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Risk of chronic obstructive pulmonary disease (COPD) is determined by both cigarette smoking and genetic
susceptibility, but little is known about gene-by-smoking interactions. We performed a genome-wide association
analysis of 179,689 controls and 21,077 COPD cases from UK Biobank subjects of European ancestry recruited
from 2006 to 2010, considering genetic main effects and gene-by-smoking interaction effects simultaneously (2-
degrees-of-freedom (df) test) as well as interaction effects alone (1-df interaction test). We sought to replicate
significant results in COPDGene (United States, 2008-2010) and SpiroMeta Consortium (multiple countries,
1947-2015) data. We considered 2 smoking variables: 1) ever/never and 2) current/noncurrent. In the 1-df test,
we identified 1 genome-wide significant locus on 15g25.1 (cholinergic receptor nicotinic B4 subunit, or CHRNB4)
for ever- and current smoking and identified PI*Z allele (rs28929474) of serpin family A member 1 (SERPINAT)
for ever-smoking and 3926.2 (MDS1 and EVI1 complex locus, or MECOM) for current smoking in an analysis of
previously reported COPD loci. In the 2-df test, most of the significant signals were also significant for genetic
marginal effects, aside from 16g22.1 (sphingomyelin phosphodiesterase 3, or SMPD3) and 19q13.2 (Egl-9 family
hypoxia inducible factor 2, or EGLN2). The significant effects at 15925.1 and 19q13.2 loci, both previously
described in prior genome-wide association studies of COPD or smoking, were replicated in COPDGene and
SpiroMeta. We identified interaction effects at previously reported COPD loci; however, we failed to identify novel
susceptibility loci.

chronic obstructive pulmonary disease; gene-environment interaction; gene-by-smoking interaction;
genome-wide association study; smoking

Abbreviations: df, degrees of freedom; CHRNB4, cholinergic receptor nicotinic 84 subunit; Cl, confidence interval; COPD, chronic
obstructive pulmonary disease; EGLN2, Egl-9 family hypoxia inducible factor 2; FEV, forced expiratory volume in 1 second;
FVC, forced vital capacity; GWAS, genome-wide association study; MECOM, myelodysplastic syndrome 1 and ecotropic viral
integration site 1 complex locus; OR, odds ratio; SNP, single-nucleotide polymorphism; SERPINAT1, serpin family A member 1;
SMPD3, sphingomyelin phosphodiesterase 3; UKB, UK Biobank.

Risk of chronic obstructive pulmonary disease (COPD) is
determined by both cigarette smoking and genetic suscepti-
bility. Adverse effects of smoking on risk of COPD might
differ by an individual’s genetic susceptibility, which raises
the potential for important gene-by-smoking interactions.
However, little is known about gene-by-smoking interac-
tions and COPD risk.

A significant interaction between PI*Z allele (rs28929474)
of serpin family A member 1 (SERPINAI) and cigarette

smoking has been reported for spirometric measures
of lung function in European-ancestry subjects (1, 2).
For COPD-related traits, genome-wide gene-by-smoking
interaction studies have focused on quantitative mea-
sures of lung function from spirometry (3, 4). While
spirometric measurements of lung function are used to
diagnose COPD, no genome-wide studies have investi-
gated gene-by-smoking interaction and the risk of COPD
itself.
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A recent large-scale genome-wide association study
(GWAYS) identified 82 distinct loci associated with COPD
risk (5). However, these identified variants explained less
than 10% of the phenotypic variability on a liability scale.
To fill this gap in the risk of COPD explained by common
variants, we included gene-by-smoking interactions in a
GWAS model.

