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Background: Cancer initiation and development are driven by key mutations in driver genes. Applying high-throughput
sequencing technologies and bioinformatic analyses, The Cancer Genome Atlas (TCGA) project has identified panels of somatic
mutations that contributed to the etiology of various cancers. However, there are few studies investigating the germline genetic
variations in these significantly mutated genes (SMGs) and lung cancer susceptibility.

Patients and methods: We comprehensively evaluated 1655 tagged single nucleotide polymorphisms (SNPs) located in
127 SMGs identified by TCGA, and test their association with lung cancer risk in large-scale case–control study. Functional effect
of the validated SNPs, gene mutation frequency and pathways were analyzed.

Results: We found 11 SNPs in 8 genes showed consistent association (P< 0.1) and 8 SNPs significantly associated with lung
cancer risk (P< 0.05) in both discovery and validation phases. The most significant association was rs10412613 in PPP2R1A, with
the minor G allele associated with a decreased risk of lung cancer [odds ratio¼ 0.91, 95% confidence interval (CI): 0.87–0.96,
P¼ 2.3� 10�4]. Cumulative analysis of risk score built as a weight sum of the 11 SNPs showed consistently elevated risk with
increasing risk score (P for trend¼ 9.5� 10�9). In stratified analyses, the association of PPP2R1A:rs10412613 and lung cancer risk
appeared stronger among population of younger age at diagnosis and never smokers. The expression quantitative trait loci
analysis indicated that rs10412613, rs10804682, rs635469 and rs6742399 genotypes significantly correlated with the expression
of PPP2R1A, ATR, SETBP1 and ERBB4, respectively. From TCGA data, expression of the identified genes was significantly different
in lung tumors compared with normal tissues, and the genes’ highest mutation frequency was found in lung cancers.
Integrative pathway analysis indicated the identified genes were mainly involved in AKT/NF-jB regulatory pathway suggesting
the underlying biological processes.

Conclusion: This study revealed novel genetic variants in SMGs associated with lung cancer risk, which might contribute to
elucidating the biological network involved in lung cancer development.
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Introduction

Lung cancer is one of the most common cancers worldwide and

is a leading cause of cancer deaths [1]. While smoking is the pri-

mary risk factor for lung cancer, only �15% of lifelong smokers

develop the deadly disease [2]. In recent years, studies found that

genetics may play a role in the development of lung cancer [3, 4].

Identifying key genes whose alterations drive cancer initiation

and development is an important area of cancer research. Recent

advances in high-throughput DNA sequencing technologies have

enabled the comprehensive characterization of somatic muta-

tions in cancers [5]. Utilizing novel technology and bioinfor-

matics analysis, The Cancer Genome Atlas (TCGA) project
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previously has identified panels of genetic mutations that con-

tributed to or were associated with the etiology of a variety of can-

cers [6]. In lung cancer, considerable progress in personalized

treatment has been made by targeting significantly mutated genes

(SMGs) in tumor, such as mutations in epidermal growth factor

receptor (EGFR) and anaplastic lymphoma receptor tyrosine kin-

ase (ALK) [7, 8]. Given the significance of somatic mutations in

SMGs in tumor development and growth, the germline risk

factors involving SMGs have not been systematically investigated.

Previous genome-wide association studies (GWAS) have

identified several susceptibility loci in a region of 15q25 contribu-

ting to smoking behavior, nicotine addiction and lung cancer risk

[9, 10]. However, to our knowledge, no study has systematically

investigated the common single nucleotide polymorphisms

(SNPs) within SMGs in lung cancer. Since SMGs may represent

key drivers for tumor development and progression [6], identify-

ing the SNPs in SMGs associated with lung cancer may uncover

new susceptibility loci that contribute to disease etiology with

biological plausibility.

