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Forced vital capacity (FVC), a spirometric measure of pulmonary function, reflects lung volume and is used to diagnose and 
monitor lung diseases. We performed genome-wide association study meta-analysis of FVC in 52,253 individuals from 26 studies 
and followed up the top associations in 32,917 additional individuals of European ancestry. We found six new regions associated 
at genome-wide significance (P < 5 × 10−8) with FVC in or near EFEMP1, BMP6, MIR129-2–HSD17B12, PRDM11, WWOX and 
KCNJ2. Two loci previously associated with spirometric measures (GSTCD and PTCH1) were related to FVC. Newly implicated 
regions were followed up in samples from African-American, Korean, Chinese and Hispanic individuals. We detected transcripts 
for all six newly implicated genes in human lung tissue. The new loci may inform mechanisms involved in lung development and 
the pathogenesis of restrictive lung disease.

and in Koreans (n = 8,074) from 2 cohort studies; Healthy Twin15–17 
and Korea Association Resource 3 (KARE3)18.

RESULTS
The study consisted of two stages. Stage 1 was a meta-analysis of 
study-specific genome-wide analyses of FVC conducted in 26 studies  
with a total of 52,253 individuals of European ancestry. Study char-
acteristics are shown in Supplementary Table 1. Individual cohorts 
performed GWAS analysis using linear regression models with FVC 
(in ml) as the outcome, stratified by never- or ever-smoking status. 
Adjustment factors included age, age2, sex, height, height2 and weight. 
If applicable, cohorts adjusted for center, cohort or principal compo-
nents to adjust for population stratification. Stage 1 results are shown 
in Supplementary Data Set 1. In stage 2, we followed up SNPs show-
ing association with FVC (P < 5 × 10−7) and performed meta-analysis  
of β regression coefficients (effect estimates) and standard errors 
across stages 1 and 2 (Fig. 1). Stage 2 encompassed 32,917 subjects of 
European ancestry from 9 independent cohorts. Study characteristics 
are shown in Supplementary Table 2. The follow-up studies used the 
same models as in stage 1. Test statistics for each study were corrected 
using genomic control19 separately within smoking strata and after 
meta-analysis of ever- and never-smokers. The test statistic inflation 
factor (λGC) before applying genomic control at the meta-analysis 
level was 1.12 (Supplementary Fig. 1). The test statistic inflation 
factor standardized for a sample size of 1,000 individuals was 1.002. 
Study-specific λGC estimates are shown in Supplementary Table 1.

Regions encompassing SNPs with associations reaching genome-wide 
significance after meta-analysis of the two stages were followed up in 
diverse-ancestry samples from African Americans, Koreans, Chinese and 
Hispanics. Characteristics for these multi-ancestry follow-up studies are 
shown in Supplementary Table 2. After the meta-analysis, we investi-
gated the mRNA expression of the nearest gene for each of the new SNPs in 
human lung tissue, human airway smooth muscle (HASM) cells, human 
bronchial epithelial cells (HEBCs) and peripheral blood mononuclear  

Genome-wide association analysis identifies six new loci 
associated with forced vital capacity

Pulmonary function is a heritable trait that can be reliably measured 
by spirometry and reflects the physiological state of the lungs and 
airways1. FVC, one of the most widely used measures of pulmonary 
function, approximates vital capacity. In conjunction with forced 
expiratory volume in 1 s (FEV1), FVC is used to diagnose various 
respiratory diseases. A reduced ratio of FEV1 to FVC (FEV1/FVC) 
indicates airflow obstruction when FEV1 is reduced disproportion-
ately relative to FVC. In contrast, a decreased FVC measure in the 
context of a normal to elevated FEV1/FVC ratio suggests a restrictive 
ventilatory defect. In clinical practice, FVC is often used as a sur-
rogate measure of disease progression in patients with established 
restrictive lung disorders, such as idiopathic pulmonary fibrosis2,3. 
Reduced FVC is a strong predictor of mortality in the general popula-
tion, independent of FEV1 and standard risk factors such as age and 
cigarette smoking4–8.

Measures of pulmonary function show familial aggregation, with 
evidence for genetic effects in twin and family studies9,10. We previ-
ously reported associations between FEV1 or FEV1/FVC and at least 
27 genetic loci using large-scale meta-analyses of genome-wide 
association studies (GWAS)11–14. Thus far, the genetic determinants 
of FVC have not been studied using GWAS methods. We conducted 
a comprehensive GWAS meta-analysis across 2 large consortia with 
cohorts of European ancestry—the Cohorts for Heart and Aging 
Research in Genomic Epidemiology (CHARGE) and SpiroMeta—to 
identify common genetic variants associated with cross-sectional 
measures of FVC in 52,253 subjects of European descent. In each of 
6 newly associated loci, we confirmed that the genes closest to the 
new variants were expressed in lung tissue and performed expres-
sion quantitative trait locus (eQTL) analyses in 762 whole-blood 
samples. We evaluated the new loci in 6,070 African Americans in 
the National Heart, Lung, and Blood Institute (NHLBI)-sponsored 
Candidate Gene Association Resource (CARe) Project, in a Chinese 
subset (n = 563) of the Multi-Ethnic Study of Atherosclerosis 
(MESA) Lung study, in a Hispanic subset (n = 849) of MESA Lung 
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cells (PBMCs) (Supplementary Note). We 
assessed whether these SNPs were associated 
with gene expression in whole-blood cells 
(Supplementary Table 3 and Supplementary 
Note) and queried databases to determine 
whether these SNPs were located within known 
or predicted regulatory regions.

Stage 1 and 2 results
There were nine regions containing at least 
one SNP associated with FVC at P < 5 × 10−7 
in stage 1. Of these regions, two (GSTCD 
and PTCH1) had previously been reported 
in GWAS12,13 of spirometric traits (FEV1 
and FEV1/FVC) and were thus not evaluated 
further, leaving seven SNPs in seven loci for 
follow-up in stage 2.

Six loci had associations that reached genome-wide significance 
(P < 5 × 10−8) for FVC in the meta-analysis of stages 1 and 2 (Fig. 2 
and Table 1). These loci were in or near the following genes: BMP6 
(rs6923462, 6p24, intronic), EFEMP1 (rs1430193, 2p16.1, intronic), 
MIR129-2–HSD17B12 (rs4237643, 11p11.2, 54 kb upstream), PRDM11 
(rs2863171, 11p11.2, 3 kb downstream), WWOX (rs1079572, 16q23.1, 
intronic) and KCNJ2 (rs6501431, 17q24.3, 800 kb downstream) 
(Supplementary Fig. 2a–g). Effect sizes were generally consistent 
across studies (Supplementary Figs. 3a–g and 4a–g). Three of these 
regions (BMP6, EFEMP1 and PRDM11) also showed independent 
replication in stage 2 samples of European ancestry, with associa-
tion P values below a Bonferroni-corrected threshold for seven tests  
(P < 7.14 × 10−3) (Table 1). The lowest P value (5.89 × 10−13) for the 
meta-analysis effect estimate across stages 1 and 2 was found for SNP 
rs6923462 (intronic SNP in BMP6).

We evaluated the effect of the six new loci separately in ever- 
smokers and in never-smokers, and effect sizes were consistent across 
smoking strata for all the variants (Supplementary Table 4).

Multi-ancestry follow-up
To examine the portability of the identified loci to other ancestry 
groups, we evaluated the regions of our newly identified SNPs in 
African Americans, Hispanics, Chinese and Koreans. For three of 
these samples (African Americans, Hispanics and Chinese), we looked 
up the SNPs with minor allele frequency (MAF) of ≥0.05 within 200 kb  
in either direction of the sentinel SNP in individuals of European 
ancestry in the 1000 Genomes Project all-ancestries imputation 
panel20. For Koreans, we looked up SNPs with MAF of ≥0.05 within 
200 kb of the sentinel SNP according to imputation to HapMap and 
the Korean panel. To determine the appropriate Bonferroni-corrected 
P-value threshold for declaring statistical significance in each ancestry 
group, we used the Nyholt method to calculate the effective number of 
independent variants, on the basis of pairwise linkage disequilibrium 
(LD) among the follow-up SNPs21,22.

African Americans were participants of the Candidate CARe 
Project23. Baseline characteristics of the 6,070 African Americans in 
CARe are shown by cohort in Supplementary Table 2b. We per-
formed regional meta-analyses of the 7,470 SNPs (MAF ≥ 0.05) 

within 200 kb of the sentinel SNPs in indi-
viduals of European ancestry using 1000 

Cohorts included in stage 1
N = 52,253

AGES (n = 1,620)
BHS 1 & 2 (n = 4,094)

rs1430193
rs1942055
rs6923462
rs4237643
rs2863171
rs1079572
rs6501431

CROATIA-Split (n = 493)
Generation Scotland (n = 8,077)
KORA F4 (n = 903)
LBC1936 (n = 991)
LifeLines (n = 12,399)
LLFS (n = 3,899)
PIVUS (n = 900)
Twins UK-II and III (n = 1,161)

•
ARIC (n = 9,078)•
B58C T1DGC (n = 2,343)
B58C WTCCC (n = 1,372)
CARDIA (n = 1,626)
CHS (n = 3,140)
CROATIA-Korcula (n = 825)
CROATIA-VIS (n = 769)
ECRHS (n = 1,594)
EPIC obese cases (n = 1,104)
EPIC population based (n = 2,336)
FHS (n = 7,692)
FTC (n = 134)
Health 2000 (n = 821)
Health ABC (n = 1,475)
HCS (n = 1,820)
KORA S3 (n = 555)
MESA (n = 1,433)
NFBC 1966 (n = 4,556)
NSPHS (n = 549)
ORCADES (n = 692)
RS-I (n = 1,152)
RS-II (n = 862)
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Cohorts included in stage 2
N = 32,917

SNPs selected for stage 2
follow-up

Figure 1  Overview of our staged analysis to 
identify new variants influencing FVC. After 
a large-scale meta-analysis of GWAS data 
for stage 1 cohorts (n = 52,253 subjects), 
we followed up a total of 7 SNPs showing 
evidence of association with FVC (P < 5 × 10−7) 
in stage 2. The studies included in stage 2, 
encompassing a total sample size of n = 32,917 
subjects, undertook in silico testing of the 7 
loci, which were not previously associated with 
any pulmonary phenotype. See Supplementary 
Tables 1 and 2 for definitions of all study 
abbreviations.
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Figure 2  Manhattan plot for the association 
results for FVC. The plot shows all the loci 
analyzed in stage 1, where the two loci previously 
associated with either FEV1 or FEV1/FVC are 
indicated in gray. Newly associated loci were 
in or near the indicated adjacent genes. The 
loci reaching genome-wide significance after 
the combined analysis of stages 1 and 2 are 
marked with an asterisk. The solid line shows the 
threshold P < 5 × 10−8. The dashed line shows 
the level P < 1 × 10−6.



©
20

14
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

Nature Genetics  ADVANCE ONLINE PUBLICATION	 �

A rt i c l e s

Genomes Project imputed data. Using the P-value threshold of  
4.42 × 10−5 (based on 1,132 independent tests), 78 SNPs in the region of 
EFEMP1 were significantly associated with FVC (lowest P = 1.63 × 10−7)  
in African Americans. Our top hit at the EFEMP1 locus in samples 
from individuals of European ancestry (SNP rs1430193, T allele  
frequency = 0.37; Table 1) had a very different allele frequency in 
our replication African-American samples (T allele frequency = 0.71)  
and did not show statistically significant association (P = 0.13). As 
has recently been noted regarding extension of GWAS SNPs discov-
ered in European populations to African-American populations24, 
the effect size was in the same direction but was attenuated in the 
African-American cohort (β = −15.79 ml in African Americans  
versus −23.75 ml in individuals of European ancestry). The top hit in  
African Americans for the EFEMP1 region (rs62164511, P = 1.63 × 10−7)  
showed a decrease in FVC of 84.7 ml for each copy of the A allele  
(A allele frequency = 0.9) (Supplementary Table 5a). LD (r2) between 
the most significantly associated SNP in African Americans (rs62164511) 
and the most significantly associated SNP in individuals of European 
ancestry (rs1430193) was low (0.16), providing further evidence of 
allelic heterogeneity at this locus (Supplementary Fig. 5a,b).

Baseline characteristics of the 563 Chinese subjects from MESA 
Lung are shown in Supplementary Table 2c. We performed regional 
analyses (±200 kb, MAF of ≥0.05) around the sentinel SNPs in indi-
viduals of European ancestry using 1000 Genomes Project imputa-
tion. The P-value threshold was set at 4.41 × 10−5 (on the basis of 
1,133 independent tests). None of the 7,436 investigated SNPs had 
associations that reached a statistical significance level below the 
predefined threshold.

Baseline characteristics of the 849 Hispanics from the MESA Lung 
study are shown in Supplementary Table 2d. We performed regional 
analyses of SNPs (MAF ≥ 0.05) within 200 kb of the sentinel SNPs in indi-
viduals of European ancestry using 1000 Genomes Project imputation.  

None of the 7,473 investigated SNPs reached a statistical significance 
level below the predefined threshold (4.41 × 10−5, based on 1,133  
independent tests).

Baseline characteristics of the 8,074 Koreans from the Healthy 
Twin15–17 and KARE3 (ref. 18) studies are shown in Supplementary 
Table 2e. In this sample, only HapMap (HapMap 3 Phase 2 and  
Korean HapMap) imputed data were available. There were 72 SNPs 
(MAF ≥ 0.05) within 200 kb of the sentinel SNPs in individuals of 
European ancestry. Using the threshold P value of 1.52 × 10−3 (based 
on 26 independent tests), 2 SNPs (rs12449659 and rs4793331, both 
located approximately 700 kb upstream of KCNJ2) were associated 
with FVC in Koreans with decreases of 32.5 ml (rs12449659, per each 
copy of the T allele, P = 7.92 × 10−4) and 22.5 ml (rs4793331, per each 
copy of the A allele, P = 1.22 × 10−3). These SNPs did not show a  
significant association with FVC in individuals of European ancestry 
(P = 0.17 and 0.34, respectively; Supplementary Table 5b).

Gene set enrichment analysis
To identify plausible pathways associated with FVC, we broadened 
our focus beyond genome-wide significant variants by performing 
gene set enrichment analysis25 on the entire set of GWAS variants that 
underwent meta-analysis. We queried approximately 2,000 gene sets, 
including canonical pathways and Gene Ontology (GO) functional 
categories. Using a false discovery rate (FDR) of <0.01, we identified 
65 enriched pathways (Supplementary Table 6). Although the over-
represented gene sets encompassed diverse functions, many involved 
processes critical to organ development and tissue remodeling, includ-
ing epithelial morphogenesis, cell proliferation, extracellular matrix 
development and remodeling, Notch signaling and cell adhesion. 
Other prominent pathways included acetylcholine binding and chan-
nel activity, smooth muscle contraction, glutamate receptor activity, 
immunity and transcriptional or DNA repair processes.

Table 1  Main results from stage 1, stage 2 and the meta-analysis of stages 1 and 2 for loci associated with FVC

SNP ID Chr.
NCBI Build 36  

position Nearest gene
Coded 
allele Analysis stage β (ml) SE P value

Coded allele 
freq. N effective

rs1430193 2 55,974,357 EFEMP1 (intronic) T Stage 1 −23.75 4.022 3.52 × 10−9 0.370 45,852

Stage 2 −17.839 4.500 7.36 × 10−5 0.361 28,103

Joint meta-analysis −21.125 2.999 1.86 × 10−12

rs1942055 2 135,215,394 TMEM163 (50 kb upstream) G Stage 1 −19.943 3.919 3.60 × 10−7 0.458 46,365

Stage 2 −3.13 4.447 0.482 0.470 24,984

Joint meta-analysis −12.594 2.940 1.84 × 10−5

rs6923462 6 7,746,111 BMP6 (intronic) T Stage 1 28.828 5.208 3.11 × 10−8 0.843 48,680

Stage 2 35.204 7.552 3.14 × 10−6 0.846 17,271

Joint meta-analysis 30.883 4.288 5.89 × 10−13

rs4237643 11 43,604,944 HSD17B12 (54 kb  
upstream)

T Stage 1 −21.366 3.957 6.66 × 10−8 0.311 51,977

Stage 2 −10.073 4.686 0.032 0.305 30,119

Joint meta-analysis −16.666 3.023 3.53 × 10−8

rs2863171 11 45,207,308 PRDM11 (3 kb downstream) C Stage 1 25.343 5.015 4.33 × 10−7 0.158 51,758

Stage 2 21.755 6.23 4.79 × 10−3 0.160 25,121

Joint meta-analysis 23.924 3.906 8.97 × 10−10

rs1079572 16 76,744,639 WWOX (intronic) G Stage 1 20.539 3.733 3.76 × 10−8 0.417 51,049

Stage 2 10.41 4.364 0.017 0.419 28,103

Joint meta-analysis 16.258 2.837 9.95 × 10−9

rs6501431 17 66,488,010 KCNJ2 (800 kb downstream) T Stage 1 26.729 4.751 1.84 × 10−8 0.798 47,576

Stage 2 15.641 6.746 0.020 0.789 17,694

Joint meta-analysis 23.053 3.884 2.94 × 10−9

Shown are FVC results for the leading SNPs, ordered by chromosome and position, for each independent locus associated (P < 5 × 10−8) with FVC in a joint analysis of up to 85,170 
individuals of European ancestry from the CHARGE-SpiroMeta GWAS (stage 1) and follow-up (stage 2). Two-sided P values are given for stage 1, stage 2 and the joint meta-analysis 
of both stages. P values corresponding to genome-wide significance (P < 5 × 10−8) in the joint meta-analysis of all stages are indicated in bold. SNPs showing independent replica-
tion in stage 2 (P = 0.05/7 = 7.14 × 10−3) are indicated with their stage 2 P value shown in bold. The sample sizes (N) shown are the effective sample sizes. The effective sample 
size is the product of sample size and imputation quality summed across studies. β values reflect effect size estimates with standard error (SE) in ml. Chr., chromosome.
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Gene expression
Expression profiles of genes from the six loci that were significantly 
associated in the meta-analysis of stages 1 and 2 (EFEMP1, BMP6, 
WWOX, KCNJ2, PRDM11 and HSD17B12) and the housekeeping 
gene GAPDH were examined in human lung tissue and primary cell 
samples using RT-PCR. We detected transcripts for all six newly 
implicated genes in lung tissue, HBECs and HASM cells. Transcripts 
for five of the six genes (excluding EFEMP1) were present in PBMCs 
(Table 2 and Supplementary Figs. 6 and 7).

