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Abstract

Pulmonary function measures are heritable traits that predict morbidity and mortality and define
chronic obstructive pulmonary disease (COPD). We tested genome-wide association with forced
expiratory volume in 1 s (FEV1) and the ratio of FEV to forced vital capacity (FVC) in the
SpiroMeta consortium (/7= 20,288 individuals of European ancestry). We conducted a meta-
analysis of top signals with data from direct genotyping (n7< 32,184 additional individuals) and /in
silico summary association data from the CHARGE Consortium (7= 21,209) and the Health 2000
survey (n< 883). We confirmed the reported locus at 4931 and identified associations with FEV,
or FEV4/FVC and common variants at five additional loci: 2935 in TNSZ (P=1.11 x 10712), 4g24
in GSTCD (2.18 x 10723), 5033 in HTR4 (P=4.29 x 1079), 6p21 in AGER (P=3.07 x 10715) and
15023 in THSD4 (P=7.24 x 1071%). mRNA analyses showed expression of TNS1, GSTCD,
AGER, HTR4and THSD4in human lung tissue. These associations offer mechanistic insight into
pulmonary function regulation and indicate potential targets for interventions to alleviate
respiratory disease.

Measures of pulmonary function, such as FEV4 and FEV1/FVC ratio, are important
predictors of population morbidity and mortality1-4 as well as forming the basis for the
diagnosis of COPD. It is well established that pulmonary function is partially genetically
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determined. Twin studies in European and US populations give heritability estimates for
FEV1 as high as 0.77 (refs. 5,6). Longitudinal studies in families suggest that genetic effects
are consistent over time7. Genetic determinants of pulmonary function seem to operate, at
least in part, independent of disease status (such as asthma) and smoking status8, suggesting
that population-based association studies are a viable way to identify key genetic
determinants of lung function.

Adequately powered genome-wide association studies (GWAS) using hundreds of
thousands of common SNPs can identify loci associated with common diseases and the
quantitative traits that underlie them. Collaborative studies achieving sample sizes in excess
of 10,000 have been able to identify associations with common genetic variants with
typically modest effect sizes (usually <0.1 s.d.)9. In the past year, GWAS have reported
association between an intergenic locus at chromosome 4q31 and FEV1/FVC ratio and
COPD, but no large-scale collaborative GWAS have yet been undertaken for lung
function10,11.

If common SNPs underlying lung function have modest effects, very large sample sizes will
be required to identify them. We therefore established the SpiroMeta consortium to facilitate
large-scale meta-analysis of GWAS of lung function. Here we report a meta-analysis of
GWAS in the SpiroMeta consortium, comprising 20,288 individuals of European ancestry,
that tested association between cross-sectional lung function measures and ~2.5 million
genotyped or imputed SNPs (stage 1). We followed up SNPs drawn from the most
significantly associated loci in up to 32,184 individuals by direct genotyping (stage 2a) and
using /n silico summary association data relating to a further 22,092 individuals (stage 2b).
These studies confirm the previous reported association at 4931 and show that five
previously unreported loci are robustly associated with lung function.

Genome-wide association with lung function (stage 1)

We included 14 studies of individuals of European ancestry, with sample sizes totaling
20,288 (Table 1). All individuals had measures of FEV; and FVC and smoking status
recorded. FEV4 and (separately) FEV1/FVC measures were adjusted for age, age?, sex,
height and ancestry principal components within each study. Genome-wide genotyping was
undertaken with a variety of platforms, and standard quality control measures were used
(Online Methods and Supplementary Table 1). Genotypes were imputed for ~2.5 million
autosomal SNPs from HapMap CEU data and tested for association separately for the
inverse-normal transformed residuals of FEV and FEV1/FVC under an additive genetic
model. We carried out meta-analysis of study-specific test statistics using an inverse
variance weighting. We applied genomic control at the study and meta-analysis levels to
avoid overinflation of test statistics owing to population structure or relatedness. Test
statistic inflation before applying genomic control at the meta-analysis level was modest
(Agc = 1.046 for FEV and 1.035 for FEV1/FVVC). The plots of meta-analysis test statistics
against expected values under the null hypothesis showed an excess of extreme values even
after exclusion of the previously reported11 4q31 locus near HH/P, indicative of additional
loci associated with lung function (Supplementary Fig. 1a,b).

