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Abstract

Pulmonary function measures reflect respiratory health and predict mortality, and are used in the
diagnosis of chronic obstructive pulmonary disease (COPD). We tested genome-wide association
with the forced expiratory volume in 1 second (FEV1) and the ratio of FEV; to forced vital
capacity (FVC) in 48,201 individuals of European ancestry, with follow-up of top associations in
up to an additional 46,411 individuals. We identified new regions showing association (combined
P<5x1078) with pulmonary function, in or near MFAP2, TGFB2, HDAC4, RARB, MECOM
(EVI1), SPATA9, ARMC2, NCR3, ZKSCAN3, CDC123, C100rf11, LRP1, CCDC38, MMP15,
CFDP1, and KCNEZ2. Identification of these 16 new loci may provide insight into the molecular
mechanisms regulating pulmonary function and into molecular targets for future therapy to
alleviate reduced lung function.

Introduction

Pulmonary function, reliably measurable by spirometry, is a heritable trait reflecting the
physiological state of the airways and lungs®. Pulmonary function measures are important
predictors of population morbidity and mortality?#, and are used in the diagnosis of chronic
obstructive pulmonary disease (COPD), which ranks among the leading causes of death in
developed and developing countries®®. A reduced ratio of forced expiratory volume in 1
second (FEV) to forced vital capacity (FVC) is used to define airway obstruction, and a
reduced FEV1 is used to grade the severity of airway obstruction’.

Recently, two large genome-wide association studies (GWAS), each comprising discovery
sets of more than 20,000 individuals of European ancestry identified novel loci for lung
function®2. Recognizing the need for larger datasets to increase the power to detect loci of
individually modest effect size, we conducted a meta-analysis of 23 lung function GWAS
comprising a total of 48,201 individuals of European ancestry (Stage 1) and followed-up
potentially novel loci in 17 further studies comprising up to 46,411 individuals (Stage 2).
We identified 16 additional novel loci for lung function, and provided evidence
corroborating association of loci previously associated with lung function®11, Our findings
implicate a number of different mechanisms underlying regulation of lung function and
highlight loci shared with complex traits and diseases, including height, lung cancer, and
myocardial infarction.

Results

Genome-wide analysis (stage 1)

Meta-analyses for cross-sectional lung function measures were undertaken for
approximately 2.5 million genotyped or imputed SNPs across 23 studies with a combined
sample size of 48,201 adult individuals of European ancestry. Characteristics of the cohort
participants and the genotyping are shown in Supplementary Tables 1A and 1B. FEV; and
FEV,/FVC were adjusted for ancestry principal components, age, age?, sex, and height as
covariates. Association testing of the inverse-normal transformed residuals for FEV and
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FEV1/FVC assumed an additive genetic model and was stratified by ever-smoking (versus
never-smoking) status. Meta-analyses of the smoking strata within study, and the study-
specific results, were undertaken using inverse variance weighting (the inverse of the
standard error squared was used as the weight). We applied genomic control twice at study
level (to each smoking stratum separately and to the study level pooled estimates) and also
at meta-analysis level to avoid inflation of test statistics due to cryptic population structure
or relatedness (see Supplementary Table 1A for study level estimates). Our application of
genomic control at the three stages is likely to be overly conservative because it has recently
been shown that in large meta-analyses, test statistics are expected to be elevated under
polygenic inheritance even when there is no population structurel?. Test statistic inflation
(Agc) prior to applying genomic control at meta-analysis level was 1.12 for FEVq and 1.09
for FEV1/FVC. Genomic inflation estimates increase with sample size, as has been shown
for other traits'3-15; standardised estimates to a sample of 1000 individuals (Agc_1000) Were
1.002 for FEV and 1.002 for FEV/FVC. Plots of meta-analysis P-values for FEV; and
FEV1/FVC against a uniform distribution of P values expected under the null hypothesis
showed deviations which were attenuated, but persisted, after removal of SNPs in loci
reported previously, consistent with additional loci being associated with lung function
(Supplementary Figure 1A).

Follow-up analysis (stage 2)

Twenty-nine new loci showing evidence of association with lung function (P<3x1076) in
Stage 1 were followed up in Stage 2 by utilizing in silico data from seven studies, and by
undertaking additional genotyping in 10 studies for the 10 highest-ranked SNPs (Figure 1).
Full details of the SNP selection are given in the Online Methods. Inverse variance
weighting meta-analysis was performed across Stages 1 and 2, and two-sided p-values were
obtained for the pooled estimates. Sixteen new loci reached genome-wide significance
(P<5x1078) and showed consistent direction of effects in both stages, comprising 12 new
loci for FEV1/FVC, 3 new loci for FEV1, and one new locus reaching genome-wide
significance for both traits (Figure 2, Table 1). To assess the heterogeneity across studies
included in Stage 1 and Stage 2, Chi-square tests were undertaken for all 16 SNPs; and none
of them was statistically significant after applying a Bonferroni correction for 16 tests. The
sentinel SNPs at these loci were in or near the genes MFAP2 (1p36.13), TGFB2/LYPLAL1
(1941), HDACA4/FLJI43879 (2937.3), RARB (3p24.2), MECOM (EVI1) (3926.2), SPATAY/
RHOBTBS3 (5915), ARMC2 (6g21), NCR3/AIF1 (6p21.33), ZKSCAN3 (6p22.1), CDC123
(10p13), C10orf11 (10¢22.3), LRP1 (12q13.3), CCDC38 (12g22), MMP15 (16q13), CFDP1
(16g23.1) and KCNE2/C210rf82 (21g22.11) (Supplementary Figures 1B and 1C). The
strongest signals in AGER (rs2070600)8° and two of the novel signals (rs6903823 in
ZKSCAN3 and rs2857595, upstream of NCR3) lie within a~3.8Mb interval at 6p21.32-22.1
which is characterised by long-range linkage disequilibrium. Nevertheless, the leading SNPs
in these regions which are within the major histocompatibility complex (MHC) were
statistically independent (Supplementary Note).

