
Abstract. Global statistics estimate that 15% of all cases
of lung cancer in men and 53% in women are not
attributable to smoking, and these data indicate that
worldwide, approximately 25% of patients with lung cancer
are never smokers. The etiology of lung cancer is disputed.
The present study reviews the genes associated with
susceptibility to lung cancer among never smokers and
suggests possibilities for the involvement of metabolic
syndrome. The environment appears to have changed the
genes susceptible to lung cancer. Classical genes associated
with lung cancer are decreasing and novel emerging genes
may reflect changes in lifestyle. We provide evidence that the
genes associated with susceptibility to lung cancer in never
smokers are very similar to those reported in patients with
metabolic syndrome, and that simply quitting smoking is not
sufficient as the primary means of preventing lung cancer.

The purpose of this article is to review the genes associated
with susceptibility to lung adenocarcinoma among never
smokers, including a description of the mechanism of disease.
Lung cancer is a leading cause of death in both developed and
developing countries. It comprises of two morphological
groups, small-cell lung cancer (SCLC) and non-small cell lung
cancer (NSCLC). NSCLC includes squamous cell lung cancer

(SC) and adenocarcinoma (AC) (1, 2). The increasing
incidence of lung AC in men surpassed the incidence of lung
SC in the 1960s and 1970s in the USA and Europe, and in the
1980s and 1990s in Japan (1, 2). Among never smokers with
lung cancer, over 65% of patients had AC (3). The absolute
numbers of female patients with lung AC were not high
compared to the numbers of male patients with lung AC, but a
high percentage of AC in females was observed (1-8).

Global statistics estimate that 15% of all lung cancer cases
in men and 53% in women are not attributable to smoking,
and these data indicate that worldwide, approximately 25% of
patients with lung cancer are never smokers (4). More never-
smoker patients with lung AC were female, younger and
showed better prognosis (5-8). NSCLC in never smokers is
currently on the rise (7), and there is a question as to whether
it might be a whole different disease altogether (3, 5). 

The reason why AC is increasing remains unknown. The
use of cigarette filters, and air pollution have been pointed-
out as possible reasons (9). Santoro et al. explained that the
proportion of never smokers with lung cancer is expected to
increase in parallel with successful cessation programs (10).
If patients were never smokers, the following exposures have
been considered: second-hand smoke, radon, outdoor air
pollution, cooking oil fumes, coal fumes and asbestos (7, 9,
10). Cessation of smoking is absolutely necessary but by
itself is not sufficient for total prevention of lung cancer,
because obesity, lack of physical activity, heavy alcohol
consumption and consuming food with a high fat content all
lead to metabolic syndrome, which causes a high percentage
of cancer (9, 11). Very recently Mazieres et al. examined 140
women with AC (63 never-smokers and 77 former/current
smokers) and found that the never smokers were
characterized by a higher frequency of lipidic features
(60.3% vs. 37.7%) compared with smokers (12).

The present review analyzes recent work on genes
associated with susceptiblity to lung AC among never
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smokers, and demonstrates that this information on
susceptibility genes suggests the etiology of recent emerging
lung cancer in never smokers. 

Classical Genes Associated with 
Susceptibility to Lung Cancer

Xenobiotic genes. Our previous article (9) showed that genes
related to lung cancer susceptibility had changed over the last
20 years in Japan (all referenced articles are in English with
peer review). The odds ratios (ORs) of the rare alleles of
cytochrome P450 1A1 (CYP1A1)*2A, CYP1A1*2B, and
glutathione S-trannsferase M1 (GSTM1) null-type genes were
investigated by a meta-analysis method. The incidence of lung
cancer comparing “before 2000” with that “after 2001” for the
population with CYP1A1*2A (m2/m2) was much greater than
that with CYP1A1*2A (m1/m1) (averaged OR of 2.493 vs.
0.899, respectively). There were no statistical differences in
ORs between CYP1A1*2B (Val/Val) and CYP1A1*2B (Ile/Ile),
or between GSTM1 null and positive types (9).

A recent report by Lopez-Cima et al. (13) showed that
negative data in the CYP1A1, GSTM1, glutathione S-
trannsferase T1 (GSTT1), glutathione S-trannsferase P1
(GSTP1) metabolic genes with no gene-gene association
between them in 789 cases (SC=313; AC=246) and 789 controls
in northern Spain. However, ethnic differences were not taken
into consideration in this study. The distribution of gene
polymorphism for both CYP1A1*2A and CYP1A1*2B is not the
same in all races. An ethnic difference may be considered due to
the fact that the allelic frequency of CYP1A1*2A (m2/m2) and
CYP1A1*2B (Val/Val) among Caucasians was about 10-fold less
than among Japanese (9). Chen et al. conducted a meta-analysis
of 71 studies (12,815 patients and 17,553 controls; East
Asians=32%, Caucasians=24%, other ethnic origins=24%), and
revealed ORs for lung SC in those with CYP1A1*2A and
CYP1A1*2B of 1.19 and 1.20, respectively, but showed no
association with other histological types of lung cancer (14).
The above data suggest that exposure to higher-than-present
concentrations of chemical agents, including tobacco smoke, air
pollution, occupational chemicals and others, induced CYP1A1
and CYP1A2 genes in the past.

Numerous studies on the association between GSTM1,
GSTT1 and GSTP1 genes and the risk of lung cancer have
been reported and demonstrated higher ORs for lung cancer
among smokers (15-17). Wenzlaff et al. reported no
significant association in never-smoker patients with lung
cancer between single or combinations of genotypes of
GSTM1, GSTT1 or GSTP1 and lung cancer risk (18). 

Among xenobiotic genes, new candidate genes have
emerged in parallel with the increase in cases of lung AC.
The combination of CYP1A1*2B (Ile462Val) genotype and
myeloperoxidase G/G (MPO G/G) genotype also showed a
significantly increased risk of lung AC (19). Osawa et al.

showed increased ORs in those with the combinations
CYP1A2*1FA/A or CYP1A2*1CG/G, and N-acetyltransferase
2 (NAT2) slow genotype to be 4.95 and 3.31, respectively, as
shown in Table I (20). The slow genotype and the fast
genotype among the polymorphisms of NAT2 were shown to
be related to risk of lung cancer among never-smoker women
(21). Increased meat consumption may cause induction of
NAT2 (20, 21). Changes in lifestyle may result in the
increased activity of these xenobiotic genes.

Tumor-suppressor genes, TP53 and TP63. TP53 mutations
have been reported more frequently in lung carcinomas of
smokers than among never smokers (22, 23). Lee et al.
showed that TP53 mutation and methylation of the RAS
association domain family 1A (RASSF1A) promoter were
more frequently seen in smokers with SC than in never
smokers with AC (24). 

TP63 encodes p63, a component of the p53 protein, and
the TP63 locus on chromosome 3q28 has two single
nucleotide polymorphisms (SNPs) (rs4488809 and
rs9816619), which were shown to be associated with lung
AC among never-smoker females in Asia in a genome-wide
association study (GWAS) (25). Moreover, besides TP63,
rs952481 in chromosome 3 open reading frame 21 (C3orf21)
(described later in detail) was also found in the same GWAS
(26). C3orf21 encodes a UDP-xylose:α-xylosideα1, 3-
xylosyl-transferase, which plays an important role in the
formation of notch epidermal growth factor (NOTCH EGF)
repeats (described in detail below). 

DNA damage-repair genes. Several DNA damage repair-genes
have been reported in association with lung cancer, e.g., human
8-oxoguanine DNA glycosylase (hOGG1), nucleotide excision
repair (NER) genes [ERCC1, XPB/ERCC3, XPG/ERCC5,
CSB/ERCC6 and XPC], NAD(P)H: quinoneoxidoreductase
(NQO1), cytosine DNA-methyltransferase-3B (DNMT3B), O6-
alkylguanine DNA alkyltransferase (AGT), X-ray repair cross
complementing group 1 (XRCC1), O6-methylguanine-DNA
methyltransferase (MGMT) (9). Among heavy smokers with
SC, these gene polymorphisms had significantly high ORs for
their association with lung cancer (9). This is reasonable
because tobacco smoke contains carcinogenic chemicals which
damage DNA, and if these gene polymorphisms negative affect
repair of damaged DNA or prevent the formation of DNA-
adducts, the resultant reduced DNA-repair capacity would play
a role in the carcinogenesis of tobacco-related cancer (9).

Susceptibility Genes Found by GWAS

15q25, Nicotine acetylcholineesterase genes. GWAS for lung
cancer reported by Amos et al. (27), Hung et al. (28) and
Thorgeirsson et al. (29) indicated an association between
chromosome 15q variants (in particular rs16969968 and
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Table I. Genes associated with susceptibility to lung cancer in never smokers (2005-2013). 

Author(s) (Year) Gene Cases/controls Comments Ref. no. 

