Pulmonary Perspective

The State of Genome-Wide Association Studies in

Pulmonary Disease
A New Perspective

Jamie L. Todd', David B. Goldstein2, Dongliang Ge?, Jason Christie3, and Scott M. Palmer’

"Duke University Medical Center, Department of Internal Medicine, Division of Pulmonary, Allergy and Critical Care Medicine, Durham,
North Carolina; 2Duke University School of Medicine, Center for Human Genome Variation, Durham, North Carolina; and 3University of
Pennsylvania, Department of Internal Medicine, Division of Pulmonary, Allergy and Critical Care Medicine and Center for Clinical Epidemiology

and Biostatistics, Philadelphia, Pennsylvania

With rapid advances in our knowledge of the human genome and
increasing availability of high-throughput investigative technology,
genome-wide association (GWA) studies have recently gained
marked popularity. As an unbiased approach to identifying genomic
regions of importance in complex human disease, the results of such
studies have the potential to illuminate novel causal pathways, guide
mechanisticresearch, and aid in prediction of disease risk. The use of
a genome-wide approach presents considerable methodological
and statistical challenges, and properly conducted studies are essen-
tial to avoid false-positive results. A total of 22 GWA studies have
been published in pulmonary medicine thus far, implicating several
intriguing genomic regions in the determination of pulmonary
function measures, onset of asthma, and susceptibility to chronic
obstructive pulmonary disease. Many questions remain, however, as
most identified genetic variants contribute only nominally to overall
disease risk, genetic disease mechanisms remain uncertain, and
disease-associated variants are not consistent across studies. Perhaps
most fundamentally, the association signals identified have not yet
been traced to causal variants. This perspective will review the
current state of GWA studies in pulmonary disease. We begin with
an introduction to the hypothesis, principles, and limitations of this
type of genome-wide approach, highlight key points from available
studies, and conclude by addressing future approaches to better
understand the genetics of complex pulmonary disease.
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Since publication of the first genome-wide association (GWA)
study in 2005 (1), the GWA technique has rapidly gained pop-
ularity as a strategy to investigate the genetic basis of complex
disease. In excess of 1,200 GWA studies are currently pub-
lished, reporting on over 200 human traits and disease states
(2). As a result of such studies, novel insights into disease path-
ogenesis have been achieved for a diverse range of conditions,
from macular degeneration to inflammatory bowel disease. For
the purpose of this article, we will consider the definition of
a GWA study as one in which a minimum of 100,000 individual
variants were genotyped in the initial patient sample. As of
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February 4, 2011, a total of 22 GWA studies have been pub-
lished in the realm of pulmonary medicine, including 3 studies
that have evaluated genes associated with pulmonary function
measures (3-5), 13 that have focused on the genetic basis of asthma
(6-18), and 3 that have reported susceptibility loci in chronic ob-
structive pulmonary disease (COPD) (19-21). In addition, intersti-
tial pulmonary fibrosis (IPF) (22), cystic fibrosis (CF) (23), and
sarcoidosis (24) have each been evaluated in one GWA study.
The patient population, initial sample size, and key findings for
each of the pulmonary GWA studies are illustrated in Table 1.

The fundamental principle underlying the GWA approach is
the “common disease, common variant” hypothesis—the idea
that common diseases are attributable, at least in part, to allelic
variants present in more than 5% of the population. Although
several GWA study designs have been employed, due to cost
and time constraints the majority of available studies are of the
case—control design. The work flow of a typical case—control
GWA study is delineated in Figure 1. Ultimately, disease sus-
ceptibility is mapped to a particular genomic region when the
frequency of a variant differs significantly between affected and
unaffected individuals. A positive association may either reflect
a direct effect of the genotyped variant or, more likely, can
relate to an ungenotyped variant that is in high linkage disequi-
librium (LD) or closely inherited with that observed.

As GWA studies increased in popularity, several statistical
and methodological concerns became apparent that, in some
cases, challenged the validity of the study results (25). These
concerns include introduction of bias due to disease misclassifi-
cation, population stratification, and genotyping errors, in addi-
tion to issues surrounding adjustment for the enormous number
of multiple comparisons performed in such analyses (26).

