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Abstract

Rationale: Emphysema has considerable variability in the severity
and distribution of parenchymal destruction throughout the lungs.
Upper lobe-predominant emphysema has emerged as an important
predictor of response to lung volume reduction surgery. Yet, aside
from alpha-1 antitrypsin deficiency, the genetic determinants of
emphysema distribution remain largely unknown.

Objectives: To identify the genetic influences of emphysema
distribution in non-alpha-1 antitrypsin-deficient smokers.

Methods: A total of 11,532 subjects with complete genotype and
computed tomography densitometry data in the COPDGene (Genetic
Epidemiology of Chronic Obstructive Pulmonary Disease [COPD];
non-Hispanic white and African American), ECLIPSE (Evaluation of
COPD Longitudinally to Identify Predictive Surrogate Endpoints), and
GenKOLS (Genetics of Chronic Obstructive Lung Disease) studies were
analyzed. Two computed tomography scan emphysema distribution
measures (difference between upper-third and lower-third emphysema;
ratio of upper-third to lower-third emphysema) were tested for genetic
associations in all study subjects. Separate analyses in each study

population were followed by a fixed effect metaanalysis. Single-
nucleotide polymorphism-, gene-, and pathway-based approaches were
used. In silico functional evaluation was also performed.

Measurements and Main Results: We identified five loci associated
with emphysema distribution at genome-wide significance. These loci
included two previously reported associations with COPD susceptibility
(4931 near HHIP and 15q25 near CHRNA5) and three new associations
near SOWAHB, TRAPPCY, and KIAA1462. Gene set analysis and

in silico functional evaluation revealed pathways and cell types that may
potentially contribute to the pathogenesis of emphysema distribution.

Conclusions: This multicohort genome-wide association study
identified new genomic loci associated with differential emphysematous
destruction throughout the lungs. These findings may point to new
biologic pathways on which to expand diagnostic and therapeutic
approaches in chronic obstructive pulmonary disease.

Clinical trial registered with www.clinicaltrials.gov (NCT 00608764).
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At a Glance Commentary

Scientific Knowledge on the
Subject: Chronic obstructive
pulmonary disease (COPD), the
leading cause of chronic respiratory
morbidity and mortality worldwide,
is a complex disease characterized

by phenotypic and genotypic
heterogeneity. Emphysematous lung
destruction is frequently observed in
subjects with COPD, but there is
considerable variability in the severity
and regional distribution of this
destruction throughout the lungs. The
genetic determinants of emphysema
distribution remain largely unknown.

What This Study Adds to the
Field: In four cohorts of current and
former smokers without alpha-1
antitrypsin deficiency, our study
identifies genome-wide significant
associations with emphysema
distribution near HHIP, CHRNAS5,
SOWAHB, TRAPPC9, and KIAA1462.
Two loci (4931 near HHIP and 15q25
near CHRNAS5) have been previously
associated with COPD susceptibility
and total amount of emphysema,

and three loci are newly identified
(4913 near SOWAHB, 8q24 near
TRAPPCY, and 10p12 near
KIAA1462). This study also reveals
pathways that may potentially
contribute to the pathogenesis of

emphysema distribution.

Emphysema, irreversible destruction of lung
parenchyma, is frequently observed in
patients with chronic obstructive
pulmonary disease (COPD), but there is
considerable variability in its severity and
regional distribution throughout the lung.
This regional distribution has emerged as a
clinically important phenotype capturing
specific features about COPD subtypes (1).
The pattern of emphysema distribution
influences lung function impairment and
gas exchange abnormalities (2-9). The
NETT (National Emphysema Treatment
Trial), a large multicenter randomized
study comparing lung volume reduction
surgery with medical treatment, has shown
that upper lobe emphysema is an important
predictor of the response to lung volume
reduction surgery and the survival rate of
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patients with severe COPD (10, 11).
Similarly, less invasive methods of lung
volume reduction, such as
bronchoscopically placed endobronchial
valves and lung volume reduction coils,
have been shown to improve clinical
outcomes in subjects with upper lobe-
predominant emphysema (12-14).
However, in a randomized control trial
evaluating the efficacy of a y-selective
retinoid agonist in the treatment of
emphysema, patients with lower lung
emphysema deteriorated faster on placebo
and seemed to respond better to the
treatment compared with those with
predominantly upper lobe disease (15).
The regional heterogeneity of
emphysematous destruction is not fully
explained by differences in smoking
behavior or demographic factors, and the
determinants of upper versus lower lobe
emphysema predominance remain largely
unknown. Alpha-1 antitrypsin deficiency is
often associated with basilar emphysema,
whereas polymorphisms in the MMP9
gene and xenobiotic enzyme genes (GSTPI
and EPHX1) in non-alpha-1 antitrypsin—
deficient smokers have been associated with
apical emphysema predominance in
candidate gene studies (8, 16, 17). These
findings suggest the presence of genetic
influences on emphysema distribution
patterns. To investigate this hypothesis and
identify genome-wide significant genetic
markers, we performed a genome-wide
association study (GWAS) of emphysema
distribution in four large population-based
cohorts of current and former cigarette
smokers. Understanding the genetic influences
on emphysema distribution may provide
further insight into COPD susceptibility,
disease pathophysiology, and treatment
strategies. Some of these results have been
previously reported as an abstract (18).

