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Abstract

Increased airway responsiveness is linked to lung function decline
andmortality in subjects with chronic obstructive pulmonary disease
(COPD); however, the genetic contribution to airway responsiveness
remains largely unknown. A genome-wide association study
(GWAS) was performed using the Illumina (San Diego, CA)
Human660W-Quad BeadChip on European Americans with COPD
from the Lung Health Study. Linear regression models with
correlated meta-analyses, including data from baseline (n = 2,814)
and Year 5 (n = 2,657), were used to test for common genetic variants
associated with airway responsiveness. Genotypic imputation was
performed using reference 1000 Genomes Project data. Expression
quantitative trait loci (eQTL) analyses in lung tissues were assessed
for the top 10 markers identified, and immunohistochemistry assays
assessed protein staining for SGCD and MYH15. Four genes were
identified within the top 10 associations with airway responsiveness.
Markers on chromosome 9p21.2 flanked by LINGO2met

a predetermined threshold of genome-wide significance (P, 9.573
1028). Markers on chromosomes 3q13.1 (flanked byMYH15), 5q33
(SGCD), and 6q21 (PDSS2) yielded suggestive evidence of association
(9.573 1028, P< 4.63 1026). Gene expression studies in lung
tissue showed single nucleotide polymorphisms on chromosomes
5 and 3 to act as eQTL for SGCD (P = 2.573 1029) andMYH15
(P = 1.623 1026), respectively. Immunohistochemistry confirmed
localization of SGCD protein to airway smooth muscle and
vessels and MYH15 to airway epithelium, vascular endothelium,
and inflammatory cells. We identified novel loci associated with
airway responsiveness in a GWAS among smokers with COPD.
Risk alleles on chromosomes 5 and 3 acted as eQTLs for
SGCD and MYH15 messenger RNA, and these proteins were
expressed in lung cells relevant to the development of airway
responsiveness.
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Chronic obstructive pulmonary disease
(COPD) is a leading cause of death in
the United States and worldwide, and its
prevalence is expected to increase in the
upcoming decades (1, 2). Increased airway
responsiveness, as measured by response
to methacholine, is a phenotype often
associated with asthma (3); however, it
is well established that increased airway
responsiveness is also a common feature
of COPD. In addition, increased airway
responsiveness has clinical implications
in individuals with COPD. For example,
smoking increases airway responsiveness,
which in turn is a strong determinant of the
initial benefit of smoking cessation, where
quitters showing the greatest degrees of
airway responsiveness exhibit the largest
improvement in lung function (4–8).
Previous results from the Lung Health
Study (LHS), a multicenter, randomized
clinical trial to determine whether
a program of smoking intervention and
use of an inhaled bronchodilator could slow
the rate of pulmonary function decline
(a hallmark feature of COPD) among
patients with mild to moderate COPD,
demonstrated that baseline airway
responsiveness is a strong predictor
of future lung function decline (9). In
addition, increased airway responsiveness
has been identified as a strong predictor
of early development of COPD in young
adults (10), and the severity of airway
responsiveness has been associated with
a higher risk of mortality from COPD (11).
Not only does airway responsiveness have

significant clinical implications in patients
with COPD, but it is a heritable trait (12,
13), with estimates suggesting that genetic
effects account for approximately one-third
of the variance in airway responsiveness
(13). Therefore, understanding the genetic
contribution to airway responsiveness in
COPD is important given its heritability
and its relevance as a marker of morbidity
and mortality in patients with COPD.

The LHS has been a landmark study in
understanding the longitudinal effects of
smoking on short- and long-term outcomes
in COPD, and the assessments of airway
responsiveness at baseline and 5 years
later make the LHS uniquely suited to
identify genetic contributions to airway
responsiveness. Here we report results from
a genome-wide association study (GWAS)
in individuals with COPD. Confidence
in the potential relevance of the top hits
from this GWAS to airway responsiveness
in patients with COPD was also extended
by measuring gene and protein expression
in human lung tissues.

Materials and Methods

A full description of the methods is provided
in the online supplement.

