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We examined the association between single-nucleotide poly-
morphisms (SNPs) previously associated with chronic obstructive
pulmonary disease (COPD) and/or lung function with COPD and
COPD-related phenotypes in a novel cohort of patients with severe
to very severe COPD. We examined 315 cases of COPD and 330
Caucasian control smokers from Poland. We included three SNPs
previously associated with COPD: rs7671167 (FAM13A), rs13180
(IREB2), and rs8034191 (CHRNA 3/5), and four SNPs associated with
lung function in a genome-wide association study of general popu-
lation samples: rs2070600 (AGER), rs11134242 (ADCY2), rs4316710
(THSD4), and rs17096090 (INTS12). We tested for associations with
severe COPD and COPD-related phenotypes, including lung func-
tion, smoking behavior, and body mass index. Subjects with COPD
were older (average age 62 versus 58 years, P , 0.01), with more
pack-years of smoking (45 versus 33pack-years, P,0.01).CHRNA3/5
(odds ratio [OR], 1.89; 95% confidence interval [CI], 1.5–2.4; P ¼
7.4 3 1027), IREB2 (OR, 0.69; 95% CI, 0.5–0.9; P ¼ 3.4 3 1023), and
ADCY2 (OR,1.35;95%CI,1.1–1.7;P¼0.01)demonstratedsignificant
associationswith COPD. FAM13A (OR, 0.8; 95%CI, 0.7–1.0; P¼ 0.11)
approached statistical significance. FAM13A and ADCY2 also demon-
strateda significantassociationwith lung function.Thus, in severe to
very severe COPD, we demonstrate a replication of association be-
tween two SNPs previously associated with COPD (CHRNA3/5 and
IREB2), as well as an association with COPD of one locus initially
associated with lung function (ADCY2).
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Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death in the United States, and its prevalence
continues to grow (1). Although cigarette smoking is the most
significant risk factor for COPD, cigarette smoking differen-
tially affects lung function decline, and not all smokers will
develop COPD (2). The individual response to cigarette smoke
and other environmental factors is affected in part by genetic
factors, and the development of COPD is the culmination of the
environment acting in concert with a complex array of genetic
traits (3).

Although the development of COPD is mediated by multiple
genetic factors, to date few susceptibility genes other than a1-
antitrypsin (SERPINA1) have been convincingly identified.

Early candidate gene studies yielded inconsistent results (4).
These studies were limited by small sample sizes and a lack of
uniformity in COPD phenotypes, including the degree of air-
flow obstruction and intensity of smoking exposure in subjects
examined. However, several recent genome-wide association
studies (GWAS) have identified genomic regions that demon-
strate a highly significant and reproducible association with
COPD in large studies including subjects with a range of im-
paired lung function and smoking history. These GWAS regions
are located in FAM13A on chromosome 4q22 (5), on chromo-
some 4q31 near HHIP (6), and near several genes in the region
of 15q25, including IREB2 (7), CHRNA3, and CHRNA5 (8). In
addition to these studies examining COPD as an outcome, sev-
eral recent large-scale GWAS meta-analysis identified genes
associated with pulmonary function in general-population
samples of subjects with a diverse range of lung function and
smoking exposures (6, 9, 10). Because COPD is defined by a
reduction in lung function, some of these genes seem likely to
play a role in the pathogenesis of COPD. In fact, both HHIP
and FAM13A were associated with lung-function levels in
GWAS studies of general-population samples (6, 10). Using a
candidate gene approach, several of these pulmonary-function
GWAS regions recently demonstrated an association with
COPD, including loci on 4q24 near INTS12, on 6p21 near
AGER, on 5p15 near ADCY2, and on 15q23 near THSD4 (11).

