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What can genetics tell us about the cause of fixed airflow obstruction?
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Summary

Chronic obstructive pulmonary disease (COPD) is a major cause of chronic morbidity and
mortality worldwide with smoking being the most important risk factor of the disease.
However, lung function and COPD are known to also have a genetic component and a
deeper knowledge of the genetic architecture of the disease could lead to further under-
standing of predisposition to COPD and also to development of new therapeutic interven-
tions. Genetic linkage studies and candidate gene association studies have not provided
evidence to convincingly identify the genes underlying lung function or COPD. However,
recent large genome-wide association studies (GWAS) including tens of thousands of indi-
viduals have identified 26 variants at different loci in the human genome that show
robust association with quantitative lung function measures in the general population. A
growing number of these variants are being shown to be associated with COPD. Following
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the identification of these new lung function loci, the challenge now lies in refining the
signals to identify the causative variants underlying the association signals and relating
these signals to the molecular pathways that underlie lung function.
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Introduction

Fixed airflow obstruction is a characteristic and diag-
nostic feature of chronic obstructive pulmonary disease
(COPD), one of the major causes of chronic morbidity
and mortality worldwide [1]. Smoking is the single most
important risk factor in predicting COPD risk, but only a
modest proportion of the population variability in lung
function is explained by smoking, suggesting that other
factors are also important [2]. Childhood respiratory
infections, air pollution and occupational exposures are
among other risk factors for fixed airflow obstruction
[3]. Several sources of evidence point to the importance
of genetic contributions to fixed airflow obstruction.
Identifying the genetic determinants of fixed airflow
obstruction can elucidate the molecular mechanisms
underpinning development and progression of COPD,
and highlight new molecular targets for drug treatments.
Furthermore, if genetic variation can explain the clinical
heterogeneity in COPD, or the heterogeneous responses
to treatment, it could lead to new approaches to diagno-
sis and stratified treatment for COPD [4].

The arguments for identifying the genetic determi-
nants of respiratory diseases and related traits have

been well rehearsed but, until a few years ago, the
genetic determinants proved to be more elusive than
was originally hoped [5]. Over the last few years,
improved molecular tools and more powerful study
designs have provided a plethora of new findings. In
this article, we will provide a summary of progress in
understanding the genetic determinants of fixed airflow
obstruction, summarize recent findings and discuss the
potential utility of these findings.

Heritability, linkage studies and candidate gene
association studies

Lung function measurements and COPD aggregate in
families [6—8]. The proportion of variance in lung func-
tion measures attributable to the additive effects of
genes, termed the narrow sense heritability, is probably
around 40% [9-12]. Though estimates of heritability do
vary, and caution needs to be exercised regarding their
interpretation [13], these studies provide a justification
for searching for the genetic determinants. When
microsatellite markers became available to undertake
genome-wide linkage studies, there was optimism that
linkage studies would provide an approximate genomic
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location for variants contributing to the complex dis-
ease causation. Regions of linkage to COPD or lung
function were reported in a variety of different genomic
locations, with some regions overlapping those reported
in other studies — for example on chromosome 2q [14—
16]. Linkage signals indicate broad genomic regions
often containing hundreds of genes within which causal
genetic variants may lie. Testing association with COPD
across multiple single nucleotide polymorphisms
(‘SNPs’) in selected (‘candidate’) genes within linkage
regions has been used to fine map these signals. How-
ever, inconsistent results have been produced across
different studies, making it difficult to interpret find-
ings. For example, although SERPINE2 lies under a
reported linkage peak at chromosome 2q33, reports of
association have been highly variable between studies
[17, 18]. Alternatively, candidate genes have been
selected due to their involvement in pathways already
known to influence COPD, such as in proteins that
maintain the extracellular matrix or which are involved
in oxidative stress [19]. There has been a plethora of
candidate gene association studies reported for COPD,
and many for lung function. The most extensive evi-
dence probably relates to the GSTMI null polymor-
phism, and to SNPs in TNF, TGFbetal and SOD3. These
have been reviewed elsewhere [20, 21]. However, the
evidence across all published candidate gene associa-
tion studies of COPD and lung function is hard to inter-
pret [22, 23]. The majority of published candidate gene
associations are expected to be false positive reports
[24, 25] and it is difficult to disentangle the very many
false positive associations from any causal associations.
Inconsistent findings were sometimes attributed to
incomplete adjustment for smoking behaviour or for
differences in population ancestry. More important,
however, were small sample sizes and inadequate
adjustment for multiple statistical testing, coupled with
reporting biases (such as non-reporting of non-signifi-
cant findings or undue emphasis on subgroup findings)
and severe publication bias. Many of these problems
have been overcome in complex disease genetics with
the introduction of well powered genome-wide associa-
tion studies (GWAS) [26].

