of 108 NSCLC patients, Booten et al. (67)
report poorer survival in patients carrying the asparagine 312/gluta-
mine 751 haplotype compared with patients carrying the aspartic acid
312/lysine 751 haplotype. In another study of 109 patients, Ryu et al.
(68) showed no association between XPD polymorphisms and
survival.

OGG1 Ser326Cys was the focus of a meta-analysis including eight
studies. A 24% increased risk of lung cancer in individuals carrying
the OGG1 Cys/Cys genotype compared with the Ser/Ser genotype
was reported (60). A large, multi-center European study including
2188 cases and 2198 controls also reported an increased risk of ade-
nocarcinoma of the lung associated with the OGG1 Cys/Cys versus
Ser/Ser genotype (OR 5 1.66, 95% CI 1.04–2.66) (62). This associ-
ation was not detected for squamous cell carcinomas and did not vary
by smoking status or age at diagnosis, although limited sample size in
some of these strata limit the power to detect such an association.

In a smaller study (343 cases and 413 controls), Zienolddiny et al.
(69) examined a panel of 44 single-nucleotide polymorphisms (SNPs)
in 20 DNA repair genes. Polymorphisms in genes in ERCC1, ERCC2,
ERCC5, XPA, APE1/APEX, OGG1, PCNA, XRCC1, ATR, NSB1,
XRCC2 and XRCC9 were all associated with risk of NSCLC in this
group of smokers. Variation in risk occurred with pack-years of ex-
posure. Functional status was not always known for the SNPs in-
cluded and no analysis of haplotypes or combinations of SNPs was
included in this study.

The NER enzyme ERCC1 removes bulky intra-strand platinum-
DNA adducts formed by platinum-based chemotherapeutic agents. In
a study of 761 patients set within a clinic trial, ERCC1 protein ex-
pression in lung tumors was evaluated (70). Among participants re-
ceiving cisplatin-based adjuvant therapy, survival was improved in
those with ERCC1-negative tumors (HR 5 0.65, 95% CI 0.50–
0.86). Ryu et al. (68) report that the non-variant CC genotype at the
synonymous SNP Asn118Asn is associated with improved survival,
but this study only included 109 patients.

Gene–gene combinations/interactions. Like carcinogen-metaboliz-
ing candidate gene studies, the combined effects of multiple DNA
repair pathway gene polymorphisms have been evaluated (Table II).

Both XRCC1 and adenosine diphosphate ribosyl transferase
(ADPRT) function in the BER pathway. Mechanistically, ADPRT
binds to DNA strand breaks, recruiting other enzymes such as XRCC1
to initiate the BER process. One large hospital-based study in China
(71) found a significant interaction between the ADPRT Val762Ala
and XRCC1 Arg399Gln Gln/Gln genotypes (P 5 0.018), resulting in
a close to 6-fold increased risk in those carrying the ADPRT Ala/Ala
low-activity risk allele and XRCC1 Gln/Gln low-activity risk allele.
The subset of individuals carrying this high-risk genotype, however,
was very small (2.0% of the cases and 0.5% of the controls). These
findings in the Chinese population also may not apply to the US
population, as allele frequencies differ between the two populations;
the ADPRT 762Ala allele frequency is 13.7% for the Han Chinese, 2%
among US Caucasians and 0% among US African Americans; the
XRCC1 Gln/Gln genotype frequency is 8.9% for the Han Chinese
and 11.5% in a Caucasian population (63). In addition, the Zhang
et al. study did not adjust for smoking amounts or pack-year levels
when examining the gene–gene interactions to quantify the burden of
tobacco smoke on low-activity DNA repair variants.