Meticulous phenotypic classification of diseased cases and se-
lection of an appropriate disease-free control group are critical
initial steps in complex disease mapping. Ancestral markers
should be used to further correct for inherent differences in pop-
ulation structure resulting from ethnic admixture (27). To ensure
that genotyping data are of the highest quality, a platform with
sufficient density to provide adequate coverage of the human
genome is imperative, as are rigorous quality control standards,
including checks on single-nucleotide polymorphism (SNP) call
rate and maintenance of Hardy-Weinberg equilibrium. In the
context of GWA studies, it is now more typical to take the
perspective of “total evidence,” and to trust associations that
are well beyond a broadly accepted significance threshold.
By consensus, the statistical threshold for declaring genome-
wide significance is P < 1 X 1078 to P < 1 X 1077 after applica-
tion of the Bonferroni correction or another method by which to
account for multiple comparisons (25, 28). Finally, demonstration
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TABLE 1. CHARACTERISTICS OF GENOME-WIDE ASSOCIATION STUDIES PUBLISHED IN PULMONARY MEDICINE

Study

Phenotype

Initial Sample No,/Ancestry

Associated Genes*

OR or Beta Estimate (95% CI)

Wilk, 2009

Repapi, 2009

Hancock, 2009

Pillai, 2009

Cho, 2010

Kong, 2010

Moffatt, 2007

Hancock, 2009

Himes, 2009

Kim, 2009

Mathias, 2009

Sleiman, 2010

Li, 2010

Himes, 2010

Moffatt, 2010

Dewan, 2010

Ferreira, 2010

Pulmonary function

Pulmonary function

Pulmonary function

COPD

COPD

COPD

Asthma, childhood onset

Asthma, childhood onset

Asthma, childhood onset

Asthma, toluene induced

Asthma

Asthma, childhood onset

Asthma, severe

Asthma, childhood onset

Asthma

Asthma, childhood onset

Asthma

7,691 individuals
Northern European

20,288 individuals
Northern European

20,890 individuals
Northern European

823 cases

810 smoking controls
Northern European
2,940 cases

1,380 smoking controls
Northern European
2,542 individuals
Northern European

994 cases

1,243 controls
Northern European
492 case trios
Mexican

422 cases

1,533 controls
Northern European
84 cases

263 controls
Korean

464 cases

471 controls
African

793 cases

1988 controls
Northern European
607 cases

3,294 controls
Northern European
359 cases

846 controls
Northern European
10,365 cases
16,110 controls
Northern European

66 cases

42 controls
Various

986 cases

1846 controls
Northern European

HHIP (FEV;/FVC)

AGER (FEV;/FVC)

DAAM2 (FEV;/FVC)
GSTCD (FEV;)

HHIP (FEV;/FVC)

HTR4 (FEV;)

THSD4 (FEV;/FVC)

TNST (FEV;)

ADAM19 (FEV;/FVC)
AGER, PPT2 (FEV,/FVC)
FAM13A (FEV,/FVC)
GPR126 (FEV;/FVC)

HHIP (FEV;/FVC)

HTR4 (FEV;/FVC)

INTS12, NPNT, FLj20184, GSTCD (FEV;)
PTCH1 (FEV;/FVC)
CHRNA3, CHRNAS, IREB2
PSMA4, NP_001013641.2, Q9UD29
HHIP

CHRNA3, CHRNAS, IREB2
FAM13A

HHIP

AC006320.2

ADARB2

AL139

BICD1

CDH6

CSMD1

PARD3

ORMDL3

TLE4, CHCHD9

PDE4D

CTTNA3
Intergenic
Intergenic
NAT

DENND1B

MAVS
SCG3
RAD50
NA

GSDMA
GSDMB
HLA-DQ
IL2RB
IL13
IL18R1
IL33
RORA
SLC22A5
SMAD3
NA

ORMDL3

1% increase (NR)

