Genetics and Genomics of Chronic Obstructive

Pulmonary Disease

Edwin K. Silverman'?, Avrum Spira3, and Peter D. Paré*

TChanning Laboratory, and ?Division of Pulmonary and Critical Care Medicine, Brigham and Women'’s Hospital, Harvard Medical School, Boston,
Massachusetts; >Division of Pulmonary and Critical Care Medicine, Translational Bioinformatics Program, Clinical and Translational Science Institute,
Boston University, Boston, Massachusetts; and “James Hogg iCAPTURE Centre for Cardiovascular and Pulmonary Research and the Department
of Medicine, St. Paul’s Hospital, University of British Columbia, Vancouver, British Columbia, Canada

Chronic obstructive pulmonary disease (COPD) fulfills criteria for
a complex genetic disease in which environmental factors interact
with multiple polymorphic genes to influence susceptibility. Finding
the genes that influence susceptibility can be approached in hypoth-
esis testing or unbiased study designs. In candidate gene association
studies, genetic variation in, and/or levels of, expression of genes
known or suspected to be involved in the pathogenesis of COPD are
compared in affected and unaffected individuals. Although this
approach is useful it is limited by our present knowledge of disease
pathophysiology. Genomewide studies of gene expression and of
genetic variation are now possible and are not constrained by our
limited knowledge. Although both of these unbiased approaches are
intheirinfancy, they have already provided exciting new avenues for
future investigation and potentially now approaches to risk pre-
diction and therapy.
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At this symposium, three talks were given related to the genet-
ics and genomics of chronic obstructive pulmonary disease
(COPD). Peter Paré concentrated on candidate gene studies in
which biologically plausible genes have been tested for variants
that may impart increased risk for a rapid decline of lung function
among smokers. Edwin Silverman focused on the promising
approach offered by genome-wide association (GWA) studies,
and Avrum Spira reviewed the state of the art with respect to the
examination of gene expression at the mRNA level and its
relationship to COPD phenotype.

CANDIDATE GENE STUDIES

In candidate gene association studies, genetic variants in genes
thought to be involved in pathobiological pathways leading to
COPD are tested for statistical association with one or more
COPD phenotype. Sandford and his colleagues have taken advan-
tage of the well-characterized Lung Health Study cohort study to
examine gene variants associated with rapid decline in lung
function (1). They selected the phenotypic extremes from among
the approximately 6,000 individuals in that study; the approxi-
mately 300 continued smokers who had the most rapid and the
approximately 300 who had the least rapid decline in FEV; over the
first S years of the study. To date they have examined over 50 genes,
and Table 1 shows a summary of those in which they have found
polymorphisms that impart increased or decreased risk for rapid
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decline. Also shown is the frequency of the risk or protective allele
and the odds ratio associated with that allele. Finally, the attribut-
able risk for the specific alleles associated with increased risk is
shown. The attributable risk estimates the contribution of that
polymorphism to the overall risk of being in the fast or slow decline
group in this “population.” The association of a number of these
genes with rate of decline of lung function has been replicated in
independent populations (2-7).

Although such candidate gene studies are useful, they are
limited by their very nature to the study of genes that are known
to have some function that could contribute to the development
of, or protection from, COPD. It is highly likely that many
genes with unknown function contribute to pathogenesis, but
until recently it has not been practical to interrogate the entire
genome either at the DNA or RNA level. Recent advances in
genome-wide genotyping and transcriptomic analysis make such
an unbiased approach possible.

GENOME-WIDE ASSOCIATION STUDIES

Technical improvements in SNP genotyping within the past
5 years have led to markedly increased genotyping capacity at
reduced cost. Combined with the identification of millions of
common SNPs through the HapMap project, high-throughput
genotyping approaches have made GWA studies a feasible study
design in complex disease genetics. Rather than beginning with
family-based linkage studies or candidate gene studies to limit the
genomic regions of interest, GWA studies include a panel of
hundreds of thousands of SNPs across the entire genome (8).
Although there are approximately 10 million common SNPs in
the human genome, approximately 500,000 well-selected SNPs
can adequately capture the information of most SNPs in white
and Asian populations (9). Because hundreds of thousands of
statistical tests of genetic association are performed, stringent
thresholds to establish statistical significance are required in GWA
studies. Nonetheless, GWA studies have unequivocally identified
genome-wide significant associations in a rapidly growing number
of complex diseases, including age-related macular degeneration,
diabetes mellitus, Crohn’s disease, and asthma (10).