Gene expression

We investigated mRNA expression of the nearest gene for each of the 16 novel loci in
human lung tissue and in a range of human primary cells including lung, brain, airway

Nat Genet. Author manuscript; available in PMC 2012 May 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Acrtigas et al.

Page 4

smooth muscle cells and bronchial epithelial cells. Transcripts were detected for all selected
genes in lung tissue except CCDC38 and transcripts for most genes were also detected in
airway smooth muscle cells and in bronchial epithelial cells (Table 2). As we were unable to
detect expression of CCDC38 in any tissue, we also examined expression of SNPRF, which
is the adjacent gene (Table 2), and found expression in all four cell types. TGFB2, MFAP2,
EVI1 and MMP15 were expressed in one or more lung cell types but not in peripheral blood
mononuclear cells providing evidence that these genes may exhibit tissue-specific
expression.

We assessed whether SNPs in these new regions, or their proxies (r2>0.6), were associated
with gene expression using a database of expression-associated SNPs in lymphoblastoid cell
lines1®. Four loci showed regional (cis) effects on expression (P<1x10~7, Supplementary
Note). A proxy for our sentinel SNP in CFDPL, rs2865531, coincided with the peak of the
expression signal for CFDP1 and the strongest proxy for rs6903823 in ZKSCAN3 coincided
with the peak of expression for ZSCAN12.

Plausible pathways for lung function involving new loci

The putative function of the genes within, or closest to, the association peaks identify a
range of plausible mechanisms for impacting lung function. The most statistically significant
new signal for FEV1/FVC (P=7.5x10716) was in the gene encoding MFAP2, an antigen of
elastin-associated microfibrilsl’, although correlated SNPs in the region potentially
implicate other genes that could plausibly influence lung function, such as CROCC, which
encodes rootletin, a component of cilial®. Our second strongest new signal, also for FEV4/
FVC, was in the gene encoding the retinoic acid receptor beta (RARB). Rarb-null knockout
mice exhibit premature alveolar septationl®. The third most statistically significant new
signal for FEV1/FVC, and the most statistically significant new signal for FEV1, was in
CDC123. This was the only novel region to show genome-wide association with both traits.
CDC123 encodes a homologue of a yeast cell division cycle protein which plays a critical
role in modulating Eukaryotic initiation factor 2 in times of cell stress20. The fourth signal
for FEV1/FVC is downstream of HDAC4 which encodes a histone deacetylase; reductions in
the expression of other histone deacetylases (specifically HDAC2, HDAC5 and HDACS)
have been noted in COPD?21. The regions we observed in the MHC are much more difficult
to localize with multiple genes being tagged by the top SNP, including non-synonymous
SNPs in ZKSCAN3, PGBD1, ZSCAN12, ZNF323, TCF19, LTA, C6orfl5 and GPANK1
(also known as BAT4) (Supplementary Table 2). At 6p21.33, the strongest association with
lung function was observed for rs2857595, which is in linkage disequilibrium (LD, r2=0.47)
with a non-synonymous SNP in LTA (encoding lymphotoxin alpha) and with a SNP in the
upstream promoter region of TNFA (encoding tumour necrosis factor alpha, r2=0.86), both
of which are plausible candidates2223. Our top SNP in MMP15 is in strong LD (r2=1) with a
non-synonymous SNP (rs3743563, which has an association with FEV1/FVC at
P=1.8x10"") within the same gene. Plausible mechanisms implicated by the other novel
signals of association with lung function reported here include TGF-beta signalling; TGFB2
expression is upregulated in bronchial epithelial cells in asthma?4. The putative function of
key genes (as defined by LD with the leading SNP) in each of the 16 loci, and relevant
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findings from animal models, are summarised in Table 2 and detailed in Supplementary
Table 2.

Associations with lung function in children

Association

Alleles representing 11 of the 16 novel loci showed directionally consistent effects on lung
function in 6,281 children (7 to 9 years of age) (Supplementary Table 3A) suggesting that
genetic determination of lung function in adults may in part act via effects on lung
development, or alternatively, that some genetic determinants of lung growth and lung
function decline are shared.

of lung function loci with other traits

Although we stratified for ever-smoking versus never-smoking, we did not adjust for the
amount smoked. In order to investigate the possibility that the associations at any of our 16
novel regions were driven by an effect of the SNP on smoking behaviour, we evaluated in
silico data for associations with smoking amount from the Ox-GSK consortium?2> for the
leading SNPs in these 16 regions. None of these 16 SNPs showed statistically significant
association with the number of cigarettes smoked per day (Supplementary Table 3B).

In addition, in our Stage 1 and Stage 2 datasets combined, we assessed whether the
estimated effect sizes of the variants on lung function phenotypes differed substantially
between ever-smokers and never-smokers (Supplementary Table 4) across the 16 loci. For
the most strongly associated trait at each locus, we tested the SNP interaction with ever-
smoking (versus never-smoking). None of the 16 novel loci showed a significant interaction
(Bonferroni corrected threshold for 16 independent SNPs P=0.003125). These analyses
suggest that the genetic effects we have identified underlie lung function variability
irrespective of smoking exposure.

Our lung function associations were adjusted for height, but there are some overlaps
between loci associated with height and those associated with lung function. Therefore, we
evaluated in silico data for height associations of our novel regions in the GIANT
consortium!4 dataset. The G allele of rs2284746 (MFAP2, intron), which was associated
with decreased FEV1/FVC was associated with increased height (Supplementary Table 3C).

