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Abstract

Rationale: Chronic obstructive pulmonary disease (COPD) is
defined by the presence of airflow limitation on spirometry, yet
subjects with COPD can have marked differences in computed
tomography imaging. These differences may be driven by genetic
factors. We hypothesized that a genome-wide association study
(GWAS) of quantitative imaging would identify loci not previously
identified in analyses of COPD or spirometry. In addition, we sought
to determine whether previously described genome-wide significant
COPD and spirometric loci were associated with emphysema or
airway phenotypes.

Objectives: To identify genetic determinants of quantitative
imaging phenotypes.

Methods: We performed a GWAS on two quantitative emphysema
and two quantitative airway imaging phenotypes in the COPDGene
(non-Hispanic white and African American), ECLIPSE (Evaluation
of COPD Longitudinally to Identify Predictive Surrogate Endpoints),
NETT (National Emphysema Treatment Trial), and GenKOLS

(Genetics of COPD, Norway) studies and on percentage gas trapping

Department
Depar’[ment of Radiology, National Jewish Health,

in COPDGene. We also examined specific loci reported as genome-
wide significant for spirometric phenotypes related to airflow
limitation or COPD.

Measurements and Main Results: The total sample size across all
cohorts was 12,031, of whom 9,338 were from COPDGene. We
identified five loci associated with emphysema-related phenotypes,
one with airway-related phenotypes, and two with gas trapping.
These loci included previously reported associations, including the
HHIP, 15q25, and AGER loci, as well as novel associations near
SERPINA10 and DLCI. All previously reported COPD and

a significant number of spirometric GWAS loci were at least
nominally (P < 0.05) associated with either emphysema or

airway phenotypes.

Conclusions: Genome-wide analysis may identify novel risk factors
for quantitative imaging characteristics in COPD and also identify
imaging features associated with previously identified lung
function loci.
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pulmonary disease

(Received in original form January 24, 2015; accepted in final form May 28, 2015)

Author Contributions: Study design: M.H.C., C.P.H., RG.B., RT.-S,, P.B,, AG., HO.C,, DAL, GRW, NM.L, JD.C, TH.B., and EK.S. Phenotype
acquisition and quality control: M.H.C., P.J.C., C.P.H.,R.G.B.,R.T.-S., P.B.,, A.G.,RS.J.E, EJ.RV.B,HO.C, DAL, GRW., J.D.C.,and E.K.S. Genotype data
acquisition and quality control: M.H.C., P.J.C., T.H.B., and E.K.S. Data analysis: M.H.C., P.J.C., B.D.H., N.M.L., T.H.B., and E.K.S. Critical revision of the

manuscript: all authors.

Correspondence and requests for reprints should be addressed to Michael H. Cho, M.D., M.P.H., Brigham and Women’s Hospital, 181 Longwood Avenue,

Room 456, Boston, MA 02115. E-mail: remhc@channing.harvard.edu

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 192, Iss 5, pp 559-569, Sep 1, 2015
Copyright © 2015 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201501-01480C on June 1, 2015

Internet address: www.atsjournals.org

Cho, Castaldi, Hersh, et al.: GWAS of Quantitative Imaging Phenotypes

559


mailto:remhc@channing.harvard.edu
http://www.atsjournals.org
http://dx.doi.org/10.1164/rccm.201501-0148OC
http://www.atsjournals.org

At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic obstructive
pulmonary disease (COPD) is a
complex and heterogeneous disease.
Quantitative image analysis of chest
computed tomography scans can
characterize this heterogeneity. Recent
studies have identified genetic variants
that increase susceptibility to
emphysema or airway wall thickening
but have not examined both
measurements in large populations

of subjects with disease.

What This Study Adds to the
Field: Our study confirms previously
described associations and additionally
identifies new genome-wide significant
associations with emphysema near
SERPINAI0 and DLCI. We also show
that many loci previously identified in
population-based studies of lung
function are associated with
emphysema or airway phenotypes.
Genome-wide analysis of quantitative
imaging may identify novel risk factors
for COPD phenotypes and also
identify imaging features associated

with previously identified genetic loci.