Zhou et al. (63) evaluated genes in the BER and NER DNA repair
pathways in Caucasians to examine the interactions between XRCC1
Arg399Gln, ERCC2 (XPD) Asp312Asn and Lys751Gln genotypes
and cigarette smoking. The XRCC1 Gln/Gln genotype was associated
with a 2.4-fold increased risk of lung cancer among non-smokers, but
showed a protective effect on lung cancer risk among heavy smokers

Table III. Risk associated with genetic polymorphisms in DNA repair enzymes

Author No. of studies
(cases/controls)

OR 95% CI Risk genotype Comments

XRCC1
Hung et al.a (62) 13 (3253/3371) Arg194Trp, Arg280His and Arg399Gln No association of any of these polymorphisms

with lung cancer risk
XPD A751C (Lys751Gln)

Hu et al.a (65) 9 (3725/4152) 1.21 1.02–1.43 751CC versus AA No between-study heterogeneity even with
multiple ethnic groups represented

1.19 1.02–1.40 751CC versus AC þ AA
1.27 1.04–1.56 312AA versus GG
1.32 1.09–1.59 312GA þ AA versus GG

Benhamou et al.a (66) 9 (2886/3085) 1.43 1.11–1.83 312AA versus GG US studies only
1.25 1.03–1.52 751CC versus AA US studies only

OGG1 Ser326Cys
Hung et al.a (62) 8 (3252/3371) 1.24 1.01–1.53 Cys/Cys versus Ser/Ser One study with significant heterogeneity

excluded from analysis

aMeta-analyses.
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(OR 5 0.5, 95% CI 0.3–1.0). The combined effect of polymorphisms
in XRCC1 and ERCC2 was evaluated by grouping individuals into six
categories based on increasing number of risk alleles. Risk of lung
cancer increased with increasing number of risk genotypes among
non-smokers. Risk associated with number of risk genotypes declined
with increasing amount smoked. The percentage of individuals car-
rying six risk alleles was very small (�1.5%, except in non-smoking
cases where it was 4.1%).

Inflammation-related genes

Inflammation has been thought to play a role in carcinogenesis of
a variety of cancers, including lung cancer (72). Chronic inflammation
may be due to infectious agents, such as Helicobacter pylori, hepatitis
C and the Epstein–Barr virus, or the result of other environmental
exposures such as asbestos, silica and tobacco smoke (72). Epidemi-
ological evidence suggests that a prior diagnosis of lung disease
associated with inflammation, including COPD, pneumonia and tu-
berculosis, is a risk factor for later lung cancer development (73,74)
and data from animal models support a link between inflammation
and tumor incidence and growth (75,76). The potential mechanisms
linking chronic inflammation and cancer are diverse and well-des-
cribed by Coussens et al. (72).

Genes involved in the regulation of the inflammatory response are
recent additions to the lung cancer candidate gene literature. The
small body of epidemiologic work in this area has focused on poly-
morphisms in genes that encode interleukins (ILs), matrix metallo-
proteinases (MMPs) and cyclooxygenase-2 (COX2).

ILs are cytokines that are involved in both innate and adaptive
immunity. Polymorphisms in the genes that code a particular IL or
IL receptor may influence immune response and ultimately individual
susceptibility to cancer. Two polymorphisms in the promoter region of
the IL1b gene (T-31C and C-511T) have been associated with in-
creased risk of lung cancer in 251 NSCLC patients and 272 controls
from Norway (-31TT: OR 5 2.4, 95% CI 1.3–4.4; -511CC: OR 5 2.5,
95% CI 1.5–4.6) (77). Further investigation suggests that a tandem
repeat polymorphism in the interleukin-1 receptor antagonist (IL-1Ra)
gene in combination with the IL1b C-31T polymorphism may also
increase susceptibility to lung cancer (78). IL8 T-251A and IL6
G-174C promoter polymorphisms have also been associated with lung
cancer risk in females (-251AA genotype: OR 5 0.2, 95% CI 0.06–
1.0) and squamous cell carcinomas (-174CC genotype: OR 5 2.2,
95% CI 1.10–4.68), respectively (79). These subsets came from
a case–control study including 250 cases and 214 controls and each
stratum includes ,50 individuals. These results have yet to be repli-
cated in other populations and dozens of ILs and other molecules
associated with the inflammatory response remain to be explored.

