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Two recent metaanalyses of genome-wide association studies con-
ducted by the CHARGE and SpiroMeta consortia identified novel loci
yielding evidence of association at or near genome-wide significance
(GWS) with FEV, and FEV,/FVC. We hypothesized that a subset of
these markers would also be associated with chronic obstructive pul-
monary disease (COPD) susceptibility. Thirty-two single-nucleotide
polymorphisms (SNPs) in or near 17 genesin 11 previously identified
GWS spirometric genomic regions were tested for association with
COPD status in four COPD case-control study samples (NETT/NAS,
the Norway case-control study, ECLIPSE, and the first 1,000 subjects
in COPDGene; total sample size, 3,456 cases and 1,906 controls). In
addition to testing the 32 spirometric GWS SNPs, we tested a dense
panel of imputed HapMap2 SNP markers from the 17 genes located
near the 32GWS SNPs and in a set of 21 well studied COPD candidate
genes. Of the previously identified GWS spirometric genomic
regions, three loci harbored SNPs associated with COPD susceptibil-
ity at a 5% false discovery rate: the 4924 locus including FL/20184/
INTS12/GSTCD/NPNT, the 6p21 locus including AGER and PPT2, and
the 5933 locus including ADAM19. In conclusion, markers previously
associated at or near GWS with spirometric measures were tested for
association with COPD status in data from four COPD case-control
studies, and three loci showed evidence of association with COPD
susceptibility at a 5% false discovery rate.
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CLINICAL RELEVANCE

This study examines hits at or near genome-wide significance
from two large genome-wide association studies of spirometric
phenotypes and tests for their association with COPD status in
four large COPD case-control studies. This study identifies
three genetic loci that are associated with COPD susceptibility.

Two recent genome-wide association (GWA) metaanalysis stud-
ies conducted by the CHARGE and SpiroMeta consortia iden-
tified a number of novel loci associated at or near genome-wide
significance (GWS) with two spirometric measures of pulmonary
function, FEV{/FVC and FEV (1, 2). Because FEV{/FVC and
FEV; are used to define the presence and severity of chronic
obstructive pulmonary disease (COPD), there is a relatively high
likelihood that genomic loci associated with these measures are
also associated with COPD susceptibility.

There has been notable overlap between the results of previ-
ous genome-wide association studies for spirometric measures
and COPD status. Of the three loci that have been associated
with COPD through genome-wide association studies, two have
been associated with FEV; or FEV/FVC. Before the publica-
tion of the CHARGE and SpiroMeta studies, the largest GWA
study of spirometric measures (3) and a COPD GWA study (4)
had identified a common region for association with their re-
spective phenotypes, an area on 4q31 near the HHIP gene. The
association at this locus was confirmed by a joint metaanalysis
of the top hits from the CHARGE and SpiroMeta samples. In
addition, the FAM13A locus was strongly associated with FEV,
in the CHARGE study and with COPD affection status in a col-
laborative COPD case-control study (5).

Given the overlap in results from previously performed spirom-
etry and COPD GWA studies, the identification of novel loci asso-
ciated with FEV, and FEV{/FVC raises the question of whether
these loci are also associated with COPD. We hypothesized that 32
single-nucleotide polymorphisms (SNPs) in 17 genes (11 novel
loci) identified from the CHARGE and SpiroMeta studies were
likely to be associated with COPD susceptibility. We tested the top
hits from the CHARGE and SpiroMeta studies for association
with COPD susceptibility using GWA data from four COPD
case-control studies. In addition to testing the 32 GWS SNPs,
we performed extended association testing using dense, im-
puted genotype data spanning 50 kb up and downstream of
the 17 genomic regions containing the GWS SNPs. For compar-
ison, we performed similar association testing using imputed
genotype data in a number of well studied genes in COPD from
the candidate gene era.
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MATERIALS AND METHODS
Study Samples

Genome-wide genotyping data from individuals of European ancestry
was used from four case-control studies: (/) the Evaluation of COPD
Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE)
study (6), (2) a case-control cohort from Norway (7), (3) the first 1,000
subjects from the COPDGene Study (www.copdgene.org), and (4) cases
from the National Emphysema Treatment Trial (NETT) (8) and controls
from the Normative Aging Study (NAS) (9). Information regarding in-
clusion criteria for these study samples has been published previously (5).