Chronic obstructive pulmonary disease
(COPD) is a highly prevalent and morbid
disease, defined by a simple
measurement—the presence of
irreversible airflow limitation on
spirometry. Despite this simple clinical
definition, COPD is a complex and
heterogeneous disease with marked
differences in the presence of key
components that contribute to airflow
obstruction in COPD—emphysema and
airway disease (1). With the advent of
standardized quantitative measurements,
chest computed tomography (CT) scans

have become the prevalent method of
characterizing lung parenchyma and
airways in COPD (2).

Over the past several years, advances in
image generation and analysis have led to
studies demonstrating clinical and
pathophysiologic relevance of these imaging
measures. These include associations with
spirometry (3, 4), respiratory symptoms (5),
susceptibility to osteoporosis (6) and lung
cancer (7), exacerbations (8), and lung
function decline (9, 10).

The development of COPD is strongly
influenced by genetic factors (11). Genetic
variation is also an important determinant
of emphysema and airway disease.
Emphysema or airway imaging
characteristics appear to be separately
heritable (12, 13). Obstruction on
pulmonary function can be seen in
monogenic diseases predominantly
involving the airway (in cystic fibrosis) or
in those that involve the parenchyma
through emphysema (a;-antitrypsin
deficiency and cutis laxa) (14). Previous
genome-wide studies have identified
variants associated with emphysema
(15-17) or airway disease (18), although
generally in smaller sample sizes or
predominantly population-based subjects.

We hypothesized that quantitative
imaging reflects component disease
processes leading to airflow obstruction in
COPD and could have genetic determinants
not discovered by analyses using lung
function alone. To address this hypothesis,
we performed a genome-wide association
study (GWAS) of quantitative emphysema
and airway phenotypes in current and
former cigarette smokers with and without
COPD. We additionally hypothesized that
genetic loci associated with spirometry
related to airflow obstruction in general
population samples or with COPD affection
status would demonstrate an association
with imaging phenotypes. Some of these
results have been previously presented as an
abstract (19).

Methods

Imaging measurements were available in
COPDGene (NCT00608764; www.copd.org)
non-Hispanic white and African American
subjects, the Evaluation of COPD
Longitudinally to Identify Predictive
Surrogate Endpoints (ECLIPSE,
SCO104960, NCT00292552; www.eclipse-
copd.com), National Emphysema
Treatment Trial (NETT), and GenKOLS
(Genetics of COPD, Norway) study.
Detailed descriptions, including genotyping
quality control, genotyping imputation, and
quantitative imaging, have been previously
published (5, 8, 20-27). All cohorts
included only current or former smokers.
COPDGene is a multicenter study
including subjects of self-described non-
Hispanic white or African American
ancestry and included subjects with and
without COPD and with a range of
spirometry. Subjects in the remaining studies
were white. Control subjects had normal
spirometry. Cases in the ECLIPSE and
GenKOLS studies were at least Global
Initiative for Chronic Obstructive Lung
Disease spirometry grade 2 in severity.
NETT cases had severe COPD (FEV,; <
45% predicted) and were selected for the
presence of emphysema.

Quantitative image analysis was
performed on segmented CT chest images,
using the percentage low attenuation area,
using a threshold of —950 Hounsfield units
(HU) (%LAA—950) to estimate emphysema,
and, alternatively, the HU at the 15th
percentile of the density histogram (Percl5).
The airway wall area (Pi10) was the value for
a hypothetical 10-mm internal perimeter
airway obtained by plotting a regression line
of the square root of the airway wall area
versus the airway internal perimeter (2). The
wall area percent was the percentage of the
wall area compared with the total bronchial
area for segmental and smaller airways (see
online supplement). Percent gas trapping was
measured at end-exhalation and defined as
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the percentage of lung voxels with density
less than —856 HU (28).

We genotyped all subjects on Illumina
platforms and imputed genotypes using
MaCH and minimac (29) with 1,000
Genomes Phase I v3 reference panels. We
performed linear regression on each
phenotype using residuals adjusted for age,
sex, pack-years of smoking, current smoking
status, and ancestry-based principal
components. Imaging variables with marked
nonnormality were log-transformed
(%LAA—950 and percentage gas trapping).
COPDGene and ECLIPSE were additionally
adjusted for CT scanner type. As airway
measurements are not scaled to body size,
we additionally adjusted for height. For gas
trapping, a covariate for study center was
also added to account for site-related
technical variations in expiratory CT scans.