MMPs are a family of zinc metalloproteases that are responsible
for degradation of the extracellular matrix and thus are thought to play
a role in angiogenesis, cell proliferation and apoptosis (80) involved
in repair during inflammation. Although therapies targeting MMPs
have failed to meet expectations (81), some research suggests that
certain MMPs may be associated with increased risk of lung cancer.
Research by Su et al. (82,83) suggests that polymorphisms in MMP-1
(-1607 1G/2G) and certain haplotypes of functional polymorphisms in
MMP-1, MMP-3 and MMP-12 lead to increased risk of lung cancer in
non-smokers and men. MMP-1 2G/2G genotype was not associated
with lung cancer risk in all individuals (1752 cases and 1363 controls)
as compared with the 1G/1G genotype (OR 5 1.14, 95% CI 0.90–
1.45). When additional MMPs were evaluated and haplotypes in-
cluded, no individual MMP was associated with lung cancer risk
and the number of MMP variant alleles was not associated with lung
cancer risk. An MMP-2 promoter SNP (C-1306T) has been associated
with a 2-fold increase in lung cancer risk (95% CI 1.7–2.8) in a study
of 781 cases and 852 controls (84). The MMP-2 genotype–lung cancer
risk association was stronger as cigarette smoke exposure increased.
These findings need to be confirmed in other populations but suggest
that MMPs are another potentially important candidate pathway in
lung carcinogenesis, with variation in risk by amount smoked. MMPs

may also serve as prognostic markers because of their role in degra-
dation of the extracellular matrix leading to tumor invasion and
metastasis. Heist et al. (85) evaluated SNPs in MMP-12, MMP-1,
MMP-2, and MMP-3 in 382 NSCLC patients with stage 1 disease
who were resected. Overall survival was associated with the MMP-12
1082A/G polymorphism. Individuals carrying the variant allele had
poorer overall survival (HR 5 1.94, 95% CI 1.28–2.97).

A third group of enzymes, COXs, are also involved in the inflam-
matory process. Two COX isoforms have been identified, COX1 and
COX2. COX2 is over-expressed in many tumor types, including lung
cancers, and has been identified as a marker of poor prognosis in non-
small-cell lung cancers (86–88). Additionally, use of non-steroidal
anti-inflammatory drugs, which target COX2, has been shown to be
chemopreventive in lung cancer, particularly among smokers (89). A
small study of 250 lung cancer patients and 214 controls in Norway
described 2-fold and 4-fold increased risk among heterozygotes and
homozygotes carrying the C/T (95% CI 1.25–3.59) and T/T (95% CI
2.44–7.49) genotype in the 3#-untranslated region of the COX2 gene
(79,90). The biological role of this polymorphism remains unclear,
however, inhibiting COX2 via non-steroidal anti-inflammatory drug
therapy is undergoing clinical trials to determine if altering this path-
way may increase survival from lung cancer or decrease its occur-
rence (91). Understanding modulation of the inflammation pathway
will require larger studies focused on multiple genes in this process.

Cell cycle genes

Numerous enzymes play a role in keeping the cell cycle in check,
including p53 (TP53), p73, p15, p16, p21, mouse double minute 2
(MDM2), FAS and FASL. A large Chinese population was the focus
of one study exploring the relationship between two cell cycle genes,
MDM2 and TP53, and risk of lung cancer (Table II) (92). The poly-
morphisms MDM2 G-5 þ 309T and TP53 Arg72Pro were, individu-
ally, associated with lung cancer risk. Additionally, individuals
carrying the MDM2 GG and TP53 Pro/Pro genotypes were at 4.6-fold
increased risk of lung cancer risk (95% CI 2.76–7.54; P for interaction
,0.05). A significant gene–gene-smoking interaction was also pres-
ent; the highest risk occurred among smokers with both MDM2 GG
and TP53 Pro/Pro genotypes (OR 5 10.41, 95% CI 5.26–20.58).

Another study explored the combined effects of p53 (G72C, intron
3 duplication and intron 6 G to A transversion) and p73 (G4C14 to
A4T14) polymorphisms on lung cancer risk (93). The combined p53
and p73 variant alleles were associated with a modest increase in risk
of lung cancer (OR 5 1.13, 95% CI 1.05–1.21), using the combined
number of variant alleles as a continuous variable. With one to three
variants, lung cancer risk increased 30% and with greater than or
equal to four variants the risk increased 78%. Similar trends were
seen among former smokers, among subjects over age 66 and among
men, whereas only greater than or equal to four variant alleles in-
creased risk of lung cancer for current smokers and subjects younger
than age 59.