Studying gene-by-environmentinteractions requires much
larger sample sizes, compared with conventional GWAS,
to detect marginal effects of genes (6). The 2-degrees-of-
freedom (df) joint test leverages genetic main effects and
gene-by-environment interaction effects simultaneously and
can provide better power than a standard interaction test,
which is a 1-df test (7). Using a 2-df test, recent large-
scale genome-wide gene-by-environment interaction studies
of complex traits have identified new genetic factors as
well as possible gene-by-environment interactions (3, 8—12).
The availability of the large-scale UK Biobank (UKB) study,
which collected a wide range of phenotypes as well as
genetic data, provides a promising opportunity to detect
possible gene-by-environment interactions. Here, we per-
formed genome-wide gene-by-smoking interaction analyses
of COPD in the UKB to identify novel genetic variants
for risk of COPD while accounting for potential smoking
interactions, and we assessed the impact of potential gene-
by-smoking interactions on risk of COPD at known COPD
and lung function GWAS loci.

METHODS
Study populations

The UKB is a population-based cohort for which 500,000
volunteers were originally recruited (13). We used UKB
subjects as our discovery set and used 2 additional data sets
(COPDGene Study and SpiroMeta Consortium) to further
investigate significant results from the UKB. COPDGene
recruited former and current smokers whose smoking his-
tory was at least 10 pack-years (14). SpiroMeta is comprised
of a total of 79,055 individuals from 22 studies (15). All
participants in these studies provided written informed con-
sent and all studies were approved by local research ethics
committees and/or institutional review boards.

Spirometric measures and genetic data

Details of quality controls of spirometric measures, ge-
netic markers, and subjects in the UKB study have been
previously described (5, 13, 15). Briefly, to determine lung
function, measures of forced expiratory volume in 1 sec-
ond (FEV1) and forced vital capacity (FVC) were derived
from spirometry volume time-series data, subject to addi-
tional quality control based on American Thoracic Society/
European Respiratory Society criteria (15, 16). Genotyping
was performed using Axiom UK BiLEVE array and Axiom
Biobank array (Affymetrix, Santa Clara, California) and
imputed to the Haplotype Reference Consortium (http://
www.haplotype-reference-consortium.org/) panel (version
1.1). We included independent subjects of European ances-

try based on a combination of self-reported ethnicity and
principal components data provided by UKB.

Measures of smoking exposure

We assigned smoking status to individuals in UKB based
on their questionnaire responses. Never-smokers included
noncurrent smokers or those who smoked less than 100
cigarettes in their lifetimes. Ever-smokers were defined as
either current, most days (current or all days in the past), or
smoked occasionally.

To test for possible gene-by-smoking interactions, we
considered 2 smoking variables: ever/never and current/non-
current smoker. For ever-/never-smokers, former and current
smokers were in the exposed group. For current/noncurrent
smokers, former and never smokers were in the unexposed
group. Smoking variables were coded as 0 and 1 for unex-
posed and exposed groups, respectively. Here, we refer ever/
never-smoker analysis as “G x Ever-smoking analysis”
and current/noncurrent smoker analysis as “G x Current-
smoking analysis.”

Outcome

We defined COPD cases based on prebronchodilator spi-
rometry following the modified Global Initiative for Chronic
Obstructive Lung Disease criteria for moderate airflow lim-
itation: FEV| less than 80% of predicted value (using refer-
ence equations from (17)), and the ratio of FEV/FVC less
than 0.7.

Genetic analysis

We included markers with minor allele frequency of
>0.01 and imputation quality score (%) > 0.5. We per-
formed a logistic regression analysis considering genetic
main effects and gene-by-smoking interaction effects si-
multaneously (2-df joint test) as well as interaction effects
alone (1-df interaction test), adjusting for age, sex, genotyp-
ing array, and the first 10 principal components. We used the
2-df joint test to search for new genetic variants of COPD
and the 1-df interaction test to assess interaction effects
alone. If a marker shows a significance in the 2-df joint test,
it is associated with the outcome across exposure groups. If
a marker shows a significance only in the 1-df interaction
test, its genetic effect should differ by exposure group.
Additionally, marginal GWAS were conducted, stratified
by each smoking variable. All genome-wide analyses were
performed using the PLINK software, version 2.0 (18). We
created regional association plots via LocusZoom (http://
locuszoom.org/), using 1,000 Genomes European reference
data (November 2014 release) (19).