0.09% variance explained (NR)
0.07% variance explained (NR)
0.14% variance explained (NR)
0.27% variance explained (NR)
0.07% variance explained (NR)
0.09% variance explained (NR)
0.07% variance explained (NR)
0.38% increase (NR)
1% increase (NR)
0.3% increase (NR)
0.42% increase (NR)
0.52% increase (NR)
0.4% increase (NR)
64.7mL increase (NR)
0.5% increase (NR)

1.4 (1.18-1.67)
1.38 (1.17-1.63)

1.30 (1.18-1.43)

1.32 (1.19-1.47)

1.25 (1.14-1.37)

1.47 (NR)

1.47 (NR)

2.05 Hounsfield unit increase (NR)
1.46 (NR)

1.83 Hounsfield unit increase (NR)
2.19 (NR)

1.85 Hounsfield unit increase (NR)
1.45 (1.17-1.81)

1.64 (1.32-2.04)

1.18 (1.08-1.30)

5.0 (2.36-10.6)
5.29 (2.41-11.61)
5.20 (2.47-10.92)
NR

1.43 (NR)

NR
NR
1.64 (1.36-1.97)
NR

A7 (1.11-1.23)
18 (1.11-1.23)
18 (1.13-1.24)
12 (1.08-1.16)
.15 (1.09-1.20)
15 (1.10-1.20)
.20 (1.13-1.28)
18 (1.11-1.25)
11 (1.06-1.15)
12 (1.09-1.16)

S Y

1.33 (NR)

(Continued)
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TABLE 1. (CONTINUED)
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Study Phenotype Initial Sample No,/Ancestry

Associated Genes* OR or Beta Estimate (95% CI)

Kim, 2010 80 cases

100 controls
Korean

850 atopic asthma
348 asthma only
510 controls
Central European
160 severe cases
160 mild cases
Northern European
499 cases

490 controls
Northern European
159 cases

934 controls
Japanese

Asthma, aspirin intolerant

Ege, 2011 Asthma and atopy

Gu, 2009 Cystic fibrosis severity

Hoffman, 2008

Sarcoidosis

Mushiroda, 2008 Pulmonary fibrosis

NA NR

NA NR

NA NR

NA NR

TERT 2.11 (1.61-2.78)

Definition of abbreviations: Cl = confidence interval; NA = not applicable; NR = not reported; OR = odds ratio.
* Listed associated genes are limited to those with a P value less than 1 X 107° in the overall study population (initial + replication).
*No genomic region surpassed a P value less than 1 X 107> in the overall study population, although a gene may have been reported, and may have been

demonstrated to have biologic plausibility.

of functional plausibility using in vivo or in vitro experimental
models remains critical to determine if a specific gene or gene
variant is actually involved in the generation of the observed
phenotype and to further elucidate its specific biological mecha-
nism of action.

Although some initial GWA studies failed to fully account
for these design issues, most modern studies have been well ex-
ecuted and meet demanding methodological and statistical
standards. With this general understanding of the basic hypoth-
esis, principles, and limitations underlying the genome-wide ap-
proach, we now offer a perspective on the current state of GWA
studies in pulmonary medicine, highlight the knowledge gained
to date, and consider opportunities to further expand our under-
standing of the genetics of complex pulmonary disease.

DETERMINANTS OF PULMONARY FUNCTION

Three GWA studies evaluating genetic relationships with measures
of pulmonary function have been performed (3-5). The first

Genotyping using GWA chip
Raw data analysis
Quality control on genotyping calls

l l

I SNP genotypic calls I I Signal intensity I

l l

Quality control on
gender specification,
relatedness, missingness rate,
HWE...

v
Correction for population stratification |

v

Statistical and bioinformatic analysis

!

Quality confirmation
Result validation

CNV calls

Figure 1. Major steps necessary for completion of a genome-wide asso-
ciation study. CNV = copy number variation; GWA = genome-wide as-
sociation; HWE = Hardy-Weinberg equilibrium; SNP = single-nucleotide
polymorphism.

involved an analysis of the ratio of FEV; to FVC in patients
enrolled in the Framingham Heart Study, whereas the latter
two involved meta-analyses of multiple cohorts to identify genetic
predictors of both FEV, and FEV/FVC ratio. All three included
very large sample sizes, appropriate validation cohorts, adjustment
for smoking status, and, subsequently, all identified highly sig-
nificant variants associated with objective pulmonary function
measures.