In a previous analysis, we demonstrated that HHIP single-
nucleotide polymorphisms (SNPs) were also associated with
COPD in a cohort of Polish subjects with severe COPD (12).
Given this finding, we examined the relationship between previ-
ously reported COPD and lung function GWAS SNPs in this novel
population comprised of cases with severe to very severe COPD.
In addition, we examined the relationship between these SNPs and
COPD-related phenotypes such as lung function, smoking behav-
ior, and body mass index (BMI) in severe COPD. We hypothe-
sized that a subset of SNPs previously associated with moderate to
severe COPD and/or pulmonary-function levels would be associ-
ated with severe to very severe COPD. By investigating these
associations in a homogeneous population with severe COPD,
we believed we would be be better able to determine the genes
responsible for COPD. In addition, by investigating COPD-related
phenotypes such as lung function and smoking behavior, we hoped
to differentiate more conclusively whether these genes were
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CLINICAL RELEVANCE

These data demonstrate the association of several genes
with chronic obstructive pulmonary disease (COPD) in a
novel population with severe COPD. This work additionally
replicates a novel finding of ADCY2 with COPD. These
data provide a platform for future investigations into the
genetics of COPD.
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directly acting upon COPD susceptibility, or were in fact mediated
by COPD risk factors such as smoking behavior.

MATERIALS AND METHODS

Study Population

All subjects provided written, informed consent. Subjects participated at
the Institute of Tuberculosis and Lung Disease (Warsaw, Poland), and
genotyping and data analysis occurred at the Channing Laboratory of
Brigham and Women’s Hospital (Boston, MA). This study was ap-
proved by the institutional review boards at these institutions.

All subjects were white and from Poland, 40 to 80 years old, with at
least 10 pack-years of smoking history. Cases manifested severe to very
severe COPD (Guidelines for Obstructive Lung Disease Stage III or
IV, post-bronchodilator FEV1 , 50% predicted, and FEV1/FVC ,
0.7). Control subjects demonstrated normal lung function (post-
bronchodilator FEV1, . 80% predicted; FEV1/FVC, . 0.7). Efforts
were undertaken to frequency-match cases by age and sex. Subjects
were excluded because of concomitant respiratory disorders, lung sur-
gery, pregnancy, respiratory infection in the month before enrollment,
or the presence of a first-degree or second-degree relative in the study.

Subjects performed standardized prebronchodilator and postbroncho-
dilator spirometry, using the EasyOne Spirometer (NDD, Inc., Andover,
MA), in accordancewithAmericanThoacic Society/EuropeanRespiratory
Society criteria (13). Postbronchodilator spirometry was performed ap-
proximately 20 minutes after administering 180 mg of albuterol via
metered dose inhaler. In a few cases when subjects were unable to provide
three acceptable maneuvers or slightly exceeded case spirometric criteria,
those subjects’ data were included at the investigators’ discretion. FEV1

percent predicted was calculated using Hankinson equations (14). Subjects
completed a modified American Thoacic Society Respiratory Epidemiol-
ogy questionnaire (15), and blood was collected for genetic analyses.

Genetic Analysis

We chose genomic regions based on a review of the literature, and used
the most significant reported SNP for each gene. We examined three
candidate genes associated with COPD in populations with moderate
to severe COPD (FAM13A, IREB2, and CHRNA3/5) and SNPs in
or near four candidate genes previously associated with lung function
and COPD (INTS12, ADCY2, THSD4, and AGER). SNPs were gen-
otyped using TaqMan assays (Applied Biosystems, Foster City, CA).

Statistical Analysis

We investigated the association between the chosen SNPs and COPD
case/control status, average cigarettes smoked per day (CPD), pack-
years, lung function, and BMI. All demographic data were analyzed using
SAS version 9.2 (SAS, Inc., Cary, NC). All genetic analyses were per-
formed using PLINK, version 1.07 (16). Logistic regression analysis
was performed to test the association between each SNP with severe
COPD case/control status, controlling for age, sex, and pack-years of
smoking. Linear regression was performed to assess the relationship
between SNPs and quantitative phenotypes. Analyses of CPD and
pack-years were adjusted for age and sex, and analyses of FEV1 percent
predicted, FEV1/FVC, and BMI were additionally adjusted for pack-
years. We performed a parallel analysis among all study subjects, with
the additional use of COPD case/control status as a covariate. A condi-
tional analysis between SNPs from CHRNA3/5 and IREB2 with COPD
was performed by including the SNP that was adjusted for as a covariate
in the logistic regression analysis. To assess the relationship between
smoking behavior, candidate genes, and COPD, subjects were divided
into equal tertiles of pack-years. In each tertile, the relationship between
the genetic variants (in CHRNA3/5, IREB2, and ADCY2) with COPD
was examined by means of logistic regression, using all smoking control
subjects as the reference group, and adjusting for age and sex.