Conditional analysis

We defined distinct “loci” using a 1-Mb window (+/—
500kb) around the lead variant (i.e., most significant single-
nucleotide polymorphism (SNP)). Because our joint analysis

Am J Epidemiol. 2021;190(5):875-885


http://www.haplotype-reference-consortium.org/
http://www.haplotype-reference-consortium.org/
http://locuszoom.org/
http://locuszoom.org/

Gene-by-Smoking Interaction Study of COPD 877

was likely to include substantial overlap with previously
described association studies of marginal effects for risk
of COPD, we performed conditional analysis of each lead
variant to determine whether our signals were independent
of known risk loci for COPD (5) or lung function (15). Given
that the current genome-wide complex trait analysis (GCTA)
tool does not account for gene-by-environment interactions
in their conditional analysis, we took a stratified approach
for this analysis (20). We stratified by smoking-exposed and
-unexposed groups and conditioned on recognized SNPs
from previous GWAS of COPD (5) or lung function (15)
within 2-Mb of the lead variant. The conditioned 2-df test
for genetic main effects and interaction effects was then
calculated on the conditioned stratified results using the
following equation (9, 21):

1 0
)

Z= ,
2 2
VSEGD) +SEGD). - 2SEG)SE(ZY)

where yg) and yg)) represent stratum-specific genetic effects
for the 1-df test, SE (yg)) and SE (y(GO)) are their respective
standard errors (SE), and r is the Spearman rank correlation

coefficient between yg) and yg) ), calculated from genome-
wide results. This Z statistic approximately follows a stan-
dard normal distribution under Hy : Bgr = 0. For the 2-df

test,
2 2
SE(vy)) SE(vg))

approximately follows a 2-df x2 distribution under Hy :
Bc = Bge = 0 when the 2 strata are independent.

Dose-response analysis

To further characterize our significant results, we con-
ducted a dose-response analysis in all subjects and in
ever-smokers as a secondary analysis. We tested gene-
by-smoking dose interaction using the standard 1-df test.
We considered 3 quantitative measures of smoking dose:
smoking duration, pack-years, and cigarettes per day. We
considered exposures as both a quantitative and categorical
variable grouped based on quartiles.

Replication

Because COPDGene cohort is enriched for heavy smok-
ers, we hypothesized that SNPs presenting a stronger associ-
ation among the exposed group in the UKB should also show
some marginal effects on COPD risk in COPDGene subjects.
For selected SNPs, we tested for a marginal association
between each SNP and COPD risk, adjusting for age, sex,
smoking status, pack-years, and genetic ancestry principal
components in 5,342 non-Hispanic White COPDGene sub-
jects. We further tested gene-by-smoking dose interaction
based on the 1-df test. The Fagerstrom test for nicotine
dependence (FTND) measure was collected from current
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smokers in COPDGene, so we also tested gene-by-FTND
interaction. We considered both a quantitative FTND score
and a categorical variable grouped into mild (0-3), moderate
(4-6) and severe (7-10) (22).

We also attempted to replicate our results by lookup in a
genome-wide association analysis of spirometric measures
of lung function (FEV, FVC, and FEV/FVC) stratified by
ever- and never-smoker groups in SpiroMeta (15). Using
summary statistics from these stratified results, we calcu-
lated test statistics for a 1-df interaction test and a 2-df
joint test based on the same approach used in our stratified
conditional analysis (9, 21). Briefly, each study performed
linear regression adjusting for age, age?, sex, and height by
using rank-based inverse normal transformation, adjusting
for population substructure, and performing separate anal-
yses for ever- and never-smokers. Results were combined
under a fixed-effects meta-analysis.

RESULTS
Subject characteristics

We analyzed 200,766 subjects of European ancestry, in-
cluding 179,689 controls and 21,077 COPD cases from
UKB (Table 1). These UKB subjects included 71,591
ever-smokers (former and current smokers combined) and
129,175 never-smokers, and 14,590 current smokers and
186,176 noncurrent smokers (never- and former smokers
combined). Non-Hispanic White COPDGene subjects
included 3,361 former smokers and 1,981 current smokers.
While UKB subjects had a higher proportion of COPD cases
among current smokers (31.5%) compared with former
(13.8%) and never-smokers (6.7%), COPDGene subjects
showed a higher proportion of COPD cases among former
smokers (54.5%) than current smokers (49.4%).