In this study, leveraging an ongoing case–control study of

lung cancer patients treated at The University of Texas MD

Anderson Cancer Center, we systematically evaluated 1655

tagged SNPs (tagSNPs) located in cancer SMGs identified by

the TCGA studies, and assessed the association of these SNPs

with risk of lung cancer. The results were then validated by an

independent population from dbGAP database. The cumula-

tive effect of the risk SNPs and their association stratified by

age, gender and smoking status were also analyzed. Functional

significance of the identified SNPs was investigated using bio-

informatics tools and public databases. The significant SNPs

and genes identified from the study were further assessed for

gene expression, mutation frequency in major cancers, and

involvement of putative intracellular pathways. To our knowl-

edge, this is the first large scale investigation of germline poly-

morphisms of SMGs in modulating the risk of lung cancer,

which further supports the role of the SMGs in lung cancer

etiology.

Methods

Detailed description of study methods can be found in supplementary
methods, available at Annals of Oncology online.

Study population and data collection

A schematic diagram of the study design is displayed in Figure 1. The
study was approved by the Institutional Review Board of UT MD
Anderson Cancer Center, and written informed consent to participate in
this study was obtained from all participants before biospecimens, and
data were collected.

SNP selection and genotyping

SMGs were identified by TCGA Pan-Cancer effort in 12 major cancer
types (http://cancergenome.nih.gov/ (May 2015, date last accessed)) [6].
All identified genes have a mutation rate of at least 1% in at least one can-
cer type. TagSNPs were selected in 127 SMGs using Tagger program
(NCBI B36 assembly, dbSNP b126) from HapMap (www.hapmap.org
(May 2015, date last accessed)). Genomic DNA isolation and genotyping
were carried out as previously described [11].

Analysis of expression quantitative trait loci,
functional motif of SNPs, mutation frequency of
genes, and integrative network analysis (IPA)

The potential effect of validated SNPs on gene expression and func-
tional motif of SNPs were evaluated by expression quantitative trait loci
(eQTL) association using the Genevar database [12] and HaploReg v4.1
from Broad Institute (http://www.broadinstitute.org/mammals/hap
loreg/haploreg.php (May 2015, date last accessed)), respectively. Genes
corresponding to the identified SNPs were analyzed in TCGA Pan-
Cancer database [6], and their mutation frequency was ascertained for
12 major cancer types. Genes of the identified SNPs were further ana-
lyzed for cell signaling network by IPA.

Expression of identified genes in lung cancer
tumor and normal lung tissues

Gene expression derived from TCGA data was obtained from Broad
GDAC Firehose pipeline (http://gdac.broadinstitute.org (March 2016,
date last accessed), dbGaP Study Accession: phs000178.v1.p1).
Expression data were generated by Illumina HiSeq RNA sequencing of
108 normal lung tissues and lung cancer tumor tissues from patients with
lung adenocarcinoma (n¼ 488) and squamous cell carcinoma (n¼ 482).

Statistical analysis

For demographic variables, Pearson v2 or Fisher exact test was used to
analyze the difference in distribution of categorical variables and
Wilcoxon rank sum test or Student’s t-test was used to analyze continu-
ous variables between cases and controls. The association of each SNP
with the risk of lung cancer was estimated using the odds ratio (OR) and
95% confidence interval (CI). In the discovery population, multivariate
unconditional logistic regression was used adjusting for age, gender and
smoking status. In the validation population, multivariate unconditional
logistic regression was used adjusting for age, gender, study (four studies
listed in NCI dbGAP GWAS: EAGLE, ATBC, PLCO and CPS-II), and sig-
nificant principal components, following the procedure as described pre-
viously [13]. Meta-analysis was based on logistic regression combining
estimates in discovery and validation sets under fixed-effect model.
Cumulative effects for the candidate SNPs were assessed by summing risk
alleles showing significant association with lung cancer risk (P< 0.05).
Risk scores were a weighed sum of top association and were then catego-
rized into quartiles.

Results

Host characteristics

In discovery phase, a total of 1656 patients and 1486 controls

were enrolled in this study. supplementary Table S1, available at

Annals of Oncology online summarized the host characteristics of

the discovery population. The mean (6SD) age of the subjects

was 62.7 6 10.7 for cases and 62.3 6 10.7 years for controls. We

observed significant differences between cases and controls with

regard to gender (P¼ 0.002) and smoking status (P< 0.001)

(supplementary Table S1, available at Annals of Oncology online).