A large study in the Han Chinese population examined gene–gene
interactions in a pro-apoptotic pathway: the FAS (receptor) and FASL
(ligand) system (94). Zhang et al. found that individually, subjects
with the FAS G-1377A AA or the FASL T-844C CC genotypes were at
increased risk of lung cancer (OR5 1.59, 95% CI 1.21–2.10, and OR5
1.79, 95% CI 1.26–2.52, respectively), whereas those with the com-
bined FAS AA and FASL CC genotype had a 4.18-fold increased risk
(95% CI 2.83–6.18). Their results suggest a multiplicative interaction
between these genes.

The prognostic significance of somatic TP53 mutations and expres-
sion has been studied by many (95–98). Nelson et al. (99) have shown
that the combination of a somatic mutation in PT53 and carrying
a codon 72 proline allele is associated with worse survival outcomes
(HR 5 2.6; P , 0.03).

Genes and intermediate endpoints

DNA adducts. As an intermediate step in the study of genetic poly-
morphisms and risk of lung cancer, the relationship between SNPs
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and DNA adducts has been studied, focusing on polymorphisms
within genes in the metabolic activation/detoxification (GSTM1,
GSTT1, NAT2, CYP1A1, CYP2D6, CYP2E1), tumor suppression
(TP53), inflammation (ILRn, IL1B), and DNA repair (XPD, XRCC1,
XRCC3, hOGG1, hNTH1) pathways. The effects of these genetic
variants have been measured using various indicators of adduct for-
mation, including bulky adduct levels in peripheral lymphocytes, nor-
mal lung tissue, normal nasal mucosa and normal and tumor bronchial
tissue, and also by the level of somatic mutations in the HPRT and
TP53 genes.

Within the metabolic pathway genes studied to date, an indepen-
dent association between GSTM1 genotype and adduct levels has been
observed by several studies (19,100–102). Shields et al. (19) reported
significant associations between the GSTM1-null genotype and both
the presence of detectable PAH-DNA adducts (P 5 0.04) and the level
of PAH-DNA adducts (0.20 fmol/lg in GSTM1 null versus 0.038
fmol/lg in GSTM1 present, P 5 0.02) in 38 lung tissue samples.
Similarly, Kato et al. (99) observed an association between GSTM1-
null genotype and the presence of detectable PAH-DNA adducts in
lung tissue samples from 90 cancer-free autopsy donors; however, this
group did not report PAH-DNA levels by GSTM1 genotype. Results
from Ryberg et al. (100) also suggest higher mean DNA adduct levels
in individuals with a GSTM1-null genotype than in those with
a GSTM1-present genotype (1.5 ± 8.5 versus 9.4 ± 6.0 adducts per
108 nucleotides, P 5 0.088) in 70 lung cancer patients. In contrast,
other studies have not observed an association between GSTM1 ge-
notype and DNA adducts (102–108).

Two studies report an independent association between CYP1A1
variant alleles and adduct levels (102,105); however, most studies
have not provided evidence for an association of CYP1A1 polymor-
phisms with adducts (19,100,106,107,109). Of these negative studies,
all had ,100 subjects included with the exception of the report by
Schoket et al. (108), which found no association between CYP1A1
genotype and adduct level in bronchial tissue in 150 pulmonary sur-
gery patients (126 with lung cancer). A study that included CYP2D6
and CYP2E1 genotypes reported significant differences in lung tissue
mean adduct levels for both loci (P 5 0.01 and P 5 0.05, respectively)
in 90 autopsy donors (100). The GSTP1 AA genotype was associated
with lower DNA adduct level than the AG genotype (P 5 0.01) and
the GG genotype (P 5 0.02) in 70 lung cancer samples in a study
examining this gene (100).