Genome-wide results

The analysis workflow is depicted in Figure 1.

2-df joint test. We identified 48 loci for the G x Ever-
smoking and 55 loci for the G x Current-smoking analysis
(defined using 1-Mb windows) achieving genome-wide sig-
nificance (P < 5.00 x 10~8) (Web Table 1 and Web Figure
1, available at https://doi.org/10.1093/aje/kwaa227). Thirty-
five loci overlapped between G x Ever-smoking and G x
Current-smoking analyses. Lead variants at 15 of these loci
for G x Ever-smoking and 19 loci for G x Current-smoking
analysis were previously identified in GWAS of COPD or
lung function (5, 15). For the remaining loci, we conducted a
conditional analysis to search for new signals (see Methods
and Web Table 2). After adjusting for previously reported
variants, 2 loci, 16q22.1, sphingomyelin phosphodiesterase
3 (SMPD3) (lead variant: rs141322661, Py.gr = 3.92 x 10~°
from G x Ever-smoking and Pr.gr = 1.45 X 10~8 from
the G x Current-smoking analysis), and 19q13.2, Egl-9
family hypoxia inducible factor 2 (EGLN2) (lead variant:
152604894, P5_4r = 5.87 x 10~ from G x Current-smoking
analysis), maintained genome-wide significance (Table 2
and Web Figure 2).
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Subject Characteristics Stratified by Smoking Status in the UK Biobank (United Kingdom, 2006-2010) and COPDGene (United States, 2008-2010)

Table 1.

COPDGene

UK Biobank

Current (n =1,981)

3,361)

Current (n = 14,590) Former (n

57,001)

Former (n

Never (n = 129,175)

Characteristic

Mean (SD)

%

% Mean (SD) No. % Mean (SD) No. % Mean (SD) No. % Mean (SD) No.

No.

978 49.40

54.50

1,831

13.80

8,631 6.70 7,857

Moderate COPD
Age, years

4,589 31.50

54.12 (8.06) 64.95 (8.23) 5748 (7.80)

57.91 (7.64)

55.55 (8.05)

1,620 48.20 907 45.80

47.60

6,941

29,175 5120

50,194 38.90

Female sex

48.13 (24.49)
2758 (5.79)

4715 (27.30)

28.97 (5.89)

70.03 (29.35)
0.61 (0.19)

28.40 (18.25)

26.73 (4.68)

85.10 (18.51)
0.72 (0.09)

19.21 (17.50)
27.95 (4.58)
93.52 (16.30)

0.00 (0.00)
26.87 (4.56)
96.44 (13.95)

No. of pack-years

BMI2

75.29 (25.05)
0.65 (0.16)

FEV{ % predicted

FEV4/FVC

0.76 (0.07)

0.77 (0.06)

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; FEV4, forced expiratory volume in 1 second; FVC, forced vital capacity; SD, standard deviation.

a Weight (kg)/height (m?2).

In a previous UKB GWAS of COPD examining only
marginal genetic effects (5), rs141322661 at 16q22.1
reached genome-wide significance (P = 1.88 x 10~), but
not in a meta-analysis of UKB and the International COPD
Genetics Consortium (P = 1.90 x 10_8), and rs2604894 at
19q13.2 did not reach genome-wide significance (P=1.17 x
10~%) (5). Other signals from our analyses were attenuated
and did not reach genome-wide significance.

1-df interaction test. We identified 1locus, 15g25.1 (defined
using 1-Mb windows), as achieving genome-wide signifi-
cance (P < 5.00 x 1078) for both G x Ever- and G x
Current-smoking analyses (Table 2 and Web Figure 3 and
4). In the G x Ever-smoking analysis, the lead variant
(rs12440014 in the cholinergic receptor nicotinic f4 subunit
gene (CHRNB4)) showed P1_df interaction = 8.96 x 10712,
presenting as a significant association among ever-smokers
(odds ratio (OR) = 0.85, 95% confidence interval (CI): 0.82,
0.88; P = 3.39 x 10~'%; data not shown) but not among
never-smokers.