Genotyping Quality Control, Assessment of Population
Stratification, and Imputation

Details regarding genotyping techniques, quality control, and imputa-
tion are presented in the online supplement.

Selection of Candidate Genes and SNPs

Two sets of genes were included in our analysis: 17 genes harboring
SNPs from 11 loci with association P values at or near GWS in the
CHARGE or SpiroMeta GWA metaanalyses (“spirometric GWS genes”)
and a set of 21 genes that have been previously studied for association
with COPD (i.e., COPD “candidate genes”). The 21 COPD candidate
genes were selected by literature review and the authors’ perceived
likelihood that specific genes were likely to be associated with COPD
(10). “Top hit” loci from the spirometric GWA metaanalyses (“spiro-
metric GWS SNPs”) were extracted from the Results tables presented
in the primary publications (1, 2).

Statistical Analysis

We performed SNP-level “replication” (not exact replication because
we tested for association with a related but different phenotype) for 32
spirometric GWS SNPs. To identify other potentially associated sites in
17 genes near these 32 SNPs and in 21 additional COPD candidate
genes, we performed a gene-based analysis in which we performed
single SNP association testing using a dense panel of 6,534 genotyped
and imputed SNPs spanning 50 kb upstream and downstream from
each of the 38 genes (as defined by transcription start and end sites)
(UCSC Genome browser and Galaxy, using the NCBI reference hu-
man genome build 36.1). We excluded HHIP and FAMI3A from the
spirometry GWS genes because COPD association results for SNPs in
both genes in our study samples have been previously reported (4, 5).
SNP imputation was based on HapMap CEU reference samples using
MaCH 1.0 (11). The 32 GWA metaanalysis replication SNPs are a sub-
set of the 6,534 SNPs from the gene-based analysis (Figure 1).

We performed genetic association testing using logistic regression
with binary COPD affection status as the dependent variable and
age, pack-years of cigarette exposure, and principal components of ge-
netic ancestry as the independent variables. We excluded SNPs with a
minor allele frequency less than 1% before analysis. Association anal-
ysis was performed in each of the four study samples, and results were
combined using the metaanalysis option in PLINK (12, 13).

We used two separate approaches to control for multiple statistical
testing: the Benjamini-Hochberg method to control the false discov-
ery rate (FDR) as implemented in the R function p.adjust (14) and a
permutation-based procedure. A full description of these methods can
be found in the online supplement.

RESULTS

The baseline characteristics of the cohorts are shown in Table 1. The
case-control ratio was roughly 1:1 in each of the study samples, with
the exception of the ECLIPSE cohort, which included more cases
than controls by design. The age and gender distributions were
roughly balanced in each cohort, with the exception of NAS, which
consisted entirely of male subjects. Cigarette smoke exposure was
systematically higher in cases, as is often observed in COPD case-

CHARGE GWA Meta- SpiroMeta GWA
Analysis Meta-Analysis
26 Top SNPs 7 Top SNPs
(excluding SNPs in (excluding HHIP)
HHIP and FAMI13A)

| !

Spirometric GWS Genes

21 Previously Studied

CHARGE: Overlap: SpiroMeta: COPD Candidate Genes
11 genes 3 genes 3 genes
Gene Level Analysis:

38 genes, 6,534 SNPs

SNP Level GWA-MA Replication:
17 genes, 32 SNPs

Figure 1. Schematic overview of association tests for chronic obstruc-
tive pulmonary disease (COPD) susceptibility. Single-nucleotide poly-
morphisms (SNPs) were identified from the CHARGE and SpiroMeta
spirometric genome-wide association (GWA) metaanalyses and a set
of previously studied COPD candidate genes. Two association tests
were conducted: (7) a SNP level “replication” for 32 SNPs extracted
from the CHARGE and SpiroMeta publications and (2) a gene-based
extended association analysis for the 17 genes located near the 32
SNPs above in addition to 21 other COPD candidate genes. The 32
SNPs are a subset of the 6,534 genotyped and imputed fine mapping
SNPs. Of these 32 SNPs, 25 are from CHARGE, 6 are from SpiroMeta,
and 1 was reported in both studies. GWA-MA = genome-wide associ-
ation metaanalysis; GWS = genome-wide significance.

control studies (10). The levels of FEV, by case/control status were
similar across studies, with the exception of NETT, in which study
subjects had, on average, more severe airflow obstruction. In the
other three case groups, most cases had moderate to severe airflow
obstruction (i.e., GOLD Stage II-III COPD).