Results from all studies were combined
into a metaanalysis. Given substantial
heterogeneity within our studies, our primary
analysis used a modified random-effects
model (30). We also examined results using
the standard fixed-effects model (31). As we
hypothesized that emphysema and airway
disease measured by quantitative CT may be
causal for reduced lung function and COPD,
our primary analyses included all subjects,
with an additional analysis in cases only
(including Global Initiative for Chronic
Obstructive Lung Disease spirometry grade
1 for COPDGene subjects). To explore
and control for the effect of ascertainment,
we applied a method for analysis of
secondary phenotype data within
case—control association studies (32).

Additional methods are available in the
online supplement.

Results

Genome-Wide Association of Five
Quantitative Imaging Phenotypes
Baseline characteristics of subjects in each
cohort are shown in Table 1. The total
sample size across all cohorts was 12,031.
Genome-wide significant results from the
modified random-effects metaanalysis are
shown in Table 2 and Figure 1. Loci with
prior evidence of association with COPD,
lung function, and/or emphysema—HHIP,
CHRNA3/5/IREB2, and AGER—were

the most significant associations

with %LAA—950. We also identified
additional associations at genome-wide
significance (P <5 X 10~®) near DLCI and

SERPINAI0. An association near CHRNA4
was just below genome-wide significance
(rs183345681, P=1.8 X 10 7). An analysis
of Percl5 also identified the DLCI and
HHIP loci associations.

In our analysis of airway phenotypes, no
association reached genome-wide
significance for Pil0. One result for wall
area percent yielded P <5 X 10~ *
(rs142200419); however, this association was
markedly attenuated in the fixed effects
metaanalysis, due to effects in the opposite
direction in one of the cohorts (see
Table E1 in the online supplement). For
the association analysis of gas trapping in
COPDGene, the AGER and LINC00310/
KCNE2 loci achieved significance. No
genome-wide significant results were
identified in any of the case-only analyses
(Table E2). For the regions yielding genome-
wide significance in all subjects, we
additionally examined results from an
analysis accounting for ascertainment in
COPDGene and GenKOLS and including
cases only from ECLIPSE (due to the small
number of control subjects in this cohort).
P values obtained using this method (32)
(Table E1) were generally only slightly less
significant, with the possible exception of
HHIP and CHRNA3, suggesting that overall
our results were not simply driven by an
association with case—control status. Results
in cases and control subjects separately and,
for loci not previously described as genome-
wide significant in COPD, a case-control
analysis are shown in Tables E3 and E4.

The association with %LAA—950
near SERPINAIO is also near SERPINAI,
variants in which are the cause of
oy-antitrypsin deficiency. The most common
form of severe a;-antitrypsin deficiency is due
to homozygosity for the Z allele, rs28929474.
This variant was imputed with relatively high
quality (Rsq > 0.9 in all white cohorts; 0.66
in COPDGene African American subjects).
We examined the imputed rs28929474 in
all cohorts and did not find any ZZ subjects
in NETT and GenKOLS; in COPDGene,
seven non-Hispanic white ZZ subjects had
been genotyped and subsequently excluded
from analyses after SERPINAI genotyping.
All seven of these subjects were correctly
identified with imputed genotypes.

Linkage disequilibrium exists between our top
associated single-nucleotide polymorphism
at this locus, rs45505795, and rs28929474
(D', 0.7; * = 0.295). To determine if the
association with rs45505795 could be
accounted for by rs28929474, we performed

Cho, Castaldi, Hersh, et al.: GWAS of Quantitative Imaging Phenotypes

a metaanalysis conditioned on rs28929474.
The resulting P value was 0.007,
demonstrating that rs28929474 accounts

for some, but not all, of the association
signal. Although known or identified

ZZ homozygotes were excluded from
COPDGene, NETT, and GenKOLS, ECLIPSE
excluded only known a;-antitrypsin—deficient
subjects. We identified six putative ZZ
subjects in ECLIPSE. To determine whether
the association signal in ECLIPSE was driven
by the presence of these six subjects, we
repeated the association analysis after
dropping these subjects and found that the
ECLIPSE P value was slightly attenuated but
remained significant (P = 0.0018), consistent
overall with an increased risk of emphysema
among MZ carriers.