1. Classical Genes, never smokers
Xenobiotic genes
Lopez-Cima et al. (2012) CYP1A1/GSTM1/GSTP1/GSTT1 (789/789) No association 13
Chen et al. (2011) CYP1A1 (meta-analysis of 71 case-control studies) No association 14
Osawa et al. (2007) CYP1A2*1F A/A, CYP1A2*1C G/G and NAT2 slow OR 4.95, 3.31 20
Larsen et al. (2006) CYP1A1 Ile462Val and MPO G-463A (1,103/627) OR 3.72 (AC) 19
Chiou et al. (2005) NAT2 fast acetylator (162/208) OR 2.56 (female), 21

no effect (male)
Tumor-suppressor genes: TP53, TP63
Hosgood et al. (2012) TP63 (3,467/3,787,  Taiwan, China, South Korea, Singapore) OR 0.80 25
Le Calvez et al. (2005) TP53 mutation (40 never smokers/27 former/64 current) 47.5%, 55.6%, 77.4 77
DNA damage and repeair genes
Bock et al. (2005) NQO1 T allele (161/173) OR 0.57 (ETS exposure), 78

0.98 (without exposure)    
2. Genes found by GWAS
Cholinergic nicotine receptor genes
Lan et al. (2012) 15q25 (5,510 never-smoking female cases/4,510) No association 38
Ito et al. (2012) 15q25 (716/716, Japanese) No association 31
Wang et al. (2011) 15q25 (rs12914385) (2,405/7,622, UK) No association 37
Timofeeva et al. (2011) 15q25 (rs16969968) (894/1,805, Sweden) OR 1.18 45
Wang et al. (2010) 15q25 (rs12914385) (239/553, UK) No association 36
Lips et al. (2010) 15q25 (rs16969968) (342/3,273) OR 1.18 34
Shiraishi et al. (2009) CHRNA (264/575) (rs8034190, rs16969968, rs1051730) OR 2.3, 2.4, 2.7 35
Wu et al. (2009) 15q25 (576/576, 2,989/2,880�Chinese) OR 1.39 (rs2036534), 33

1.49 (rs667282), 
1.42 (rs12910984), 
1.40 (rs6495309)

TERT and CLPTM1L
Ito et al. (2012) 5p15 (716/716, Japanese) OR 1.17 (rs2736100), 31

2.48 (rs402710) 
Pande et al. (2011) 5p15.33 (rs451360) (1,681/1,235, USA) OR 0.62 49
Hsiung et al. (2010) 5p15.33 (rs2736100) (2,768/3,100, Chinese and Taiwanese) OR 1.54 39
Jin et al. (2009) 5p15.33 (1,221/1,344 Chinese) OR 1.59 (rs2736100), 47

1.09 (rs402710) 
McKay et al. (2008) 5p15.33 (3,259/4,159) OR 1.25 (402710), 79

1.15 (rs2736100) 
Landi et al. (2009) 5p15.33 (362/1,402)  OR 1.34 (rs2736100, TERT) 80
Other genes found by GWAS
Lan et al. (2012) 10q25.2 (rs7086803) (5,510/4,544) OR 1.32 38
Zhang et al. (2012) C3orf21 (200/200, Chinese) OR 0.6219 (rs2131877), 
Ahn et al. (2012) 18p11.22 (434/1,000, Koreans) OR 0.785 (rs952481) 26
Li et al. (2010) 13q31.3 (rs 2352028) (377/377, OR 0.68 (rs11080466), 56

328/407, 92/161, 91/439) 0.69 (rs11663246) 54
OR 1.69

3. Driver genes
EGFR mutation
Li et al. (2013) EGFR mutation in female (47.5% vs. 15.0% 62

in males), never-smokers (42.3% vs. 13.9% in smokers), 
AC (44.2% vs. 8.0% in AC)

HER2
Jo et al. (2008) HER-2 (104/105). -3444 C>T: OR 2.65 (female), 

2.26 (non-smokers), 2.19  
(non-drinkers); 11985 C>T: OR 2.38
(females), 2.15 (non-smokers), 
2.85 (non-drinkers) 

71
EML4 - ALK fusion gene
Li et al. (2013) EML4-ALK fusion gene cases 

(3.37%, 7/208 cases with lung cancer) 
Five were female, non-smoking adenocarcinoma 62

4. Genes related to inflammation and natural Immunity
Kiyohara et al. (2010) IL1B rs1143634 (462/379, Japanese) OR 1.51 75

GWAS: Genome-wide association studies; TERT: Telomerase reverse transpeptidase; CLPTMIL: cleft lip and palate transmembrane 1-like protein;
C3orf21: chromosome 3 open reading frame 21; HER2: Human EGFR2; NAT2: N-acetyltransferase 2; NQO1: quinone oxidoreductase 1.



rs8034191) and risk of lung cancer with ORs between 1.30
and 1.32 (p<9×10–10 ~1×10–17). The susceptibility region
contains three cholinergic nicotine receptor genes, CHRNA3,
CHRNA5 and CHRNB4. Amos et al. (27) and Hung et al.
(28) showed a direct association between the variants and the
risk of lung cancer, irrespective of smoking habit.
Thorgeirsson et al. demonstrated an association between the
same genetic region and smoking habits, as well as an
association with risk of lung cancer (29). Therefore, it has
been argued whether the association is direct or indirect, that
is, whether the risk of lung cancer is in fact associated with
any smoking habit. Studies noting an association between
15q variants and nicotine dependence or smoking quantity
have so far focused mainly on smokers with lung cancer and
chronic obstructive pulmonary disease (29-31). Liu et al.
demonstrated that the risk of lung cancer was more than five-
fold higher among 194 patients with familial lung cancer
with either copy of high-risk alleles rs8034191 (OR=7.20)
or rs1051730 (OR=5.67), both of which were located in the
15q24-25.1 locus, than among 219 cancer-free controls (32).
The HapMap project revealed that the risky alleles of the
SNPs at chromosome 15q25, rs8034191 and rs16969968 in
Caucasians were found at extremely low frequencies in
Asians, suggesting that chromosome 15q25 may have less
influence on the risk of lung cancer and smoking behavior
in Asians than in Caucasians (31). Ito et al. observed no
significant association between the variants of rs12914385
and rs931794 on 15q25 and risk of lung cancer in a Japanese
population (31).

As noted above, the risky SNPs reported in Caucasians are
extremely rare in Asians. Wu et al. searched novel SNPs in
the CHRNA3-CHRNB4-CHRNA5 gene cluster on
chromosome 15q25 in Chinese and identified four novel
SNPs, as shown in Table I (33). Moreover, they found that
rs6495309T>C SNP located in the CHRNA3 promoter region
alters the ability to bind transcriptional factor organic cation
transporter 1, resulting in increased CHRNA3 expression.

An association between nicotine dependence with
increased serum levels of nicotine and both CYP2A6 and
CYP2B6 genes encoding nicotine-metabolizing enzymes as
well as both CHRNB3 and CHRNA6 genes encoding
nicotinic acetylcholine receptor subunits, has been reported
(9). Lips et al. showed a strong association between 15q
gene variants and lung cancer and concluded the existence
of an independent association with smoking quantity in a
total of 17,300 subjects from five studies (34). The same
study showed there to be no association between 15q variant
and smoking initiation, cessation, and quitting smoking
because the authors observed association between 15q
variants and the number of cigarettes smoked per day in
former and current smokers, and an association was seen in
women, not in men. Although current heavy smoking
controls with AA genotype showed there to be a 60%

increased OR for heavy smokers, the lung cancer cases did
not show such an association (34). Shiraishi et al. recorded
an association in both smokers and non-smokers and in all
histological types of lung cancers among Japanese (35).

Wang et al. examined the association of 15q25 and
smoking, and showed an indirect link between genotype and
lung cancer (36, 37). They showed no association between
15q25.1 variation and risk of AC in never smokers (36).
They conducted a meta-analysis, pooling their cases and
previously published studies on 2,405 never-smoker lung
cancer cases and 7,622 controls, and revealed no association
between 15q25 variation and lung cancer risk (37). No
association between 15q25 and lung cancer in never-smoker
women in Asia was noted (38, 39). This finding of no
association was widely accepted in an article written by
authors from 69 Institutions (40). The article also suggested
that the 15q25 variant region may influence the risk of
airflow obstruction, that is, lung cancer risk is not mediated
solely by the effects of nicotine dependence. This derives
from the authors’ observations based on the correlation
between 15q25 SNP genotype and CHRNA5 expression
levels in lung and sputum, combined with a finding of
increased risk of airflow obstruction in never smokers (40).
Moreover, they observed the 15q25.1 region meeting with
the iron-responsive element binding protein 2 (IREB2) gene
by genome-wide association. Fehringer et al. reported
separately that the minor allele of a variant representing one
of the two loci at 15q25 (rs2036534) was associated with
increased IREB2 expression (41). The significance of IREB2
is that it may play an important role in the repair and
remodeling processes that lead to chronic obstructive
pulmonary disease in never-smoker patients. CHRNA3/5
variant was also found to be associated with bronchial hyper-
responsiveness in children not exposed to cigarette smoke
(42). Thus, a number of articles note that the disease
mechanism causing lung cancer is unlikely to involve
tobacco addiction. Nicotine acetylcholine receptors could be
involved in lung cancer through other mechanisms. It has
been suggested that N’-nitrosonornicotine and nitrosamines
may facilitate neoplastic transformation by stimulating
angiogenesis and tumor growth (43), and cancer cell motility,
migration and p63 expression mediated through their
interaction with nicotinic acetylcholine receptors (44).

5p15, Telomerase reverse transcriptase (TERT) and cleft lip
and palate transmembrane 1-like protein (CLPTM1L).
GWAS have identified chromosome 5p15.33 as one of the
regions that is reproducibly associated with lung cancer risk
(27-29). Subsequently, an association of SNPs in the 5p15.33
region with lung cancer risk has been reported (35, 43, 45,
46). Chromosome 5p15.33 comprises of two candidate
susceptibility genes, TERT and CLPTM1L. TERT encodes a
catalytic subunit of telomerase that maintains telomere ends.
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Its overexpression leads to prolongation of the lifespan of the
cell and is seen in cancer cells. CLPTM1L is also known as
cisplatin resistance-related protein 9 (CRR9p). CLTM1L
confers resistance to apoptosis caused by genotoxic agents
in association with up-regulation of the anti-apoptotic
protein, B-cell lymphoma-extra large (BCL-XL) (35).