For the validation group, host characteristic data were obtained

from dbGaP (supplementary Table S1, available at Annals of

Oncology online). In the validation group, gender but not age dis-

tribution was significantly different between cases and controls

(P< 0.001), and there was greater proportion of males (81%)

versus females compared with the discovery group (54%).
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Genetic variants associated with risk of lung cancer

Among 1655 selected SNPs in 127 SMGs, 168 SNPs were found

significantly associated with lung cancer risk (supplementary

Table S2, available at Annals of Oncology online). Of these, 11

SNPs consistently associated with risk of lung cancer (P< 0.1) in

both discovery and validation populations and 8 SNPs were signif-

icant (P< 0.05, Table 1). The most significant SNP was

rs10412613 (OR¼ 0.84, 95% CI: 0.75–0.94, P¼ 0.002) in

PPP2R1A, which is also significant in validation set (OR¼ 0.93,

95% CI: 0.88–0.98, P¼ 0.01). Combining results from the two

populations, we carried out a meta-analysis for the 11 identified

SNPs, and all variants were significantly associated with lung can-

cer risk, among which rs10412613 in PPP2R1A being the most sig-

nificant (OR¼ 0.91, 95% Cl: 0.87–0.96, P¼ 2.3� 10�4, Table 1).

In the stratified analysis, the association of PPP2R1A:rs10412613

and the risk of lung cancer appeared stronger among population of

younger age at diagnosis (OR¼ 0.82, 95% CI 0.70–0.95, P¼ 0.008)

and never smokers (OR¼ 0.84, 95% CI 0.74–0.96, P¼ 0.009). The

association of ATR: rs10804682 and risk of lung cancer was stronger

among population of younger age at diagnosis (OR¼ 1.35, 95% CI

1.06–1.68, P¼ 0.006) and males (OR¼ 1.35, 95% CI 1.08–1.68,

P¼ 0.009). As for ARHGAP35:rs1052669, the association was only

stronger in population of younger age at diagnosis (OR¼ 0.59, 95%

CI 0.39–0.88, P¼ 0.009) but not in other stratified groups (supple-

mentary Table S3, available at Annals of Oncology online). No signifi-

cant interactions were observed between all identified SNPs and age,

gender or smoking status.

Cumulative effect of risk alleles

To examine the cumulative effect of 11 replicated SNPs, the risk

score built as a weight sum of the SNPs estimated in case and con-

trol subjects, and the effect of lung cancer risk was analyzed.

Compared with lowest-risk score (�0.90), subjects with 0.91–1.16,

12 TCGA pan-cancer types

GBM

BLCA COAD
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Identified 127 significantly mutated genes (SMGs)
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Discovery (MD anderson)

Validation (dbGap)
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P for trend<0.0001 (MD anderson)

Stratified analysis
Age, gender, and smoking status

(MD anderson)

Tumor/Normal tissue
Expression of all 8 genes different (TCGA)

Mutation frequency analysis
Average mutation frequency of SMGs in LC

are among the top cancer types (TCGA)

eQTL & functional motif analyses 
4 SNPs correlated with the gene expression

(Genevar)

Intergrative pathway analysis
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GWAS data from 5,699 cases and 5,815 controls
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Figure 1. Schematic of study design. BRCA, breast adenocarcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma;
UCEC, uterine corpus endometrial carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; COAD, READ;
colon and rectal carcinoma; BLCA, bladder urothelial carcinoma; KIRC, kidney renal clear cell carcinoma; OV, ovarian serous carcinoma; AML,
acute myeloid leukemia; LC; lung cancer. *Refer to reference 6.
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1.17–1.35, and>1.35, had 1.4-fold (OR¼ 1.40, 95% CI 1.12–1.76,

P¼ 2.8� 10�3), 1.6-fold (OR¼ 1.58, 95% CI 1.26–1.98,

P¼ 6.3� 10�5) and 1.9-fold (OR¼ 1.90, 95% CI 1.53–2.37,

P¼ 8.4� 10�9) increased risk of lung cancer, respectively, and

these risks showed increasing trend with increasing risk scores

(P for trend¼ 9.5� 10�9, Table 2). Similar results were also

observed in cumulative unfavorable genotype analysis (supple-

mentary Table S4, available at Annals of Oncology online).

