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ABSTRACT
Importance  While cholinergic receptor nicotinic 
alpha 5 (CHRNA5) variants have been linked to lung 
cancer, chronic obstructive pulmonary disease (COPD) 
and smoking addiction in case–controls studies, their 
corelationship is not well understood and requires 
retesting in a cohort study.
Objective  To re-examine the association between the 
CHRNA5 variant (rs16969968 AA genotype) and the 
development of lung cancer, relative to its association 
with COPD and smoking.
Methods  In 9270 Non-Hispanic white subjects from 
the National Lung Screening Trial, a substudy of high-risk 
smokers were followed for an average of 6.4 years. We 
compared CHRNA5 genotype according to baseline 
smoking exposure, lung function and COPD status. We 
also compared the lung cancer incidence rate, and used 
multiple logistic regression and mediation analysis to 
examine the role of the AA genotype of the CHRNA5 
variant in smoking exposure, COPD and lung cancer.
Results  As previously reported, we found the AA high-
risk genotype was associated with lower lung function 
(p=0.005), greater smoking intensity (p<0.001), the 
presence of COPD (OR 1.28 (95% CI 1.10 to 1.49) 
p=0.0015) and the development of lung cancer (HR 
1.41, (95% CI 1.03 to 1.93) p=0.03). In a mediation 
analyses, the AA genotype was independently associated 
with smoking intensity (OR 1.42 (95% CI 1.25 to 1.60, 
p<0.0001), COPD (OR 1.25, (95% CI 1.66 to 2.53), 
p=0.0015) and developing lung cancer (OR 1.37, (95% 
CI 1.03 to 1.82) p=0.03).
Conclusion  In this large-prospective study, we 
found the CHRNA5 rs 16 969 968 AA genotype to be 
independently associated with smoking exposure, COPD 
and lung cancer (triple whammy effect).

INTRODUCTION
Large cross-sectional genome-wide association 
studies (GWAS) have consistently reported an asso-
ciation between the nicotinic acetylcholinereceptor 
alpha 5 subunit (CHRNA5) gene locus on chromo-
some 15q25 and lung cancer.1–3 This locus has also 
been linked in cross-sectional studies to smoking 
exposure and addiction to smoking.4–6 These find-
ings have led to some debate as to whether the 
relationship between CHRNA5 and lung cancer is 
mediated through it effects with smoking, where 

increased risk of lung cancer is related to increased 
smoking exposure.7 8 Soon after the original GWAS 
reported the lung cancer link, we reported that this 
locus was also associated with chronic obstructive 
pulmonary disease (COPD).9 In our case–control 
study, we compared the frequency of the CHRNA5 
variant rs16969968 in healthy smokers (normal 
lung function), with smokers with COPD and/or 
lung cancer relatively closely matched for age and 
smoking exposure history. This variant has been 
shown to change the structure and function of this 
subunit, consistent with it being a ‘causative’ disease 

Key messages

What is the key question?
►► Is the Chromosome 15q25 genetic variant 
(rs16969968) association with lung cancer 
and smoking addiction independent of it’s 
association with chronic obstructive pulmonary 
disease (COPD)?

What is the bottom line?
►► Using a unique approach in a prospective 
study where genotyping and lung function 
were assessed at baseline, we have shown 
that a functional variant (rs16969968) 
encoding a subunit of the nicotinic receptor 
is independently associated with smoking 
intensity (cigarettes per day), spirometric 
defined COPD and development of lung cancer.

Why read on?
►► This Chr 15q25 locus encodes a subunit of the 
nicotinic acetylcholine receptor that modifies 
the binding of nicotine in the airway and 
mediates the effects of inhaled nicotine in 
the lungs. Establishing this link in the largest 
prospective study to date directly implicates 
inhaled nicotine in the pathogenesis of both 
COPD and lung cancer which collectively 
account for about 50% of all deaths in 
current or former smokers. That nicotine, 
or its metabolites, are directly linked to the 
pathogenesis of lung cancer through binding its 
receptor challenges the prevailing assumption 
that inhaled nicotine is itself harmless.
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variant.10 11 Our findings for COPD were quickly confirmed in 
a large COPD GWAS and subsequent case–control studies.12 
However, because COPD is also associated with lung cancer, 
the interactive effects of this locus on the development of lung 
cancer, independent of its effects on smoking or the develop-
ment of COPD remain unclear.7 13

One way to explore the effect of this locus on the development 
of lung cancer is through a large prospective study, where current 
or former smokers at risk of lung cancer are followed prospec-
tively after their smoking history and lung function were fully 
documented at baseline.14 15 This reduces the bias that comes 
from using lung function performed exclusively for preoperative 
assessment; using lung cancers collected cross-sectionally and 
thus subject to survivor bias; or smoking history collected after 
the diagnosis of COPD or lung cancer was made.16 A prospective 
study design including baseline spirometry also helps address the 
question of confounding, where biomarker associations made 
with lung cancer are potentially based on an unrecognised asso-
ciation with COPD.17 The National Lung Screening Trial (NLST) 
is a large prospective study of 53 000 high-risk smokers followed 
over a mean of 6.4 years.18 Among this cohort, there were 9270 
Non-Hispanic whites, including 3500 current or former smokers 
with airflow limitation (35%) at baseline, and 380 lung cancers 
diagnosed during the follow-up period. Preliminary results of 
this study have been reported in abstract form.19