Interaction of previously reported variants

We examined possible gene-by-smoking interactions for
risk of COPD at 82 known COPD-associated loci, 279
known lung function—associated loci, and 2 loci previously
reporting smoking interactions for either lung function or
COPD (Web Table 3). Because results from the 2-df test
for these known loci predominantly showed genetic main
effects, we evaluated results from the 1-df interaction test
under Bonferroni-corrected significance thresholds.

At known loci for risk of COPD, rs55676755 in the
cholinergic receptor nicotinic a3 subunit gene (CHRNA3)
and rs28534575 in CHRNB4 significantly interacted with
smoking, presenting as significant associations in ever-
smokers (rs55676755: OR = 1.19, 95% CI: 1.15, 1.22, P =
8.74 x 10728; and rs28534575: OR = 0.85, 95% CI: 0.82,
0.88, P=2.53 x 10~ !3) but not in never-smokers (Web Table
4). SNP 157642001 at 3g26.2, myelodysplastic syndrome
1 and ecotropic viral integration site 1 complex locus
(MECOM), significantly interacted with current smoking
(P1-df interaction = 3.65 x 10~%) but not with ever-smoking.
At known loci for lung function, there was no evidence of
significant interactions with smoking. At loci previously
reporting smoking interactions, PI*Z allele (rs28929474)
in SERPINAI significantly interacted with ever-smoking
(P1-df interaction = 6.70 x 10~%). (See Web Tables 3 and 4.)

Selected SNPs

Tofurther investigate significant results, we selected SNPs
at 5 loci (Table 3 and Figure 2). In the 2-df joint test,
rs141322661 at 16q22.1 (SMPD3) and rs2604894 at
19q13.2 (EGLN2) reached genome-wide significance,
independent of previously described loci for either COPD
or lung function (Figure 2A). In the 1-df interaction
test, we included rs12440014 at 15925.1 (CHRNB4).
Among previously reported variants, rs7642001 at 3q26.2
(MECOM) and rs28929474 in SERPINA 1, showed evidence
of interaction (Figure 2B).

Am J Epidemiol. 2021;190(5):875-885
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Genome-Wide Gene-by-Smoking Interaction Analysis Using the UK Biobank

A

P<5.00 x 10°8)

Genome-Wide Scan (Genome-Wide Significance

Candidate Variants
(Bonferroni Significance
P<1.00 x 107%)

A 4

A

19913.2 (EGLN2)

2-df Joint 1-df Interaction 1-df Interaction

16422.1 (SMPD3) 15025.1 (CHRNB4) 3426.2 (MECOM)

15q25.1 (CHRNB4)
PI*Z allele (SERPINA1)

A4 A

Replication in COPDGene and SpiroMeta

15q25.1 (CHRNB4), 19q13.2 (EGLN2), PI*Z allele (SERPINAT)

Figure 1. Analysis workflow for a genome-wide gene-by-smoking interaction analysis conducted in UK Biobank subjects, United Kingdom,
2006-2010. In the genome-wide scan, the genome-wide significance was set at P < 5.00 x 10~8. In the candidate variants, the significance
threshold was considered as Bonferroni significance (P < 1.00 x 10~4). Candidate variants were selected from genome-wide association study
of COPD (5) and lung function (15) and previously reported gene-by-smoking interactions of chronic obstructive pulmonary disease (1, 2, 4).
Significant findings in the genome-wide scan and in candidate variants were selected to replicate in COPDGene (United States, 2008-2010)
(14) and SpiroMeta consortium (multiple countries, 1947-2015) (15). CHRNB4, cholinergic receptor nicotinic 84 subunit; df, degrees of freedom;
EGLN2, Egl-9 family hypoxia inducible factor 2; MECOM, myelodysplastic syndrome 1 and ecotropic viral integration site 1 complex locus;
SERPINAT, serpin family A member 1; SMPD3, sphingomyelin phosphodiesterase 3.

