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 Objectives—Genome-wide association studies (GWAS) of lung cancer have identified regions 

of common genetic variation with lung cancer risk in Europeans who smoke and never-smoking 

Asian women. This study aimed to conduct a GWAS in African Americans, who have higher rates 

of lung cancer despite smoking fewer cigarettes per day when compared with Caucasians. This 

population provides a different genetic architecture based on underlying African ancestry allowing 

the identification of new regions and exploration of known regions for finer mapping.

 Materials and Methods—We genotyped 1,024,001 SNPs in 1737 cases and 3602 controls in 

stage 1, followed by a replication phase of 20 SNPs (p<1.51×10−5) in an independent set of 866 

cases and 796 controls in stage 2.

 Results and Conclusion—In the combined analysis, we confirmed two loci to be associated 

with lung cancer that achieved the threshold of genome-wide significance: 15q25.1 marked by 

rs2036527 (p = 1.3 × 10−9; OR = 1.32; 95% CI = 1.20–1.44) near CHRNA5, and 5p15.33 marked 

by rs2853677 (p = 2.8 × 10−9; OR = 1.28; 95% CI = 1.18–1.39) near TERT. The association with 

rs2853677 is driven by the adenocarcinoma subtype of lung cancer (p = 1.3 × 10−8; OR = 1.37; 

95% CI = 1.23–1.54). No SNPs reached genome-wide significance for either of the main effect 

models examining smoking - cigarettes per day and current or former smoker. Our study was 

powered to identify strong risk loci for lung cancer in African Americans; we confirmed results 

previously reported in African Americans and other populations for two loci near plausible 

candidate genes, CHRNA5 and TERT, on 15q25.1 and 5p15.33 respectively, are associated with 

lung cancer. Additional work is required to map and understand the biological underpinnings of 

the strong association of these loci with lung cancer risk in African Americans.

Keywords

Genome-wide Association Study; Lung Neoplasms; Smoking; African Americans; Telomerase; 
Receptors; Cholinergic

 1. Introduction

Lung cancer is the second most common cancer in US men and women and has the highest 

death rate [1]. There is a substantial disparity in African-American men, who have higher 

age-adjusted incidence rates (99.9 per 100,000) when compared with Caucasian and Asian 

men (76.4 and 52.2 per 100,000, respectively), as well as higher age-adjusted death rates 

(African American 82.6 per 100,000; Caucasian 65.3 per 100,000; Asian 35.9 per 100,000) 

[2]. Smoking represents the major risk factor for lung cancer [3–5]. Known differences in 

smoking-related exposures for African Americans could contribute to the observed 

differences in incidence, including age of smoking initiation, intensity of smoking, and 

quitting and relapse behaviors [6]. It has been estimated that approximately eighty-five 

percent of lung cancer risk is attributed to cigarette smoking; however, the higher incidence 

seen in African Americans occurs even though they smoke fewer cigarettes per day than 

their Caucasian counterparts [7]. Family and twin studies, as well as lung cancer genome-

wide association studies (GWAS) have confirmed an underlying genetic contribution to lung 

cancer risk as well. To date, GWAS performed in populations of European and Asian 

descent have identified over 15 lung cancer risk loci [8–21] (Supplementary Table 1). 

Interestingly, other than the hTERT region on chromosome 5p15, the regions identified in 
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non-smoking Asian women do not overlap with the regions identified in Europeans who 

smoke, suggesting distinct genetic contributions to primary lung carcinogenesis and 

smoking-related carcinogenesis. Although African Americans have higher lung cancer 

incidence and poorer lung cancer survival when compared with other racial and ethnic 

populations in the United States, no GWAS has been conducted in this population. In 

addition, African admixture in African Americans could provide an opportunity to identify 

new lung cancer risk alleles [22]. Smoking behavior also has a significant genetic 

component, as reported in family, twin and GWAS studies [12, 23–26]. Given differences in 

smoking exposures and genetic architecture in African Americans as compared to Europeans 

and Asians, studies of genetic variation contributing to risk of lung cancer in African 

Americans might help explain the racial difference observed in lung cancer incidence and 

survival, and identify novel markers of lung cancer susceptibility.