Although the association of rs2361000 SNP in TERT gene
with lung cancer risk has been reported in smokers, a strong
association was also demonstrated in never smokers (36, 45,
47). Broderick et al. observed a significant increased
frequency of rs2736100 (TERT) as the risky allele in cases
of AC, but reported no data on never smokers (48). Hsiung et
al. observed that the most significant association was
rs2736100 at 5p15.33 in lung AC among never smokers (39).
Fine mapping analysis of genetic variants in the 5p15.33
region conducted by Pande et al. revealed four SNPs
associated with lung cancer risk; rs4975538 is an intronic
SNP in TERT, rs451360 and rs370348 are intronic SNPs in
CLPTM1L and rs4975615 is in the intergenic region between
two genes (49). The rs451360 was significant among never
smokers (49).

6q21, BAT3. Recent papers focusing on never-smoker
women in Asia (38, 39) showed no evidence of association
with lung cancer at 15q25 but found three new susceptible
loci at 10q25.2, 6q22.2 and 6q21.32 besides 5q15.33
(CLPTM1L and TERT) and 3q28. The association of 6q21.33
and risk of lung cancer shown by Wang et al. (36, 43) and
Broderick et al. (48) could be considered to mediate through
a number of transcripts mapping the region of linkage
disequilibrium (LD). They wrote that BAT3 represents a
strong candidate for lung cancer susceptibility because it is
implicated in apoptosis and the protein complexes with EIA-
binding protein p300, required for acetylation of p53 in
response to DNA damage (48).

The associated risk loci mapping 6p21.33 in which
rs3117582 localizes to intron 1 of BAT3 and rs3131379
localizes to intron 10 of MSH5 were revealed by GWAS
(43). MSH5 is involved in DNA mismatch repair (MMR) and
meiotic recombination. The deficiency of MMR leads to lung
cancer. The C allele of rs3117582 is associated with
increased risk (OR 1.16), but there is no report of lung
cancer in never smokers. 

10q25, Vesicle transport through interaction with t-SNAREs
homologue 1A (VTI1A). The strongest new association
signal, rs7086803 at 10q25.2, located at intron 7 of the
VTI1A gene, has been implicated in lung carcinogenesis (38).
VTI1A is involved in ACRP30-containing vesicles in
adipocytes, and lower amounts of VTI1A in cultured
adipocytes can inhibit adiponectin secretion (50). A low level
of adiponectin leads to cardiovascular diseases in metabolic
syndrome (51). An association between lower adiponectin

levels and lung cancer has been reported (52). Petridou et al.
showed a relation between adiponectin receptors and the risk
of lung cancer but no significant relation with circulating
adiponectin levels in smoking patients with lung cancer (53).
These alterations may be based on differences in lifestyles,
including factors such as obesity and lack of physical activity
among others.

Other genes found by GWAS. A GWAS on never smokers
conducted by Li et al. revealed a strong correlation between
the transcription level of the gene glypican-5 (GPC5) and
genotypes of the replicated SNP (rs2352028 at 13q31.3) in
77 non-tumor lung tissue samples, and the expression levels
of GPC5 in the matched lung AC tissue were lower by half
than in normal tissue (54). Down-regulation of GPC5 may
contribute to the development of lung cancer in never
smokers. GPC5 is a member of the glypican gene family.
Glypicans are a family of heparin sulphate proteoglycans,
and the main function of the membrane-attached glypicans
is to regulate the signaling pathway of wingless
transformation (WNT), hedgehog, fibroblast growth factors,
and bone morphogenetic proteins (54). 

Tessema et al. reported that never smokers with primary
lung AC had a significantly higher prevalence of methylation
of TNFRSF10C (a TNF receptor family member that
modulates apoptosis), basic helix-loop-helix (bHLH)
transcription factor 5 (BHLHB5) and boule-like RNA-
binding protein (BOLL) (regulating meiotic G2/M transition)
than current and former smokers (55).

Genotypes of C3orf21, which plays an important role in
the formation of NOTCH EGF repeats, as described above
in TP63, were nominally-associated with a reduced risk of
lung AC among never smokers. C3orf21 is located in 3q29
(26). Chromosomal imbalance in 3q29 has been reported in
various types of cancer: NSCLC, prostate cancer, and head
and neck squamous cell carcinoma (26). Another novel
susceptible locus, 18q11.22 near the adenomatous polyposis
coli down-regulated 1 (APCDD1), N-ethylmaleimide-
sensitive factor attachment protein gamma (NAPG) and
family with sequence similarity 38, member B (FAM38B)
genes was also reported in Korean never smokers with
NSCLC (56). 

Driver Genes: EGFR, KRAS, BRAF, 
PIK3CA, and EML4-ALK

Epidermal growth factor receptor (EGFR), Kirsten rat sarcoma
viral oncogene (KRAS), protooncogene B-Raf (BRAF),
phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
subunit alpha (PIK3CA) and EML4-ALK are known as driver
genes, and mutations of these genes are seen in patients with
AC. Among these the frequency of EGFR mutation was about
50% in non-smoking patients with AC (57).

Okazaki et al: Genes Associated with Susceptibility to Lung Adenocarcinoma Among Never Smokers

5233



EGFR mutation. EGFR tyrosine kinase inhibitors (EGFR-
TKIs) are dramatic anticancer agents, e.g. gefitinib and
erlotinib, for lung cancer, especially for AC (58). It was noted
that the EGFR mutation in lung cancer associated with
sensitivity to EGFR-TKI occurs more frequently in Asian
women non-smokers with AC (59-60). EGFR mutation is also
considered to be an early event in the pathogenesis of lung AC
(60). Wilkerson et al. clearly demonstrated a relation between
the subtypes of AC (bronchioid, magnoid, and squamoid) and
sequence mutation, copy number, chromosomal instability and
methylation (61). Bronchioid was found to occur in female
non-smoker patients with a superior survival outcome and who
present with well-differentiated, bronchioalveolar morphology,
early-stage and EGFR-mutated cancers. On the other hand
magnoid and squamoid ACs were found in male patients
exposed to smoking, with poor survival outcome and late-
stage cancer, and with KRAS, TP53 or serine/threonine kinase
11 (STK11) mutations. STK11 gene regulates cell polarity and
functions as a tumor suppressor. The magnoid subtype
exhibited increased hypermethylation, a phenomenon similar
to the CpG-island-methylator-phenotype observed in other
types of cancers (62). EGFR-TKI was used as a potential
breakthrough for the treatment of metastatic AC of lung in
never smokers (63). 

As noted above, AC appears to have a predilection for
women, and the association of AC with a smoking habit may
be less than that for the other histological subtypes of lung
cancer (59). Association of EGFR mutation and estrogen
receptor (ER)-α and -β with lung carcinogenesis has been
reported (59, 64). Shimizu et al. showed the presence of
membranous ERα expression together with EGFR mutation to
be an independent factor for survival in patients with lung AC,
suggesting a crosstalk between membranous ERα and EGFR
mutation (59). Very recently Mazieres et al. examined 140
women with AC (63 never smokers and 77 former/current
smokers) and found that the never smoker patients with AC
were characterized by higher age (67 vs. 58.7 years) and higher
frequency of lipidic features (60.3% vs. 37.7%) compared with
smokers (12). They also observed increased frequency of EGFR
mutation and ERα expression in never smokers with AC (12).

Li et al. clearly demonstrated EGFR mutations in 24.5%
(51/208 cases) of patients with lung cancer, and these
mutations were identified at high frequencies in females
(47.5% vs. 15.0% in males), never smokers (42.3% vs.
13.9% in smokers), and patients with AC (44.2% vs. 8.0% in
patients with non-AC) (62).

As the study found patients carrying germline EGFR
mutations in cases of familial lung AC, genotyping can be
used to predict benefit for treatment with EGFR-TKI, and
can also be used as a screening tool to identify patients at-
risk of carrying germline EGFR mutations (65). Better
response to TKIs was seen in non-smoker (or light smoker)
female with lung AC (66). Yamauchi et al. identified a set of

139 gefitinib-sensitive genes which are involved in cancer
phenotypes and found that EGF signaling status in cancer
cells underlies an aggressive phenotype of cancer cells (67).
This is useful for the selection of patients with early-stage
lung AC with poor prognosis. Jou et al. revealed
polymorphism of EGFR intron 1 in female never smokers
with lung cancer (68). Ren et al. observed that 82.7% of lung
ACs from non-smoker females were found to harbor
oncogenic mutations in the following genes: EGFR, HER2,
EML4-ALK, KRAS, BRAF, and PIK3CA (69). A higher
human papillomavirus (HPV) may participate in Asian non-
smoking lung AC, which responds to EGFR-TKIs (70). 

HER2. A proto-oncogene of the receptor tyrosine kinase
superfamily, HER2 acts as a binding partner of other
members of the EGFR family in the activation of EGFR
signaling. Jo et al. revealed that polymorphisms of the HER2
gene are associated with an increased susceptibility to lung
cancer in female, non-smoker and non-drinker subgroups in
a Korean population (71).