The first study by Wilk and colleagues (3) identified several
SNPs on chromosome 4 near the gene for hedgehog interacting
protein (HHIP) that met criteria for genome-wide significance,
and were validated upon replication in an independent cohort.
As these SNPs lie in an intergenic region, the HHIP gene is not
directly implicated, and its overall significance remains unclear.
However, given its known importance in signaling during fetal
lung development (29) and previously documented association
with height determination (30), HHIP remains an intriguing can-
didate gene. In addition, the functional importance of noncoding
regulatory elements and intergenic region transcription in the
control of downstream gene regulation is increasingly recognized
(31-33), and this may provide a mechanism by which the identi-
fied intergenic SNPs alter gene, and thus trait, expression.

The two more recent studies both represent large-scale, collab-
orative meta-analyses that pool phenotypic and genotypic data on
tens of thousands of subjects and model genetic predictors of FEV,
and FEV/FVC (4, 5). Because of the very large sample size, these
studies have increased power to detect genetic variants with lower
allele frequencies and modest effect sizes. Importantly, each of
these two follow-up studies confirmed a significant association
between the intergenic region upstream from HHIP and FEV,/
FVC ratio. In addition, several other gene variants were also iden-
tified that predicted FEV, or FEV{/FVC ratio (Table 1). Advanced
glycosylation end product-specific receptor (AGER) was found
to be significantly associated with FEV/FVC, and C-terminal
domain containing glutathione S-transferase (GSTCD) and
5-hydroxytryptamine receptor 4 (HTR4) were found signifi-
cantly associated with FEV| across both of these large-scale stud-
ies. Many of the identified genes associated with lung function are
biologically plausible and are involved in cell attachment, migra-
tion, and epithelial-extracellular matrix interaction, and thus
could contribute to lung morphogenesis and remodeling (5).

In summary, these studies, relying upon objective and repro-
ducible measures of lung function, demonstrate that FEV; and
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FEV,/FVC ratio are heritable traits regulated by genetic varia-
tion at several key loci. Additional innovative work employing
ancestry informative genetic markers has established that lung
function differs according to genetic ancestry and, furthermore,
suggests that incorporating measures of genetic ancestry into
normative equations of lung function may provide more accurate
predictions than those based on self-reported ethnicity (34).

Interestingly, despite the large sample sizes employed in the
GWA studies of pulmonary function to date, all of the identified
gene variants exhibit extremely small effect sizes, and thus
contribute only minimally to variation in lung function among
the population. This finding would suggest that additional undis-
covered genetic factors, unmeasured gene—gene interactions, or
as-of-yet poorly understood environmental influences may
account for the majority of the observed variation.

COPD SUSCEPTIBILITY

As the third leading cause of death in the United States, COPD
represents a major threat to public health (35). The observation
that only a subset of smokers develops COPD strongly suggests
that disease susceptibility is under genetic influence. Thus far, three
GWA studies for COPD have been published (19-21) and, to-
gether, this line of research has generated exciting hypotheses re-
lated to the genetic susceptibility of this highly prevalent disease.

Two studies phenotyped COPD in several hundreds to thou-
sands of smokers using accepted criteria for airflow obstruction,
and compared identified patients with COPD to smoking control
subjects with normal lung function (19, 20). Each employed a mul-
tistage replication design to follow-up findings of interest in sim-
ilar populations, using a similar phenotype, the same genetic
model, and demonstrating the same direction of association. No-
tably, both studies identified and replicated SNPs within a geno-
mic region on chromosome 15 spanning several genes of interest
to include a-nicotinic acetylcholine receptors 3-5 (CHRNA3-5),
iron-responsive element-binding protein 2 (IREB2), and surfac-
tant protein B-binding protein (Q9 UD29). Deep sequencing of
Q9 UD29 in a small number of patients with COPD homozygous
for the risk allele eliminated this as the source of polymorphic
variance (19), bringing the focus to CHRNA3-5 and IREB?2 as
potential candidate genes in COPD susceptibility.