SNPs function

To understand the functional impact of the identified SNPs from

cancer-related SMGs, the SNP associated gene expression was

tested by eQTL analysis in Genevar public database (supplemen-

tary Figure S1, available at Annals of Oncology online). Seven

SNPs were available in Genevar database and 4 of them were sig-

nificantly associated with gene expression in normal tissues:

rs10412613 and PPP2R1A expression in skin cells (P¼ 0.04),

rs10804682 and ATR expression in fibroblasts (P¼ 0.03),

rs635469 and SETBP1 expression in lymphoblastoid cells

(P¼ 0.04) and rs6742399 and ERBB4 expression in CEU popula-

tion (P¼ 0.003).

Bioinformatics analysis in ENCODE database revealed that 8

of 11 SNPs that were associated with risk of lung cancer might

alter the intracellular regulatory motifs (P< 0.05) (supplemen-

tary Table S5, available at Annals of Oncology online). In TCGA

database, gene expression of lung cancer tumors (n¼ 970) and

normal tissues (n¼ 108) were available for all 8 genes of the iden-

tified SMG SNPs: PPP2R1A, ATR, ELF3, ERBB4, SFTA1P,

LRRK2, SETBP1, and GATA3. The expression of these genes was

significantly altered in tumors compared with normal lung tis-

sues (P< 0.0001, supplementary Table S6, available at Annals of

Oncology online). The mutation frequency of the 8 genes across

12 major cancer sites was analyzed in TCGA Pan-Cancer data-

base. Interestingly, the highest average mutation frequency for

the identified genes was found in lung cancers (adenocarcinoma:

5.1%; squamous cell carcinoma: 4.9%) compared with other can-

cer types (supplementary Table S7, available at Annals of

Oncology online). Among these genes, the highest mutation fre-

quency was found for SETBP1, whose expression could be

affected by rs635469 genotypes and whose mutations appeared in

12.7% of lung adenocarcinomas.

Integrative network analysis

We also carried out integrative network analysis to examine the

underlying biological processes that might be associated with risk of

lung cancer development. The eight candidate genes were analyzed

by IPA analysis, which revealed an interaction network consisting of

these genes and AKT/NF-jB regulatory pathway (supplementary

Figure S2, available at Annals of Oncology online). Several known

genes that have been implicated in lung cancer development (e.g.

CHRNA3 and BCL2L2) were found in the network.

Discussion

It is well-known that mutations in key cancer-related genes drive

cancer initiation and tumor cell proliferation while inhibiting

Table 1. Significant association of SNPs in cancer-related significantly mutated genes and risk of lung cancer (MD Anderson, n 5 3142; dbGAP, n 5 11 514)

Minor
allele

Discovery Validation Meta-analysis

SNP Gene Modela ORb (95% CI) P ORc (95% CI) P OR (95% CI) P Pheterogeneity

rs10412613 PPP2R1A G ADD 0.84 (0.75–0.94) 2.3� 10�3 0.93 (0.88–0.98) 9.7� 10�3 0.91 (0.87–0.96) 2.3� 10�4 0.11
rs4802905 PPP2R1A G DOM 1.23 (1.02–1.47) 0.027 1.10 (1.00–1.21) 0.041 1.13 (1.04–1.23) 5.7� 10�3 0.29
rs10804682 ATR A DOM 1.21 (1.03–1.41) 0.021 1.11 (1.03–1.20) 9.5� 10�3 1.13 (1.05–1.21) 5.6� 10�4 0.33
rs2819365 ELF3 A DOM 0.86 (0.73–1.00) 0.05 0.91 (0.84–0.98) 9.1� 10�3 0.90 (0.84–0.96) 2.9� 10�3 0.53
rs6747637 ERBB4 C REC 0.81 (0.67–0.98) 0.033 0.89 (0.81–0.98) 0.017 0.87 (0.80–0.95) 1.8� 10�3 0.39
rs6742399 ERBB4 A ADD 0.88 (0.79–0.98) 0.021 0.95 (0.90–1.00) 0.063 0.94 (0.89–0.98) 6.2� 10�3 0.22
rs6740117 ERBB4 G REC 0.82 (0.67–1.00) 0.046 0.90 (0.81–0.99) 0.031 0.88 (0.81–0.97) 6.7� 10�3 0.42
rs434645 SFTA1P A DOM 1.21 (1.02–1.43) 0.029 1.09 (1.00–1.18) 0.054 1.11 (1.03–1.20) 5.0� 10�3 0.28
rs635469 SETBP1 G DOM 0.83 (0.69–1.00) 0.049 0.92 (0.85–1.00) 0.059 0.90 (0.84–0.97) 8.5� 10�3 0.32
rs1052669 ARHGAP35 A REC 0.73 (0.54–0.98) 0.035 0.87 (0.75–1.00) 0.05 0.84 (0.74–0.96) 9.1� 10�3 0.30
rs11175985 LRRK2 A DOM 1.24 (1.04–1.48) 0.016 1.07 (0.98–1.17) 0.01 1.10 (1.02–1.19) 0.016 0.14