In a recent collaborative GWA study led by Drs. Sreekumar
Pillai and David Goldstein (11), 823 subjects with COPD and 810
smoking control subjects from Norway underwent genome-wide
SNP genotyping with the Illumina HumanHap550 SNP panel.
Association analysis for COPD affection status was performed
using logistic regression analysis with covariates including age, sex,
current smoking status, and pack-years of smoking. After GWA
analysis was performed, the top 100 SNPs were genotyped in 1,891
individuals from 606 pedigrees in the International COPD Genet-
ics Network (ICGN). Family-based association analysis for COPD
was performed using the same covariates as in the Norway
population, and seven SNPs with significant P values in both
populations were tested for further replication in 389 subjects with
COPD from the National Emphysema Treatment Trial (NETT)
and 472 smoking control subjects from the Normative Aging Study



540 PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 6 2009

TABLE 1. SIGNIFICANT GENETIC ASSOCIATIONS WITH RAPID DECLINE IN LUNG FUNCTION IN THE
LUNG HEALTH STUDY

Candidate Gene Odds Ratio Relative Frequencies Attributable Risk (%)
al-AT Z 2.8(1.2,7.3) 6% vs. 3% 5
mEH Tyr113 > His, Arg139 > His * 2.4 (1.1-5.4) 7% vs. 3% 4
B2AR Glu27 > Gin 0.6 (0.4-0.8) 44% vs. 57%

Haplotype ILTRN AT/IL1B =511T 1.4 (1-(2.1) 14% vs. 10% 4
Haplotype ILIRN A2/IL1B -511C 1.5(1.1-2.1) 20% vs. 14% 7
IL1RN 1.6 (1.1-2.3) 72% vs. 62% 3
IL8 A-251T 1.32 58% vs. 51% 5
IL6 1.9 (1.1-3.2) 24% vs. 14% 11
MMP-1 -1607+G 1.6 (1.1-2.4) 28% vs. 19% 10
IL4RA 2.2 7% vs. 4% 5
Glutathione Transferases* (GSTP1 lle105 > 2.8(1.1-7.2) 5% vs. 2% 3

Val, GSTT1& GSTM1)

Heme oxygenase-1 1.6 (1.0-2.3) 25% vs. 18% 10
Catalase 1.5(1.1-2.2) 30% vs. 22% 10
Nicotine Receptor (CHRNAS) 3.0 (1.2-7.6) 41% vs. 36% 4

The candidate genes are: al-ATZ = heterozygosity for the Z allele of alpha one antitrypsin; mEH = microsomal epoxide
hydrolase; B2AR = the beta 2 adrenergic receptor; IL1RN A = the interleukin 1 receptor antagonist; IL8 = interleukin 8; IL6 =
interleukin 6; MMP-1 = the matrix metalloproteinase 1; IL4R = the interleukin 4 receptor; glutathione transferases (GSTP1,
GSTT1 and GSTMT1); heme oxygenase-1; catalase; and the nicotine receptor (CHRNAS).

Other investigators have studied the same or additional genes in different cohorts of smokers for whom longitudinal lung
function data are available. These studies confirmed the contributions of variants in microsomal epoxide hydrolase, heme
oxygenase-1, and the glutathione S-transferases and have also implicated ADAM 33, cytochrome P450, and glutamate cystein
ligase (2-7).

* For microsomal epoxide hydrolase and the glutathione transferases the odds ratios, frequencies, and attributable risk pertain

to the presence of a compound genotype consisting of the presence of 2 (mEH) or 3 (glutathiones) risk alleles.