As the CHRNA3-5 locus was previously reported to be asso-
ciated with smoking behavior (36), results were adjusted for smok-
ing exposure, and remained highly significant. In one cohort,
carriers of the risk allele at a single SNP locus within this genomic
region had a population-attributable risk for COPD of 12.2%
overall. This attributable risk increased to 14.3% in current smok-
ers, and fell to 3.1% in former smokers. CHRNA3-5 encodes
a family of nicotinic acetylcholine receptor proteins (19). Al-
though it is well known that cholinergic activity within the airway
initiates bronchial smooth muscle contraction and mucous secre-
tion, additional evidence suggests that these receptors are also
active in bronchial epithelial cells, lymphocytes, and neutrophils,
and may inhibit neutrophil apoptosis, thus contributing to the
proinflammatory milieu important in COPD pathogenesis (37).

In addition to the CHRNA3-5 locus, the second and larger of
the two studies (20) identified and replicated family with se-
quence similarity 13 member A (FAMI3A) as a potential can-
didate gene for COPD susceptibility. Very little is known about
the function or regulation of this gene and its protein product.
An association between COPD and HHIP was also noted in
multiple independent populations in each of these studies, falling
at or just below the threshold for genome-wide significance. This
observation raises the possibility that genes that influence varia-
tion in lung function across the population also influence suscep-
tibility to selected pulmonary diseases. Although an intriguing

idea, most studies of lung disease to date would suggest that this
is actually not the case, but, clearly, further investigation into the
overlap between the genetic regulation of lung function in health
and disease are needed (38).

The third study to evaluate genetic associations with COPD
(21) applied a phenotyping strategy intended to specifically
identify those patients with emphysematous lung disease. More
than likely, this alternate phenotype accounted for, or at least
contributed to, the strikingly different results generated when
compared with the aforementioned studies (Table 1). In this
study, radiologist interpretations of thoracic computed tomog-
raphy scans were used to quantitatively and qualitatively char-
acterize the presence and degree of emphysema in over 2,000
individuals with COPD. Although the study did not detect
an association with quantitative emphysema, pooled analyses
suggested a near-significant association between the genomic
region encompassing bicaudal D homolog 1 (BICDI) and qual-
itative emphysema score. The strength of this association is
supported, given that the frequency of the risk allele increased
with increasing amounts of qualitative emphysema. Although
the study is not without limitations, it is the only study to spe-
cifically address an emphysematous endophenotype, and can be
viewed as hypothesis generating for follow-up research.

ASTHMA

The preponderance of the GWA studies in pulmonary medicine
thus far has been aimed at exploring genetic associations with
asthma (6-18). Identification of genetic susceptibility to asthma
is complicated by heterogeneity of the clinical phenotype, vari-
able approaches to diagnose and define asthma, and high prob-
ability that multiple genetic and environmental factors contribute
to disease development. In addition, there are discrepancies in
the burden of asthma among different ethnicities, and it is pos-
sible that the gene variants influencing susceptibility in these
populations are divergent from those in populations of Northern
European descent (39).

The majority of studies have considered the impact of genet-
ics on childhood-onset asthma (6-8, 10, 11, 13, 15). The first
included a family-based panel of children of Northern Euro-
pean descent with physician-diagnosed asthma (6). Several
SNPs on the long arm of chromosome 17 were identified and
validated in 2 independent populations. As the region of interest
spanned several genes, the authors subsequently evaluated tran-
script levels for 14 of the 19 genes lying within the identified
region using B cell-derived Epstein-Barr virus transformed
lymphoblastoid cell lines from probands and their siblings. Tran-
scripts in one gene, ORMI-like protein 3 (ORMDL3), were
strongly and consistently positively associated with the dominant
SNPs identified in the GWA study (6).