EML4-ALK. A fusion protein between EML4 protein and the
intracellular signaling portion of the ALK tyrosine kinase
receptor has been identified in a small subset of NSCLC
patients by Soda et al. (72). Li et al. identified seven patients
(3.37% out of 208 patients with lung cancer) who harbored
the EML4-ALK fusion gene (62). Six out of the seven
positive patients were non-smokers (7.69%, 6/78). The
incidence of EML4-ALK translocation in female non-
smoking patients with AC was as high as 15.2% (5/33) (62).

KRAS. Dogan et al. revealed that the KRAS mutation
occurred in 34% of smokers and in 6% of never smokers, but
KRAS G>A transition mutations were more likely to be
found in never smokers than in smokers (mostly G12D; 58%
vs. 20%) while KRAS G12C, the most common G>T
transversion mutation, was seen in smokers (73). Dogan et
al. suggested this different KRAS mutation could be useful
in determining the presence of second-hand smoke in never
smokers with lung AC.

Genes Related to Inflammation/Innate Immunity

Interleukin-1 beta (IL1B). Several SNPs have been examined
in the IL1B gene. T>C at position-511 (rs16944), C>T at
position -31 (rs1143627) and C>T at position +3954
(rs1143634), of the IL1B gene have been investigated. The
rs16944 SNP is known to be correlated with increased
intracellular IL1B levels (74). IL1B (rs1143634, 3954C>T)
was investigated in a case-control study comprising of 462
lung cancer cases and 379 controls in a Japanese population
(75). Association of T allele carriers of the IL1B rs1143634
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polymorphism with risk of lung cancer was seen in never
smokers, with an OR 1.11, but higher risk was observed in
smokers (OR=5.45) and in heavy alcohol drinkers (OR=2.48).
SNPs in IL2RB and BCL2L14 are known to be risky in current
smokers and in former smokers (76). There are no reports on
genes related to innate immunity in never smokers with AC.

Summary and Conclusion

Approximately 25% of patients with lung cancer worldwide
(15% men, 53% women) are estimated to be never smokers.
The genes associated with susceptibility to lung cancer in
smokers are very different from those for susceptibility to
AC in never smokers. Several characteristic genes have been
found in never smokers with AC: NAT2, TP63, C3orf21,
BAT3, VTIIA, TNFRSF10C, and EGFR, as shown in Table II. 

Among them, the EGFR gene is the most notable and
frequently reported, regardless of differences in ethnicity. It
is seen in the early stage of AC in never smokers. Saxena et
al. reported a bi-directional crosstalk between leptin and
insulin-like growth factor-1 signaling promotes invasion and
migration of breast cancer cells, via transactivation of EGFR,
i.e., carcinogenesis in never-smoker women with lung AC is
very similar to that in breast cancer (81). VTI1A is also
related to the mechanism of cancer occurrence in metabolic
syndrome via association with lower adiponectin (38). Zhang
et al. reported strong evidence of linkage of 5p14 with
metabolic syndrome and risk of cancer (11). Obesity,
metabolic syndrome and type II diabetes mellitus should be
considered as pre-cancerous states and prevented. Imielinski

et al. revealed a mean exonic somatic mutation rate of 12.0
events/megabase and identified the majority of genes
previously reported as being significantly mutated in lung
AC (82). A recent report revealed methylation variability in
the etiology and pathogenesis of obesity (83). The
environment appears to have changed the genes invoved in
susceptibilility to lung cancer. An epidemiological survey on
lung cancer among never smokers with/without susceptible
genes should be conducted from the viewpoint of lifestyles
because obesity, metabolic syndrome and diabetes mellitus
indicate a higher risk for lung cancer (52, 53). 

In conclusion, prevention is the most important and most
valuable factor. Cessation of smoking is, of course,
necessary, but in and of itself is not sufficient to prevent lung
cancer altogether because a quarter of patients with lung
cancer are never smokers. It is more important to provide
effective education to improve lifestyle with emphasis on
prevention of obesity, metabolic syndrome, diabetes mellitus,
and heavy drinking, and promoting daily physical activity,
especially in the so-called developed countries.
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Table II. Characteristic susceptibility genes in never smokers with AC.

Susceptible gene Evidence Related signal pathways/comments

NAT2 Risk for never-smoking women (21) Fast acetylator
TP63 Found by GWAS for never-smoker AC in Asia p63 is one component of p53 (25)
C3orf21 Reduced risk of never smoker AC Encodes a UDP-xylose-α-xylosideα1, 

3-xylosyl-transferase which is involved in the formation 
of NOTCH EGF repeats (26)

BAT3 Found by GWAS for never smoker AC in Asia It is implicated in apoptosis and protein 
complexes with EIA-binding protein p300, required 

for acetylation of p53 in response to DNA damage (48)
VTI1A Strong new association signal Involved in Acrp30-containing vesicles in adipocytes. 

Its lower levels in adipocytes can inhibit adiponectin secretion (38)
TNFRSF10C These three genes are methylated in lung TNF receptor family member, neuronal differentiation 
BHLHB5 AC among never smokers inhibitor RNA binding protein regulating meiotic
BOLL G2/M transition (55)
EGFR This mutation is an early event in Association of EGFR mutation and estrogen-α and -β 

carcinogenesis of lung AC (60) with lung carcinogenesis has been noted (59, 64)

NAT2: N-acetyltransferase 2; C3orf21: chromosome 3 open reading frame 21; BAT3: HLA-B-associated transcript 3; TNFRSF10C: a TNF receptor
SF10C; BHLHB5: basic helix-loop-helix (bHLH) transcription factor 5; BOLL: boule-like RNA-binding protein; EGFR: epidermal growth factor
receptor.



References
1 Devesa SS, Bray F, Vizcaino AP and Parkin DM: International

lung cancer trends by histological type: male:female differences
diminishing and adenocarcinoma rising. Int J Cancer 117: 294-
299, 2005.

2 Toyoda Y, Nakayama T, Ioka A and Tsukuma H: Trends in lung
cancer incidence by histological type in Osaka, Japan. Jpn J Clin
Oncol 38: 534-539, 2008.

3 Toh CK, Gao F, Lim WT, Leong SS, Fong KW, Yap SP, Hsu AA,
Eng P, Koong HN, Thirugnanam A and Tan EH: Never smokers
with lung cancer: epidemiologic evidence of a distinct disease
entity. J Clin Oncol 24: 2245-2251, 2006.

4 Parkin DM, Bray F, Ferley J and Pisani P: Global cancer
statistics, 2002. CA Cancer J Clin 55: 74-108, 2005.

5 Sun S, Shiller JH and Gazdar AF: Lung cancer in never smokers
– a different disease. Nat Rev Cancer 7: 778-790, 2007.

6 Kawaguchi T, Takada M, Kubo A, Matsumura A, Fukai S, Tamura
A, Saito R, Kawahara M and Maruyama Y: Gender, histology, and
time of diagnosis are important factors for prognosis. Analysis of
1499 never-smokers with advanced non-small cell lung cancer in
Japan. J Thorac Oncol 5: 1011-1017, 2010.

7 Couraud S, Zalcman G, Milleron B, Morin F and Souquet PJ:
Lung Cancer in never smokers – A review. Eur J Cancer 48:
1299-1311, 2012.

8 McCarthy WJ, Meza R, Jeon J and Moolgavkar SH: Lung cancer
in never smokers. Epidemiology and risk prediction models.
Risk Anal 32(Suppl 1): S69-S84, 2013.

9 Okazaki I, Sugita M, Matsuki H, Billah SM and Watanabe T:
Additional candidates to conventional genes susceptible for lung
cancer and changing trend in Japan (Review). Oncol Rep 23:
1493-1500, 2010.

10 Santro IL, Ramos RP, Franceschini J, Jamnik S and Fernandes
AL: Non-small cell lung cancer in never smokers: a clinical
entity to be identified. Clinics 66: 1873-1877, 2011.

11 Zhang Y, Kent JW Jr, Olivier M, Ali O, Cerjak D, Broeckel U,
Abdou RM, Dyer TD, Comuzzie A, Curran JE, Carless MA,
Rainwater DL, Göring HH, Blangero J and Kissebah AH: A
comprehensive analysis of adiponectin QTLs using SNP
association, SNP cis-effects on peripheral blood gene expression
and gene expression correlation identified novel metabolic
syndrome (MetS) genes with potential role in carcinogenesis and
systemic inflammation. BMC Med Genomics 6: 14 (1-15), 2013.

12 Mazieres J, Rouquette I, Lepage B, Milia J, Brouchet L, Guibert
N, Beau-Faller M, Validire P, Hofman P and Fouret P:
Specificities of lung adenocarcinoma in women who have never
smoked. J Thorac Oncol 8: 923-929, 2013.

13 Lopez-Cima MF, Alvarez-Avellón SM, Pascual T, Fernández-
Somoano A and Tardón A: Genetic polymorphisms in CYP1A1,
GSTM1, GSTP1 and GSTT1 metabolic genes and risk of lung
cancer in Asturias. BMC Cancer 12: 433 (1-11), 2012.

14 Chen Z, Li Z, Niu X, Ye X, Yu Y, Lu S and Chen Z: The effect
of CYP1A1 polymorphisms on the risk of cancer-control studies.
Mutagenesis 26: 437-446, 2011.

15 Pliarchopoulou K, Voutsinas G, Papaxoinis G, Florou K, Skondra
M, Kostaki K, Roussou P, Syrigos K and Pectasides D: Correlation
of CYP1A1, GSTP1 and GSTM1 gene polymorphisms and lung
cancer risk among smokers. Oncol Lett 3: 1301-1306, 2012.