A schematic overview of the SNP-level replication and gene-
based extended association analysis is shown in Figure 1. The
results of the SNP-level replication analysis, in which the 32 SNPs
at or near GWS in the spirometric GWA metaanalyses were
tested for association with COPD susceptibility, are shown in
Table 2. These 32 SNPs represent 11 independent loci, three of
which contained SNPs associated with COPD susceptibility at
an FDR < 5% (Table 2). In the spirometric GWA metaanal-
yses, the 4924 locus was associated with FEV, and the 6p21 and
5933 loci were associated with FEV{/FVC. For the SNPs asso-
ciated with COPD susceptibility at an FDR < 5%, the direction
of the odds ratio was consistent with the effect observed in the
spirometric GWA studies (i.e., alleles that were associated with
lower levels of FEV,; or FEV{/FVC were associated with
a higher risk of COPD). Individual cohort association results
for SNPs in these three loci are available in Table E1 in the
online supplement. In addition to controlling the FDR by the
Benjamini-Hochberg method, we performed an alternative ad-
justment for multiple comparisons using a permutation-based
approach. After this adjustment, there was borderline evi-
dence for an association with rs11727189 in the 4q24 locus (P =
0.067). The strongest associations in the 6p21 and 5g33 loci had
permutation-adjusted P values of 0.167 and 0.214, respectively,
when compared against the empiric distribution of the top-ranked
SNP from each permutation.

We performed gene-based extended association testing (sin-
gle SNP tests for all HapMap2 SNPs within 50 kb upstream or
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TABLE 1. STUDY SAMPLE CHARACTERISTICS
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Norway (GenKOLs) ECLIPSE COPD Gene
NETT Cases NAS Controls Cases Controls Cases Controls Cases Controls
N 373 435 863 808 1764 178 499 501
Age 67 (6)* 70 (7) 65 (10) 56 (10) 64 (7) 57 (9) 65 (8) 60 (9)
Sex, n (% male) 238 (64) 435 (100) 518 (60) 404 (50) 1,182 (67) 103 (58) 247 (50) 251 (50)
Pack-years, median (IQR) 61 (44-84) 33 (20-53) 28 (20-41) 17 (9-27) 45 (32-60) 28 (18-39) 48 (38-72) 36 (23-48)
FEV,, % predicted 28 (7) 100 (13) 51(17) 95 (9) 47 (16) 108 (14) 49 (18) 98 (11)

Definition of abbreviations: IQR = interquartile range.

*Values are mean (SD) unless otherwise specified. The following numbers of subjects were removed before analysis as outliers along a principal
component of genetic ancestry: NETT (1 case, 6 control subjects), GenKOLs (10 cases, 3 control subjects), ECLIPSE (28 cases, 2 control subjects),

and COPDGene (3 cases, 3 control subjects).

downstream of the gene) using imputed and directly genotyped
data from the spirometry GWS genes and the set of COPD can-
didate genes. The relationships between the 32 spirometric GWS
SNPs and the top hits in these genes from the gene-based analysis
are shown in Table 3. For the three spirometric GWS loci as-
sociated with COPD at an FDR < 5%, the degree of linkage
disequilibrium between the spirometric GWS SNP and the top
SNPs in the gene-based analysis varied widely (> = 0.07-0.71),
suggesting that for at least some of these loci the top gene-based
extended association result may represent an independent

signal. Localization plots for these three loci are shown in
Figure 2.

For the genes analyzed in the gene-based extended association
analysis (17 spirometry GWA-identified genes and 21 COPD can-
didate genes), the SNPs with the strongest association with COPD
are shown in Table 4 (cohort-specific results are presented in
Table E2). The top 10 genes are spirometric GWS genes, and
the most strongly associated SNP in the gene-based extended
association analysis was rs11134242 in ADCY?2 (unadjusted P =
0.0001). The localization plot for this locus is shown in Figure 3.

