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This article reviews the genomic research to date and offers a vision for the future of integrative genomic
research in COPD.
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1. Introduction

Chronic obstructive pulmonary disease (COPD) is the third lead-
ing cause of death worldwide, accounting for an estimated 3 mil-
lion deaths in 2010 [1]. COPD is a complex disease with both
genetic and environmental determinants, the most important of
which is cigarette smoking. However, only a minority of smokers
develop COPD, and there is significant variability in lung function
across smokers with similar cigarette exposure histories [2]. Some
of this heterogeneity in the development of COPD is likely a result
of genetic variation. A known genetic risk factor for COPD is severe
op-antitrypsin (AAT) deficiency, which is the result of mutations in
the SERPINA1 (serpin peptidase inhibitor A1) gene [3,4]. AAT
deficiency accounts for approximately 1% of COPD cases and thus
is an insufficient genetic factor to account for the heterogeneity
in COPD [4].

The complex genetic component of COPD was elucidated
through linkage analysis and familial aggregation studies [5]. In
previous decades, a series of candidate gene association studies
tested genes felt to be important in the COPD pathogenesis. As
candidate gene studies by design focused on genes with known
potential relationship with COPD pathogenesis, they had no ability
to identify novel COPD susceptibility regions. The advent of gen-
ome wide association studies (GWAS) allowed for examinations
of hundreds of thousands to millions of single nucleotide polymor-
phisms (SNPs) across the genome. Since 2009, GWAS have revealed
replicable statistical associations for COPD. GWAS have also dis-
covered loci related to lung function, emphysema, and other COPD
phenotypes (Table 1). Despite the success of GWAS, a large portion
of the heritability — the phenotypic variability that is attributable
to genetics - remains unexplained [6,7]. “Missing heritability” is
not a unique feature for COPD and is a problem across all complex
diseases [8]. There are many proposed explanation for the missing
heritability in COPD and other diseases, and additional genomic
research, including the integration of distinct sources of genomic
data, is required.

Silverman and Loscalzo describe three generations of genomics
studies (Fig. 1) [9]. First generation studies examine the association
between genetic variants and disease phenotype. This concept can
be broadened to include any association studies that use a single
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Genetic
Variants

Second Generation Genetic Studies

Genetic
Variants

Third Generation Genetic Studies

Genetic

Variants

Single
-Omics Data
Type

Proteomics

Metabolomics

Table 1
Phenotypes for COPD genomics studies.

COPD diagnosis

Pulmonary function tests
Spirometry
Forced expiratory volume in 1 s (FEV,)
Ratio of FEV; to forced vital capacity
Decline in lung function
Global initiative for chronic obstructive lung disease (GOLD) stages [114]
Stages 1-4, from least to most severe, based on FEV;% predicted
Lung volumes
Diffusing capacity for carbon monoxide

Emphysema on chest computed tomography (CT) scans
Visual assessment
Quantitative image analysis
Emphysema pattern based on local histogram analysis

Airway disease on chest CT scans

Symptoms
Chronic bronchitis
Acute exacerbations

Physiologic impairment
Blood oxygen levels
Exercise capacity

Systemic effects
Body mass index
Co-morbidities

COPD subtypes
COPD-asthma overlap syndrome
Machine learning subtypes

omics technology, e.g., microarray expression profiling. Second
generation studies examine associations between two different
types of omics data, such as GWAS and gene expression profiling,
and aim to correlate the results to disease. Third generation studies
utilize multiple omics data types, combined using network meth-
ods, and address not only a disease as a whole, but also consider
disease subtypes. This article will review the COPD genomics stud-
ies to date, which have largely fallen into the first generation cat-
egory. We will discuss the early progress in integrative genomics
studies, which represent the second generation. Future second
generation and eventually third generation network medicine
studies have the potential to unveil the underlying biology of

Low Power To
Detect Associations

Disease

i Disease

Disease

Subtypes

Fig. 1. Three generations of genomic studies, described by Silverman and Loscalzo [9]. Figure reproduced with permission.
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COPD, which will lead to improved definition of molecular disease
subtypes and potentially novel therapeutic strategies.

2. Genomewide association studies in COPD

GWAS of COPD affection status (Table 2) have found seven risk
loci, which are detailed in the next sections.

3. Chromosome 15q25: CHRNA3/CHRNA5/IREB2

The first COPD GWAS was reported in 2009 by Pillai et al. [10].
This GWAS used the GenKOLS study in Bergen, Norway [11] as
the discovery population and a staged replication approach in a
large family-based study, the International COPD Genetics Network
(ICGN) [11,12] and a case-control population from the National
Emphysema Treatment Trial (NETT) [13] and the Normative Again
Study (NAS) [14]. The result of the second and final phase of repli-
cation was the identification of two SNPs at the chromosome 1525
locus reaching genome-wide significance (p value <5 x 10~8). This
initial COPD GWAS is not the only study to implicate the 1525
locus as potentially important in COPD susceptibility.

A candidate gene study in 2009 by DeMeo et al. found associa-
tions with the iron responsive element binding protein 2 (IREB2)
gene in the chromosome 15925 locus [15]. The authors selected
candidate genes based lung tissue gene expression data [16]. SNPs
were genotyped in a case-control population with subsequent rep-
lication in two family studies. The authors additionally demon-
strated localization of the IREB2 protein to the cilial border of
human lung epithelial cells.

Chromosome 1525 is a complex locus in its association with
COPD. It encodes a family of nicotinic cholinergic receptors includ-
ing nicotinic cholinergic receptors o3 and o5 (CHRNA3 and
CHRNAS), which have been associated with smoking behaviors
[17-20]. Siedlinski et al. used a statistical technique called media-
tion analysis to determine that the effect of variants in CHRNA3/5
appeared to largely be mediated by smoking [21]. In contrast, a
variant at IREB2 was associated with COPD independent of smok-
ing. This study suggests that although some of the association of
the 15925 locus with COPD affection status may be driven by nic-
otine dependence, there are likely associations of IREB2 with COPD
independent of smoking.