Expression quantitative trait locus analysis in peripheral  
blood cells
We investigated whether the top SNPs or their proxies (r2 ≥ 0.7) in the 
six newly implicated loci for FVC were associated with gene expres-
sion using eQTL data (Online Methods). Multiple SNPs in or near 
HSD17B12 showed significant cis-eQTL associations (P < 1 × 10−4) 
in peripheral blood, with the strongest association represented by 
rs11037676 (a proxy of rs4237643, r2 = 0.7) at a P value of 8.42 × 10−81  
(Supplementary Table 3). The sentinel SNP associated with FVC in 
this region (rs4237643) also exhibited a strong cis effect on HSD17B12 
expression (P = 1.82 × 10−35) (Supplementary Fig. 8). Furthermore, 
this SNP showed a significant cis-eQTL association in lymphoblastoid 
cell lines (P = 6.7 × 10−11)26 and brain tissue (P = 1.2 × 10−8) (ref. 27).  
Another FVC-associated SNP located in the intronic region of 
EFEMP1 (rs1430189) demonstrated local effects on expression of this 
gene in eQTL data from human fibroblasts (P = 4.8 × 10−6) (ref. 28).  
We did not find statistically significant cis-eQTLs for the other  
FVC-associated variants and loci.

eQTL analysis in lung tissue
To better assess the relevance of cis-eQTLs to lung biology, we 
queried a publically available database that included lung tissue 
(Genotype-Tissue Expression project, GTEx)29 to further investi-
gate the top SNPs and their proxies. Multiple SNPs that mapped to 
HSD17B12, including rs11037676 and the sentinel SNP rs4237643,  

were highly significant cis-eQTLs in human lung samples (P = 2.8 × 10−26  
and 7.2 × 10−14, respectively).

Fetal lung mRNA expression for genes associated with FVC
We investigated whether the genes we identified were differentially 
expressed relative to gestational age during two phases of normal 
human fetal lung development (Supplementary Table 7). There was 
strong evidence (P value controlling for FDR = 6.7 × 10−6) for differ-
ential expression of PRDM11, suggesting that this gene might have an 
important role in utero in lung development. One probe for WWOX 
also showed correlation between lung expression and fetal age, although 
this correlation was not seen with other probes for the gene.

Putative regulatory variants
We queried the RegulomeDB30 database to assess whether any of the 
newly identified FVC-associated SNPs (P < 1 × 10−7, n = 150 SNPs) 
were located in known or predicted regulatory elements, including 
regions of DNase I hypersensitivity, binding sites for transcription fac-
tors and promoter regions that have been biochemically characterized 
to regulate transcription. Five SNPs received high likelihood scores 
(based on the amount of supporting data) for mapping to regula-
tory regions and affecting gene expression; these included four vari-
ants upstream of HSD17B12 (rs9783304, rs2862996, rs10768966 and 
rs6485443) and one variant downstream of EFEMP1 (rs1430189). 
These variants showed evidence of eQTL, transcription factor binding 
and/or DNase I hypersensitivity peaks.

DISCUSSION
In a 2-stage meta-analysis across 35 cohorts encompassing 85,170 
individuals of European ancestry, we found 6 new loci associated with 
FVC that had not been identified in previous GWAS of spirometric 
measures of airflow obstruction (FEV1 or FEV1/FVC). The six new 
loci showed consistent associations across the studies of individuals 
of European ancestry in the discovery and replication stages. Effect 
estimates in the meta-analysis range from 13 to 31 ml per allele, values 

Table 2 E xpression profiling of candidate genes in the lung and periphery
Tissue

Sentinel SNP  
(relationship to gene) Chr. Gene Putative function of encoded protein Lung HASM HBECs PBMCs

rs1430193 (intronic) 2 EFEMP1 Binds EGFR, the EGF receptor, inducing EGFR autophosphorylation 
and the activation of downstream signaling pathways. May have a role 
in cell adhesion and migration. May function as a negative regulator of 
chondrocyte differentiation.

+ + + −

rs6923462 (intronic) 6 BMP6 BMPs are a family of secreted signaling molecules that can induce 
ectopic bone growth. Many BMPs are part of the TGF-β superfamily.

+ + + +

rs4237643 (intergenic) 11 MIR129-2  
(downstream)–HSD17B12

This gene encodes a key 17β-hydroxysteroid dehydrogenase (17β-HSD). + + + +

rs2863171 (downstream) 11 PRDM11 This gene encodes PR domain–containing protein 11. + + + +

rs1079572 (intronic) 16 WWOX WW domain–containing proteins are found in all eukaryotes and  
have an important role in the regulation of a wide variety of cellular 
functions, such as protein degradation, transcription and RNA splicing. 
This gene encodes a protein that contains 2 WW domains and a  
short-chain dehydrogenase/reductase domain (SRD).

+ + + +

rs6501431 (downstream) 17 KCNJ2 The protein encoded by this gene is an integral membrane protein and 
inward-rectifier type potassium channel. The encoded protein, which 
has a greater tendency to allow potassium to flow into rather than out of 
a cell, probably participates in establishing action potential waveform 
and excitability of neuronal and muscle tissues.

+ + + +

A plus sign indicates that the gene is expressed in the cell type used, and a minus sign indicates that we did not detect gene expression at the mRNA level after 70 cycles of PCR. 
Amplification was followed in real time using gene-specific TaqMan probes, and final PCR products were visualized by gel electrophoresis. We used GAPDH (encoding glyceraldehyde-
3-phosphate dehydrogenase) as a positive control for the cDNA, and this gene was expressed in all tissues. Chr., chromosome; HASM, human airway smooth muscle; HBECs, 
human bronchial epithelial cells; PBMCs, peripheral blood mononuclear cells.
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similar to the annual rate of decline in FVC ranging from 12 to 47 ml  
in the general population31. Expression analyses showed that all 
the top candidate genes at these loci were expressed in lung tissue 
and primary lung cells (HBECs and HASM cells). Two additional 
loci associated with FVC at genome-wide significance in the stage 1 
analysis were previously associated with FEV1/FVC (PTCH1) or FEV1 
(GSTCD)12–14 at genome-wide levels of significance in GWAS.

The six new associations found in this analysis explain only a  
modest proportion of the additive polygenic variance in FVC (0.74%). 
Stage 2 effect size estimates were used to calculate the proportion 
of the variance explained by the six new loci, to avoid the effect of 
bias from winner’s curse. When we take the other known loci for 
pulmonary function into account, the proportion of the additive 
polygenic variance explained is 1.78%, a finding that is comparable 
to those with many other complex traits32. Unexplained heritability 
has become a well-known phenomenon in genetic epidemiology33, 
and possible explanations include multiple effects of common vari-
ants, rare variant effects, gene-by-environment interactions, gene-
gene interactions and epigenetic regulation—mechanisms that are 
not captured by existing GWAS platforms.

We and others previously identified 27 regions associated at 
genome-wide significance with FEV1, FEV1/FVC or both11–14. 
Although FEV1 and FVC are statistically correlated (r = 0.83 in the 
Rotterdam Study, adjusted for age, sex, height and height2), these 
measures represent clinically different entities. FVC is used for the 
evaluation of restrictive ventilatory defects and is a predictor of  
mortality independent of FEV1, standard risk factors and even previ-
ous cardiovascular disease5,6. In contrast, FVC and FEV1/FVC have 
a very low correlation (r = −0.08 in the Rotterdam Study, adjusted 
for age, sex, height and height2). In this analysis, we were able to 
identify six new loci that are associated with FVC at genome-wide 
significance. Only two of the loci that were previously associated with 
FEV1 or FEV1/FVC showed genome-wide significant association with 
FVC in our study (GSTCD and PTCH1)12,13. The sentinel SNPs at 
each of the six newly associated loci showed consistent directions of 
effect on both FEV1 and FVC (Supplementary Table 8). Among our 
FVC-associated SNPs, the smallest P value for FEV1 (9.43 × 10−7) was 
observed for rs1079572 (WWOX). An intragenic SNP (rs11654749) 
in the region between KCNJ2 and SOX9 was associated with FEV1 
at genome-wide significance in our previous meta-analysis of SNP 
and SNP-by-smoking effects34. To assess whether the variant identi-
fied in that analysis of FEV1 (rs11654749) and the sentinel SNP from 
our current FVC analysis (rs6501431) are representative of the same 
signal, we fitted both variants together in the model using GCTA35 
software. The effect sizes of these SNPs increased slightly when they 
were fitted together, as expected given that the marginal correlation 
(r = 0.03) of their alleles was positive and the effects of these alleles on 
lung function were in opposite directions. Thus, these SNPs appear 
to represent independent signals.

Two of the top loci for FVC (BMP6 and EFEMP1) have been associ-
ated with height in a previous GWAS36. The FVC-associated SNPs in 
or near these two genes show modest to weak correlation with the top 
SNPs from the GWAS of height36. For EFEMP1, the r2 value between 
rs1430193 (for FVC) and rs3791675 (for height) was 0.45. For BMP6, 
the correlation between rs6923462 (for FVC) and two SNPs associated 
with height (rs3812163 and rs1219896) was low. For rs6923462 and 
rs3812163, the r2 value was 0.01, and, for rs6923462 and rs1219896, 
the r2 value was 0.02. Because we adjusted for height in our analysis, 
our findings are likely to be independent of height but might reflect 
genetic effects on body or organ size.

To assess whether our identified loci are associated with FVC across 
populations of different ancestry, we examined the associations of our 
main findings in African-American, Korean, Hispanic and Chinese 
subjects. Despite the limited size of these samples, 78 SNPs in the 
region of EFEMP1 had associations that reached the significance 
threshold of P < 4.42 × 10−5 in African Americans. These results 
support the involvement of this locus in lung function in individuals 
of both European and African descent, although there was evidence 
for allelic heterogeneity between these populations. In the Korean 
data set, we found two SNPs in the region of our locus near KCNJ2 
to be significantly associated with FVC. In the smaller samples of 
Chinese and Hispanic participants, none of the investigated SNPs 
were significantly associated with FVC, which may not be surprising 
given the greatly reduced power. In summary, despite smaller sample 
sizes, we were able to show significant evidence of association with 
FVC for the EFEMP1 locus in African Americans and for the locus 
downstream of KCNJ2 in Koreans.

A literature review identified candidate genes within the newly 
associated loci plausibly involved in lung growth and pathogenesis. 
For example, BMP6 is a member of the bone morphogenetic protein 
(BMP) family that constitutes a key canonical signaling pathway in the 
regulation of lung development, repair and response to injury37. BMP6 
expression in bronchial epithelial cells has been reported to increase 
in experimental models of allergic airway inflammation38. EFEMP1 
is part of the fibulin family of extracellular matrix glycoproteins and 
encodes fibulin-3. Targeted disruption of a member of this family, 
Efemp2 (also known as fibulin-4), has been shown to cause reduced 
elasticity and emphysematous morphology in the lungs of mice39. 
Expression of other members of the fibulin family (fibulin-1 and 
fibulin-5) seems to be influenced by TGFB1 (encoding transforming 
growth factor-β1), a gene previously linked to inflammation in individ-
uals with chronic obstructive pulmonary disease (COPD)40,41. WWOX  
might influence protein-induced apoptosis and behaves as a tumor 
suppressor gene in various types of neoplasms, including small-cell 
lung cancer42. Our analysis in fetal lung showed strong evidence of 
differential expression of PRDM11, suggesting that this gene has a role 
in development in utero. In addition, nuclear expression of PRDM11 
has been shown in respiratory epithelial cells of the human bron-
chus in three subjects in the Human Protein Atlas43. Interestingly, 
our eQTL analysis showed highly significant cis effects of FVC- 
associated variants on HSD17B12 expression in multiple tissues, 
including lung. Furthermore, several of these SNPs were located 
within regulatory sites upstream of HSD17B12, suggesting that these 
variants might have a regulatory role in gene expression. Exploratory  
pathway analysis using all SNPs in the meta-analysis of FVC implicated 
multiple processes, including several involved in tissue development 
and remodeling. These findings suggest that distinct and identifiable 
biological pathways underlie the genetic basis of lung vital capacity 
in the general population.

There are some limitations to our analysis. With cross-sectional 
measures of FVC, we cannot determine whether the identified signals 
are due to influence on lung growth or age-related decline in lung 
function44. The primary analyses were not adjusted for pack-years 
(the duration of smoking in years multiplied by the number of ciga-
rettes per day, divided by 20 cigarettes per pack) to avoid attrition in 
sample size, but, within the CHARGE cohorts, estimates from meta-
analysis with and without adjustment for pack years were very similar 
(data not shown).

A key strength of our study is its considerable sample size of 
European-ancestry individuals. Our application of genomic control 
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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 structure. Estimates of genomic inflation increase 
with sample size, as has been shown for other traits14,36,45,46. Following 
the two-stage meta-analysis, we were able to test the associated SNPs 
and their regions for tissue-specific expression.

In conclusion, using a large-scale staged meta-analysis, we report 
six new loci associated with FVC and show that all are expressed 
in lung tissue and primary lung cells. Our findings point to previ-
ously unexplored pathways and mechanisms underlying lung func-
tion. Improvement of the understanding of the role that these genes 
have in normal lung development and pathogenesis could lead to the  
identification of novel therapeutic targets for lung diseases.

URLs. Korean HapMap Project, http://www.khapmap.org/; 
RegulomeDB http://regulome.stanford.edu/; Human Protein Atlas, 
http://www.proteinatlas.org/; METAL, http://www.sph.umich.edu/
csg/abecasis/metal/; matSpD, http://gump.qimr.edu.au/general/
daleN/matSpD/; Gene Expression Omnibus, http://www.ncbi.nlm.
nih.gov/geo/.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Data from transcriptomic analyses of human lung 
development are at the NCBI Gene Expression Omnibus under  
accession GSE14334.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Study design. The study consisted of two stages. Stage 1 was a meta-analysis 
of study-specific genome-wide analyses of FVC conducted in 26 studies with 
a total of 52,253 individuals of European ancestry. Study characteristics are 
shown in Supplementary Table 1. In stage 2, we followed up SNPs showing 
association with FVC (P < 5 × 10−7) and performed meta-analysis of β esti-
mates and standard errors across stages 1 and 2. Stage 2 encompassed 32,917 
subjects of European ancestry from 9 independent cohorts. All participants 
provided written informed consent. The study was approved by the institu-
tional ethical committee of each study site and was conducted according to 
Declaration of Helsinki principles.

Cohorts included in stage 1. Stage 1 included a total of 26 studies, 15 from 
the SpiroMeta Consortium and 11 from the CHARGE Consortium: AGES, 
ARIC, B58C T1DGC, B58C WTCCC, CARDIA, CHS, ECRHS, EPIC (obese 
cases and population-based studies), the EUROSPAN studies (CROATIA-
Korcula, ORCADES, CROATIA-Vis and NSPHS), FHS, FTC (incorporating 
the FinnTwin16 and Finnish Twin Study on Aging), Health 2000, Health ABC, 
HCS, KORA S3, MESA, NFBC 1966, RS-I, RS-II, RS-III, SHIP and Twins UK-I. 
The genotyping platforms and quality control criteria implemented by each 
study are described in Supplementary Table 9.

Cohorts included in stage 2. A total of nine studies were included in our stage 
2 follow-up: BHS 1 and 2, CROATIA-Split, Generation Scotland, KORA F4, 
LBC1936, LifeLines, LLFS, PIVUS, and Twins UK-II and III. Study descrip-
tions can be found in the Supplementary Note.

Imputation. Imputation to the HapMap CEU panel (Utah residents of 
Northern and Western European ancestry) was conducted using either 
MACH47, IMPUTE48, Beagle49,50 or BIMBAM51 with filters and quality con-
trol parameters as shown in Supplementary Table 9. SNPs were excluded for a 
cohort if the imputation score, assessed using r2.hat (MACH), .info (IMPUTE) 
or OEvar (BIMBAM), was <0.3. In total, 2,762,059 SNPs were analyzed.

Statistical analysis. Individual studies performed a GWAS analysis using 
linear regression models with FVC (in ml) as the outcome, stratified by  
never-/ever-smoking. Adjustment factors were age, age2, sex and height (plus 
height2 and weight for CHARGE and replication cohorts). If applicable, cohorts 
adjusted for center, cohort or principal components to adjust for population 
stratification. The follow-up studies used the same models. Effect estimates for 
each study were corrected using genomic control19 separately within smoking 
strata. Study-specific λ estimates are shown in Supplementary Table 1.

Meta-analysis of stage 1 data. Variants with imputation quality below 0.3 or 
MAF below 0.03 were excluded from each data set before the meta-analysis. 
Study-specific effect estimates and standard errors for ever-smokers and never-
smokers were combined using METAL52 with fixed-effects inverse variance–
weighted meta-analysis, which takes directionality into account by aligning 
study results according to the same effect allele. Genomic control was applied 
to the resulting combined (ever-smokers and never-smokers) effect estimates 
for each study. These combined effect estimates for each study were then com-
bined across studies, again using fixed-effects inverse variance–weighted meta-
analysis with METAL, and genomic control was applied again to the final 
meta-analysis estimates. Manhattan plots, quantile-quantile plots, forest plots, 
gene annotation and additional statistics were produced using R version 2.9.2 
(ref. 53). Stage 1 results are in Supplementary Data Set 1.

Selection of SNPs for stage 2 and stage 2 meta-analysis. For every region 
containing at least one SNP showing evidence of association with FVC (P < 5 ×  
10−7), the SNP with the smallest P value that also had N effective ≥ 80%  
(N effective is the product of sample size and imputation quality summed 
across studies) of the total stage 1 sample size was followed up in a second stage 
using in silico data from nine cohorts (Fig. 1 and Supplementary Table 2a). In 
total, seven SNPs were followed up. Results for variants with imputation quality 
(Supplementary Table 10) below 0.3 in a given study were excluded from the 
meta-analysis. Meta-analysis was performed on results across stage 2 studies 
using fixed-effects inverse variance–weighted meta-analysis with METAL52.

Regions were defined as independent if the leading SNP from one region 
was >500 kb from the leading SNP of any other region. We excluded two 
regions (GSTCD and PTCH1) from follow-up that were previously associated 
with FEV1 or FEV1/FVC12–14.

Combined analysis of stage 1 and stage 2. We performed an inverse variance–
weighted fixed-effects meta-analysis across stages 1 and 2 using METAL52 and 
obtained two-sided P values for the resulting effect estimates.

Follow-up in other ancestry groups. To evaluate these loci across ancestry 
groups, we studied association with FVC in four samples of non-European 
ancestry. We used data from the NHLBI-sponsored CARe Project23,54, which 
genotyped African Americans in ARIC, MESA, CHS, CARDIA, the Jackson 
Heart Study and the Cleveland Family Studies.

