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ABSTRACT

Background: Genome-wide association studies are widely
used to map genomic regions contributing to lung cancer
(LC) susceptibility, but they typically do not identify the
precise disease-causing genes/variants. To unveil the
inherited genetic variants that cause LC, we performed
focused exome-sequencing analyses on genes located in 121
genome-wide association study–identified loci previously
implicated in the risk of LC, chronic obstructive pulmonary
disease, pulmonary function level, and smoking behavior.

Methods: Germline DNA from 260 case patients with LC and
318 controls were sequenced by utilizing VCRome 2.1 exome
capture. Filteringwasbasedonenrichmentof rare andpotential
deleteriousvariants in cases (riskalleles)or controls (protective
alleles). Allelic association analyses of single-variant and gene-
based burden tests of multiple variants were performed.
Promising candidates were tested in two independent valida-
tion studieswith a total of 1773casepatients and1123controls.

Results: We identified 48 rare variants with deleterious ef-
fects in the discovery analysis and validated 12 of the 43
candidates that were covered in the validation platforms. The
top validated candidates included one well-established
truncating variant, namely, BRCA2, DNA repair associated
gene (BRCA2) K3326X (OR ¼ 2.36, 95% confidence interval
[CI]: 1.38–3.99), and three newly identified variations,
namely, lymphotoxin beta gene (LTB) p.Leu87Phe (OR ¼
7.52, 95% CI: 1.01–16.56), prolyl 3-hydroxylase 2 gene
(P3H2) p.Gln185His (OR ¼ 5.39, 95% CI: 0.75–15.43), and
dishevelled associated activator of morphogenesis 2 gene
(DAAM2) p.Asp762Gly (OR ¼ 0.25, 95% CI: 0.10–0.79).
Burden tests revealed strong associations between zinc
finger protein 93 gene (ZNF93), DAAM2, bromodomain con-
taining 9gene (BRD9), and the geneLTB andLC susceptibility.

Conclusion: Our results extend the catalogue of regions
associated with LC and highlight the importance of germline
rare coding variants in LC susceptibility.

� 2018 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. All rights reserved.
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Introduction
Although almost 80% of lung cancers (LCs) are

attributed to smoking, LC develops in only about 15% of
smokers. Therefore, it remains of great importance to
understand the genetic factors that contribute to LC risk.
It is well recognized that tobacco-induced chronic
obstructive pulmonary disease (COPD) is an important
predictor of LC risk. Genome-wide association studies
(GWASs) have identified 45 genome-wide significant loci
for LC, 22 loci for COPD, 32 loci for smoking behavior
(SM), and 63 loci for pulmonary function (PF) levels,
totaling 121 unique susceptibility loci (Supplementary
Table 1). Interestingly, there is considerable overlap
among these susceptibility loci and genes for these
phenotypes (LC, COPD, SM, and PF levels). For example,
the 6p21-22, 15q24-25.1, and 19q13.2 regions are
shared by all four phenotypes; 5p15.33, 6p21.32,
10q23.31, and 10q25 are shared by three phenotypes;
and 15 loci shared by two phenotypes (see
Supplementary Table 1).

Although GWASs have been successful in identifying
common (minor allele frequency [MAF] >5%) variants
of small effect, the overall amount of LC heritability
explained by these known common variants remains
small. Further, because the tag single-nucleotide poly-
morphisms (SNPs) utilized in GWASs are used to identify
genomic regions of interest rather than being selected
for causality, identification of the functional variant at a
specific locus generally poses a significant challenge. For
example, of the 93 common LC GWAS top hits from the
45 reported susceptibility loci,1 only two are protein
coding (cholinergic receptor nicotinic alpha 3 subunit
gene (CHRNA3) p.Tyr215 and cholinergic receptor nico-
tinic alpha 5 subunit gene (CHRNA5) p.Asp398Asn), with
the remaining 91 variants falling in noncoding regions
(four in untranslated regions, seven in flanking regions,
70 in intron regions, and 10 in intergenic regions). Al-
leles that are functionally deleterious will tend to be
underrepresented at high frequencies, which is an
assertion that is supported by the observation of a
relationship between putative functionality and MAF.
Recent studies suggest that multiple low-frequency
(1% < MAF < 5%) or rare (MAF <1%) variants
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