Given reported associations between lung cancer and either COPD or lung function decline,
we also assessed in silico data for sentinel or proxy SNPs in these 16 regions for
associations with lung cancer in the International Lung Cancer Consortium (ILCCO) GWAS
meta-analysis25. Alleles associated with reduced lung function were associated with risk of
lung cancer at the strongest available proxy SNP for rs2857595 (upstream of NCR3) at
6p21.33 (rs3099844, r2=0.67), and the strongest proxy SNP for rs6903823 (SNP in intron of
ZKSCAN3 and ZNF323) at 6p22.1 (rs209181, r2=0.69) (lung cancer associations,
P=2.2x10"" and P=3.4x107°, respectively, Supplementary Table 3D). No significant
associations with lung cancer were seen at the other new loci (proxy SNPs were available
for 15 of the 16 loci, Bonferroni corrected P<0.0033).

In addition to the effects on height, smoking and lung cancer described above, we examined
the literature for evidence for associations with other traits for each of the 16 new loci
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(detailed in Supplementary Table 2). Genome-wide significant associations (P<5x1078)
have been reported in KCNE2 with myocardial infarction?’, and at 6p21.33 near NCR3/
AIF1, with neonatal lupus8 and with systemic lupus erythematosus2®. Other significant
complex disease associations have also been noted in the regions of CDC123 (type 2
diabetes3%), CFDP1 (type 1 diabetes3l) and MECOM (blood pressure32:33), but with weaker
LD (r2<0.3) between the reported SNP and the sentinel SNP for lung function in the region
(Supplementary Table 2).

Proportion of variance explained by loci discovered to date

Associations in 10 loci previously reported for lung function®? reached genome-wide
significance (P<5x1078) in our Stage 1 data, namely loci in or near TNSL, FAM13A,
GSTCD/NPNT, HHIP, HTR4, ADAM19, AGER, GPR126, PTCH1, and TSHD4
(Supplementary Table 5A). Thus, a total of 26 regions showed genome-wide significant
association with lung function in our study. In aggregate, variants at these 26 regions explain
approximately 3.2% of the additive polygenic variance for FEV1/FVC and 1.5% for FEV;
(see Supplementary Note). Following the approach described by Park et al.34 we estimated
that there is a total of 102 (95% CI 57-155) independent variants with similar effect sizes to
the 26 variants we report. In combination these 102 variants, comprising 26 discovered
variants and 76 putative undiscovered variants, collectively explain around 7.5% of the
additive polygenic variance for FEV1/FVC and 3.4% for FEV; (see Supplementary Table 6,
Online Methods and Supplementary Note).

Discussion

In meta-analysis of 23 studies comprising 48,201 individuals of European ancestry and
follow-up in 17 studies comprising up to 46,411 individuals, we report genome-wide
significant associations with an additional 12 regions for FEV1/FVC, an additional three
regions for FEV and one additional region associated with both FEVq and FEV{/FVC. We
also confirm genome-wide association with 10 regions previously associated with lung
function, bringing to 26 the total number of loci associated with lung function in these data.
Most of the new loci are in regions not previously suspected to have been involved in lung
development, the control of pulmonary function or risk of developing COPD. Elucidating
the mechanisms through which these regions influence lung function should lead to a more
complete understanding of lung function regulation and the pathogenesis of COPD. Four of
the new loci (MFAP2, ZKSCANS, near NCR3 and near KCNEZ2) we show to be associated
with lung function are also associated with other complex traits and diseases (P<5x1078 for
the other trait at a SNP with r2>0.3 with the top lung function SNP in the region).
Understanding the intermediates underlying these pleiotropic effects could also reveal
crucial insights into the pathophysiology of lung disease. One potential explanation is that
these loci underlie control of the mechanisms regulating the development and resolution of
inflammation and subsequent tissue remodelling in a range of tissues.

The effect sizes of the variants in the 26 loci associated with lung function explain a modest
proportion of the additive genetic variance in FEV1/FVC and in FEV1, even after accounting
for putative undetected variants with a similar distribution of effect sizes34. Our findings are
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consistent with those from other common complex traits, where it is thought that many as
yet unidentified common and rare sequence variants, and potentially structural variants
could explain the remaining heritability3°. That our study more than doubled the number of
loci known to be associated with lung function underlines the utility of large sample sizes to
achieve the power to detect common variants associated with complex traits. Nevertheless, it
is likely that additional variants with similar effect sizes remain undiscovered14. In addition,
our study was not designed to detect rare variants or structural variants associated with lung
function. Identification of rare variants associated with lung function could be helpful in
narrowing the scope of ongoing functional work to those genes most likely to be causally
related to the association signals we detected.

Our study focused on cross-sectional measures of lung function. Adult lung function at a
particular time point is influenced by the peak lung function achieved by 25-35 years of age,
as well as the rate of decline of lung function after that peak36. The 26 loci now confirmed
to be associated with lung function could affect either pre- or post-natal lung development
and growth or decline in lung function during adulthood, or both. We showed consistent
directions of estimated effects on lung function between adults and children at 7-9 years of
age for SNPs at 11 of the 16 new loci, and eight of 10 previously reported loci
(Supplementary Table 3A). The results we show for lung function in children provide some
indication that these loci affect lung function development, although studies in larger
populations of children would provide greater clarity for SNPs in the new loci. Further
investigations will be required in large populations with longitudinal data to delineate the
influence of these variants on the rates of development of, and decline in, lung function and
on the risk of developing COPD.