Analyses in CARe were carried out by cohort, and meta-analysis was per-
formed using METAL52. Furthermore, we assessed the SNPs in Hispanic and 
Chinese participants from the MESA Lung study. Lastly, we investigated the 
loci in Korean participants from the Healthy Twin15–17 and KARE3 (ref. 18) 
studies. For the Korean studies, analyses were carried out by cohort, and 
meta-analysis was performed. Individual studies performed GWAS analysis 
using linear regression models with FVC (in ml) as the outcome. Adjustment 
factors were age, age2, sex, height, height2, ever-/never-smoking and weight. 
We assessed the sentinel SNPs from the HapMap CEU reference panel that 
were available and SNPs from the regions of the identified loci on the basis 
of the location of the sentinel SNPs ±200 kb. Only SNPs with MAF ≥ 0.05 
were included. The estimated number of independent tests per population 
sample and corresponding Bonferroni-corrected P values are shown in 
Supplementary Table 11. The effective number of independent variants 
being tested in each replication population was estimated on the basis of 
linkage disequilibrium between SNPs using the technique of Li and Ji22, 
which is a modification of the technique originally proposed by Cheverud55 
and implemented by Nyholt21. This calculation was performed using matSp-
D21on the basis of the linkage disequilibrium structures of the 1000 Genomes 
Project all-ancestries sample.

Gene set enrichment analysis. We applied an algorithm known as improved 
gene set enrichment analysis for GWAS (i-GSEA4GWAS) to place variants 
associated with FVC within curated pathways and functional categories25. 
SNPs from the stage 1 and 2 GWAS meta-analysis were mapped to genes 
if they were within 100 kb (upstream or downstream). For a given SNP, if 
multiple genes were located within this range, the closest gene was selected 
and assigned the association P value. Because multiple SNPs can map to the 
same gene, SNP label permutation was used to reduce biases caused by larger 
loci having disproportionately higher number of SNPs. Log-transformed 
association P values were used to rank order the resulting gene list (18,454 
genes) and to calculate gene set enrichment scores. Approximately 2,000 
gene sets were used. These were limited to curated pathways derived from 
multiple resources such as KEGG, BioCarta, REACTOME and functional 
annotations extracted from the Gene Ontology database. A modified ver-
sion of the GSEA procedure was performed, and P values were adjusted for 
multiple testing using FDR. Significant enrichment of gene sets was set at 
FDR < 0.01.

Gene expression analysis. After the meta-analysis, we investigated the 
mRNA expression of the nearest gene for each of the new SNPs in: human 
lung tissue, HASM cells, HEBCs and PBMCs. Lung resection specimens were 
obtained from individuals diagnosed with solitary pulmonary tumors at Ghent 
University Hospital (Ghent, Belgium). Primary human bronchial epithelial 
cells (HBECs) and human airway smooth muscle cells (HASM cells) were 
prepared from lung resection specimens obtained from anonymous donors 
during surgery for lung cancer at the Leiden University Medical Center 
(LUMC, Leiden, the Netherlands). All assays were carried out at the Ghent 
University Hospital. PBMCs were isolated from whole blood using Ficoll gra-
dients. Written informed consent was obtained from all subjects according to 
protocols approved by the local ethics committees. Total RNA was extracted 
from samples using the miRNeasy Mini kit (Qiagen), and cDNA was prepared 
from 1 µg of RNA template using the Transcriptor Universal cDNA Master kit 
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(Roche) following the manufacturer’s instructions. Expression of the candi-
date genes and the housekeeping gene GADPH was analyzed using TaqMan 
Gene Expression Assays (Applied Biosystems; assay ID numbers are given in 
Supplementary Table 12).

Expression quantitative trait loci. We assessed whether top SNPs or their 
proxies, identified on the basis of r2 > 0.7, in the 6 new regions were associ-
ated with gene expression in whole-blood cells in a sample of 762 individuals 
from Rotterdam Study III (RS-III)56. Expression was assessed using Illumina 
Whole-Genome Expression BeadChips (HumanHT-12 v4). For eQTL analysis, 
we used the eQTL mapping pipeline called MegaQTL57. eQTLs were deemed 
cis when the distance between the SNP chromosomal position and the probe 
midpoint was less than 250 kb. eQTLs were mapped using Spearman’s rank 
correlation, using imputation dosage values as genotypes. Resultant corre-
lations were then converted to P values, and their respective z scores were 
weighted by the square root of sample size. The model was adjusted for the first 
40 eigenvectors of principal-component analysis. We corrected for multiple 
testing by using Bonferroni correction: associations with P < 1 × 10−4 were 
considered statistically significant.

Finally, we also queried publicly available eQTL databases derived 
from multiple cell and tissue types (lymphoblastoid cell lines, brain tissue 
and human fibroblasts)26–29. We corrected for multiple testing by using 
Bonferroni correction: associations with P < 1 × 10−4 were considered  
statistically significant.

Expression in fetal lung. We used methods previously described58 to mine 
publicly available data59,60 to determine whether differential expression of 
relevant genes occurs during normal human lung development. Previously, 
human fetal lung tissues were obtained from National Institute of Child Health 
and Human Development tissue databases and microarray profiles used to 
investigate expression spanning different gestational ages. RNA samples 

from 38 subjects (estimated gestational age of 7–22 weeks or 53–154 d post-
conception) representing the pseudoglandular (gestational age, 7–16 weeks) 
and canalicular (17–26 weeks) stages of lung development were included in the 
data set. These data are available at the NCBI Gene Expression Omnibus.
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Supplementary Figure 1. Quantile-Quantile (QQ) of observed genome-wide association results against expected 
association results for FVC. 

 

The Quantile-Quantile (QQ) plot shows – log10(P) of observed genome-wide association results against expected 
association results for FVC. λgc before applying genomic control was 1.12. The QQ-plot for all SNPs is shown in black. 
The results in red show the – log10(P) of observed genome-wide association results for FVC after excluding SNPs 
within the 26 previously reported regions 1-3 for FEV1 and FEV1/FVC; SNPs within 500kb of the lead reported SNP in 
the SpiroMeta-CHARGE meta-analysis of FEV1 and FEV1/FVC 3 were excluded.
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Supplementary Figure 2. Regional Plots. 

 

Regional association plots of seven FVC- associated loci with a P value < 5 x 10-7. Statistical significance of each SNP 
on the –log10(P) scale as a function of chromosome position (NCBI Build 36) in the meta-analysis of stage 1. The 
sentinel SNP at each locus is shown with a purple diamond with the correlations (r2) of surrounding SNPs to the 
sentinel indicated by color (red: r2 > 0.8, orange: r2 > 0.6, green: r2 > 0.4, light blue: r2 > 0.2, purple: r2 unknown). The 
fine scale recombination rate is shown in blue.  
  

g. 
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Supplementary Figure 3. Forest plots for the cohort specific effects in Stage 1. 

 

 

 

Forest plots for the seven loci associated with FVC for stage 1. Six of the SNPs included in the figure showed a 
genome-wide significant association (P < 5 x 10-8) with FVC after combining both stages. The contributing effect (β, in 
ml) from each study is shown by a square, with confidence intervals indicated by horizontal lines. The contributing 
weight of each study to the meta-analysis is indicated by the size of the square, where the size per study is relative 
to the total contribution of the stage. The combined meta-analysis per stage is shown at the bottom of each graph.   
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Supplementary Figure 4 Forest plots for the cohort specific effects in Stage 2. 

 

 

 

Forest plots for the seven loci associated with FVC for stage 2. Six of the SNPs included in the figure showed a 
genome-wide significant association (P < 5 x 10-8) with FVC after combining both stages. The contributing effect (β, in 
ml) from each study is shown by a square, with confidence intervals indicated by horizontal lines. The contributing 
weight of each study to the meta-analysis is indicated by the size of the square, where the size per study is relative 
to the total contribution of the stage. The combined meta-analysis per stage is shown at the bottom of each graph.   
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Supplementary Figure 5. Regional plots for loci in African Americans. 

 

Regional plot of –log10(P value) of EFEMP1 in African American samples. The LD is based on CEU 1000G reference 
panel. A. rs62164511 is the most significant SNP in this locus in African American data. B. rs1430193 is the index SNP 
identified in European ancestry individuals. Note the low linkage disequilibrium (r2 = 0.16) between these SNPs and 
the evidence for allelic heterogeneity at the locus.   
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Supplementary Figure 6. Expression analysis of candidate genes in lung tissue and primary cells. 

 

A. RT-PCR profiling of gene transcripts demonstrates expression of all seven candidate genes in total lung tissue: 
EFEMP1 (86bp), BMP6 (108bp), WWOX (89bp), TMEM163 (90bp), KCNJ2 (160bp), PRDM11 (77bp) and 
HSD17B12(65bp). B. mRNA expression profiling in human primary cells: human bronchial epithelial cells (HBEC), 
human airway smooth muscle cells (HASM) and peripheral blood mononuclear cells (PBMC). 
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Supplementary Figure 7. Real-time Reverse transcription polymerase chain reaction of candidate genes in lung 
tissue and primary cells. 

 
 
Taqman amplification curves of EFEMP1 (A), BMP6 (B), WWOX (C), KCNJ2 (D), HSD17B12 (E), PRDM11 (F) and GAPDH 
(G) on total lung tissue, human bronchial epithelial cells (HBEC), human airway smooth muscle cells (HASM) and 
peripheral blood mononuclear cells (PMBC). (NTC = non template control) 
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Supplementary Figure 8. Expression Quantitative Trait Loci (eQTL) Association. 
 

 
 

 
This graph shows the cis-effects for the sentinel SNP rs4237643 on probe 3420341 – HSD17B12, the only significant 
eQTL-association we were able to identify in whole blood. eQTL-analysis was performed using Illumina Whole-
Genome Expression Beadchips (HumanHT-12 v4). The blue and red dots show the sex of the individual (blue for 
males, red for females). The black diagonal line crosses the mean gene expression level per genotype group(μ). The 
vertical line at the right gives the average Z-score and its P value.
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Supplementary Table 1. Baseline characteristics of the studies included in stage 1. 
 

 N 
total 

N 
male 

N 
female 

Age range (year) 
at FVC 
measurement 

Mean 
age, y 
(s.d.) 

Height, 
cm 
(s.d.) 

Mean 
FEV1, l 
(s.d.) 

Mean 
FVC, l 
(s.d.) 

Mean 
FEV1/FVC 
(s.d.) 

N never-
smokers 

N ever-
smokers 

Genomic inflation 
factor (λ) FVC 

Stage 1: 
GWAS 
 

           Ever-
smokers 

Never-
smokers 

AGES  1,620 618  1,002  66-95  76.2 
(5.6)  

166  
(9) 

2.10 
(0.68)  

2.83 
(0.84)  

0.74 
(0.11)  

737 883  1.01 1.02 

ARIC  9,078  4,279  4,799  44-66  54.3 
(5.7)  

169  
(9) 

2.94 
(0.78)  

3.99 
(0.98)  

0.74  
0.08)  

3,620  5,458  1.03 1.01 

B58C T1DGC  2,343  1,131  1,212  44–45  44.5 
(0)  

169 
(9) 

3.31 
(0.78)  

4.19 
(0.96)  

0.79  
(0.08)  

692  1,651  1.00 1.01 

B58C WTCCC  1,372  691  681  44–45  44.5 
(0)  

169 
(9) 

2.93 
(0.75)  

4.18 
(0.96)  

0.79 
(0.08)  

394  978  1.01 1.00 

CARDIA 1,626 768 858 17-32 25.6 
(3.3) 

171 
(9) 

3.68 
(0.81) 

4.70 
(1.00) 

0.82 
(0.06) 

932 694 0.97 0.99 

CHS  3,140  1,226  1,914  65-95  72.3 
(5.4)  

160 
(9) 

2.12 
(0.66)  

3.00 
(0.87)  

0.71 
(0.11)  

1,543  1,597  1.03 1.02 

CROATIA-
Korcula  

825  300  525  18–90  55.5 
(13.5)  

168 
(9) 

2.84 
(0.81)  

3.37 
(0.93)  

0.84 
(0.09)  

397  428  1.03 1.06 

CROATIA-Vis  769  323  446  18–88  56.3 
(15.3)  

168 
(10) 

3.39 
(1.22)  

4.38 
(1.43)  

0.77 
(0.09)  

328  441  1.04 1.02 

ECRHS  1,594  784  810  19-48  33.9 
(7.2)  

171 (9) 3.78 
(0.82)  

4.59 
(1.03)  

0.83 
(0.07)  

699  895  1.01 1.01 

EPIC  
obese cases 

1,104  476  628  39–76  59.1 
(8.8)  

166 
(9) 

2.35 
(0.69)  

2.84 
(0.87)  

0.82 
(0.17)  

489  615  1.00 1.02 

EPIC 
population 
based 

2,336  1,100  1,236  39–77  59.2 
(9.0)  

167 
(9) 

2.50 
(0.72)  

3.04 
(0.90)  

0.85 
(0.16)  

1,061  1,275  1.01 1.01 

FHS  7,692 3,544  4,148  19-92  51.9 169 3.04 4.03 0.75  3,554  4,138  1.04 1.04 
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 (14.6)  (10) (0.94)  (1.14)  (0.08)  
FTC  134  13  121  23–76  57.4 

(19.3)  
158 
(6) 

2.69 
(0.94)  

2.93 
(0.61)  

0.79 
(0.09)  

104  30  1.04 1.01 

Health 2000  821  394  427  30-75  50.5 
(10.9)  

169 
(9) 

3.29 
(0.90)  

4.16 
(1.07)  

0.79 
(0.07)  

249  572  0.99 1.02 

Health ABC  1,475  786  689  70-79  73.7 
(2.8)  

167 
(9) 

2.30 
(0.70) 

3.11 
(0.81)  

0.74 
(0.08) 

643  832  1.00 1.00 

HCS 1,820 915 905 55-86 66.0 
(7.4) 

166 
(9) 

2.44 
(0.69) 

2,97 
(0,83) 

0.83 
(0.08) 

1,012 808 0.99 1.00 

KORA S3  555  261  294  29–73  47.6 
(9.0)  

170 
(9) 

3.43 
(0.78)  

4.18 
(0.99)  

0.83 
(0.07)  

266  289  1.00 1.01 

MESA 1,433 728 705 48-90 66.1 
(9.7) 

169 
(10) 

2.57 
(0.76) 

3.52 
(0.99) 

0.73 
(0.09) 

615 818 1.03 1.05 

NFBC 1966  4,556  2,182  2,374  31–31  31.0 
(0)  

171  
(9) 

3.96 
(0.79)  

4.73 
(0.99)  

0.84 
(0.06)  

1,648  2,908  1.02 1.01 

NSPHS 549 255 294 18-91 50.0 
(19.1) 

164 
(10) 

3.02 
(0.95) 

3.68 
(1.12) 

0.82 
(0.09) 

464 85 1.01 1.00 

ORCADES  692  322  370  19–93  54.9 
(15.3)  

167 
(9) 

2.88 
(0.84)  

3.58 
(0.98)  

0.80 
(0.09)  

404  288  1.02 1.07 

RS-I  1,152  502 650  72-96  79.3 
(4.6)  

166  
(9) 

2.19 
(0.65) 

2.90 
(0.83)  

0.75 
(0.08) 

362 790  0.99 1.00 

RS-II  862  386  476  58-88  67.2 
(6.3)  

168  
(9) 

2.71 
(0.78)  

3.61 
(1.08)  

0.76 
(0.09)  

290  572  1.01 0.99 

RS-III 1,043 464 579 46-88 56.5 
(5.4) 

171  
(9) 

3.19 
(0.81) 

4.06 
(1.04) 

0.79 
(0.07) 

354 689 1.00 1.00 

SHIP  1,777  870  907  25–85  52.3 
(13.7)  

170  
(9) 

3.28 
(0.89)  

3.87 
(1.03)  

0.87 
(0.06)  

773  1,004  1.00 1.00 

Twins UK-I 1,885  0  1,885  18–79  48.4 
(12.2)  

162  
(6) 

2.73 
(0.56)  

3.40 
(0.61)  

0.80 
(0.08)  

943  942  1.00 1.00 

 

Nature Genetics: doi:10.1038/ng.3011



16 

Sample population characteristics for each study. Characteristics are shown for studies analyzed in stage 1 (GWAS meta-analysis), stage 1 studies: AGES, 
Age, Gene/Environment Susceptibility; ARIC, Atherosclerosis Risk in Communities Study; B58C T1DGC, British 1958 Birth Cohort–Type 1 Diabetes Genetics 
Consortium; B58C WTCCC, British 1958 Birth Cohort–Wellcome Trust Case Control Consortium; CARDIA:  
Coronary Artery Risk Development in Young Adults; CHS, Cardiovascular Health Study; the CROATIA- Korcula study; the CROATIA-Vis study; ECRHS, the 
European Community Respiratory Health Survey; EPIC obese cases, European Prospective Investigation into Cancer and Nutrition, Obese Cases; EPIC 
population based, European Prospective Investigation into Cancer and Nutrition Cohort; FHS, Framingham Heart Study; FTC, Finnish Twin Cohort 
incorporating FinnTwin16 and FITSA; H2000, Finnish Health 2000 survey; Health ABC, Health, Aging, and Body Composition; HCS, Hunter Community Study; 
KORA S3, Cooperative Health Research in the Region of Augsburg; MESA, Multi-Ethnic Study of Atherosclerosis; NFBC1966, Northern Finland Birth Cohort of 
1966; NSPHS: The Northern Swedish Population Health Study; ORCADES, Orkney Complex Disease Study; RS-I, RS-II, RS-III, Rotterdam Study; SHIP, Study of 
Health in Pomerania; the TwinsUK-I study.  
Definition of abbreviations: N, number; cm, centimeter; s.d.; standard deviation; l, liters; FEV1, Forced Expiratory Volume in 1 second; FVC, Forced Vital 
Capacity.  
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Supplementary Table 2. Baseline characteristics of studies included in stage 2 and the multi-ethnic follow-up. 