4. Chromosome 4q31: HHIP

In addition to finding risk loci at CHRNA3/5, Pillai et al.
identified SNPs in hedgehog interacting protein (HHIP) that were
consistently replicated, yet failed to reach a genome-wide signifi-
cance level [10]. In a companion GWAS by Wilk et al., SNPs near
the HHIP region were found to be associated with lung function
in the general population from the Framingham Heart Study [22].
Another lung function GWAS reported a genome-wide significant
association of HHIP with the ratio for forced expiratory volume
in one second (FEV,) to forced vital capacity (FVC) in a

Table 2
COPD case-control genomewide association studies.
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meta-analysis of 20,890 subjects of European descent [23]. A sep-
arate lung function GWAS found genome-wide significant associa-
tions of the 4q31 locus with both FEV; and FEV,/FVC ratio in two
large populations (>20,000 subjects) of European ancestry [24].
The consistent statistical association of the HHIP locus with lung
function traits in multiple general population GWASs increased
confidence in its role in COPD susceptibility.

After confirming the association in Polish case-control study of
severe COPD, Zhou et al. demonstrated reduced HHIP expression at
the mRNA and protein levels in COPD lung tissues [25]. The inves-
tigators then demonstrated long-range regulation of HHIP by a
genomic region ~85 kb upstream that acted as an enhancer. This
upstream HHIP enhancer region contained SNPs previously identi-
fied to be associated with COPD through GWAS. One SNP in the
upstream enhancer region demonstrated increased binding of
Sp3 which acts as a transcriptional repressor, consistent with the
reduced HHIP expression. In a follow-up paper, the authors per-
formed microarray expression analysis following in vitro silencing
of HHIP using short hairpin RNAs. The differentially expressed
genes were functionally enriched for extracellular matrix and cell
proliferation pathways [26].

5. Chromosome 4q22: FAM13A

In a 2010 study, Cho et al. reported association with the gene
family with sequence similarity 13, member A (FAM13A) on chro-
mosome 4q22 in a meta-analysis of COPD cases and controls from
the GenKOLS and NETT-NAS studies along with subjects from the
Evaluation of COPD Longitudinally to Identify Predictive Surrogate
Endpoints (ECLIPSE) study [27,28]. Although the top two FAM13A
SNPs were not strictly genomewide significant, the association of
these SNPs with COPD was replicated by genotyping in 502 cases
and 504 controls from the Genetic Epidemiology of COPD
(COPDGene) Study [29] as well as genotyping in 2859 subjects in
the family-based ICGN study. The FAM13A locus was also found
to be associated with FEVy, an important marker of disease severity
in COPD, in these studies along with the Boston Early-Onset COPD
Study [30]. The FAM13A locus is one of the most consistently
replicated COPD genetic associations (Table 2). However, the func-
tional implications of FAM13A and its role in COPD pathogenesis
remain to be determined.

6. Chromosome 19q13

Cho et al. performed a subsequent GWAS of four study popula-
tions, including NETT-NAS, GenKOLS, ECLIPSE, and the first 1000
subjects from the COPDGene study [31]. The meta-analysis
resulted in a novel association at the chromosome 19q13 locus
which encompasses the genes RAB4B, member RAS oncogene fam-
ily (RAB4B), egl-9 family hypoxia-inducible factor 2 (EGLN2) and
cytochrome P450, family 2, subfamily A, polypeptide 6 (CYP2A6),
the last of which had been previously associated with smoking
behavior [18,32]. It is thus reasonable to assume that part of the

Study Cases Controls Novel loci Replicated loci

Pillai [10] 823 810 CHRNA3/CHRNA5/IREB2, HHIP

Cho [28] 2940 1380 FAM13A CHRNA3/CHRNA5/IREB2, HHIP

Cho [31] 3499 1922 Chromosome 19q13 CHRNA3/CHRNA5/IREB2, HHIP, FAM13A
Wilk [38] 3368 29,507 HTR4 CHRNA3/CHRNA5/IREB2

Cho [7] 6633 5704 RIN3 CHRNA3/CHRNAS5/IREB2, HHIP, FAM13A
Cho (severe COPD) [7] 3125 1468 MMP12, TGFB2 CHRNA3/CHRNA5/IREB2, HHIP, FAM13A

" Previously identified as a lung function locus [23,24].
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association with the 19q13 locus acts through cigarette smoking
behavior. However, the specific susceptibility gene(s) in the locus
and the functional effects of that gene or genes have yet to be
clarified.

7. Chromosome 14q32: RIN3

The most recent COPD GWAS included approximately 10,000
subjects from the COPDGene study as well as a meta-analysis of
prior GWAS results across the NETT-NAS, ECLIPSE, and GenKOLS
studies [7]. In total, 6633 COPD cases were included, making it
the largest COPD GWAS to date. In addition to replication of the
associations at chromosome 15q25, FAM13A, and HHIP, the
authors discovered a SNP at the 14q32 locus near Ras and Rab
interactor 3 (RIN3) to be significantly associated with COPD. The
consistently replicated results across these three COPD GWAS
publications is not surprising, since they included many of the
same study populations and used a consistent, objective definition
of COPD based on lung function tests.

8. Chromosome 11q22: MMP12

In a mouse model, Hautamaki et al. demonstrated that the
absence of matrix metallopeptidase 12 (MMP12, also known as
macrophage elastase) protected against cigarette-smoke induced
emphysema, demonstrating the importance of this gene [33]. A
candidate gene study by Hunninghake et al. helped to strengthen
the MMP12 relationship to COPD susceptibility [34]. A SNP in the
MMP12 promoter region was associated with increased lung func-
tion and a reduced risk of the development of COPD in three pop-
ulations. Ishii et al. illustrated the inverse relationship of MMP12
mRNA expression levels in alveolar macrophages with a measure
of airflow obstruction, the FEV;/FVC ratio [35].