RESULTS

Three hundred fifteen smoking patients with COPD and 330
smoking control subjects were included in the genetic association
analysis (Table 1). More males than females participated in this

study. However, sex was equally distributed between severe
COPD cases and control subjects. Cases on average were older
than control subjects (aged 62 years versus 58 years, P, 0.0001)
and demonstrated a lower BMI (26.7 kg/m2 versus 27.7 kg/m2,
respectively; P , 0.05). Cases had greater average smoking
exposure, including pack-years (44.5 versus 33.5 pack-years, P ,
0.0001) and average number of cigarettes per day (23.6 versus
20.8, respectively; P , 0.0001), and had started smoking at
a younger age (age 18.7 years versus 19.5 years, respectively;
P , 0.0001). Fewer cases than control subjects were active
smokers at the time of study enrollment (P , 0.0001). By study
design, cases had worse lung function than control subjects,
including a lower FEV1 percent predicted (30.36% versus
102.5%, respectively) and FEV1/FVC (0.36 versus 0.77, respec-
tively).

SNPs located in or near three genes previously associated
with COPD (CHRNA3/5 and IREB2 on chromosome 15q25,
and FAM13A on chromosome 4q22) and four genes previously
associated with lung function (INTS12 on chromosome 4q24,
ADCY2 on chromosome 5p15, THSD4 on chromosome 15q23,
and AGER on chromosome 6p21) were examined for associa-
tions with severe COPD case–control status (Table 2). Of these,
the minor (C) allele of the IREB2 SNP, rs13180 (odds raio [OR],
0.69; 95% confidence interval [CI], 0.53–0.88; P ¼ 0.003) and the
minor (C) allele from the CHRNA3/5 SNP rs8034191 (OR, 1.89;
95% CI, 1.47–2.43; P ¼ 7.43 1027) were associated with COPD,
in the same direction as previously reported. The minor allele of
the FAM13A SNP, rs7671167, did not reach statistical signifi-
cance when examining the association with COPD. However,
the OR was in the same direction of effect as in previous studies
(OR, O.82; 95% CI, 0.65–1.04; P ¼ 0.11). Of the genes origi-
nally associated with lung-function levels, an SNP in ADCY2,
rs11134242, was associated with an increased risk for COPD
(OR, 1.35; 95% CI, 1.1–1.7; P ¼ 0.01), which was in the same
direction as previously reported in an analysis of COPD affec-
tion status (11).

The SNPs from IREB2 (rs13180) and CHRNA3/5 (rs8034191)
were in weak linkage disequilibrium (LD) with each other (R2 ¼
0.21), consistent with previous reports. To determine the inde-
pendent effect of each SNP on COPD case status, we performed
a conditional analysis examining the association of these SNPs
with COPD. We examined the relationship between each SNP
with COPD individually, while controlling for the presence of
the other linked SNP (Table 3). When controlling for the pres-
ence of IREB2, CHRNA3/5 remained significantly associated

TABLE 1. CHARACTERISTICS OF CASES AND CONTROL SUBJECTS

Cases Controls P Value

n 315 330

Age, yr 61.95 (7.33) 58.28 (7.26) ,0.0001

Male, % 220 (69.84) 222 (67.27) 0.50

Current smoker, n (%) 80 (25.40) 163 (49.39) ,0.0001

Pack-years 44.50 (22.33) 33.37 (14.94) ,0.0001

CPD 23.61 (9.3) 20.75 (8.13) ,0.0001

Age started smoking 18.68 (3.94) 19.49 (3.99) 0.01

FEV1, L 0.89 (0.32) 3.13 (0.62) NA

FEV1% predicted, % 30.36 (9.60) 102.5 (12.11) NA

FEV1/FVC 0.36 (0.098) 0.77 (0.045) NA

BMI, kg/m2 26.68 (6.52) 27.72 (6.08) 0.037

Definition of abbreviations: BMI, body mass index; CPD, cigarettes per day;

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; NA, not

available.