TABLE 2. CHRONIC OBSTRUCTIVE PULMONARY DISEASE GENETIC ASSOCIATION RESULTS FOR TOP ASSOCIATIONS FROM PULMONARY

FUNCTION GENOME-WIDE ASSOCIATION METAANALYSES

SNP Gene Locus PF-GWA Phenotype* Reference Ref. Allele’ Frequency* PF beta® COPD OR? P Value*
rs11727189 INTS12 4q24 FEV, 0) T 0.06-0.07 + 0.73 0.004"*
rs10516526 GSTCD 4q24 FEV; ) G 0.06-0.08 + 0.76 0.007%*
rs17036090 INTS12 4024 FEV, 0) T 0.92-0.94 — 1.32 0.007'
rs11097901 GSTCD 4924 FEV, 0 T 0.06-0.08 + 0.77 0.008"*
rs17036341 NPNT 4q24 FEV, 0 C 0.92-0.94 — 1.29 0.01%F
rs17035960 FLJ20184 4q24 FEV, ) T 0.06-0.07 + 0.77 0.017"
rs11728716 GSTCD 4q24 FEV; m A 0.06-0.08 + 0.78 0.01%F
rs17036052 FLJ20184 4q24 FEV; 0 T 0.05-0.06 + 0.76 0.02
rs17331332 NPNT 4024 FEV, 0) A 0.08-0.10 + 0.80 0.03
rs1052443 NT5DC1 6q22 FEV, 0 A 0.63-0.64 — 1.06 0.25
rs3995090 HTR4 5q31-33 FEV, ) C 0.38-0.42 + 0.95 0.28
rs3749893 TSPYL4 6922 FEV; 0) A 0.35-0.37 + 0.95 0.35
rs6889822 HTR4 5q31-33 FEV, ) G 0.37-0.41 + 0.95 0.37
rs7710510 ADCY2 5p15 FEV, 0) T 0.19-0.20 — 0.98 0.78
rs2571445 TNST 2935-36 FEV, ) G 0.60-0.61 + 1.00 0.95
156555465 ADCY2 5p15 FEV, 0 A 0.18-0.19 + 1.00 0.99
rs2070600 AGER 6p21 FEV,/FVC a, 2) T 0.04-0.06 + 0.73 0.01%F
12277027 ADAM19 5q33 FEV,/FVC 0) A 0.64-0.67 + 0.88 0.017t
rs1422795 ADAM19 5q33 FEV,/FVC 0 T 0.64-0.67 + 0.88 0.01%F
rs10947233 PPT2 6p21 FEV,/FVC 0) T 0.04-0.05 + 0.74 0.02
rs10498230 PID1 2936 FEV4/FVC 0 T 0.06-0.07 + 0.79 0.02
rs1435867 PID1 2936 FEV1/FVC 0 T 0.93-0.94 — 1.26 0.02
rs12899618 THSD4 15023 FEV,/FVC ) G 0.84-0.85 + 0.92 0.23
rs11168048 HTR4 5q31-33 FEV1/FVC 0 T 0.57-0.61 — 1.05 0.31
rs7735184 HTR4 5q31-33 FEV,/FVC 0) T 0.38-0.42 + 0.95 0.33
rs2395730 DAAM2 6p21 FEV4/FVC ) C 0.42-0.44 + 1.04 0.45
rs6937121 GPR126 6q24 FEV1/FVC 0 T 0.70-0.74 — 1.04 0.46
157776375 GPR126 6q24 FEV1/FVC 1M A 0.71-0.76 — 1.03 0.57
rs16909898 PTCHI1 9922 FEV,/FVC M A 0.89-0.91 + 0.97 0.74
rs3817928 GPR126 6q24 FEV1/FVC 0 A 0.78-0.82 — 0.98 0.76
rs11155242 GPR126 6q24 FEV4/FVC 0 A 0.79-0.83 — 0.98 0.77
rs10512249 PTCHI1 9922 FEV,/FVC M A 0.09-0.12 — 1.02 0.78

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; OR = odds ratio; PF-GWA = pulmonary function/spirometry genome-wide association

meta-analysis; SNP = single-nucleotide polymorphism;

*Phenotype associated with SNP at genome-wide significance in spirometry genome-wide association (GWA) metaanalysis.

* Reference allele for spirometry GWA betas and COPD genetic associations.
*Range of frequencies for reference allele in the four COPD study samples.
§ Direction of beta-coefficient for SNP effect in spirometry GWA metaanalyses.

T Combined odds ratio from COPD genetic association analysis in the four study samples.