Statistical validation of MMP12 locus association with COPD at
a population level was provided in the 2014 COPD GWAS, which
included a GWAS of severe COPD with cases defined FEV, < 50%
predicted [7]. The severe COPD GWAS meta-analysis also con-
firmed prior COPD associations with the 15q25, FAM13A, and HHIP
loci. MMP12 is an attractive candidate in COPD pathogenesis with
congruency in laboratory, candidate gene, and GWAS data
suggesting variants at the MMP12 locus are protective against
the development of COPD.

9. Chromosome 1q41: TGFB2

In the severe COPD GWAS meta-analysis, the transforming
growth factor B2 (TGFB2) locus nearly reached genomewide signif-
icance [7]. When severe COPD subjects from the ICGN study were
added, the meta-analysis p-value became genomewide significant.
Although TGFB2 had not previously been associated with COPD, a
SNP in TGFB2 was associated with the FEV;/FVC in a general
population GWAS [36].

10. GWAS of pulmonary function

Lung function GWAS have provided valuable information about
the genetic architecture of the primary determinants of a diagnosis
of COPD, the FEV, and the FEV,/FVC ratio, as measured by spirom-
etry testing [22-24,36]. The lung function GWAS have typically
been better powered than COPD GWAS not only due to the use
of quantitative rather than binary traits, but also due to the larger
sample size inherit to population based studies. One disadvantage
is that population based studies likely have a greater heterogeneity
of smoking status than studies designed to expressly to assess
COPD. Despite this, lung function GWAS have been instrumental

in the replication and independent confirmation of many COPD
susceptibility loci.

Hancock et al. specifically addressed the influence of smoking
by performing a genome-wide joint meta-analysis of SNP and
SNP-by-smoking interaction effects in over 50,000 subjects from
19 studies [37]. They found three loci associated with FEV; and
FEV:/FVC which had not been identified in previous lung function
GWAS, including delta/notch-like EGF repeat containing (DNER,
chromosome 2), major histocompatibility complex, class II, DQ
B1 and o2 (HLA-DQB1 and HLA-DQA2, chromosome 6), and potas-
sium inwardly-rectifying channel, subfamily J, member 2 and sex
determining region Y-box 9 (KCNJ2 and SOX9, chromosome 17).

Wilk and colleagues defined COPD subjects with reduced lung
function in 15 general population samples [38]. They confirmed
the association with SNPs in the chromosome 1525 locus, with
some continued evidence of association when restricted to never
smokers. They also found an association with airflow obstruction
in the gene 5-hydroxytryptamine (serotonin) receptor 4 (HTR4),
which had been previously associated with FEV;/FVC ratio [23,24].

COPD may be characterized by accelerated lung function
decline. Hansel et al. performed a GWAS of 5-year change in
FEV; in over 4000 subjects with mild-to-moderate COPD from
the Lung Health Study [39]. Interestingly, the associated loci -
ankyrin 3 (ANK3) and transmembrane protein 26 (TMEM26) on
chromosome 10 and forkhead box A1 (FOXA1) on chromosome
14 - did not overlap with previous GWAS of COPD or cross-
sectional lung function. The only other GWAS of lung function
decline was performed in subjects with asthma [40].

11. GWAS of additional COPD phenotypes

Outside of COPD affection status and lung function, GWAS of
related phenotypes in COPD may help explain the genetic architec-
ture of COPD heterogeneity (Table 1). For example, patients with
similar degrees of airflow obstruction may have different amounts
of emphysema, pathologic destruction of lung tissue [41]. GWAS
focusing on emphysema may reveal unique genomic loci contrib-
uting to emphysema susceptibility. Similarly, other COPD pheno-
types can be interrogated to determine genetic susceptibility to a
variety of disease presentations.

One of the oldest recognized clinical COPD phenotypes is the
presence of a chronic productive cough, which is referred to as
chronic bronchitis. Dijkstra and colleagues performed a GWAS
meta-analysis in a total of 2704 subjects with chronic bronchitis
with or without airflow obstruction (which they termed chronic
mucus hypersecretion) and 7624 controls, finding an association
with an intronic SNP in the SATB homeobox 1 (SATB1) transcrip-
tion factor [42]. The SNP was shown to effect SATB1 expression
levels in lung tissue. In addition, SATB1 expression was increased
in airway biopsies of subjects with mucus hypersecretion.

Besides chronic bronchitis, the other classic COPD phenotype is
emphysema. Kong et al. performed a GWAS of both visual and
quantitative emphysema assessments on chest computed tomog-
raphy (CT) scans from 2380 COPD subjects across three cohorts
[43]. There was a genome-wide significant association between
variants in the bicaudal D homolog 1 (BICD1) gene and visual
emphysema severity. The quantitative assessment of emphysema
yielded no significant associations.

A recent emphysema GWAS by Manichaikul et al. examined the
quantitative chest CT emphysema measurements in multiple eth-
nic groups from the general population MESA study (including
non-Hispanic whites, African Americans, Hispanics, and Chinese)
and discovered two genome-wide significant SNPs in or near the
genes small nuclear ribonucleoprotein polypeptide F (SNRPF) and
palmitoyl-protein thioesterase 2 (PPT2) [44]. It remains to be seen
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whether genetic variation related to subclinical emphysema in the
general population may overlap with genes associated with
emphysema in COPD.