Of the sentinel SNPs at the 16 new loci associated with lung function, only rs2284746
(MFAP2) was associated with height in the GIANT consortium!4 dataset. The G allele of
rs2284746 was associated with both increased height and reduced lung function. A similar
relationship between lung function and height was previously reported for the G allele of
rs3817928 in GPR126%14, which is associated with decreased height, but with increased
FEV./FVC. A further three of the 180 loci found to be associated with height4 showed
association (for 180 loci, Bonferroni corrected threshold P=2.8x1074) with either FEV
(CLIC4 and BMP®6) or FEV1/FVC (PIP4K2B) (Supplementary Table 3E). In each case, the
allele associated with an increase in height was associated with a decrease in lung function.
This is not the case for the association of rs1032296 near HHIP, which has shown consistent
directions of effects on lung function and height!411. However, the strongest SNP
associated with height in the HHIP region lies within an intron of HHIP but shows no
association with FEV or FEV1/FVC. Furthermore, while height is an important predictor of
FEV1, this is not true for its ratio to FVC37. These observations argue against the
associations with lung function at these loci being simply due to incomplete adjustment for
height.

We stratified by ever- and never-smoker status in our analyses and in our investigation of
amount smoked in the Ox-GSK consortium?2® none of the sentinel SNPs in the 16 new
regions showed association with the number of cigarettes smoked per day. Additionally,
none of these regions was associated with ever-smoking in the Ox-GSK consortium data
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(Supplementary Table 3B). Thus the SNP associations with lung function we observed are
unlikely to have arisen simply as a consequence of inadequate adjustment for smoking.

We did not observe any interactions with ever-smoking for any of the sentinel SNPs in the
16 new regions that exceeded a Bonferroni-corrected significance level (for 16 SNPs). Thus,
the effects on lung function of the novel variants we identified are apparent in both ever-
smokers and in never-smokers, and the effects of smoking and of these genetic variants may
be independent and additive.

In other common complex diseases, follow up studies that incorporate common genetic risk
variants into models to predict disease have not been shown to add substantially to existing
risk models, particularly when such models already include family history38:39. The same
may also prove to be true for the 26 genetic variants described in this paper, as the effect
size of any individual variant is small, but further work is required in this area. The major
utility of our findings will be in the knowledge they provide about previously unknown
pathways underlying lung function. Elucidating the mechanisms that these genes are
involved in will lead to improved understanding of the regulation of lung function and
potentially to new therapeutic targets for COPD.
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APPENDIX

Online Methods

Study design

The study consisted of two stages. Stage 1 was a meta-analysis conducted on directly
genotyped and imputed SNPs from individuals of European ancestry in 23 studies, with a
total of 48,201 individuals. Supplementary Table 1A gives details of these studies. Thirty-
four SNIPs selected according to the results in Stage 1 were followed up in Stage 2. The ten
leading SNPs were followed up in up to 46,411 individuals of European origin and the
remaining 24 SNPs were followed up in a subset of up to 21,674 individuals (Figure 1).

Stage 1 samples

A total of 23 studies, 17 from the SpiroMeta consortium and six studies from the CHARGE
consortium, formed Stage 1: AGES, ARIC, B58C T1DGC, B58C WTCCC, BHS1, CHS,
ECRHS, EPIC (obese cases and population-based studies), the EUROSPAN studies
(CROATIA-Korcula, ORCADES and CROATIA-Vis), FHS, FTC (incorporating the
FinnTwin16 and Finnish Twin Study on Aging), Health 2000, Health ABC, KORA F4,
KORA S3, NFBC1966, RS-I, RS-I1, SHIP and TwinsUK-I (see Supplementary Table 1 for
definitions of abbreviations). Measurements of spirometry for each study are described in
the Supplementary Note. The genotyping platforms and quality-control criteria implemented
by each study are described in Supplementary Table 1B.
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Imputation of non-genotyped SNPs was undertaken with MACH*?, IMPUTE?8 or
BIMBAM#® with pre-imputation filters and parameters as shown in Supplementary Table
1B. SNPs were excluded if the imputation information, assessed using r2.hat (MACH), .info
(IMPUTE) or OEvar (BIMBAM), was <0.3. In total, 2,706,349 SNPs were analyzed.

Transformation of data and genotype-phenotype association analysis

Linear regression of age, age?, sex, height and ancestry principal components was
undertaken on FEV (milliliters) and FEV1/FVC (percent). The residuals were transformed
to ranks and then transformed to normally distributed z-scores. These transformed residuals
were then used as the phenotype for association testing under an additive genetic model,
separately for ever-smokers and for never-smokers. The software used is specified in
Supplementary Table 1B. Appropriate tests for association in related individuals were
applied where necessary, as described in the Supplementary Note.

Meta-analysis of Stage 1 data

All Stage 1 study effect estimates, both for ever-smokers and never-smokers were corrected
using genomic control®® and were oriented to the forward strand of the NCBI build 36
reference sequence of the human genome, consistently using the alphabetically higher allele
as the coded allele. Study-specific lambda estimates are shown in Supplementary Table 1.
For each study, effect estimates and standard errors for ever-smokers and never-smokers
were meta-analysed using inverse variance weighting. Genomic control was applied again to
the pooled effect-size estimates for each study. Finally effect-size estimates and standard
errors were combined across studies using inverse variance weighting meta-analysis, and
genomic control was applied to the pooled effect-size estimates. To describe the effect of
imperfect imputation on power, for each SNP we report the effective sample size (N
effective); the sum of the study-specific products of the sample size and the imputation
quality metric. Meta-analysis statistics and figures were produced using R version 2.9.2.

Selection of SNPs for Stage 2

All regions selected for follow-up in Stage 2 contained a lead SNP with novel evidence of
association (all with P<3x1076) with FEV/; and/or FEV4/FVC, an N effective >70% of the
total Stage 1 sample size and the association signals from surrounding SNPs were consistent
with their correlation (linkage disequilibrium) with the leading SNP. Twenty-nine
independent regions with a leading SNP meeting these criteria were assessed in Stage 2.
Regions were defined as independent if the leading SNP from one region was >500kb from
the leading SNP of any other region. Long range linkage disequilibrium was also
investigated between leading SNPs of regions in or near the MHC on chromosome 6
(Supplementary Note). For two regions, the leading SNP had an N effective =70% but <80%
of the Stage 1 sample size and therefore a proxy SNP (r?=1 and 0.97) was also taken
forward. For three regions, there were different leading SNPs for FEV, and FEV/FVVC and
so both leading SNPs were assessed. A total of 34 SNPs were analysed in Stage 2 and are
listed in Supplementary Table 5B. Previously reported regions8-11:51.52 were not followed
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up. We present association test statistics in Stage 1 only for relevant SNPs from previously
reported regions in Supplementary Table 5A.