  

Stage 2 cohorts 

a. Participants of European descent 
Study  N,  

total 
N,  
males (%) 

N,  
females (%) 

Age(years) 
Mean (SD) 

Height 
(cm) 
Mean 
(SD) 

FVC (L) 
Mean (SD) 

Weight 
(kg) 
Mean (SD) 

N,  
never-smokers (%) 

N,  
ever-smokers 
(%) 

Pack-years 
in Smokers 
Mean (SD) 

BHS 1 & 2 4,094 1,795 (43.8) 2,299 (56.2) 52.9 (15.8) 168 (9) 3.84 (1.15) 74.3 (14.2) 2,124 (51.9) 1,970 (48.1) NA* 

CROATIA-Split 493 210 (42.6) 283 (57.4) 49.1 (14.6) 173 (9) 3.80 (1.06) 80.6 (16.3) 239 (48.5) 254 (51.5) 21.8 (24.0) 

Generation 
Scotland 

8,077 3,379 (41.8) 
 

4,698 (58.2) 
 

51.6 (13.3) 
 

168 (10) 
 

3.91 (1.01) 
 

76.1 (16.3) 
 

4,312 (53.4) 
 

3,765 (46.6) 
 

18.5 (20.2) 
 

KORA F4 903 425 (47.1) 478 (52.9) 53.8 (4.5) 169 (9) 4.20 (0.97) 79.6 (16.9) 344 (38.1) 559 (61.9) 18.3 (18.6) 
 

LBC1936 991 501 (50.6) 490 (49.4) 69.6 (0.8) 166 (9) 3.04 (0.87) 77.3 (14.5) 437 (44.1) 554 (55.9) 31.1 (27.9) 

LifeLines 12,399 5,123 (41.3) 7,276 (58.7) 48.4 (11.2) 174 (9) 4.43 (1.03) 80.2 (14.9) 344 (38.1) 7,329 (59.1) 13.5 (11.5) 

LLFS 3,899 1,734 (44.5) 2,165 (55.5) 68.8 (15.2) 166 (10) 3.20 (1.1) 75.3 (16.5) 2,203(56.7) 1,683(43.3) 9.1 (17.7) 

PIVUS 900 483 (48.7) 417 (51.3) 70.2 (0.2) 169 (9) 3.20 (0.9) 77.3 (14.4) 438 (48,7) 462 (51,3) 11.9 (15.3) 

TwinsUK-II & III 1,161 0 1,161 (100) 54.1 (17) 162 (13) 3.21 (0.6) 68.1 (6.3) 761 (65.5) 400 (34.5) 4.9 (0.6) 
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Multi-ethnic follow-up studies 

b. African American participants from the CARe consorium 
Study  N,  

total 
N,  
males (%) 

N,  
females (%) 

Age(years) 
Mean (SD) 

Height (cm) 
Mean (SD) 

FVC (L) 
Mean (SD) 

Weight (kg) 
Mean (SD) 

N,  
never-
smokers (%) 

N,  
ever-smokers 
(%) 

Pack-years 
in Smokers 
Mean (SD) 

ARIC 2,579  963 (37.3) 1,616 (62.7) 53.3 (5.8) 168 (9) 3.28 (0.8) 83.4 (17.3) 1,200 (46.5) 1,379 (53.5) NA 

CARDIA 696 288 (41.4) 408 (58.6) 25.9 (2.9) 169 (10) 3.90 (0.9) 74.6 (17.0) 396 (56.9) 300 (43.1) NA 

JHS 1,901 740 (38.9) 1,161 (61.1) 49.6 (11.8) 169 (9) 3.12 (0.9) 92.6 (22.4) 1,319 (69.4) 582 (30.6) NA 

MESA  894 428 (47.9)   466 (52.1) 66.3 (9.7) 169 (10)  2.93 (0.9)  85.1 (16.7)   407 (45.5) 487 (54.5)  NA 

c. Chinese 

Study  N,  
total 

N,  
males (%) 

N,  
females (%) 

Age(years) 
Mean (SD) 

Height (cm) 
Mean (SD) 

FVC (L) 
Mean (SD) 

Weight (kg) 
Mean (SD) 

N,  
never-
smokers (%) 

N,  
ever-smokers 
(%) 

Pack-years 
in Smokers 
Mean (SD) 

MESA 563 285 (50.6) 278 (49.4) 65.5 (9.6) 162 (9) 2.92 (0.82) 62.9 (11.2) 421 (74.8) 142 (25.2) 24.7 (24.8) 

d. Hispanics 

Study  N,  
total 

N,  
males (%) 

N,  
females (%) 

Age(years) 
Mean (SD) 

Height (cm) 
Mean (SD) 

FVC (L) 
Mean (SD) 

Weight (kg) 
Mean (SD) 

N,  
never-
smokers (%) 

N,  
ever-smokers 
(%) 

Pack-years 
in Smokers 
Mean (SD) 

MESA 849 398 (46.9) 451 (53.1) 64.2 (9.7) 162 (9) 3.15 (0.90) 77.2 (15.2) 456 (53.7) 393 (46.3) 20.7 (23.5) 

e. Koreans 
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* Not available 
Sample population characteristics for each study. Characteristics are shown for studies analyzed in stage 2 (follow-up meta-analysis), stage 2 studies: BHS 1 
& 2, Busselton Health Study; Generation Scotland; CROATIA-Split; KORA F4, Cooperative Health Research in the Region of Augsburg; LBC1936, Lothian Birth 
Cohort 1936; LIfeLines; LLFS, Long Life Family Study; PIVUS, Prospective Investigation of the Vasculature in Uppsala Seniors; TwinsUK-II & III. Abbreviations 
multi-ethnic studies: CARe, Candidate gene association resource; ARIC, Atherosclerosis Risk in Communities Study; CARDIA: Coronary Artery Risk 
Development in Young Adults; JHS, Jackson Heart Study; MESA, Multi-Ethnic Study of Atherosclerosis; KARE3, Korea Association Resource 3. Definition of 
abbreviations: N, number; cm, centimeter; SD., standard deviation; L, liters; FEV1, Forced Expiratory Volume in 1 second; FVC, Forced Vital Capacity.  
 
  

Study  N,  
total 

N,  
males (%) 

N,  
females (%) 

Age(years) 
Mean (SD) 

Height (cm) 
Mean (SD) 

FVC (L) 
Mean (SD) 

Weight (kg) 
Mean (SD) 

N,  
never-
smokers (%) 

N,  
ever-smokers 
(%) 

Pack-years 
in Smokers 
Mean (SD) 

Healthy Twin & 
KARE3 studies 

8,074 3,738 4,336 (53.7) 53.4 (10.8) 161 (9)  3.55 (0.86)  62.99 (10.2)  5,064 (62.7) 3,010 (37.8) 24.6 (19.3) 
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Supplementary Table 3. Cis-eQTLs , P values for association with mRNA expression. 

 

Original 
Gene 

Original SNP or Proxy 
(r2>0.3) 

SNP Name P Value R2 SNP Chr. SNP Position SNP 
Type 

Probe 
Name 

Probe 
Chr. 

Probe 
Position 

Allele Direction of 
effect 

HSD17B12 Proxy rs11037676 8.42E-81 0.70 11 43827788 G/C 3420341 11 43833508 C - 

Sentinel rs4237643 1.82E-35 N/A 11 43604944 G/T 3420341 11 43833508 T - 

PRDM11 Sentinel rs2863171 0.013 N/A 11 45207308 A/C 4810730 11 45218674 C - 

KCNJ2 Sentinel rs6501431 0.029 N/A 17 66488010 T/C 5700341 17 66286834 C + 

BMP6 Proxy rs11967986 0.025 N/A 6 7749203 A/C 4150731 6 7997110 C + 

Sentinel rs6923462 0.093 0.74 6 7746111 T/C 380328 6 7531546 C - 

WWOX Proxy rs12716848 0.061 0.71 16 76725159 G/A 6450189 16 76691257 G + 

Sentinel rs1079572 0.098 N/A 16 76744639 G/A 1050608 16 76870036 G + 

EFEMP1 Sentinel rs1430193 0.093 N/A 2 55974357 A/T 1260040 2 56093226 T - 

 

This table shows the results for association with mRNA expression in whole blood from the expression Quantitative Trait Locus (eQTLs)-analysis. The lowest 
P value per gene is shown (either for a proxy or the sentinel SNP) and the results for the sentinel SNP. Abbreviations: Chr., Chromosome. 
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Supplementary Table 4. Results of top variants in ever-smokers and never-smokers separately. 
 
 

SNP ID Chr. NCBI 36 
Position 

Nearest gene Coded 
Allele 

Ever-smokers Never-smokers P value 
interaction Beta SE P value Beta SE  P value 

rs1430193 2 55974357 EFEMP1 (intronic) T -21.247 4.276 6.73E-07 -22.697 4.391 2.35E-07 0.813 
rs6923462 6 7746111 BMP6 (intronic) T 29.94 6.214 1.45E-06 24.73 6.301 8.68E-05 0.556 
rs4237643 11 43604944 HSD17B12 (54 kb 

upstream) 
T -17.598 4.268 3.73E-05 -18.579 4.456 3.06E-05 0.874 

rs2863171 11 45207308 PRDM11 (3 kb 
downstream) 

C 22.834 5.617 4.80E-05 28.044 5.712 9.11E-07 0.515 

rs1079572 16 76744639 WWOX (intronic) G 17.117 4.017 2.04E-05 17.626 4.193 2.62E-05 0.93 
rs6501431 17 66488010 KCNJ2 (800 kb 

downstream) 
T 23.318 5.655 3.73E-05 22.824 5.681 5.88E-05 0.951 

 
Results presented in this table were obtained after meta-analyzing stage 1 and stage 2 results separately in ever-smokers and never-smokers. 
Abbreviations: Chr., Chromosome.
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Supplementary Table 5. SNPs with significant association with FVC* from the regional lookup in African Americans and Koreans 
 

a. Results from 6,070 African Americans, all SNPs are +/- 200 kb from rs1430193 the sentinel SNP in Europeans for the locus EFEMP1 (Chr 2).  
 

SNPs  Coded 
Allele  

Freq.AA βAA(ml)  S.E.AA  P valueAA  DirectionAA Freq.EUR βEUR(ml)  S.E.EUR** P valueEUR** DirectionEUR 

rs62164511  a  0.902 -84.664 16.164 1.63E-07 ----  NA NA NA NA NA 
rs11694304  c  0.905 -82.126 16.343 5.03E-07 ----  0.632 -9.882 3.804 0.009 ---+---+--+----+++--+--+-- 
rs1432562  a  0.09 81.927 16.723 9.63E-07 ++++  0.349 8.846 3.926 0.024 +++-+++-++++++----?+-

++-++ 
rs934277  t  0.85 -65.024 13.365 1.14E-06 ----  NA NA NA NA NA 
rs1430199  a  0.85 -64.844 13.336 1.16E-06 ----  0.488 -8.894 3.669 0.015 -----+-++-+---+-++--+--+-

+ 
rs11694790  t  0.851 -65.074 13.385 1.16E-06 ----  NA NA NA NA NA 
rs12614845  t  0.152 64.619 13.348 1.29E-06 ++++  NA NA NA NA NA 
rs17279016  t  0.092 79.209 16.498 1.58E-06 ++++  0.35 9.672 3.86 0.012 +++-+++-++++++----++-

++-++ 
rs934276  t  0.152 63.388 13.275 1.80E-06 ++++  0.513 8.845 3.667 0.016 +++++-+--+-+++-+--++-

++-+- 
rs11684982  a  0.152 63.331 13.264 1.80E-06 ++++  NA NA NA NA NA 
rs6545526  t  0.106 74.568 15.653 1.90E-06 ++++  NA NA NA NA NA 
rs6733730  c  0.894 -74.384 15.621 1.92E-06 ----  NA NA NA NA NA 
rs1367226  a  0.139 65.028 13.753 2.26E-06 ++++  0.426 6.141 3.839 0.11 +-+++++--+-+++-+--?+-

++-++ 
rs934278  a  0.894 -73.521 15.631 2.56E-06 ----  0.557 -9.065 3.687 0.014 -+-----+--+---+-++--+--+-- 
rs1430200  t  0.157 61.212 13.085 2.90E-06 ++++  0.512 8.889 3.669 0.015 +++++-+--+-+++-+--++-

++-+- 
rs9309269  a  0.815 -57.869 12.431 3.24E-06 ---+  0.494 -9.522 3.718 0.01 ----++-++-+---+-++--+--

+-+ 
rs9309270  t  0.156 62.21 13.38 3.33E-06 ++++  NA NA NA NA NA 
rs7607070  a  0.139 64.175 13.808 3.36E-06 ++++  0.44 7.672 3.695 0.038 +-+++++--+-+++-+--++-
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SNPs  Coded 
Allele  

Freq.AA βAA(ml)  S.E.AA  P valueAA  DirectionAA Freq.EUR βEUR(ml)  S.E.EUR** P valueEUR** DirectionEUR 

++-++ 
rs11676678  a  0.85 -62.759 13.514 3.42E-06 ---+  NA NA NA NA NA 
rs78077363  t  0.17 -59.238 12.763 3.46E-06 ----  NA NA NA NA NA 
2:56125205:
ATTCC  

d  0.089 -79.325 17.102 3.51E-06 ----  NA NA NA NA NA 

rs17047277  c  0.825 58.926 12.731 3.68E-06 ++++  NA NA NA NA NA 
rs6545527  t  0.14 63.817 13.847 4.05E-06 ++++  0.44 7.678 3.697 0.038 +-+++++--+-+++-+--++-

++-++ 
2:56125203:
ATATT  

d  0.091 -77.091 16.778 4.33E-06 ----  NA NA NA NA NA 

rs11125607  a  0.815 -56.703 12.349 4.39E-06 ----  0.55 -7.22 3.772 0.056 -+-----++-+---+-++?-+--+-
- 

rs1346781  t  0.862 -62.635 13.808 5.73E-06 ----  0.555 -7.734 3.746 0.039 -+-----+--------++?-+--+-- 
rs934274  a  0.162 59.151 13.052 5.85E-06 ++++  NA NA NA NA NA 
rs11693187  a  0.833 -58.377 12.889 5.91E-06 ----  NA NA NA NA NA 
rs1346787  t  0.861 -62.341 13.785 6.12E-06 ----  0.56 -6.865 3.736 0.066 -+-----++-+---+-++?-+--+-

- 
rs75000414  t  0.141 -63.446 14.043 6.24E-06 ----  NA NA NA NA NA 
rs7602081  t  0.175 58.582 12.999 6.59E-06 +++-  NA NA NA NA NA 
rs7609520  t  0.862 -62.957 13.985 6.74E-06 ----  NA NA NA NA NA 
rs934275  t  0.172 57.403 12.764 6.88E-06 ++++  NA NA NA NA NA 
rs4672066  a  0.149 69.992 15.593 7.17E-06 ++++  0.493 -0.418 3.899 0.915 --++++-++-+++++------+-

--- 
rs4671259  a  0.208 56.028 12.488 7.24E-06 ++++  NA NA NA NA NA 
rs4672069  c  0.176 55.742 12.504 8.28E-06 ++++  0.514 8.766 3.745 0.019 +++++++--+-+++-+--?+-

++-+- 
rs6743114  a  0.184 55.137 12.437 9.28E-06 ++++  0.44 7.676 3.697 0.038 +-+++++--+-+++-+--++-

++-++ 
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SNPs  Coded 
Allele  

Freq.AA βAA(ml)  S.E.AA  P valueAA  DirectionAA Freq.EUR βEUR(ml)  S.E.EUR** P valueEUR** DirectionEUR 

rs1430191  t  0.836 -56.76 12.879 1.05E-05 ----  0.493 -7.522 3.663 0.04 -----+-++-+-----++--+--+-
+ 

rs10496055  a  0.091 -72.862 16.558 1.08E-05 ----  NA NA NA NA NA 
rs75943405  a  0.095 -72.733 16.535 1.09E-05 ----  NA NA NA NA NA 
rs17047300  a  0.094 -72.484 16.558 1.20E-05 ----  NA NA NA NA NA 
rs6749890  c  0.872 -64.282 14.742 1.30E-05 ----  NA NA NA NA NA 
rs1961386  a  0.163 56.994 13.078 1.31E-05 ++++  NA NA NA NA NA 
2:56014454:
C_CCT  

i  0.829 -56.546 13.016 1.40E-05 ---+  NA NA NA NA NA 

rs74968080  a  0.904 71.102 16.499 1.64E-05 ++++  NA NA NA NA NA 
rs75915915  t  0.151 -57.668 13.44 1.78E-05 ----  NA NA NA NA NA 
2:55990766:
T_TG  

i  0.715 -52.216 12.173 1.79E-05 ----  NA NA NA NA NA 

rs11694759  t  0.164 55.595 12.964 1.80E-05 ++++  0.514 8.743 3.667 0.017 +++++++--+-+++-+--++-
++-+- 

rs72811742  t  0.146 58.239 13.594 1.83E-05 ++++  NA NA NA NA NA 
rs11887339  a  0.173 54.211 12.697 1.96E-05 ++++  NA NA NA NA NA 
rs17047281  t  0.849 57.166 13.41 2.02E-05 ++++  NA NA NA NA NA 
rs10469875  c  0.185 -52.81 12.469 2.28E-05 ----  NA NA NA NA NA 
rs116371971  c  0.915 72.072 17.176 2.72E-05 ++++  NA NA NA NA NA 
rs148288741  a  0.915 71.973 17.176 2.79E-05 ++++  NA NA NA NA NA 
rs12617071  t  0.147 56.788 13.556 2.80E-05 ++++  0.369 9.298 3.838 0.015 +++-+++-+--++++---?+-

++-++ 
2:56069376:
GAGA_  

d  0.085 -71.822 17.177 2.90E-05 ----  NA NA NA NA NA 

rs1430201  a  0.085 -71.82 17.177 2.90E-05 ----  NA NA NA NA NA 
rs13404193  a  0.267 45.138 10.807 2.96E-05 +++-  NA NA NA NA NA 
rs77784128  a  0.085 -72.392 17.341 2.98E-05 ----  NA NA NA NA NA 
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SNPs  Coded 
Allele  

Freq.AA βAA(ml)  S.E.AA  P valueAA  DirectionAA Freq.EUR βEUR(ml)  S.E.EUR** P valueEUR** DirectionEUR 

rs143157554  t  0.085 -71.691 17.179 3.00E-05 ----  NA NA NA NA NA 
rs143080645  t  0.915 71.528 17.172 3.11E-05 ++++  NA NA NA NA NA 
rs7563487  t  0.845 -55.839 13.429 3.21E-05 ----  0.63 -9.549 3.782 0.012 ---+---+-+-----+++--+--+-- 
2:56106818:
G_GTC  

i  0.158 -55.319 13.357 3.45E-05 ----  NA NA NA NA NA 

rs11125600  c  0.17 53.775 12.995 3.50E-05 ++++  NA NA NA NA NA 
rs7560508  t  0.729 -44.25 10.7 3.55E-05 ---+  0.414 -5.092 3.731 0.172 +---++-++-+---+-++--+--

+-+ 
rs1430198  a  0.729 -44.242 10.7 3.55E-05 ---+  0.414 -5.111 3.731 0.171 +---++-++-+---+-++--+--

+-+ 
rs77406423  a  0.912 71.066 17.189 3.56E-05 ++++  NA NA NA NA NA 
rs1594308  t  0.915 70.834 17.157 3.65E-05 ++++  NA NA NA NA NA 
2:55988194:
TC_T  

d  0.79 -48.701 11.799 3.67E-05 ----  NA NA NA NA NA 

rs6742316  a  0.271 44.093 10.695 3.75E-05 +++-  0.586 5.152 3.731 0.167 -+++--+--+-+++-+--++-
++-+- 

rs2868440  t  0.899 -68.562 16.633 3.75E-05 ----  0.568 -11.198 3.819 0.003 ---+---+--+----+++--+--+-- 
rs11903784  t  0.085 -70.642 17.166 3.87E-05 ----  NA NA NA NA NA 
rs6723918  a  0.271 44.009 10.698 3.89E-05 +++-  0.586 5.223 3.731 0.162 -+++--+--+-+++-+--++-

++-+- 
rs1465684  a  0.144 56.033 13.649 4.04E-05 ++++  0.349 8.955 3.94 0.023 +++-+++-+++++++---?+-

++-++ 
rs4233963  t  0.194 49.568 12.088 4.12E-05 +++-  0.515 8.685 3.735 0.02 +++++++--+-+++-+--?+-

++-+- 
rs116212307  a  0.085 -70.193 17.144 4.23E-05 ----  NA NA NA NA NA 
rs2163714  a  0.144 55.844 13.653 4.31E-05 ++++  0.349 9.66 3.862 0.012 +++-+++-++++++----++-

++-++ 
rs17047272  a  0.915 69.996 17.121 4.35E-05 ++++  NA NA NA NA NA 
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b. Results from 8,074 Koreans. All SNPs are +/- 200 kb from rs6501431 (Chr 17, KCNJ2, 800 kb downstream)  

 
SNPs  Coded 

Allele  
Freq.KOR βKOR(ml)  S.E.KOR P valueKOR DirectionKOR Freq.EUR βEUR(ml)  S.E.EUR** P valueEUR** DirectionEUR 

rs12449659  t  0.862 -32.5 9.7 7.92E-04 -  0.863 -7.6 5.584 0.173 +----+-+--+-++-+++?-+-
++-+ 

rs4793331  a  0.375 -22.5 6.9 1.22E-03 -  0.424 -3.651 3.802 0.337 ----+-++----+-+++-?-++--
-+ 

 
* P value thresholds were calculated using the method of Nyholt 4 taking into account LD between SNPs. Thresholds were 4.42 x 10-5 for African-Americans 
and 1.52 x 10-3 for Koreans. No SNPs were significantly associated with FVC in Hispanics or Chinese. Freq: frequency  
** S.E. and P values presented for Europeans were obtained after applying genomic control at the meta-analysis level. 
The top SNP in EFEMP1 in European Ancestry (rs1430193) is not listed in the table because it gave a less significant P value than 4.42 x 10-5
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Supplementary Table 6. Gene Set Enrichment Analysis, resulting pathways. 