METHODS
Subjects
This is a secondary data analysis of the NLST. The recruitment 
and study design of this trial, involving 53 452 screening partic-
ipants yielding 2058 histology confirmed lung cancers, has been 
described elsewhere.18 In the American College of Radiology 
Imaging Network (ACRIN) subcohort of the NLST, participants 
from 23 centres agreed to undergo baseline prebronchodilator 
spirometry (NLST-ACRIN Biorepository Cohort, N=18 842) 

and, for a subgroup (figure  1), blood sampling for biomarker 
analysis (N=10 054). Demographic data, including history of 
premorbid disease, were collected through an extensive ques-
tionnaire and shows this NLST-ACRIN cohort to be highly 
representative of the full NLST cohort.14 15 From the total group 
of 10 054 (including all ethnicities), we analysed genomic data 
for Non-Hispanic whites comprising 9270 high-risk smokers 
from which 380 lung cancers were diagnosed during the study 
follow-up (figure 1).

Pulmonary function testing
In the NLST-ACRIN cohort, prebronchodilator spirometry was 
measured at baseline screening (T0) in the majority of participants 
meeting previously published criteria.18 The spirometry was measured 
by trained staff using a Spiropro spirometer (eResearchTechnology, 
Germany). The severity of airflow limitation was defined according 
to the Global Initiative for Chronic Obstructive Lung Disease 
(GOLD) criteria grades 1–4 (​www.​GOLD.​org accessed 2 February 
2020). Those with no airflow limitation were further subgrouped 
into those with normal lungs (‘Resistant Smokers’) and Restrictive 
Spirometry, where the latter is defined as forced expiratory volume 
in 1 s (FEV1)/forced vital capacity (FVC) ≥0.70 and FEV1%pre-
dicted <80% (http://www.​copdgene.​org/​study-​design accessed 2 
February 2020). For comparative purposes9 13 in this study, COPD 
was defined as GOLD 2–4 grade.

Lung cancer outcomes
Lung cancer cases included all those diagnosed during the trial 
(N=380), whether screen or non-screen detected (interval), or 
prevalent (diagnosed at T0 or during the first year) or incident lung 
cancers (diagnosed during subsequent years T1–T6) or at post-
mortem.18 All lung cancer cases were confirmed on histological 
sampling according to accepted international classification criteria. 
Lung function results and mortality outcomes were available for 
373 of the 380 lung cancer cases (98% of total). The NLST was 
terminated early when the endpoint of a 20% reduction in lung 
cancer-specific mortality in the CT arm, relative to the chest X-ray 
(CXR) arm, was reached with a mean follow-up of 6.4 years. Cause 
of death was a primary outcome for the NLST, and was ascertained 
through review of clinical records and death certification.

Genotyping
Genomic DNA was extracted from buffy coat samples using stan-
dard salt-based methods and purified genomic DNA was aliquoted 
(10 ng·µ/L concentration) into 384-well plates. Samples were geno-
typed for rs16969968 of the CHRNA 5 gene using the Sequenom 
system (Sequenom Autoflex Mass Spectrometer and Samsung 24 
pin nanodispenser) by Agena (San Diego, USA). The Sequenom 
sequences were designed in house by Agena with amplification and 
separation methods (iPLEX, www.​sequenom.​com) as previously 
described.20

Statistical analysis
Differences according to CHRNA5 genotype were examined 
using both allelic (0, 1 or 2 ‘A’ alleles), genotype (AA vs AG vs 
GG) and recessive (AA vs AG/GG combined) models. χ2 tests, 
test for trend or Fisher’s exact test (for small-cell counts) were 
used to compare categorical variables, and t-tests or Kruskal-
Wallis tests (for non-normally distributed variables) were used 
to compare continuous variables by genotype. Lung function 
measures at baseline were assessed using robust linear regres-
sion to account for outlying values and adjust for pack-years, 
age and sex. Prevalence rates and 95% CIs for lung cancer were 

Figure 1  CONSORT figure of the genetic study subgroup from 
the NLST. ACRIN, American College of radiology, imaging network; 
CONSORT, Consolidated Standards of Reporting Trials; NCI, National 
cancer Institute; NLST, National Lung Screening Trial; NZ, New Zealand.
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calculated per 1000 person-years. Cox proportional hazards 
models were used to compare survival adjusted for pack-years, 
with estimates presented as HRs and 95% CIs. The proportional 
hazards assumption was verified. Multiple logistic regression 
modelling was used to model odds with and without adjust-
ment as indicated. For models of association with COPD status 
and lung cancer diagnosis, allelic (log additive) and recessive 
models were compared with the general genotype model (AA 
vs AG vs GG) using a likelihood ratio test (LRT), Akaike infor-
mation criterion (AIC) and Bayesian information criterion (BIC) 
metrics, to assess which model provided the best fit. Mediation 
analysis was performed using the CAUSALMED procedure of 
SAS (SAS V.9.4, SAS Institute) fitting a binomial distribution with 
logit link function to the binary outcome lung cancer outcome as 
function of the direct and indirect effect of the binary CHRNA5 

recessive variable with dichotomous GOLD group as a medi-
ator and pack-years >50 years as a categorical covariate. Total 
effect decompositions were estimated. Statistical significance 
was defined as a two tailed p<0.05. All analyses were performed 
using SAS (V.9.4) or STATA statistical software (V.16StataCorp).