To further explore the potential
functional consequences of individual loci
described in this study, we searched for
evidence of functional impact using existing
data sources. Of the loci described in this study
not previously associated with COPD, one was
a cis-expression quantitative trait locus in
lung: rs55706246 near LINC00310 was in
modest linkage disequilibrium (= 0.24) with
152834438, an expression quantitative trait
locus for KCNE2 (P=3.1 X 10”7) (33). Using
GWAS3D, the top-scoring variant at the
DLCI locus was rs58863591, which had active
enhancer marks (H3K4mel and DNase
hypersensitivity) and potential long-range
interactions upstream of DLCI and near
SENP2 (34).

We also sought to determine whether
the group of top (most significant) markers
for each analysis (P <1 X 10~°) could
yield insights about cell types based on
regulatory data in ENCODE (35). In the
emphysema analysis, cell type enhancer
enrichment from analysis of %LAA—950
among all subjects included enhancers in
umbilical vein endothelial cells (HUVEC,
P=6.0 X 10~ *) and DNase I hypersensitivity
sites in several types of endothelial cells
(P=6.6 X 10" to 0.03 for pulmonary
artery endothelial cells [HPAEC] and adult
blood, adult lymphatic, and neonatal
lymphatic microvascular endothelial cells
[HMVEC]). We found similar findings for
the Perc15 analysis, with the strongest
DNase enrichment for pulmonary artery
endothelial cells (P =0.017). For the airway
phenotypes, we found modest evidence
for enrichment for enhancers K562
(leukemia) and HSMM (skeletal muscle)
cell lines (P =0.02) and DNase enrichment
in CD14" monocytes (P =0.04).
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Table 2. Genome-Wide Significant Associations

Modified Random Effects

Fixed Effects

Marker Closest Effect Allele Frequency
Phenotype Chr Name Gene Allele Nhw Aa P Value B SE P Value B SE
Emphysema
%LAA—950 4 rs13141641 HHIP T 0.59 089 1.7x107'2 012 0.023 84x10"'® 0.12 0.018
15 rs55676755 CHRNA3 C 0.63 084 24x107° -0.11 0.017 1.4x107° -0.11 0.017
6 rs2070600 AGER T 0.04 0.01 46x107° -0.14 011 65%x1078 —0.24 0.044
8 rs75200691 DLC1 T 0.88 092 97x107° 0.15 0.026 57x10"° 0.15 0.026
14 rs45505795 SERPINA10 C 0.04 0.008 1.4x10% -0.31 0.08 9.8x107° -0.31 0.053
Perc15 8 rs74834049 DLC1 A 0.12 008 6.0x107"° —-34 054 33x107'° -34 0.54
4 rs13141641 HHIP T 0.59 089 84x107"9 —-22 039 47x107'9 -22 0.36
Airway
WAP 4 rs142200419 MIR2054 T 0.98 N/A  46x107° 0.24 1 88x107° 09 0.23
Gas trapping
% 6 rs2070600 AGER T 0.04 0.01 35x107° —0.23 0.039 24x107° -0.23 0.039
21 rs55706246 LINC00310 A 0.11 0.03 1.3x10°8 0.28 0.18 2.1x10°7  0.15 0.029

Definition of abbreviations: %LAA—950 = percentage low attenuation area, using a threshold of —950 HU; Aa = African American; Chr = chromosome;
HU = Hounsfield units; N/A = not applicable; Nhw = non-Hispanic white; Perc15 = HU at the 15th percentile of the density histogram; WAP = percentage of
the wall area compared to the total bronchial area.

We also sought to determine whether
our results were consistent with a set of
genes more likely to act within specific gene
sets or pathways. Top-ranked results
identified several individual potential
pathways of interest, including the toll-like
receptor and phosphoinositide 3-kinase
pathways (iIGSEA4GWAS [36]) and
telomere maintenance (INRICH [37]) for
the %LAA—950 analyses. Gene sets that
appeared to overlap between top-ranked
sets among different methods included
regulation of apoptosis, isoprenoid
biosynthetic process, nicotinic acetylcholine
channel activity, actin cytoskeleton, and
B-cell receptor signaling for emphysema

GWAS, and for airway, WNT signaling and
muscle contraction.