ENRICHED GENE SET FDR GeneSNP GeneGene Set 
Development and Tissue Remodeling 
PROTEINACEOUS EXTRACELLULAR MATRIX  7,50E-04 70 98 
EXTRACELLULAR MATRIX  8,00E-04 71 100 
BASEMENT MEMBRANE  8,33E-04 29 37 
CELL PROLIFERATION GO 0008283  1,00E-03 275 514 
TISSUE MORPHOGENESIS  1,55E-03 12 14 
EXTRACELLULAR MATRIX PART  2,24E-03 43 57 
MORPHOGENESIS OF AN EPITHELIUM  2,61E-03 12 16 
EPHA4 PATHWAY  2,64E-03 9 10 
CELL FATE COMMITMENT  2,66E-03 10 13 
REGULATION OF NEUROGENESIS  2,77E-03 11 14 
AXONOGENESIS  2,81E-03 32 43 
DEVELOPMENTAL GROWTH  3,31E-03 8 11 
ERK5 PATHWAY  3,50E-03 10 17 
BASAL LAMINA  5,73E-03 16 21 
TRANSMEMBRANE RECEPTOR PROTEIN TYROSINE KINASE ACTIVITY  5,75E-03 30 43 
EXTRACELLULAR STRUCTURE ORGANIZATION AND BIOGENESIS  5,80E-03 18 32 
EMBRYONIC MORPHOGENESIS  5,81E-03 14 17 
TRANSMEMBRANE RECEPTOR PROTEIN TYROSINE KINASE SIGNALING 
PATHWAY  5,98E-03 53 83 
REGULATION OF AXONOGENESIS  6,07E-03 7 10 
NEURITE DEVELOPMENT  6,76E-03 38 53 
MTA3 PATHWAY  6,76E-03 7 16 
ANATOMICAL STRUCTURE MORPHOGENESIS  7,50E-03 231 379 
STRUCTURAL CONSTITUENT OF MUSCLE  8,43E-03 23 33 
HSA04330 NOTCH SIGNALING PATHWAY  8,84E-03 25 47 
HSA04514 CELL ADHESION MOLECULES  9,71E-03 84 134 
Smooth Muscle 
SMOOTH MUSCLE CONTRACTION  7,50E-04 83 150 
Acetylcholine 
ACETYLCHOLINE BINDING  1,00E-04 13 17 
NICOTINIC ACETYLCHOLINE ACTIVATED CATION SELECTIVE CHANNEL 
ACTIVITY  7,14E-04 9 11 
NICOTINIC ACETYLCHOLINE GATED RECEPTOR CHANNEL COMPLEX  7,14E-04 9 11 
Glutamate 
GLUTAMATE RECEPTOR ACTIVITY  7,27E-04 17 20 
METABOTROPIC GLUTAMATE GABA B LIKE RECEPTOR ACTIVITY  1,07E-03 9 10 
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Immunity 
HSA04612 ANTIGEN PROCESSING AND PRESENTATION  7,78E-04 32 83 
EOSINOPHILS PATHWAY  1,62E-03 5 8 
B CELL DIFFERENTIATION  3,00E-03 8 12 
FOSBPATHWAY  7,47E-03 3 5 
DNA and Transcription 
POSITIVE REGULATION OF NUCLEIC ACID METABOLIC PROCESS  8,00E-04 99 154 
RNA BINDING  1,00E-03 114 259 
RNA SPLICING FACTOR ACTIVITY TRANSESTERIFICATION MECHANISM  1,06E-03 9 19 
DNA REPAIR  1,12E-03 73 125 
POSITIVE REGULATION OF RNA METABOLIC PROCESS  2,09E-03 73 120 
POSITIVE REGULATION OF TRANSCRIPTION DNA DEPENDENT  2,29E-03 72 118 
POSITIVE REGULATION OF TRANSCRIPTION  2,58E-03 91 144 
POSITIVE REGULATION OF TRANSCRIPTION FROM RNA POLYMERASE II 
PROMOTER  2,67E-03 39 65 
RNA PROCESSING  2,76E-03 77 174 
DOUBLE STRANDED RNA BINDING  3,39E-03 13 17 
RNA SPLICING  3,59E-03 43 92 
DNA CATABOLIC PROCESS  5,87E-03 17 23 
RESPONSE TO DNA DAMAGE STIMULUS  6,02E-03 88 162 
Metabolism 
HSA04940 TYPE I DIABETES MELLITUS  1,00E-04 31 45 
POSITIVE REGULATION OF CELLULAR METABOLIC PROCESS  2,13E-03 135 229 
POSITIVE REGULATION OF METABOLIC PROCESS  2,56E-03 137 236 
HSA00750 VITAMIN B6 METABOLISM  5,05E-03 5 5 
Other 
MITOCHONDRION ORGANIZATION AND BIOGENESIS  6,67E-04 26 48 
ENDOPLASMIC RETICULUM LUMEN  8,46E-04 11 14 
CACAM PATHWAY  1,16E-03 12 14 
EXTRINSIC PATHWAY  2,31E-03 8 13 
RESPONSE TO STEROID HORMONE STIMULUS  2,37E-03 6 11 
LIPID RAFT  5,77E-03 19 29 
PROTEIN TARGETING TO MITOCHONDRION  5,78E-03 6 11 
ER TO GOLGI VESICLE MEDIATED TRANSPORT  5,85E-03 12 18 
AMINE BINDING  7,43E-03 16 23 
INORGANIC ANION TRANSPORT  7,49E-03 11 18 
REGIONALIZATION  7,54E-03 9 15 
CELL RECOGNITION  8,42E-03 13 19 
PROTEIN DOMAIN SPECIFIC BINDING  9,36E-03 43 72 

This table shows the resulting pathways from the Gene Set Enrichment analysis. The threshold for 
the False Discovery Rate is set <0.01.  

Nature Genetics: doi:10.1038/ng.3011



29 

Supplementary Table 7. Fetal mRNA expression for key genes determining FVC. 
 
Gene Probe ID AveExpr t P value Adjusted P value Beta-coefficient 
EFEMP1 201842_s_at  

201843_s_at 
9.498 
7.801 

1.762 
2.295 

0.086 
0.027 

0.201 
0.088 

0.005 
0.008 

BMP6 206176_at 5.066 0.351 0.727 0.834 7.00E-04 
HSD17B12 1554121_at 

1554122_a_at 
217869_at 
1559518_at 

3.418 
4.531 
9.951 
3.405 

1.667 
-0.424 
0.513 
-0.861 

0.104 
0.674 
0.611 
0.395 

0.229 
0.796 
0.75 
0.569 

0.002 
-7.00E-04 
8.00E-04 
-7.00E-04 

PRDM11 220571_at 
229687_s_at 
229688_at 
233067_at 
239763_at 

4.436 
7.654 
6.001 
4.957 
6.423 

-0.949 
-6.386 
-3.681 
-3.459 
2.045 

0.348 
1.46E-07 
7.00E-04 
0.001 
0.048 

0.525 
6.69E-06 
0.006 
0.009 
0.133 

-0.001 
-0.015 
-0.008 
-0.006 
0.003 

WWOX 210695_s_at 
219077_s_at 
221147_x_at 
223747_x_at 
223868_s_at 

7.181 
7.711 
5.6 
4.447 
4.578 

-0.427 
0.434 
-1.075 
-0.652 
-4.045 

0.672 
0.667 
0.289 
0.518 
2.00E-04 

0.794 
0.791 
0.464 
0.677 
0.002 

-0.001 
0.001 
-0.002 
-0.001 
-0.008 

KCNJ2 206765_at 7.297 2.158 0.037 0.111 0.011 
 
Fetal lung gene array data for EFEMP1, BMP6, HSD17B12, PRDM11, WWOX, and KCNJ2 expression 
during pseudoglandular and canalicular stages of human lung development. AveExpr= average 
expression between all samples, t= t-statistic describing differential expression based on linear 
regression, P value= Unadjusted P value, Adjusted P value=Adjusted P value controlling for false 
discovery rate 4, Beta-coefficient= mean change in gene expression per day during the studied 
period, 7-22 weeks of gestational age). 
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Supplementary Table 8. P values and directions for effects in previously investigated spirometry 
phenotypes. 
 

The top results from the FVC analysis are compared to the P values for these hits from the FEV1 and 
FEV1/FVC analyses. Only the directionality of effects is given here, since the β’s in FVC reflect the 
continuous trait in milliliters, while the β’s in FEV1, FEV1/FVC were ranked residuals. P values for 
association and directions of effect on FEV1 and FEV1/FVC were extracted from the dataset of Soler 
Artigas et al 3.

SNP Nearest gene Phenotype P value  Direction  
rs1430193 EFEMP1 (intronic) FVC 6.02E-12 - 
  FEV1 1.66E-04 - 
  FEV1/FVC 2.63E-03 + 
rs6923462 BMP6 (intronic) FVC 8.55E-09 + 
  FEV1 4.13E-05 + 
  FEV1/FVC 0.491 - 
rs4237643 HSD17B12 (54 kb upstream) FVC 1.25E-08 - 
  FEV1 3.94E-05 - 
  FEV1/FVC 0.218 + 
rs2863171 PRDM11 (3 kb downstream) FVC 1.15E-09 + 
  FEV1 5.31E-06 + 
  FEV1/FVC 0.825 - 
rs1079572 WWOX (intronic) FVC 3.60E-09 + 
  FEV1 9.43E-07 + 
  FEV1/FVC 0.357 + 
rs6501431 KCNJ2 (800 kb downstream) FVC 3.16E-08 + 

  FEV1 1.49E-05 + 

  FEV1/FVC 0.162 - 
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Supplementary Table 9. Genotyping and imputation information of studies included in stage 1. 

Study name GWAS 
platform 

Calling 
algorithm 

Individual 
call rate 
filter 
applied 
(before 
imp’n) 

SNP call 
rate filter 
applied 
before 
imp’n 

SNP HWE 
filter 
applied 
(before 
imp’n) 

SNP MAF 
filter 
applied 
(before 
imp’n) 

Other filter No of SNPs 
after 
filtering 
(before 
imp’n) 

Imp’n 
software 
and version 

NCBI; 
HapMap 
CEU version 
for imp’n 

Genotype-
phenotype 
association 
software 
and version 

AGES Illumina 
Hu370CNV 

BeadStudio 0.97 0.90 1E-06 0.01 remove 
AT/GC SNPs 

208340 MACH 
1.0.16 

36;21a ProbABEL 
0.1 

ARIC Affymetrix 
6.0 

Birdseed 0.95 0.95 1E-06 0.01 Discordant 
genotyping, 
sex 
mismatch, 
suspected 
1st degree 
relative incl 
individual 
by 
genotype, 
genetic 
outlier by 
Plink IBS or 
EIGENSTRA
T 

669450 MACH 
1.0.16 

36;22 ProbABEL 
0.1-3 

B58C T1DGC Illumina 
550K 

ILLUMINUS 0.98 No No No No 520010 MACH 
1.0.13 

35;21 ProbABEL 
0.0-5b 

B58C 
WTCCC 

Affymetrix 
500K 

CHIAMO 0.98 No No No No 490033 IMPUTE 
0.2.0 

35;21 SNPTEST 
1.1.3 
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CARDIA Affymetrix 
6.0 

Beagle >= 0.98 >= 0.95 1E-04 >=0.02 PCA for 
excluding 
outliers 

578,568 Beagle-3.2 36;22 ProbABEL 
0.1-2 

CHS Illumina 
370 CNV 

BeadStudio 0.95 0.97 1E-05 heterozygot
e frequency 
>0 

reproducibil
ity errors<2 

490033 BimBam 
0.99 

36 R 

CROATIA-
Korcula 

Illumina 
HumanHap 
370cnv 

BeadStudio 0.98 (for 
SNP of call 
rate 
>=0.98,MAF
>=0.02,HW
E>=E-10) 

0.98 1E-06 0.01 No 307728 MACH 
1.0.15 

36;22 GenABEL 
1.4.2 , 
ProbABEL 

CROATIA-Vis Illumina 
HumanHap 
300 v1 

BeadStudio 0.97 (for 
SNP of call 
rate 
>=0.98,MAF
>=0.02,HW
E>=E-10) 

0.98 1E-06 0.01 No 305068 MACH 
1.0.15 

36;22 GenABEL 
1.4.2 , 
ProbABEL 

ECRHS Illumina 
Quad 610k 

GenCall None None None None No 582892 MACH 1.0 36;22 ProbABEL 
0.0-9 

EPIC 
population 
based 

Affymetrix 
500K 

BRLMM 0.94 0.90 1E-06 0.01 No 397438 IMPUTE 
0.3.1 

35;21 SNPTEST 
1.1.5 

EPIC obese 
cases  

Affymetrix 
500K 

BRLMM 0.94 0.90 1E-06 0.01 No 397438 IMPUTE 
0.3.1 

35;21 SNPTEST 
1.1.5 

FHS Affy 500K + 
50K Gene 

Bayesian 
robust 

0.97 0.97 1E-06 0.01 mendelian 
errors>100

378163 MACH 
1.0.15 

36;22 R version 
2.9.2 
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focused linear 
modeling 
using 
Mahalanobi
s distance 
(BRLMM) 

0; 

Heterozygo
sity > 5SD 
from mean 

lmekin 
function 
(kinship 
package) 

FTC Illumina 
317K 

BeadStudio 0.95 0.90 1E-05 0.01 No 315987 MACH 
1.0.16 

36;22 PLINK 1.06 

Health 2000 Illumina 
610K 

ILLUMINUS 0.95 0.95 1E-06 0.01 MDS-plot 
outliers 
removed 
(non-
European 
ancestry) 

555388 MACH 1.0 36;22 ProbABEL 

Health ABC Illumina 
Human 1M-
Duo 

BeadStudio 
3.3.7 

0.97 0.95 1E-06 0.01 No sex 
mismatch, 
and cryptic 
relatedness 

914263 MACH 
1.0.16.a 

36;22 R version 
2.9.2 

HCS Affymetrix 
Axiom 
Kaiser array 

Affymetrix 
proprietary 
algorithm - 
BRLMM-P 

0.95 0.95 <1E-06 0.01 No 549482 MACH 
v1.0.16 

36;22 MACH2QTL 
v1.10, 
PLINK v1.07 

KORA S3 Affymetrix 
500K 

BRLMM 0.93 No No No No 490033 MACH 1.0.9 35;21 MACH2QTL 
1.0.4 

MESA Affymetrix 
6.0 

Birdseed v2 0.95 0.95 No No No 872242 IMPUTE 
v2.1.0 

36;24 ProbABEL 
0.1-9c 

NFBC1966 Illumina BeadStudio none 0.95 1E-04 0.01 No 328007 IMPUTE 35;21 SNPTEST 
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HumanCNV
370-DUO 

v1.0 1.1.5 

NSPHS Illumina 
HumanHap 
300 v2 

BeadStudio 0.95 0.98 1E-06 0.01 No 292220 MACH1.0.1
6 

36;22 GenABEL 
1.4.2, 
ProbABEL 
0.0-6 

ORCADES Illumina 
HumanHap 
300 v2 

BeadStudio 0.98 (for 
SNP of call 
rate 
>=0.98,MAF
>=0.02,HW
E>=E-10) 

0.98 1E-06 0.01 No 306207 MACH 
1.0.15 

36;22 GenABEL 
1.4.2, 
ProbABEL 

RS-I Illumina 
HapMap 
550K 

Beadstudio 
Genecall 

0.98 0.98 1E-06 0.01 excess 
autosomal 
heterozygo
sity, sex 
mismatch 
or outlying 
identity-by-
state 
clustering 
estimates 

512349 MACH 
1.0.15 

36;22 MACH2QTL 
as 
implemente
d in GRIMP 

RS-II Illumina 
550K + 610 
Quad 

Beadstudio 
Genecall 

0.95 0.98 1E-06 0.01 excess 
autosomal 
heterozygo
sity, sex 
mismatch 
or outlying 
identity-by-
state 