16 Timofeeva M, Kropp S, Sauter W, Beckmann L, Rosenberger A,
Illig T, Jäger B, Mittelstrass K, Dienemann H,; LUCY-

Consortium, Bartsch H, Bickeböller H, Chang-Claude J, Risch
A and Wichmann HE: Genetic polymorphisms of MPO, GSTT1,
GSTM1, GSTP1, EPHX1 and NQO1 as risk factors of early-
onset lung cancer. Int J Cancer 127: 1547-1561, 2010.

17 Cote M, Yoo W, Wenzlaff AS, Prysak GM, Santer SK, Claeys
GB, Van Dyke AL, Land SJ and Schwartz AG: Tobacco and
estrogen metabolic polymorphisms and risk of non-small cell
lung cancer in women. Carcinogenesis 30: 626-635, 2009.

18 Wenzlaff AS, Cote ML, Bock CH, Land SJ and Schwartz AG:
GSTM1, GSTT1 and GSTP1 polymorphisms, environmental tobacco
smoke exposure and risk of lung cancer among never smokers: a
population-based study. Carcinogenesis 26: 395-401, 2005.

19 Larsen JE, Colosimo ML, Yang IA, Bowman R, Zimmerman PV
and Fong KM: CYP1A1 Ile462Val and MPO G-463A interact to
increase risk of adenocarcinoma but not squamous cell
carcinoma of the lung. Carcinogenesis 27: 525-532, 2006.

20 Osawa Y, Osawa KK, Miyaishi A, Higuchi M, Tsutou A,
Matsumura S, Tabuchi Y, Tsubota N and Takahashi J: NAT2 and
CYP1A2 polymorphisms and lung cancer risk in relation to
smoking status. Asian Pac J Cancer Prev 8: 103-108, 2007.

21 Chiou HL, Wu MF, Chien WP, Cheng YW, Wong RH, Chen CY,
Lin TS, and Lee H: NAT2 fast genotype is associated with an
increased risk of lung cancer among never-smoking women in
Taiwan. Cancer Lett 223: 93-101, 2005.

22 Toyooka S, Tsuda T and Gazdar AF: The TP53 gene, tobacco
exposure, and lung cancer. Hum Mutat 21: 229-239, 2003.

23 Le Calvez F, Mukeria A, Hunt JD, Kelm O, Hung RJ, Tanière P,
Brennan P, Boffetta P, Zaridze DG, and Hainaut P: TP53 and
KRAS mutation load and types in lung cancers in relation to
tobacco smoke: distinct patterns in never, former, and current
smokers. Cancer Res 65: 5076-5083, 2005.

24 Lee SM, Lee WK, Kim DS and Park JY: Quantitative promoter
hypermethylation analysis of RASSF1A in lung cancer:
comparison with methylation-specific PCR technique and
clinical significance. Mol Med Rep 5: 239-244, 2012.

25 Hosgood HD. 3rd, Wang WC, Hong YC, Wang JC, Chen K, Chang
IS, Chen CJ, Lu D, Yin Z, Wu C, Zheng W, Qian B, Park JY, Kim
YH, Chatterjee N, Chen Y, Chang GC, Hsiao CF, Yeager M, Tsai
YH, Wei H, Kim YT, Wu W, Zhao Z, Chow WH, Zhu X, Lo YL,
Sung SW, Chen KY, Yuenger J, Kim JH, Huang L, Chen YH, Gao
YT, Kim JH, Huang MS, Jung TH, Caporaso N, Zhao X, Huan Z,
Yu D, Kim CH, Su WC, Shu XO, Kim IS, Bassig B, Chen YM, Cha
SI, Tan W, Chen H, Yang TY, Sung JS, Wang CL, Li X, Park KH,
Yu CJ, Ryu JS, Xiang Y, Hutchinson A, Kim JS, Cai Q, Landi MT,
Lee KM, Hung JY, Park JY, Tucker M, Lin CC, Ren Y, Perng RP,
Chen CY, Jin L, Chen KC, Li YJ, Chiu YF, Tsai FY, Yang PC,
Fraumeni JF Jr, Seow A, Lin D, Zhou B, Chanock S, Hsiung CA,
Rothman N and Lan Q: Genetic variant in TP63 on locus 3q28 is
associated with risk of lung adenocarcinoma among never-smoking
females in Asia. Hum Genet 131: 1197-1203, 2012.

26 Zhang Y, Gu C, Shi H, Zhang A, Kong X, Bao W, Deng D, Ren
L and Gu D: Association between C3orf21, TP63
polymorphisms and environment and NSCLC in never-smoking
Chinese population. Gene 49: 93-97 2012.

27 Amos CI, Wu X, Broderick P, Gorlov IP, Gu J, Eisen T, Dong
Q, Zhang Q, Gu X, Vijayakrishnan J, Sullivan K, Matakidou A,
Wang Y, Mills G, Doheny K, Tsai YY, Chen WV, Shete S, Spitz
MR and Houlston RS: Genome-wide association scan of tag
SNPs identifies a susceptibility locus for lung cancer at 15q25.1.
Nat Genet 40: 616-622, 2008.

ANTICANCER RESEARCH 34: 5229-5240 (2014)

5236



28 Hung RJ, McKay JD, Gaborieau V, Boffetta P, Hashibe M,
Zaridze D, Mukeria A, Szeszenia-Dabrowska N, Lissowska J,
Rudnai P, Fabianova E, Mates D, Bencko V, Foretova L, Janout
V, Chen C, Goodman G, Field JK, Liloglou T, Xinarianos G,
Cassidy A, McLaughlin J, Liu G, Narod S, Krokan HE, Skorpen
F, Elvestad MB, Hveem K, Vatten L, Linseisen J, Clavel-
Chapelon F, Vineis P, Bueno-de-Mesquita HB, Lund E, Martinez
C, Bingham S, Rasmuson T, Hainaut P, Riboli E, Ahrens W,
Benhamou S, Lagiou P, Trichopoulos D, Holcátová I, Merletti F,
Kjaerheim K, Agudo A, Macfarlane G, Talamini R, Simonato L,
Lowry R, Conway DI, Znaor A, Healy C, Zelenika D, Boland
A, Delepine M, Foglio M, Lechner D, Matsuda F, Blanche H,
Gut I, Heath S, Lathrop M and Brennan P: A suscepyibility
locus for lung cancer maps to nicotinic acetylcholine receptor
subunit genes on 15q25. Nature 452: 633-37, 2008.

29 Thorgeirsson TE, Geller F, Sulem P, Boffetta P, Hashibe M,
Zaridze D, Mukeria A, Szeszenia-Dabrowska N, Lissowska J,
Rudnai P, Fabianova E, Mates D, Bencko V, Foretova L, Janout
V, Chen C, Goodman G, Field JK, Liloglou T, Xinarianos G,
Cassidy A, McLaughlin J, Liu G, Narod S, Krokan HE, Skorpen
F, Elvestad MB, Hveem K, Vatten L, Linseisen J, Clavel-
Chapelon F, Vineis P, Bueno-de-Mesquita HB, Lund E, Martinez
C, Bingham S, Rasmuson T, Hainaut P, Riboli E, Ahrens W,
Benhamou S, Lagiou P, Trichopoulos D, Holcátová I, Merletti F,
Kjaerheim K, Agudo A, Macfarlane G, Talamini R, Simonato L,
Lowry R, Conway DI, Znaor A, Healy C, Zelenika D, Boland
A, Delepine M, Foglio M, Lechner D, Matsuda F, Blanche H,
Gut I, Heath S, Lathrop M and Brennan P: A variant associated
with nicotine dependence, lung cancer and peripheral arterial
disease. Nature 452: 638-642, 2008.

30 Thorgeirsson TE, Gudbjartsson DF, Surakka I, Vink JM, Amin
N, Geller F, Sulem P, Rafnar T, Esko T, Walter S, Gieger C,
Rawal R, Mangino M, Prokopenko I, Mägi R, Keskitalo K,
Gudjonsdottir IH, Gretarsdottir S, Stefansson H, Thompson JR,
Aulchenko YS, Nelis M, Aben KK, den Heijer M, Dirksen A,
Ashraf H, Soranzo N, Valdes AM, Steves C, Uitterlinden AG,
Hofman A, Tönjes A, Kovacs P, Hottenga JJ, Willemsen G,
Vogelzangs N, Döring A, Dahmen N, Nitz B, Pergadia ML, Saez
B, De Diego V, Lezcano V, Garcia-Prats MD, Ripatti S, Perola
M, Kettunen J, Hartikainen AL, Pouta A, Laitinen J, Isohanni M,
Huei-Yi S, Allen M, Krestyaninova M, Hall AS, Jones GT, van
Rij AM, Mueller T, Dieplinger B, Haltmayer M, Jonsson S,
Matthiasson SE, Oskarsson H, Tyrfingsson T, Kiemeney LA,
Mayordomo JI, Lindholt JS, Pedersen JH, Franklin WA, Wolf H,
Montgomery GW, Heath AC, Martin NG, Madden PA, Giegling
I, Rujescu D, Järvelin MR, Salomaa V, Stumvoll M, Spector TD,
Wichmann HE, Metspalu A, Samani NJ, Penninx BW, Oostra
BA, Boomsma DI, Tiemeier H, van Duijn CM, Kaprio J,
Gulcher JR; ENGAGE Consortium, McCarthy MI, Peltonen L,
Thorsteinsdottir U and Stefansson K: Sequence variants at
CHRNB3-CHRNA6 and CYP2A6 affect smoking behavior. Nat
Genet 42: 448-53, 2010.