Values are reported as means (standard deviations) or means (percentages).

Sex and current smoking status were assessed according to the Fisher exact test.

All continuous variables were compared using t tests.
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with COPD (P ¼ 0.0001). However, when controlling for the
presence of CHRNA3/5, the IREB2 SNP was no longer signif-
icantly associated with COPD (P ¼ 0.45).

We next examined the relationship between these SNPs and
COPD-related phenotypes, including lung function (FEV1 %
predicted and FEV1/FVC), smoking history (pack-years and
average cigarettes per day), and BMI (Table 4). Regarding
measures of lung function, the presence of the FAM13A minor
allele was associated with a 1.39% increase in FEV1/FVC ratio
among all study subjects (P ¼ 8.0 3 1024), as well as a 1.8%
increase in FEV1/FVC among cases only (P ¼ 0.02). Among all
subjects examined together, the minor allele of the ADCY2
SNP was associated with a decrease in FEV1/FVC of 2.5%
(P ¼ 0.03). When examining control subjects only, no significant
association was evident between these SNPs and any of the
measures of lung function. No significant relationships were
observed between any of these SNPs and measures of smoking
behavior, FEV1 percent predicted, or BMI (data not shown),
both in cases only and in the entire cohort.

Because both IREB2 and CHRNA3/5 are located in a region
that was also associated with nicotine addiction and smoking
behavior (17–21), we investigated whether these SNPs demon-
strated an independent effect on COPD case–control status, or
if their effect was in fact the result of their impact on smoking
behavior. When examining each SNP in relation to smoking
behavior, neither CHRNA3/5 nor IREB2 was significantly asso-
ciated with average cigarettes per day or pack-years, either in
cases only or in all subjects.

We examined the relationship between each of the three SNPs
significantly associated with severe COPD case–control status
within tertiles of smoking intensity, based on pack-years of
smoking, using control subjects as the reference group (Table
5). If the effect of the SNP is independent from smoking be-
havior, we might expect to see either a similar association
within each tertile or potentially the strongest association in
the lowest tertile of smoking behavior, in which COPD genetic
susceptibility unrelated to nicotine addiction may be most im-
portant. The association between both IREB2 and CHRNA3/5
and COPD became more significant between tertiles 1 and
tertiles 2–3 (P ¼ 0.18, 0.004, and 0.008, respectively, for
IREB2, and P ¼ 0.002, 3.8 3 1025, and 7.4 3 1025, respec-
tively, for CHRNA3/5). When the association between IREB2
and COPD was conditioned on the presence of CHRNA3/5,
the relationship was no longer significant (P ¼ 0.93, 0.3, and
0.24), whereas the association between CHRNA3/5 and COPD
remained significant with increasing tertile (P ¼ 0.01, 0.007,
and 0.003008, respectively), despite conditioning for IREB2.
We performed a similar analysis with ADCY2 and smoking

behavior, and found a significant association with COPD only
in the lowest tertile of smoking behavior (OR, 1.49; 95% CI,
1.1–2.1; P ¼ 0.018).

DISCUSSION

We have demonstrated that SNPs in IREB2, CHRNA3/5, and
ADCY2 are associated with severe COPD in a Polish case–
control population. Although FAM13A was not significantly
associated with COPD in this study, the effect measure was in
the same direction as previously reported, and therefore the
lack of significance may be related to our small sample size.
This is the first demonstration, to the best of our knowledge,
of an association between an SNP near ADCY2 and severe
COPD, and confirms a recent finding of an association between
this SNP and COPD in a series that included a more heteroge-
neous population with COPD (11).