466389 MACH 
1.0.16 

36;22 MACH2QTL 
as 
implemente
d in GRIMP 
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Stage1 study genotyping, imputation and genotype-phenotype data. Genotyping platforms, filters applied to SNPs and individuals (if any) before 
imputation, imputation software and genotype-phenotype association software are given. Studies: AGES, Age, Gene/Environment Susceptibility; ARIC, 
Atherosclerosis Risk in Communities Study; B58C-T1DGC, British 1958 Birth Cohort–Type 1 Diabetes Genetics Consortium; B58C-WTCCC, British 1958 Birth 
Cohort–Wellcome Trust Case Control Consortium; CARDIA: Coronary Artery Risk Development in Young Adults; CHS, Cardiovascular Health Study; the 
CROATIA- Korcula study; the CROATIA-Vis study; ECRHS, the European Community Respiratory Health Survey; EPIC obese cases, European Prospective 
Investigation into Cancer and Nutrition, Obese Cases; EPIC population based, European Prospective Investigation into Cancer and Nutrition Cohort; FHS, 
Framingham Heart Study; FTC, Finnish Twin Cohort incorporating FinnTwin and FITSA; H2000, Finnish Health 2000 survey; Health ABC, Health, Aging, and 
Body Composition; HCS, Hunter Community Study; KORA S3, Cooperative Health Research in the Region of Augsburg; MESA, Multi-Ethnic Study of 
Atherosclerosis; NFBC1966, Northern Finland Birth Cohort of 1966; NSPHS: The Northern Swedish Population Health Study; ORCADES, Orkney Complex 

clustering 
estimates 

RS-III Illumina 
610 Quad 

Beadstudio 
Genecall 

0.95 0.98 1E-06 0.01 excess 
autosomal 
heterozygo
sity, sex 
mismatch 
or outlying 
identity-by-
state 
clustering 
estimates 

514073 MACH 
1.0.16 

36;22 MACH2QTL 
as 
implemente
d in GRIMP 

SHIP Affymetrix 
6.0 

Birdseed V2 0.92 No No No QC callrate 
> 0.86 each 
Chip 

869224 IMPUTE 
0.5.0 

36;22 SNPTEST 
1.1.5 

Twins UK-I Illumina 
317K 

BeadStudio 0.95 0.95 if 
MAF>0.05; 
<0.99 if 
0.01<=MAF
<0.05 

5.7E-07 0.01 Unexpected 
relatedness 
based on 
pi_hat 

296293 IMPUTE 
0.5.0 

36;22 GenABEL 
1.4.2 
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Disease Study; RS-I, RS-II, RS-III, Rotterdam Study; SHIP, Study of Health in Pomerania; the TwinsUK-I study. Abbreviations: GWAS= Genome-Wide 
Association Study, imp’n=imputation, HWE= Hardy Weinberg Equilibrium, MAF= minor allele frequency. MACH and IMPUTE are two software 
implementations that share similar underlying population genetic models3, and BIMBAM has been shown to perform similarly to MACH and IMPUTE in 
contrast with other imputation methods 5,6. 
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Supplementary Table 10. Imputation quality in follow-up studies for the top results. 
 
 

SNP ID Chr. NCBI 36 
Position 

Nearest 
gene 

 
Imputation quality (genotyped or imputed) 

 
BHS 1 & 2 CROATIA-Split Generation Scotland KORA F4 LBC1936 LifeLines LLFS PIVUS TwinsUK-II & III 

rs1079572 16 76744639 WWOX 0.997 (imp) 0.999 (imp) 0.989 (imp) 0.955 
(imp) 

0.991 
(imp) 

0.836 
(imp) 

0.99 
(imp) 

0.958 
(imp) 

0.989 (imp) 

rs1430193 2 55974357 EFEMP1 0.933 (imp) 0.856 (imp) 0.984 (imp) 0.873 
(imp) 

0.916 
(imp) 

0.876 
(imp) 

0.998 
(imp) 

0.939 
(imp) 

0.877 (imp) 

rs1942055 2 135215394 
 

TMEM163 0.965 (imp) 0.959 (imp) 0.976 (imp) 1 (gen) 0.952 
(imp) 

0.616 
(imp) 

0.947 
(imp) 

0.951 
(imp) 

0.96 (imp) 

rs2863171 11 45207308 PRDM11 1 (gen) 1 (gen) 1 (gen) 0.98 (imp) 1 (imp) 0.58 (imp) 1 (gen) 1 (gen) 1 (gen) 
rs4237643 11 43604944 HSD17B12 0.991 (imp) 0.998 (imp) 0.999 (imp) 0.991 

(imp) 
0.987 
(imp) 

0.989 
(imp) 

1 (imp) 0.995 
(imp) 

0.995 (imp) 

rs6501431 17 66488010 KCNJ2 0.999 (imp) 0.933 (imp) 0.999 (imp) 0.925 
(imp) 

0.999 
(imp) 

0.057 
(imp)* 

0.999 
(imp) 

0.908 
(imp) 

0.941 (imp) 

rs6923462 6 7746111 BMP6 0.983 (imp) 0.901 (imp) 0.952 (imp) 1 (gen) 0.986 
(imp) 

0.026 
(imp)* 

1 (imp) 0.933 
(imp) 

0.966 (imp) 

 
 
*Due to their low imputation quality the results for these two SNPs in LifeLines did not contribute to the meta-analysis. 
Shown are imputation quality metrics and information on whether each SNP was genotyped (gen) or imputed (imp) for the seven SNPs taken forward for 
follow-up in the 9 studies that form stage 2. Abbreviations: Chr., Chromosome. 
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Supplementary Table 11. Estimated number of independent tests and corresponding P value 
thresholds. 

 

Replication set Number of SNPs tested Number of independent tests P value threshold 

African Americans 7,470 1,132.1 4.42E-05 

Korean 72 26 1.52E-03 

Chinese 7,436 1,133 4.41E-05 

Hispanics 7,473 1,133.1 4.41E-05 

 

This table shows the number of SNPs tested in the regional analyses in other ancestries. The effective 
number of independent loci being tested in each replication population was calculated using the 
technique proposed by Li and Ji 7, as implemented in “matSpD” 8 
(http://gump.qimr.edu.au/general/daleN/matSpD/), based on the linkage disequilibrium structures 
of the 1000 Genomes all ancestries sample. The P value threshold is defined by 0.05/ (number of 
independent tests).  
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Supplementary Table 12. Gene Expression Assays for mRNA expression profiling. 

 

Gene symbol Assay ID Gene name Amplicon size 
EFEMP1 Hs00244575_m1 EGF containing fibulin-

like extracellular matrix 
protein 1 

86 

BMP6 Hs01099594_m1 Bone morphogenetic 
protein 6 

108 

WWOX Hs03044790_m1 WW domain containing 
oxidoreductase 

89 

KCNJ2 Hs01876357_s1 Potassium inwardly-
rectifying channel, 
subfamily J, member 2 

160 

PRDM11 Hs01075851_m1 PR domain containing 
11 

77 

HSD17B12 Hs00275054_m1 Hydroxysteroid (17-
beta) dehydrogenase 
12 

65 

GAPDH Hs99999905_m1 Glyceraldehyde-3-
phosphate 
dehydrogenase 

124 

 

Assay identifiers for the genes associated with FVC which we tested in lung tissue, human bronchial 
epithelial cells, human airway smooth muscle, peripheral mononuclear blood cells.  
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Supplementary note 
 
Gene expression profiling 
 
The mRNA expression profiles of the candidate genes EFEMP1, BMP6, WWOX, TMEM163, 
KCNJ2, PRDM11 and HSD17B12 and the housekeeping gene GAPDH were determined in human lung 
tissue and primary cell samples using RT-PCR. Lung resection specimens were obtained from patients 
diagnosed with solitary pulmonary tumors at Ghent University Hospital (Ghent, Belgium). Lung tissue 
at maximum distance from the pulmonary lesions and without signs of retro-obstructive pneumonia 
or tumor invasion was collected by a pathologist. Primary human bronchial epithelial cells (HBEC) and 
human airway smooth muscle cells (HASM) were prepared from lung resection specimens obtained 
from anonymous donors during surgery for lung cancer at the Leiden University Medical Center 
(LUMC, Leiden, The Netherlands). Peripheral blood mononuclear cells (PBMCs) were isolated from 
whole blood using Ficoll gradients. Written informed consent was obtained from all subjects 
according to protocols approved by the local ethics committees. Total RNA was extracted from 
samples using the miRNeasy Mini kit (Qiagen) and cDNA was prepared from 1μg RNA template using 
the Transcriptor Universal cDNA Master kit (Roche) following manufacturer’s instructions. Expression 
of the candidate genes and the housekeeping gene GADPH was analyzed using TaqMan Gene 
Expression Assays (Applied Biosystems, Forster City, CA, USA; Assay ID numbers are given in 
supplementary table 3). Real-time-PCR reactions were set up using diluted cDNA and the 
LightCycler480 Probes Master (Roche) with identical amplification conditions for each of the genes. 
Amplifications were performed on a LightCycler480 detection system (Roche) with the following 
cycling conditions: 10 minutes at 95°C, 70 cycles of 10 seconds at 95°C and 15 seconds at 60°C. 
Amplification was followed in real-time by gene specific TaqMan probes and final PCR products were 
visualized by gel electrophoresis. 
 
Expression Quantitative Trait Loci (eQTLs) 
 
For Rotterdam Study III (RS-III), whole-blood cells were collected in PAXgene-tubes (Becton 
Dickinson). Total RNA was isolated using PAXgene Blood RNA kits (Qiagen), and to ensure a constant 
high quality of the RNA preparations, all RNA samples were analysed using the Labchip GX (Calliper) 
according to the manufacturer’s instructions. Samples with an RNA Quality Score>=7 were amplified 
and labelled (AmbionTotalPrep RNA), and hybridized to the Illumina Whole-Genome Expression 
Beadchips (HumanHT-12 v4). Processing of the samples was performed at the Genetic Laboratory of 
Internal Medicine, Erasmus University Medical Center Rotterdam. The RS-III expression dataset is 
available at GEO (Gene Expression Omnibus) public repository under the accession GSE 33828. 
For normalization, raw intensity data generated with the expression arrays were exported from 
Illumina’s GenomeStudio V 2010.1 Gene Expression Module to the R environment and quantile 
normalized and log2-transformed, as well as probe-centered, and sample-standardized. 
 
Joint analysis for variants in the KCNJ2 locus 

The method developed by Peter Visscher and colleagues 9 to approximate conditional and joint 
association analyses, accounting for linkage disequilibrium between SNPs was undertaken using the 
GCTA software (http://gump.qimr.edu.au/gcta/). This method uses summary level results, as well as 
individual level data for a subset of individuals sampled from the same discovery population to 
estimate linkage disequilibrium correlations. The results of the current analysis for FVC were used for 
two variants (rs11654749 and rs6501431) and the 1958 Birth Cohort T1DGC (N=2,593) was used as 
the reference population to estimate linkage disequilibrium correlations. Quality control checks were 
run on this dataset prior to the analysis, including the removal of individuals with outlying ancestries. 
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programme grant (G1000861).  
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Funding & Acknowledgements: This study has been funded by NIH contract N01-AG-1-2100, the NIA 
Intramural Research Program, Hjartavernd (the Icelandic Heart Association), and the Althingi (the 
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063. The researchers are indebted to the participants for their willingness to participate in the study.  
 
ARIC  
Funding & Acknowledgements: The Atherosclerosis Risk in Communities Study is carried out as a 
collaborativestudy supported by National Heart, Lung, and Blood Institute 
contracts(HHSN268201100005C, HHSN268201100006C, 
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HHSN268201100011C, and HHSN268201100012C), R01HL087641, R01HL59367 andR01HL086694; 
National Human Genome Research Institute contract U01HG004402;and National Institutes of Health 
contract HHSN268200625226C. The authors thank the staff and participants of the ARIC study for 
their important contributions. Infrastructure was partly supported by Grant Number UL1RR025005, a 
component of the National Institutes of Health and NIH Roadmap for Medical Research. 
 
B58C T1DGC & WTCC 
Funding & Acknowledgements: We acknowledge use of phenotype and genotype data from the 
British 1958 Birth Cohort DNA collection, funded by the Medical Research Council grant G0000934 
and the Wellcome Trust grant 068545/Z/02. (http://www2.le.ac.uk/projects/birthcohort). 
Genotyping for the B58C-WTCCC subset was funded by the Wellcome Trust grant 076113/B/04/Z. 
The B58C-T1DGC genotyping utilized resources provided by the Type 1 Diabetes Genetics 
Consortium, a collaborative clinical study sponsored by the National Institute of Diabetes and 
Digestive and Kidney Diseases (NIDDK), National Institute of Allergy and Infectious Diseases (NIAID), 
National Human Genome Research Institute (NHGRI), National Institute of Child Health and Human 
Development (NICHD), and Juvenile Diabetes Research Foundation International (JDRF) and 
supported by U01 DK062418. B58C-T1DGC GWAS data were deposited by the Diabetes and 
Inflammation Laboratory, Cambridge Institute for Medical Research (CIMR), University of Cambridge, 
which is funded by Juvenile Diabetes Research Foundation International, the Wellcome Trust and the 

Nature Genetics: doi:10.1038/ng.3011



42 

National Institute for Health Research Cambridge Biomedical Research Centre; the CIMR is in receipt 
of a Wellcome Trust Strategic Award (079895).  
 
CARDIA  
Funding & Acknowledgements: The Coronary Artery Risk Development in Young Adults (CARDIA) 
study is funded by contracts N01-HC-95095, N01-HC-48047, N01-HC-48048, N01-HC-48049, N01-HC-
48050, N01-HC-45134, N01-HC-05187, N01-HC-45205 and N01-HC-45204 from the National Heart, 
Lung and Blood Institute to the CARDIA investigators. A full list of principal CARDIA investigators and 
institutions can be found at http://www.cardia.dopm.uab.edu/o_pain.htm. Genotyping of the 
CARDIA participants and statistical data analysis was supported by grants U01-HG-004729 from the 
National Human Genome Research Institute and R01-HL-084099 from the National Heart, Lung and 
Blood Institute to MF and K23HL094531-01 from the National Heart, Lung and Blood Institute and 
M01 RR00997 from the National Center for Research Resources to AS. The authors thank the 
investigators and staff of the GENEVA coordinating center and genotyping center, as well as the staff 
and participants of the CARDIA study for their important contributions. 
 
CHS 
Funding & Acknowledgements: This CHS research was supported by NHLBI contracts 
HHSN268201200036C, HHSN268200800007C, N01HC55222, N01HC85079, N01HC85080, 
N01HC85081, N01HC85082, N01HC85083, N01HC85086, and HHSN268200960009C; and NHLBI 
grants HL080295, HL087652, HL105756, and HL085251 with additional contribution from the 
National Institute of Neurological Disorders and Stroke (NINDS). Additional support was provided 
through AG023629 from the National Institute on Aging (NIA). A full list of CHS investigators and 
institutions can be found at http://chs-nhlbi.org/. The provision of genotyping data was supported in 
part by the National Center for Advancing Translational Sciences, CTSI grant UL1TR000124, and the 
National Institute of Diabetes and Digestive and Kidney Disease Diabetes Research Center (DRC) 
grant DK063491 to the Southern California Diabetes Endocrinology Research Center. 
 
CROATIA-Korcula 
Funding & Acknowledgements: The CROATIA studies were supported through the grants from the 
Medical Research Council UK and Ministry of Science, Education and Sport of the Republic of Croatia 
(number 108-1080315-0302) and the European Union framework program 6 EUROSPAN project 
(contract no. LSHG-CT-2006-018947). The CROATIA cohorts would like to acknowledge the invaluable 
contributions of the recruitment teams in Vis, Korcula and Split (including those from the Institute of 
Anthropological Research in Zagreb and the Croatian Centre for Global Health at the University of 
Split), the administrative teams in Croatia and Edinburgh and the people of Vis, Korcula and Split. 
SNP genotyping was performed at the Wellcome Trust Clinical Research Facility in Edinburgh for 
CROATIA-Vis, by Helmholtz ZentrumMünchen, GmbH, Neuherberg, Germany for CROATIA-Korcula 
and by AROS Applied Biotechnology, Aarhus, Denmark for CROATIA-Split. 
 
CROATIA-Vis  
Funding & Acknowledgements: The CROATIA studies were supported through the grants from the 
Medical Research Council UK and Ministry of Science, Education and Sport of the Republic of Croatia 
(number 108-1080315-0302) and the European Union framework program 6 EUROSPAN project 
(contract no. LSHG-CT-2006-018947). The CROATIA cohorts would like to acknowledge the invaluable 
contributions of the recruitment teams in Vis, Korcula and Split (including those from the Institute of 
Anthropological Research in Zagreb and the Croatian Centre for Global Health at the University of 
Split), the administrative teams in Croatia and Edinburgh and the people of Vis, Korcula and Split. 
SNP genotyping was performed at the Wellcome Trust Clinical Research Facility in Edinburgh for 
CROATIA-Vis, by Helmholtz Zentrum München, GmbH, Neuherberg, Germany for CROATIA-Korcula 
and by AROS Applied Biotechnology, Aarhus, Denmark for CROATIA-Split. 
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Individual study descriptions  
 
Cohorts included in stage 1 
This section describes study-specific characteristics that are not presented in the tables. All 
participants provided written informed consent and studies were approved by local Research Ethics 
Committees and/or Institutional Review boards. 
AGES: The Reykjavik Study cohort originally comprised a random sample of 30,795 men and women 
born in 1907-1935 and living in Reykjavik in 1967. A total of 19,381 attended, resulting in 71% 
recruitment rate. The study sample was divided into six groups by birth year and birth date within 
month. One group was designated for longitudinal follow-up and was examined in all stages. One 
group was designated a control group and was not included in examinations until 1991. Other groups 
were invited to participate in specific stages of the study. Between 2002 and 2006, the AGES-
Reykjavik study re-examined 5,764 survivors of the original cohort who had participated before in 
the Reykjavik Study. Pulmonary function was obtained by spirometry (Vitalograph). Testing was 
conducted with the participant in a standing position and a disposable mouthpiece. Participants were 
shown how to perform the maneuver by the technician before testing. A successful test session was 
defined as at least three acceptable maneuvers.  
 
Atherosclerosis Risk in Communities (ARIC), is a population based study of risk factors for 
atherosclerosis and its sequelae10 in adults from four U.S. field centers aged 45-64 at recruitment in 
1987-1989. ARIC spirometry measurements were made with a Collins Survey II water-seal spirometer 
(Collins Medical, Inc.) and Pulmo-Screen II software (PDS Healthcare Products, Inc.). Genotyping was 
done using the AffymetrixGeneChip SNP Array 6.0 and imputation was performed using MACH. 
Quality control steps for genotyping data included exclusions for call rate <95%, minor allele 
frequency <1%, HWE P<10-5, no chromosomal location, suspected first-degree relative of an 
included individual based on genotype data, or more than 8 standard deviations for any of the first 
ten principal components. The current analysis includes 9,078 Caucasian subjects with genotyping 
data, pulmonary function measures and complete covariate information.  
 