Several gene combinations in the metabolic pathway have been
examined, and significant associations with adduct levels have been
observed for several of these. In two different Swedish populations,
Hou et al. (103,104) reported higher peripheral lymphocyte DNA
adducts in the GSTM1-null/NAT2-slow group as compared with indi-
viduals with the GSTM1-present/NAT2-fast genotype (P 5 0.03). The
second study, which included 185 lung cancer cases and 164 controls
and examined this combination by both case–control status and smok-
ing status, observed an increase in DNA adduct level (from peripheral
lymphocytes) among currently smoking controls with the GSTM1-
null/NAT2-slow genotype compared with individuals with GSTM1-
present/NAT2-rapid genotypes (OR 5 19.3, 95% CI 1.1–338.6), and
an increase in HPRT mutations in ever-smoking cases and controls
with this genotype and lower pack-years of smoking (OR 5 3.7, 95% CI
1.3–10.7). The combination of GSTM1-null and CYP1A1-homozygous
mutant was associated with higher adduct levels (P 5 0.017) in DNA
derived from lung tissue from 20 lung cancer patients and peripheral
lymphocytes from 20 coke oven workers (102). GSTM1 null in com-
bination with GSTP1 AG or GG genotypes has also been associated
with higher lung tissue DNA adduct levels, as compared with all other
GSTM1/GSTP1 genotype combinations (P 5 0.011) by Ryberg et al.
(101) in 70 current-smoking lung cancer patients.

The most commonly studied DNA repair gene in relation to DNA
adducts is XPD. Three studies observed a positive association be-
tween adduct levels in lymphocytes and the XPD 751Gln polymor-
phism in exon 23 (110–112). In a sample of 171 Swedish lung cancer
cases and 146 controls, Hou et al. (110) observed an association
between peripheral lymphocyte adduct level and the number of

XPD 751Gln alleles (P 5 0.005) and statistically significant associ-
ations between the number of 312Asn variant alleles alone (P 5 0.01)
and in combination with the 751Gln polymorphism (P 5 0.02). A
study by Mechanic et al. (113) examined the relationship between
both these XPD polymorphisms and somatic TP53 mutations in 309
lung tumors, but did not observe any associations, either singly or in
combination. Palli et al. (111) reported an association between the
XPD 751Gln allele and peripheral lymphocyte DNA adduct levels
(P 5 0.02); no association between two additional DNA repair genes,
XRCC1 Arg399Gln or XRCC3 Thr241Met, and adduct levels was
observed. Matullo et al. (112) compared high (.median) versus
low peripheral lymphocyte DNA adduct level in 308 healthy partic-
ipants and found that the homozygous XPD 751Gln genotype was
associated with high adduct level, but only in the never-smokers
(OR 5 3.81, 95% CI 1.02–14.16). In this same sample, associations
between having the XRCC1 399Gln allele (never-smokers only) or
XRCC3 241Met allele and higher adduct level were also observed
(P 5 0.007 and P 5 0.04, respectively). Zienolddiny et al. (69) evaluated
a panel of 44 SNPs in 20 different DNA repair genes in relation to
PAH-DNA adducts in normal lung tissue of 211 lung cancer patients.
Greater than the mean number of adducts was seen in individuals
carrying the XRCC1 Arg194Trp variant (P 5 0.015). The XRCC1
Arg280His, XRCC1 Arg399Gln, ERCC1 G8092T, ERCC5 His46His
and MGMT/AGT Lys178Arg variant genotypes were associated with
lower than the mean number of adducts.

One study of inflammatory pathway genes in 209 Norwegian in-
dividuals with lung cancer suggested a possible role of IL1RN in
adduct level, as ILRN�1 carriers had a nearly 2-fold higher level of
DNA adducts in normal lung tissue than non-carriers (P 5 0.057); no
association was observed for IL1B1 mutations (78). The reported
associations between genetic polymorphisms and adduct levels in
lung cancer, however, should be interpreted with caution, as there is
little or no replication of results to date, and most studies have been
small.