Studies have been conducted to further interrogate chromosomal regions 2q31.1, 5p15.33, 

6p22.1-p21.31, and 15q25.1 in African Americans, including fine mapping studies [27–31]. 

The 15q25.1 region harbors three nicotinic acetylcholine receptor subunit genes (CHRNA3, 

CHRNA4, and CHRNA5), which are associated with lung cancer [9, 11, 12], smoking 

behavior [32], nicotine addiction [33], and increased exposure to specific nicotine 

metabolites [34]. These studies have identified SNPs potentially associated with lung cancer 

risk in African Americans, either weakly associated with or independent of smoking 

behavior [28, 29]. Additionally, variants on 5p15.33 and 6p21.33 were observed to have 

histology-specific associations with lung cancer risk in African Americans [31, 35]. 

Specifically, variants on 5p15.33 appear to have a stronger association with adenocarcinoma, 

whereas variants on 6p21.33 had a specific association with squamous cell carcinoma.

In light of the current evidence suggesting that a genetic contribution to lung cancer in 

African Americans, we conducted a two-stage GWAS comprised of 1737 cases and 3602 

controls (stage 1) and followed by replication of the most significantly associated genotypes 

in an independent sample set of 866 cases and 796 controls (stage 2).

 2. Materials and Methods

 2.1 Study populations

A two-stage case-control study was designed to evaluate the association between common 

genetic variants and the risk of lung cancer. Detailed study descriptions of the eight studies 

included in the discovery phase (stage 1) GWAS and seven studies in the replication phase 

(stage 2) can found in Supplementary Information. The stage 1 studies included 1737 cases 

and 3602 controls from the following studies: MD Anderson Lung Cancer Epidemiology 

Study, The Multiethnic Cohort Study (MEC), NCI-MD Lung Cancer-Case Control Study, 

Northern California Lung Cancer Study, Project CHURCH (Creating a Higher 

Understanding of Cancer Research & Community Health), Prostate, Lung, Colorectal, and 

Ovarian Cancer Screening Trial (PLCO), Southern Community Cohort Study (SCCS), and 

the Karmanos Cancer Institute at Wayne State University (KCI/WSU). The Project 

CHURCH dataset contained controls only; therefore, these data were combined with the MD 

Anderson Lung Cancer Epidemiology Study to generate one analytical unit for the analyses 

(designated as MDA). The stage 2 studies included an independent set of 866 cases and 796 
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controls from the following studies: The Black Women’s Health Study (BWHS), The 

Harvard-MGH Lung Cancer Susceptibility Study (HLCS), MD Anderson Lung Cancer 

Epidemiology Study, MD Anderson/LBJ Hospital Biorepository, NCI-MD Lung Cancer 

Case-Control Study, Northern California Lung Cancer Study, Philadelphia Lung Cancer 

Study on Gene Environment Interactions (Plus-Gene), Southern Community Cohort Study 

(SCCS), and KCI/WSU. The MD Anderson Lung Cancer Epidemiology Study and MD 

Anderson/LBJ Hospital Biorepository were provided as one dataset from the investigators, 

so were analyzed as one analytical unit (designated as MDA).

Each participating study obtained informed consent from study participants and approval of 

the study from its IRB; studies also obtained IRB certification permitting data sharing in 

accordance with the US National Institutes of Health (NIH) Policy for Sharing of Data 

Obtained in NIH-Supported or -Conducted Genome-Wide Association Studies (GWAS).

 2.2 Genome-wide SNP genotyping

Genome-wide SNP genotyping of lung cancer cases from MD Anderson Lung Cancer 

Epidemiology Study, NCI-MD Lung Cancer Case-Control Study, Northern California Lung 

Cancer Study, Project CHURCH, PLCO, SCCS, and KCI/WSU (Supplementary Table 2a) 

was conducted using the Illumina HumanHap 1M Duo chip at the NCI Cancer Genomics 

Research Laboratory (CGR) in the Division of Cancer Epidemiology and Genetics (DCEG) 

at the National Cancer Institute. SNPs from the Multi-ethnic Cohort (MEC) were genotyped 

using the same chip at University of Southern California and the primary iDat files were 

shared for the combined genotype calling.