#Unadjusted P value for association with COPD status.
* Significant at false discovery rate < 5% by Benjamini-Hochberg.
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TABLE 3. GENOMIC DISTANCE AND LINKAGE DISEQUILIBRIUM
BETWEEN TOP HITS FROM SPIROMETRIC GENOME-WIDE
ASSOCIATION METAANALYSES AND TOP HITS FROM GENE-BASED
ASSOCIATION ANALYSIS*

Gene PF-GWA Hit COPD-FM Hit Distance (bp) R?*
INTS12 rs11727189 rs4235415 25,290 0.53
GSTCD rs10516526 rs4235415 95,054 0.62
INTS12 rs17036090 rs4235415 276 0.71
GSTCD rs11097901 rs4235415 136,083 0.62
NPNT rs17036341 rs11933466 15,903 0.30
FLJ20184 rs17035960 rs4235415 62,004 0.71
GSTCD rs11728716 rs4235415 162,146 0.62
FLJ20184 rs17036052 rs4235415 30,471 0.43
NPNT rs17331332 rs11933466 4,625 0.22
NT5DC1 rs1052443 rs1931898 133,729 0.02
HTR4 rs3995090 rs17706683 78,440 0.00
TSPYL4 rs3749893 rs4326261 42,606 0.01
HTR4 rs6889822 rs17706683 77,548 0.00
ADCY2 rs7710510 rs11134242 136,726 0.02
TNS1 rs2571445 rs10204348 51,799 0.00
ADCY2 rs6555465 rs11134242 129,398 0.02
AGER rs2070600 rs9267803 49,681 0.21
ADAM19 rs2277027 rs7724666 115,000 0.07
ADAM19 rs1422795 rs7724666 118,988 0.07
PPT2 rs10947233 rs9267803 22,662 0.14
PID1 rs10498230 rs7580152 390,245 0.02
PID1 rs1435867 rs7580152 381,819 0.02
THSD4 rs12899618 rs4316710 156,900 0.00
HTR4 rs11168048 rs17706683 81,902 0.00
HTR4 rs7735184 rs17706683 2,039 0.00
DAAM2 rs2395730 rs12206691 36,325 0.02
GPR126 rs6937121 rs9389983 73,389 0.09
GPR126 rs7776375 rs9389983 143,320 0.09
PTCH1 rs16909898 rs357527 25,301 0.29
GPR126 rs3817928 rs9389983 116,772 0.11
GPR126 rs11155242 rs9389983 57805 0.11
PTCH1 rs10512249 rs357527 25301 0.29

Definition of abbreviations: COPD-FM Hit = single-nucleotide polymorphism
with strongest association signal for chronic obstructive pulmonary disease sus-
ceptibility; PF-GWA Hit = locus attaining genome-wide significance in pulmonary
function (spirometric) genome-wide association studies.

*Distance based on UCSC hg 18.

*R? in HapMap CEU samples.

A number of candidate genes harbored SNPs with low P values,
but, after adjustment for multiple testing, no SNPs were identi-
fied at FDR < 5%. The three most strongly associated SNPs in
candidate genes were in loci including MMPI/MMPI12, TNF, and
SFTPB (unadjusted P values < 0.005) (Table 4).

DISCUSSION

Using genome-wide SNP genotype data and imputed genotype
data, we have explored whether genomic loci at or near GWS for
spirometric phenotypes are associated with susceptibility to
COPD in multiple independent study samples, and we identified
significant (FDR < 5%) associations with COPD susceptibility
at three loci. Our findings suggest that genetic loci that are im-
portant for spirometric phenotypes are also good candidates for
association with COPD susceptibility. Furthermore, when these
GWA-identified genes were compared against an a priori de-
fined set of previously studied “candidate” genes, the strongest
associations were in the GWA-identified genes.