Associations at Loci Previously
Identified in Association with COPD

or COPD-related Spirometric
Phenotypes

GWASs have identified multiple variants
associated with COPD (23-26, 38) or
measures of lung function (39-41). We
sought to determine whether there was
evidence these variants might have an effect
on quantitative imaging phenotypes, even
if they did not reach genome-wide
significance. After excluding loci previously
associated in these cohorts with COPD, we

found a strong enrichment in nominally
significant (P < 0.05) loci among the two
emphysema and two imaging phenotypes
(P=4.9 X 10~°), suggesting many of these
variants may also affect quantitative
imaging measurements. We further
classified these variants into those showing
a stronger association (by one-sided

P value) with emphysema- or airway-
related phenotypes, assigning directionality
such that the risk allele for COPD or
reduced lung function demonstrated
greater emphysema or increased airway
wall thickness (Tables 3 and 4). Enrichment
for nominally significant P values appeared
to be greater among markers associated

Table 3. Variants from Genome-Wide Association Studies of Moderate to Severe or Severe Chronic Obstructive Pulmonary Disease

Emphysema Airway

Marker Closest %LAA—-950 Perc15 Pi10 Wall Area Percent Gas Trapping
Name Chr Gene Risk Allele All Case All Case All Case All Case All Case
rs626750 11 MMP12 G 2x107% 4x1077 6x107® 7x1077 —-0.1 -0 0.2 -0.1 0.008 0.1
rs4846480 1 TGFB2 A 2x107® 3x107% 1x107* 5x10™* —-0.7 —-04 0.2 -0.9 3x107* 0.009
rs7937 19 RAB4B T 2x10°® 003 6x10°° 0.03 09 —-008 04 -0.04 9x107* 0.2
rs754388 14 RIN3 C 3x107° 0.1 5x107° 0.04 04 -05 0.04 -0.6 0.003 0.1
rs7671167 4 FAM13A T 3x107* 03 2x107%  0.07 06 -0.8 0.1 -05 9x107° 06

Definition of abbreviations: %LAA—950 = percentage low attenuation area, using a threshold of —950 HU; Chr = chromosome; COPD = chronic
obstructive puimonary disease; GOLD = Global Initiative for Chronic Obstructive Lung Disease; HU = Hounsfield units; Perc15 = HU at the 15th percentile
of the density histogram; Pi10 = airway wall area: the value for a hypothetical 10-mm airway obtained by plotting a regression line of the square root of the
airway wall area versus the airway internal perimeter.
P values for genetic variants previously reported in genome-wide association analyses (23-26, 39, 40, 41, 69, 70). The risk allele for spirometric
phenotypes denotes the allele associated with a lower FEV, or FEV,/FVC ratio, and thus would be expected to increase risk for COPD. The sign

associated with the P values denotes whether the direction of association is consistent with the direction for COPD (increase in %LAA—950, Pi10, wall
area percent, or gas trapping; decrease in Perc15). Genome-wide significant loci from Table 2 (e.g., HHIP) are not included here. “All” refers to all subjects,
and “Case” refers to all cases (GOLD 1-4 or 2—-4).
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Table 4. Variants from Genome-Wide Association Studies of Lung Function