RESULTS
Of the Non-Hispanic whites (N=9367, 93%) of the total 
NLST-ACRIN cohort, genotype data for the CHRNA5 nico-
tinic receptor polymorphism (rs16969968) was available for 
9270 subjects (99%). In table 1, the demographic variables and 
premorbid self-reported diseases were compared according to 
the AA (homozygous minor allele, 12%), AG (heterozygous, 
46%) and GG (homozygous major allele, 42%). These genotype 

Table 1  Non-Hispanic whites:CHRNA rs16969968 genotypes—baseline demographic and comorbidity data according to allelic and recessive 
regression models

CHRNA rs16969968
N=9270* AA AG GG

Allelic
P value

Recessive
P value

Genotype (% total) 1153 (12.4%) 4258 (45.9%) 3859 (41.6%) – –

Demographics

 � Age (years) 61.6±5.0 61.8±5.1 61.8±5.1 0.18 0.17

 � Male 655 (56.8%) 2416 (56.7%) 2198 (57.0%) 0.98 0.98

 � Family history of lung cancer 276 (23.9%) 1049 (24.6%) 881 (22.8%) 0.16 0.91

 � Self-report COPD (composite) 255 (22.1%) 897 (21.1%) 752 (19.5%) 0.08 0.16

Smoking history

 � Current smoker 561 (48.7%) 2061 (48.4%) 1839 (47.6%) 0.74 0.70

 � Pack-years 59.7±25.4 56.6±23.3 54.7±22.5 <0.001 <0.001

 � Cigarettes per day 30.0±11.8 28.4±11.1 27.5±10.8 <0.001 <0.001

 � Years quit 3.6±5.0 3.8±5.1 3.7±5.1 0.86 0.60

 � Smoking duration (years) 40.2±7.5 40.4±7.4 40.3±7.5 0.69 0.58

Body composition

 � Body mass index (kg/m2) 27.7±5.0 27.8±5.1 28.0±5.1 0.52 0.31

 � Weight (kg) 82.0±18.0 82.4±17.7 83.0±18.1 0.45 0.23

 � Height (cm) 171.6±9.9 171.8±9.9 172.0±9.9 0.89 0.34

Education level

 � High school or less 329 (28.5%) 1185 (27.8%) 1127 (29.2%) 0.27 0.16

 � Post high school/some college 389 (33.7%) 1549 (36.4%) 1361 (35.3%)

 � College grad/postgrad/professional 412 (35.7%) 1407 (33.0%) 1274 (33.0%)

 � Other/unknown 23 (2.0%) 117 (2.7%) 97 (2.5%)

Pre morbid disease (self-report)

 � COPD 106 (9.2%) 338 (7.9%) 230 (6.0%) <0.001 0.007

 � Chronic bronchitis 123 (10.7%) 469 (11.0%) 437 (11.3%) 0.80 0.62

 � Emphysema 116 (10.1%) 409 (9.6%) 328 (8.5%) 0.13 0.28

 � Adult asthma 85 (7.4%) 298 (7.0%) 253 (6.6%) 0.56 0.46

 � Pneumonia 336 (29.1%) 1190 (27.9%) 1074 (27.8%) 0.67 0.38

 � Heart disease 152 (13.2%) 578 (13.6%) 511 (13.2%) 0.89 0.83

 � Hypertension 407 (35.3%) 1534 (36.0%) 1365 (35.4%) 0.80 0.78

 � Stroke 31 (2.7%) 123 (2.9%) 119 (3.1%) 0.75 0.58

 � Diabetes 111 (9.6%) 379 (8.9%) 354 (9.2%) 0.74 0.51

 � Any cancer history 54 (4.7%) 181 (4.2%) 151 (3.9%) 0.48 0.35

*Minus subjects who failed genotyping n=97 (1%). Allelic AA versus AG versus GG. Recessive AA versus AG/GG. Composite COPD= ‘yes’ to doctor diagnosed ‘COPD’ or 
‘emphysema’ or ‘chronic bronchitis’ or ‘adult asthma’.
COPD, chronic obstructive pulmonary disease.

