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Familial aggregation of chronic obstructive pulmonary disease
(COPD) has been demonstrated, suggesting that genetic factors
likely influence the variable development of chronic airflow obstruc-
tion inresponse to smoking. A variety of approaches have been used
to identify novel COPD susceptibility genes, including association
studies, linkage analysis, and rare variant analysis. Future directions
for COPD research include genomewide association studies and
animal model genetic studies.
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Although cigarette smoking is clearly the major environmental
risk factor for the development of chronic obstructive pulmonary
disease (COPD), several lines of evidence strongly suggest that
genetic factors influence COPD susceptibility as well. First, there
is marked variability in the development of chronic airflow
obstruction among cigarette smokers (1, 2). Second, studies per-
formed in families and in twins who were not selected for respira-
tory problems have demonstrated familial aggregation of spiro-
metric measures, suggesting that genetic factors influence variation
in pulmonary function (3, 4). Third, studies in families of COPD
cases have found higher rates of airflow obstruction in first-degree
relatives of patients with COPD compared with control subjects,
implicating genetic determinants in COPD (5, 6). Fourth, severe
ay-antitrypsin deficiency is a proven genetic determinant of
COPD in a small fraction of COPD cases. Although it does not
account for most COPD cases, a;-antitrypsin deficiency does
demonstrate that genetic factors can influence the development
of COPD.

This review discusses the approaches that can be used to
identify the genetic determinants of a complex disease like
COPD, and the progress that has been made in the application
of each of these approaches to COPD genetic research.

APPROACHES TO THE IDENTIFICATION OF COPD
SUSCEPTIBILITY GENES

The completion of the Human Genome Project, the catalog of
common human genetic variation from the HapMap project,
and technological advances in single nucleotide polymorphism
(SNP) genotyping, expression array analysis, and DNA sequenc-
ing have provided an impressive array of tools to use in the
search for complex disease susceptibility genes. However, the
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identification of susceptibility genes for complex diseases like
COPD, which are likely influenced by multiple genetic factors,
multiple environmental factors, as well as gene-by-gene and gene-
by-environment interactions, remains challenging. As listed in
Table 1, there are currently seven major approaches that could be
used to identify COPD susceptibility genes. The most commonly
applied approach is to select a candidate gene from known or
suspected COPD pathophysiology, and to test genetic variants
within that gene for association to COPD—typically in cases
versus controls. Genomewide linkage analysis could also be per-
formed to identify the general locations of COPD susceptibility
genes, followed by association analysis with assessment of the
following: (1) positional candidate genes from COPD patho-
physiology, (2) positional candidate genes selected from gene
expression studies, or (3) dense SNP panels across regions of
linkage. Rare variant analysis involves systematically searching
for all variants in a gene of interest, often followed by functional
studies. Although not yet published in COPD, animal model
genetic analysis and genomewide association analysis have great
potential to assist in COPD susceptibility gene identification.

GENETIC ASSOCIATION ANALYSIS OF
PATHOPHYSIOLOGIC CANDIDATE GENES

A reasonably large number of COPD genetic association studies
have compared the distribution of variants within candidate
genes selected based on COPD pathophysiology in COPD cases
versus control subjects (summarized in Reference 7). For exam-
ple, the risk for COPD among PI MZ heterozygotes at the
ay-antitrypsin (SERPINAT) locus remains controversial. As con-
firmed in a recent meta-analysis (8), comparisons of COPD cases
versus control subjects have typically found an increased risk
for COPD among PI MZ subjects, whereas population-based
studies of pulmonary function values have usually reported simi-
lar FEV, values in PI MZ and PI M subjects. The basis for these
inconsistencies remains unresolved, but it is possible that a subset
of PI MZ subjects are at increased risk for COPD due to addi-
tional genetic modifiers. Variants in other candidate genes have
also been studied in COPD case-control genetic association stud-
ies, and variants in several candidate genes have been significantly
associated with COPD in multiple studies, including glutathione
S-transferase P1 (GSTP1) (9, 10), glutathione S-transferase M1
(GSTM1) (11, 12), ay-antichymotrypsin (SERPINA3) (13, 14),
surfactant protein B (SFTPB) (7, 15), tumor necrosis factor o
(TNFa) (16, 17), microsomal epoxide hydrolase (EPHX1) (18, 19),
and vitamin D binding protein (GC) (20, 21). However, the evi-
dence supporting these associations has not been consistent;
potential contributors to inconsistent replication include genetic
heterogeneity between different study populations, phenotypic
differences between study populations (both the criteria used
to define cases and control subjects and the relative proportions
of different COPD subtypes), population stratification (typically
related to differences in genetic ancestry between cases and
control subjects), multiple statistical testing (testing many genetic
variants and/or many phenotypes and not properly adjusting the
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TABLE 1. APPROACHES TO IDENTIFY NOVEL CHRONIC OBSTRUCTIVE PULMONARY DISEASE SUSCEPTIBILITY GENES