Emphysema Airway
Wall Area
Marker Risk %LAA—950 Perc15 Pi10 Percent Gas Trapping
Name Chr Closest Gene(s) Allele All Case All Case All Case All Case All Case
rs153916 5 SPATA9/RHOBTB3 T 0.001 0.02 2x10°° 0.02 -02 -0.3 0.9 -0.7 0.002 0.1
rs1529672 3 RARB C 8x10* 006 2x10% 008 05 -1 0.1 09 2x107* 0.03
rs2284746 1 MFAP2 G 0.002 0.2 0.002 0.1 -0.06 —-0.5 0.9 1 8x107* 0.07
rs12899618 15 THSD4 A 0.003 0.2 0.02 0.3 0.7 0.4 0.02 0.3 0.003 0.6
rs7765379 6 HLA-DQBT T 0.004 0.05 0.04 0.08 —0.4 -0.5 -0.4 -0.2 0.2 0.9
rs9978142 21 KCNE2/LINC00310 T 0.005 0.06 0.04 0.07 —-0.01 -0.05 -0.5 -0.9 0.04 0.004
rs3817928 6 GPR126 A 0.01 0.5 0.01 0.8 -0.1 -0.3 0.4 0.4 0.006 0.2
rs1036429 12 CCDC38 C 0.04 0.03 0.01 0.06 -0.5 -0.5 0.1 0.5 0.04 0.4
rs11134779 5 ADAM19 G 0.02 0.1 0.01 0.2 0.5 0.3 0.5 -0.7 0.04 0.08
rs11172113 12 LRP1 T 0.04 -0.9 0.2 -0.6 0.4 0.6 0.5 009 9x10°° 0.2
rs993925 1 TGFB2/LYPLAL1 C 0.2 -0.3 0.1 -01 -08 -0.6 -1 -0.4 0.004 0.9
rs7594321 2 DNER C 0.2 0.6 0.1 0.8 -04 0.3 -0.5 -1 0.07 0.2
rs2798641 6 ARMC2 T 0.5 0.3 0.6 -0.4 0.1 0.03 8x10°* 0.004 0.06 -0.7
rs10516526 4 GSTCD/INTS12/ A 0.4 -0.3 0.4 -0.2 0.04 0.009 0.001 0.003 0.006 0.3
NPNT
rs11168048 5 HTR4 T 0.05 0.5 0.09 0.8 0.06 0.2 0.002 0.07 0.3 -0.5
rs2865531 16 CFDP1 A -1 -0.7 -09 -0.8 0.08 04 0.007 0.07 0.3 -0.3
rs2571445 2 TNS1 A 0.4 02 -03 0.4 1 -0.5 0.008 0.1 -0.2 -0.7
rs11654749 17 KCNJ2 T -0.1 -0.05 -0.09 -0.04 04 -05 0.02 1 -0.5 -0.3
rs1344555 3 MECOM T -0.8 -1 -0.5 -0.8 0.5 0.7 0.3 0.05 -0.1 0.9
rs2857595 6 NCR3/AIF1 A 0.9 0.6 0.7 0.3 0.3 0.09 0.3 0.06 -0.6 0.6
rs11001819 10 C10orf11 G -0.04 -0.01 -0.02 -0 0.7 0.8 0.07 0.1 -1 -0.1
rs16909898 9 PTCH1 G -1 -0.1 0.7 -0.2 05 -0.8 0.2 -0.9 0.1 -0.9
rs12447804 16 MMP15 T -0.2 -03 -03 -0.3 0.6 0.5 0.7 0.2 -0.6 -0.6
rs7068966 10 CDC123 C -0.5 -0.5 0.8 -1 -0.1 -0.1 0.2 0.9 0.8 -0.7
rs6903823 6 ZKSCAN3 G -0.7 0.9 1 0.8 0.7 0.9 0.9 -0.9 -04 -0.7
rs12477314 2 HDAC4/FLJ43879 C -0.3 -0.08 -0.3 -0.1 -0.01 -0.05 -0.6 -0.5 -0.7 -0.1

Definition of abbreviations: %LAA—950 = percentage low attenuation area, using a threshold of —950 Hounsfield units; Chr = chromosome; COPD =
chronic obstructive pulmonary disease; GOLD = Global Initiative for Chronic Obstructive Lung Disease; Perc15 = Hounsfield units at the 15th percentile of
the density histogram; Pi10 = airway wall area: the value for a hypothetical 10-mm airway obtained by plotting a regression line of the square root of the
airway wall area versus the airway internal perimeter.
P values for genetic variants previously reported in genome-wide association analyses (23-26, 39, 40, 41, 69, 70). The risk allele for spirometric
phenotypes denotes the allele associated with a lower FEV4 or FEV/FVC ratio, and thus would be expected to increase risk for COPD. The sign
associated with the P values denotes whether the direction of association is consistent with the direction for COPD (increase in %LAA—950, Pi10, wall
area percent, or gas trapping; decrease in Perc15). Genome-wide significant loci from Table 2 (e.g., HHIP) are not included here. “All” refers to all subjects,
and “Case” refers to all cases (GOLD 1-4 or 2-4). Results are grouped by whether the smaller directional P value was found in emphysema phenotypes
(top) or airway-related phenotypes (bottom). Additional data are available in the online supplement.

with quantitative emphysema (P =1.9 X
10~°) versus those associated with airway
wall thickness (P=1.3 X 107%).

