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Lung adenocarcinoma (LADC) is the most common
histological type of lung cancer and its incidence is increas-
ing worldwide. Genetic polymorphisms, including single
nucleotide polymorphisms (SNPs), underlie inter-individual
differences in cancer susceptibility, and genetic loci for
LADC risk have been identified by genome-wide associa-
tion studies (GWAS) and candidate gene association stu-
dies. Recently, three GWAS of LADC and subsequent
pooled GWAS analyses identified genetic susceptibility
variants on chromosome 15925 (CHRNA), 5p15 (TERT),
3q28 (TP63), 6p21 (BAT3-MSHZ and BTNLZ2), and
179.24 (BPTF). SNPs in TERT and TP63 are associated
with increased risk for LADC in both never-smokers and
smokers, whereas those in CHRNA are associated with
increased risk of lung cancer irrespective of histological
type. However, the risk alleles for CHRNA SNPs are rare in
Asian populations, including Japanese. The association of
5p15 and 3g28 variants with increased risk of LADC was
validated in both European and Asian populations;
however, strength of association with LADC risk seems
different by ethnicity. The association of SNPs in BTNL2
and BPTF with LADC risk was replicated in one study. On
the other hand, significant associations of functional
variants in DNA repair and metabolic genes have not been
reported in lung cancer GWAS. Here, we review previously
reported GWAS and candidate gene analyses and discuss
identified genetic factors for LADC risk, which may be
useful for early detection or prevention of LADC.

Key words: lung adenocarcinoma (LADC), genome-wide
association studies (GWAS), single nucleotide polymor-
phisms (SNPs)

Introduction

Lung cancer is the leading cause of cancer mortality
worldwide (1). According to vital statistics collected in
Japan between 1950 and 2010, high rates of lung cancer
mortality are seen in males in age groups 60-64 or older,
although age-standardized lung cancer mortality rates
have increased in women. Lung cancer mortality and
occurrence rates remain high. Despite advancements in
recent molecular targeted drugs, there are few efficient
therapies for advanced stage lung cancer patients. In
fact, the 5-year survival rate for stage IV lung cancer is
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under 20%, in contrast to 71.4% for stage IA (2). These
results suggest that earlier diagnosis and treatment of
lung cancer would significantly improve clinical out-
comes and reduce mortality.

Tobacco smoking and exposure to tobacco smoke are
a major cause of lung cancer. Tobacco smoking is asso-
ciated with a substantially increased risk of mortality,
accounting for approximately 2 million deaths in adults
aged =45 years old throughout Asia (3). Tobacco cessa-
tion is a very useful tool for prevention of lung cancer.
The different histological types of lung cancer are typi-
cally divided into small cell lung cancer (SCC) and non-
small cell lung cancer, comprising adenocarcinoma
(LADC) and squamous cell carcinoma (SQC) (1). De-
velopment of LADC is less associated with smoking
than SQC and SCC (4), indicating that the mechanisms
of carcinogenesis differ among these types. Although
lung cancer is predominantly caused by tobacco smok-
ing, several genome-wide association studies (GWAS)
have reported that inherited genetic factors (i.e., genetic
polymorphisms) increase the risk of lung cancer (5-13).
Risk variants may result in different magnitudes of lung
cancer risk depending on the population, smoking be-
havior, and histological type. In this review, we summa-
rize previously reported GWASs for lung cancer, partic-
ularly LADC. Further studies of genetic factors will
help clarify disease etiology and identify high risk in-
dividuals for targeted screening and/or prevention.