Methods

We analyzed 11,532 non-alpha-1
antitrypsin-deficient current and former
smokers with complete genotype and
computed tomography (CT) densitometry
data from four cohorts: (1) COPDGene
(Genetic Epidemiology of COPD) study
non-Hispanic white (COPDGene NHW)
subjects, (2) COPDGene African American
(COPDGene AA) subjects, (3) GenKOLS
(Genetics of Chronic Obstructive Lung
Disease), and (4) ECLIPSE (Evaluation of

COPD Longitudinally to Identify Predictive
Surrogate Endpoints) study (Figure 1).
Detailed descriptions including study
populations, genotyping quality control,
and genotyping imputation have been
previously published (19).

Emphysema percentage (CT
densitometry low-attenuation area less than
—950 Hounsfield units [%LAA950]) was
measured in each lung third at end-
expiration using Slicer software
(www.slicer.org) (20). From these
measurements, we constructed two
measures of emphysema distribution for
each study participant: the difference
between upper-third and lower-third
emphysema (diff950), and the ratio of
upper-third to lower-third emphysema
(ratio950). A rank-based inverse normal
transformation was applied to both
phenotypes to reduce the impact of outliers
and deviations from normality.
Furthermore, diff950 and ratio950 values
above 5 SDs were considered outliers and
were removed from the analyses. The
correlation coefficients between diff950 and
ratio950 range between 0.79 and 0.91 over
the four studied populations. diff950 is less
strongly correlated with total emphysema
compared with ratio950 in all four study
populations (0.03-0.34 vs. 0.21-0.42).
These findings suggest distinct information
may be captured on emphysema
distribution using both diff950 and
ratio950. Although commonly used as
binary variables (with prespecified but not
well-agreed-on cutoffs) to categorize the
emphysema distribution of patients and
study participants, we performed the
categorization only to demonstrate the
prevalence and the characteristics of
the extremes of these phenotypes in our
cohorts and we used diff950 and ratio950 as
continuous traits for the genetic analyses
because continuous variables are generally
more informative than categorical ones.

Heritabilities of diff950 and ratio950 in
COPDGene NHW subjects were assessed
using Genome-wide Complex Trait Analysis
(version 1.21) (21) and likelihood ratio
tests. GWAS was then conducted within
each population for each of the two
emphysema distribution phenotypes under
an additive linear regression model using
PLINK (version 1.07) (22). Results were
adjusted for age, sex, pack-years of
smoking, current smoking, scanner type,
and principal components of genetic
ancestry. Results from all studies were
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NHW smokers (age: 45-80 years old; > 10 pack-years of
lifetime smoking history) with complete demographic,
spirometric, and genotypic data as of March 12, 2013

(n=6,884)

!

615 subjects with incomplete CT densitometry data
were excluded

!

51 subjects were excluded with removal
of outliers of diff950 and ratio950
(values above 5 standard deviations)

y

3 subjects with severe alpha-1 antitrypsin deficiency
(homozygotes for the Z allele) were excluded

!

Smokers (40-75 years old; > 10 pack-years of lifetime
smoking history) with complete demographic, spirometric,
and genotypic data
(n=1,544)

!

0 subjects with incomplete CT densitometry
data were excluded

!

0 subjects were excluded with removal
of outliers of diff950 and ratio950
(values above 5 standard deviations)

y

6 subjects with severe alpha-1 antitrypsin deficiency
(homozygotes for the Z allele) were excluded

!

COPDGene NHW groups included in the main and subgroup analyses:

¢ All subjects (n = 6,215)
¢ COPD cases only (GOLD 2-4) (n =2,601)
* Subjects with total emphysema > 5% (n = 2,256)

ECLIPSE groups included in the main and subgroup analyses:
¢ All subjects (n = 1,538)
¢ COPD cases only (GOLD 2-4) (n = 1,394)
* Subjects with total emphysema > 5% (n = 1,234)

AA smokers (age: 45-80 years old; > 10 pack-years of lifetime
smoking history) with complete demographic, spirometric, and

genotypic data as of March 12, 2013
(n=3,416)

!

376 subjects with incomplete CT densitometry data
were excluded

!

85 subjects were excluded with removal
of outliers of diff950 and ratio950
(values above 5 standard deviations)

!