Cachexia has long been associated with the end stages of COPD,
and low body-mass index (BMI) has been validated as an indepen-
dent risk factor for more severe emphysema and airflow obstruc-
tion as well as increased mortality in COPD patients [45-47]. Not
only does low BMI have implications for COPD outcomes, but also
represents a unique phenotype within the heterogeneity of COPD
presentation and may have a genetic susceptibility. Wan et al.
performed a GWAS of BMI in COPD subjects and discovered an
association with an intronic SNP in the fat mass and obesity-
associated (FTO) gene [48], which has previously been associated
with BMI in the general population [49].

Another clinically-relevant COPD phenotype is the overlap of
asthma and COPD, a phenotype for which Hardin and colleagues
recently performed an epidemiology study and GWAS [50].
Approximately 12% of COPD subjects in the COPDGene study had
a physician’s diagnosis of asthma along spirometry-defined COPD.
In the GWAS of asthma-COPD overlap subjects compared to sub-
jects with COPD alone, no SNPs had a p-value for association meet-
ing genome-wide significance; however, the most significant SNPs
were in the G protein-coupled receptor 65 (GPR65) on chromo-
some 14. GPR65 plays a role in eosinophil activation and thus is
a plausible candidate gene for the development of the asthma-
COPD overlap syndrome.

Hypoxemia is a concerning COPD complication with variable
presentation in the late stages of COPD. McDonald et al. performed
a GWAS of resting oxygen saturation in COPD [51]. Within African
American subjects but not in non-Hispanic white subjects, there
was a genome-wide significant association of resting oxygen satu-
ration with two loci, on chromosome 14 and 15. These loci con-
tained genes in the hedgehog and TGF-B pathways, which have
been previously implicated in COPD pathogenesis. This study of
resting oxygen saturation in COPD subjects demonstrated not only
the utility of GWAS in COPD phenotypes, but also highlighted the
importance of genetic association studies in multiple racial
populations given a variability of results between races. Ongoing
and future studies will investigate additional COPD phenotypes
to search for novel associations with the various clinical features
and comorbidities within COPD (Table 1).

12. Genomewide gene expression studies in COPD

Gene expression microarray studies allow genomewide assess-
ment of transcriptional activity as a means of exploring the bio-
logic pathways involved in COPD pathogenesis. Unlike germline
SNPs, gene expression profiles demonstrate tissue-specificity. This
section will review gene expression profiling studies performed in
respiratory and non-respiratory tissues, including lung paren-
chyma, airways, and peripheral blood (Tables 3-5).

The field started with three studies of microarray gene expres-
sion profiling in non-tumor lung tissue (Table 3). The studies by
Golpon, Spira, and Ning examined small numbers of subjects, using
various COPD definitions [52-54]. These early lung gene expres-
sion studies had minimal overlap of differentially expressed genes.
This observation may have been due to the small sample sizes as
well as the heterogeneity of the cell types within the tissues being
studied [55]. Another consideration in the study of lung tissue gene
expression is the heterogeneity of the COPD disease process (such
as emphysema severity) throughout an individual’s lungs.

Wang et al. profiled lung tissue from 21 smoking controls and
27 subjects with COPD and found 203 transcripts associated with
the forced expiratory flow between 25% and 75% of forced expira-
tory volume (FEF,5_75%), a measure of lung function [56]. Ingenuity

Pathways Analysis illustrated that these genes were present in
pathways involving transforming growth factor g1 (TGFB1) and
serpin peptidase inhibitor, clade E, member 2 (SERPINE2), two
prior candidate genes for COPD susceptibility [57,58].

Zeskind et al. sought to review and integrate data from the four
lung tissue gene expression studies above [52-54,56], noting over-
lap of only 11 genes between any two studies [59]. Despite the
minimal overlap of individual differentially expressed genes, Gene
Ontology [60] and Gene Set Enrichment Analysis [61] showed that
common biological processes potentially explain the differences in
lung gene expression of COPD cases and controls.

Bhattacharya et al. performed gene expression profiling on 56
lung tissue samples [16]. They found 65 differentially expressed
genes between COPD cases and controls and also reported 220
potential genomic biomarkers of lung function based on correla-
tion of gene expression signatures with the lung function measures
FEV; and FEV,/FVC ratio. Two other small studies examined gene
expression relationships with COPD severity defined by lung
function testing [62,63].

In a different approach to expression profiling in COPD,
Campbell et al. examined the heterogeneity of emphysema in the
lungs of COPD patients and lung donors [64]. They performed
expression profiling on specimens from 8 lung regions from each
of 8 subjects (64 lung tissue samples in total), noting 127 genes
associated with regional emphysema differences. In the tissue
regions with increasing emphysema severity, they noted increas-
ing gene expression in inflammatory pathways including the B-cell
receptor-signaling pathway, and decreased gene expression had in
tissue repair pathways including the TGFB pathway, actin organi-
zation, and integrin signaling. Based on a query of the Connectivity
Map [65], they discovered a tripeptide compound GHK that could
induce a gene expression pattern similar with TGFf signaling acti-
vation. This gene expression study uniquely used gene expression
signatures to search for possible molecules to reverse observed
gene expression changes relevant to COPD progression in the form
of increasing emphysema severity.

The lung tissue gene expression studies above have generally
had small sample sizes due to the need for surgical resection to
obtain tissue samples (Table 3). Sampling of the airway epithelium
via bronchoscopy may be less invasive, and several groups have
performed gene expression profiling in proximal bronchi and distal
small airways (Table 4). In the largest such study, Steiling et al. col-
lected bronchial brushings on current and former smokers and
identified 98 genes associated with COPD affection status [66].
The authors further demonstrated that the expression signatures
of the bronchial epithelial cells were consistent with prior lung tis-
sue and small airway gene expression studies. They proposed that
a “field of injury” may exist in smokers, making bronchial
epithelial an appropriate surrogate tissue for studies of lung gene
expression changes in COPD. Additionally, the authors reported
that a proportion of the observed COPD gene expression changes
were reversed in the subset of subjects with improvement in lung
function following treatment with the inhaled corticosteroid
fluticasone.