To examine whether selected SNPs were associated with
smoking behavior, we checked regions of selected SNPs
in the most recent and largest GWAS of smoking itself
(23) (Web Table 5). Markers at 15¢25.1 and 19q13.2 were
associated with cigarettes per day and current smoking.

To further characterize these potential gene-by-smoking
interactions, we conducted a dose-response analysis (Web
Table 6). SNPs rs7642001 at 3q26.2 (MECOM), rs28929474
in SERPINAI, rs12440014 at 15q25.1 (CHRNB4) and
152604894 at 19q13.2 (EGLN2) showed nominally signifi-
cant interactions with smoking duration on COPD risk (P <
0.05). In a dose-response analysis among ever-smokers, the
significance of these SNPs was attenuated, but rs7642001
and rs12440014 were still nominally significant (P < 0.05).

Replication

To replicate our findings, we used COPDGene and sum-
mary statistics from SpiroMeta (Table 3).

COPDGene. Given that COPDGene is enriched for heavy
smokers, any SNPs showing a stronger association among
the exposed group in the UKB should also show some
marginal associations with COPD risk among non-Hispanic
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White COPDGene subjects. SNPs rs7642001 at 3g26.2
(MECOM), 1528929474 in SERPINAI, rs12440014 at
15925.1 (CHRNB4), and rs2604894 at 19q13.2 (EGLN2)
were nominally significantly associated with COPD risk
(P<0.05). In a dose-response analysis, a stronger asso-
ciation between rs7642001 at 3q26.2 (MECOM) and
COPD was observed with longer duration of smoking
(P1-df interaction = 6.20 x 10™%) (Web Table 6). For 1,937
current smokers in COPDGene with scores on the Fager-
strom test for nicotine dependence, rs12440014 at 15g25.1
(CHRNB4) showed evidence of interaction with higher
nicotine dependence (P1.df interaction = 4-37 X 10’2).

SpiroMeta. 'We replicated a significant interaction for
rs12440014 at 15925.1 (CHRNB4) with ever-smoking
on FEV| (Pi.gfinteraction = 7-33 x 1073), presenting as
a stronger association among ever-smokers compared
with never-smokers (Table 3). We observed a significant
interaction for rs7642001 at 3q26.2 (MECOM) on FEV|
(P1-df interaction = 1.07 x 10_3). However, the direction of this
apparent interaction effect was opposite between UKB and
SpiroMeta. Allele “A” at rs7642001 was more significantly
associated with decreased FEV| among never-smokers (f =
—0.04, 95% CI: —0.05, —0.02, P = 3.31 x 107>) compared
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Figure 2. Statistical significances of selected variants in mul-
tiple data sets. A) Variants presenting main effects based on
the 2-degrees-of-freedom (df) joint test. Smoking exposures of
rs141322661 and rs2604894 are ever-smoking and current smok-
ing, respectively. B) Variants presenting the evidence of interac-
tion effects based on the 1-df interaction test. Smoking exposures
of rs7642001, rs28929474, and rs12440014 are current smoking,
ever-smoking, and ever-smoking, respectively. For selected variants
presenting the genome-wide significance from a 2-df joint test
and a 1-df interaction test in the genome-wide gene-by-smoking
interaction analysis, we compared the P values for a marginal
genome-wide association study of chronic obstructive pulmonary
disease (5) (marginal genome-wide association study (GWAS)),
stratified analysis of marginal GWAS by smoking exposure (exposed
and unexposed), 1-df interaction test and 2-df joint test. Sum-
mary statistics of “Marginal GWAS” are from the meta-analysis of
UK Biobank (2006-2010) and the International COPD Genetics
Consortium (multiple countries, 1987-2013) (5). Summary statis-
tics of analysis testing of “Exposed,” “Unexposed,” “1-df Inter-
action,” and “2-df Joint” are from the analysis of UK Biobank
(2006-2010).

with ever-smokers (p = —0.01, 95% CI: —0.03, 0.01, P =
1.93 x 107 1). In the UKB, this SNP was more significantly
associated with increased risk of COPD among current
smokers (OR = 1.20,95% CI: 1.13, 1.27, P =4.54 x 10~10)
compared with noncurrent smokers (OR = 1.07, 95% CI:
1.04, 1.09, P = 3.09 x 10~7) (Web Table 3). The stratified
analyses for other measures of lung function are listed in
Web Table 7.