31 Ito H, McKay JD, Hosono S, Hida T, Yatabe Y, Mitsudomi T,
Brennan P, Tanaka H and Matsuo K: Association between a
genome-wide association study –identified locus and the risk of
lung cancer in Japanese population. J Thorac Oncol 7: 790-798,
2012.

32 Liu P, Vikis HG, Wang D, Lu Y, Wang Y, Schwartz AG, Pinney
SM, Yang P, de Andrade M, Petersen GM, Wiest JS, Fain PR,
Gazdar A, Gaba C, Rothschild H, Mandal D, Coons T, Lee J,

Kupert E, Seminara D, Minna J, Bailey-Wilson JE, Wu X, Spitz
MR, Eisen T, Houlston RS, Amos CI, Anderson MW and You
M: Familial aggregation of common sequence variants on
15q24-25.1 in lung cancer. J Natl Cancer Inst 100: 1326-1330,
2008.

33 Wu C, Hu Z, Yu D, Huang L, Jin G, Liang J, Guo H, Tan W,
Zhang M, Qian J, Lu D, Wu T, Lin D and Shen H: Genetic
variants on chromosome 15q25 associated with lung cancer risk
in Chinese populations. Cancer Res 69: 5065-5072, 2009.

34 Lips EH, Gaborieau V, McKay JD, Chabrier A, Hung RJ,
Boffetta P, Hashibe M, Zaridze D, Szeszenia-Dabrowska N,
Lissowska J, Rudnai P, Fabianova E, Mates D, Bencko V,
Foretova L, Janout V, Field JK, Liloglou T, Xinarianos G,
McLaughlin J, Liu G, Skorpen F, Elvestad MB, Hveem K, Vatten
L, Study E, Benhamou S, Lagiou P, Holcátová I, Merletti F,
Kjaerheim K, Agudo A, Castellsagué X, Macfarlane TV, Barzan
L, Canova C, Lowry R, Conway DI, Znaor A, Healy C, Curado
MP, Koifman S, Eluf-Neto J, Matos E, Menezes A, Fernandez
L, Metspalu A, Heath S, Lathrop M and Brennan P: Association
between a 15q25 gene variant, smoking quantity and tobacco-
related cancers among 17000 individuals. Int J Epidemiol 39:
563-577, 2010.

35 Shiraishi K, Kohno T, Kunitoh H, Watanabe S, Goto K,
Nishiwaki Y, Shimada Y, Hirose H, Saito I, Kuchiba A,
Yamamoto S and Yokota J: Contribution of nicotine
acetylcholine receptor polymorphisms to lung cancer risk in a
smoking-independent manner in the Japanese. Carcinogenesis
30: 65-70, 2009.

36 Wang Y, Broderick P, Matakidou A, Eisen T and Houlston RS:
Role of 5p15.33 (TERT-CLPTM1L), 6p21.33 and 15q25.1
(CHRNA5-CHRNA3) variation and lung cancer risk in never-
smokers. Carcinogenesis 31: 234-238, 2010.

37 Wang Y, Broderick P, Matakidou A, Eisen T and Houlston RS:
Chromosome 15q25 (CHRNA3-CHRNA5) variation impacts
indirectly on lung cancer risk. PLos One 6: e19085 (1-8), 2011.

38 Lan Q, Hsiung CA, Matsuo K, Hong YC, Seow A, Wang Z,
Hosgood HD 3rd, Chen K, Wang JC, Chatterjee N, Hu W, Wong
MP, Zheng W, Caporaso N, Park JY, Chen CJ, Kim YH, Kim YT,
Landi MT, Shen H, Lawrence C, Burdett L, Yeager M, Yuenger J,
Jacobs KB, Chang IS, Mitsudomi T, Kim HN, Chang GC, Bassig
BA, Tucker M, Wei F, Yin Z, Wu C, An SJ, Qian B, Lee VH, Lu
D, Liu J, Jeon HS, Hsiao CF, Sung JS, Kim JH, Gao YT, Tsai
YH, Jung YJ, Guo H, Hu Z, Hutchinson A, Wang WC, Klein R,
Chung CC, Oh IJ, Chen KY, Berndt SI, He X, Wu W, Chang J,
Zhang XC, Huang MS, Zheng H, Wang J, Zhao X, Li Y, Choi JE,
Su WC, Park KH, Sung SW, Shu XO, Chen YM, Liu L, Kang
CH, Hu L, Chen CH, Pao W, Kim YC, Yang TY, Xu J, Guan P,
Tan W, Su J, Wang CL, Li H, Sihoe AD, Zhao Z, Chen Y, Choi
YY, Hung JY, Kim JS, Yoon HI, Cai Q, Lin CC, Park IK, Xu P,
Dong J, Kim C, He Q, Perng RP, Kohno T, Kweon SS, Chen CY,
Vermeulen R, Wu J, Lim WY, Chen KC, Chow WH, Ji BT, Chan
JK, Chu M, Li YJ, Yokota J, Li J, Chen H, Xiang YB, Yu CJ,
Kunitoh H, Wu G, Jin L, Lo YL, Shiraishi K, Chen YH, Lin HC,
Wu T, Wu YL, Yang PC, Zhou B, Shin MH, Fraumeni JF Jr., Lin
D, Chanock SJ and Rothman N: Genome-wide association
analysis identifies new lung cancer susceptibility loci in never-
smoking women in Asia. Nat Genet 44: 1330-1335, 2012.

39 Hsiung CA, Lan Q, Hong YC, Chen CJ, Hosgood HD, Chang
IS, Chatterjee N, Brennan P, Wu C, Zheng W, Chang GC, Wu T,
Park JY, Hsiao CF, Kim YH, Shen H, Seow A, Yeager M, Tsai

Okazaki et al: Genes Associated with Susceptibility to Lung Adenocarcinoma Among Never Smokers

5237



YH, Kim YT, Chow WH, Guo H, Wang WC, Sung SW, Hu Z,
Chen KY, Kim JH, Chen Y, Huang L, Lee KM, Lo YL, Gao YT,
Kim JH, Liu L, Huang MS, Jung TH, Jin G, Caporaso N, Yu D,
Kim CH, Su WC, Shu XO, Xu P, Kim IS, Chen YM, Ma H,
Shen M, Cha SI, Tan W, Chang CH, Sung JS, Zhang M, Yang
TY, Park KH, Yuenger J, Wang CL, Ryu JS, Xiang Y, Deng Q,
Hutchinson A, Kim JS, Cai Q, Landi MT, Yu CJ, Park JY, Tucker
M, Hung JY, Lin CC, Perng RP, Boffetta P, Chen CY, Chen KC,
Yang SY, Hu CY, Chang CK, Fraumeni JF Jr., Chanock S, Yang
PC, Rothman N and Lin D: The 5p15.33 locus is associated with
risk of lung adenocarcinoma in never-smoking females in Asia.
PLos Genet 6: e1001051, 2010.

40 Wilk JB, Shrine NR, Loehr LR, Zhao JH, Manichaikul A, Lopez
LM, Smith AV, Heckbert SR, Smolonska J, Tang W, Loth DW,
Curjuric I, Hui J, Cho MH, Latourelle JC, Henry AP, Aldrich M,
Bakke P, Beaty TH, Bentley AR, Borecki IB, Brusselle GG,
Burkart KM, Chen TH, Couper D, Crapo JD, Davies G, Dupuis
J, Franceschini N, Gulsvik A, Hancock DB, Harris TB, Hofman
A, Imboden M, James AL, Khaw KT, Lahousse L, Launer LJ,
Litonjua A, Liu Y, Lohman KK, Lomas DA, Lumley T,
Marciante KD, McArdle WL, Meibohm B, Morrison AC, Musk
AW, Myers RH, North KE, Postma DS, Psaty BM, Rich SS,
Rivadeneira F, Rochat T, Rotter JI, Artigas MS, Starr JM,
Uitterlinden AG, Wareham NJ, Wijmenga C, Zanen P, Province
MA, Silverman EK, Deary IJ, Palmer LJ, Cassano PA, Gudnason
V, Barr RG, Loos RJ, Strachan DP, London SJ, Boezen HM,
Probst-Hensch N, Gharib SA, Hall IP, O’Connor GT, Tobin MD
and Stricker BH: Genome-wide association studies identify
CHRNA5/3 and HTR4 in the development of airflow
obstruction. Am J Respir Care Med 186: 622-632, 2012.

41. Fehringer G, Liu G, Pintilie M, Sykes J, Cheng D, Liu N, Chen
Z, Seymour L, Der SD, Shepherd FA, Tsao MS and Hung RJ:
Association of the 15q25 and 5p15 lung cancer susceptiblibility
regions with gene expression in lung tumor tissue. Cancer
Epidemiol Biomarkers Prev 21: 1097-104, 2012.

42 Torjussen TM, Lødrup Carlsen KC, Munthe-Kaas MC,
Mowinckel P, Carlsen KH, Helms PJ, Gerritsen J, Whyte MK,
Lenney W, Undlien DE, Shianna KV, Zhu G and Pillai SG:
Alpha-nicotinic acetylcholine receptor and tobacco smoke
exposure: effects on bronchial hyperresponsiveness in children.
Pediatric Allergy Immunol 23: 40-49, 2012.