In a study specifically designed to assess gene expression
changes in response to inhaled fluticasone, van den Berge et al.
obtained 221 bronchial biopsies longitudinally in 89 moderate-
to-severe COPD patients before and after treatment with flutica-
sone with or without salmeterol (a long acting B,-agonist broncho-
dilator) versus placebo [67]. A total of 278 genes were reported to
have changes in expression following treatment, supporting the
idea that gene expression signatures in COPD patients are dynamic
with therapy. Treatment with fluticasone with or without salme-
terol led to down-regulation of genes related to epithelial cell
signaling, oxidative stress, remodeling, and apoptosis along with
up-regulation of genes related to epithelial barrier function.
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COPD microarray gene expression studies of lung tissue.

References Samples (N) Differentially expressed pathways
Golpon [52] “Usual” emphysema (5) Inflammation, immune response, proteolysis
AAT deficiency (6)
Normal lungs (5)
Spira [53] Severe emphysema (20) Extracellular matrix (ECM), inflammation, oxidative stress, endothelium
Mild/no emphysema (14)
Ning [54] GOLD 2 (14) Apoptosis, inflammation, transcription factors, ECM
Control smokers (12)
Wang [56] GOLD 0-3 (43) ECM, apoptosis, anti-inflammatory

Bhattacharya [16]
Savarimuthu Francis [62]
Savarimuthu Francis [63]
Ezzie [78]

Campbell [64]

Nonsmokers (5)
Smokers (56)

Cases (15)/controls (18)
Mild emphysema (10)

Moderate emphysema (20)

GOLD 1 (9)

GOLD 2 (9)

GOLD 1-4 (26)
Control smokers (9)
Severe COPD (6)
Donor lungs (2)

Nucleic acid binding, DNA-dependent transcription

Development, cell differentiation, enzyme regulation

Angiogenesis, cell migration, proliferation and apoptosis, cell-matrix adhesion, leukocyte
activation, cell and substrate adhesion, cell adhesion, angiogenesis, cell activation

Transforming growth factor B signaling, Wnt, focal adhesion

Inflammation, B-cell receptor signaling pathway, tissue repair processes, transforming growth
factor B pathway, actin organization, integrin signaling

8 regions per lung

" Global initiative for chronic obstructive lung disease (GOLD) stages 1-4, from least to most severe, based on FEV;% predicted [114].

Table 4

COPD microarray gene expression studies of airway epithelium.

References

Samples (N)

Sampling

Differentially expressed pathways

Carolan [115]

Pierrou [116]

Ammous [117]

Tilley [118]

Wang [77]

Dunham [119]

Steiling [66]

Normal nonsmokers (12)
Normal smokers (12)
Early COPD (9)
Established COPD (6)
GOLD 0-4 (38)

Healthy nonsmokers (14)
Healthy smokers (18)
GOLD 1-2 (18)

Normal smokers (18)
Normal nonsmokers (18)
GOLD 0-3 (13)

Normal smokers (15)
Normal nonsmokers (20)
GOLD 1-3 (36)

Healthy smokers (73)
Healthy nonsmokers (60)
GOLD 1-2 (6)

Healthy smokers (9)
Healthy nonsmokers (3)

COPD, mostly GOLD 2 (87)

Small airway brushing

Bronchial brushing

Small airway brushing

Small airway brushing

Small airway brushing

Bronchial biopsy

Bronchial brushing

Only reported on 11 neuroendocrine cell genes

Oxidant/antioxidant, energy metabolism, apoptosis

Oxidant, signal transduction

Only reported on 55 notch related genes

Only reported on toll-like receptor family

Gene expression, cellular assembly, and organization and cellular development; cell
death, cancer, and reproductive disease; cellular movement, skeletal muscular
development and function, and neurological disease; cardiovascular system
development and function, embryonic development, and tissue development; and cell
morphology, cancer, and tumor morphology

Glycoproteins, proteins involved in the acute inflammatory response, EGF-like domains

Normal smokers (151)

" Global initiative for chronic obstructive lung disease (GOLD) stages 1-4, from least to most severe, based on FEV;% predicted [114].

Studying the longitudinal gene expression changes of respira-
tory tissues in COPD, particularly the changes as a result of phar-
macologic treatments, is a promising way not only to define the
active biologic pathways in the progression of COPD, but also to
assess the genomic effects of COPD treatment. The recent studies
utilizing bronchial epithelial cells as a surrogate for deeper respira-
tory system tissues hold promise for the ability to more easily con-
duct gene expression studies with a larger number of samples. In
addition to larger sample sizes, the information gained from gene
expression studies in COPD will also likely be enhanced by the
integration of gene expression data with other genomic data.

13. COPD gene expression studies in peripheral blood

Although the lung is the primary site of disease activity in
COPD, lung samples are not routinely collected in epidemiologic

studies or in clinical practice, in contrast to malignant diseases
such as lung cancer. Peripheral blood is more easily accessible than
lung or other benign tissues and can be sampled from a large num-
ber of subjects or repeatedly sampled at multiple time points.
Therefore, investigators have performed expression profiling on
blood leukocytes in COPD patients (Table 5). Edmiston et al. used
random forest analysis on training and validation samples to iden-
tify a set of 1013 genes which predict case-control status [68].
White blood cell differential counts were entered into the analysis,
but not retained in the final models. LASSO regression led to a list
of 9 genes with similar predictive accuracy. Bahr et al. hypothe-
sized that the systemic manifestations of COPD could be discov-
ered in peripheral blood gene expression signatures and collected
mononuclear cell gene expression profiles in 136 subjects with
and without COPD [69]. A multiple linear regression with adjust-
ment for covariates including smoking status and pack-years
smoking was used to identify candidate genes for COPD status
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Table 5
COPD microarray gene expression studies in blood.