IREB2 and CHRNA3/5 are located on a region of chromo-
some 15q25 that is particularly compelling for investigating the
genetic components of COPD. This region contains a number of
genes with biological plausibility for a role in the development
of COPD. However, the significant linkage disequilibrium in
this region complicates the ability to isolate causal genes and
variants.

The gene clusterCHRNA3/CHRNA5/CHRNB4 encodes nico-
tinic acetylcholine receptor subunits expressed in the central ner-
vous system and bronchial epithelium, and is responsive to
nicotine (22). These receptors have been implicated in nicotine
addiction, and appear to be up-regulated with chronic tobacco
use (23). CHRNA3/5 has been associated with the risk for nico-
tine dependence through mRNA brain expression levels (24) and
through candidate gene analyses (25), dense genotyping (19), and
GWAS (17) (21, 26) in diverse populations, including smokers
with normal lung function and lung disease as well as European
and African-American populations. The CHRNA3/5 SNP that
we investigated, rs8034191, was found to be associated with
heavier smoking behaviors (18) as well as increased susceptibility
to lung cancer (27), COPD (8), and radiographically determined
emphysema (28).

Although these studies suggest that CHRNA3/5 acts on
COPD case–control status by influencing smoking behavior,
some evidence also exists for an independent effect of these
genes on the development of COPD (8, 29). In the first GWAS
of COPD, the CHRNA3/5 SNP rs8034191 was associated with
an increased risk for COPD (8). In that study, investigators
did identify a gene-by-environment interaction between current
smoking and this variant on COPD, indicating that some of the
increased risk for COPD associated with this region could be
mediated by smoking behavior. However, as in the present
study, they did not identify an association between pack-years
and this locus, and the association between CHRNA3/5 and
COPD remained robust even after adjusting for current smok-
ing status and pack-years. Using mediation analysis, other in-
vestigators examined the relationship between rs1051730 and

TABLE 2. GENETIC ASSOCIATION: LOGISTIC REGRESSION
BETWEEN SELECTED SNPs (WITH ADDITIVE CODING) AND COPD
CASE–CONTROL STATUS

SNP Chr Gene OR (95% CI) P Value

rs7671167 4q22.1 FAM13A 0.82 (0.65–1.04) 0.107

rs13180 15q25 IREB2 0.69 (0.53–0.88) 3.4 3 1023

rs8034191 15q25 CHRNA3/5 1.89 (1.47–2.43) 7.4 3 1027

rs17036090 4q24 INTS12 0.84 (0.48–1.46) 0.54

rs11134242 5p15 ADCY2 1.35 (1.06– 1.7) 0.01

rs4316710 15q23 THSD4 1.16 (0.84–1.58) 0.37

rs2070600 6p21 AGER 1.41 (0.47–4.19) 0.54

Definition of abbreviations: Chr, chromosome; CI, confidence interval; COPD,

chronic obstructive pulmonary disease; OR, odds ratio; SNP, single-nucleotide

polymorphism.

All analyses were performed using logistic regression in PLINK, with age, sex,

and pack-years as covariates. Each OR represents odds of COPD case status, with

minor allele as the reference allele.

TABLE 3. CONDITIONAL ANALYSIS OF CHRNA3/5 AND IREB2

Gene SNP Conditioned on OR (95% CI) P Value

IREB2 rs13180 rs8034191 0.89 (0.67–1.19) 0.45

CHRNA3/5 rs8034191 rs13180 1.75 (1.31–2.32) 1.4 3 1024

Definition of abbreviations: CI, confidence interval; OR, odds ratio; SNP, single-

nucleotide polymorphism.

Logistic regression was performed in PLINK, using conditional analysis with the

conditioned SNP included as a covariate. Age, sex, and pack-years comprised

additional covariates.
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COPD, which is in LD with the CHRNA3/5 SNP we examined,
and found that smoking may mediate the relationship between
this SNP and COPD (30).