Approach

Status Reference

Association analysis of pathophysiologic
candidate genes

Linkage analysis followed by association analysis
of pathophysiologic candidate genes

Linkage analysis followed by association analysis
of gene expression candidate genes

Linkage analysis followed by dense fine mapping

Rare variant analysis

Animal model quantitative trait locus analysis
followed by association analysis in humans

Genomewide association analysis

Not yet reported

Not yet reported
Not yet reported

Widely performed, but results have been inconsistent
Not widely performed; TGFB1 has been reported
Not widely performed; SERPINE2 has been reported

Not widely performed; elastin variant has been reported

Hersh and colleagues, 2005 (7)

Celedon and colleagues, 2004 (27)
DeMeo and colleagues, 2006 (30)
Kelleher and colleagues, 2005 (34)

Shapiro and colleagues, 2004 (40)

level of statistical significance), small sample sizes, and random
error (22).

In an effort to determine if some of the previously reported
significant genetic associations to COPD susceptibility could be
confirmed, Hersh and colleagues assessed 29 variants in 12 candi-
date genes for COPD in both a family-based study of extended
pedigrees ascertained through severe, early-onset COPD pro-
bands (949 members of 127 extended pedigrees in the Boston
Early-Onset COPD Study) and a case-control study (304 COPD
cases from the National Emphysema Treatment Trial [NETT]
and 441 smoking control subjects with normal spirometry from
the Normative Aging Study [NAS]) (7). A nonsynonymous SNP
in SFTPB (Thr131Ile) was associated with airflow obstruction
in Boston Early-Onset COPD Study families, but this SNP was
only associated with COPD in the case-control study when a
gene-by-smoking interaction term was included. Different alleles
at a short tandem repeat (STR) marker in heme oxygenase 1
(HMOX1) were associated with airflow obstruction in Boston
Early-Onset COPD Study families and with COPD in NETT
cases versus NAS control subjects. None of the 27 other genetic
variants showed significant evidence for replication across the two
studies. Thus, none of the previously associated genetic variants
was replicated in a compelling fashion. A variety of potential
factors could contribute to inconsistent replication in this study,
including phenotypic differences in the Boston Early-Onset
COPD Study (qualitative and quantitative airflow obstruction
measurements) and NETT-NAS (presence vs. absence of
COPD); the unique nature of the early-onset COPD cases, who
could have a different genetic basis for COPD; and assessment
of only a limited number of SNPs in each candidate gene.

LINKAGE ANALYSIS FOLLOWED BY ASSOCIATION
ANALYSIS OF POSITIONAL PATHOPHYSIOLOGIC
CANDIDATE GENES

Thus far, the only published genetic linkage analyses in COPD
have been performed in the Boston Early-Onset COPD Study.
Genomewide linkage analysis was performed in 585 members
of 72 extended pedigrees with 377 STR markers (23-26). Both
qualitative and quantitative COPD-related phenotypes were
analyzed. Post-bronchodilator quantitative spirometric pheno-
types, which were available for 560 subjects, provided increased
LOD scores in several genomic regions compared with pre-
bronchodilator spirometric phenotypes (25). Post-bronchodilator
spirometric phenotypes may provide stronger evidence for link-
age because day-to-day variability in the level of bronchocon-
striction is reduced by uniformly analyzing spirometric values
after B,-agonist treatment.

Genome-scan linkage analysis of quantitative spirometric
phenotypes was performed with multipoint variance component

linkage analysis [using Sequential Oligogenic Linkage Analysis
Routines (SOLAR)] for the quantitative post-bronchodilator
phenotypes FEV, and FEV,/FVC, with covariates including pack-
years of smoking (24). Post-bronchodilator FEV, was linked to
multiple regions, most significantly to markers on chromosome
8p (LOD = 3.30) and 1p (LOD = 2.24). Post-bronchodilator
FEV/,/FVC was also linked to multiple regions, most significantly
to markers on chromosome 2q (LOD = 4.42) and 1p (LOD =
2.52).