Stage 2 samples

The 34 SNPs were followed up in up to 11,275 individuals from seven studies with in silico
data; CARDIA, CROATIA-Split, LifeLines, LBC1936, MESA-Lung, RS-I11 and TwinsUK-
I (Supplementary Table 1). SNP rs2647044 was not available from TwinsUK-I1.

The 34 SNPs were ranked by P value (for association with either FEV, or FEV{/FVC) and
the top ten leading SNPs selected for follow up by genotyping in up to 35,136 individuals
from ADONIX, BHS2, BRHS, BWHHS, Gedling, GS:SFHS, HCS, Nottingham Smokers,
NSHD and SAPALDIA (Supplementary Table 1). If a SNP within the top ten had an N
effective <80%, only the proxy SNP was included in the top ten for follow up. For regions
which showed association with both FEV1 and FEV1/FVC, only the leading SNP with the
lowest P value for either trait was included if it was within the top ten SNPs. The study
design is illustrated in Figure 1.

Meta-analysis of Stage 2 data

All Stage 2 studies provided effect estimates for ever-smokers and never-smokers, apart
from Nottingham Smokers since they only had smokers. Studies with family data (BHS2
and GS:SFHS) analysed ever- and never-smokers together to account for the family
correlation, adding the smoking status as a covariate in the model, and therefore provided
smoking adjusted effect estimates. All Stage 2 study effect estimates were oriented to the
forward strand of the NCBI build 36 reference sequence of the human genome, consistently
using the alphabetically higher allele as the coded allele. For each study with separate results
for ever- and for never-smokers, effect estimates and standard errors for ever- and never-
smokers were meta-analysed using inverse variance weighting. Genomic control was
applied to the pooled effect sizes of those studies with in silico data that undertook the
analysis genome-wide. Effect estimates and standard errors were combined across Stage 2
studies using inverse variance weighting meta-analysis.

Combined analysis of Stage 1 and Stage 2 samples

Meta-analysis of Stage 1 and Stage 2 results was undertaken using inverse variance
weighting. We described associations as genome-wide significant if P<5x1078.

PCR expression profiling

The mRNA expression profiles of TGFB2, MFAP2, HDAC4, EVI1, RARB, SPATAY,
ARMC2, NCR3, CDC123, LRP1, CCDC38, SNRPF, MMP15, CFDP1, ZKSCANS3,
KCNE2 and C100rf11 were determined in human lung tissue and primary cell samples using
RT-PCR, including RNA from lung (Ambion/ABI), brain, airway smooth muscle cells and
human bronchial epithelial cells (Clonetics42). Primer sequences are listed in
Supplementary Table 2. Full details are provided in the Supplementary Note.
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Lung function associations in our data of SNPs previously associated with lung function

In order to permit comparison of findings with recent studies of relevance to the field, we
present association test statistics (in Stage 1 only) for relevant SNPs from previously
reported regions (Supplementary Table 5A). We included regions: (i) reported as showing
genome-wide significant association (P<5x10~8) with lung function; (ii) reported as
showing genome-wide significant association with COPD, providing that there was
additional evidence of association with lung function and; (iii) DAAM2, which reached
borderline significance in the SpiroMeta consortium®. Within each of these regions, if
multiple SNPs had been reported, we included all relevant SNPs and also the SNP that
showed the strongest association in our data.

Association to other traits of lung function associated SNPs

Regions associated (P<5x1078) with lung function or COPD (and also associated with lung
function) were looked up for other traits. Where multiple SNPs were reported for different
traits or by different investigators, we aimed to include all relevant SNPs, except those with
r2>0.9 with another SNP in the region. We also included the SNPs that showed the strongest
association in our data for each region. The following related traits were assessed: (i) lung
function in children (Supplementary Table 3A); (ii) smoking amount and ever-smoking
versus never-smoking in the Ox-GSK consortium?® dataset (Supplementary Table 3B); (iii)
height in the GIANT consortium!4 dataset (Supplementary Table 3C and 3E) and (iv) lung
cancer in the International Lung Cancer Consortium (ILCCO) GWAS meta-analysis28
(Supplementary Table 3D).

Estimation of the number of undiscovered variants and calculation of the proportion of
variance explained

We used the approach proposed by Park et al.3* to estimate the number of independent
variants associated with lung function measures that have similar effect sizes to the variants
already reported, and to calculate the proportion of the variance explained by them. We
excluded discovery data when estimating effect sizes to avoid winner’s curse bias, and
obtained the number of undiscovered variants using the discovery power to detect the
unbiased effect sizes (Supplementary Table 6 and Supplementary Note).