Epigenetic events

Although the role of inherited variation in DNA sequence is not yet
fully understood, it is likely to modify susceptibility to lung cancer.
Acquired factors not directly encoded within the DNA sequence may
also play a role. Epigenetic events, such as DNA methylation, histone
deacetylation and phosphorylation, influence DNA expression and
thus may affect carcinogenic potential. Several studies have focused
on associations between epigenetic events and lung cancer risk.
Global hypomethylation may result in genomic instability primarily
through loss of methylation in repetitive genomic regions. Methyla-
tion changes may also occur as a result of disregulation of DNA
methyltransferase I, an enzyme responsible for maintaining methyla-
tion patterns. The most widely studied epigenetic event in relation to
lung cancer is regional hypermethylation. Methylation of CpG islands
in promoter regions acts to silence genes and affects chromosomal
stability. Genes in multiple pathways have been investigated and in-
clude cell cycle genes (p16), apoptosis genes (DAPK and RASSF1A),
cell differentiation and proliferation genes (RAR-b) and DNA repair
genes (MGMT). Paired normal and tumor tissues, tissues from cases
and controls and surrogate biospecimens have been used to study
methylation patterns.

p16 is methylated in �25–41% of NSCLC, RAR-b in 40–43%,
RASSF1A in 30–40%, DAPK in 16–44% and MGMT in 16–27%
(114,115). Methylation of p16 is seen as an early event in the carci-
nogenic process and can be identified in sputum before diagnosis of
lung cancer (116). Variation in methylation status has been associated
with cigarette smoke exposure (117–119). Several excellent reviews
have been published (120–122); therefore, this review will only touch
on studies that report on variation in methylation patterns associated
with candidate susceptibility genes. In addition, varying associations
of p16 methylation with prognosis have been observed. p16 methyl-
ation has been associated with poorer prognosis after a diagnosis of
NSCLC (123), associated with poorer prognosis in combination with
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hypermethylated FHIT (124) and not associated with prognosis
(125,126).

A cross-sectional study of 70 former underground uranium miners
at high risk of lung cancer, but cancer free at the time, examined the
relationship between polymorphisms in XRCC1, GSTM1, GSTP1,
NQO1, and MPO and aberrant methylation of p16 and MGMT in
the sputum (126). MGMT methylation was associated with the GSTP1
Ile/Val or Val/Val genotype (OR 5 4.8, 95% CI 1.2–18.6) and in-
creased MGMT or p16 methylation was associated with the NQO1
CT/CC genotype (OR 5 3.1, 95% CI 1.0–9.2) and the GSTP1 Ile/Val
or Val/Val genotype (OR 5 4.4, 95% CI 1.3–14.2), all adjusted for
ethnicity. Chan et al. (128) evaluated the relationship between lung
cancer susceptibility polymorphisms and aberrant methylation in a se-
ries of 75 lung cancer patients. p16 methylation was more likely in
individuals carrying the MPO G/A or A/A genotype than in those
carrying the G/G genotype (OR 5 3.2, 95% CI 1.20–8.53). The same
was true for those with the XRCC1 CT or TT genotype (OR 5 4.47,
95% CI 1.34–14.93). The probability of RAR-b methylation was in-
creased for those with the XRCC1 CT or TT genotype (OR 5 7.67,
95% CI 1.62–36.18). Methylation patterns at multiple loci, in normal
tissues, lung tumors and surrogate biospecimens, should be charac-
terized to more fully appreciate the epigenetic progression leading to
development of cancer. Although only relatively small studies have
been conducted to date, methylation may serve as an important early
diagnostic and prognostic marker and a reversible target for treatment.