Genome-wide association studies (GWAS)

Introduction to Genome-wide association studies
(GWAS)

The GWAS became possible with reducing costs and
miniaturization of genotyping assays such that hun-
dreds of thousands of common SNPs could be afford-
ably assayed on a single chip in every individual in a
study. An extremely large number of associations are
tested in a genome-wide association study, typically

between 0.5 million and 2.5 million SNPs in 2011, pro-
viding a hypothesis-free approach for discovery. Rigor-
ous corrections for multiple testing are required and a P
value < 5 x 10 % is commonly used as a threshold for
‘genome-wide significance’. Together with appropriate
quality control and analytical approaches, the rigorous
statistical thresholds employed in GWAS have mini-
mized the reporting of false positive associations [27].
The design is also much less susceptible to the selective
publication or selective reporting that has proved so
problematic for candidate gene association studies.

Common variants individually have generally modest
effects on common diseases and complex traits. Thus,
to have power to detect genome-wide significant asso-
ciations, consortia have been established to facilitate
GWAS in very large sample sizes [28, 29]. To enable
data from multiple studies using different commercial
genome-wide genotyping platforms to be combined,
‘imputation’ can be undertaken in each study to infer
the genotypes at SNPs which have not been directly
assayed in that particular study. SNPs that are located
close together in the genome are unlikely to be sepa-
rated by recombination events at meiosis and tend to
be correlated as they are passed down together through
many generations. Thus, we can predict an individual’s
genotype at a given SNP from the genotypes at sur-
rounding SNPs, often with a very high degree of cer-
tainty, from a panel of reference genotypes such as
HapMap [30]. Where a genotype is imputed with some
uncertainty, the uncertainty can be taken account of in
the association testing, and SNPs with low-quality
imputation are excluded altogether.

As logistic issues, intellectual property or consent
issues can limit the extent of sharing of individual-level
data, consortium GWAS have employed meta-analysis
approaches, where participating studies impute to the
same reference panel, undertake analyses to a common
analysis plan and combine the findings. This is very
different from a meta-analysis based on published data
(especially given the publication biases described
above). A common study design for a GWAS involves
two stages. An initial discovery stage combines gen-
ome-wide association data from a number of studies in
meta-analysis, and identifies a much smaller set of
independent genetic variants which reach genome-wide
significance, or near genome-wide significance, to be
tested for association in additional studies in a follow-
up stage. The recommended threshold for genome-wide
significance (P< 5 x 10°°) refers to association tests
after meta-analysis across the discovery and follow-up
stages [26].

For readers unfamiliar with GWAS studies, it can
seem baffling that little adjustment, or sometimes no
adjustment, is made for covariates that would typically
confound inferences in observational studies. There are
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two reasons why this is the case. The first is that
genetic studies are not prone to confounding by life-
style factors. This issue, referred to as Mendelian ran-
domization, is considered further below (subsection
entitled ‘The role of smoking’). The second is that very
large sample sizes are critical in GWAS studies to
achieve the power to detect the individually modest
effects of common genetic variants on most complex
traits and common diseases, and greater complexity of
the study design leads to attrition of sample size.

Genome-wide association studies (GWAS) findings for
lung function and Chronic obstructive pulmonary
disease (COPD)

The study of quantitative lung function traits in the
general population provides a powerful means to study
the genetics underlying COPD, diagnosis of which is
based on forced expiratory volume in 1 s (FEV;) and
FEV,/FVC. To date, GWAS have identified 26 loci asso-
ciated with (FEV;) or the ratio of FEV, to forced vital
capacity (FVCQ), corrected for age, gender and height, in
sample sizes exceeding 20 000 individuals [28, 29, 31]
(Fig. 1). Ten loci discovered by Wilk et al. [32] in 2009,
and by Repapi et al. [29] and Hancock et al. [28] in
2010 were subsequently reconfirmed in a larger meta-
analysis [31] with a further 16 loci identified as show-
ing genome-wide significant association with lung
function after meta-analysis of data from up to 96 612
individuals. Of the variants at 26 loci associated with
lung function described above, so far seven have been
shown to be associated with COPD [33-36] (Fig. 1) and
this number seems set to increase as additional well-
powered studies are in progress.

SpiroMeta
consortium
(n=20288)

TNS1
THSD4

SpiroMeta - CHARGE
consortium (n = 48 201)

MFAP2 ZKSCAN3
Near TGFB2 CDC123

HDAC4 C10orf11
RARB LRP1
MECOM ccDC38 CHARGE
consortium
SPATA9 MMP15 (n =20 890)
* ARMC2 CFDP1 FAM13A
NCR3 KCNE2 ADAM19
.
Y IResz/ GPR126
= CHRNA3/ PITCH1
*, CHRNA5/ D

*, CHRNB4
0...
Fig. 1. Key genes representing the 26 loci showing association with
lung function and the 15q25 locus showing significant association

with COPD and smoking. Lung function genes in bold have also
shown association with COPD. *Wilk et al. 2009 [32].