(NAS). Combined P values from all three study populations were
calculated. A SNP on chromosome 15 (rs8034191) was identified
with genome-wide significant association to COPD (P = 2 X
10719), with the same direction of association (i.e., the same risk
allele) in all three populations. There are multiple genes of interest
near the most highly associated SNP, including several subunits of
the nicotinic acetylcholine receptor (CHRNA3 and CHRNAS)
and an iron-binding protein (IREB2). Because of the extensive
linkage disequilibrium in this region, it is not possible to identify
one key candidate gene; intensive study of all of the genes from this
region will be required to identify all common variants and
to determine if rare variants also contribute to COPD suscep-
tibility. Of interest, this locus was also recently associated with lung
cancer susceptibility in three independent reports (12-14), with
peripheral vascular disease, and with nicotine addiction (15) (Table
2), suggesting that this locus may be associated with both COPD
and lung cancer by influencing smoking behavior. A study from
New Zealand has demonstrated associations of this genomic region
with both COPD and lung cancer (16), raising the possibility that
the lung cancer associations could be confounded by the frequent
co-occurrence of COPD and lung cancer.

The second GWA study of a COPD-related phenotype was
performed in 7,691 participants in the Framingham Heart Study
(17). FEV{/FVC was the primary phenotype analyzed. Four
SNPs on chromosome 4q were strongly associated with FEVy/
FVC in Framingham, and one of these SNPs was also associated
with FEV{/FVC in the Family Heart Study. Of interest, SNPs
in this same region also showed evidence for association with
COPD in the Norway case-control study, ICGN, and NETT-
NAS studies (11). Although FEV{/FVC was the primary phe-
notype analyzed in the Framingham Heart Study and Family
Heart Study, significant evidence for association to COPD
affection status was also observed in the Family Heart Study.
The most strongly associated SNP is near the gene that codes for
the hedgehog interacting protein (HHIP), but the functional
variant or variants in this region have not been identified.
Significant associations to the CHRNA3/5 region were not
observed in the Framingham population.

Although GWA studies in COPD are in their infancy, the
chromosome 4 and 15 genetic associations are the most
statistically compelling associations reported to date. Addi-
tional GWA studies of COPD and COPD-related pheno-

TABLE 2. GENOME-WIDE ASSOCIATION STUDIES WITH SIGNIFICANT ASSOCIATIONS IN THE CHROMOSOME 15 CHRNA3/5 REGION

SNP with Most

Reference Phenotype Study Population Significant Association Evidence for Association
Pillai (2009) (11) COPD Norway: 823 cases and 810 controls rs8034191 P = 0.0001
Pillai (2009) (11) COPD ICGN: 1,891 siblings in 606 families rs1051730 P=7x10°6
Pillai (2009) (11) COPD NETT-NAS: 389 cases and 472 controls rs8034191 P = 0.003
Amos (2008) (12) Lung cancer Total of 3,878 cases and 4,831 controls rs8034191 Combined P =3 x 10718
Hung (2008) (13) Lung cancer Total of 4,435 cases and 7,272 controls rs8034191 Combined P =5 X 1020
Thorgeirsson (2008) (14)  Lung cancer Total of 1,024 cases and 32,244 controls rs1051730 Combined P=2x 108
Thorgeirsson (2008) (14)  Peripheral arterial disease Total of 2,738 cases and 29,964 controls rs1051730 Combined P=1 X107
Thorgeirsson (2008) (14)  Nicotine addiction (cigarettes 15,771 subjects rs1051730 Combined P = 6 X 1 020
per day as a categorical variable)
Berrettini (2008) (17) Nicotine addiction (cigarettes 5,634 Lausanne residents 1,847 rs6495308 P = 0.0006 P = 0.009

per day)

subjects selected based on cholesterol

and triglyceride levels

Definition of abbreviations: COPD = chronic obstructive pulmonary disease; ICGN = International COPD Genetics Network; NETT-NAS = National Emphysema

Treatment Trial-Normative Aging Study; SNP = single nucleotide polymorphism.
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types may provide novel insights into COPD pathophysiol-
ogy.