aModel of inheritance selected for the most significant model: dom, dominant; rec, recessive; add, additive.
bAdjusted for age, gender and smoking status.
cAdjusted for age, gender, study, and significant principal component.

Table 2. Genetic risk score of discovery set for SNPs of significantly
mutated genes in lung cancer (MD Anderson, n 5 3142)

Risk score Cases,
n (%)

Controls,
n (%)

ORa (95% CI) P

�0.90 301 (44.79) 371 (55.21) 1 (Reference)
0.91–1.16 414 (51.56) 389 (48.44) 1.40 (1.12–1.76) 2.8� 10�3

1.17–1.35 419 (54.13) 355 (45.87) 1.58 (1.26–1.98) 6.3� 10�5

>1.35 521 (58.61) 368 (41.39) 1.90 (1.53–2.37) 8.4� 10�9

P for trend 9.5� 10�9

aAdjusted for age, gender and smoking status.
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apoptosis. The somatic profile of SMGs may help to identify these

driver genes, which has drawn significant attention in cancer

research. However, the influence of germline genetic variation of

these genes on lung cancer risk has not been extensively explored.

To our knowledge, this study is the first large-scale, integrative

association analysis of SMG genetic variants with susceptibility to

lung cancer. We comprehensively incorporated genetic polymor-

phism data, gene expression data, mutation frequency data, SNP

functional analysis and bioinformatic analysis. We identified 11

SNPs, including 4 potentially functional SNPs, in 8 genes as novel

lung cancer susceptibility loci. The functional characterization

using eQTL analysis suggested the correlation of functional SNP

genotypes with gene expression. Indeed, the expression of these

genes was significantly different in tumors compared with nor-

mal tissues. The fact that the cancer types bearing the highest

mutation frequency for the identified genes were lung cancers

also supported the notion of these SMGs playing potential role as

cancer drivers. Furthermore, IPA analysis suggested that the

identified genes were mainly involved in cellular proliferation

and developmental signaling of the AKT-NF-jB regulatory

pathway.

The most significant SNP (rs10412613) associated with risk of

lung cancer is located in PPP2R1A gene, which encodes a regula-

tory subunit of protein phosphatase 2 (PP2A). PP2A is one of the

major cellular Ser/Thr protein phosphatases which play key roles

in regulating cell growth, apoptosis, and transformation by

dephosphorylating target proteins in several signaling pathways

of both normal and cancer cells [14, 15]. Some studies reported

that PP2A in cancer development was regulated by activation of

ATM and Rad3-related (ATR) to initiate DNA damage response

[16]. Of interest, in our study, we also found that genetic variant,

rs10804682, in ATR was also associated with lung cancer risk. In

lung cancer, Yang et al. [17] and Zienolddiny et al. [18] recently

identified the association of rs11453459 in PPP2R1A and

rs10804682 in ATR with susceptibility to lung cancer. Our study

is in line with these studies; we identified three distinct genetic

signals: rs10412613 and rs4802905 in PPP2R1A and rs10804682

in ATR being associated with risk of lung cancer with two of the

three SNPs, rs10412613 and rs10804682, having potential func-

tional effect as determined by bioinformatic analyses.