Population
The multicenter LHS cohort (14, 15)
consisted of 5,887 smokers (35–60 yr of age)
at enrollment with spirometric evidence of
mild to moderate lung function impairment.
Methacholine challenge testing was
performed twice: during the third screening
visit (baseline) and at annual visit 5 (5, 9). Of
the samples included in the GWAS and
passing all quality control procedures
(n = 4,108) (7), 3,354 and 2,657 individuals
had valid methacholine measurements at
baseline and Year 5, respectively, and were
included in the current analysis.

Genotyping and Tests for Association
Genomic DNA samples were genotyped
using the Illumina (San Diego, CA)
Human660W-Quad v.1_A BeadChip.
Sample, and single nucleotide polymorphism
(SNP) quality control was performed using
IlluminaBeadStudio (16). A total of 23,481
SNPs were excluded from analyses.

Airway responsiveness was calculated as a
quantitative measure (the concentration of
methacholine at which a greater than 20%
decrease in FEV1 was achieved [PC20]), and
all analyses were repeated using alternative
definitions of airway responsiveness: (1)
dichotomization of airway responsiveness
(PC20, 10 versus PC20> 10 mg/ml), (2)

Table 1. Baseline and Year 5 Lung Health Study Subject Characteristics

Subject Characteristics

Subjects with AR Data

Baseline (n = 3,920) Year 5 (n = 3,473)

Baseline characteristics
Age, yr 48.6 (6.7)* 48.3 (6.7)
Male, N (%) 2,464 (62.9) 2,225 (64.1)
BMI, kg/m2 25.5 (3.9) 25.5 (3.8)
Smoking, pack-years 40.5 (18.6) 40.2 (18.7)

Post-bronchodilator lung function
FEV1, L 2.8 (0.6) 2.8 (0.6)
FVC, L 4.3 (1.0) 4.3 (0.9)
FEV1/FVC 0.65 (0.06) 0.66 (0.06)
FEV1% predicted 78.6 (9.0) 79.7 (8.3)

Airway responsiveness
PC20 7.6 (6.1)† 6.6 (5.9)†

PC20 <1 mg/ml, N (%) 198 (5.1) 296 (8.5)
PC20 .1 and <5 mg/ml, N (%) 1,108 (28.3) 1,162 (33.5)
PC20 .5 and <10 mg/ml, N (%) 912 (23.3) 740 (21.3)
PC20 .10 and<25 mg/ml, N (%) 597 (15.2) 464 (13.4)
PC20 .25 mg/ml, N (%) 1,105 (28.2) 811 (3.4)

Definition of abbreviations: AR, airway responsiveness; BMI, body mass index; PC20, concentration of
methacholine at which a greater than 20% decrease in FEV1 was achieved.
*Values are means with SD in parentheses unless otherwise noted.
†A total of 2,814 and 2,657 subjects had valid PC20 data at baseline and Year 5, respectively, and
were included in the primary genome-wide association study analysis. The additional 1,105 and 811
subjects, respectively, did not have a 20% drop in FEV1 at the highest methacholine concentration
(25 mg/ml) and therefore did not have precise PC20 values.

Clinical Relevance

The aim of this study was to identify
the common genetic variants that are
associated with airway responsiveness
in chronic obstructive pulmonary
disease (COPD). This study identified
four novel loci associated with airway
responsiveness in COPD, and, in
particular, risk alleles on chromosomes
5 and 3 were associated with increased
messenger RNA expression of SGCD
and MYH15. SGCD protein was
localized to airway smooth muscle. In
a genome-wide association study of
airway responsiveness among smokers
with COPD, novel loci involved in the
pathogenesis of airway responsiveness
in COPD were identified.

ORIGINAL RESEARCH
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a categorical definition based on five
categories of PC20 (,1, >1 but ,5, >5
but ,10, >10 but ,25, and >25 mg/ml),
and (3) a continuous measure of airway
responsiveness using the O’Connor slope (17).