In our study, we demonstrated that the CHRNA3/5 SNP is
associated with an increased risk for COPD, even after adjust-
ing for pack-years of smoking. In addition, we did not identify
an association between the CHRNA3/5 SNP and pack-years of
smoking or cigarettes per day in cases, control subjects, or the
entire group taken together. Although we are limited in our
ability to assess the functional role that CHRNA3/5 plays in
increasing the risk for COPD, our findings suggest an effect
that may be independent from smoking behavior. On the other
hand, we note that the association between CHRNA3/5 and
COPD is strongest in the top tertile of smoking intensity, sug-
gesting a gene-by-environment interaction. Further investiga-
tion, including the fine mapping of this region and improved
smoking intensity phenotypes, may help tease apart these
effects.

IREB2 is also located in the same genomic region as
CHRNA3/5, and the SNP in our study was in moderate LD with
rs8034191 (r2 ¼ 0.21). The protein product of this gene encodes
the iron-response protein IRP2. This protein, together with
IRP1, is involved in iron metabolism and the response to hyp-
oxemia, and has been demonstrated to affect mitochondrial iron
stores (31–33). IREB2 protein concentrations are increased in
emphysematous lungs when compared with control samples, as
are IREB2 mRNA concentrations, and IREB2 was associated
with FEV1 level and COPD in candidate gene studies (7).

In this study, we demonstrated an association between an
IREB2 SNP and severe COPD case status. After adjustment
for the presence of the CHRNA3/5 SNP, this association is no
longer significant, indicating that the association may be driven

by linkage disequilibrium with CHRNA3/5 SNPs. It is also
possible that IREB2 is not involved in severe COPD, at least
in this Polish population. However, because the direction of
effect remained the same despite a loss of significance, our study
may more likely have been underpowered to demonstrate a per-
sistent impact from IREB2.

Although we did not demonstrate a significant association be-
tween a FAM13A SNP and COPD, we did demonstrate that the
minor allele of this SNP was associated with improved lung
function, both in cases only and in the entire study population.
These findings are consistent with those of a previous COPD
association study that identified an association between FAM13A
and lung function in two family-based studies of COPD, demon-
strating a reduced odds of COPD associated with the minor allele
of this SNP (5). This association was also evident in a recent
population-based meta-analyses of lung function GWAS (10).
However, other lung function GWAS have failed to identify this
association (9).

When examining SNPs previously associated with lung func-
tion in general-population samples, we found that an ADCY2
SNP was associated with COPD in our population. None of
these previously reported lung function SNPs were associated
with lung-function measures when examining cases only. How-
ever, when examining all subjects together, the ADCY2 SNP
demonstrated a significant association with spirometric mea-
sures of lung function.

ADCY2 encodes adenylyl cyclase–2, a member of the adenylyl
cyclase family involved in G protein–coupled receptor signaling.
The mRNA from this gene was found to be expressed in the
human brain, smooth muscle, and testes, and mildly expressed
in lung tissue (34). This gene was identified as part of a gene
cluster associated with the ability to quit smoking in a previous

TABLE 4. COPD-RELATED PHENOTYPES: ASSOCIATION BETWEEN SNPs SIGNIFICANTLY ASSOCIATED
WITH COPD CASE–CONTROL STATUS AND ADDITIONAL SMOKING AND COPD-RELATED PHENOTYPES