GWASs of LADC Risk

Previously reported GWAS are summarized in Table
1. Several GWASs report that three chromosomal loci,
15g24-25.1, 5pl5, and 6p2l, are associated with in-
creased risk of lung cancer in European/American
populations (5-7), while loci 3g28, 6p21, and 1724 are
associated with increased risk of LADC in Japanese
and/or Korean populations (10,11). In addition, loci
13g12 and 22q12 are associated with lung cancer risk in
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Table 1. Succeptibility genes for lung cancer risk identified by GWAS
s Strongest Risk allele frequency
Susc]%%ri;lsmhty Reported gene(s) SNP-Risk 0dd ratio P-value Reference
allele CEU JPT HCB
rs4488809-C/ 0.508/ 0.589/  0.478/ -9 1n-26
3q28 TP63 1910937405.C 0636 0478 0722 119131 107°~10 10, 11, 12, 14
1s2736100-G/  0.527/ 0.376/  0.407/ -0 p-d0
5p15.33 TERT 1O853677.C 0420 0262 0.221 1.12-1.41  107"°~10 9, 10, 11, 12, 14
rs31489-C/ 0.607/ 0.866/ 0.814/ -9 _1n-10
5pl5.33 CLPTMIL 1o401681-G 0.566 0657 0721 1.12-1.15  107°~10 7,89
6q22.1 ROS1, DCBLDI1 rs9387478-C 0.496  0.576 0.5 107 14
TRNAA-UGC rs4324798-A  0.088 0 0 107! 9
6p21.32 HLA class II rs2395185-T  0.433  0.372  0.407 1.17 107¢ 14
6p21.32 BTNL2 rs3817963-G  0.345  0.32 0.244 1.18 1071 11
6p21.33 BAT3-MSHS5-APOM rs3117582-C  0.08 0 0 1.22-1.24 107°~10""2 7,8,9
10g25.2 VTIIA rs7086803-A  0.023  0.268  0.279 1.28 158 14
13q12.12 MIPEP 1s753955-G 0.659  0.384  0.43 1.18 107" 12
CHRNA3,CHRNAS, CHRNB4, 1s8034191-C/ 0.419/ 0.014/ 0.047/ 12 qp-st
15925.1 PSMA4, LOC123688 1s1051730-T 0385 0.012 0035 1-29-1.35 10771077 5,6,7,8,9
17q24.2 BPTF rs7216064-A  0.221  0.733  0.64 1.16-1.20  107%~10"" 11, 14
22q12.2 MTMR3 rs36600-A 0.252  0.076  0.105 1.29 10~ 12

Chinese populations (12), and loci 10g25 and 6p21 are
associated with susceptibility to lung cancer in Asian
female never-smokers (14).

The chromosomal 15g24-25.1 region contains ni-
cotinic acetylcholine receptor subunit genes, i.e.,
CHRNA3 (cholinergic receptor, nicotinic, alpha 3) and
CHRNAS5. Their products are expressed in pulmonary
epithelial cells and bind to nicotine, an addictive com-
pound found in tobacco smoke, and nitrosamines,
which are potential lung carcinogens found in tobacco
smoke and certain foods (15,16). In Asians, SNPs in
these genes are associated with lung cancer risk (17,18),
although conflicting results have been reported by differ-
ent investigators (19). Since the frequency of these risk
alleles is much lower in Asian populations than in popu-
lations of FEuropean descent, these results probably
reflect low statistical power of the studies. At least, the
significance of CHRNA risk alleles on lung cancer risk
varies between Asian and European populations. Thus,
GWAS conducted with sample sets of Asian popula-
tions are necessary to fully identify genetic factors
underlying lung adenocarcinoma.

The 5pl15.33 region contains TERT (telomerase
reverse transcriptase) and CLPTMIL (cleft lip and
palate transmembrane protein 1). TERT functions in
telomere replication and maintenance, and promotes
epithelial cell proliferation (20). The risk allele fre-
quency of the TERT SNP, rs2736100, is similar among
various ethnicities, and associations have been detected
in European, American, and Asian populations (Fig.
1A) (8,10-12,19,21,22). A recent meta-analysis inves-
tigating the association of this SNP with susceptibility
to various types of lung cancer, including LADC, SQC,
and SCC, reported that the association with LADC is
stronger than that of SQC or SCC (Fig. 1A) (23).
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Genetic modifiers and/or environmental factors in the
different histological types might have contributed to
the difference. The rs2736100 SNP is also associated
with susceptibility to other types of cancer, including
cancers of the brain, bladder, prostate, uterine cervix,
skin, testes, and chronic lymphocytic leukemia (24,25).
The rs2736100 SNP is located in intron 2 of TERT,
which is a putative region regulating telomere length. It
was previously reported that risk alleles in the TERT
gene may be associated with shorter telomere length in
leukocytes (24). However, rs2736100 SNP, which is as-
sociated with increased risk of glioma, was strongly cor-
related with longer telomere length in the same cell type
(26). A recent GWAS of breast and ovarian cancers in-
dicated that multiple independent variants at the 7ERT
locus were associated with shorter telomere length and
cancer risk (26). Therefore, multiple variants at the
TERT locus may independently affect leukocyte telo-
mere length. To elucidate the functional significance of
TERT SNPs, further studies are warranted.

Interestingly, the CLPTMIL gene located near the
TERT gene. CLPTMIL was identified as a cisplatin
(CDDP) resistance genes. A recent meta-analysis sug-
gested that the association of rs31489, a SNP in the
promoter region of CLPTMIL, with lung cancer risk
was stronger in Caucasians than in Asians (25). Michael
et al. showed that CLPTMIL is required for lung
tumorigenesis in a conditional K-Ras®?? transgenic
mouse model (27). The frequency of KRAS-mutated
LADC was different among Caucasians and Asians.
KRAS is activated by a single amino acid substitution
(codons 12 and 13) in 15-25% of LADC cases in Ameri-
cans and 5-10% of LADC cases in East Asians (28).
The CLPTMIL SNP may be preferentially associated
with increased risk of KRAS-mutated LADC.
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Fig. 1.