Additional analyses

The top SNPs from our novel loci, and proxies, were searched for correlation with known
common copy number variants and expression SNPs. Analyses to identify common
pathways underlying the association signals for lung function were undertaken using
MAGENTA v253 and GRAIL54. Full methods and results are given in the Supplementary
Note.
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STAGE 1 (Genome-wide STAGE 2 (follow up of SNPs
association studies) 10 SNPs only) followed up
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Figure 1.
Study design. A total of 34 SNPs showing novel evidence of association (P<3x1075) with

FEV, and/or FEV1/FVC in a meta-analysis of the Stage 1 studies were followed up in Stage
2. Studies with a combined total of 24,737 individuals undertook genotyping and association
testing of the top 10 SNPs. Seven studies (*) with a combined total of 11,275 individuals
had genome-wide association data and provided results for up to 34 SNPs. #GS:SFHS
undertook genotyping on a 32-SNP multiplex genotyping platform and so included the 32
top ranking SNPs (including proxies and both SNPs from regions which showed association
with both FEVq and FEV1/FVC). This assay failed for one SNP (rs3769124) which was
subsequently replaced with the 33™d SNP (rs4762767). SNP rs2284746 was excluded due to
poor clustering. Although rs3743563 was chosen as proxy for rs12447804 which had N
effective <80% in the Stage 1 meta-analysis, BHS2 were unable to genotype rs3743563 and
so undertook genotyping for rs12447804 instead. See Table 1 for definitions of
abbreviations.
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Figure 2.
Manhattan plots of association results for (a) FEV1/FVC and (b) FEV. Manhattan plots

ordered by chromosome position. SNPs for which —log;gP>5 are indicated in red. Novel
regions which reached genome-wide significance after Stage 1 + Stage 2 are labelled.

Nat Genet. Author manuscript; available in PMC 2012 May 01.



Page 23

Acrtigas et al.

90-369% | (900°0) €0°0- 10-35¢'€ | (T0°0) 600°0— 10-36€'S | (600°0) 9¥0°0— TA34
€.TT2 6110 69E9Y €8T°0 1L (uonunzoWYY ‘(Ev2Y2E60T)T7986.2S1 9

60-35¢'8 | (£00°0) T¥0'0— 20-3.6T | (210°0) €0°0— 10-318'Z | (600°0) 2v0°0- | DALS'AIS

90-30¢'T | (S00°0) 5200 €0-317'6 | (£00°0) 2100 S0-39%'T (600°0) ¥0°0 TA34
10T9% 96L°0 0vSSYy 6080 9 (weansdn)edON ‘(877929T€)565.58281 9

07-382°¢C (900°0) ££0°0 ¥0-39¢'s | (800°0) 820°0 80-398°'L | (600°0) 6v0°0 | DOALS'AIS

01-38T°Z | (900°0) 2£0°0- v0-36.'v | (800°0) 620°0- 10-300Z | (800°0) 9¥0°0- TA34
68V 9Wz0 1S0LY 602°0 9 | (uonu)ezedNZ/(UoNUNENYISHZ (5L205782)EZ8E0695! 9

€0-36T°T | (£00°0) T20'0- 10-3veC | (170°0) €T0°0- €0-382°Z | (800°0) 220°0- | OA4/'AIS

10-302°8 (500°0) 000 10-322°9 (£00°0) ¥00°0 10-316'8 | (200°0) T00°0- A34
1¥9T2 GES0 0€SLY 2550 1 (weansdn)ev LS (95729056)9T6ESTSI S

80-32T°Z | (S00°0) T€00- €0-329°9 | (600°0) 520°0- 90-390'Z | (£00°0) €€0°0- | DA4/*AIA

80-359°¢ | (900°0) ¥€0°0— €0-3ar'9 | (600°0) S20°0— 90-316'T | (800°0) 2v0'0- TA34
£IETe 602°0 19097 S0Z°0 1 (UoNUNINODTN “(ET62820LT)SSSHYETSI €

€0-359'9 | (£00°0) 8T0°0— 70-35ST | (210°0) LTOO- 20-319°7 | (800°0) 6T0°0- | OA4/FAIS

¥0-39T°¢ | (900°0) 20°0- 20-3¢¢'6 | (£00°0) TTO0- ¥0-38.°T | (600°0) 2£0°0- TA34
99%5Y 1€8°0 ¥290¥ 6280 2 (uonungyvy ‘(98556¥52)22962STS! €

v1-3.6'€ | (900°0) 8¥0°0- G0-39T'T | (600°0) 8£0°0- 01-352'2 | (600°0) 90°0- | OA4/PAIA

10-320'T (500°0) 8200 ¥0-328'T (£00°0) G200 v0-32.2 | (800°0) 2€0°0 TA34
128G 9020 G8SGY 20Z°0 1L (weansumop)yOVAH ‘(S80Z¥S6E2)VTELLYZTS z

21-389'T (900°0) T¥0°0 S0-3T¥'8 | (800°0) TE0'0 60-387v | (800°0) 2500 | OALSFAIS

€0-3128 | (S00°0) ¥70°0 10-362°L | (200°0) £00°0 €0-316°T | (2000) 5200 TA34
vIvie 87€0 zovey 80€°0 1 (weansumop)za491 ‘(169926912)5Z6£66S T

80-39T'T (900°0) ¥£0°0 20-39L'T (10°0) €200 10-375°C (£00°0) ¥0'0 | OAL/*A3A

10-38%'T | (S00°0) 2000 10-302°€ | (£00°0) 9000 10-38.Z | (£00°0) 8000 TA34
T2£5€ 2250 yv6SY 9750 9 (uonunzdv4N ‘(2926.TLT)97.¥822s! T

97-305°2 | (S00°0) +0°0- £0-379°2 | (£00°0) 8€0°0— 60-3L7°2 | (£00°0) 2v0'0- | DALIIAIS
d (wes)ewrg N | ‘beuyeple d (wes)ewrg N | ‘beusople d (wes)ewrg | ainsN by uotouny ‘(uosod o€ 19ON)AT ANS | “4UD

papoD papoD aple
papoD
sabess | Z abeis 1 abeis
JossAeue-epWw wior

"9 3|qeL Areuawiajddns ul punoj aq ued dNS Yyoes Aq paurejdxa asuelieA ayl Jo uoiodoad pajewnss ayl ‘siusuoduwod fediourid Anssoue pue ybiay