To address the potential effects of
population stratification, the first five
principal components computed via
Eigenstrat were included in the regression
models (18). The genetic contribution
to airway responsiveness was assessed at
baseline and Year 5 by linear regression
using PLINK (19) adjusting for sex, age
at baseline, clinic site, log10 (weight in
kilograms), FEV1 (liters), FEV1/FVC,
and smoking status at Year 5; data were
combined using a correlated meta-analysis.
Analysis of dichotomized PC20 was assessed
using logistic regression. A prespecified
threshold for genome-wide significance
of P, 9.573 1028 was determined based
on a Bonferroni correction for multiple
comparisons for 546,355 SNPs.

To further refine our association
results, we performed genotype imputation
using reference 1000 Genomes Project
data (March 2010 release). We imputed
genotypes for all polymorphic 1000
Genomes Project SNPs using a hidden
Markov model implemented in MACH
(version 1.0) with 200 iterations (http://
www.sph.umich.edu/csg/abecasis/MACH/).

Replication
The investigation of the association of
the top 10 genotyped SNPs associated
with airway responsiveness in LHS was
attempted in an independent European
ancestry COPD cohort (Groningen Leiden
Universities Corticosteroids in Obstructive
Lung Disease [GLUCOLD]) with available
airway responsiveness data (n = 110).

Expression Quantitative Trait
Locus Analysis
We investigated whether any of the 10 SNPs
identified in the LHS GWAS were a cis-
acting expression quantitative trait locus
(eQTL) using the results of a genome-wide
association analysis for eQTLs performed
in lung tissue from patients (n = 1,111) who
underwent lung resection surgery. Details
of the gene expression study have been
published (20). Briefly, the normalized
expression data were adjusted for age,
sex, and smoking status in a robust linear
model, and eQTL mapping was performed
with linear regression (21). Cis-eQTL SNPs
were defined as variants within 1 Mb

of a gene that were associated with its
expression at a 10% false discovery rate
(corresponding to a P value of 5.93 1025)
(20). There were 17,049 cis-eQTLs.

Immunohistochemistry
Given the significant association of
SGCD and MYH15 SNPs with their gene
expression in eQTL analysis, we performed
immunohistochemistry to determine SGCD
and MYH15 protein expression in lung
tissue specimens. Immunohistochemical
staining was performed on frozen lung
sections from biobanked control subjects for
SGCD (n = 8) and MYH15 (n = 4). Frozen
sections (10 mm thick) were incubated with
a mouse monoclonal anti–d-sarcoglycan
antibody (Novocastra; Leica Microsystems
Inc., Concord, ON, Canada) and a rabbit
anti-MYH15 antibody (Sigma-Aldrich, St.
Louis, MO).

Results

The clinical characteristics of subjects
with valid methacholine measurements at
baseline (n = 3,920) and Year 5 (n = 3,473)
are presented in Table 1. LHS subjects
included in the GWAS had a similar degree
of airway responsiveness compared with
those not included in the GWAS (data not
shown), suggesting little selection bias.
A total of 1,105 and 811 subjects at baseline
and Year 5, respectively, did not have a 20%
drop in FEV1 at the highest methacholine
concentration (25 mg/ml) yielding precise
PC20 values; therefore, 2,814 and 2,657
subjects had valid PC20 data at baseline and
Year 5, respectively, and were included in
the primary GWAS analysis of continuous
PC20. A Manhattan plot of the results of
the association tests between individual
SNPs across the entire genome and airway
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Figure 1. Manhattan plot of association results for airway responsiveness in the Lung Health Study.
Manhattan plots are ordered by chromosome position. The x axis shows chromosome position, and
the y axis shows the –log10 (P value).
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responsiveness is presented in Figure 1. A
Q-Q plot showed no evidence of significant
population stratification (l = 0.981) and
is presented in Figure E2 in the online
supplement, and the 10 SNPs most strongly
associated with continuous PC20,
representing four distinct genes, are listed
in Table 2. Results for all SNPs with an
association with airway responsiveness with
a P value less than 1024 are shown in Table
E1. Three SNPs (rs10491678, rs683471, and
rs10813121) on chromosome 9p21.2 met
prespecified threshold for genome-wide
significance. These intergenic SNPs
are flanked by LINGO2 (828–849 kb
downstream) and an uncharacterized gene
(LOCS286239; 256–278 kb upstream). The
additional seven SNPs represent three
genomic regions, including PDSS2 on
chromosome 6q21, SGCD on chromosome
5q33, and an intergenic location on
chromosome 3q13.1, flanked by DZIP3 (28 kb