Increased lung cancer risk with SNPs identified by GWASs according to population, smoking behavior, and histological type. (A)

1s2736100 (TERT) at 5p15.33. (B) rs10937405 (TP63) at 3q28. (C) 157216064 (BPTF) at 17q24.3. (D) rs3817963 (BTNL2) at 6p21. Frequencies of
risk alleles in each population, as determined by the HapMap project or the International Histocompatibility Working Group, are shown on the

left.

The 3g28 region contains the TP63 gene that encodes
a member of the tumor suppressor TP53 (also known as
p53) gene family, which is involved in development,
differentiation, and the cellular stress (29). The risk
allele frequency of the rs10937405 SNP was similar
among ethnic groups (Fig. 1B). A recent meta-analysis
showed that the rs10937405 SNP might be a risk confer-
ring factor for development of non-small cell carcino-
ma, especially for LADC and of East Asian populations
(30). SNPs associated with increased lung cancer risk
are located in intron 1 of TP63 and the region may have
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a functional role in the regulation of 7P63 gene expres-
sion (10). TP63 expression is induced by DNA damage.
Therefore, inter-individual differences in DNA damage
responses to genotoxic stress due to TP63 SNPs may
contribute to lung cancer susceptibility.

The 17q24.3 region contains the BPTF (bromo-
domain PHD finger transcription factor) gene. BPTF
encodes a chromatin remodeling factor that regulates
transcription via specific recognition of methylated
histone proteins (31). A GWAS performed by us
showed that variants of BPTF were associated with



increased risk of LADC, and that the risk allele fre-
quency of r1s7216064, a SNP located in intron 4 of BPTF
associated with LADC risk, was different in various
ethnic populations (Fig. 1C) (11). One study validated
this association using a population of Asian female
never-smokers (Fig. 1C) (14). Recently, chromatin
remodeling genes have been implicated as tumor sup-
pressors in LADC (32) and in other cancers (33). Im-
portantly, changes in copy number and somatic
mutations in BPTF are present in many types of cancer
(34) (http:/#/www.cbioportal.org/public-portal/). Fur-
ther studies are required to elucidate how BPTF contrib-
utes to LADC susceptibility.

Associations of SNPs in the 6p21 region were identi-
fied in GWAS of European and Asian populations
(7,11,12,14,22). This region contains BAT3 (HLA-B
associated transcript 3) and MSHS (mutS homolog 5).
The BAT3 protein complexes with a histone acetyltran-
sferase, p300, which acetylates histone and p53 proteins
in response to DNA damage, while MSHS5 is involved in
DNA mismatch repair. Variants of BAT3-MSHS5 were
associated with increased lung cancer risk in European
populations, irrespective of histological type; however,
these BAT3-MSHS5 SNPs were not polymorphic in
Asians. In our GWASs, variants of BTNL2 (buty-
rophilin-like 2) and the HLA-DQAI locus, located in
the HLA (human leukocyte antigen)-class II region,
were significantly associated with increased LADC risk
(11,35). Frequency of the BTNL2 SNP is similar among
ethnic groups (Fig. 1D). In addition, association of the
BTNL2 SNP with lung cancer risk was validated in
Asian female never-smokers (14). It is possible that
HLA-class Il gene polymorphisms confer lung cancer
susceptibility causing inter-individual differences in the
immune response against tumor cells. Notably, the 6p21

Table 2. Association of functional polymorphisms

Genetic Polymorphisms in Lung Adenocarcinoma

region is an extremely highly polymorphic region which
contains major histocompatibility complex genes and is
in strong linkage disequilibrium; therefore, the observed
associations might be affected by population structure
(9). Further investigation is warranted to determine
whether and how genotypes in this region contribute to
risk for lung cancer.