‘xas ‘;90e ‘abe 10} syuswisnlpe Js)e 8]eds PaLLIOSURI] [ELUIOU-8SIBAUI UB UO S8IeWIISe 8Z1S-108448 10848l San|eA elag "z abels pue T afels woly erep sspnjoul sisAjeue-esw julor -otnaw Aupenb uoneindwi

pue 8zis |duies J0 1onpoid sy} si Apnis yoes UIYIM dz1s ajdwes 9109} "sazIs d|duues aAIDBYd Y} aJe umoys (N) sezis ajdwes ayL “plog ul anfea-d z abels J1ays Yum payesipul ale (¢_0Tx/y'T = #€/50°0=d)
¢ abe1s U1 uoneoljdal Juspusdapul Buiyoess SNS “Plog ul paredlpul ase sabels |[e Jo sisAfeue-eaw juiol ayy u (g_0TxS>d) soueanyiubis apim-swousl Buiyoeas sanfen-4 sabels ||e Jo sisAjeue-eiaw jutof sy
pue z abels ‘T abels Joy uaAlb ate sanjen-d papis-om] *(z abeis) dn-mojjoy pue (T abels) SYMD IDYVHOI-EI8IN0IIAS 8yl wouy Ansadue ueadoind Jo S[enpiAlpul 2196 01 dn Jo sisAfeue juiol e ut AL/TAIS
10 TATH yum (g_0TxG> d) pareroosse snooj Juspuadapul yoes 10} ‘uoiisod pue awosowolyd Ag paiapio ‘sdNS Buipes| ays 1oy s)nsal DAL/FATH pue TATH ale umoys “uonouny Bunj yim pareroosse 1907

T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Genet. Author manuscript; available in PMC 2012 May 01.



Page 24

Acrtigas et al.

20-3.5°S | (£00°0) €T0°0- 10-35€'T | (T0°0) STO'0- 10-3.t'2 | (600°0) 2T0°0- TA34
7602 6710 LISty 9ST'0 1 (weansdn)zaNoM ‘(60TY.LSYE)ZYT8L66S! 12

80-359°'Z | (800°0) £v0°0- 20-362°T | (€T0°0) TEOO- L0-3€2'8 | (600°0) 870°0- | OA4/*AIA

70-360'T (#00°0) 9700 20-368'€ | (S00°0) TT00 ¥0-30€9 | (200°0) ¥20°0 TA34
y0E9Y 6010 Y65y 8T#'0 1L (uonunTda4o ‘(L18.¥6€2)1£5598254 9T

TT-3LLT (500°0) T€0°0 ¥0-3v6'T (900°0) ¥20°0 80-30€'Z | (£00°0) 6€0°0 | OAL/'AIS

10-3¢Lv | (900°0) ¥00°0- 10-312°6 | (200°0) ¥00°0 20-320°8 | (600°0) LT00- TA34
86EVC 2220 €216¢ 8020 1 (uonun)STANIN “(£822£995)Y08.y72TS! 9T

80-36G°¢ | (£00°0) 8€0°0— 20-30zv | (10°0) T20°0- 80-32T°L | (600°0) €50°0- | JALI'AIS

10-392Z | (S00°0) 9000 10-38¢'S | (900°0) ¥00°0 10-39°C (800°0) T0'0 TA34
TTE9Y ¥12°0 v18LY 20 1 (uonungeDao9 (65556.76)6279€0TS! 4

17-30€C (900°0) 8€0°0 v0-35¢€ | (800°0) 820°0 80-3r2'T (800°0) 6¥0°0 | OA4/FAIS

20-36T°T | (S00°0) £T0°0- 10-3r6'9 | (£00°0) £00°0— €0-3s5°€ | (200°0) T20°0- A34
60502 650 18ESY 109°0 1 (uonunTdyT ‘(0S5ET8SS)ETTZLTTTS! 4

80-3v¢'T | (900°0) 2Z€0°0- €0-3¢8's | (10°0) 920°0- 90-39¢'T | (£00°0) §€0°0- | DA4/*AIA

21-386°C | (¥00°0) 620°0— 50-301°¢ | (S500°0) 2200~ 80-3¢v'T | (£00°0) TvO'0- A34
2€657 9050 9YSSY 2250 9 (uonunTTHO0TO ‘(0£2586.2)6T8TO0TTS! 0T

€0-385°L | (500°0) 2T0°0- 10-3.T°€ | (900°0) 900°0- €0-3059 | (£00°0) 610°0- | OA4/FATS

21-328°C (#00°0) 620°0 G0-395°¢ | (S00°0) 2200 80-36T'T (£00°0) ¥0°0 TA34
19097 8150 G80LY 6150 1 (uonungzTOAD ‘(866.1€2T)996890/8! 0T

€1-36T9 | (S00°0) £€0°0 v0-398°¢ | (900°0) €200 01-382°T | (200°0) §¥0°0 | DA4/*A3A
d (was)erg N | ‘beiopie d (was)erd N | ‘beijepie d (was)erg ainsea |\ by uonouny ‘(uonisod 9€ 19ON)AT NS | “4UD

papoD papoD ople
papod
sofiess | zabeis T abeis
JossAfeue-epw wior

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Nat Genet. Author manuscript; available in PMC 2012 May 01.



Page 25

Acrtigas et al.

+ + + + | zSuonoauny uo18|8XS0IAD pue UolepeIBap ZOINYY 9 (uonur)
utgyoud ‘Burjjeubs |90 ul sajos Tv986.¢81

Buiney se paly1Iuap! Usaq aAeY Slaquisw
Ajwrey 1ay3o ybnoyije umousun uonaun4

+ + + + yuoneIayijold 30-¢ pue Juswidojansp 6Y.LVdS [ (uonur)
o1jeaoued Ul 3]0J e aAey Aew 9T6ESTSI

slaquiaw Ajiwey Jaylo ‘sissuaborewads
10 JojeIpaw e Sse palyiuapl Ajfeniu|

+ + + + ‘uolenUaIaLIp pue advy € (uonur)
uonelayljold |89 $|0JIUOD OS[e YoIym pue 2/962STS!