The genotypes of rs10412613 in PPP2R1A and rs10804682 in

ATR both correlated with gene expressions in tissues or cell lines

in eQTL analysis. As predicted from the ENCODE dataset, the

polymorphism of rs10804682 perturbs a regulatory binding site,

which may potentially affect the interaction with NKX2-5 result-

ing in alternative splicing with multiple transcript variants that

may further modify lung cancer risk. Therefore, rs10412613 and

rs10804682 may affect RNA stability and its subsequent produc-

tion. Further functional characterization may be necessary to dis-

sect the mechanistic basis for the variants’ association with lung

cancer risk.

E74-like factor 3 (ELF3) is the prototypic member of a novel

subset of the ETS transcription factor family [19] and has been

reported to involve in a variety of pathophysiologic processes,

including cancer and inflammatory disorders. Liu et al. [20]

found that loss of PTEN and SMAD4 resulted in ELF3 and ErbB2

pathway activation and suggested the importance of the ErbB2/

Akt/ELF3 signaling pathway as both lung cancer biomarker and

therapeutic drug target for tumor cells. Other recent studies also

reported similar findings in lung cancer [21, 22]. Our result

showing genetic variant of ELF3 associated with lung cancer sus-

ceptibility supports this notion. Further functional analysis using

the ENCODE dataset also showed that rs2819365 might impact

the interaction with TLX1 and NF1C, which are nuclear tran-

scription factors that are involved in development and transcrip-

tional machinery, respectively.

The presence of activating driver mutations of ERBB4 has been

demonstrated in lung cancer [23]. Although ERBB4 is a member

of the EGFR subfamily of receptor tyrosine kinases and 5.4% of

non-small cell lung cancers harbor ERBB4 missense mutations

[24, 25], to our knowledge, ERBB4 polymorphisms have not been

studied in lung cancer, while studies in breast and prostate cancer

have been investigated [26]. Rokavec et al. [27] demonstrated

that SNP rs62626348 in ERBB4 conferred highest risk of breast

cancer in a large case–control study. In the present study, the sig-

nificant association of three SNPs in ERBB4 (rs6747637,

rs6740117 and rs6742399) with lung cancer risk suggests that

germline genetic variations of this gene may play an important

role similar to the effect of somatic mutations to initiate or sup-

port cancer development in the lung.

The Rho GTPase-activating protein 35 (ARHGAP35) is an

important Rho family GTPase-activating protein, and was iden-

tified as a crucial regulator for cell proliferation, spreading and

migration whose alteration may determine cancer cell types.

Campbell et al. [28] suggested that lung adenocarcinoma lack-

ing receptor tyrosine kinase-Ras–Raf pathway alterations have

mutations in SOS1, VAV1, RASA1 and ARHGAP35. The associ-

ation between genetic variants in ARHGAP35 and lung cancer

risk is previously unknown. However, polymorphism of

ARHGAP35 has been demonstrated to associate with osteosar-

coma risk and prognosis [29]. In this study, rs1052669 in

ARHGAP35 was associated with lung cancer risk, and genotypes

of this SNP significantly correlated with expression of

ARHGAP35 which suggested functional relevance. Finally, using

bioinformatics approach, we found the identified genes were

mainly associated with AKT/NF-jB pathway genes and net-

work. The genes in this network, including AKT, NF-jB,

CHRNA3 and BCL2L2, have been demonstrated to associate

with lung cancer [9, 30].

There are several strengths in this study. First, the relatively

large sample size with complete host characteristics and clinical

information of patients in MD Anderson Cancer Center allowed

us to have sufficient power to test the cancer risk association

while fully adjusting possible confounders and stratifying by

important risk variables. Second, the design of two independent

phases for discovery and validation enabled us to minimize

potential false positive findings. Third, broad selection of genetic

variants from 127 SMGs ensure adequate coverage of important

genes involved in the pathogenesis of major cancer types,

although some functional SNPs might be missed due to the

tagSNP selection strategy.

In conclusion, the results of this large, integrated multi-phase

case–control study suggest for the first time that genetic varia-

tions of SMGs may contribute to lung cancer susceptibility.

Future independent studies are warranted to confirm the results.

Distinct genetic markers could provide translational application

in risk stratification and uncover the novel mechanistic basis of

lung carcinogenesis.
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