upstream), MYH15 (193 kb upstream),
and RETNLB (33 kb upstream). No
significant evidence of association for
the top 10 SNPs was observed in the
GLUCOLD cohort (data not shown);
however, to confirm the robustness of
our findings across different definitions
of airway responsiveness, in secondary
analyses we tested for association of the
top 10 SNPs, with airway responsiveness
defined as a dichotomized trait, a
categorical trait, and a continuous
trait using the O’Connor slope (Table 3).
Results for all SNPs with an association
with airway responsiveness (defined
as a dichotomized, a categorical, and
a continuous trait using the O’Connor
slope) with a P value less than 1024 are
shown in Tables E2–E4, and Q-Q plots
are shown in Figure E2.

To refine these candidate regions
associated with airway responsiveness, SNPs

were imputed in these four genomic regions
and were displayed using local association
plots (Figure 2) (22). For the chromosome
3 locus, rs34215229 was the most highly
associated SNP (P = 5.413 1028;
R2 = 0.984). This SNP is 227 kb from the
genotyped SNP lying in an intronic region
of MYH15. For chromosome 5, the
most highly associated imputed SNP
rs282475 (P = 8.353 1028; R2 = 0.907) is
6.5 kb upstream from the most highly
associated genotyped SNP rs2642660. For
chromosome 6, the top two imputed SNP
are rs80128495 (P = 8.413 1028; R2 = 1)
and rs78394231 (P = 1.293 1027;
R2 = 0.797), both of which lie in the intronic
region of PDSS2 and are within 23.4 kb
of the genotyped SNP. For chromosome 9,
the most significant imputed SNPs
(rs591935; R2 = 0.993) had similar degrees
of association compared with genotyped
SNPs in the respective regions.

Table 2. Top 10 Genome-Wide Association Study Single Nucleotide Polymorphisms Representing Four Chromosomal Regions
Associated with Airway Responsiveness in the Lung Health Study

SNP Chromosome Position in BP
Minor
Allele

Minor Allele
Frequency

Gene or Closest
Gene (Distance)

Baseline Year 5 Meta-Analysis

b* P Value b P Value b P Value

rs10491678 9 29568686 C 0.36 LINGO2 (898.4 kb) 0.052 2.613 1027 0.050 2.313 1026 0.051 4.523 1029

rs683471 9 29546888 C 0.36 LINGO2 (876.6 kb) 0.049 8.603 1027 0.048 7.453 1026 0.049 2.343 1028

rs10813121 9 29556577 A 0.35 LINGO2 (886.3 kb) 0.050 7.643 1027 0.044 4.183 1025 0.047 7.013 1028

rs640850 9 29536618 G 0.25 LINGO2 (866.3 kb) 0.053 2.043 1026 0.046 1.133 1024 0.050 2.773 1027

rs9486594 6 107672527 C 0.09 PDSS2 0.065 1.533 1024 0.081 1.133 1025 0.072 1.503 1026

rs7356941 6 107794473 A 0.09 PDSS2 (13.7 kb) 0.063 2.633 1024 0.082 6.173 1026 0.072 1.583 1026

rs7618314 3 108441444 C 0.08 RETNLB (20.8 kb) 20.075 1.443 1025 20.065 5.243 1024 20.071 3.013 1026

rs2642660 5 156152920 C 0.19 SGCD 20.050 4.833 1025 20.050 1.473 1024 20.050 3.133 1026

rs2430461 6 107650309 C 0.19 PDSS2 0.047 8.363 1025 0.051 8.263 1025 0.049 3.273 1026

rs456290 5 156155155 C 0.19 SGCD 20.051 3.323 1025 20.047 3.873 1024 20.049 4.613 1026

Definition of abbreviations: BP, base pair; SNP, single nucleotide polymorphism.
*b represents increase in PC20 value (i.e., the concentration of methacholine at which a greater than 20% decrease in FEV1 was achieved).