274 Hopkins RJ, et al. Thorax 2021;76:272–280. doi:10.1136/thoraxjnl-2020-214839

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2020-214839 on 8 January 2021. D

ow
nloaded from

 

http://thorax.bmj.com/


Respiratory epidemiology

frequencies accord with Hardy-Weinberg equilibrium and were 
consistent with the published frequencies in other Caucasian 
populations.1–6 9 12 Using this method, we have previously shown 
100% concordance in genotyping with an SNP in complete 
linkage disequilibrium.19 21 We found that across the three geno-
types, age, gender, family history for lung cancer, smoking status, 
and years quit, smoking duration, body mass index and educa-
tional level were not significantly different (table 1). We found 
the A allele (allelic model) and AA genotype (recessive model) 
were associated with higher pack-years (p<0.001) and higher 
cigarettes per day (p<0.001) with no differences in years quit 
or years smoked. A similar finding was found for self-reported 
COPD but not for other premorbid diseases at baseline (table 1).

Comparable to our first study,9 on comparing lung function 
and COPD severity (GOLD grade) in table 2A, we found that 
the AA genotype (recessive model) was associated with lower 
FEV1%predicted (p=0.005), greater COPD (GOLD 2–4) 
frequency (p<0.001) but not GOLD 1 COPD. Indeed, the AA 

frequency increased as the severity of airflow limitation increased 
from ‘Resistant smokers’ (11.6%), GOLD 1 (11.5%), GOLD 
2–4 (14.3%) and GOLD 3–4 (15.0%) (table  2A). Moreover, 
the fully adjusted effect estimates were greatest in the recessive 
model and most specific for airflow limitation (least significant 
for FVC% predicted) (table  2B). However, on comparing the 
odds of COPD (GOLD 2–4) adjusted for smoking intensity, 
there was evidence the general genotype model fit the data better 
than a recessive model (LRT p=0.0005), and further that the 
allelic model provided the best fit (lowest AIC and BIC values), 
with no evidence that the genotype model was an improvement 
(LRT vs allelic model, p=0.387) (online supplemental table 
1A). Adjusted for smoking intensity, there was a 1.16 (95% CI 
1.08 to 1.25, p<0.001) increase in the odds of COPD for each 
additional A allele (table 2A, figure 2). Collectively these find-
ings suggest a log additive (allelic) model is most consistent for 
COPD (GOLD 2–4) at this locus (table 2 and figure 2). In those 
with no airflow limitation, consisting of those with ‘restrictive’ 

Table 2  Non-Hispanic whites: CHRNA rs16969968 relationship with lung function and COPD status according to allelic, recessive and genotype 
models using logistic regression. (A) baseline lung function, gold grade AL and airway phenotypes; (B) Unadjusted and adjusted effect estimates for 
association with baseline lung function

(A) ACRIN Non-Hispanic whites

Recessive ModelCHRNA rs16969968 AA AG GG Allelic Model

Genotype N=9270 (% total cohort) N=1153 (12.4%) N=4258 (45.9%) N=3859 (41.6%) P value P value

Lung Ffunction (baseline)

 � FEV1/FVC (%, mean ±SD) 70.1 ± 11.0 70.6 ± 10.9 71.7 ± 10.4 <0.001* 0.014*

 � FEV1 % predicted (mean± SD) 79.7 ± 20.9 80.7 ± 20.0 82.5 ± 19.8 <0.001* 0.005*

 � FVC % predicted (mean ± SD) 86.0 ± 18.4 86.6 ± 17.3 87.2 ± 17.1 0.023* 0.072*

AL (GOLD grade)†

 � GOLD 1, N=814 94 (8.15%) 405 (9.51%) 315 (8.16%) 0.062 0.95

 � GOLD 1–4, N=3186 433 (37.55%) 1541 (36.19%) 1,212 (31.41%) <0.001 0.008

 � GOLD 2–4 (FEV1 ≤80%), N=2372 339 (29.40%) 1136 (26.68%) 897 (23.24%) <0.001 <0.001

 � GOLD 3–4 (FEV1 ≤50%), N=608 91 (7.89%) 296 (6.95%) 221 (5.73%) <0.001 0.017

COPD GOLD 2–4 – N (% by genotype) 339 (29%) 1136 (27%) 897 (23%) - -

 � OR unadjusted (95% CI) 1.41 (1.21 to 1.64) 1.23 (1.11 to 1.36) Ref 1.20 (1.12 to 1.29) 1.26 (1.10 to 1.45)

 � P value <0.001 <0.001 <0.001 <0.001

 � OR adjusted‡ (95% CI) 1.32 (1.13 to 1.54) 1.20 (1.08 to 1.33) Ref 1.16 (1.08 to 1.25) 1.19 (1.04 to 1.38)

 � P value <0.001 0.001 <0.001 0.014

No AL (AL)

No AL total, N=5927 (%) 692 (60.02%) 2655 (62.35%) 2580 (66.86%) - -

 � Restrictive Spirometry, N=1460 172 (11.78%) 675 (46.23%) 613 (41.99%) 0.280† 0.885†

 � Resistant smokers, N=4467 520 (11.64%) 1980 (44.33%) 1967 (44.03%)