0 subjects with severe alpha-1 antitrypsin deficiency
(homozygotes for the Z allele) were excluded

!

Smokers (aged > 40 years; > 2.5 pack-years of lifetime
smoking history) with complete demographic, spirometric,
and genotypic data
(n=873)

!

45 subjects with incomplete CT densitometry
data were excluded

!

4 subjects were excluded with removal
of outliers of diff950 and ratio950
(values above 5 standard deviations)

!

0 subjects with severe alpha-1 antitrypsin deficiency
(homozygotes for the Z allele) were excluded

!

COPDGene AA groups included in the main and subgroup analyses:

* All subjects (n = 2,955)
* COPD cases only (GOLD 2-4) (n = 658)
* Subjects with total emphysema > 5% (n = 438)

GenKOLS (Norway) groups included in the main and subgroup
analyses:

e All subjects (n = 824)

* COPD cases only (GOLD 2-4) (n = 426)

* Subjects with total emphysema > 5% (n = 254)

Figure 1. Participant flow diagrams of the studied cohorts: COPDGene (Genetic Epidemiology of COPD) NHW (non-Hispanic white subjects) (top left),
COPDGene AA (African Americans) (bottom left), ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints) (top right), and
GenKOLS (Genetics of Chronic Obstructive Lung Disease) (bottom right). COPD = chronic obstructive pulmonary disease; CT = computed tomography;

GOLD = Global Initiative for Chronic Obstructive Lung Disease.

combined into fixed-effect metaanalyses in
METAL (version 2010-08-01) (23).

To determine whether the genome- emphysema added as covariate, (2)
wide significant results are affected by

performed analyses separately in COPD

Metaanalysis P values less than 5 X 10~° emphysema severity and/or case-control cases (subjects with COPD grade 24 as
were considered genome-wide significant.  status, we (I) reran the GWAS with total defined by the Global Initiative for Chronic
Boueiz, Lutz, Cho, et al.: Emphysema Distribution GWAS 759



Obstructive Lung Disease spirometric
grading system based on FEV;) (“cases
only”) and in subjects with at least 5%
total emphysema, (3) assessed whether
the top single-nucleotide polymorphisms
(SNPs) from the present study also
achieved genome-wide significance in
previously published GWAS of COPD
case-control status and %LAA (19, 24);
and (4) evaluated associations with
genetic variants previously associated
with COPD susceptibility, emphysema, or
emphysema distribution (“candidate SNP
analysis”) (16, 17, 19, 24-28). P values
less than 0.05 were considered as a
suggestive association for candidate
SNPs.

To explore their potential functional
consequences, the lead SNPs from each
genome-wide significant region and the
SNPs in linkage disequilibrium (LD) with
the lead SNPs (r* = 0.8 in the 1,000
Genomes Phase 1 data) were queried
against the HaploReg database (version 3)
and the expression quantitative trait loci
(eQTL) data in the GTEx consortium (lung
and whole blood) and the ECLIPSE study

(whole blood and induced sputum)
(29-31). The threshold for significance in
the eQTL analysis was a false discovery rate
(FDR) less than 5%, calculated using the
QVALUE package (32).

To identify the functional pathways
that are significantly overrepresented in
the list of genes inferred from the GWAS,
gene- and pathway-based analyses were
performed using VEGAS (version 2.0) and
MetaCore, respectively (33, 34). Bonferroni
correction for 17,640 genes (P < 2.8 X
10~°) was used to account for multiple
testing in VEGAS results (33). FDR value
less than 5% was used to define a
statistically significant association with a
given process or pathway.

Additional methods are available in the
online supplement.

Results

Baseline Characteristics of
Participants

In total, 6,215 subjects from COPDGene
NHW, 2,955 subjects from COPDGene AA,

Table 1. Baseline Characteristics of Study Subjects

1,538 subjects from ECLIPSE, and 824
subjects from GenKOLS had complete
phenotype and genotype data and were
included in the analysis. The total sample
size across all cohorts was 11,532. The
demographic and clinical characteristics of
these subjects are shown in Table 1. The
median ages at enrollment across the
cohorts ranged from 53 to 64, with
COPDGene AA subjects slightly younger
than the other cohorts. GenKOLS subjects
had the lowest median exposure to
smoking. FEV percent predicted was

the highest in COPDGene AA subjects
(median, 87 [interquartile range, 71-99])
and the lowest in ECLIPSE (median, 48
[interquartile range, 36-64]).