Table 3. Robustness of Top 10 Genome-Wide Association Study Single Nucleotide Polymorphisms across Different Definitions of
Airway Responsiveness in the Lung Health Study

SNP Chromosome
Gene or Closest
Gene (Distance) b

PC20
Continuous* b O’Connor† OR

PC20
Dichotomous‡ b

PC20
Categorical§

rs10491678 9 LINGO2 (898.4 kb) 0.051 4.523 1029 0.036 1.103 1026 1.209 1.243 1024 0.101 4.483 1025

rs683471 9 LINGO2 (876.6 kb) 0.049 2.343 1028 0.034 4.363 1026 1.196 2.843 1024 0.096 1.133 1024

rs10813121 9 LINGO2 (886.3 kb) 0.047 7.013 1028 0.031 1.843 1025 1.184 6.123 1024 0.089 3.613 1024

rs640850 9 LINGO2 (866.3 kb) 0.050 2.773 1027 0.040 5.803 1027 1.191 8.023 1024 0.104 1.473 1024

rs9486594 6 PDSS2 0.072 1.503 1026 0.060 1.183 1026 1.256 5.963 1023 0.167 6.763 1025

rs7356941 6 PDSS2 (13.7 kb) 0.072 1.583 1026 0.059 1.393 1026 1.245 8.493 1023 0.165 7.623 1025

rs7618314 3 RETNLB (20.8 kb) 20.071 3.013 1026 20.060 2.143 1026 0.836 1.843 1022 20.153 4.273 1024

rs2642660 5 SGCD 20.050 3.133 1026 20.030 9.143 1024 0.811 4.023 1024 20.102 8.233 1024

rs2430461 6 PDSS2 0.049 3.273 1026 0.040 5.223 1026 1.244 4.413 1024 0.113 1.493 1024

rs456290 5 SGCD 20.049 4.613 1026 20.028 1.903 1023 0.818 7.563 1024 20.099 1.263 1023

Definition of abbreviations: OR, odds ratio; PC20, concentration of methacholine at which a greater than 20% decrease in FEV1 was achieved; SNP, single
nucleotide polymorphism.
*A total of 2,814 subjects at baseline and 2,657 at Year 5 included in analyses.
†A total of 3,530 subjects at baseline and 3,284 at Year 5 included in analyses.
‡A total of 3,946 subjects at baseline and 3,477 at Year 5 included in analyses (PC20, 10 versus PC20> 10 mg/ml).
xn = 3,920 at baseline and 3,473 at Year 5 included in analyses (categorical outcome: PC20 ,1,>1 but,5,>5 but,10,>10 but,25, and>25 mg/ml).
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eQTL Analysis
We sought evidence that the top 10 SNPs
might alter gene expression levels by
examining their association with gene
expression in the lung (Table 4).
Chromosome 5 markers rs456290 and
rs2642660 showed cis-eQTL association
with SGCD expression at P, 7.53 1029

(Figures 3A and 3B). In addition, the top
chromosome 3 SNP (rs7618314) showed
cis-eQTL association with MYH15
gene expression (P = 1.623 1026) and
AK026893 (P = 5.753 1027) gene
expression (Figures E3 and E4). Imputed
SNP (rs34215229) is also a lung eQTL for
MYH15 (P = 1.803 1027), with higher
expression for the C allele. The SNPs

associated with airway responsiveness on
chromosomes 6 and 9 did not act as eQTLs
for transcripts in cis.