Details of the British 1958 Birth Cohort biomedical follow-up have been previously reported 11 and a 
full technical report is available online (http://www.b58cgene.sgul.ac.uk/report.php). Spirometry at 
age 44–45 years was done in the standing position without nose clips, using a Vitalograph handheld 
spirometer as previously described 12. In the analysis, all readings with a best-test variation greater 
than 10% were excluded.  
 
Cross-sectional analyses of data from year 0 examination of the Coronary Artery Risk Development 
in Young Adults (CARDIA) cohort was performed. During 1985-1986, CARDIA randomly recruited 
5,115 black and white men and women, aged 18 to 30 years, from the general population at 
Birmingham, Alabama; Chicago, Illinois; and Minneapolis, Minnesota; and from the membership of 
the Oakland Kaiser-Permanente Health Plan in Oakland, California. Detailed methods, instruments, 
and quality control procedures are described at the CARDIA website 
(http://www.cardia.dopm.uab.edu/ex_mt.htm) and in other published reports 13,14. Spirometric 
pulmonary function testing were performed using the Collins survey 8-liter water-sealed spirometer 
and the Eagle II microprocessor (Warren E. Collins, Inc., Braintree, MA) in a sitting position with 
noseclips, as per the 1979 American Thoracic Society criteria 15. Specifically, each subject performed 
a minimum of three trials with expirations recorded to the FVC plateau, which occurs after six 
seconds of expiration in adult males and was maintained for at least one second before terminating 
the forced expiratory maneuver. If, at the end of the three trials, there were at least three acceptable 
tracings, and with the maximum FVC and FEV1 reproduced to within 5% or 100 mL, whichever is 
greater, no more trials were performed. 
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The CHS is a population-based cohort study of risk factors for CHD and stroke in adults > 65 years 
conducted across four U.S. field centers 16. CHS spirometry measurements were made with a Collins 
Survey I water-seal spirometer (Collins Medical, Inc.) and software from S&M Instruments. CHS 
genotyped 3,980 participants free of cardiovascular disease at baseline with available DNA and 
consent to genetic testing. After exclusions for call rate < 95%, sex mismatch or discordance with 
prior genotyping, 3,291 self-identified white participants remained. Of these, 3,140 had pulmonary 
function measures and complete covariate information. 
 
The CROATIA-Korcula study is a family-based, cross-sectional study in the isolated island of Korcula 
that included about 1,000 examinees aged 18-95. Spirometry was performed in the sitting upright 
position without nose clips, using a Jaeger Toennisen spirometer. Three readings were taken for each 
examinee, at least 15 seconds apart 17. Population stratification was partially taken into account after 
adjusting the measures for the 3 first principal components drawn from the population genomic 
kinship matrix computed using the ibs function of the GenABEL18. Additional correction of the 
standard error of effect estimates was undertaken by genomic control 19. Effect estimates were 
obtained using the palinear function of the ProbABEL package.  
 
The CROATIA-Vis study is a family-based, cross-sectional study in the isolated island of Vis that 
included about 1,000 examinees aged 18-93. Spirometry was performed in the sitting upright 
position without nose clips, using a Jaeger Toennisen spirometer. Three readings were taken for each 
examinee, at least 15 seconds apart 17. Population stratification was partially taken into account after 
adjusting the measures for the 3 first principal components drawn from the population genomic 
kinship matrix computed using the ibs function of the GenABEL18. Additional correction of the 
standard error of effect estimates was undertaken by genomic control19. Effect estimates were 
obtained using the palinear function of the ProbABEL package.  
 
Details of the methods of ECRHS I and ECRHS II, a multicenter international cohort study, have been 
published elsewhere20,21. Participants within the ECRHS were eligible for inclusion in this analysis if 
they were identified by random sampling of those who fulfilled the following criteria 1) lived in 
centres that took part in genome-wide genotyping initiative under the auspices of GABRIEL22 AND 2) 
were initially selected to take part in the ECRHS clinical measurements as part of the random sample 
(ie not specifically selected for inclusion because of any pre-existing disease). Participants were 
included in this analyses if they also provided a technically satisfactory forced expiratory manoeuvre, 
compliant with ATS spirometry criteria, at the time of the first survey (aged 20-48). Most centers 
used the BIOMEDIN water-sealed spirometer for lung function measures and all centers conducted 
manoeuvres in the sitting position with nose clips on. Further details are available in23.  
 
The EPIC Norfolk GWA cohort includes 2,566 participants randomly selected from the EPIC-Norfolk 
Study, a population-based cohort study of 25,663 men and women of European descent aged 39-79 
years recruited in Norfolk, UK between 1993 and 1997109. Respiratory function was assessed by 
spirometry24,25. Forced expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) were 
measured twice using a portable spirometer (Micro Medical, Rochester, United Kingdom). The higher 
values of the two readings for FEV1 and FVC were used for the analyses.  
 
The FHS is a longitudinal community-based family study that originated in 1948 with the recruitment 
of adults from the town of Framingham, MA. The offspring of the original cohort were recruited to 
participate in 1971, and the third generation (Gen3) was recruited starting in 2002. Spirometry has 
been measured on all three generations of the participating families as part of the clinical 
examinations. For the original and offspring cohorts, spirometry was performed using a 6-L water-
filled Collins survey spirometer connected to an Eagle II microprocessor (Collins Medical, Braintree, 
MA) or in later offspring examinations to a personal computer running software developed by S&M 
Instruments, Doylestown, PA. For the Gen3 cohort, spirometry was performed using the CPL System 
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(Collins Medical, Braintree, MA) with a dry rolling-seal spirometer. All of these systems provided an 
automatic correction for body temperature and pressure, saturated, and provided quality assurance 
information. Each Framingham participant’s latest examination with acceptable pulmonary function 
data was used in this analysis. Eligible examinations included original cohort examinations 19, 17, 16 
and 13; offspring cohort examinations 7, 6, 5, and 3; and Gen3 cohort examination 1. A total of 9,274 
subjects were genotyped and exclusions were based on a call rate < 97%, heterozygosity more than 5 
standard deviations from the mean, or excessive non-inheritance. A total of 8,481 participants 
passed the genotyping quality control criteria. Of these, 7,914 participants with complete spirometry 
and covariate data were used in the final analysis data set. 
 
The subjects for the Finnish Twin Cohort (FTC) came from two clinical sub studies of twins in Finland: 
1. The FinnTwin16 study is a nationwide longitudinal cohort study of health behaviors in twins and 
their families26. The participants were 34 MZ twin pairs, who were a subset of 347 twins recruited 
from the FinnTwin16 study of five consecutive birth cohorts (1975–1979) of twins (n = 4929 
individuals), and who participated in a clinical study of body composition and cardiorespiratory 
fitness. The study protocol included a bicycle ergometer exercise test with gas exchange analysis. A 
mass flow sensor of the gas exchange device (Sensormedics Co) was used to measure forced 
expiratory volume in one second and forced vital capacity before exercise. 2. The Finnish Twin Study 
on Ageing (FITSA). Participants were recruited from the older Finnish Twin Cohort for a clinical study 
of functional limitations in older women. Clinical assessment was conducted in 2000-2001 at the 
University of Jyväskylä. The final sample consisted of 103 monozygotic (MZ) and 114 dizygotic (DZ) 
twin pairs. Lung function was measured in the standing position using an electronic spirometer 
(Medikro 202, Kuopio, Finland). The subject was asked to inhale maximally and to exhale as fast as 
possible into a mouthpiece connected to a flow transducer and a flow-volume curve was created. At 
least two tests were performed and the best result taken for the analyses. Spirometer was calibrated 
daily with a three-litre pump and was accurate to within 1%. Both substudies were mainly genotyped 
as part of the GenomEUtwin project of female MZ pairs. To avoid taking into account the statistical 
dependence of two related individuals in a family, we selected one twin at random for inclusion in 
the analysis if both of the MZ twins in a pair had the phenotype.  
 
The DNA archive established from the Health 2000 Survey Cohort was used. Details of this study 
population and phenotyping procedures have been previously reported27. Spirometry was done in 
the standing position without nose clips, using a Vitalograph 2150 spirometer. In the analysis, the 
maximum permissible difference between the two highest FEV1 and FVC values was 10%.  
 
The Health Aging and Body Composition (Health ABC) study is a prospective observational cohort of 
well-functioning individuals aged 70–79 years. The Health ABC study recruited 3,075 community-
dwelling African and European Americans, men and women, at two field centers at the University of 
Pittsburgh, Pennsylvania and the University of Tennessee, Memphis. Spirometry was performed with 
a horizontal dry rolling seal spirometer (SensorMedics Corporation, Yorba Linda, CA) connected to a 
computer. Pulmonary function testing followed ATS guidelines for the standardization of spirometry, 
and is described in detail elsewhere124. Health ABC genotyped 1,794 self-described white 
participants at baseline with available DNA and consent to genetics testing; of these 1,661 passed 
quality control benchmarks (call rate > 97%, no sex mismatch, and cryptic relatedness), and 1,472 
had pulmonary function measurements and complete data on covariates.  
 
The Hunter Community Study is a population-based prospective cohort study of community-dwelling 
men and women aged 55–85 years of age who reside in Newcastle, New South Wales (NSW), 
Australia. The cohort comprises 3253 participants that were randomly selected from the NSW State 
electoral roll between 2004 and 2007. Spirometry was performed using electronic spirometers 
(Micro Medical SpiroUSB, Cardinal Health, Kent, UK) with Spida 5 software (Carefusion Ltd, Kent, 
UK)according to American Thoracic Society (ATS) guidelines, i.e. 3 acceptable traces with no more 
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than 8 attempts.Key lung function measures were FEV1 and FVC. The spirometer was calibrated daily 
using a 3-Litre syringe. 
 
The KORA S3 study (Cooperative Health Research in the Region of Augsburg) is also known as the 
third MONICA survey, which was performed 1994-95 in Augsburg, Germany. The objective and 
protocol of this survey have been published earlier 28 . The third MONICA survey consisted of a 
random sample of all registered residents of the city of Augsburg aged 25–74 years. For all 
participants younger than 60, who did not smoke or use inhalers one hour before the test, FEV1 and 
FVC were determined by spirometry in 1997-98. All spirometric tests were performed strictly 
adhering to the ECRHS protocol 20 . Tests were accounted valid if at least two technically satisfactory 
manoeuvres could be obtained throughout a maximum of nine trials. FVC was defined as the 
maximum value within all valid manoeuvres. 
 
The Long Life Family Study (LLFS) is a family-based cohort study that enrolled 4559 long-lived 
probands and their siblings (n=1445), their offspring (n=2329) and spousal controls (n=785) recruited 
from 3 U.S. field centers (Boston University Medical Center in Boston MA, Columbia College of 
Physicians and Surgeons in New York City NY, and the University of Pittsburgh in Pittsburgh PA) and 
the University of Southern Denmark. Participants were chosen from the Center for Medicare and 
Medicaid Services lists of Medicare enrollees who were ≥ 89 years old during study recruitment and 
lived in zip codes near (within 3 hours driving distance) one of the three U.S field centers. The 
University of Southern Denmark used the Danish National Register of Persons to identify individuals 
who were ≥ 90 years during the study recruitment period 29. Only families with a Family Longevity 
Selection Score (FLoSS) of 7 or higher 30 who had the proband, at least one living sibling, and one of 
their living offspring (minimum family size of 3) who could give informed consent and were willing to 
participate in the interview and examination including donating a blood sample were eligible to 
participate in this study. This strategy led to the enrollment of families with the greatest potential 
utility for phenotypic and genetic studies of exceptional survival in families. The interviews and 
examinations were conducted in the home setting with portable equipment by centrally trained and 
certified research assistants using a common standardized protocol. Lung function was measured 
with a portable spirometer (EasyOne™, NDD Medical Technologies, Andover, MA) using American 
Thoracic Society guidelines. After excluding participants with non-European Ancestry (n=6), 
participants with poor quality spirometry readings (n=295), pulmonary fibrosis (n=11) and those with 
lung volume reducing surgery (n=14) and those with missing genotypes (n=344), 3889 participants 
were included in the present analysis. 
 
LLFS Genotyping: The Illumina Human Omni chip 2.5 v1, was used to genotype all the LLFS 
participants at the Center for Inherited Disease Research (CIDR). A threshold call rate of > 98% per 
marker, identified 2,134,578 SNPs. Principal components (PCs), for controlling for population 
structure, were produced with EIGENSTRAT 31 on 1,522 LLFS unrelated individuals using 116,867 tag 
SNPs, where in advance any SNPs with MAF < 5%, HWE p < 1e-6, and with missing genotypes were 
excluded. Imputations were performed based on the cosmopolitan phased haplotypes of 1000 
Human Genome (1000HG, version 2010-11 data freeze, 2012-03-04 haplotypes) using MACH and 
MINIMACH 6,32 and a total of 38.05 million SNPs were imputed. 
 
Details of the Multi-Ethnic Study of Atherosclerosis (MESA) and MESA Lung Study have been 
previously reported 33,34and a full technical report of MESA procedures is available online 
(www.mesa-nhlbi.org). Spirometry was conducted in 2004-2006 in accordance with the 2005 
ATS/ERS recommended guidelines127 using a dry-rolling-sealed spirometer with automated quality 
control software (Occupational Marketing, Inc. Houston, TX). All spirometry exams were centrally 
reviewed by at least one (JLH) of the authors 35. 
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The Northern Finland Birth Cohort (NFBC) study programme was initiated in the 1960s. The cohort 
of women and their offspring was established in the provinces of Oulu and Lapland and had an 
expected date of birth in 1966 comprising 12231 children (NFBC1966, 15). The NFBC1966 had 
spirometry and other measurements done at the age of 31 years. In NFBC1966, we used a 
Vitalograph P-model spirometer (Vitalograph Ltd., Buckingham, UK), with a volumetric accuracy of 
±2% or ±50 mL whichever was greater. The spirometer was calibrated regularly using a 1-Litre 
precision syringe. The spirometric manoeuvre was performed three times but was repeated if the 
coefficient of variation between two maximal readings was >4%.  
 
NSPHS 
The Northern Sweden Population Health Study (NSPHS) represents a cross-sectional study 
conducted in the community of Karesuando in the subarctic region of the County of Norrbotten, 
Sweden, in 2006. Spirometry was performed in sitting position without noseclips using a 
MicroMedicalSpida 5 spirometer (http://www. medisave.co.uk). Three consecutive 28 lung function 
measurements per participant were done and the maximum value per measured lung function 
parameter was used for further analysis. Relatedness was taken into account by applying the 
"polygenic" linear mixed effects model. Genome-wide association analysis was performed using a 
score test, a family-based association test17 which uses the residuals and the variance-covariance 
matrix from the polygenic model and the SNP fixed effect coded under an additive model. 
 
The Orkney Complex Disease Study (ORCADES) is an ongoing family-based, cross-sectional study in 
the isolated Scottish archipelago of Orkney. Spirometry was performed in the sitting position without 
nose clips, using a Spida handheld spirometer. Measurements were repeated once and the better 
reading was used for analysis. Population stratification was partially taken into account after 
adjusting the measures for the 3 first principal components drawn from the population genomic 
kinship matrix computed using the ibs function of the GenABEL18. Additional correction of the 
standard error of effect estimates was undertaken by genomic control 19. Effect estimates were 
obtained using the palinear function of the ProbABEL package.  
 
The Rotterdam Study is a prospective population-based cohort study founded in 1990 in a suburb of 
Rotterdam, the Netherlands. The first cohort (RS-I) consists of 7,983 participants, aged 55 years and 
over. The second cohort (RS-II) was recruited in 2000 with the same inclusion criteria. The third 
cohort (RS-III) consists of 3,932 participants, aged 45 years and over and was recruited in 2006. 
Performing of spirometry was introduced in 2004. Spirometry was performed by trained paramedical 
personnel using a SpiroPro® portable spirometer (Erich Jaeger, Hoechberg, Germany), according to 
American Thoracic Society (ATS)/European Respiratory Society (ERS) guidelines. FEV1, FVC and 
FEV1/FVC ratio were measured. A total of 6,240 subjects were genotyped in RS I, a total of 2,516 in 
RS II and a total of 2,420 subjects were genotyped in RS III. Exclusions were based on a call rate < 
98%, Hardy-Weinberg p-value <10-6 and MAF < 0.01%. A total of 5,974 for RS I, 2,157 for RS II and 
2,082 for RS III passed genotyping quality control. Since spirometry was introduced in only 2004, full 
data with regard to spirometry and covariate data was available in 1,224 participants , 852 for RS II 
and 1,247 for RS III and were used in the final analysis dataset. Further details can be found 
elsewhere 36. 
 
The Study of Health in West Pomerania (SHIP) is a cross-sectional, population based survey in a 
region in the Northeast of Germany. Study details are given elsewhere 37,38. The examinations were 
conducted using a bodyplethysmograph equipped with a pneumotachograph (VIASYS Healthcare, 
JAEGER, Hoechberg, Germany) which meets the American Thoracic Society (ATS) criteria 39. The 
volume signal of the equipment was calibrated with a 3.0 litre syringe connected to the 
pneumotachograph in accordance with the manufacturer´s recommendations and at least once on 
each day´s testing. Barometric pressure, temperature and relative humidity were registered every 
morning. Calibration of reference gas and volume was examined under ATS-conditions (Ambient 
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Temperature Pressure) and the integrated volumes were BTPS (Body Temperature Pressure 
Saturated) corrected 39,40. Lung function variables were measured continuously throughout the 
baseline breathing and the forced manoeuvres using a VIASYS HEALTHCARE system (MasterScreen 
Body/Diff.). Spirometry flow volume loops were conducted in accordance with ATS 
recommendations 40 in a sitting position and with wearing noseclips. The participants performed at 
least three forced expiratory lung function manoeuvres in order to obtain a minimum of two 
acceptable and reproducible values 41. Immediate on-screen error codes indicating the major 
acceptability (includingstart, duration and end of test) and reproducibility criteria supported the 
attempt for standardised procedures. The procedure was continuously monitored by a physician. The 
best results for forced vital capacity (FVC), forced expiratory volume in one second (FEV 1), peak 
expiratory flow (PEF) and expiratory flow at 75%, 50%, 25% of FVC (MEF 75, MEF 50, MEF 25) were 
taken. The ratio of FEV 1 to FVC was calculated from the largest FEV 1 and FVC.  
 