We next examined regulatory patterns
using Haploreg (35) in variants classified as
either emphysema or airway associated
identified in Tables 2-4. “Emphysema”
variants were modestly enriched for
enhancers seen in hepatocellular carcinoma
(HepG2, P=0.05), whereas those more
strongly associated with airway phenotypes
were enriched for enhancers from lung
fibroblasts (NHLF) and epidermal
keratinocytes (NHEK, P =0.03-0.04). Both
analyses were enriched for mammary
epithelial cells (HMEC, P=2.5 X 10 % to
1.6 X 10~?) and umbilical vein endothelial
cells (HUVEC, P=0.02-0.03). The most
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significant DNase enrichment for
emphysema-associated variants was lung-
derived lymphatic microvascular endothelial
cells (HMVEC-LLy; P=8 X 10~ %), whereas
top results for airway-associated variants
were embryonic lung fibroblasts (WI-38),
mammary fibroblasts (HMF), and small
airway epithelial cells (SAEC; P=3.6-6.6 X
10~ *). Emphysema-associated DNase results
were not significant in the airway results,
and vice versa.

Discussion

In a GWAS of quantitative imaging
phenotypes in smokers with and without
COPD, we identified genome-wide

significant associations with loci previously
shown to be associated with COPD or with
spirometric measures related to airflow
limitation, including the 15q25, HHIP, and
AGER loci, the latter also identified in
association with emphysema in a general
population sample (15) and with
emphysema and sRAGE levels in COPD
(42). We also describe a genome-wide
association with emphysema and variants
near SERPINA10 and show that this
association is in strong linkage
disequilibrium with the Z-allele of
SERPINAI and not due the presence of

PI ZZ individuals. This report is thus
consistent with other reports showing an
increased risk of airflow limitation for
subjects with PI MZ (43, 44) and
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Figure 1. Local association plots for genome-wide significant loci. (A-E) Percentage low attenuation area, using a threshold of —950 Hounsfield units;
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emphasizes the role of o;-antitrypsin in the
pathogenesis of COPD and emphysema in
a broader group of patients.

One of our top associations with
emphysema (both for %LAA—950 and
Percl5) was a novel locus, located in the
gene DLCI (deleted in liver cancer 1).
DLCI frequently undergoes loss of
heterozygosity or epigenetic silencing in
solid cancers, including lung cancers (45).
DLCI appears to inhibit cell growth and
increases apoptosis (46) and acts as a tumor
suppressor through RhoGAP-dependent
and RhoGAP-independent activity (47).
DLCI is highly expressed in the lung (48,
49). In a study of regional emphysema,
DLCI showed a trend toward decreased
expression with an increase in the mean
linear intercept (50) (nominal P value,
0.04). Recently, a locus in DLCI was
described in association with smoking
behavior in African American subjects (51).
We found a trend toward association with
current smoking at this locus in
COPDGene African American subjects
(P =0.06-0.07). However, we found no
association with pack-years of smoking
(P> 0.49). In addition, DLCI single-
nucleotide polymorphisms in this smoking
behavior study are approximately 200 kb
away and not in linkage disequilibrium
with our reported DLCI loci (r* < 0.004 in
COPDGene African American subjects),
and we found no consistent evidence of
effect on either pack-years or current
smoking at either locus in other cohorts.
We also note an additional association near
CHRNA4 just below genome-wide
significance. Previous studies have
identified associations with smoking
behavior in this region (52, 53), although
previously described variants do not appear
to be in strong LD with our identified
variant. Additional studies will be needed to
confirm our associations and determine
their relationship to cigarette smoking.

We also examined variants previously
identified at genome-wide significance in
association with COPD or spirometric
measures related to airflow obstruction.
Most of these loci were at least nominally
significantly (P < 0.05) associated with one
or more quantitative CT phenotypes. Many
appeared to have stronger associations
with either quantitative emphysema or
airway phenotypes. These findings suggest
that genetic determinants of lung function
in the general population may influence
emphysema or airway disease and are
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consistent with the hypothesis that there
may be variants affecting airflow
obstruction in different ways detectable by
quantitative imaging.

In addition to examining individual
loci, our study also explores the relevance of
groups of markers that may not reach
genome-wide significance. An analysis of
gene sets provides supportive evidence
for biological mechanisms previously
implicated in COPD, including telomere
maintenance (54-57), phosphoinositide-
3-kinase (58, 59), actin organization,
and B-cell receptor signaling (50). An
exploratory analysis of regulatory regions
from ENCODE identified enrichment for
endothelial cells. In animal models, targeted
disruption of endothelial cells through
genetic or immune mechanisms leading to
apoptosis can lead to emphysema (60-62).
Endothelial cell apoptosis has been seen in
emphysematous human tissue (60), and
endothelial microparticles, a marker for
apoptosis, were related to emphysema
in the MESA (Multiethnic Study of
Atherosclerosis) study (63). In contrast
to prior work (16), we did not see an
enrichment for fibroblasts from our
quantitative emphysema analyses but did
see such enrichment in our airway-related
lung function analysis.