The ratio of upper lung to lower lung
emphysema has traditionally been used to
define subjects with upper lobe- versus
lower lobe-predominant emphysema. We
therefore compared the radiologic,
demographic, clinical, and spirometric
characteristics of groups of subjects parsed
with a focus on the extremes of upper and
lower lobe emphysema distributions: those
with ratio950 values less than 0.5 (“lower

COPDGene NHW

COPDGene AA

Sample size 6,215 2,955
Age, yr 62.30 (55.20 to 68.80) 53.00 (49. 20 to 58.20) 64
Sex, male, n (%) 3,293 (53) 1,647 (55
Pack-years 42.00 (30 to 58.7) 34.40 (22 5 to 46.55) 43
FEV4, %predicted 78.30 (55.85 to 93.20) 86.60 (71.10 to 98. 95)
Total emphysema (%LAA950) 2 78 (0.84 to 8.74) 0.93 (0.35 to 2.75)
Emphysema distribution difference .27 (—1.55t0 1.25) —0.05 (—0.47 to 0.59)
Emphysema distribution ratio O 75 (0.41 to 1.44) 0.85 (0.45 to 1.80)
Emphysema predominance, n

Lower lobe predominance 2,036 851

Diffuse emphysema 3,116 1,448

Upper lobe predominance 1,063 656
GOLD grade, n

PRISm 649 476

0 2,382 1,658

1 583 163

2 1,354 416

3 838 183

4 409 59
COPD cases (COPD GOLD 2,601 658

2-4)

Subjects with total emphysema > 5% 2,256 438

ECLIPSE GenKOLS (Norway)
1,538 824
00 (58. 00 to 69. 00) 59 50 (52. 40 to 68.20)
996 (65 481 (58.4
00 (30.00 to 58.00) 22 40 (13.61 to 34.20)
8.20 (36.50 to 64.35) 79.03 (54.75 to 93.09)
4.61 (6.64 to 25.31) 174 (0.47 to 7.84)
0.72 (—3.60 to 12.20) —0.14 (—1.22 to 0.80)
1.15 (0.64 to 2.11) 0.78 (0.35 to 1.63)
265 295
872 371
401 158
0 0
144 398
0 0
569 250
634 124
191 52
1,394 426
1,234 254

Definition of abbreviations: AA = African American; COPD = chronic obstructive pulmonary disease; COPDGene = Genetic Epidemiology of COPD;
ECLIPSE = Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints; GenKOLS = Genetics of Chronic Obstructive Lung Disease;
GOLD = Global Initiative for Chronic Obstructive Lung Disease; NHW = non-Hispanic white; PRISm = Preserved Ratio Impaired Spirometry; %LAA950 =
percentage of lung voxels with attenuation on computed tomography densitometry lower than —950 Hounsfield units.

Continuous variables are expressed as median (interquartile range).
Emphysema distribution difference is the difference between upper-third and lower-third emphysema. Emphysema distribution ratio is the ratio between
upper-third and lower-third emphysema. Emphysema predominance was categorized based on the ratio between upper-third and lower-third
emphysema: Subjects with emphysema ratio less than 0.5 (“lower lobe—predominant group”), subjects with emphysema ratio between 0.5 and 2 (“diffuse
emphysema group”), and subjects with emphysema ratio greater than 2 (“upper lobe—-predominant group”) in each of the studied cohorts.
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lobe-predominant group”), those with
ratio950 values between 0.5 and 2, and
those with ratio950 values greater than 2
(“upper lobe-predominant group”) in each
of the studied cohorts. Compared with
subjects with lower lobe-predominant
emphysema, those with upper lobe-
predominant emphysema have higher
pack-year histories of smoking, higher
Modified Medical Research Council
dyspnea scores, and lower FEV values and
6-minute-walk distance (see Table E1 in the
online supplement). These differences in
characteristics are less pronounced in
COPD cases and the emphysema greater
than 5% subgroups (see Tables E2 and E3).

Heritability

By using the Genome-wide Complex Trait
Analysis method in the COPDGene NHW
population, we estimated heritability of
emphysema distribution phenotypes
adjusting for age, sex, pack-years of
smoking, current smoking, scanner type,
and principal components of genetic
ancestry (21, 35). The heritabilities of
diff950 and ratio950 were respectively
estimated to be 16% (SE, 6.3%; P =0.005)
and 20.5% (SE, 6.4%; P =0.001), indicating
modest but statistically significant
heritability of these two emphysema
distribution phenotypes.

GWAS: Individual Studies and
Metaanalysis

Quantile-quantile plots of the observed
against expected P value distributions and
genomic control values demonstrated an
excess of low P values without systematic
inflation in the GWAS test statistics (see
Figure E1). Genome-wide significant results
from the metaanalysis are shown in
Table 2, and their regional association plots
are shown in Figure 2. Loci with prior
evidence of association with COPD
susceptibility (4931 near HHIP and 15q25
near CHRNAS5) had the most significant
associations with both emphysema
distribution difference and ratio
phenotypes. Additional new associations
were also identified at genome-wide
significance near SOWAHB (4q13),
TRAPPCY (8q24), and KIAA1462 (10p12)
for ratio950. One of the SNPs with the
strongest association signals was directly
genotyped (rs12914385) and five were
imputed (rs138544659, rs13141641,
rs2645694, rs75755010, rs35374984).
However, the imputed SNPs had high

imputation quality (imputation r* = 0.8) in
all studied cohorts.