Functional Polymorphisms in DNA Repair and
Metabolic Genes

Studies of DNA adduction/damage, including that
produced by tobacco carcinogens and associated repair
processes, have identified various metabolic and DNA
repair genes with functional polymorphisms (26,36-41).
A recent meta-analysis showed that representative SNPs
in TP53 (tumor protein p53), OGGI (8-oxoguanine
DNA glycosylase), CYPIAI (cytochrome P450, family
1, subfamily A, polypeptide 1), and EPHX (epoxide
hydrolase 1, microsomal (xenobiotic)) were associated
with increased lung cancer risk (42-46) (Table 2). For
example, the risk (72Pro) allele of the TP53-Arg72Pro
SNP encodes a protein with weaker apoptotic activity
than that of the 72Arg allele, which enables increased
survival of DNA-damaged cells (47), while the risk
(326Cys) allele of the Ser326Cys SNP in OGG/ encodes
a DNA glycosylase with weaker activity in the repair of
oxidative promutagenic base damage, 8-hydroxygua-
nine, produced by tobacco and other carcinogens than
that of the 326Ser allele (48,49). The risk (462Val) allele
of the Ile462Val SNP of CYPIAI encodes a metabolic
protein with higher activity in bio-activating the major
tobacco procarcinogens, polycyclic aromatic hydrocar-
bons (PAHs), than the 4621le (50). EPHX catalyzes the
hydrolysis of arene, alkene, and aliphatic epoxides from
PAH and aromatic amines. The risk (113His) allele of

in metabolic and DNA repair genes with lung cancer risk

Gene Gene product SNP ID Polymorphism Odd ratio Reference

Metabolic gene

CYP1Al Cytochrome P450 rs1048943 Iled462Val 2.36 36
mEH (EPHX1) Epoxide hydrolase rs1051740 His113Tyr 0.70 36
MPO Myeloperoxidase rs2333227 G-463A 0.71 36
GSTM1 Glutathione-S-transferase —_ Presence/Null 1.18 37
GSTT1 Glutathione-S-transferase — Presence/Null 1.28 36
DNA repair gene 37
XPA Nucleotide excision repair protein rs1800975 G-23A 0.73 37
XPC Nucleotide excision repair protein rs2228001 Lys939GIn 1.30 37
XRCC1 Base excision repair protein 1525487 Arg399Gin 1.34 37
ERCC1 Nucleotide excision repair protein f_:;i?g 48 gx?STéRTéggggg (1).2,,; gg
ERCC2 Nucleotide excision repair protein rs13181 Lys751Glu 1.30 37
ERCC4 Nucleotide excision repair protein rs1800067 Argd15GIn 0.82 38
ERCCS Nucleotide excision repair protein 1817655 Aspl104His 1.23 38
0GG1 Base excision repair protein rs1052133 Ser326Cys 1.24 40
TP53 Transcription factor rs1042522 Arg72Pro 1.20 44
MDM2 Ubiquitine ligase 152279744 T309G 1.27 41
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the His113Tyr SNP of EPHX leads to decreased enzyme
activity. However, associations of these functional poly-
morphisms have never been reported in previous
GWAS:s as a result of the lack of probes targeting these
SNPs in commercially available DNA chips. To validate
this association of these SNPs in this review, authors
performed a case-control study using imputed geno-
types consisted of Japanese LADC patients and non-
cancerous control subjects. Notably, the rs1051740 SNP
of EPHX was associated with increased risk of LADC
(allelic odds ratio=0.91, P value=0.036); however, no
other SNPs show associations with increased risk for
LADC.

Limitations and Applications of GWASs

Genetic factors affecting lung cancer risk have been
identified using GWAS and other association studies.
The results indicate that risk variants confer different
magnitudes of risk in different populations for a variety
of reasons, including differences in allele frequency and
the genetic and environmental backgrounds that inter-
act with each variant. In addition, it is important to find
out rare variants with large effects on the risk of lung
cancer. Wang et al. performed imputation using the
1000 Genomes resource and conducted a meta-GWAS
that consisted of 21,594 European lung cancer cases and
54,156 controls (51). In this study, variants of BRCA2
(p.Lys3326X: r1s11571833, odds ratio=2.47) and
CHEK?2 (p.llel57Thr: rs13314271, odds ratio=0.38)
were significantly associated with increased risk of SQC.
These results indicate that the imputation strategy can
identify rare disease-causing variants with large effects
on lung cancer risk from existing GWAS data. Such an
analysis should be done also in Asian population. Our
studies and other collaborators using larger numbers of
subjects in international and/or pan-Japan consorti-
ums, such as ILCCO (International Lung Cancer Con-
sortium) and FLCCA (Female Lung Cancer Con-
sortium in Asia) and JLCS (Japanese Lung Cancer
Collaborative Study), are promising.

GWASs focusing on specific types of lung cancer
would also be worthwhile, because some genetic factors
might be specifically associated with increased risk of a
specific type of lung cancer, such as SCC, lung cancers
in female never-smokers, or lung cancers with defined
gene mutations. LADC develops via several carcinogen-
ic pathways defined by oncogenic driver mutations in
EGFR, KRAS, HER2, ALK, and RET, and ctiological
factors are thought to be different among these path-
ways (1,52,53). Understanding the remaining genetic
factors will help clarify disease etiology and identify
high risk individuals for targeted screening and/or
prevention.
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