References Samples (N) Differentially expressed pathways

Edmiston [68] GOLD 1-4 (81) Apoptosis, cell growth, protein and RNA transport, post-translational modification, cellular defense, inflammation
Control smokers (61)

Poliska [70] GOLD 2-3 (5) Not described

Control smokers (5)
GOLD 2-4 (12)
Control smokers (12)
GOLD 1-4 (84)
Control smokers (42)
Unclassified (10)

Bhattacharya [71]

Bahr [69]

Nucleic acid binding, transcription, nucleotide metabolism, cell signaling, inflammatory cell regulation

Immune system, inflammatory response, sphingolipid metabolism

" Global initiative for chronic obstructive lung disease (GOLD) stages 1-4, from least to most severe, based on FEV,% predicted [114].

versus controls. Twenty-six of these candidate genes were vali-
dated and a pathway analysis demonstrated that the COPD candi-
date genes were found in cell signaling, transcription factor, and
sphingolipid metabolism pathways. Poliska et al. found overlap-
ping genes expressed in blood monocyte and alveolar macrophages
in a limited number of COPD cases and controls [70]. Bhattacharya
et al. compared peripheral blood mononuclear cell expression pro-
files to their previous study of lung tissue [16], finding several
genes with similar expression results across the two tissues [71].
The lung-blood expression relationships found in the latter two
studies show that peripheral blood can be used for COPD genomics
studies. Similar to the lung and airway expression studies, sample
sizes were limited in the peripheral blood microarray studies, and
COPD subtypes were not considered.

14. MicroRNA profiling in COPD

MicroRNAs (miRNAs) are small non-coding RNAs that play an
important role in down regulating protein expression from a gene
at either the transcriptional or translational level [72]. miRNAs are
stable molecules which can be assayed in cells, tissues and blood.
One miRNA may regulate multiple mRNAs forming a regulatory
network; conversely, a single mRNA may be affected by multiple
miRNAs. Therefore, miRNAs have great potential for use in integra-
tive genomics and network analyses. To date, the high-throughput
miRNA studies in COPD have been performed in a variety of spec-
imens using different assay technologies (Table 6). The heteroge-
neity in study designs makes comparisons across studies
difficult, similar to the early mRNA microarray studies. This field
is naturally progressing toward integration of miRNA with gene
expression (see below), which is likely to lead to more replicable
results.

Table 6
High-throughput microRNA studies in COPD.

15. Next generation sequencing in COPD

Although multiple GWAS and gene expression studies have
been performed in COPD, the increasing affordability of mas-
sively-parallel “next generation” sequencing (NGS) will allow large
scale DNA and RNA sequencing to be used on COPD patient sam-
ples. Direct sequencing information will allow for the identification
of uncommon and rare genetic variants not captured by current
genotyping arrays and will also allow for identification of splice
variants and novel transcripts.

Wain et al. performed exome-sequencing in 100 heavy smokers
with normal lung function in an effort to describe uncommon and
rare genetic variants contributing to resistance to smoking.
Although the study was underpowered to detect uncommon and
rare variants of modest effect size, the top non-synonymous SNP
was found in the coiled-coil domain containing 38 (CCDC38) gene
[73]. CCDC38 has been previously associated with FEV;/FVC ratio
[36] and was shown to be expressed in bronchial columnar epithe-
lial cells.

Another application of NGS in COPD-related research was per-
formed by Ryan et al. where purified airway basal cells were col-
lected in a small number of subjects (10 healthy non-smokers
and 7 healthy smokers) and gene expression was examined
through RNA sequencing [74]|. There were 676 differentially
expressed genes when comparing the basal cells of smokers to
non-smokers, including 13 differentially expressed genes at the
chromosome 19q13 COPD locus, but no differential expression of
genes at other COPD susceptibility loci. Other studies have per-
formed RNA sequencing of small and large airway epithelium of
smokers and non-smokers [75-77]. Future exome, genome and
transcriptome sequencing projects comparing subjects with and
without COPD are anticipated.

Study Subjects (N) Sample Assay miRNAs Main results
tested

Van Pottelberge [120] COPD (12) Sputum qRT-PCR 627 let-7c reduced in COPD, associated with increase
Never smokers (10) expression of TNFR2
Current smokers (10)

Leidinger [121] COPD (24) Whole blood Microarray 863 140 miRNA differentially expressed COPD vs. controls,
Lung cancer (28) 14 miRNA COPD vs. lung cancer
Healthy controls (19)

Akbas [122] COPD (20) Serum qRT-PCR 72 5 significant miRNAs: miR-20a, miR-28-3p, miR-34c-
Control smokers (12) 5p, miR-100, miR-7

Ezzie [78] COPD (19) Lung tissue Microarray Not shown 70 miRNAs differentially expressed, enriched for TGF-
Control smokers (8) B pathway

Christenson [80] COPD (6) Lung tissue, 8 regions/  Microarray 467 63 miRNAs associated with regional emphysema
Controls (2) subject

Chatila [123] COPD (12) Peripheral blood Tieg Microarray 743 6 miRNAs differentially expressed COPD vs. smokers
Healthy smokers (12) cells

Healthy nonsmokers (12)
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16. Integrating genomic data

Recent integrative genomics studies in COPD have fallen into
two categories. Regulation of gene expression in COPD tissues
has been examined through the integration of gene expression
microarray data with miRNA, GWAS, or methylation datasets.
GWAS data has also been used to test for genetic influences on
blood biomarker levels. Both of these approaches represent the
second generation studies from Silverman and Loscalzo [9].
Genomic data has been combined with machine learning subtyp-
ing analysis, in the first steps towards the third generation network
medicine studies.