Rerunning the GWAS with total
emphysema as a covariate did not
significantly affect the overall results, with
some partial attenuation of the association
signal at 4q13 and 10p12 (see Table E4).
For the regions yielding genome-wide
significance in all subjects, we examined the
results separately in COPD cases only and
in subjects with at least 5% total
emphysema. In these analyses, most of the
SNPs continued to be either genome-wide
significant or nominally significant in the
subgroups compared with the total sample,
suggesting an effect beyond case-control
status and emphysema severity (Table 3).
However, it is important to note that
although the overall P values for the SNPs
in 4q13 and 8q24 remained significant in
the various subgroups for ratio950, the
associations with the diff950 were partially
attenuated in the “cases only” and “subjects
with total emphysema greater than or equal
to 5%” subgroups. We also queried
previously published GWAS of COPD case-
control status and GWAS of %LAA from
our group for the top SNPs from this
present emphysema distribution study (19,
24). The P values in Table E5 indicate that
for all loci where there is a significant
COPD association, the COPD risk allele is
associated with upper lobe predominance.
In addition, only 4q13 and 8q24 loci are not
significantly associated with case-control
status or with % LAA. Taken together, these
findings suggest that some of the signals
may be mediated by case-control status
and/or emphysema severity. Conditioning
on the genome-wide significant SNPs from
the metaanalysis significantly attenuated all
of the genome-wide significant association
signals (see Figure E2).

Association Analysis of Candidate
SNPs

In the analysis of previously reported COPD
and/or emphysema distribution variants, a
total of 22 variants were considered (see
Table E6). We extracted the P values of
these SNPs from the metaanalyses of
diff950 and ratio950. Eight of the SNPs that
were previously associated with emphysema,
lung function decline, or COPD susceptibility
were also nominally associated with
emphysema distribution near TGFB2, HHIP,
RIN3, SERPINA10, IREB2/CHRNA3/5,
AGPHD, MYOID, and CYP2A6/ADCK4.
Among the variants previously associated

Boueiz, Lutz, Cho, et al.: Emphysema Distribution GWAS

with emphysema distribution, only rs7221059
near MGAT5B was nominally significant in
our study (P=0.02).

Enhancer Enrichment in Top GWAS
Loci

Previous studies have implicated genetic
control of gene expression as a key
functional mechanism for most complex
disease GWAS associations (36). Publicly
available data from the ENCODE and
Roadmap Epigenomics projects provide an
unprecedented opportunity to link genetic
variation with experimental regulatory
data from a wide array of cell lines. To
determine the overlap of the genome-wide
significant loci found in this study with
enhancer regions in cell lines from the
ENCODE and the Epigenomics Roadmap
Projects, we queried the HaploReg database
for the metaanalyses lead SNPs and all
SNPs in LD with these lead SNPs (r* = 0.8
in the 1,000 Genomes data). As illustrated
in Figure 3 and Table E7, a substantial
number of these SNPs are located within
annotated enhancer regions in several cell
lines, notably fetal lung, fibroblasts, and
lymphoblastoid cell lines.

eQTL Results

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. We queried the lung and whole-
blood dataset in the GTEx consortium plus
the whole-blood and induced sputum

data from the ECLIPSE study for genome-
wide significant associations from

the metaanalysis and their high LD SNPs
(r* = 0.8) looking to identify loci that are
simultaneously and significantly associated
with emphysema distribution and the
expression of nearby genes (29, 30, 37).
None of the loci described in this study
were a cis eQTL in lung and/or whole blood
in GTEx. In the ECLIPSE data, only the
15925 locus was found to harbor cis eQTL
SNPs near CHRNA3, IREB2, and PSMA4
genes at an FDR less than 5%. These
identified eQTL SNPs were observed in both
whole-blood and induced sputum samples.