DISCUSSION

We conducted a genome-wide association analysis of
COPD accounting for a gene-by-smoking interaction to
identify novel susceptibility loci and to assess the potential
gene-by-smoking interactions in UKB subjects of European
ancestry. Most of the significant signals in the 2-df joint
test were also significant for genetic marginal effects, aside
from 16q22.1 (SMPD3) and 19q13.2 (EGLN2). In the 1-
df interaction test, we identified 1 genome-wide significant
locus, 15925.1 (CHRNB4) and identified PI*Z allele at SER-
PINAI and 3q26.2 (MECOM) in an analysis of previously
reported COPD risk loci. The estimated effects at 15q25.1
and 19q13.2, both previously described in prior GWAS
of COPD or smoking, were replicated in COPDGene and
SpiroMeta.

SNP 15141322661 at 16q22.1 reached genome-wide sig-
nificance in previous GWAS of COPD in UKB but not in
the meta-analysis of UKB and International COPD Genetics
Consortium (5). SNPrs141322661, an intronic variant of the
gene for SMPD3, has a low frequency in European popula-
tions (the G allele has a frequency 0.01-0.02), which makes
replication difficult. Further investigation of this 16q22.1
region is required.

SNP 152604894 at 19q13.2 could only be observed through
genome-wide association analysis accounting for current-
smoking interaction in UKB subjects. In the previous UKB
GWAS of COPD (which did not incorporate interaction
into the model), rs2604894 did not reach genome-wide
significance (5). In a conventional GWAS of COPD using
cohorts enriched for smokers, rs2604894 was reported to be
significantly associated with COPD risk (OR = 0.74, 95%
CI: 0.65, 0.84; P = 3.41 x 1073) (24). This study included
cohorts such as COPDGene (14) and ECLIPSE (25)
designed to identify genetic factors for COPD by recruiting
exclusively former and current smokers. The different study
design between the UKB study, a population-based cohort,
and cohorts at high risk of COPD because of their smoking
history might have attenuated the statistical significance for
1s2604894 association and hindered the replication in pre-
vious marginal GWAS in the UKB. Our finding highlights
the importance of accounting for heterogeneity in genetic
effects across exposure groups in association discovery
studies.

SNP 152604894 at 19q13.2 is an intronic variant of
EGLN2, a gene known to be involved in regulating hypoxia
tolerance and apoptosis in cardiac and skeletal muscle.
Markers at 19q13.2 were reported to be associated with
CPD and current smoking (23). Significant lung expression
quantitative traits loci (but not including rs2604894) have
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been detected at 19q13.2 (26). Further functional studies of
the 19q13.2 region is clearly warranted.

We identified genome-wide significant gene-by-smoking
interaction effects at 15q25.1 in UKB and replicated these
findings in SpiroMeta, revealing associations primarily in
ever-smokers. The cholinergic receptor nicotinic a5 sub-
unit (CHRNAS5)/A3/B4 gene cluster on 15q25.1 encodes the
nicotinic acetylcholine receptor subunits a5, o3, and p4.
Variants in this gene cluster have been robustly associated
with several lung-related traits, such as lung cancer (27)
and COPD (5), as well as smoking-related phenotypes, such
as smoking quantity (23, 28-30) and nicotine dependence
(28). Because smoking is the most important environmental
risk factor for COPD, it is quite likely that the association
of variants in 15g25.1 region with COPD mediates through
smoking behavior (31). Although our data does not support
a direct effect of the 15925.1 region on risk of COPD,
not mediated by smoking, we note that other studies have
described such a direct effect (31, 32). The 15g25.1 region
also contains the gene for iron-responsive element binding
protein 2 (IREB2), which has been shown to have smoking-
independent effects on COPD risk (33, 34).