The SNPs upstream of HHIP show strongly significant
association with lung function [29, 32] and COPD [35,
36]. SNPs in linkage disequilibrium with the SNP show-
ing the strongest lung function associations also show
association with height [37] suggesting a role in skeletal
growth and development. However, the SNP, rs7689420,
showing the strongest association with height lies within
an intron of HHIP [38] and does not show association
with FEV,; or FEV,/FVC [31]. SNPs within HTR4 also
show significant association with both FEV, and FEV,/
FVC. HTR4 encodes 5-hydroxytryptamine receptor-4, a
G-protein coupled receptor, activation of which protects
spontaneous respiratory activity [39]. SNP rs3995090 in
HTR4 has also since been demonstrated to show associa-
tion with COPD [36]. Other genes of note which are
encompassed by the signal at this locus include mem-
bers of the SPINK family of serine protease inhibitors.
SNP rs7068966 in CDC123 at 10p13 has also shown
significant association with both FEV; and FEV,/FVC.

The Major Histocompatability Complex (MHC) region
on chromosome 6 shows extended regions of linkage
disequilibrium and has yielded many disease associa-
tions, particularly for autoimmune and inflammatory
disorders [40]. Three independent signals for association
with lung function (two showing strongest association
with FEV,/FVC and one showing strongest association
with FEV;) have been identified between 6p21.32 and
6p22.1. A non-synonymous SNP in AGER (also known
as RAGE) shows association with FEV,/FVC [29, 31]
and also COPD [33]. AGER encodes a multi-ligand
receptor of the immunoglobulin superfamily with a
potential role in epithelium-extracellular matrix inter-
actions and Ager /~ mice develop age-related pulmo-
nary fibrosis [41]. The two further regions of lung
function association within the MHC identified by Soler
Artigas et al. [31] encompass a number of genes with a
variety of functions. The signal centred around SNP
rs2857595 upstream of NCR3 showing association with
FEV,/FVC also includes the plausible candidate genes
lymphotoxin alpha (LTA) and tumour necrosis factor A
(TNFA) which have previously been reported as show-
ing association with lung function and COPD [42-46],
and signals of association with psoriasis, lung cancer,
neonatal lupus and systemic lupus erythematosus. The
signal of association with FEV, (led by rs6903823 in an
intron of ZKSCAN3/ZNF323) encompasses a number of
zinc finger transcription factors and overlaps a signal
of association with lung cancer [47].

Other genes with variants showing strongest associa-
tion with FEV, include GSTCD at 4q24, TNS1 at 2q35,
MECOM at 3q26.1 and CIOorf11 at 10q22.3. The SNP
within GSTCD appears to have the largest influence on
FEV, with estimates of the effect size for each copy of the
risk allele on FEV, being up to 52mL [29] — equivalent to
approximately 3 years of FEV, decline in non-smokers
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[48]. GSTCD and TNS1 have also shown significant asso-
ciation with COPD [33, 36]. The region of association
which peaks within an intron of C1007f11 also includes
KCNMA 1 which encodes a potassium large conductance
calcium-activated channel which is present on airway
smooth muscle cells and pulmonary endothelium and it’s
activation may lead to bronchial relaxation [49] and
pulmonary arterial vasodilation [50].

Among the genes showing strongest association with
FEV,/FVC are several which are good candidates for
involvement in lung function. GPRI126 encodes a G
protein-coupled receptor involved in cell adhesion and
signalling. Variants within this gene have also been
associated with trunk height, although the association
with lung function is robust to adjustments for trunk
height [28]. Expression studies in mice also link this
gene with lung development [51]. FAM13A, thought to
play a role in signal transduction, has been previously
associated with COPD [34]. ADAM19, encodes a mem-
ber of a disintegrin and metalloprotease (ADAM) family
of membrane-anchored glycoproteins involved in the
control of cell-matrix interactions and regulation of
growth and morphogenesis, and has also shown associ-
ation with COPD [33]. Variants in another ADAM fam-
ily protein, ADAM33, have been associated with
bronchial hyperresponsiveness and accelerated lung
function decline in both asthmatics and the general
population [52-54]. RARB, encoding retinoic acid
receptor B, has a role in controlling cell proliferation
and differentiation and has been implicated in early
lung development in mice [55, 56]. The SNP rs2284746,
showing strongest association within MFAP2 with
FEV1/FVC, is also strongly associated with height [38].
Within the same region as MFAP2, further plausible
candidate genes include CROCC, which encodes a com-
ponent of cilia [57], and PADI2 which encodes a pro-
tein with increased levels in bronchial mucosa and
bronchoalveolar lavage cells of smokers [58]. HDAC4
encodes histone deactylase 4; reduced activity of other
histone deactylases has been reported in lung tissue
from COPD patients and correlated with disease severity
and inflammatory cytokine expression [59, 60]. Hdac4-
null mice die soon after birth due to skeletal defects
and growth retardation that impair motility and breath-
ing [61]. The intronic SNP rs12447804 showing strong-
est association with FEV,/FVC within MMP15 is highly
correlated with a non-synonymous SNP, 1rs3743563
which results in a Glycine to Arginine change, in
MMP15. Matrix metalloproteinases (MMPs) are a family
of proteolytic enzymes which play an important role in
tissue remodelling and repair associated with develop-
ment and inflammation [62]. A recent study has shown
that Mmp15 expression is increased in the lungs of
mice exposed to particulate matter [63]. There is some
evidence supporting associations of MMP1 and MMP12