Gene-based and Pathway Analyses
We then performed gene-based association
analysis for 17,640 genes using VEGAS
version 2. The results are listed in Table E8.
Twelve genes withstood Bonferroni
correction (P < 2.8 X 10~ °): eight genes
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Figure 2. Regional association plots for metaanalysis genome-wide significant loci. These plots were generated using the LocusZoom tool with
hg19/1,000 Genomes Mar 2012 European as the reference panel for non-Hispanic white subjects and hg19/1,000 Genomes Mar 2012 African for African
American subjects. chr = chromosome; diff950 = inverse normally transformed difference between upper-third and lower-third emphysema; ratio950 = inverse
normally transformed ratio between upper-third and lower-third emphysema.
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from 15q25 region (CHRNA3, CHRNA5,
CHRNB4, HYKK/AGPHDI, IREB2,
LOC646938, PSMA4, ADAMTS?), one gene
on chromosome 2 (ATAD2B), one gene
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on chromosome 11 (FARI), one gene on
chromosome 13 (PCDH?Y), and one gene on
chromosome 19 (GLTSCR1). All genes with
a P value less than 0.01 from the VEGAS

Position on chr10 (Mb)

analysis were selected for MetaCore
analyses (1,117 genes for diff950 and 1,243
genes for ratio950). At FDR values less than
5%, the top-ranked gene groups suggested
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enrichment for several pathways of interest, (classical, alternative and lectin-induced
complement pathways; FceRI pathway;
transcription (transcription factor Tubby CRTH2, LTBRI, and C5a signaling), cell
signaling pathways), immune response adhesion, cytoskeleton remodeling

including regulation of apoptosis,
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(transforming growth factor [TGF],
WNT, and Rho GTPase signaling), and
development (adiponectin signaling;
TGF-B-dependent induction of EMT via
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Figure 3. Heatmap of Roadmap enhancer enrichment. Cell type—specific enhancer activity was measured for each of five loci representing the six
metaanalysis lead single-nucleotide polymorphisms (SNPs; two of the lead SNPs, rs138544659 and rs12914385, were in linkage disequilibrium and
counted as one locus). Enhancer activity in cell types from the ENCODE and Roadmap projects were evaluated for relevant SNPs at each locus and
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blue, fibroblasts in yellow, and mesenchymal stem cells in red. No endothelial cell types displayed enhancer activity at the six loci. chr = chromosome.

RhoA, PI3K, and ILK; S1P1 signaling
pathway) (Table 4).

Discussion

This multicohort GWAS of emphysema
distribution identified five independent loci
achieving genome-wide significance. Two
loci (4931 near HHIP and 1525 near
CHRNADJ5) have been previously associated
with COPD susceptibility and total amount
of emphysema, and three loci are newly
identified (4q13 near SOWAHB, 8q24 near
TRAPPCY, and 10p12 near KIAA1462). In
addition, of 22 previously identified loci
tested for association, nine loci were
nominally associated with emphysema
distribution. In silico functional evaluation
revealed strong enrichment of enhancer
regions among the top GWAS loci and
indicated that regulation of gene expression
in specific cell types (particularly lung
fibroblasts and lymphoblastoid cell lines)
may be a key functional mechanism for
genetic factors influencing emphysema

distribution. Gene set analyses provided
insights into biologic mechanisms that
may be relevant to the pathogenesis of
emphysema distribution, including
complement pathways, immune response,
cytoskeleton remodeling, cell adhesion, and
chemotaxis.

Ito and colleagues (17) found that the
MMP9 gene was associated with upper
lobe-predominant emphysema. DeMeo
and colleagues (16) found variants in genes
encoding xenobiotic enzymes (GSTPI and
EPHXI1) as differentially associated with
distributional features of emphysema. None
of these genes (MMP9, GSTP1, EPHX1I)
replicated in our study. In a GWAS of
percent emphysema on CT in the Multi-
Ethnic Study of Atherosclerosis of COPD
(MESA), Manichaikul and colleagues (25)
assessed lung fields of cardiac CT scans of
7,914 participants with relatively normal
spirometry (FEV,/FVC, 0.69-0.82) and had
no genome-wide significant associations for
upper-lower lobe emphysema ratio across
race/ethnic groups using these cardiac
CT images. However, genome-wide

Boueiz, Lutz, Cho, et al.: Emphysema Distribution GWAS

significance was reached among Hispanics
(rs10411619 near MAN2B) and among
Chinese (rs7698250 near DHX15 and
rs7221059 near MGAT5B) (25). The
cohorts we analyzed in our study did not
include Hispanic and Chinese subjects.
Only rs7221059 was nominally significant
in our candidate SNP analysis. In our study,
given that we are unsure which measure
of emphysema distribution best captures
genetic features, we opted to analyze both
the difference and ratio between upper-
third and lower-third emphysema. The
presence of known COPD susceptibility loci
(15q25 and 4q31) among the top signals for
emphysema distribution supports the
validity of these metrics. The associations of
these loci with emphysema distribution
were not purely driven by total emphysema
or COPD status, as supported by analyses
adjusting for emphysema or performed
only in COPD subjects.