Immunohistochemistry
To further investigate the localization of the
proteins coded by the two genes (SGCD
and MYH15) for which cis-eQTLs were
identified, immunohistochemistry was
performed. Human lung tissue specimens
stained for SGCD in the airway and
vascular smooth muscle (Figure 4). There
was staining for SGCD in the airway
smooth muscle of seven of eight control
subjects, and semiquantitative analysis
showed that approximately 10% of the
muscle area stained positively, with

a range from 0 to 20% (Figure E5). For
MYH15 there was no staining in smooth
muscle, but there was positive and
consistent staining in the airway epithelium
(Figure E6), in the systemic and pulmonary
vascular endothelium (Figure E7), and in
inflammatory cells (Figure E8). There was
consistent staining for MYH15 in these
cell types in the four control subjects who
were studied. Although the presence of
expression of these proteins in lung does
not imply a functional link between the
GWAS results and the expression of these
proteins, these results confirm protein
expression of SGCD and MYH15 in tissue
known to be involved in mediating
airway responsiveness.
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Figure 2. Association results for imputed single nucleotide polymorphisms (SNPs) for four chromosomal regions associated with airway responsiveness in
the Lung Health Study. Circles, squares, diamonds, upward triangles, and downward triangles represent intergenic, intronic, near-gene (39 and 59),
coding-synonymous, and missense, respectively. The relative location of the genes in each region and the direction of transcription are shown in the
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Discussion

In this first GWAS on airway responsiveness
in COPD, we identified a locus on
chromosome 9p21.2 achieving
genome-wide significance (P = 4.53 1029)
in addition to three regions on
chromosomes 3, 5, and 6 that approached
genome-wide significance (9.573 1028,
P< 4.63 1026). eQTL analysis showed
that SNPs on chromosomes 3 and 5, which
were associated with airway responsiveness
in GWAS analysis, were also eQTLs for
expression of nearby genes (MYH15 and
SGCD) in lung tissue. SGCD protein
expression was localized to airway smooth
muscle, the contraction of which leads
to airway bronchoconstriction. MYH15
protein was expressed by the airway
epithelium, vascular endothelium, and
inflammatory cells, all of which may
contribute to variation in airway
responsiveness. These results highlight
the potential importance of four novel
genes, including SGCD and MYH15, in
the regulation of airway responsiveness
among patients with COPD.

The development of airway
responsiveness in COPD probably involves
multiple mechanisms, including increased
airway smooth muscle contractility,
increased smooth muscle mass in the small
airways, decreased elastic recoil, epithelial
cell dysfunction, and increased airway wall
thickness (23). The mechanism by which
the novel targets identified in this GWAS

may affect airway responsiveness
remains unknown; however, the locus on
chromosome 5, SGCD (sarcoglycan, d), is a
component of the dystrophin–glycoprotein
complex (DGC). The DGC is a multisubunit
protein complex spanning the sarcolemma
and provides structural support between
the subsarcolemmal cytoskeleton and the
extracellular matrix of muscle cells. The
DGC secures actin to laminin, helps support
the sarcolemma, and may function in Ca21

homeostasis and signaling in muscle cells.
The DGC is found in striated and cardiac
muscle and is associated with muscular
dystrophies, cardiomyopathy, and vascular
remodeling (24). Recent literature has shown
that DGC and its components, including
SGCD, are also found in contractile airway
smooth muscle tissue, implying that it is
likely involved in contractility (25).

The association of the most significant
SNPs near SGCD with gene expression
of SGCD in lung tissue suggests that these
SNPs are either directly involved or are
in tight linkage disequilibrium with variants
controlling gene expression of SGCD in
human airways and vessels. For example,
the C allele of rs2642660 was associated
with higher SGCD expression in lung tissue
and is also associated with increased airway
responsiveness. It is possible that the
increased expression could contribute to
the stability of the complex, making the
muscle stiffer and more resistant to the
force and length oscillations, which occur
during breathing. There is increasing

evidence that airway hyper-responsiveness
is related to an inability of the airway
smooth muscle to be stretched sufficiently
during breathing maneuvers such as deep
inspirations (26). A more stable and less
malleable DGC could increase stiffness of
the airway smooth muscle, making it more
resistant to the stress applied during deep
inspirations (27).