ORMDL3 encodes an endoplasmic reticulum-resident
transmembrane protein, and demonstrates a wide tissue distri-
bution, but is particularly high in cells participating in the in-
flammatory response. After the GWA-generated hypothesis,
highly innovative research has revealed potential mechanisms
by which ORMDL3 may influence asthma susceptibility. Poly-
morphisms in genes at the 17q21 locus were recently demon-
strated to correlate with cord blood ORMDL3 expression and,
furthermore, were found to influence IL-17 secretion from stim-
ulated cord blood mononuclear cells, suggesting a potential role
for ORMDLS3 in early T cell regulation (40). In addition, others
have shown that the ORMD L3 gene product alters endoplasmic
reticulum-mediated calcium signaling, and thus can potentially
disrupt protein folding and promote activation of endogenous
inflammatory pathways (41).

Because the initial GWA study implicating its importance in
asthma susceptibility, ORMDL3 and variants in neighboring
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genes, gasdermin A and B (GSDMA-B), have been highly rep-
licated in several case—control series, and appear to be fairly
specific for asthma onset in childhood, particularly in those of
Northern European descent. Estimates indicate that the
disease-associated markers identified in ORMDL3/GSDMA-B
may account for between 29.5 and 38% of the variance in child-
hood asthma expression, and, as such, are likely to greatly in-
fluence the burden of disease in the population (6, 14). These
markers, however, perform poorly as predictors of individual
disease risk (14).

An additional large study evaluating physician-diagnosed,
persistent childhood asthma in North American children of Eu-
ropean ancestry not only replicated the above genomic region,
but also led to novel findings (11). Two independent replication
populations were employed to validate initial findings. The first
included subjects of European descent with childhood onset
asthma—very similar to the discovery sample—whereas the sec-
ond encompassed North American children of African ancestry.
Eight SNPs tagging to a genomic region on chromosome 1
attained genome-wide significance in the initial sample. A total
of 12 additional SNPs in strong LD were also associated with
asthma, and all 20 polymorphisms mapped to a single LD block
spanning the gene for DENN/MADD domain containing 1b
(DENNDIB). Interestingly, although several of the implicated
SNPs were validated to be statistically significant in both inde-
pendent replication populations, the risk allele associated with
asthma at each SNP in the cohort of African descent was the
alternative allele to that associated with asthma in the discovery
set of European descent.

The challenge of studying genetic associations in populations
of African descent was further demonstrated in a study of both
subjects with asthma from the Baltimore—Washington, D.C. area
self-identified to be of African descent and African Caribbean
probands and their families (10). Although 3 of the greater than
600,000 evaluated SNPs met genome-wide significance for
asthma association in the North American cohort, the minor
allele frequency for each of these was less than 1% in both
cases and controls, and, ultimately, none were substantiated in
the African Caribbean population or in four other replication
populations, including North Americans of African descent.

Although these negative findings may be due to inadequate
power given modest sample sizes, incomplete or dissimilar phe-
notypes, or subtle population admixture, other factors may
have contributed. The genomic coverage offered by commer-
cially available genotyping platforms may be limited in African
populations due to less extensive LD between variants. Al-
though imputation can be, and was, employed in an attempt
to enrich genomic coverage, even this may be of limited use
in populations of African origin, as the HapMap panel may
be poorly representative of the haplotype structure in the pop-
ulation of interest.

Beyond childhood-onset asthma, a large, consortium-based
GWA study involving greater than 10,000 subjects with
physician-diagnosed asthma aimed to identify associations with
additional asthma subtypes, including later-onset asthma (age at
onset = 16 yr), severe asthma, and occupational asthma (14).
Common alleles in several genomic regions were associated
with disease risk at all ages, including IL-1 receptor-like
1/IL-18 receptor 1 (ILIRLI/ILISRI), the HLA-DQ region of
the major histocompatibility complex gene, IL-33 (IL33),
SMAD family member 3 (SMAD3), and IL-2 receptor B
(IL2RB). Although none of these associations were specific to
severe or occupational asthma, the HLA-DQ region was observed
to have a slightly stronger association with later-onset asthma.