43 Wang Y, Broderick P, Webb E, Wu X, Vijayakrishnan J, Matakidou
A, Qureshi M, Dong Q, Gu X, Chen WV, Spitz MR, Eisen T, Amos
CI and Houlston RS: Common 5p15.33 and 6p21.33 variants
influence lung cancer risk. Nat Genet 40: 1407-1409, 2008.

44 Krais AM, Hautefeuille AH, Cros MP, Krutovskikh V, Tournier
JM, Birembaut P, Thépot A, Paliwal A, Herceg Z, Boffetta P,
Brennan P and Hainaut PL: CHRNA5 as negative regulator of
nicotine signaling in normal and cancer bronchial cells: effects
on motility, migration and p63 expression. Carcinogenesis 32:
1388-1395, 2011.

45 Timofeeva MN, McKay JD, Smith GD, Johansson M, Byrnes
GB, Chabrier A, Relton C, Ueland PM, Vollset SE, Midttun Ø,
Nygård O, Slimani N, Romieu I, Clavel-Chapelon F, Boutron-
Ruault MC, Fagherazzi G, Kaaks R, Teucher B, Boeing H,
Weikert C, Bueno-de-Mesquita HB, van Gils C, Peeters PH,
Agudo A, Barricarte A, Huerta JM, Rodríguez L, Sánchez MJ,
Larrañaga N, Khaw KT, Wareham N, Allen NE, Travis RC, Gallo
V, Norat T, Krogh V, Masala G, Panico S, Sacerdote C, Tumino
R, Trichopoulou A, Lagiou P, Trichopoulos D, Rasmuson T,

Hallmans G, Riboli E, Vineis P and Brennan P: Genetic
polymorphisms in 15q25 and 19q13 loci, cotinine levels, and risk
of lung cancer in EPIC. Cancer Epidemiol Biomarkers Prev 20:
2250-2261, 2011.

46 Rafnar T, Sulem P, Stacey SN, Geller F, Gudmundsson J,
Sigurdsson A, Jakobsdottir M, Helgadottir H, Thorlacius S, Aben
KK, Blöndal T, Thorgeirsson TE, Thorleifsson G, Kristjansson
K, Thorisdottir K, Ragnarsson R, Sigurgeirsson B, Skuladottir
H, Gudbjartsson T, Isaksson HJ, Einarsson GV, Benediktsdottir
KR, Agnarsson BA, Olafsson K, Salvarsdottir A, Bjarnason H,
Asgeirsdottir M, Kristinsson KT, Matthiasdottir S, Sveinsdottir
SG, Polidoro S, Höiom V, Botella-Estrada R, Hemminki K,
Rudnai P, Bishop DT, Campagna M, Kellen E, Zeegers MP, de
Verdier P, Ferrer A, Isla D, Vidal MJ, Andres R, Saez B, Juberias
P, Banzo J, Navarrete S, Tres A, Kan D, Lindblom A, Gurzau E,
Koppova K, de Vegt F, Schalken JA, van der Heijden HF, Smit
HJ, Termeer RA, Oosterwijk E, van Hooij O, Nagore E, Porru
S, Steineck G, Hansson J, Buntinx F, Catalona WJ, Matullo G,
Vineis P, Kiltie AE, Mayordomo JI, Kumar R, Kiemeney LA,
Frigge ML, Jonsson T, Saemundsson H, Barkardottir RB,
Jonsson E, Jonsson S, Olafsson JH, Gulcher JR, Masson G,
Gudbjartsson DF, Kong A, Thorsteinsdottir U and Stefansson K:
Sequence variants at the TERT-CLPTMIL locus associate with
many cancer types. Nat Genet 41: 221-227, 2009.

47 Jin G, Xu L, Shu Y, Tian T, Liang J, Xu Y, Wang F, Chen J, Dai
J, Hu Z, and Shen H: Common genetic variants on 5p15.33
contribute to risk of lung adenocarcinoma in a Chinese
population. Carcinogenesis 30: 987-990, 2009.

48 Broderick P, Wang Y, Vijayakrishnan J, Matakidou A, Spitz MR,
Eisen T, Amos CI, and Houlston RS: Deciphering the impact of
common genetic variation on lung cancer risk: A genome wide
association study. Cancer Res 69: 6633-6641, 2009.

49 Pande M, Spitz MR, Wu X, Gorlov IP, Chen WV, and Amos CI:
Novel genetic variants in the chromosome 5p15.33 region associate
with lung cancer risk. Carcinogenesis 32: 1493-1499, 2011.

50 Bose A, Guilherme A, Huang S, Hubbard AC, Lane CR, Soriano
NA and Czech MP: The v-SNARE Vti1a regulates insulin-
stimulated glucose transport and Acrp30 secretion in 3T3-Li
adipocytes. J Biol Chem 280: 36946-36951, 2005.

51 Setayeshgar S, Whiting SJ and Vatanparast H: Prevalence of 10-
year risk of cardiovascular diseases and associated risks in
Canadian adults: the contribution of cardiometric risk assessment
introduction. Int J Hypertens 2013: 276564, 2013.

52 Govindarajan R, Ratnasinghe L, Simmons DL, Siegel ER,
Midathada MV, Kim L, Kim PJ, Owens RJ and Lang NP:
Thiazolidinediones and the risk of lung, prostate, and colon cancer
in patients with diabetes. J Clin Oncol 25: 1476-1481, 2007.

53 Petridou ET, Mitsiades N, Gialamas S, Angelopoulos M,
Skalkidou A, Dessypris N, Hsi A, Lazaris N, Polyzos A, Syrigos
C, Brennan AM, Tseleni-Balafouta S and Mantzoros CS:
Circulating adiponectin levels and expression of adiponectin
receptors in relation to lung cancer: Two case-control studies.
Oncology 73: 261-269, 2007.

54 Li Y, Sheu CC, Ye Y, de Andrade M, Wang L, Chang SC, Aubry
MC, Aakre JA, Allen MS, Chen F, Cunningham JM, Deschamps
C, Jiang R, Lin J, Marks RS, Pankratz VS, Su L, Li Y, Sun Z,
Tang H, Vasmatzis G, Harris CC, Spitz MR, Jen J, Wang R,
Zhang ZF, Christiani DC, Wu X and Yang P: Genetic variants
and risk of lung cancer in never smokers: a genome-wide
association study. Lancet Oncol 11: 321-330, 2010.

ANTICANCER RESEARCH 34: 5229-5240 (2014)

5238



55 Tessema M, Yu YY, Stidley CA, Machida EO, Schuebel KE,
Baylin SB and Belinsky SA: Concomitant promoter
methylation of multiple genes in lung adenocarcinomas from
current, former and never smokers. Carcinogenesis 30: 1132-
1138, 2009.

56 Ahn MJ, Won HH, Lee J, Lee ST, Sun JM, Park YH, Ahn JS,
Kwon OJ, Kim H, Shim YM, Kim J, Kim K, Kim YH, Park JY,
Kim JW and Park K: The 18p11.22 locus is associated with
never smoker non-small cell lung cancer susceptibility in Korean
populations. Hum. Genet 131: 365-372, 2012.

57 An S-J, Chen ZH, Su J, Zhang XC, Zhong WZ, Yang JJ, Zhou
Q, Yang XN, Huang L, Guan JL, Nie Q, Yan HH, Mok TS and
Wu YL: Identification of enriched driver gene alterations in
subgroups of non-small cell lung cancer patients based on
histology and smoking status. PLoS One 7: e40109, 2012.

58 Fujiwara K, Kiura K, Ueoka H, Tabata M, Hamasaki S and
Tanimoto M: Dramatic effect of ZD1839 (“Iressa”) in a patient
with advanced non-small-cell lung cancer and poor performance
status. Lung Cancer 40: 73-76, 2003.

59 Shimizu K, Hirami Y, Saisho S, Yukawa T, Maeda A, Yasuda K
and Nakata M: Membrane-bound estrogen receptor-α expression
and epidermal growth factor receptor mutation are associated
with a poor prognosis in lung adenocarcinoma patients. World J
Surg Oncol 10: 141 (1-7), 2012.

60 Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria I,
Singh B, Heelan R, Rusch V, Fulton L, Mardis E, Kupfer D,
Wilson R, Kris M and Varmus H: EGF receptor gene mutations
are common in lung cancers from “never smokers” and are
associated with sensitivity of tumors to gefitinib and erlotinib.
Proc Natl Acad USA 101: 13306-13311, 2004.

61 Wilkerson MD, Yin X, Walter V, Zhao N, Cabanski CR,
Hayward MC, Miller CR, Socinski MA, Parsons AM, Thorne
LB, Haithcock BE, Veeramachaneni NK, Funkhouser WK,
Randell SH, Bernard PS, Perou CM and Hayes DN: Differential
pathogenesis of lung adenocarcinoma subtypes involving
sequence mutations, copy number, chromosomal instability, and
methylation. PLoS One 7: e36530 (1-13), 2012.

62 Li Y, Li Y, Yang T, Wei S, Wang J, Wang M, Wang Y, Zhou Q,
Liu H and Chen J: Clinical significance of EML4-ALK fusion
gene and association with EGFR and KRAS gene mutations in
208 Chinese patients with non-small cell lung cancer. PLoS One
8: e52093 (1-12), 2013.

63 Lee DH, Han JY, Lee HG, Lee JJ, Lee EK, Kim HY, Kim HK,
Hong EK and Lee JS: Gefitinib as a first-line therapy of
advanced or metastatic adenocarcinoma of the lung in never-
smokers. Clin Cancer Res 11: 3032-3037, 2005.