Immunohistochemistry confirmed the
localization of SGCD to airway and vascular
smooth muscle in human lung tissue,
emphasizing its potential importance in
the pathogenesis of airway responsiveness.
SGCD staining was restricted to the airway
and vascular smooth muscle. Ideally, we
would have performed quantitative analysis
for SGCD on airway tissue from smokers
with COPD with known and widely varying
airway responsiveness to determine if there
was a relationship between SGCD staining
and airway responsiveness. Unfortunately,
measurements of airway responsiveness from
subjects with COPDwith tissue in the biobank
were not available. However, taken together,
these data support the possibility that
increased expression of SGCD contributes
to increased airway responsiveness.

eQTL analyses also showed that
the SNP identified from GWAS analysis
on chromosome 3 was associated with
AK026893 and Myosin Heavy Chain 15
(MYH15) gene expression. Little is known
regarding AK026893 gene function, and
analyses of imputed SNPs showed that the
most highly associated SNP (rs34215229;

Table 4. Significant Lung Expression Quantitative Trait Loci Results for Single Nucleotide Polymorphisms Associated with Airway
Responsiveness

Marker Chromosome
Alleles

(Major/Minor) Probe Set Transcript eQTL P Value Higher-Expression Allele

rs7618314 3 T/C 100139344_TGI_at AK026893 5.753 1027 T
100152895_TGI_at MYH15 1.623 1026 T

rs2642660 5 T/C 100130704_TGI_at SGCD 8.943 1027 C
100142964_TGI_at SGCD 2.043 1025 C
100144469_TGI_at SGCD 1.883 1027 C
100154320_TGI_at SGCD 1.233 1026 C
100156891_TGI_at SGCD 2.573 1029 C
100307171_TGI_at SGCD 7.133 1027 C
100313731_TGI_at SGCD 1.023 1028 C

rs456290 5 T/C 100130704_TGI_at SGCD 3.173 1026 C
100142964_TGI_at SGCD 1.873 1025 C
100144469_TGI_at SGCD 1.993 1027 C
100154320_TGI_at SGCD 2.753 1026 C
100156891_TGI_at SGCD 1.133 1028 C
100307171_TGI_at SGCD 1.963 1026 C
100313731_TGI_at SGCD 7.483 1029 C

Definition of abbreviation: eQTL, expression quantitative trait loci.
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P = 5.413 1028; r2 = 0.984) on chromosome
3 lies in an intronic region in MYH15
and is also an eQTL for MYH15 gene
expression. These data suggest that
MYH15 is the target gene at the
chromosome 3 locus. MYH15 has
previously been identified as a sarcomeric
myosin gene, but little information is
available about its expression and function
(28). MYH15 has previously been found
to be expressed in extraocular muscles
but not in leg or heart muscle (29), but
polymorphisms in MYH15 have been
linked to coronary heart disease and
to noncardioembolic stroke (30–32).
We report the novel gene expression of
MYH15 in human lung tissue. MYH15
protein was not expressed in airway
smooth muscle but showed pronounced

staining in systemic and pulmonary
vascular endothelial cells and in
airway epithelial cells and infiltrating
inflammatory cells, especially alveolar
macrophages. Any of these cell types
could contribute to airway responsiveness.
Altered expression of MYH15 by the
epithelium and/or vascular endothelium
could influence epithelial function,
and variable expression of MYH15 by
inflammatory cells could influence airway
inflammation, both of which have been
suggested to play a role in the generation
of airway responsiveness (33).

Prenyl diphosphate synthase, subunit
2 (PDSS2) maps to chromosome 6q21
and encodes a protein that synthesizes the
prenyl side-chain of coenzyme Q or
ubiquinone. Coenzyme Q has antioxidative

properties in humans, has a role in the
production of cell energy, and is a scavenger
of free oxygen radicals. The oxidant–
antioxidant balance has been hypothesized
to be critical in the pathogenesis of COPD.
Protective effects of coenzyme Q on
pulmonary function have been demonstrated
in animal experiments, and coenzyme Q levels
are decreased in patients with asthma and
COPD (34). Our results highlight the
potential novel association of PDSS2 and
coenzyme Q in the development of airway
responsiveness in COPD.