After the initial genome-scan linkage analysis, flanking STR
markers were genotyped to increase the information available
for linkage. In addition, linkage analysis in smokers only, which
included a smaller number of subjects but selected for genetic
determinants influenced by gene-by-smoking interactions, was
performed (26, 27). The combination of flanking STR markers
and smoking stratification provided stable to increased evidence
for linkage on chromosomes 2q, 12p, and 19q.

Of interest, Malhotra and colleagues also performed genome-
scan linkage analysis of spirometric measurements in a sample
of 264 individuals from 26 extended pedigrees from the Centre
d’Etude du Polymorphisme Humain (CEPH) project who were
not selected for any respiratory disease (28). They found sugges-
tive evidence for linkage of FEV,/FVC to chromosome 2q, in a
similar region to the significant FEV,/FVC linkage reported in
the Boston Early-Onset COPD Study.

The initial approach to susceptibility gene identification
within these linked regions involved inspecting the regions for
candidate genes previously implicated in COPD pathophysiol-
ogy. TGFB1 (transforming growth factor 1), a reasonable
pathophysiologic candidate gene for COPD, which has been
associated with COPD in one previously reported case-control
genetic association study (29), is located within the region of
suggestive linkage to FEV, on chromosome 19q. Initially, five
TGFB1 SNPs were genotyped in 949 individuals from 127 pedi-
grees in the Boston Early-Onset COPD Study. Using family-
based association analysis with the pedigree-based association
test (PBAT) program, one SNP in the promoter region of
TGFB1 and two SNPs in the 3’ genomic region of TGFB1 were
significantly associated with pre- and post-bronchodilator FEV,
(p < 0.05). Among 304 COPD cases from NETT and 441 smok-
ing control subjects from the NAS, two SNPs in the promoter
region of TGFB1 and one SNP in exon 1 of TGFB1 were signifi-
cantly associated with COPD (p < 0.02 in all cases) (27). Only
one promoter SNP replicated across both study designs and a
functional variant has not been confirmed in every population—
although the exon 10 SNP remains a viable candidate variant.
Thus, genetic variants in the TGFB1 gene may influence the
pathogenesis of COPD among cigarette smokers.
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LINKAGE ANALYSIS FOLLOWED BY ASSOCIATION
ANALYSIS OF GENE EXPRESSION CANDIDATES

An alternative strategy for selecting candidate genes within a
linkage region is to use gene expression information in relevant
tissues; our research group has used this approach to prioritize
candidate genes within the chromosome 2q linkage region identi-
fied in the Boston Early-Onset COPD Study (30). Assessment of
gene expression in murine lungs during development identified
three genes syntenic to the chromosome 2q linkage region
that had markedly increased expression; one of these genes,
SERPINE?2 (also known as serine proteinase inhibitor clade E,
member 2 or protease nexin 1), also showed significant negative
correlations with diffusing capacity of carbon monoxide (Do)
and FEV, and positive correlations with total lung capacity (con-
sistent with COPD), in a set of emphysematous and normal lung
tissues assayed by Dr. A. Spira and colleagues. Therefore, we
investigated the genetic association of a panel of 48 SERPINE2
SNPs with COPD-related phenotypes in 949 individuals from
127 pedigrees in the Boston Early-Onset COPD Study under
an additive mode of inheritance. In models that included an
interaction term to capture SNP-by-smoking (gene-by-environ-
ment) effects in the PBAT program, 18 SNPs in SERPINE2
demonstrated significant association with quantitative and/or
qualitative spirometric phenotypes (p < 0.05).

We attempted to replicate the family-based associations for
SERPINE?2 in a case-control analysis using 304 NETT cases and
441 NAS smoking control subjects, as for TGFBI1. In the case-
control association analysis, seven SERPINE2 SNPs demon-
strated significant association with p < 0.05, including five of
the SNPs that were significantly associated in the family-based
analysis. Using a sliding window approach, we analyzed adjacent
6, 4, and 2 SNP haplotypes, and localized the most significant
association (p < 0.01) to a haplotype of two SNPs (rs6747096
and rs3795879), which are located in exon 3 and at the boundary
of exon 3, respectively. None of the significantly associated
SERPINE2 SNPs has an obvious potentially functional effect,
such as an amino acid sequence change or an exon/intron bound-
ary disruption. Thus, it is likely that the functional variant or
variants in or near SERPINE? are in linkage disequilibrium with
the significantly associated SNPs. Although additional studies
will be required to determine whether SERPINE2 can be con-
firmed as a COPD susceptibility gene, the approach of inter-
secting gene expression and genetic linkage results to select
candidate genes for further study does appear to be promising.