Itis likely that different subsets of genes influence disease sus-
ceptibility versus disease severity. Only one study of asthma
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phenotypes was designed to specifically assess genetic associa-
tions with severe asthma and asthma-related quantitative trait
(12). This study included cases with physician-characterized se-
vere asthma who also met additional criteria based on use of
medication and urgent or emergent care services. Controls for
the evaluation of asthma-related quantitative traits were fully
phenotyped with no family or personal history of asthma and
normal pulmonary function without bronchial hyperresponsive-
ness or bronchodilator response. Although no SNP surpassed
the threshold for genome-wide significance, the RADS50 homo-
log-1L-13 (RAD50-IL13) regions demonstrated the strongest
evidence for association with the severe asthma phenotype
and asthma-related quantitative traits.

The study of asthma severity is inherently difficult given pro-
found disease heterogeneity. Although classically grouped as
mild, moderate, or severe according to society-based guidelines,
arecent hierarchical cluster analysis of multiple clinical variables
in subjects participating in the Severe Asthma Research Program
identified five distinct subtypes of asthma severity. For example,
cluster 1 represented those with early-onset atopic asthma, nor-
mal lung function, and requirement for two or fewer controller
medications, whereas cluster 3 was a unique group of mostly
older, more obese women with late-onset nonatopic asthma, only
moderate reduction in FEV;, and frequent oral corticosteroid
requirement (42). The identification of these novel disease clus-
ters suggests that future GWA studies aimed at identifying
genes important in asthma severity are likely to require more
detailed phenotyping efforts, including longitudinal data on
lung function, exacerbations, and medication requirements. In
addition, the use of gene expression patterns in combination
with this thorough clinical phenotyping approach may even
further enhance GWA success (38).

OTHER PULMONARY DISEASES

Beyond COPD and asthma, GWA studies for many important
and prevalent pulmonary diseases are either limited (as is the
case for IPF, sarcoidosis, and CF) or lacking entirely. A small
GWA study evaluating Japanese subjects with IPF implicated
telomerase reverse transcriptase (TERT) in the development
of sporadic IPF (22). TERT contributes to telomere replication
and stabilization, and is especially important in cells undergoing
high turnover or relying on progenitor reserves, as may be the
case for bronchial epithelium. This finding is of particular in-
terest, as telomerase mutations had previously been identified
to account for some familial cases of IPF in White subjects (43).

The strongest genetic association linked to sarcoidosis in a sin-
gle GWA study of German subjects was annexin A1l (ANXAII)
(24), and this association was recently confirmed in a similar in-
dependent series of German subjects with both radiologic and
biopsy features consistent with pulmonary sarcoidosis (44). Sim-
ilarly, a GWA study of lung disease severity in CF evaluating
a small sample of patients implicated IFN-related developmental
regulator 1 (IFRDI) as a potential disease-modifying gene (23).
IFRDI is biologically plausible, as it has been shown to regulate
neutrophil effector function, and deficiency is associated with
delayed airway bacterial clearance. Although initial results from
these three small studies are intriguing, large-scale collaborative
follow-up studies are essential to further characterize the genetic
impact on these important pulmonary diseases.

CONCLUSIONS AND FUTURE DIRECTIONS

The GWA approach has facilitated several novel discoveries in
pulmonary medicine. With the exception of the innovative re-
search revealing specific polymorphisms and functional mecha-
nisms that may mediate the influence of ORMDL3 on asthma



878 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 184 2011

susceptibility, the biological insights of these discoveries have
been limited in part by an inability to identify the precise ge-
netic variants responsible for reported associations. In most
cases, it is not possible to be certain of what gene or genes
underlie the observed association, nor ascertain the nature of
their involvement. In this regard it is also interesting to highlight
the peculiar example of variants for childhood asthma in which
the direction of effect of risk alleles is reversed in populations
of European and African ancestry. This observation is difficult
to reconcile with a model of common variants with modest
effects on risk, and could reflect “synthetic associations” in
which different rare variants in different populations have dis-
tinct patterns of associations with more common variants (45).
This possibility emphasizes both the challenge in interpreting
GWA study results and the importance of continued investiga-
tion to determine the variants that underlie detected association
signals.