(B) Model Adjustment
FEV1/FVC, % Estimate 
(95% CI) P value

FEV1 % predicted Estimate 
(95% CI) P value

FVC, % predicted Estimate 
(95% CI) P value

Allelic None −0.80 (−1.08 to −0.51) <0.001 −1.64 (−2.24 to −1.05) <0.001 −0.73 (−1.21 to −0.25) 0.003

Pack-years −0.60 (−0.88 to −0.31) <0.001 − 1.24 (−1.83 to −0.65) <0.001 −0.49 (−0.96 to −0.02) 0.042

Pack-years, age, sex −0.67 (−0.95 to −0.39) <0.001 −1.31 (−1.89 to −0.73) <0.001 −0.55 (−1.02 to −0.08) 0.023

Recessive None −0.91 (−1.50 to −0.32) 0.003 −2.20 (−3.42 to −0.98) <0.001 −1.17 (−2.12 to −0.19) 0.019

Pack-years −0.60 (−1.18 to −0.02) 0.044 −1.55 (−2.75 to −0.35) 0.011 −0.76 (−1.73 to 0.21) 0.124

Pack-years, age, sex −0.72 (−1.29 to −0.15) 0.014 −1.71 (−2.91 to −0.52) 0.005 −0.89 (−1.85 to 0.08) 0.072

No spirometry for 152 subjects.
*P value adjusted for pack-years, age and gender.
†Comparison is for restrictive spirometry versus resistant smokers within the no AL group.
‡OR adjusted for pack-years (see figure 2).
ACRIN, American College of Radiology Imaging Network; AL, airflow limitation; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1s; FVC, forced 
vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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or ‘resistant’ spirometric subgroups, there were no allele or 
genotype differences (table 2A).

Consistent with our previous study,9 and after adjustment for 
smoking, the AA genotype was also associated with a greater 
prevalence and incidence of lung cancer overall (table  3, 
figure 2). In the current study, where lung cancer was identified 
prospectively, the AA genotype relative to the GG genotype had 
an adjusted HR=1.39 (95% CI 1.02 to 1.88, p=0.034) and for 
the AG genotype an adjusted HR=1.14 (0.91 to 1.43, p=0.243) 
(table 3, figure 2). Adjusted for smoking intensity, there was a 
1.17 (95% CI 1.01 to 1.36, p=0.035) increase in the hazard 
of a lung cancer (overall) for each additional A allele (table 3, 
online supplemental table 1B). On comparing the risk of a lung 
cancer using the LRT, and adjusted for smoking intensity, we 
found no evidence that the general genotype model fitted the 
data better than a recessive model (LRT p=0.242) or an allelic 
model (LRT p=0.770). While AIC and BIC values were slightly 
lower in the allelic model (online supplemental table 1B), we 
note that after stratifying lung cases for COPD (table  4), the 
lung cancer with COPD data best fit an allelic model while for 
lung cancer alone the data best fit a recessive model (based on 
LRT analysis and AIC results, data not shown). This is consis-
tent with our finding that the AA genotype, but not the AG 
genotype, was significantly associated with lung cancer relative 
to GG (figure 2). We found no major differences in lung cancer 
characteristics or demographic variables across the three geno-
types (table  3). While the allelic (log additive) model best fit 
the data for COPD (tables 2 and 4, figure 2 and online supple-
mental table 1A), we suggest the recessive model appears to best 
fit the data for lung cancer, especially when those with COPD 
are excluded (tables 3 and 4, online supplemental table 1B). In 
table 4, relative to the referent group (AG=45%), the excess in 
AG genotype is a feature of COPD GOLD 2–4 (AG=48%) and 
Lung cancer with COPD (50%), but not for those with lung 
cancer alone (44%).

In a multiple logistic regression, where the AA genotype was 
compared with the other genotypes, age and smoking dura-
tion (grouped in 5-year bands), cigarettes per day (grouped 
as five per day bands) and FEV1/FVC (grouped in 5% bands), 
independently contributed to lung cancer risk (figure  3). In a 
mediation analysis, we confirmed that smoking (50+ pack-
years), COPD (GOLD 2–4) and the CHRNA5 AA genotype all 
contributed independently to the risk of lung cancer (figure 4). 
CHRNA5 AA genotype contributed directly (independently) 
9.0% of the effect (p=0.03).