17. Regulation of gene expression

Understanding the utility of the integration of genomic data,
Ezzie et al. profiled miRNA and mRNA expression in the lung tissue
of 26 smokers with COPD and 9 without COPD [78]. Using Kyoto
Encyclopedia of Genes and Genomes (KEGG) [79] pathway enrich-
ment analysis, they reported enrichment of miRNA-mRNA pairs in
Wnt and TGFB signaling pathways [78]. Although the candidate
pathways of Wnt and TGFB signaling in COPD pathogenesis require
additional research, this approach illustrated the power of
integrating two genomic data types in a network context in order
to generate plausible molecular pathways playing a role in a
complex disease.

The heterogeneity of COPD relates not only to differences
between patients, but also relates to regional emphysema severity
differences within a single patient. GWAS and other omics studies
have demonstrated the utility of examining phenotypes of COPD,
such as emphysema. Christenson et al. studied miRNA-driven
alterations in emphysema-associated gene expression networks
across regional lung emphysema severity differences by integrat-
ing miRNA and gene expression profiling data in 64 lung tissue
samples from 8 patients (8 samples per patient) [80]. After noting
63 miRNAs were altered with regional emphysema differences, the
authors created miRNA-mRNA correlation networks and discov-
ered 1,029 significantly correlated miRNA-mRNA pairs. 51 of the
63 differentially expressed miRNAs were present in this co-expres-
sion network. The authors identified a candidate miRNA (miR-638)
that may alter gene expression in oxidative stress and aging
pathways in emphysematous lung tissue.

Integrative genomics have additionally been explored in COPD
by identifying associations between microarray expression data
and SNP variation (from GWAS datasets) to define expression
Quantitative Trait Loci (eQTLs), which are SNPs that influence gene
expression [81,82]. Both sputum and lung tissue samples have
been used in COPD eQTL studies. Functional explanations for exist-
ing COPD susceptibility loci and novel disease associations can
both be discovered in eQTL analysis.

Qiu et al. reported the first COPD eQTL study utilizing GWAS
data [28] and sputum gene expression data from 131 COPD cases
from the ECLIPSE study [83]. The eQTL analysis discovered two
genomewide significant eQTL SNPs at the chromosome 15q25
locus with independent effects on expression of the CHRNA3/5
and IREB2 genes, suggesting two independent susceptibility sig-
nals with the locus. Seventy-four additional eQTL SNPs with nom-
inal association with COPD were genotyped in two replication
populations, identifying a novel association in psoriasis suscepti-
bility 1 candidate 1 (PSORS1C1), near the major histocompatibility
complex, class I, C (HLA-C) gene on chromosome 6.

In order to identify functional COPD variants, Lamontagne et al.
conducted a lung eQTL study with attention to previous COPD sus-
ceptibility loci [84]. GWAS genotyping was combined with gen-
ome-wide expression arrays from surgically resected lung tissue

from subjects with and without COPD at three clinical centers.
Using data from 409 subjects from one center as a discovery cohort,
lung tissue eQTLs were determined and superimposed on the COPD
risk loci at chromosomes 4q31 (HHIP), 4q22 (FAM13A), and 19q13.
The significant eQTLs were then replicated in the two remaining
site cohorts of 363 and 339 subjects. Although eQTLs at HHIP were
significant in the discovery cohort, these eQTLs were only validated
in one of the two other sites. At the 4q22 locus, several SNPs in link-
age disequilibrium with the FAM13A COPD-susceptibility SNPs
were nominally associated with FAM13A expression and were val-
idated in one of the two replication cohorts. At the 19q13 locus, the
COPD GWAS SNP was not a significant lung eQTL. The strongest
eQTL association at the 19q13 locus was with the gene EGLN2. This
study was successful in identifying lung eQTLs in close proximity to
COPD susceptibility loci and helped to strengthen the candidacy of
HHIP and FAM13A as functional genes in COPD pathogenesis while
proposing that EGLN2 may be the relevant gene in the 19q13 locus.
Despite having COPD subjects in this dataset, the authors did not
consider COPD status in the analysis.

DNA methylation is an important epigenetic regulator of gene
expression [85]. Methylation of cytosine bases in CpG sites in gene
promoters can lead to silencing of gene expression, among other
effects [86]. DNA methylation and other epigenetic modifications
may be directly impacted by environmental exposures such as cig-
arette smoke, stressing the importance of this avenue of investiga-
tion in COPD [87,88]. DNA methylation arrays have been used to
identify differentially methylated genes in subjects with COPD com-
pared to smokers with normal lung function [89] and in COPD sub-
jects treated with oral corticosteroids [90]. In an integrative study,
Vucic et al. performed DNA methylation arrays and gene expression
arrays on small airway epithelium from 15 COPD subjects and 23
controls, all former smokers [91]. They found 1120 differentially
methylated genes, most hypermethylated, which showed enrich-
ment for three pathways: G-protein coupled receptor signaling, aryl
hydrocarbon receptor signaling, and cAMP-mediated signaling.
Methylation levels of 144 of these genes were negatively correlated
with gene expression, enriched for phosphatase and tensin homolog
(PTEN) signaling, NF-E2-related factor 2 (Nrf2) oxidative stress
response, and IL-17F in allergic inflammatory diseases.