The Twins UK cohort consisted of a group of twins ascertained to study the heritability and genetics 
of age-related diseases (www.twinsUK.ac.uk). These unselected twins were recruited from the 
general population through national media campaigns in the UK and shown to be comparable to age-
matched population singletons in terms of disease-related and lifestyle characteristics 42. Spirometry 
(Vitalograph model 2150, Buckingham, England) was conducted at the clinical center during a visit. 
Twins were instructed before the test and forced vital capacity (FVC) manoeuvres were performed in 
a standing position, without the use of nose clips. Three manoeuvres were performed and the 
maximum obtained values for FEV1 were obtained. Because of the relatedness in the TwinsUK 
cohort, we utilized the GenABEL software package 18 which incorporates a pair-wise kinship matrix 
calculated using genotyping data in the polygenic model to correct for relatedness and hidden 
population stratification. The score test implemented in the software was used to test the 
association between a given SNP and the lung function phenotypes. Genotyping was done in two 
different platforms. These were Illumina’s Human Hap 300k Duo for part of the UK Twin Cohort, 
Illumina Human Hap610W Quad for the rest of the UK Twin Cohort. We excluded SNPs that had a low 
call rate (<95%), Hardy-Weinberg p values < 10−4 and minor allele frequencies < 1%. We also 
removed subjects if the sample call rate was less than 95%, autosomal heterozygosity was outside 
the expected range, genotype concordance was over 97% with another sample and the sample was 
of lesser call rate, non-Caucasian ancestry either self-identified or identified by PCA cluster analysis 
by comparison to the three HapMap phase 2 reference populations (CEU, YRI, CHB+JPT), or 
unexplained relatedness (estimated proportion of allele shared identical by descent >0.05). The 
overall genotyping efficiency of the GWA was 98.7 %. Imputation of genotypes was carried out using 
the software IMPUTE 43. 
 
Cohorts included in stage 2 
The Busselton Health Study (BHS) is a longitudinal survey of the town of Busselton in the south-
western region of Western Australia that began in 1966. In 1994/1995 a cross-sectional community 
follow-up study was undertaken where blood was taken for DNA extraction. A sample of 1,168 
European-ancestry individuals were genotyped using the Illumina 610-Quad BeadChip (BHS1), and 
subsequent genotyping was carried out on an independent group of 3,038 European-ancestry 
individuals (BHS2). Spirometric measures of forced expired volume in one second (FEV1) and forced 
vital capacity (FVC) were assessed as described previously 44,45.  
 
The CROATIA-Split study, is an ongoing population-based, cross-sectional study in the Dalmatian City 
of Split for which 499 of the examinees, aged 18-95, have genotype data available. Genotyping was 
performed using the Illumina 370CNV array.Genotypes were determined using the GenomeStudio 
clustering algorithm. Individual samples with a call rate of <97% and SNPs with a callrate of <98% 
were excluded from analyses. Spirometry was performed in the sitting upright position without nose 
clips, using a Jaeger Toennisen spirometer. Three readings were taken for each examinee, at least 15 
seconds apart. Population stratification was partially taken into account after adjusting the measures 
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for the 3 first principal components drawn from the population genomic kinship matrix computed 
using the ibs function of the GenABEL package. Additional correction of the standard error of effect 
estimates due to related individuals was undertaken using the mmscore function in GenABEL Effect 
estimates were obtained using the palinear function of the ProbABEL package. 
 
The Generation Scotland: Scottish Family Health Study is a collaboration between the Scottish 
Universities and the NHS, funded by the Chief Scientist Office of the Scottish Government. GS:SFHS is 
a family-based genetic epidemiology cohort with DNA, other biological samples (serum, urine and 
cryopreserved whole blood) and socio-demographic and clinical data from ~24,000 volunteers, aged 
18-98 years, in ~7,000 family groups. Participants were recruited across Scotland, with some family 
members from further afield, from 2006 - 2011. Most (87%) participants were born in Scotland and 
96% in the UK or Ireland. The cohort profile has been published 36. GS:SFHS operates under 
appropriate ethical approvals, and all participants gave written informed consent. Spirometry was 
performed without nose clips using the Ndd Easy One Spirometer (Model 2001). Spirometry was 
performed a maximum of 4 times until satisfactory readings were obtained, all readings with a best 
test variation of greater than 10% were excluded. GS:SFHS was genotyped using the Illumina Omni 
Express + Exome Array Chip. QC was performed separately for the OMNI Express data (Individual Call 
Rate 97%, SNP Call Rate 98%, MAF 0.01, HWE 1e-6) and the Exome Array data (Individual Call Rate 
99%, SNP Call Rate 98%, MAF 0.0001, HWE 1e-6) then combined prior to imputation. Prephasing was 
performed using ShapeIt v2 and imputation using IMPUTE2 and the “ALL (Phase 1 integrated release 
v3, April 2012)” reference panel. GWAS analysis of the imputed dosages was undertaken using the 
mmscore function in ProbABEL which accounts for relatedness. 
 
The KORA F4 study (Cooperative Health Research in the Region of Augsburg) is a follow-up study to 
the KORA-Survey 2000 (S4, 10/1999 – 7/2001) 28. Lung function tests were performed in a subsample 
of the KORA F4 cohort corresponding to a random population sample of subjects born between 1946 
and 1965 (age range 41 – 63 years, n=1,321). Spirometry was performed in line with the ATS/ERS 
recommendations 46 using a pneumotachograph-type spirometer (Masterscreen PC, CardinalHealth, 
Würzburg, Germany) before and after inhalation of 200 μg salbutamol. The spirometer was 
calibrated daily using a calibration pump (Cardinal Health, Würzburg, Germany), and additionally, an 
internal control (examiner) was used to ensure constant instrumental conditions. The participants 
performed at least three forced expiratory lung function manoeuvres in order to obtain a minimum 
of two acceptable and reproducible values. The final values of FVC and FEV1 were determined based 
on the best maneuver performed before bronchodilation as defined by the highest sum of FVC and 
FEV1. For participants who did not manage to perform at least two acceptable and reproducible 
values out of nine trials no lung function measurements were recorded. Genotyping was performed 
in 1,814 randomly selected KORA F4 participants using the Affymetrix Human SNP Array 6.0. 
Hybridisation of genomic DNA was done in accordance with the manufacturer’s standard 
recommendations. Genotypes were determined using the Birdseed2 clustering algorithm. For quality 
control purposes we applied a positive control and a negative control DNA every 96 samples. On a 
chip level only subjects with overall genotyping efficiencies of at least 93% were included. In addition 
the called gender had to agree with the gender in the KORA study database. Imputation of genotypes 
was performed with Impute v0.4.2 based on HapMap II CEU reference panels. For 903 individuals 
genotype information and spirometry was available. The statistical analyses were performed in R 
(www.r-project.org). 
 
LifeLines is an observational follow-up study in a large representative sample of the population of the 
northern provinces of the Netherlands covering three generations 47. Firstly, a random sample of 
persons aged between 25 and 50 years are invited to participate. Subsequently their family members 
if present are invited to also take part (parents, partner, parents in law, children), resulting in a three-
generation study. The core of the LifeLines project consists of dedicated data collection and 
biological sample storage, including genetic samples (‘‘biobank’’). All participants receive a number 
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of questionnaires and a basic medical examination and are followed for many years with extensive 
standardized measurements. Spirometry was performed following ATS guidelines using a Welch Allyn 
Version 1.6.0.489, PC-based SpiroPerfect with Ca Workstation software. Genotyping was performed 
on 3078 unrelated individuals with IlluminaCytoSNP-12 arrays 48. 
 
Long Life Family Study (LLFS) is a family-based cohort study that enrolled 4559 long-lived probands 
and their siblings (n=1,445), their offspring (n=2,329) and spousal controls (n=785) recruited from 3 
U.S. field centers (Boston University Medical Center in Boston MA, Columbia College of Physicians 
and Surgeons in New York City NY, and the University of Pittsburgh in Pittsburgh PA) and the 
University of Southern Denmark. Participants were chosen from the Center for Medicare and 
Medicaid Services lists of Medicare enrollees who were ≥ 89 years old during study recruitment and 
lived in zip codes near (within 3 hours driving distance) one of the three U.S field centers. The 
University of Southern Denmark used the Danish National Register of Persons to identify individuals 
who were ≥ 90 years during the study recruitment period 29. Only families with a Family Longevity 
Selection Score (FLoSS) of 7 or higher 30 who had the proband, at least one living sibling, and one of 
their living offspring (minimum family size of 3) who could give informed consent and were willing to 
participate in the interview and examination including donating a blood sample were eligible to 
participate in this study. This strategy led to the enrollment of families with the greatest potential 
utility for phenotypic and genetic studies of exceptional survival in families. The interviews and 
examinations were conducted in the home setting with portable equipment by centrally trained and 
certified research assistants using a common standardized protocol. Lung function was measured 
with a portable spirometer (EasyOne™, NDD Medical Technologies, Andover, MA) using American 
Thoracic Society guidelines. After excluding participants with non-European Ancestry (n=6), 
participants with poor quality spirometry readings (n=295), pulmonary fibrosis (n=11) and those with 
lung volume reducing surgery (n=14) and those with missing genotypes (n=344), 3,889 participants 
were included in the present analysis. LLFS Genotyping: The Illumina Human Omni chip 2.5 v1, was 
used to genotype all the LLFS participants at the Center for Inherited Disease Research (CIDR). A 
threshold call rate of > 98% per marker, identified 83,774 SNPs. Principal components (PCs), for 
controlling for population structure, were produced with EIGENSTRAT 31 on 1,522 LLFS unrelated 
individuals using 116,867 tag SNPs, where in advance any SNPs with MAF < 5%, HWE p < 1e-6, and 
with missing genotypes were excluded. Imputations were performed based on the cosmopolitan 
phased haplotypes of 1000 Human Genome (1000HG, version 2010-11 data freeze, 2012-03-04 
haplotypes) using MACH and MINIMACH 6,32 and a total of 38.05 million SNPs were imputed. 

 

The LBC1936 consists of 1,091 relatively healthy individuals assessed on cognitive and medical traits 
at about 70 years of age. They were all born in 1936 and most took part in the Scottish Mental Survey 
of 1947. At baseline the sample of 548 men and 543 women had a mean age 69.6 years (SD = 0.8). 
They were all Caucasian, community-dwelling, and almost all lived in the Lothian region (Edinburgh 
city and surrounding area) of Scotland. A full description of participant recruitment and testing can 
be found elsewhere 49. Genotyping was performed at the Wellcome Trust Clinical Research Facility, 
Edinburgh. Quality control measures were applied and 1005 participants remained. Lung function 
assessing peak expiratory flow rate, forced expiratory volume in 1 s, and forced vital capacity (each 
the best of three), using a Micro Medical Spirometer was assessed, sitting down without nose clips, 
at age 70 years. The accuracy of the spirometer is ±3% (to ATS recommendations Standardisation of 
Spirometry 1994 update for flows and volumes). 
 
The Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) 50 is a population-based 
study of the cardiovascular health in the elderly. The main purpose of PIVUS was to investigate the 
role of endothelial function in cardiovascular risk. Mailed invitations were sent to subjects who lived 
in Uppsala, Sweden, within 2 months after their 70th birthday. The subjects were randomly selected 
from the community register. A total of 1,016 men and women participated in the baseline 
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investigation (participation rate, 50.1%). Spirometry was performed in 901 subjects at baseline in 
accordance with American Thoracic Society recommendations (α spirometer; Vitalograph Ltd; 
Buckingham, UK). The best value from three recordings was used. The Ethics Committee of the 
University of Uppsala approved the study, and the participants gave their informed consent.  
Genotyping of all samples was undertaken using the Illumina Omni Express and CardioMetabochip. 
Genotypes were called using GENCALL. A total of 738,879 SNPs passed quality control (thresholds: 
call rate < 0.95, and call rate < 0.99 for MAF<5%; HWE p-value < 10-6). SNPs with MAF<1% were 
removed from the imputation scaffold. Imputation was performed using IMPUTE up to CEU 
haplotypes from Phase II HapMap reference panel.  
 
The Twins UK cohorts II and III consisted of a group of twins ascertained to study the heritability and 
genetics of age-related diseases (www.twinsUK.ac.uk). These unselected twins were recruited from 
the general population through national media campaigns in the UK and shown to be comparable to 
age-matched population singletons in terms of disease-related and lifestyle characteristics 42. 
Spirometry (Vitalograph model 2150, Buckingham, England) was conducted at the clinical centre 
during a visit. Twins were instructed before the test and forced vital capacity (FVC) manoeuvres were 
performed in a standing position, without the use of nose clips. Three manoeuvres were performed 
and the maximum obtained values for FEV1 were obtained. Because of the relatedness in the 
TwinsUK cohort, we utilized the GenABEL software package 18 which incorporates a pair-wise kinship 
matrix calculated using genotyping data in the polygenic model to correct for relatedness and hidden 
population stratification. The score test implemented in the software was used to test the 
association between a given SNP and the lung function phenotypes. Genotyping was done in two 
different platforms. These were Illumina’s Human Hap 300k Duo for part of the UK Twin Cohort, 
Illumina Human Hap610W Quad for the rest of the UK Twin Cohort. We excluded SNPs that had a low 
call rate (<95%), Hardy-Weinberg p values < 10−4 and minor allele frequencies < 1%. We also 
removed subjects if the sample call rate was less than 95%, autosomal heterozygosity was outside 
the expected range, genotype concordance was over 97% with another sample and the sample was 
of lesser call rate, non-Caucasian ancestry either self-identified or identified by PCA cluster analysis 
by comparison to the three HapMap phase 2 reference populations (CEU, YRI, CHB+JPT), or 
unexplained relatedness (estimated proportion of allele shared identical by descent >0.05). The 
overall genotyping efficiency of the GWA was 98.7 %. Imputation of genotypes was carried out using 
the software IMPUTE 43 for both Twins UK-II and III. 
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CARe Study Description 
 
Study Samples  
The Candidate-gene Association Resource (CARe) consortium has been previously described 51. This 
study includes 5 of the NHLBI CARe cohorts that measured spirometry and genotyped participants 
using the Affymetrix Genome-Wide Human SNP Array 6.0 platform in African-American participants: 
Atherosclerosis Risk in Communities (ARIC), Coronary Artery Risk Development in young Adults 
(CARDIA), Cleveland Family Study (CFS), Cardiovascular Health Study (CHS), Jackson Heart Study (JHS) 
and the subset of MESA with spirometry. These cohorts have been previously described 10,13,33,34,52-54.  
 
Phenotypic Measures 
Spirometry: Pre-bronchodilator spirometry was performed by trained and certified spirometry 
technicians in accordance with the American Thoracic Society guidelines. Spirometry methods and 
equipment were highly standardized and in some cases identical across cohorts.  
 
CARe Genotyping:  
The Affymetrix Genome-Wide Human SNP Array 6.0 Chip, was used to genotype all the CARe 
participants at the Broad Institute of MIT and Harvard. A threshold call rate of > 95% per marker, 
identified 768,780 SNPs. Principal components (PCs), for controlling for population structure, were 
produced with EIGENSTRAT 31 on 5,951 CARe unrelated individuals, where in advance any SNPs with 
MAF < 1% and SNPs with genotyping success rate < 95%.  
 

Korean Studies  

The Healthy Twin Study, Korea 

The Healthy Twin Study (HT) is a prospective multi-center cohort study based on a large nation-wide 
family database. The HT has recruited 3,690 individuals, with 815 pairs of adult like-sex twins over 
age 30 and their first-degree families as of 2013 February. Being a twin was the only criteria for 
participation, and the participants were not selected by any specific health status. The protocols and 
measurements are described in detail in previous report 55-57. Extended questionnaire and health 
examination are provided at recruitment and follow-up study is ongoing in every 3 year, and the 3rd 
wave survey will be finished in 2014. Spirometry was performed by trained paramedical personnel 
using a Vmax22® (Sensormedics, Yorba Linda, California, USA), according to American Thoracic 
Society (ATS)/European Respiratory Society (ERS) guidelines. FEV1, FEV5, FVC, FEV1/FVC ratio, 
FEV1/FVC ratio, FEF 50%, FEF 25-75%, FEF 200-1200 ml, PEF, and FET 100% were measured. 
Genotyping of the HT was performed using two platforms. First 1,861 individuals were analyzed by 
Affymetrix Genome Wide Human SNP Array 6.0 (Affymetrix, Inc., Santa Clara, CA, USA). Genotyped 
markers with a Hardy-Weinberg Equilibrium (p<0.001), low call rate (<95%), and low minor allele 
frequency (MAF<0.01) were excluded. In addition to the conventional quality control, Mendelian and 
non-Mendelian errors mimicking double-recombinations were detected by within-family 
comparisons using Merlin. This error-checking step further detected and deleted 63,777 erroneous 
markers, leaving 516,452 SNPs. Second, 1,047 individuals were analyzed using Illumina 
HumanBeadCore chip with around 300K SNPs, and the same quality control method and criteria is 
applied (in process). 

 

The KARE3 (Korea Association Resource 3) 

The Korea Association Resource (KARE) project was initiated in 2007 to undertake a large-scale GWA 
analysis among the 10,038 participants (aged between 40 and 69) of the Ansung (n = 5,018), a rural 
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area-based, and Ansan (n = 5,020) an industrialized mid-size city-based cohorts. These cohorts, 
established as part of the Korean Genome Epidemiology Study (KoGES) in 2001 measured 
epidemiologic and clinical data. Detailed protocols were described in previous report 58. Lung 
function measures were taken by a skilled technician using a portable spirometer (Vmax-2130, 
Sensor Medics, Yorba Linda, CA, USA) according to standardized protocols of the American Thoracic 
Society (ATS). FEV1, FVC and FEV1/FVC ratio were measured. For 8,842 individuals, genotyping using 
the Affymetrix Genome-wide Human SNP array 5.0 (Affymetrix Inc., Santa Clara, California, USA), 
with 500,568 SNP markerss. Genotype call rates <5% (n=45,343), deviations from the Hardy-
Weinberg equilibrium (HWE) test p< 0.0001 (n=35,410), or a minor allele frequency (MAF) lower than 
5% (n=147,570) were excluded leaving 312,381 (Ansung) and 313,984 (Ansan) SNP markers.  

KARE3 and the Twin family study were imputed using IMPUTE2. Both HapMap3 phase2 
(JPT+CHB;http://hapmap.ncbi.nlm.nih.gov/) and Korean HapMap (http://www.khapmap.org/) panel 
data were combined to serve as the reference. For the HT, family-based imputation was further 
performed to check possible errors using Beagle. Imputation quality score (0≤r2≤1) was checked, and 
the r2 cutoff for post-imputation SNP filtering was 0.5. The average quality score was 0.99 for the 
imputed markers.  
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