DISCUSSION
This study confirms our earlier findings that the CHRNA5 
polymorphism (rs16969968) is independently associated with 
smoking, the presence of airflow limitation (COPD) and lung 
cancer.9 We found a dose–response relationship between the 
CHRNA5 A allele with pack-years, cigarettes per day, lung func-
tion (%predFEV1) and airflow limitation (FEV1/FVC), with a 
log-additive allelic model providing the best fit for COPD. We 
also found evidence for a linear relationship between the A allele 
and self-reported COPD, the presence of COPD defined by 
spirometry and the incidence of lung cancer. While the AA geno-
type (recessive model) was also associated with smoking history, 
lung function, airflow limitation (COPD) and lung cancer inci-
dence, the allelic and recessive models were a comparable fit for 
lung cancer. These findings suggest the CHRNA5 locus is not 
only associated with smoking exposure but links COPD and lung 
cancer at a molecular genetic level. Such a hypothesis has been 
debated for over 40 years based on early genetic epidemiological 
studies and raises a number of important issues.22 23

First the genetic overlap between COPD and lung cancer 
supports the hypothesis that these diseases share pathogenic path-
ways.24 This finding has been made possible by measuring lung 
function routinely across high-risk smokers followed prospec-
tively in a large cohort study.18 Such an approach is unique in 
lung cancer genetics where most studies are cross-sectional case–
control in design and make no provision for the mediating effects 
of coexisting airflow limitation.1–3 25 While large studies confirm 
the association between this locus and lung cancer (or smoking 
exposure), the mediating role of COPD has not been assessed 
in the same study population.25 The rs16969968 polymorphism 
has been shown to have a functional effect on the activity of the 
nicotinic acetylcholine receptor found in both the respiratory 
epithelium where it modulates inflammatory pathways and in 
the brain where it modulates addiction pathways.10 11 26 Nicotine 
replaces acetylcholine in receptor activation indicating that nico-
tine itself has a pathogenic role in COPD and lung cancer, not 
just isolated to promoting addiction to cigarette smoking. This is 
relevant because there is a growing body of literature suggesting 
exposure to inhaled nicotine, such as from vaping, is directly 
pathogenic in the lungs.27 28 It also has relevance in the regula-
tion of nicotine levels in its various inhaled forms. The findings 
of this study fuel further concerns about the long-term dangers 
of chronic nicotine inhalation.

Second, this study highlights the close relationship between 
COPD and lung cancer from a genetic epidemiological perspec-
tive. Given the well-publicised genetic studies of lung cancer 
make little provision for co-existing COPD,1–3 there is the possi-
bility that some of the reported associations (and subsequent 
genetic modelling) result from a confounding or mediating effect 
from the disproportional presence of COPD in the cases (vs 
controls) in these retrospective studies. Furthermore we suggest 
that genetic models may be different in lung cancer according 
to the presence or absence of COPD. We have demonstrated 
this previously with regards to the glutathione S-transferase M 
polymorphism linked to lung cancer in a large meta-analysis 
but shown to be confounded by unrecognised COPD.17 This 
close relationship has relevance to the use of genetic data in 
risk-based approaches to targeted interventions such as CT 
screening for lung cancer.29 30 We have shown that those with 
normal lung function or only mild COPD gain the most from 
lung cancer screening.31 In contrast, those with severe or very 
severe COPD achieve little or no reduction in lung cancer death 
from screening.31 This is because COPD is associated with more 

Figure 2  OR for COPD (GOLD 2–4) and HR for lung cancer, according 
to rs16969968 CHRNA genotype after adjustment for smoking pack-
years (±95% CI) and referenced against the GG genotype. COPD, chronic 
obstructive pulmonary disease; CHRNA, cholinergic receptor nicotinic; 
GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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aggressive lung cancer, more late stage disease, lower surgical 
rates and higher rates of deaths from cardiovascular and respi-
ratory causes.31 32

Third, understanding the genetic basis of lung cancer requires 
some consideration of the contributory effects of the genetic 
basis of COPD. Indeed the heritability of COPD, estimated to 

be 50%–70%, is two to threefold greater than for lung cancer, 
estimated to be about 20%–30%. Between 50% and 80% of 
smokers with lung cancer have COPD depending on how the 
latter is defined.9 13 24 This means that the genetic basis of lung 
cancer may include a large contribution from a genetic overlap 
with the tendency for COPD. The only way to successfully tease 

Table 3  Non-Hispanic Whites: CHRNA rs16969968 genotypes and lung cancer (LC) outcomes according to allelic, recessive and genotype models 
using COX proportional hazards models
ACRIN non-Hispanic whites

Recessive
Model
P valueCHRNA rs16969968 AA AG GG

Allelic
Model
P value

LC diagnosed n=373 60 176 137

Prevalence per/100 screened 5.2% 4.1% 3.6% 0.013 0.029

Incidence/1000 person-years (95% CI) 8.5 (6.6 to 10.9) 6.7 (5.8 to 7.8) 5.8 (4.9 to 6.8) – –

HR unadjusted (95% CI) 1.48 (1.09 to 2.01) 1.17 (0.93 to 1.46) ref 1.21 (1.04 to 1.40) 1.36 (1.03 to 1.80)

P value 0.011 0.177 0.012 0.028

HR adjusted (95% CI)† 1.39 (1.02 to 1.88) 1.14 (0.91 to 1.43) ref 1.17 (1.01 to 1.36) 1.29 (0.98 to 1.70)

P value 0.034 0.243 0.035 0.070

Time to LC diagnosis or end of follow-up—mean years (SD) 6.02 (1.33) 6.08 (1.25) 6.09 (1.24) – –