Conclusions and future directions

The aim of profiling the genetic and epigenetic characteristics of an
individual at high risk for lung cancer is ongoing. In spite of hundreds
of candidate gene studies, the specific genes that are responsible for
enhanced risk remain poorly understood. Risks associated with some
of the mechanistically plausible candidates described are still uncer-
tain after a number of population studies and others remain to be
detected. Single-gene studies conducted to date have a number of
limitations, which have contributed to inconclusive results including
small sample size and associated low power to detect moderate risks
when allele frequencies are low. False-positive results are a potential
problem and more likely when initially small data sets are stratified by
age, race, gender and smoking history. Movement towards the de-
velopment of consortia to pool findings across studies and increase
sample size and power will address some of these issues. Several
consortia are in place including GSEC and the International Lung
Cancer Consortium. Although these groups will be able to assemble
large numbers of cases and controls already genotyped at a variety of
SNPs, there will be some limitations including population heteroge-
neity due to significant differences in allelic frequencies between
races, differing case and exposure definitions and differing genotyp-
ing methods. Overall, the GSEC collaboration has organized almost
230 genetic studies to acquire thousands of subjects for gene–gene
interaction analyses (129) and International Lung Cancer Consortium
expects to have 25 000 cases and 25 000 controls represented, allow-
ing for studies of gene–environment and gene–gene interactions, as
well as addressing risk in never-smokers and in those with early onset
disease, and by histologic type. Pooled analyses are more flexible,
allowing for the creation of standard variable and risk genotype def-
initions, adjustment for confounders, analyses by subgroup and eval-
uation of interactions (130). There are also limitations to pooled
analyses. They are subject to population heterogeneity resulting from
variation in allele frequencies across study populations. Genotyping
a series of ancestry informative markers and adjustment for individual
ancestry can be used to reduce this potential bias, but most pooled
analyses will not have these data available. Alternatively, population
heterogeneity may be reduced by limiting pooled analyses to popula-
tions with the same allele frequencies for the genetic variant under
study. The meta-analyses presented also have limitations, most nota-
bly the potential for publication bias due to the low probability that
studies with null results are published resulting in an overestimation
of risk (130). Meta-analyses also are limited to use of estimates that

are obtained after adjustment for different sets of confounders and use
of different statistical methods. Analyses of gene–environment or
gene–gene interactions or stratified analyses are not possible using
this approach. Both pooled and meta-analyses should include a rigor-
ous evaluation of heterogeneity between studies and report with cau-
tion when such heterogeneity exists (131).

With funding support and a willingness of investigators to share
stored DNA, collaborations could move the field forward by carefully
selecting candidate genes and SNPs within those genes for further
study. For the majority of sporadic cancers, the proposed genetic
susceptibility model is one where multiple genes are acting, each
conferring moderate increases in risk. The SNPs that have been stud-
ied so far represent only some of the variation within a gene, may not
be functional and are unlikely to be acting alone. Selection of candi-
date genes within pathways and genotyping at multiple markers
within a gene are approaches that are gaining support. Marker selec-
tion within a gene can be directed at a set of tagSNPs, based on
haplotype structure representing most of the variation within a gene,
and/or can include only those SNPs with known functionality. These
efforts have been greatly facilitated by the HapMap project. The goals
of this project are to optimize SNP selection to identify the minimum
number of SNPs (tagSNPs or tSNPs) representing genetic variation
across a chromosomal region for use in association studies (132).
There are some limitations to use of tagSNPs identified through the
HapMap project (133). TagSNPs were designed with minor allele
frequencies of .5% and were identified in a relatively small number
of samples from four populations (Utah representing northern and
western Europeans, Han Chinese, Japanese and Nigerians) effectively
excluding rare variants and potentially discounting allelic heteroge-
neity. The capture of common genetic variation using the HapMap has
been shown in non-African American samples (134), in Estonians
(133), in the Spanish population (135) and in the Finnish population
(136). There is also the question of whether the HapMap SNPs can
capture variation across untyped SNPs. Tantoso et al. (137) compared
variation captured by HapMap SNPs with that captured by National
Institute of Environmental Health Sciences SNPs, which included
SNPs identified by re-sequencing. The results show that HapMap SNPs
capture �55% of the untyped variants in European and Asian popula-
tions, but only 30% in African populations. Variability in coverage was
related to SNP density. Montpetit et al. (133) suggest that a SNP density
of ,5 kbp, as available in Phase I of the HapMap, may not be optimal
for selection of tagSNPs. The Phase II map will increase SNP density
and improve coverage of tagSNPs. Re-sequencing of candidate genes
to identify rare SNPs and obtain more complete coverage in candidate
regions, therefore, may also be needed. Even with the caveats noted in
SNP selection, the use of new technology to genotype thousands of
candidate SNPs per sample will allow for more complete coverage of
the variation within candidate genes in multiple pathways.