 2.3 Quality control assessment

SNPs with less than a 90% completion rate were excluded from further analysis. Samples 

were excluded on the basis of (i) completion rates lower than 94% (n = 556 samples); (ii) 

abnormal heterozygosity values of less than 24% or greater than 32% (n = 54); (iii) 

discordant expected duplicates (n=10); (iv) abnormal X-chromosome heterozygosity 

including gender discordant samples (n = 52); and (v) phenotype exclusion (due to 

ineligibility or incomplete information) (n = 114).

Using the high quality data based on the sample level filters above, we performed an assay 

concordance analysis and identified all 164 expected duplicates with average concordance 

rate > 99.9%. Genotypes for all subject pairs were also examined for close relationships 

(presence of first- and second-degree relatives) using the Genotyping Library and Utilities 

(GLU) version 1.0 qc.ibds module with an IBD0 threshold of 0.70, and 122 first-degree 

relatives were identified and excluded from analysis.

Using a set of population informative SNPs [36] and data from HapMap 27, we excluded 27 

subjects that displayed either Asian admixture coefficients >20% or European admixture 

coefficients >90% [37], as determined on the basis of the GLU strct.admix module with the 

HapMap I+II CEU, YRI, ASA (JPT +CHB) samples used as reference populations [38] 

(Supplementary Figure 1). The final association analysis included 1737 cases and 3602 

controls of African American ancestry. After quality control filtering, data from 1,024,001 

SNPs were available.
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 2.4 Replication and TaqMan genotyping

A total of 20 SNPs with p < 1.51 × 10−5 based on the adjusted trend model was advanced for 

replication in stage 2. TaqMan genotyping assays (ABI) were optimized in the CGR pipeline 

stage 2 genotyping, which included BWHS, HLCS, MD Anderson Lung Cancer 

Epidemiology Study, MD Anderson/LBJ Hospital Biorepository, NCI-MD Lung Cancer 

Case-Control Study, Plus-Gene, KCI/WSU, and the Northern California Lung Cancer Study 

(Supplementary Table 2b). SCCS genotyped their samples at Vanderbilt using the Sequenom 

platform for 21 assays where rs17568263 was substituted with rs2128611 [a perfect linkage 

disequilibrium (LD) surrogate] and rs55781567 was genotyped as a redundant assay because 

it is in LD with rs2036527. rs2036527 was not genotyped in Northern California Lung 

Cancer Study. We analyzed a total of 20 assays in 866 cases and 796 controls drawn from 7 

studies, including additional samples from 5 of the stage 1 studies and 355 controls pooled 

from an African American renal cancer GWAS [39].

 2.5 Statistical analysis

Associations between SNPs and risk of lung cancer (overall, adenocarcinoma only, and 

squamous cell carcinoma only) were estimated using multivariate logistic regression 

assuming a trend genetic effect (i.e. linear increase in risk per affected allele) and adjusting 

for study, age, gender, smoking status (never/former/current), and admixture coefficient for 

YRI (stage 1); and study, age, gender, smoking status (never/former/current) (stage 2). When 

included in the null model (baseline model and covariates only), none of the top 10 

eigenvectors is significantly (P < 0.05) associated with the case/control outcome, and 

therefore were they were not included in the final main effect model as adjustment for 

population substructure. For smoking status, we ran a logistic regression model for current 

versus former smokers assuming linear trend for each SNP and adjusting for study, age, 

gender, admixture coefficient for YRI, one significant eigenvector, and lung cancer case/

control status. We also ran a linear regression model for log transformation of cigarette 

smoked per day (CPD) and assuming a trend effect for SNP and adjusting for study, age, 

gender, admixture coefficient for YRI and lung cancer case/control status. To examine the 

association between smoking behavior and lung cancer, we performed linear regression 

analysis for CPD and pack years as the outcomes, adjusting for study, age, gender, 

coefficient for YRI, current smokers, and eigenvectors.

 2.6 Data analysis

Data analysis and management were performed with GLU (https://code.google.com/p/glu-

genetics/).