LC according to COPD status

 � With COPD (GOLD 2–4) 23 (15.2%) 75 (49.7%) 53 (35.1%) 0.630 0.793

 � Without airflow limitation 29 (16.3%) 78 (43.8%) 71 (39.9%)

LC histology (N=% grp LCdx)

 � 1 small cell 7 (11.7%) 25 (14.2%) 17 (12.4%) 0.60 0.26

 � 2 squamous cell 16 (26.7%) 38 (21.6%) 34 (24.8%)

 � 3 adenocarcinoma 18 (30.0%) 64 (36.4%) 51 (37.2%)

 � 4 BAC 8 (13.3%) 11 (6.25%) 15 (10.9%)

 � 5 large cell 3 (5.0%) 2 (1.1%) 2 (1.5%)

 � 6 non-small cell 8 (13.3%) 36 (20.5%) 17 (12.4%)

 � 7 other – – 1 (0.73%)

LC stage at Dx (N=% grp LCdx)

 � 1 stage I 35 (58.3%) 72 (40.9%) 57 (41.6%) 0.27 0.04

 � 2 stage II – 10 (5.7%) 8 (5.8%)

 � 3 stage III 10 (16.7%) 36 (20.5%) 31 (22.6%)

 � 4 stage IV 14 (23.3%) 56 (31.8%) 37 (22.6%)

 � 5 occult carcinoma/unk 1 (1.7%) 2 (1.1%) 4 (2.9%)

Surgery

 � Surgery LC-yes (N=% total LCdx) 36 (60%) 84 (47.7%) 77 (56.2%) 0.96 0.22

Screening interval (N=% grp LCdx)

 � T0-T2 40 (66.7%) 105 (59.7%) 87 (63.5%) 0.89 0.47

 � T3-T6 20 (33.3%) 71 (40.3%) 50 (36.5%)

LC detection (N=% grpLCdx)

 � Screen-detected 32 (53.3%) 85 (48.3%) 75 (54.7%) 0.79 0.49

 � Missed 5 (8.3%) 16 (9.1%) 10 (7.3%)

 � Interval 3 (5%) 4 (2.3%) 2 (1.5%)

 � Follow-up 20 (33.3%) 71 (40.3%) 50 (36.5%)

Other demographics of LCdx

 � % Male 25 (41.6%) 104 (59.1%) 77 (56.2%) 0.16 0.02

 � % Current smoker 34 (56.7%) 106 (60.2%) 72 (52.6%) 0.39 0.98

 � Family history of LC –(yes) 13 (21.7%) 49 (27.8%) 35 (25.5%) 0.74 0.40

 � Self-reported COPD (composite) 21 (35%) 64 (36%) 31 (23%) 0.03 0.54

 � Randomised CT 30 (50%) 97 (55.1%) 72 (52.6%) 0.89 0.58

*Model adjusted for pack-years.
†See figure 2.
ACRIN, American College of Radiology Imaging Network; COPD, chronic obstructive pulmonary disease.
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out the genetic basis of lung cancer is to account for the presence 
of COPD and its contribution to risk (and genetic modelling), 
as we have done in this study. This is only possible where lung 
function data are available in the same cohort of people getting 
lung cancer. The current study is the only cohort study of this 
type that we are aware of. In a case–control study, VanderWeele 
et al used mediation analysis to confirm this CHRNA5 locus 
was linked to lung cancer independent of smoking exposure.33 

Not only do our mediation results concur with the VanderWeele 
study, we have expanded their findings by showing the indepen-
dent pathways linking this locus with lung cancer may in part be 
related to pathogenetic pathways underlying COPD.34 35 This is 
important, as suggested above, when it comes to using genetic 
data in assessing risk of lung cancer for targeted interventions 

Table 4  Non-Hispanic whites only: CHRNA rs16969968 genotype frequencies according to AL, lung cancer (LC), LC subphenotypes according to the 
allelic and recessive models using logistic regression

ACRIN Non-Hispanic whites only (N=9270)

CHRNA rs16969968 AA AG GG
Allelic
P value* Recessive P value†

Genotype N=9270
(% total)

N=1153 (12.4) N=4258 (45.9) N=3859 (41.6% – –

No AL

 � No AL, N=5921
 � (% total)

692 (11.7) 2653 (44.8) 2576 (43.5) – –

 � No AL and no LC, N=5749
 � (% total)‡ (referent)

663 (11.5) 2577 (44.8) 2509 (43.6) – –

% COPD (FEV1/FVC <0.70)

 � GOLD 1, N=814
 � (% total)

94 (11.5) 405 (49.8) 315 (38.7) 0.101 0.763

 � GOLD 2–4 (FEV1≤80%), N=2372
 � (% total)

339 (14.3) 1136 (47.9) 897 (37.8) <0.001 0.012

LC

 � Total LC diagnosis, n=373
 � (% total)

60 (16.1) 176 (47.2) 137 (36.7) 0.008 0.033

 � Squamous cell LC, N=88
 � (% total)