The chromosome 4 association with
emphysema distribution (rs2645694) lies near
the SOWAHB gene. This gene belongs to the
ankyrin repeat domain family. Ankyrin
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Table 4. Top Significantly Enriched Pathways for Emphysema Distribution Phenotypes Provided by Metacore Pathway Analysis

Pathway

Number of Pathway
Genes in the Data

FDR

Upper-third/lower-third percent emphysema difference

NETosis: neutrophil extracellular trap—associated cell death
Transcription: transcription factor Tubby signaling pathways
SLE genetic marker-specific pathways in antigen-presenting

cells
Development: adiponectin signaling

Cytoskeleton remodeling: TGF, WNT, and cytoskeletal

remodeling

Signal transduction: activin A signaling regulation

0.013
0.026
0.026

0.031
0.031

0.031

Upper-third/lower-third percent emphysema ratio

Immune response: alternative complement pathway
Immune response: lectin-induced complement pathway
Immune response: classical complement pathway

Immune response: role of the membrane attack complex in

cell survival
Chemotaxis: leukocyte chemotaxis

Nociception: nociceptin receptor signaling

Immune response: FceRI pathway

Aberrant B-Raf signaling in melanoma progression
Immune response: CRTH2 signaling in T-helper 2 cells
Development: TGF-B—dependent induction of EMT via RhoA,

PI3K, and ILK
Immune response: LTBR1 signaling
Immune response: C5a signaling

Neurophysiologic process: constitutive and regulated NMDA

receptor trafficking

Transcription: sirtuin6 regulation and functions

Breast cancer, general schema
Transport: ACMS3 in salivary glands
Development: S1P1 signaling pathway

Cell adhesion: IL-8—-dependent cell migration and adhesion
Cytoskeleton remodeling: regulation of actin cytoskeleton by

Rho GTPases

238x10°8

6.32 x 1077

9.77 x 1077
0.005

0.011
0.011
0.014
0.014
0.014
0.017

0.02
0.025
0.025

0.026
0.032
0.034
0.043
0.046
0.049

Total Number of Genes
in the Pathway

7 31
5 17
10 84
7 45
11 111
6 33
16 53
14 50
14 53
8 35
11 75
11 76
9 55
9 55
8 44
8 46
9 60
8 50
9 63
9 64
7 41
7 42
7 44
6 33
5 23

Definition of abbreviations: EMT = epithelia-mesenchymal transition; FDR = false discovery rate; SLE = systemic lupus erythematosus; TGF = transforming growth

factor.

FDR values less than 0.05 indicate a statistically significant association with a given process or pathway.

repeats mediate protein-protein interactions
in very diverse families of proteins. However,
no phenotype, disease or trait is known to
be directly associated with the SOWAHB
gene. The SHROOM3 gene, 110-kb upstream
from SOWAHB, was previously shown
to facilitate canonical TGF-B1 signaling,
increase a1 collagen expression, and
potentiate interstitial renal allograft fibrosis
(38). Although SHROOMS3 has not
previously been associated with COPD, prior
genetic studies have demonstrated an
association of gene polymorphisms of the
TGF-B superfamily with COPD (39, 40).
The SNP on chromosome 8q24 lies near
the TRAPPCY gene. TRAPPC9 encodes a
protein that plays a role in nuclear factor-xB
signaling. Nuclear factor-«B activation has
been implicated in disease pathogenesis in
rodent models of COPD (41). In addition,
increased markers of nuclear factor-kB
pathway activity have been demonstrated
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in sputum macrophages during COPD
exacerbations and in bronchial biopsies of
patients with stable COPD (42, 43).

The KIAA1462 gene on chromosome
10p12 was previously associated with
coronary artery disease and its gene
product is a component of endothelial cell-
cell junctions (44, 45). Damaged pulmonary
endothelial integrity was observed in rats
exposed to second-hand smoke and in lung
tissues of subjects with COPD (46). Another
interesting gene downstream of KIAA1462 is
the SVIL gene, the product of which was
shown to act as a high-affinity link between
the actin cytoskeleton and the membrane (47).
The role of actin and cytoskeletal processes in
emphysema is less well established, but
cytoskeletal-associated pathways containing
genes, such as ACTNI and DBNI, have been
previously associated with immune cell
activation that plays a significant role in
COPD pathogenesis (48, 49).

Among the significant genes from the
gene-based analysis, ADAMTS7 in 15925
and PCDH9 in 13q21 are of particular
interest. In a mouse model of cigarette
smoke-induced bronchitis and
emphysema, IREB2 was characterized as at
least one of the functional genes in the
15925 region (50). Recent eQTL analyses
have also implicated CHRNA3 and PSMA4,
located in close proximity to IREB2, as
strong candidate genes for COPD
susceptibility (30). Our present study
proposes ADAMTS?7 as yet another
potential causal gene in this 15925 region.
This gene has not been previously
associated with lung diseases. However,
polymorphisms in the ADAM33 gene,
another member of the ADAMTS family,
have been shown to be related to an
accelerated decline in FEV}, airway
hyperresponsiveness, and airway
inflammation (51, 52). PCDHY is a
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protocadherin belonging to the cadherin
superfamily of adhesion molecules. In a
GWAS of lung function decline in adults
with and without asthma, two SNPs near
PCDH9Y (rs17077331 and rs17077335) were
associated with FEV,;/FVC decrease in
patients without asthma (53).