 3. Results

The stage 1 analysis included 1737 cases and 3602 controls among African Americans 

drawn from eight studies of lung cancer (Supplementary Table 2a). We observed no 

evidence of systematic genomic inflation of the test statistic (λ = 1.003) for the 1,024,001 

genotyped SNPs analyzed in stage 1 and had no excess of small p values beyond what was 

expected (Supplementary Figure 2).
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Three SNPs were observed to be associated with lung cancer below the threshold of 

genome-wide significance (p > 5 × 10−8) in stage 1 (rs55781567, rs3019885, and 

rs6580649) (Supplementary Figure 3). The most significant association was observed in 

rs55781567 (p = 7.1 × 10−9; OR=1.34; 95% CI=1.21–1.48; MAF = 0.25 in cases and 0.308 

in controls), located in the 5′-untranslated region (UTR) of the gene CHRNA5 (cholinergic 

receptor, nicotinic, alpha 5) on chromosome 15q25. Twenty promising SNPs (p < 1.51 × 

10−5) from stage 1 were genotyped in stage 2 in 866 cases and 796 controls from 7 studies, 

including additional samples from 5 of the stage 1 studies and 355 controls pooled from an 

African American renal cancer GWAS [39] (Supplementary Table 2b).

We selected the 20 SNPs for replication in stage 2 (Supplementary Table 3). SNP 

rs55781567 failed the assay design; however, rs2036527, also located in the 5′-untranslated 

region (UTR) of the gene CHRNA5 on chromosome 15q25, is a surrogate (r2=1 and 0.48 in 

1000 Genomes Project CEU and YRI data, respectively) for rs55781567 and was genotyped 

in the replication phase. The surrogate selection was based on rs2036527 being the next 

most significant SNP observed in our scan in the same region. Among the 20 SNPs 

evaluated, the stage 2 ORs were similar to or somewhat attenuated from the stage 1 ORs for 

11, but in different directions for 9.

Combining results from stages 1 and 2, two SNPs were significant at the genome-wide 

significance level. rs2036527 (p = 1.3 × 10−9; OR = 1.32; 95% CI = 1.20–1.44) and 

rs2853677 (p = 2.8 × 10−9; OR=1.28; 95% CI = 1.18–1.39), which are located 511 base 

pairs from the initiation sequence of CHRNA5 and in the first intron of telomerase gene 

(TERT), respectively (Figure 1, Table 1, Supplementary Table 3). SNPs rs3019885 and 

rs6580649 did not replicate. When stratified by histology, we observed an association with 

adenocarcinoma below the threshold for genome-wide significance (p = 1.3 × 10−8; 

OR=1.37; 95% CI = 1.23–1.53), but not squamous cell carcinoma (p = 0.42; OR=1.06; 95% 

CI = 0.92–1.23). Notably, four loci that failed to replicate displayed substantial differences 

in allele frequencies between stage1 (GWAS scan) and stage 2 (TaqMan or Sequenom 

together). Moreover, the allele frequencies of stage 1 were quite different from those 

estimates from HapMap samples (CEU or YRI); whereas the allele frequencies based on 

stage 2 genotypes for all four loci were very similar (Supplementary Table 3). In this regard, 

we consider that the Illumina genotype assays may be problematic for these four SNPs and 

thus not reliable [40].

We examined whether SNPs were associated with smoking, including cigarettes smoked per 

day and smoking status (former vs. current smokers). No SNPs reached genome-wide 

significance for either of the main effect models examining smoking behavior. When 

comparing current with former smokers, the most significant association was observed with 

rs1293936 (p = 5.41 × 10−7; OR = 1.28, 95% CI = 1.16 – 1.41), which is located in ESR1 
(estrogen receptor 1) on chromosome 6q25.1 (data not shown). When examining cigarettes 

smoked per day (log transformed) in a linear regression model, the most significant 

association was observed with rs1372626 (p = 2.5 × 10−6), which is located in the intron of 

Deleted in Colorectal Cancer (DCC) encoding netrin 1 receptor (data not shown).
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Additionally, we evaluated the association between smoking behavior (CPD and pack years) 

and lung cancer case-control status. We observed that lung cancer is strongly associated with 

both CPD and pack years in this population (Supplementary Tables 4a and 4b).