We noted a significant dose response for rs12440014 at
15g25.1 in UKB but not in COPDGene. This might simply
be due to smaller sample sizes of COPDGene. However,
given that COPDGene was enriched for severe COPD cases
compared with UKB (a population-based cohort), our results
could reflect other possibilities: 1) the genetic susceptibility
of the 15g25.1 region on COPD could be substantial at
relatively low levels of smoking exposure, and/or 2) COPD
patients might be more likely to quit smoking as symp-
toms worsen, diluting any association between markers in
15g25.1 and COPD.

We confirmed a known gene-by-smoking interaction for
COPD, a SERPINAI (PI*Z allele)-by-smoking interaction
in our study population (1, 2). In a previous study, a PI*Z-
by-smoking interaction was identified for FEV (P = 0.03)
and COPD status (P = 0.01) in subjects of European ances-
try (2). SERPINAI, which encodes the alpha-1 antitrypsin
protein, influences the risk of COPD (35). Homozygosity
for PI*Z allele is the most common cause of alpha-1 antit-
rypsin deficiency. Although it is a Mendelian syndrome,
there is marked variability in the development and sever-
ity of COPD among PI*ZZ individuals. Our replication in
the UKB study helps to understand variable manifestations
of COPD risk among individuals with alpha-1 antitrypsin
deficiency.

Our objective was to identify genetic loci associated with
COPD risk, which might have been missed when consid-
ering only genetic main effects in the conventional GWAS
approach used in Sakornsakolpat et al. (5). However, our
study incorporating potential smoking interactions did not
reveal novel loci. There are several possible explanations
for our lack of novel findings. First, power for detecting
gene-by-smoking interactions and discovering novel genetic
risk factors might be limited even in this large sample size
(36, 37). It is possible that most gene-by-smoking inter-
action effects are relatively small, and even if presenting
over a large number of genes, such interactions could be
difficult to identify (11). To overcome this issue, use of
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a polygenic risk score, an aggregate measure of genetic
variants with relatively small effect sizes, might be help-
ful in testing for interaction. Second, we included only
independent subjects of European ancestry. Investigation of
more ethnically diverse populations might allow more robust
inferences of gene-by-environment interaction by increasing
diversity of not only environmental exposure but also genetic
determinants (38). Third, we used self-reported smoking
history. Measurement errors of smoking exposure could lead
to our lack of findings of gene-by-smoking interactions
(6).

Despite our large sample size, there are limitations in our
study. First, our use of 2 smoking measures (ever-smoking
and current smoking) in genome-wide investigation might
have limited interpretation of our results. Smokers with
more severe COPD are more likely to reduce or quit
smoking, and those without symptoms are more likely
to continue smoking (often described as the ‘“healthy
smoker effect”). Such a phenomenon is highly possible
in COPDGene and might also be relevant for UKB (39).
Second, a “healthy volunteer” selection bias exists in UKB.
The UKB cohort is not fully representative of the general
population; its participants are less likely to smoke and have
fewer self-reported health conditions compared with the
general population of the United Kingdom (40). However,
generalizability is not necessary to draw inferences about
associations. The large sample size and heterogeneity of
smoking exposures should still make our findings valid.
Third, our use of the 2-df joint test might restrict our
understanding of gene-by-smoking interaction for COPD
risk or, more broadly, gene-by-environment interaction.
Integration of genetic markers and other “-omics” data
(transcriptomic, proteomic, or epigenomic data) could be
helpful.

In summary, our genome-wide investigation incorporat-
ing smoking interaction did not identify novel susceptibility
loci of COPD. However, we identified interaction effects
at previously reported COPD loci, 15925.1 (CHRNB4) and
PI*Z allele in SERPINA1, on COPD risk. Cigarette smoking
is the most important environmental risk factor for COPD,
but individuals vary in their susceptibility to the damag-
ing effects of cigarette smoke; it raises the possibility of
detectable gene-by-smoking interactions, but we identified
few significant interactions in our large-scale study. Consid-
ering diverse populations and other approaches might better
help further elucidate gene-by-environment interactions on
COPD risk.
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