16 (18.2) 38 (43.2) 34 (38.6) 0.207 0.126

 � Adenocarcinoma LC, N=133 (% total) 18 (13.5) 64 (48.1) 51 (38.3) 0.356 0.688

LC and COPD status

 � LC and GOLD 2–4, N=151
 � (% total)

23 (15.2) 75 (49.7) 53 (35.1) 0.077 0.354

 � LC and no AL, N=178
 � (% total)

29 (16.3) 78 (43.8) 71 (39.9) 0.163 0.092

*AA versus AG versus GG.
†AA versus AG/GG.
‡No AL ‘healthy smokers’ with no LC diagnosis during follow-up is the reference group for all subsequent comparisons. All analyses are adjusted for pack-years.
ACRIN, American College of Radiology Imaging Network; AL, airflow limitation; FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; GOLD, Global Initiative for 
Chronic Obstructive Lung Disease.

Figure 3  Multiple logistic regression analysis for risk of lung cancer 
according to genotype, smoking, BMI, lung function and presence of 
COPD (GOLD 2–4). BMI, body mass index; COPD, chronic obstructive 
pulmonary disease; CHRNA5, cholinergic receptor nicotinic alpha 5; 
FEV1, forced expiratory volume in 1s; FVC, forced vital capacity; GOLD, 
Global Initiative for Chronic Obstructive Lung Disease.

Figure 4  Mediation analysis comparing the relative contributions 
of rs16969968 AA genotype, pack-years and presence of COPD (GOLD 
2–4) on the risk of developing lung cancer. CHRNA5, cholinergic 
receptor nicotinic alpha 5; COPD, chronic obstructive pulmonary disease; 
GOLD, Global Initiative for Chronic Obstructive Lung Disease.
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such as screening.29 31 We have shown here that the CHRNA5 
polymorphism (rs16969968) mediated risk of both COPD and 
lung cancer independently, although by different genetic models 
(allelic and recessive respectively). We have also previously found 
that some genetic variants confer risk of COPD only, lung cancer 
in the absence of COPD13 20 and greater lung cancer lethality.36 
This is of particular relevance because smokers with normal lung 
function, or only mild COPD, achieve significantly better reduc-
tions in lung cancer deaths with CT-based screening relative to 
CXR screening in the NLST.31

The current study has several strengths and limitations. First, 
the data linking the CHRNA5 polymorphism (rs16969968) 
polymorphism to airflow limitation is based on cross-sectional 
data from a cohort of heavy smokers rather than prospective 
data from a population more representative of the wider non-
smoking and smoking community. For example, HUNT study.7 
That said, while the study population we used was a smoking 
cohort of high risk heavy smokers, it is representative of 
screening populations and provides a more stringent test of the 
smoking-by-gene interaction. This contrasts with previous case-
control studies that included lighter smokers of lower overall 
risk to identify comparable associations.1–6 25 Second, we have 
only investigated one polymorphic locus and not considered 
the relevance of other variants in this chromosomal region (eg, 
iron-responsive element-binding protein 2, IREB2).37 That the 
rs 16 969 968 polymorphism has been shown to have functional 
effects on gene expression and protein function,10 11 34 35 and 
a consistent relationship between the presence of the A allele 
and increased risk, supports the possibility that this is indeed an 
important disease-causing polymorphism. Further studies will be 
required to examine possible epistatic effects with neighbouring 
or distant variants including from other candidate genes (eg, 
IREB2, PSMA4). While residual confounding and incomplete 
modelling might remain an issue in our study, we have at least 
attempted to account for the complex interplay between smoking 
exposure, COPD and lung cancer through our mediation anal-
ysis. Third due to relatively small sample sizes, type 1 error (false 
positive result) remains a possible explanation for our findings. 
However, the consistency of the association between this variant 
and lung cancer, and consistency in the magnitude of the effect 
size with other larger studies is reassuring. We have confirmed 
the association using both a genotype (table 3) and phenotype 
(table 4) approach. Fourth, McKay et al recently reported that 
in a large case–control study, this variant was associated specifi-
cally to the squamous cell histological subgroup of lung cancer.25 
While our study is underpowered to explore subgroup associ-
ations, our analysis supports this finding (table  4). However, 
this finding by McKay might be explained through mediating 
or confounding effects of COPD. A major strength of this study 
is the validation of a molecular marker for lung cancer risk in a 
population for whom assessing lung cancer risk has clinical rele-
vance, in this case for lung cancer screening and its outcomes.38

In summary, we have used a prospective cohort study to 
confirm that the A allele and/or AA genotype of the CHRNA5 
(rs16969968) polymorphism is independently associated with 
smoking exposure, presence of significant airflow limitation and 
risk of developing lung cancer. The study design we have used is 
unique in confirming this complex inter-relationship and high-
lights the need to consider the mediating effect of COPD in lung 
cancer genetics. Our findings support those of others suggesting 
the nicotine receptor, and by inference inhaled nicotine expo-
sure, may have direct effects on the development of COPD and 
lung cancer. Our findings confirm our previous hypothesis that 
COPD and lung cancer are linked at a molecular genetic level.
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