18. Integration of genomic and biomarker data in COPD

Multiple peripheral blood biomarkers have been studied in
COPD, and several have been tied to COPD morbidity and mortality
[92,93]. One general limitation of biomarkers is the temporal rela-
tionship between the biomarker level and the clinical outcome.
Cross-sectional studies cannot determine whether the biomarker
is the cause or the result of the outcome. Genetic variation, which
by definition predates disease development, is one possible con-
tributor to the levels of circulating biomarkers. In a search for
genetic determinants of COPD biomarker levels, Kim and col-
leagues integrated seven blood biomarker levels with GWAS data
in 1,951 COPD subjects from the ECLIPSE study [94]. The investiga-
tors discovered genome-wide significant associations with the lev-
els of two pneumoproteins, club cell protein (CC16) and surfactant
protein D (SP-D), but did not find any genome-wide significant
associations for any of the five systemic inflammatory markers
tested. The SNPs influencing CC16 and SP-D levels were tested
for association with COPD. Several SNPs were nominally associated
in a large case-control study but were not replicated in smaller
COPD cohorts, which may have been due to smaller sample size
or may reflect an overall heterogeneity between populations.
Despite the lack of replication of the association of biomarker
GWAS SNPs with COPD affection status, this biomarker GWAS
represents another potential integrative tool to understand COPD
pathobiology.
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In contrast to most omics analyses which are hypothesis-gener-
ating, Bowler and colleagues demonstrated how integrative
genomics data can be used for hypothesis testing, focusing on
the cytokine Interleukin-16 [95]. In COPDGene study subjects, they
measured IL-16 plasma protein levels and IL-16 gene expression in
peripheral blood leukocytes. eQTL analysis found a SNP associated
with IL-16 mRNA levels. IL-16 was found to be a biomarker of
emphysema, specifically in the upper lobes of the lungs.

19. Genomic approaches to COPD subtyping

The bulk of genomic research in COPD has focused on determin-
ing the genetic and gene expression variation contributing to COPD
pathogenesis; however, genomic data can be used to address other
questions in COPD. For decades, clinicians have noted two very dif-
ferent subgroups of patients in COPD, those with chronic bronchitis
and those with emphysema [96]. COPD is increasingly being recog-
nized as a heterogeneous disease beyond these two classic pheno-
types with large variability in clinical features among patients with
similar degrees of airflow obstruction [97]. Reclassification of
COPD into subtypes based on the molecular mechanisms underly-
ing pathogenesis could allow for the development of novel tar-
geted therapeutics for COPD patients [98].

The use of genomic data to direct (or validate) the subtyping of
COPD is an area of interest. Castaldi et al. used k-means clustering
to define four subgroups within the 10,192 smokers in the COPD-
Gene study: (1) heavy smokers with relatively preserved lung func-
tion, (2) mild upper zone emphysema-predominant, (3) airway
disease-predominant, and (4) severe emphysema [99]. The clinical
and geneticrelevance of these subgroups was evaluated by assessing
the association of the clusters with COPD-related clinical measures
as well as association with genetic variants from COPD susceptibility
loci including HHIP, FAM13A, 1525, and 19q13. Genetic associa-
tions were found between the mild upper zone emphysema cluster
and a SNP in the HHIP locus and between the severe emphysema
group and a SNP in the chromosome 15q25 region.

In the future, instead of using known genetic variants to inter-
rogate cluster assignments, researchers can perform GWAS for
the COPD subtypes, assuming large enough cluster sizes, in order
to find novel genetic associations to explain the heterogeneity of
COPD presentation.

20. Summary and future directions

Similar to many common complex diseases, genetics studies in
COPD include a long series of poorly-replicated candidate gene
studies [100,101]. With the advent of GWAS, COPD genetics now
has a list of replicated disease susceptibility loci. Several of these
loci harbor genes related to nicotine metabolism, which highlights
the importance of cigarette smoking on the development of COPD,
but does not provide new insights into disease pathogenesis. The
functions of the other COPD GWAS genes have not been fully elu-
cidated, though research on these genes is ongoing, with some
early successes [25].

Microarray gene expression studies have not had overlapping
results on the gene level, but many common pathways have been
uncovered using enrichment analyses, stressing the importance of
pathway and network based methods. Pathway and network
methods have not yet been applied to COPD GWAS, though several
methods exist for this type of analysis [102-104] and have been
applied to other diseases [105,106].

These first-generation genomics studies have paved the way for
second generation integrative studies, which have thus far focused
on pairwise data integration, including GWAS data with gene
expression (eQTL), GWAS with protein biomarkers (pQTL), and

miRNA or DNA methylation integration with mRNA expression.
Other combinations are possible, such as GWAS and methylation
(mQTL), along with consideration of other omics data types like
proteomics [107] and metabolomics [108]. In addition to contin-
ued pairwise integrative studies, future studies will begin to
include more than two omics technologies. For example GWAS,
methylation, and gene expression datasets can be combined using
mediation analysis or other methods to determine relative effects
of each on gene expression [109]. Studies such as ECLIPSE [27],
COPDGene (www.copdgene.org) [29], SPIROMICS (http://
www.cscc.unc.edu/spir/) [110], and the Lung Genomics Research
Consortium (www.lung-genomics.org) have collected or are
continuing to collect the necessary samples to allow for integrative
genomics. Further analyses will require continued development of
statistical and network methodologies, along with new computa-
tional tools for data analysis and visualization. Public data access
is essential for both methods development and applications, such
as validation of network results across multiple studies.

COPD is a heterogeneous disease, which will require consider-
ation of additional disease-related phenotypes. Molecular subtyp-
ing has been very successful in cancers [111,112], and these
lessons can be applied to benign diseases like COPD. However, in
contrast to cancers, disease tissue is not usually available in
patients with benign disease. Peripheral blood is more easily acces-
sible and cost-efficient than bronchoscopy or surgical resection of
lung tissue. Sample size limitations and phenotype heterogeneity
can be overcome using peripheral blood for genomics studies.
Additional research is required to further validate the role of blood
genomics studies in COPD.

These network medicine methods have great potential to
uncover novel pathways in COPD and other complex diseases
[9,113]. However, methods for both replication and functional val-
idation of genes found through networks may be more challenging.
Yet these steps are necessary for the development of novel diag-
nostic tools and therapeutic interventions in COPD and other com-
mon diseases.
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