 4. Discussion

Herein, we report the first GWAS of common genetic variation for lung cancer and smoking 

phenotypes in 1737 African American cases and 3602 controls, followed by a replication 

phase including an independent set of 866 cases and 796 controls. Two loci, previously 

reported in GWAS in other populations, were significant at the genome-wide significance 

level when combining the discovery and replication phases (Table 1); 15q25.1 marked by 

rs2036527 near CHRNA5, and 5p15.33 marked by rs2853677 near TERT. The first SNP 

marker, rs2036527 on 15q25.1 is located 511 base pairs from the initiation sequence for 

CHRNA5, in the gene cluster CHRNA5-CHRNA3-CHRNA4 that codes for the α5, α3, β5 

subunits of the nicotinic acetylcholine receptor (nAChR). Nicotinic acetylcholine receptors 

initiate the primary brain and peripheral responses to smoking. A number of studies have 

implicated the nAChR gene cluster in smoking-related phenotypes, including cigarettes 

smoked per day [12, 32, 41–49], smoking 100 cigarettes or more in a lifetime [42], 

persistent smoking [50], heavy smoking [32], quitting attempts [42], age at smoking 

initiation [33, 51, 52], pleasurable early smoking experience [53], reported physical effects 

after smoking first cigarette [54] and serum cotinine levels [44]. These observations have 

been reported primarily in populations of European ancestry. Some of the above-mentioned 

studies include African Americans [45, 52, 53, 55]; yet, small sample size was an issue for 

some [52, 53]. However, rs2036527 was observed to be associated with smoking quantity in 

African Americans through a GWAS meta-analysis of 32,389 subjects from the Study of 

Tobacco in Minority Populations Genetics Consortium [56]. This SNP has also been 

associated with nicotine dependence in the Finnish Twin Cohort Study [57] and cigarettes 

smoked per day [43]. However, we did not see a similar association in our data when 

examining current versus former smokers (p=0.29), and only nominally significant 

(p=0.038) if modeling cigarettes smoked per day, perhaps due to the small sample size and 

that African Americans on average smoke cigarettes differently than Caucasians. It has been 

shown that CPD is less predictive of smoke intake in African-American smokers when 

compared with Caucasian smokers [58]. When examining carbon monoxide (CO), a 

biomarker of cigarette smoke, Bloom et al. observed that the correlation between CO and 

CPD is significantly lower in African Americans when compared with European Americans 

[59]. Additionally, we recognize that comparing current versus former smokers or examining 

CPD is not an ideal surrogate for nicotine dependency; however, in the assembled dataset, 

these are the best measures available. Furthermore, the relationship between rs2036527 and 

smoking behavior is not likely to be mediated solely through CPD.

rs16969968, a nonsynonomous SNP in CHRNA5 that is in LD with rs2036527 (r2 = 0.88, 

1000 Genomes Project CEU data [60]) in populations of European descent [61], replaces an 

aspartic acid with an asparagine at codon 398 of the protein. This SNP has been associated 

with smoking behavior in European populations and been shown to have functional 

consequences, including partial loss of the function of the protein [50, 62]. rs16969968 has 

been reported to be associated with smoking behavior and nicotine dependence in several 
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small studies with African Americans subjects [32, 61, 63]. In 2012, a large meta-analysis in 

African American smokers showed a significant association between rs2036527 and self-

reported CPD, but not between rs16969968 CPD [56]. However, a more recent meta-

analysis showed rs16969968 is associated with increased risk for nicotine dependence in 

European and African Americans and provided evidence that the A allele increases risk for 

heavy smoking [64]. In another study, rs16969968 was not found to be consistently 

associated with smoking abstinence in African Americans; whereas rs2036527 was 

associated with active pharmacotherapy [65]. Additionally, rs588765 in high LD with 

rs2036527, and was observed to be associated with CHRNA5 mRNA expression levels, 

using a diploytpe analysis [66]. Therefore, it is possible that rs16969968 and/or rs588765 are 

the functional variants in CHRNA5 underlying the associations we have observed with 

rs2036527. Although these SNPs may be functional variants, they only partially capture 

variation in nicotine dependency and are one driver of heavy smoking. For example, recent 

report observed that rs2273500-C, a splice site acceptor variant in CHRNA4 on chromosome 

20 accounts for some nicotine dependency [67].