Of the 11 novel loci identified by GWA metaanalysis of the
CHARGE and SpiroMeta consortia, three loci (4924, 6p21, and
5q33) contained SNPs that were associated with COPD suscep-
tibility at an FDR of 5%. The odds ratios for SNPs with an
FDR < 5% were approximately 1.30, consistent with the effect
sizes observed in previous COPD GWA studies (4, 5).
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Figure 2. Localization plots showing the results of association testing
for COPD susceptibility loci at 4924 (A), 6p21 (B), and 5933 (C). The
red diamond marks the most strongly associated SNP in our study, and
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metaanalyses. Analyzed genes are depicted with green arrows, and
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TABLE 4. TOP HITS FROM GENE-BASED ASSOCIATION ANALYSIS FOR SPIROMETRIC GENOME-WIDE
SIGNIFICANCE GENES AND CHRONIC OBSTRUCTIVE PULMONARY DISEASE CANDIDATE GENES

SNP* Genes Ref. Allele Frequency* OR P Value®
rs11134242 ADCY2 G 0.59-0.63 1.23 0.0001
rs10204348 TNS1 G 0.36-0.41 0.83 0.0002
rs4316710 THSD4 @ 0.81-0.83 0.79 0.0003
rs4235415 FLJ20184/GSTCD/INTS12 G 0.13-0.17 0.77 0.0004
157724666 ADAM19 @ 0.87-0.89 1.32 0.0006
rs4713505 AGER/PPT2 T 0.26-0.3 0.83 0.0008
rs17706683 HTR4 A 0.05-0.06 0.55 0.0009
rs645419 MMP1/MMP12 G 0.46-0.48 0.85 0.001
rs12206691 DAAM2 A 0.98-0.98 1.79 0.004
152736172 TNF C 0.61-0.65 1.16 0.004
rs11933466 NPNT A 0.2-0.25 0.84 0.005
rs17736515 SFTPB A 0.05-0.07 1.38 0.005
rs3917386 IL1B @ 0.06-0.06 1.42 0.008
rs7580152 PID1 A 0.14-0.15 1.21 0.009
rs8176707 ABO G 0.88-0.91 0.80 0.01
rs2853209 ADAM33 A 0.45-0.5 1.15 0.01
rs3744787 TIMP2 G 0.12-0.15 1.20 0.01
rs9389983 GPR126 T 0.48-0.54 0.89 0.02
rs17108817 ADRB2 @ 0.44-0.5 0.88 0.02
rs17622933 SOD3 A 0.29-0.3 1.14 0.02
1s357527 PTCH1 A 0.07-0.09 1.24 0.02
rs16865545 SERPINE2 A 0.83-0.85 0.86 0.03
rs3738037 EPHX1 A 0.09-0.1 1.22 0.03
rs1554286 Lo A 0.19-0.21 1.16 0.03
rs6094238 MMP9 C 0.75-0.77 1.13 0.04
rs1931898 NT5DC1 @ 0.95-0.96 0.76 0.06
rs6258 TP53 @ 0.97-0.98 1.30 0.08
rs743813 HMOX1 @ 0.45-0.48 1.09 0.11
rs12745189 GSTM1 T 0.45-0.47 0.92 0.12
rs20541 IL13 A 0.19-0.21 0.91 0.13
rs1800472 TGFB1 A 0.01-0.03 1.46 0.13
rs9291163 GC T 0.4-0.42 1.06 0.23
rs7744809 TSPYL4 A 0.37-0.37 0.94 0.24
rs676653 GSTP1 A 0.97-0.98 1.25 0.33

Definition of abbreviations: OR = odds ratio; SNP = single-nucleotide polymorphism.
*SNPs are the top ranking SNPs in each gene by P value. Some genic intervals overlap, resulting in the same top ranking SNP

for different intervals.
T Allele of reference for calculation of odds ratio.

* Range of frequencies of the reference allele in the four study samples.
§ Unadijusted P value for association with chronic obstructive pulmonary disease.

Genes in the 4q24 region are responsible for a range of func-
tions, including 3’ end processing of small nuclear RNAs (INTS12)
(15), detoxification of exogenous compounds (GSTCD) (16),
and extracellular interactions critical for organ development (17)
and cellular differentiation (NPNT) (18). Each of these three
genes is expressed in lung or tracheal tissue (2, 17, 19). Little is
known about the function of FLJ20184, though it has been
previously identified in a GWA study of smoking cessation
(20). The top hit from our gene-based analysis of this region
lies within a predicted gene, FLJ43963 (19). The 6p21 locus lies
in the MHC region and is of particular interest for pulmonary
disease because the top spirometric GWA hit in AGER,
152070600, is a nonsynonymous SNP likely to have functional
significance (21). AGER is highly expressed in human lung tis-
sue and has been implicated in idiopathic pulmonary fibrosis
(22, 23). The 5g33 locus contains ADAM19, a member of the
ADAM family of genes, which is characterized by disintegrin
and metalloproteinase domains.