Current theories concerning disease
pathogenesis in COPD and emphysema
include an imbalance between protease and
antiprotease activity, induced apoptosis of
alveolar cells through deregulation of
pathways involved in oxidative stress,
chronic inflammation, innate and adaptive
immune responses, and aberrant
mechanical stress-induced tissue
remodeling leading to destruction of the
extracellular matrix in the lung (48, 54-57).
The precise reasons for the upper lobe
predominance in non-alpha-1
antitrypsin-deficient smokers with
emphysema are unclear, but it has been
attributed to regional differences in
perfusion, transit time of leukocytes,
clearance of deposited dust, mechanical
stress, and pleural pressure (5, 16, 17, 58).

The biologic relevance of our findings
is supported by strong enrichment in
known COPD and emphysema functional
pathways. This similarity suggests that
regional differences in emphysema severity
share some of the processes that occur
in general COPD pathogenesis and
progression. However, our study also
revealed biologic pathways that may be
specifically involved in and are unique to the
pathogenesis of emphysema distribution
per se. It corroborates and extends the
observations from Campbell and
colleagues’ (59) gene expression profile of
smokers’ lung tissue samples from regions
within the same lung with varying amounts
of emphysematous destruction. Taken
together, these observations indicate that
although they share common genes and
biologic processes, emphysema distribution
and general emphysema and COPD may
also have distinct genetic signatures and

biologic underpinnings. Our metaanalysis
is the largest GWAS to date (n=11,532)
reporting associations for emphysema
distribution in smokers. It is also the first
analyzing two quantitative emphysema
distribution phenotypes (diff950 and
ratio950) that quantify correlated but
complementary aspects of emphysema
distribution. These imaging phenotypes
were generated from standardized chest CT
scans across a wide range of COPD disease
severity, as compared with cardiac CT scans
of subjects with only mild COPD in the
study by Manichaikul and coworkers (25).
Furthermore, in our study, additional in
silico functional analyses were performed to
determine the downstream effects of the
identified SNPs and detect key biologic
pathways potentially involved in the
pathogenesis of emphysema distribution.
This study highlights new associations
with distributional features of emphysema
but has the following limitations. First, our
analysis included cohorts with different
imaging protocols, proportions of disease
severity, and racial groups. We handled this
heterogeneity by performing GWAS
separately within each cohort and by
adjusting for the scanner type and total
emphysema. In addition, we conducted
secondary analyses that showed that the
overall results were, for the most part, not
impacted by the affection status and scanner
types. Second, we analyzed emphysema
distribution using upper and lower lung
thirds. However, several other imaging
biomarkers have also been described in the
literature for tracking the regional
heterogeneity of emphysema distribution
and need to be explored, such as lobar,
upper/lower lung halves, core-rind, and
centrilobular/panlobular/paraseptal
distributions (60). Third, we performed
inverse normal transformation of the
studied phenotypes given their highly
skewed distributions and the concern of
violating the assumption of normally
distributed residuals. This is a conservative

approach because inverse normal
transformation carries the risk of reducing
statistical power (61). Fourth, for this
analysis, we did not adjust for severity and
types of airway disease. The state of the
airway assessment by CT is suboptimal
because the critical sites of airflow
obstruction (1- to 2-mm-diameter airways)
are below the resolution of the CT scanner.
Fifth, the new GWAS signals from this
metaanalysis were not replicated in a
separate cohort. However, we did find
consistent evidence for association across
the COPDGene, ECLIPSE, and GenKOLS
cohorts. Sixth, although publicly available
cell line regulatory data are extensive and
provide an unprecedented opportunity to
link genetic variation with experimental
regulatory data from a wide array of cell
lines, they are not comprehensive and
important emphysema distribution-related
cell types may not be present in ENCODE
and Roadmap data resources. Moreover,
available data on variability of regulatory
annotation in specific cell types in various
conditions are limited. Lastly, while
pathway analyses were able to detect
interesting biologic pathways that may be
involved in disease pathogenesis, such
analyses are only hypothesis-generating and
require functional confirmation.

In summary, this multicohort GWAS of
emphysema distribution provides evidence
for a role of common genetic variants in
contributing to the patterns of smoking-
related emphysema distribution. It confirms
established associations for COPD GWAS
loci, suggests new associations, and provides
important clues to new biologic pathways
on which to expand diagnostic and
therapeutic approaches in COPD. Further
validation of these associations in larger
populations is required along with functional
investigations to identify a role for the SNPs
and genes highlighted in this study.

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