with smoking-related injury [64], and associations of
MMP12 and COPD [65]. Conflicting results have been
found for MMP9 [21]. MMP9 seemed to show an asso-
ciation with COPD in Chinese and Japanese populations
[66, 67]; however, the association did not appear in
Caucasian populations [64].

Other regions implicated by large-scale GWAS as
having a role in lung function include THSD4, PTCH]1,
downstream of TGFB2, SPATA9, ARMC2, LRPI,
CCDC38, CFDP1 and KCNE2.

The role of smoking

One of the benefits of genetic studies is that they can
avoid the confounding that has limited observational
epidemiology studies. The essentially random allocation
of genetic variants during meiosis means that lifestyle
factors do not confound genetic associations — a princi-
ple known as Mendelian randomization [68, 69]. How-
ever, as smoking is a powerful predictor of lung
function, it is important to consider whether smoking
could be an intermediate on the causal pathway — that
is, could a genetic association with lung function be
mediated via an effect on tobacco smoking? In fact, all
26 variants showed genome-wide significant association
after taking smoking status into account [31] and in a
large consortium study including over 15 000 smokers,
none of these variants were found to be associated with
smoking behaviour [70]. A further consideration is
whether or not the effects of a genetic variant might
differ systematically between smokers and non-smokers.
This is generally tested by a statistical test for interac-
tion between the SNP and smoking status. In the case
of the 26 variants associated with lung function [31],
none showed an interaction with smoking. It is possible
that GWAS that account for the presence of interactions
could detect additional variants associated with lung
function or COPD, and such studies are in progress.

A broad locus at 15q25, including the genes IREB2,
CHRNA3, CHRNA5 and CHRNB4, is strongly associated
with smoking amount [70-72] and COPD [35, 73] and
shows some evidence of association with lung function
[31] although the latter association test does not reach
genome-wide significance (Fig. 1).

Genetic architecture of lung function

Collectively, the findings from large-scale GWAS of
lung function explain a modest proportion of the vari-
ance of lung function attributed to genetic factors
(3.2% for FEV,/FVC and 1.5% for FEV;) [31]. The num-
ber of undiscovered genetic variants with similar effect
sizes to the 26 described above is estimated to be 76
but collectively, these 102 variants still only explain
approximately 7.5% of the additive polygenic variance
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for FEV,/FVC and 3.4% for FEV, [31]. Thus, a large
proportion of the genetic variance in lung function
remains unexplained. Furthermore, GWAS with larger
sample sizes would be expected to yield further loci
with similar or smaller effect sizes and fine-mapping of
the existing signals could reveal rare variants with lar-
ger effect sizes. Experience from the study of other
complex traits suggests that both common and rare
sequence variants (SNPs) contribute to lung function
and COPD risk. Copy number variation is another form
of human genetic variation whereby sections of the
genome can vary between individuals by deletion or
duplication [74]. This area has not yet been well-studied
in relation to lung function and could help to explain
more of the genetic variance. Epigenetic inheritance,
where variation in gene expression and regulation is
not passed on directly via DNA changes, but is instead
mediated by heritable factors such as DNA methylation
and histone deacetylation, could also play a role.

Potential utility of GWAS findings

The studies described above provide us with novel
insights into pathways involved in the development
and, potentially, in the progression of airway obstruc-
tion. Many of the pathways highlighted by SNP associ-
ations have not previously been implicated in
respiratory disease. It is possible that one or more of
these pathways could prove to be amenable to modifi-
cation by new drugs. However, developing a compre-
hensive understanding of how some of the genetic
variants mediate their effect on lung function and
COPD risk could take many years of painstaking func-
tional work including, for example, expression studies
in er-vivo human tissues and experiments in animal
models to further understand the functions of the genes.
Several of the regions showing association with lung
function described above encompass a number of genes
and fine-mapping the signal to one particular gene or
mutation would ensure that expensive functional stud-
ies are targeted appropriately. Such fine mapping can
be helped by the identification of associated rare
variants within these regions, for example using
re-sequencing approaches.
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