Emphysema and airway disease are
important components of COPD. We used
automated and standardized measurements,
available on a large number of subjects
and free of interreader variation. We
performed an analysis including all subjects
in an effort to maximize power and applied
a method to account for ascertainment
based on case-control status. However, due
to the high correlation of disease status
with imaging characteristics, we cannot rule
out a degree of confounding for some of
our associations. Although we performed
five association analyses, we reported
unadjusted P values, as our phenotypes are
correlated, and some of our findings are
seen in multiple phenotypes. Quantitative
imaging can be affected by factors not
related to intrinsic lung pathology, such as
degree of inflation, obesity, smoking, and
characteristics of individual CT scanners
(5, 64, 65). Our decision to adjust for
specific covariates was based on a desire to
maximize findings of genetic analysis by
controlling for the influence of age,
smoking, and effects of individual scanners,
yet allowing for genetic effects that may
affect disease processes contributing to

more than one characteristic (e.g., low body
mass index and emphysema [66]).
Ultimately, our findings will require
replication, ideally in additional large
cohorts that include a range of severity of
COPD.

Our analysis also included studies
with different imaging protocols,
proportions of severity of disease, and
racial groups. Thus, despite our large
sample size, these factors may have
resulted in a reduction in statistical power.
We attempted to at least partially address
this issue by using a method (30) that can
improve power in the setting of
heterogeneity. Although most of the
P values from this method were very
similar to those using standard fixed-
effects models, this method resulted in
AGER reaching genome-wide significance,
consistent with prior studies. Our study
is unable to address several causes of
potential heterogeneity. Genetic factors
may be specific to racial/ethnic groups
(15). Technical factors may be less likely
to influence reads by radiologists or
semisupervised methods and may explain
why we were unable to replicate previous
findings based on these approaches (16,
17). These factors, as well as differing
proportions of severity of disease, may
also indicate why we were unable to
replicate findings from a recently reported
analysis of airway wall thickness (18).
Chest CT scans contain a wealth of data,
and current measures of overall lung
density or airway wall measurements do
not adequately represent all relevant
features. Efforts to expand and
standardize radiologist interpretation and
novel computational and machine
learning-based methods may improve the
ability to detect genetic effects.

Our work also demonstrates that
previously described genetic associations
with lung function in the population appear
to influence airway or emphysema
phenotypes. Using data from the ENCODE
project, we identified nonoverlapping
enrichment of regulatory regions for our
two sets of analyses. Our results are
consistent with the hypothesis that
emphysema and airway imaging
characteristics may be driven by different
pathogenic processes and genetic factors
(12). However, lung function, disease
status, and imaging features are all
correlated, and the relationship between
specific imaging features is potentially
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complex (67). Our relative preponderance
of associations with quantitative
emphysema compared with airway, for
example, may reflect the stronger
correlation between lung function and our
quantitative emphysema measurements

or technical factors that affect airway
measurements (67, 68). Our sets,
particularly for “airway,” were loosely
defined, and included results not reaching
a nominal level of significance. Additional
analytic methods, such as causal
modeling, may help clarify the
relationships between genetic variants,
lung function, and CT imaging.
Ultimately, however, the specific effects of

individual variants will need to be
determined by careful functional studies.
Differences in susceptibility to and
phenotypic heterogeneity in COPD
remain poorly understood. Despite their
limitations, GWASs are currently the
most powerful method to identify novel
genetic risk factors for this complex and
heterogeneous disease. Our analysis reflects
a coordinated effort across multiple studies
and, to our knowledge, is the largest
genome-wide analysis of quantitative
pulmonary imaging reported to date and the
first to include a substantial number of
subjects with COPD. Our work identifies
several genetic loci that may influence

specific imaging phenotypes and identifies
potential functional pathways and cell types
through which these loci may exert their
phenotypic effects. It also describes CT
imaging phenotype-specific associations for
loci previously implicated in GWASs for
COPD or spirometric phenotypes related to
COPD. Additional insights will result from
increasing power; thus, we anticipate

a critical role for combining existing and
upcoming studies using improved imaging
phenotypes to help unravel the complexity
of pulmonary pathology in COPD.

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