GENE EXPRESSION STUDIES

Whole-genome gene expression studies of diseased lung and
airway tissue provide an opportunity to gain an unbiased
portrait of the COPD molecular landscape, offering insights
into the processes that contribute to disease pathogenesis.
While this rich molecular understanding of COPD could
ultimately enable development of novel therapeutic approaches
to target these pathogenic processes, we remain at the begin-
ning of this journey. There are presently very few whole-
genome expression studies of COPD lung tissue in humans
(18-22). Some of the initial enthusiasm for using genome-wide
gene expression in the setting of COPD has been diminished by
the apparent lack of overlap, among these early studies, for
genes differentially expressed in COPD lung tissue (21).

Two recent studies have shed some much-needed light on
the potential relationships between existing gene expression
studies of COPD lung tissue. They have attempted to overcome
the inherent challenges in integrating results from relatively
small studies that differ in inclusion/exclusion criteria, expres-
sion platform, and approaches for data analysis. Zeskind and
coworkers (23) found that there was a high degree of overlap in
the biological themes represented by the genes identified in the
individual studies. While the differentially expressed genes are
largely nonoverlapping, this study was able to use Gene Set
Enrichment Analysis (GSEA) (24) to demonstrate that the
gene-expression results from each paper share fundamental
similarities. In a recently published study, Bhattacharya and
colleagues (22) identified 220 genes whose expression in lung
tissue was associated with COPD-related phenotypes in a cohort
of 56 subjects with and without COPD. Importantly, they
showed that a subset of these transcripts could serve as a bio-
marker distinguishing lung tissue from smokers with severe
COPD versus mild or no COPD in a previously published gene-
expression dataset (18) (Figure 1).

One exciting development has been the study of airway
epithelial gene expression profiles in smokers with and without
COPD. This work has been motivated by the concept that
smoking creates a “field of molecular injury” in epithelial cells
lining the entire respiratory tract, and that airway epithelial
gene expression reflects host response to, and damage from,
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Figure 1. Hierarchical clustering of the
lung tissue samples from the Spira and
coworkers (18) study according to the
expression of an 84 probeset biomarker
derived from the study of Bhattacharya
and colleagues (22). Dendogram of the
samples from the study by Spira and
coworkers is shown. The biomarker
genes derived from the Bhattacharya
study are able to accurately distinguish
severe chronic obstructive pulmonary
disease versus normal lung tissue in that
independent cohort. Reproduced by per-
mission from Reference 22.
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cigarette smoke (25-27). Heterogeneity in this expression
pattern has been associated with tobacco-associated lung cancer
(28, 29) and may provide insights into COPD-related processes.
Pierrou and coworkers (30, 13) identified 200 oxidative stress-
related genes that were differentially expressed in the bronchial
airways between smokers with and without COPD. More
recently, Tilley and colleagues (31) demonstrated that several
Notch ligands, receptors, and downstream effector genes are
down-regulated in the small airways (10th-12th generation) of
smokers with COPD. Interestingly, Pierrou and coworkers
found that a sizable fraction of the genes with COPD-specific
patterns of differential expression in the airway were also
differentially expressed in a previously published COPD lung
tissue dataset (18). The ability to identify COPD-related pro-
cesses in airway gene expression raises the possibility of de-
veloping airway biomarkers that could be used clinically to
identify smokers at higher risk for developing disease as well as
to serve as intermediate biomarkers of efficacy for novel and
existing COPD therapies.

While there have been relatively few whole-genome expres-
sion studies of lung tissue and airways in COPD, some common
themes are emerging across datasets to offer insights into
disease pathogenesis. Larger studies on well-characterized
cohorts of smokers with and without COPD using newer gen-
erations of microarrays and sequencing technology are needed
to overcome many of the limitations of these early studies.
Integration of these transcriptomic studies with whole-genome
microRNA, methylation, and genotyping studies will ultimately
yield a comprehensive molecular atlas of COPD.
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