RARE VARIANT ANALYSIS

Although linkage and association analysis approaches can be
very useful tools in the identification of common genetic determi-
nants of complex diseases, they are typically unable to identify
rare genetic determinants of such conditions. The relative impor-
tance of common versus rare genetic variants in complex diseases
remains unclear; however, it is certainly possible that rare genetic
variants could play a major role in the genetic architecture of a
complex disease like COPD.

One approach to identify rare genetic determinants of a com-
mon disease is to select a rare monogenic syndrome that has the
complex disease as a component of its syndrome constellation. In
COPD, cutis laxa, a rare genetic syndrome related to improper
elastic fiber processing, may serve this role: emphysema in child-
hood and adolescence often occurs in cutis laxa (31). Several
cases of cutis laxa relate to frameshift mutations in the distal
part of the elastin gene (32, 33). Therefore, our research group,
in collaboration with Drs. Kelleher and Mecham, resequenced
the distal six exons of the elastin gene in 116 severe, early-onset
COPD cases from the Boston Early-Onset COPD Study (34).
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A single early-onset COPD proband with a mutation in the
first base of the last exon of elastin was identified. This variant,
which led to a substitution of aspartic acid for glycine in a highly
conserved amino acid residue of elastin, showed reasonable but
not complete concordance with airflow obstruction in the ex-
tended pedigree of this early-onset COPD individual. This vari-
ant was found in 1.2% of NETT COPD cases, confirming that it
is not a private mutation to that one early-onset COPD pedigree.
However, this variant was also found in 0.6 % of control subjects,
so the importance of this variant for COPD susceptibility could
not be confirmed by genetic association studies. Functional anal-
ysis did confirm that this variant interferes with normal elastic
fiber assembly, demonstrating the importance of functional anal-
ysis of rare variants identified by genetic approaches.

An alternative approach for identifying rare variants in a
complex disease is to identify the total number of rare variants
found within a particular candidate gene in case versus control
subjects; if rare deleterious mutations can cause the condition
of interest, a higher frequency of rare variants will be observed
in case subjects (35). This approach has not yet been reported
in COPD.

FUTURE DIRECTIONS

Although some progress has been made in COPD genetics, there
are many areas that require more investigation. Additional link-
age studies will be required to identify genomic regions that
likely contain COPD susceptibility genes, and association analy-
sis of densely genotyped SNPs within linkage regions will likely
be required to identify novel COPD susceptibility genes within
those regions. Novel phenotypes will likely also be essential
in the identification of COPD genetic determinants, including
biomarkers of the pathophysiologic processes involved in COPD
and radiologic assessment to separate the components of emphy-
sema and airway disease.

Animal models of COPD have been essential in identifying
key pathways for the pathogenesis of COPD. The use of gene-
targeted (“knockout”) and transgenic mice has been especially
powerful. For example, matrix metalloproteinase-12 (MMP12)
knockout mice are protected from emphysema development in
a cigarette smoke model (36), and transgenic mice overexpress-
ing the cytokine interleukin 13 (IL-13) in the adult lung devel-
oped emphysema, mucus metaplasia, and inflammation, a pheno-
type similar to human COPD (37).

However, animal model genetics, which attempts to identify
the genetic variants responsible for differential susceptibility
between murine strains, has not been widely studied in COPD.
Such approaches have the potential to lead to progress in COPD
genetics. Guerrasimov and colleagues have demonstrated that
there are substantial differences among murine strains in emphy-
sema susceptibility in response to cigarette smoke exposure (38).
These differences could be exploited in crosses among these
strains in classical quantitative trait locus analysis, or by bioinfor-
matic comparisons of SNP maps between susceptible and resis-
tant strains.

There is currently a great deal of excitement within the genet-
ics community regarding the potential of genomewide associa-
tion analysis (39). Rather than limiting association analysis to a
candidate gene or linked region, such genomewide approaches
will involve genotyping 300,000 to 500,000 SNPs across the ge-
nome to identify genomic regions in linkage disequilibrium with
the disease of interest. Multiple levels of replication will likely
be required to overcome the multiple statistical testing challenge
of genomewide association, but this approach may lead to impor-
tant new insights into COPD pathogenesis.
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