64 Stabile LP, Davis AL, Gubish CT, Hopkins TM, Luketich JD,
Christie N, Finkelstein S and Siegfried JM: Human non-small
cell lung tumors and cells derived from normal lung express both
estrogen receptor alpha and beta and show biological responses
to estrogen. Cancer Res 62: 2141-2150, 2002.

65 Oxnard GR, Miller VA, Robson ME, Azzoli CG, Pao W, Ladanyi
M and Arcila ME: Screening for germline EGFR T790M
mutations through lung cancer genotyping. J Thorac Oncol 7:
1049-1052, 2012.

66 Bonanno L, Schiavon M, Nardo G, Bertorelle R, Bonaldi L,
Galligioni A, Indraccolo S, Pasello G, Rea F and Favaretto A:
Prognostic and predictive implications of EGFR mutations,
EGFR copy number and KRAS mutations in advanced stage
lung adenocarcinoma. Anticancer Res 30: 5121-5128, 2010.

67 Yamauchi M, Yamaguchi R, Nakata A, Kohno T, Nagasaki M,
Shimamura T, Imoto S, Saito A, Ueno K, Hatanaka Y, Yoshida
R, Higuchi T, Nomura M, Beer DG, Yokota J, Miyano S and
Gotoh N: Epidermal growth factor receptor tyrosine kinase
defines critical prognostic genes of stage 1 lung adenocarcinoma.
PLoS One 7: e43923 (1-11), 2012.

68 Jou YS, Lo YL, Hsiao CF, Chang GC, Tsai YH, Su WC, Chen
YM, Huang MS, Chen HL, Chen CJ, Yang PC and Hsiung CA:
Association of an EGFR intron 1 SNP with never-smoking
female lung adenocarcinoma patients. Lung Cancer 64: 251-256,
2009.

69 Ren S, Kuang P, Zheng L, Su C, Li J, Li B, Chen X, Wang Y,
KimCurran V, Liu L, Hu Q, Zhang J, Tang L and Zhou C:
Analysis of driver mutations in female non-smoker Asian
patients with pulmonary adenocarcinoma. Cell Biochem Biophys
64: 155-160, 2012.

70 Marquez-Medina D, Gasol-Cudós A, Taberner-Bonastre MT,
Samamé Pérez-Vargas JC, Salud-Salvia A and Llombart-Cussac
A: Human papillomavirus in non-small-cell lung cancer: the
impact of EGFR mutations and the response to erlotinib. Arch
Bronconeumol 49: 79-81, 2013.

71. Jo UH, Han SG, Seo JH, Park KH, Lee JW, Lee HJ, Ryu JS and
Kim YH: The genetic polymorphisms of HER-2 and the risk of
lung cancer in a Korean population. BMC Cancer 8: 359 (1-9),
2008.

72 Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa
S, Fujiwara S, Watanabe H, Kurashina K, Hatanaka H, Bando
M, Ohno S, Ishikawa Y, Aburatani H, Niki T, Sohara Y,
Sugiyama Y and Mano H: Identification of the transforming
EML4-ALK fusion gene in non-small-cell lung cancer. Nature
448: 561-566, 2007.

73 Dogan S, Shen R, Ang DC, Johnson ML, D’Angelo SP, Paik PK,
Brzostowski EB, Riely GJ, Kris MG, Zakowski MF and Ladanyi
M: Molecular epidemiology of EGFR and KRAS mutations in
3,026 lung adenocarcinomas: higher susceptibility of women to
smoking-related KRAS-mutant cancers. Clin Cancer Res 18:
6169-6177, 2012.

74 Engels EA, Wu X, Gu J, Dong Q, Liu J and Spitz MR:
Systematic evaluation of genetic variants in the inflammation
pathway and risk of lung cancer. Cancer Res 67: 6520-6527,
2007.

75 Kiyohara C, Horiuchi T, Takayama K and Nakanishi Y: IL1B rs
1143634 polymorphism, cigarette smoking, alcohol use, and
lung cancer risk in a Japanese population. J Thorac Oncol 5:
299-304, 2010.

76 Spitz MR, Gorlov IP, Dong Q, Wu X, Chen W, Chang DW, Etzel
CJ, Caporaso NE, Zhao Y, Christiani DC, Brennan P, Albanes D,
Shi J, Thun M, Landi MT and Amos CI: Multistage analysis of
variants in the inflammation pathway and lung cancer risk in
smokers. Cancer Epidemiol Biomarkers Prev 21: 1213-1221,
2012.

77 Le Calvez F, Mukeria A, Hunt JD, Kelm O, Hung RJ, Tanière P,
Brennan P, Boffetta P, Zaridze DG and Hainaut P: TP53 and
KRAS mutation load and types in lung cancers in relation to
tobacco smoke: distinct patterns in never, former, and current
smokers. Cancer Res 65: 5076-5083, 2005.

78 Bock CH, Wenzlaff AS, Cote ML, Land SJ and Schwartz AG.
NQQ1 T allele associated with decreased risk of later age at
diagnosis lung cancer among never smokers: results from a
population-based study. Carcinogenesis 25: 381-386, 2005.

Okazaki et al: Genes Associated with Susceptibility to Lung Adenocarcinoma Among Never Smokers

5239



79 McKay JD, Hung RJ, Gaborieau V, Boffetta P, Chabrier A, Byrnes
G, Zaridze D, Mukeria A, Szeszenia-Dabrowska N, Lissowska J,
Rudnai P, Fabianova E, Mates D, Bencko V, Foretova L, Janout
V, McLaughlin J, Shepherd F, Montpetit A, Narod S, Krokan HE,
Skorpen F, Elvestad MB, Vatten L, Njølstad I, Axelsson T, Chen
C, Goodman G, Barnett M, Loomis MM, Lubiñski J, Matyjasik
J, Lener M, Oszutowska D, Field J, Liloglou T, Xinarianos G,
Cassidy A; EPIC Study, Vineis P, Clavel-Chapelon F, Palli D,
Tumino R, Krogh V, Panico S, González CA, Ramón Quirós J,
Martínez C, Navarro C, Ardanaz E, Larrañaga N, Kham KT, Key
T, Bueno-de-Mesquita HB, Peeters PH, Trichopoulou A, Linseisen
J, Boeing H, Hallmans G, Overvad K, Tjønneland A, Kumle M,
Riboli E, Zelenika D, Boland A, Delepine M, Foglio M, Lechner
D, Matsuda F, Blanche H, Gut I, Heath S, Lathrop M and Brennan
P: Lung cancer susceptibility locus at 5p15.33. Nat Genet 40:
1404-1406, 2008.

80 Landi MT, Chatterjee N, Yu K, Goldin LR, Goldstein AM,
Rotunno M, Mirabello L, Jacobs K, Wheeler W, Yeager M,
Bergen AW, Li Q, Consonni D, Pesatori AC, Wacholder S, Thun
M, Diver R, Oken M, Virtamo J, Albanes D, Wang Z, Burdette
L, Doheny KF, Pugh EW, Laurie C, Brennan P, Hung R,
Gaborieau V, McKay JD, Lathrop M, McLaughlin J, Wang Y,
Tsao MS, Spitz MR, Wang Y, Krokan H, Vatten L, Skorpen F,
Arnesen E, Benhamou S, Bouchard C, Metspalu A, Vooder T,
Nelis M, Välk K, Field JK, Chen C, Goodman G, Sulem P,
Thorleifsson G, Rafnar T, Eisen T, Sauter W, Rosenberger A,
Bickeböller H, Risch A, Chang-Claude J, Wichmann HE,
Stefansson K, Houlston R, Amos CI, Fraumeni JF Jr, Savage SA,
Bertazzi PA, Tucker MA, Chanock S and Caporaso NE: A
genome-wide association study of lung cancer identifies a region
of chromosome 5p15 associated with risk for adenocarcinoma.
Am J Hum Genet 85: 679-691, 2009.

81 Saxena NK, Taliaferro-Smith L, Knight BB, Merlin D, Anania
FA, O’Regan RM and Sharma D: Bidirectional crosstalk
between leptin and insulin-like growth factor-1 signaling
promotes invasion and migration of breast cancer cells via
transactivation of epidermal growth factor receptor. Cancer Res
68: 9712-9722, 2008.

82 Imielinski M, Berger AH, Hammerman PS, Hernandez B, Pugh
TJ, Hodis E, Cho J, Suh J, Capelletti M, Sivachenko A, Sougnez
C, Auclair D, Lawrence MS, Stojanov P, Cibulskis K, Choi K,
de Waal L, Sharifnia T, Brooks A, Greulich H, Banerji S, Zander
T, Seidel D, Leenders F, Ansén S, Ludwig C, Engel-Riedel W,
Stoelben E, Wolf J, Goparju C, Thompson K, Winckler W,
Kwiatkowski D, Johnson BE, Jänne PA, Miller VA, Pao W,
Travis WD, Pass HI, Gabriel SB, Lander ES, Thomas RK,
Garraway LA, Getz G and Meyerson M: Mapping the hallmarks
of lung adenocarcinoma with massively parallel sequencing. Cell
150: 1107-1120, 2012.

83 Xu X, Su S, Barnes VA, De Miguel C, Pollock J, Ownby D, Shi
H, Zhu H, Snieder H and Wang X: A genome-wide methylation
study on obesity: Differential variability and differential
methylation. Epigenetics 8: 522-533, 2013.

Received June 9, 2014
Revised July 16, 2014

Accepted July 17, 2014

ANTICANCER RESEARCH 34: 5229-5240 (2014)

5240