AAIBALISP V/ UILUEYIA € ‘pIOR 210UNsl 0}
anisuodsal 101dadal p1oe dlounal JesjonN

- + + + ‘(IN023NW) TIAS € (uoaur)
snooj xadwod TIAJ/TSAWN 40 Med se GGGYPETSI

papodus ‘1030e} uonduiasuely 1abuly ouIZ
+ + + + ‘uonduosuesy auab YOVAH Z | (weansumop)
Buissaidas A|q1ssod YNQ 8y 0} Ss829e YTELLYCTSI

10108} uonduosues) Burousniyul snyy
WNQ Buipunouns auoisty Jo asejA1eoeaq

- + + + 'S9SLASIP ANSSI) SAIII8UU0I 2dv4N T (uonur)
paiayul Jo ABOJoNS 3y} Ul JUSWAJOAUI 9v/¥82¢S!
10} 31BpIpUED © pUR / TS|LICI0IIW
pareldosse-unse|s o uabnue Jofey

- - + + oyUonsodap [4=ESTN T (uonur)
uabe||09 Buipnjoui siselsoswoy GZ6E66S1
X1IJeW Je[n||aoelixa pue swisiueydsw
Jtedau jerjaynda Bunenpow auroiAo
91104q14-04d Ul $8]0J UM BUIY0IAD

OWad | 03gH | WSVYH | Bun uelo.d awo | "1yd (eusb 01
poPOIUd JO UOIDUNS dAITRING diysuoirep )
anss| | dNS puliuss

'S|199 Jesjonuouow poojq Jedayduad :QINGd "SII92

[e1jaynda JeIyouolg UewnH :D3gH "8]9snw Yloows Aemure uewinH :IASWH "Sanssil ||e ul passaidxa sem pue \NQ9 8y 10} [043u0d aAIsod e e pasn

sem (Hadvo) auab aseusaboipAysp areydsoyd-£-apAyspletadA|D "paljlian aduanbas aiam s1onpold HOd [V 'pealisul pakesse sem dNS [aUnuss s,.860adD
yum @ buons yum sdNs bBurinoguey pue geD @D Buunogybisu susb 44UNS ay.L “pasAteue sadAl 182 8yl ul 88DADD JO uoissaidxa pardslep

sAesse asalj] JO SUON "SUOIIIPUOD UoITezZIWIdO JUalay)Ip Japun palsal pue paubisap alom siawilid JO S18S OM] YIIYM 10} ‘8eDDD 1daoxa sajepipued

I1e Jo uoissaldxa saressuowap Bunj uewny ayl ul sydiiasue.y suab Jo Buljiyoid YOd “H¥Dd 40 S31943 O Bulmo||o) pa1aalap 10U SI [9A3] YN YW 18 UoISSaIdxa
auab ayy serealpul () pue pasn adAy 189 sy ul passaldxa si susb ay) salealpul (+) Alsyduad pue Bunj ayi ui ssuab srepipued jo Buijiyold uoissaidx3

¢ ?dlqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Genet. Author manuscript; available in PMC 2012 May 01.



Page 26

Acrtigas et al.

Author Manuscript

+ + + + HAdVD 14 aueb
a0Ud By
+ - - + 9551189 [e1aynda Aemure gnjed ui Z3NOA 12 (weansdn)
U0113193s uolue [eljaylidasuel) ayenpow V186681

Aew sjauueyo +> ZINON-TONOM
+ + + + T U19104d Juswdojanaq [eloesolurID 1da4o 9T (uonur)
1€G598¢s4
_ + + + “UOISBAUI Jown) pue ‘sisauaBoifue STdININ 9T (uonur)
‘Buifeay punom ‘Buijjapowsal ¥08Lyv¢Ts]

anssn ‘Buipnjour A1013193ds pue Ajanoe

9s5e8]04d BIA $9]0J [BUOIIOUNY BSISAIP

yum Ajiwrey aseajoud abie| e Jo Jaquuisiy
+ + + + 4 urajoidoajonuoqu Jesjanu |[ews 4d4NS 41 (4dUNS
ur €e9z9.vs!
UNM 96'0=¢)
62179€0TS4
- - - - pUOIIOUNJ JOJOW PUE [E]9[8XS SuodUNy 80d0D 1 (uosur)
10 Aeule 8SISAIP B Ul PAAJOAUL SIBQIBW 6¢79E0TS!

Ajiwrey Jayro ybnoyije umousun uoroun4
+ + + + ypuoneIBIW pue Buljreubis Tdd1 1 (uoaur)
1199 Buipn|aul $8]0J 8SIBAIP AJ[eluslod ETTCLTTTSI
+ + + + umouyun uonduNS TTH00TD 0T (uonur)
6T8TO0TTSA
+ + + + $SaU1S |89 €21000 o1 (uonur)
40 S3LUI} Ul Z 103064 UoKeIUL OOAIR)NT 996890/54

Buireinpow usjoid 03U09 [€INLID

® 8 0] UMoys 1seaA ui anbojowoH
+ + + + uonanpsuely [eubis/a]oAd [189/yimoib | ENVISHZ 9 (uonun)
1192 U1 PaAjOAUL J0)IB) uondiIosuel | €28€069S4
+ - - + £pSINOWIN pUe $|182 [ew.ou SHON 9 (wreansdn)
1surefe s|1a9 1|1y |eAnjeu Aq sasuodsal §652598¢S1

A1191X010140 1UBI91440 10§ paiinbay
OWed | 03gH | WSVH | Buni upjoud aueo | "IyD (Gueb 03
PapoIUd JO UO1IoUN BAITRINd diysuoirep )
anssi| dNS puliues

Author Manuscript

Author Manuscript

Author Manuscript

Nat Genet. Author manuscript; available in PMC 2012 May 01.