Although each of these three loci was associated with COPD
at an FDR < 5%, when we performed a separate, permutation-
based multiple testing adjustment, the lowest adjusted P value was
0.067. Although permutation-based procedures offer many advan-
tages when controlling for multiple testing under dependency, our
procedure compared all hits with the empiric distribution of the
top-ranked SNP from each simulation, which may be considered

a conservative approach for all but the top-ranked observed asso-
ciation. Given these findings, we feel that the observed association
between these loci and COPD susceptibility should be considered
as a suggestive association until further confirmation is possible.

The strongest association signal from our gene-based extended
association analysis of spirometric GWS genes and COPD candi-
date genes was 1511134242 in ADCY2. The ADCY?2 gene product
is a membrane-associated protein whose role in G-protein cou-
pled receptor signaling has been supported by multiple lines of
functional data (24). Although this locus did not retain nominal
significance after adjustment for multiple comparisons, Uhl and
colleagues have suggested, in a GWA analysis of smoking cessa-
tion, that SNPs within this gene are associated with smoking
cessation (20).

The interpretation of these results fundamentally relates to
the nature of the relationship between spirometric measures in
healthy and COPD populations and to the underlying biology
of the healthy and diseased lung. In normal lung development, lung
capacity increases through childhood and adolescence, peaking in
the second or third decade of life (25). Early measures of lung
function are highly predictive of subsequent measures (i.e., lung
function “tracks” as children and adolescents grow and develop)
(26). After the third decade of life, all individuals experience
a progressive loss of lung function (25). Individuals who smoke
cigarettes typically have a more rapid loss of lung function (27),
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Figure 3. Localization plot demonstrating the strongest association
from the gene-based extended association analysis, rs11134242 in
the spirometric GWA-identified gene ADCY2. The red diamond marks
the most strongly associated SNP in our study, and the blue triangles
represent SNPs identified in spirometric GWA metaanalyses. These results
suggest that the signal observed in our study may arise from a locus
distinct from that observed in the study by Hancock and colleagues.

and a subset of individuals develop airflow obstruction consistent
with the presence of COPD. Thus, for lung function measures and
COPD status, the maximal lung volume attained during growth
and development and the rate of subsequent lung function decline
are critical factors. Thus, one would expect that, for spirometric
measures and COPD, genes related to normal lung growth and
development, detoxification of inhaled compounds, and regulation
of the inflammatory response to the environment might play an
important role and that the relative importance of these processes
may differ between healthy individuals and those with COPD.

Our study is the first to report the association between the
recently reported novel pulmonary function loci and COPD
susceptibility. The availability of questionnaire data regarding
cigarette smoke exposure allowed us to account for this im-
portant environmental exposure in our genetic association analyses,
although we acknowledge that such adjustments for smoking are
imprecise. We were able to adjust for population stratification
and impute a panel of densely spaced SNP markers for extended
association testing of the genomic regions of interest.

Our study has a number of limitations. Although our sample
size equals or exceeds that of any previous COPD GWA study, it
is small compared with the sample sizes of the spirometric GWA
metaanalyses, and our dichotomous phenotype affords less
power than a continuous phenotype, such as FEV;. Thus, failure
to demonstrate significant associations between spirometric
GWA-identified loci and COPD may reflect a lack of power
rather than an absence of association. The imbalance between
cases and control subjects in the ECLIPSE study also adversely
affects power. Despite these potential effects on statistical
power, the number of tests performed in our analysis was orders
of magnitude smaller than in the spirometric GWA metaanal-
yses. Our study also suffers from a degree of heterogeneity in
the severity of COPD between the four study samples. Our study
samples included only subjects of European descent, so our find-
ings cannot be generalized to populations of non-European an-
cestry. Finally, due to the different nature of COPD case-control
cohorts and those used for studies of spirometric measures in the
general population, there are differences in characteristics

between our samples and those included in the spirometric
GWA metaanalyses, although the fundamental goal of our
project was to assess the generalizability of spirometric GWA
findings to a different target population.

In summary, targeted association testing of spirometric GWA-
implicated loci in data from four COPD GWA study samples
identified three loci associated with COPD susceptibility at an
FDR of 5%. Our findings also suggest that genomic loci identi-
fied from pulmonary function GWA studies are good candidates
for association with COPD susceptibility.
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