We observed independent regions of association at 17 loci with < 1 x 10~° for FEV and
23 for FEV1/FVC (Figs. 1a,b and 2), including three regions (4924 in GSTCD, 4931 near
HHIPand 15q23 in THSD4) that reached A< 5 x 1078 in the stage 1 GWAS data alone,
corresponding to a threshold of £< 0.05 after adjusting for 1 million independent tests12.
SNP rs12504628, which was associated with both FEV1/FVC (P= 6.48 x 10713; Fig. 2c and
Table 2) and FEV; (P=1.50 x 10710; Table 3), lies in an intergenic region upstream of
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HHIPand spanning ~300 kb at 431 that has been associated with lung function11,
COPD11 and height9. Our top SNP rs12504628 was in strong linkage disequilibrium (LD;
2 =0.97) with the previously reported SNP associated with lung function, rs13147758 (P=
5.30 x 10710 for FEV4 and P=1.11 x 10712 1 for FEV41/FVC in our data), and with SNPs
associated previously with height (rs6854783, /2 = 0.55; rs2055059, /2 = 0.48), suggesting a
role in skeletal growth and development. The hedgehog gene family, of which HH/Pis a
member, encodes signaling molecules involved in regulating lung morphogenesis,
suggesting other mechanisms underlying these associations13. This intergenic region also
contains multiple ESTs in human fetal lung (UCSC Browser).

Follow-up analyses (stage 2)

To validate potential associations with lung function, we selected 10 SNPs for further
genotyping in additional studies of European ancestry (stage 2a, 32,184 individuals;
Supplementary Table 2) and 30 SNPs for /n sifico follow-up (stage 2b; Supplementary Table
3). We obtained the /n sifico association results from the Health 2000 study (883
individuals) and from the CHARGE Consortium (21,209 individuals). Meta-analysis of the
association results across stages 1, 2a and 2b showed five novel loci reaching genome-wide
significance (P< 5 x 1078): 2g35 in TNSZ, 424 in GSTCD, 5933 in HTR4, 6p21 in AGER
and 15q23 in THSD4 (Table 2 and Fig. 2). A further locus, 6p21 in DAAMZ, which was not
selected for further genotyping follow-up in stage 2a, fell just below the threshold for
genome-wide significance for association with FEV1/FVC after meta-analysis across stages
1 and 2b (rs2395730, A= 7.98 x 1078; Supplementary Table 3 and Table 2).

The strongest association of FEV/; was at 4924 in GSTCD (rs10516526, £=2.18 x 10723:
Table 2 and Fig. 2b). Relatively little is known about GSTCD, but the presence of the C-
terminal a-helical domain common to the glutathione S-transferase (GST) family of
enzymes suggests this protein is involved in cellular detoxification by catalyzing
conjugation of glutathione to products of oxidative stress14. GST enzymes also show
glutathione peroxidase activity regulating the synthesis of prostaglandins and
leukotrienes14. To explore the potential function of GSTCD, we conducted a protein
homology search and identified homology with chloride intracellular channels 1, 3, 4, 5 and
6, suggesting a role for GSTCD beyond the GST enzyme family. Genes in the region also
include /NTS12and NPNT. INTS12 associates with RNA polymerase Il and mediates 3’-
end processing of small nuclear RNA15.

The second locus associated with FEV was at 235, localized to the 7/A/S1 gene
(nonsynonymous coding SNP rs2571445, P=1.11 x 10712; Table 2 and Fig. 2a). The
protein this encodes, tensin-1, is an actin-binding protein that contains Src homology 2
domains, suggesting a role in linking cytoskeletal changes with signal transduction16.
Tensin-1 may be functionally involved in cell migrationl7.

Multiple genes potentially underlie the third locus associated with FEV at 5933. The most
strongly associated SNPs in this region, rs3995090 and rs6889822 (P=4.29 x 102 and P=
8.17 x 1079; Table 2 and Fig. 2d), are located in an intron in H/7R4and are part of a cluster
of associated SNPs also spanning a SPINK5-like gene, SPINK 7, SPINK9and FBXO38.
HTR4, which encodes 5-hydroxytryptamine receptor-4, is expressed in neurons in the
respiratory pre-Botzinger complex. Activation of this G protein—coupled receptor protects
spontaneous respiratory activity18. Notably, selective antagonism of HTR4 in human
bronchial strips /n vitro attenuates the facilitation of electric field—stimulated cholinergic
contraction by 5-hydroxytryptamine, suggesting a role for HTR4 in mediating airway
caliber19. HTR4 expression has recently been confirmed in airway epithelial type 11 cells,
where receptor stimulation seems to regulate cytokine responses20. The SPINK family of
serine protease inhibitors may have a role in antimicrobial protection of mucous epithelia21.
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F-box protein-38 (encoded by FBX038) is a member of a family of proteins that are
believed to mediate protein-protein interactions and protein degradation22.