Two SNPs in chromosome 9p21.2,
flanked by LINGO2 and an unknown gene,
met a predetermined threshold of genome-
wide significance (P, 9.573 1028). In
addition, using the RegulomeDB website,
rs10813121 in chromosome 9 was found to
bind to seven proteins, among them STAT3
and Nrf-2, a key transcription factor
that regulates antioxidant defense in
macrophages and epithelial cells (35).
The leucine-rich repeat and Ig domain–
containing 2 gene (LINGO2) is expressed in
neuronal tissue, and variants have been
associated with essential tremor and
Parkinson’s disease as well as obesity (36–
38). The function of LINGO2 is currently
unclear, and further investigation is needed
to understand its potential role in the
pathogenesis of airway responsiveness.

The LHS is a unique COPD case
cohort for which no ideally suited cohort
is available for replication of genetic
associations. In particular, very few COPD
studies have assessed airway responsiveness,
and, to our knowledge, there is no
sufficiently sized COPD cohort available
with airway responsiveness data to provide
a reasonable replication cohort to confirm
our results. The GLUCOLD study (39)
enrolled patients with COPD and
performed methacholine challenge testing
on only 110 subjects, thereby limiting our
ability to detect any statistically significant
associations. We did not replicate
our findings in asthma cohorts because
the biologic mechanism and genetic
determinants of airway responsiveness
underlying asthma and COPD may be
different, as is evidenced by a previous
GWAS of airway responsiveness in asthma
populations showing only nominal to no
replication in the LHS COPD population
and in a general population cohort (40).

We acknowledge that the current
analyses do not provide direct functional
relevance to the genes identified in our
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Figure 3. (A) Gene expression levels of the SGCD gene in the lungs according to genotyping
groups for the SNP rs2642660 in Laval (n = 409) (left), in Groningen (n = 363) (middle), and in the
University of British Columbia (UBC) (n = 349) (right). The y axis represents gene expression
levels in the lung adjusted for age, sex, and smoking status. The x axis represents the three
genotyping groups for SNP rs2642660 with the number of subjects in parentheses. (B) Gene
expression levels of the SGCD gene in the lungs according to genotyping groups for the SNP
rs456290 in Laval (n = 409) (left), in Groningen (n = 363) (middle), and in UBC (n = 350) (right).
The y axis represents gene expression levels in the lung adjusted for age, sex, and smoking
status. The x axis represents the three genotyping groups for SNP rs456290 with the number
of subjects in parentheses.
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GWAS analysis; however, the lung eQTL
and protein expression studies increase
confidence that the identified genes are
expressed in relevant tissues that are
involved in the pathogenesis of airway
responsiveness. We also acknowledge that
SNPs may contribute to disease phenotype
not only through affecting gene expression
in lung tissue but also through other
mechanisms, including gene expression in
nonlung tissue or gene or protein function.
In addition, the effect of the polymorphismmay
only be seen under specific disease or
environmental conditions, and the cohort in
which the eQTL analyses were done was not
specific for COPD. Therefore, we still believe
that the other novel loci identified in the
GWAS continue to be potential causal loci
underlying airway responsiveness in
patients with COPD.

In summary, we present findings from
the first GWAS of airway responsiveness
in smokers with COPD. Four loci reached
genome-wide or near genome-wide
significance in tests of association with
airway responsiveness (4.53 1029< P<
4.63 1026). In particular, the risk alleles
for airway responsiveness on chromosomes
5 and 3 were associated with the messenger
RNA expression levels of SGCD and
MYH15 in the lung. SGCD protein
expression was identified in airway smooth
muscle of lung tissue specimens, which
is responsible for contractility and

bronchoconstriction, and MYH15 protein
expression was identified in airway
epithelium, vascular endothelium, and
inflammatory cells. These results highlight
the potential importance of SGCD and
MYH15 in the pathogenesis of airway
responsiveness in patients with COPD. n
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