SNP CPD Pack-Years FEV1% Predicted FEV1/FVC

Cases only

FAM13A 0.06 (0.76), P ¼ 0.94 0.85 (1.80), P ¼ 0.64 0.19 (0.78), P ¼ 0.80 1.79 (0.8), P ¼ 0.02

IREB2 20.55 (0.78), P ¼ 0.48 21.15 (1.83), P ¼ 0.53 20.45 (0.81), P ¼ 0.58 20.38 (0.8), P ¼ 0.65

CHRNA3/5 0.37 (0.73), P ¼ 0.62 0.70 (1.72), P ¼ 0.68 20.83 (0.75), P ¼ 0.27 0.15 (0.8), P ¼ 0.85

ADCY2 0.86 (0.73), P ¼ 0.24 2.53 (1.69), P ¼ 0.14 21.10 (0.76), P ¼ 0.15 20.15 (0.78), P ¼ 0.85

All subjects

FAM13A 20.53 (0.5), P ¼ 0.27 0.29 (1.0), P ¼ 0.78 20.38 (0.61), P ¼ 0.54 1.39 (0.41), P ¼ 0.0008

IREB2 20.62 (0.51), P ¼ 0.22 20.45 (1.1), P ¼ 0.67 20.82 (0.64), P ¼ 0.20 20.38 (0.45), P ¼ 0.40

CHRNA3/5 0.16 (0.5), P ¼ 0.75 20.40 (1.1), P ¼ 0.71 0.19 (0.63), P ¼ 0.77 0.09 (0.4), P ¼ 0.83

ADCY2 20.33 (0.5), P ¼ 0.49 21.16 (1.0), P ¼ 0.25 0.91 (0.61), P ¼ 0.13 22.5 (1.2), P ¼ 0.03

Definition of abbreviations: COPD, chronic obstructive pulmonary disease; CPD, cigarettes per day; FEV1, forced expiratory

volume in 1 second; FVC, forced vital capacity; SNP, single-nucleotide polymorphism.

Data presented are b (standard error) with two-sided P values. Cigarettes per day and pack-years were adjusted for age and sex,

FEV1, FEV1/FVC, and body mass indices were adjusted for age, sex, and pack-years. The analysis including all subjects was

additionally adjusted for COPD case–control status.

TABLE 5. COPD CASE–CONTROL LOGISTIC REGRESSION WITHIN EACH TERTILE OF SMOKING BEHAVIOR

Gene Tertile 1 Tertile 2 Tertile 3

IREB2 0.79 (0.6–1.1), P ¼ 0.18 0.59 (0.4–0.8), P ¼ 0.004 0.6 (0.4–0.9), P ¼ 0.008

IREB2* 1.02 (0.68–1.53), P ¼ 0.93 0.8 (0.52–1.22), P ¼ 0.3 0.78 (0.51–1.19), P ¼ 0.24

CHRNA3/5 1.7 (1.2–2.4), P ¼ 0.002 2.1 (1.5–2.9), P ¼ 3.8 3 1025 2.1 (1.5–3.1), P ¼ 7.4 3 1025

CHRNA3/5* 1.7 (1.1–2.5), P ¼ 0.01 1.8 (1.2–2.6), P ¼ 0.007 1.86 (1.2–2.8), P ¼ 0.003

ADCY2 1.49 (1.1–2.1), P ¼ 0.018 1.24 (0.89–1.7), P ¼ 0.2 1.21 (0.9–1.7), P ¼ 0.26

Definition of abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; OR, odds ratio.

Data are presented as OR (95% CI), with P value (two-sided). All cases were divided into equal tertiles of smoking behavior

(pack-years of smoking), and compared against all control subjects as the reference group for COPD case–control status.

* IREB2 was additionally adjusted for the presence of the CHRNA3/5 minor allele. CHRNA3/5 was additionally adjusted for the

presence of the IREB2 minor allele.
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genetic analysis (35). In their lung function meta-analysis,
Hancock and colleagues (10) demonstrated that SNPs from this
gene were associated with FEV1 in the Cohorts for Heart and
Aging Research in Genomic Epidemiology (CHARGE) Con-
sortium, although their findings did not reach genome-wide sig-
nificance. In a follow-up analysis, examining the ADCY2 gene
in greater depth, Castaldi and colleagues identified the minor
allele of rs11134242 from ADCY2 as significantly associated with
COPD. Interestingly, this SNP is only in weak LD with the
CHARGE SNPs (rs6555465 and rs7710510) near the same gene
(11). To the best of our knowledge, the present study represents
the first replication of the novel finding of association by Castaldi
and colleagues (11).