Whole-genome association studies have been suggested as an al-
ternative to the candidate gene approach for the discovery of genes for
complex diseases. Hundreds of thousands of closely spaced SNPs are
used in a genome-wide association study, with priority given to non-
synonymous SNPs. For modest relative risks and where environmen-
tal factors play a role, association studies are more powerful across
a range of genotype frequencies than linkage studies (138). Genotyp-
ing hundreds of thousands of SNPs spanning the genome is now
feasible, but still costly. The whole-genome approach can identify
multiple genes or regions that can then be followed up with specific
candidate gene analyses. The approach will be relevant even if a spe-
cific candidate were already known, as known candidate genes will
probably account for a modest proportion of excess risk overall. The
advantages of this approach include no assumptions as to gene func-
tion or mode of inheritance, families are not needed, common genetic
variants with modest effects can be detected, no variation in allele
frequencies between populations is needed (as is true for admixture
mapping) and the analysis is straightforward. Currently, choice of
SNPs for whole-genome association studies is limited by cost con-
straints and available commercial panels. These panels typically in-
clude tagSNPs selected using the HapMap and non-synonymous
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SNPs that result in amino acid changes. This approach requires ex-
tremely large sample sizes and can be made more efficient by focus-
ing on cases most likely to have a genetic component to risk, i.e. those
with a family history of lung cancer or non-smokers (139). To date, no
such comprehensive, whole-genome association studies for lung can-
cer have been completed.

Admixture mapping provides an alternative to whole-genome as-
sociation studies when risk allele frequencies and disease risk vary by
race/ethnicity (140). This approach depends on the existence of meas-
urable linkage disequilibrium between markers and disease loci and
the extent of linkage disequilibrium present throughout the genome of
a population. Recently admixed populations, such as African Amer-
icans, provide the most power for this type of analysis. Although not
detailed in this review because studies include small sample sizes,
risks in African Americans associated with common candidate sus-
ceptibility genes often are greater than those in Caucasians and may
indicate increased susceptibility in this population (141–143). In ad-
dition, familial aggregation of lung cancer is stronger in African
Americans than in Caucasians (144). Focusing studies of genetic risk
in race/ethnic-specific populations should be considered.

The goal of all these approaches is to identify a set of genetic and/
or molecular predictors of lung cancer risk and prognosis. Translation
of results from these molecular epidemiology studies into use in the
clinical setting for screening, early detection, treatment development
and prevention will require proof of sensitivity, specificity and posi-
tive predictive value. The National Cancer Institute’s Early Detection
Research Network has developed criteria for assessing new molecular
and genetic markers ready for validation studies (145). These criteria
include the evaluation of biologic rationale and strength of hypothe-
ses; strength of design; technical parameters such as reproducibility,
sensitivity and specificity of the assay/genotype; clinical or scientific
impact and practicality. Validation of epidemiologic findings typically
relies on consistency across study populations. Most studies of the
genetic/molecular contributions to risk and prognosis, at the current
state of the science, are directed at understanding mechanisms of lung
carcinogenesis and are unlikely, in isolation, to result in reductions of
lung cancer occurrence in the short term. However, as lung cancer risk
or prognosis profiles are developed, issues related to sensitivity, spec-
ificity and application of the marker panel as a screening tool in the
clinical setting will need to be addressed (146).

There are strengths and limitations to the studies and approaches
described and the ’best’ approach to the identification of genetic and
molecular changes associated with lung cancer risk and prognosis is
unclear. The age of single SNP studies of candidate genes is past.
Where candidate genes have been hypothesized, the use of tagSNPs,
selected both through existing databases and re-sequencing, offers the
most cost-effective approach. Epigenetic alterations within candidate
genes need to be considered as an alternative mechanism of variation.
Given the complexity of the genome and pathways involved in carci-
nogenesis, it is probable that there are pathways yet to be fully char-
acterized. New leads will come through genome-wide association
studies, at great cost, with concern for confidentiality and need for
cooperation across institutions.

Identification of a subset of the population, in particular smokers,
who are at highest risk of developing lung cancer, is important for
many reasons. A high-risk population needs to be defined and used as
the target for screening studies. Without a set of genes identified to
define the highest risk group, family history can be used as a risk
factor, in addition to smoking history and pulmonary function, for
entry into screening trials. A characterized high-risk population, both
in terms of genotype and epigenetic measures, also should be the
target for chemoprevention and treatment trials. The specific genes
associated with high risk will need to be identified more thoroughly to
reach this goal.
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