Another important point is that the genetic variants identified
to be associated with common pulmonary diseases or pulmonary
function appear to contribute only minimally to overall disease
risk or trait heritability. Potential explanations for this so called
“missing heritability” are many, including likely contributions
from as-of-yet unevaluated rare variants, epigenetic modifica-
tions resulting in altered gene expression, or poorly understood
gene—gene and gene—environment interactions. In particular,
interest in rare variants is growing, because most GWA studies,
not just those in pulmonary medicine, have failed to explain the
preponderance of the susceptibility to many common human
diseases (46).

By some estimates, approximately 60% of SNPs in the human
genome have a mean allele frequency of less than 5%, and these
rarer variants or combinations thereof could explain development
of many common diseases. To evaluate variants with a frequency
of less than about 1%, whole-genome sequencing will be neces-
sary. Next-generation sequencing machines have remarkably
greater capacity and speed when compared with older technolo-
gies, thus making whole-genome or whole-exome sequencing in
large numbers of cases and controls an approaching reality (47).
As a proof of concept, such approaches have already been used
to identify the genetic basis of rare Mendelian diseases, such as
Miller syndrome (48) and X-linked leukoencephalopathy (49).

Although the relevance of these results to common multi-
genic diseases remains uncertain, several strategies have been
proposed by which whole-genome sequencing approaches could
be performed in smaller, highly selected samples. For example,
study designs that leverage carefully selected cases with extreme
phenotypes of disease or employ family-based studies, including
affected and unaffected individuals, could provide a powerful ap-
proach to identifying rare disease-causing variants (47). Still
others propose that the examination of rare variants by next-
generation sequencing will be insufficient to further our under-
standing of disease heritability. Rather, they suggest moving
beyond single-gene analyses to enhanced analytical modeling
of complex gene-gene interactions (38).

Certainly a comprehensive approach will be necessary to fur-
ther leverage the GWA method to study complex pulmonary dis-
eases in the future. Multicenter collaborative efforts to generate
large longitudinal cohorts or the addition of gene expression pro-
files to create more in-depth clinical phenotyping will be critical.
Examples of such studies currently underway include COPDGene
and the EVE asthma genetics consortium; their results should
continue to increase our understanding of the genetic basis of
these common diseases and help reconcile differences observed
in earlier studies of asthma and COPD. In addition, multicenter
work is ongoing to evaluate the genetic basis for pulmonary con-
ditions that have not previously been subject to GWA, such as

acute lung injury (50, 51). Furthermore, ongoing efforts will use
information from the 1,000 Genomes Project to construct genotyp-
ing platforms that offer more substantial coverage of variants in
populations of African descent, therefore allowing more effective
use of GWA studies in non-European samples, particularly impor-
tant given the increasing burden of asthma in diverse ethnic pop-
ulations (46, 52). In the future, next-generation sequencing will
offer the potential for even greater depth of knowledge with
regard to the underlying basis of many common lung conditions.
Finally, an enhanced understanding of gene—gene interactions and
gene—environment interactions will be gained through improved
analytic techniques and ambitious endeavors, such as the Environ-
mental Genome Project led by the National Institute of Environ-
mental Health Sciences (53). These techniques will be essential
given that gene—environment effects may, by design, be obscured
in large consortia data sets.

Despite this limitation, a clear strength of the GWA studies
conducted to date in pulmonary medicine has been the assembly
of collaborative and multidisciplinary teams of investigators
across multiple institutions. Although the path to fully uncover-
ing the genetic basis of pulmonary disease has only begun, these
teams, with rapidly advancing technology and cutting-edge bio-
informatic approaches hold the potential to substantially impact
our understanding of the genetic basis of many complex diseases
in the future. Eventually, continued pursuit of this research will
translate into clinically useful information through identifying
novel causal pathways and new therapeutic targets, and by gen-
erating knowledge of individual patterns of disease predisposi-
tion, thus facilitating personalized risk assessment and disease
management.
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