The SNP marker, rs2036527 has been previously shown to be associated with lung cancer in 

African Americans in a fine mapping study of the nAChR region [28]. It has been shown 

that rs2036527 is associated with tumor DNA methylation levels in the promoter of 

CHRNB4, suggesting that genotype-specific methylation may be associated with 

susceptibility to lung cancer [68]. Because this SNP has been associated with smoking 

habits, it is not clear whether smoking may also play a role in the epigenetic deregulation. 

Further investigations into the functional implications of this relationship are warranted.

The second genome-wide significant SNP observed in our study, rs2853677, is located in the 

first intron of TERT on chromosome 5p15.33. In a case-control study of Caucasian and 

African-American women, rs2853677 was associated with non-small cell lung cancer in 

both populations when the data were stratified by race [69]. Furthermore, rs2853677 has 

been shown to be associated with lung cancer susceptibility in a Japanese GWAS [20]. In a 

recent report, the A allele of rs2853677 displayed pleiotropy between different cancer types. 

The same allele is positively associated with testicular germ cell tumor and pancreatic 

cancer, but negatively associated with glioma and lung cancers, which includes some of the 

African-American individuals in this study [70]. Additionally, concordant with earlier work, 

we observed that rs2853677 had a histology-specific association with risk of 

adenocarcinoma. Variants on 5p15.33 detected upstream of, and within, intron 1 of TERT 
(rs2735940 and rs2736100) have been observed to be associated with risk of 

adenocarcinoma [31, 35]. rs2853677 is in moderate linkage disequilibrium (LD) with 

rs2735940 and rs2736100 in 1000 Genome Project CEU data (r2 = 0.42 and 0.56, 

respectively) as compared with moderate to low LD (r2 = 0.34 and 0.04, respectively) in 

1000 Genomes Project YRI data [60]. This suggests that using an African-American 

population can refine the association signals in this complex region. We have further 

confirmed its association with lung cancer in African Americans at a genome-wide 

significance level by replicating the finding in additional samples of African Americans. 

Further functional interrogation is warranted.
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 5. Conclusions

Our study was powered to identify strong risk loci for lung cancer in African Americans; we 

confirmed data previously reported in African Americans and other populations for two loci 

near plausible candidate genes, CHRNA5 and TERT, rs2036527 and rs2853677 on 15q25.1 

and 5p15.33 respectively, are associated with lung cancer. Additional work is required to 

map and understand the biological underpinnings of the strong association of these loci with 

lung cancer risk in African Americans. Further studies of African-American smokers and 

never-smokers are warranted to investigate the underlying genetic contribution of common 

variants to lung cancer.
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Highlights

• Confirmed previous reports that two loci on 15q25.1 and 5p15.33 are 

associated with lung cancer.

• Two loci associated with lung cancer are near plausible candidate genes, 

CHRNA5 and TERT.

• No SNPs reached genome-wide significance for the main effect model 

examining cigarettes per day.
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Figure 1a
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Figure 1b

Fig. 1. 
Regional plots of association results, recombination rates, and linkage disequilibrium for the 

(a) 15q25.1 marked by rs2036527; (b) 5p15.33 marked by rs2853677. Association results 

from a log-additive genetic model in −log10 P-values of the SNPs were shown according to 

their chromosomal positions (hg18) within 1Mb region centering around the index SNP. P 
values were based on the stage 1 only except for both rs2036527 and rs2853677 where the 

combined P values were shown. Linkage Disequilibrium (LD) r2 values were estimated on 

1000 Genomes Project data June 2010 YRI population (hg18). The colors of the dots reflect 

the LD with the index SNP as shown in the legend box. The figures were generated using 

locusZoom (http://csg.sph.umich.edu/locuszoom/).
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