We additionally examined the relationship of IREB2,
CHRNA3/5, and ADCY2 with COPD among tertiles of smok-
ing behavior. Although we did not identify an association be-
tween these SNPS and smoking behavior when smoking
intensity was measured as a quantitative variable (i.e., pack-
years), we were also interested in determining if these associa-
tions were more significant in heavy versus light smokers. By
dividing smokers into tertiles of smoking behavior, we attemp-
ted to distinguish whether the noted association between the
SNPs was related to smoking behavior or COPD susceptibility.
If the association were stronger in the lowest smoking tertile
(light smokers), this would provide evidence of a greater rela-
tionship between the selected SNPs and COPD susceptibility.
If the relationship became stronger with increased tertiles of
smoking (heavy smokers), we felt this would indicate that smok-
ing behavior was more likely to be driving the relationship. In
our study, the association between CHRNA3/5 and COPD was
strongest among the upper two tertiles of smokers, which may
indicate that this association is driven by smoking-related be-
havior. In contrast, the association between ADCY2 and COPD
was strongest among the lowest tertile of smokers. Taken in
combination with our finding of an association between ADCY2
and FEV1/FVC in our entire study population, ADCY2 appears
to affect COPD case–control status through a nonsmoking-
related effect on the development of airflow obstruction.

This study contains several limitations. As in any candidate
gene analysis, we are limited by our a priori hypothesis in regard
to which SNPs and genes to investigate, and which phenotypes
to study. Using a Bonferroni correction for the multiple testing
of seven individual SNPs and six separate outcomes, a P value
of 6.25 3 1023 would be required for statistical significance.
With this more conservative approach, the associations between
IREB2 and CHRNA3/5 and COPD remain significant, and
the association between CHRNA3/5 and COPD remained ro-
bust after adjusting for the IREB2 association. The association
between FAM13A and FEV1/FVC also remained significant
after adjusting for multiple comparisons. Although we were
able to identify associations, we are not able to identify causal
mechanisms. For example, although our data provide intriguing
evidence for a role of CHRNA3/5 and IREB2 in the develop-
ment of COPD, we were not able to demonstrate an indepen-
dent effect of IREB2 on COPD susceptibility. Although limited
by our small sample size, we were still able to demonstrate
several significant associations with COPD. A larger sample
size may have allowed for greater evidence of the role of
FAM13A in COPD. We also lacked an additional replication
population of severe smokers. However, our study functions as
a confirmation of prievous associations with COPD, and fur-
ther strengthens the association of CHRNA3/5, IREB2, and
ADCY2 with COPD, especially given our more extreme case
phenotype. Future studies should include investigations in ad-
ditional populations of smokers with severe to very severe
COPD.

We have attempted to distinguish distinct roles for IREB2
and CHRNA3/5 in the development of COPD that are inde-
pendent from nicotine addiction. Here we demonstrate that
CHRNA3/5 is associated with COPD even while controlling
for cigarette smoking exposure. However, our measures of nic-
otine addiction (i.e., cigarettes per day and pack-years) may not
have been adequately replicated the toxic effects of tobacco
smoke. Nevertheless, these same measures were used in many
previous GWAS assessing smoking behavior, and we feel ciga-
rettes per day to be a highly heritable, robust marker of nicotine
addiction (26).

We examined the relationship between our SNPs and COPD-
related phenotypes, including spirometry and smoking behavior,
in our study population. We analyzed these traits in cases only as
well as in our entire population using linear regression, including
COPD case–control status as a covariate. Although this proce-
dure is not a substitute for population-based sampling, it avoids
potential biases in analyzing quantitative phenotypes in a case–
control–based population (36, 37).

In conclusion, in a population with severe to very severe
COPD, we confirm the previously identified association between
CHRNA3/5 and COPD, and this association remained robust
after adjusting for smoking behavior. We also demonstrate that
ADCY2 is associated with severe COPD and with lung-function
levels. Our results also provide some evidence that IREB2 and
FAM13A are associated with COPD. Further studies will be
required to elucidate the functional variants that confer a risk
for COPD in these associated genomic regions.

Author disclosures are available with the text of this article at www.atsjournals.org.
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