The strongest association with FEV1/FVC was at 6p21, a gene-rich region of the major
histocompatibility complex (MHC). The extended LD in this region of the MHC prevented
accurate localization of the association signal. However, we observed the peak of
association for a nonsynonymous coding SNP in AGER (rs2070600, A= 3.07 x 10715;
Table 2 and Fig. 2e), which is a plausible candidate for causal association. AGER, also
known as RAGE, is a multiligand receptor of the immunoglobulin superfamily23. AGER is
highly expressed in the lung, in particular alveolar epithelial cells24, with a potential role in
epithelium—extracellular matrix interactions. Reduced AGER expression has been identified
in individuals with idiopathic pulmonary fibrosis25, and Ager’ mice develop age-related
pulmonary fibrosis26. Another candidate in this region is the nearby gene NOTCH4, a
member of the family of transmembrane receptors involved in cell fate decisions27. Notch4
is expressed in endothelial cells of the adult mouse lung, where it is believed to regulate
angiogenesis28.

The second identified association with FEV1/FVC was at 15q23, encompassing the 7THSD4
gene (rs12899618, P=7.24 x 10~1°; Table 2 and Fig. 2f). THSD4 shows homology with
members of the thrombospondin family of extracellular calcium-binding proteins that
modulate cellular attachment, proliferation and migration and have been implicated in
wound healing, inflammation and angiogenesis29.

For each of the loci we reported, the estimated effect sizes were broadly consistent across
the GWAS (Fig. 3).

Association of variants with FVC

We tested the top SNP at each of the loci showing genome-wide significant association (P <
5 x 1078) with FEV4 or FEV1/FVC for association with the other of the two traits, and with
FVC in the stage 1 studies (Table 3). In addition to being associated with FEV1, rs10516526
in GSTCD was associated with FVC (P= 2.53 x 1077) but showed no discernible effect on
FEV/FVC.

Effect of smoking on SNP associations

Adjustment for ever-smoking status in the stage 1 data (Table 3) did not show materially
different effect-size estimates for the associations with the sentinel SNPs in 7TNISZ, GSTCD,
HTR4, AGER, THSD4 or HHIP. Similarly, adjustments for a quantitative measure of
lifetime smoking exposure (pack-years) did not show substantially different effect-size
estimates for the identified SNP associations (data not shown). We also tested the
associations of the top SNPs in TNS1, GSTCD, HTR4, AGER and THSD4 separately in
ever-smokers and never-smokers (Supplementary Table 4); all 2 values were >0.05 for tests
of interaction between smoking status and these SNPs on lung function.

Gene expression

We determined the mRNA expression profiles of GSTCD, HHIP, THSD4, TNS1, HTR4,
AGER and NOTCH4in human lung tissue and a series of primary cells. We detected all
transcripts in lung tissue (Supplementary Fig. 2a) and bronchial epithelial cells
(Supplementary Fig. 2b); six transcripts (excluding NOTCH4) were present in human
airway smooth muscle cells. We also detected GSTCD, TNS1, HTR4, AGER and NOTCH4
transcripts in peripheral blood mononuclear cells (Supplementary Fig. 2b). For AGER, we
noted the presence of two PCR products suggesting an unreported splice variant; we
confirmed the presence of the splice variant by sequencing.
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DISCUSSION

Our study reports a meta-analysis of GWAS results from 20,288 participants and follow-up
analyses in 54,276 participants, identifying five novel genome-wide significant loci for
pulmonary function. The regions identified were 4924 (GSTCD), 2935 (7NSI) and 5933
(HTR4) for FEV4, and 6p21 (AGER) and 15023 (THSD4) for FEV{/FVC. In addition, we
identified a region suggestive of association with FEV1/FVVC at 6p21 in DAAMZ. The
companion manuscript from the CHARGE Consortium, which reports a GWAS of lung
function in 20,890 participants, also identifies genome-wide significant associations at
GSTCD, HTR4and AGER30. Both SpiroMeta and CHARGE confirmed the previously
reported association between FEV, and FEV1/FVC and the 4931 locus upstream of
HHIP11.

Our findings have several important implications. First, the loci identified were observed in
the whole population studied and were not specific to smokers. The presence of genetic
determinants of lung function that do not depend on prior smoking exposure has been
suggested by previous studies of heritability8. This does not rule out a possible subset of
genetic determinants with effects on lung function that are partially or wholly dependent on
smoking exposure.

We have also attempted to address the issue of genetic factors that influence smoking
behavior. We did not observe any association with the CHRNA3-CHRNAS5-CHRNB4 locus
previously reported to be associated with cigarette smoke exposure, lung cancer, peripheral
arterial disease31 and COPD10 (rs1051730, P= 0.23 for FEV4 and 0.56 for FEV1/FVC).
The associations we show in GSTCD, TNS1, HTR4, THSD4and AGER do not seem to be
attenuated by adjustment for qualitative or quantitative adjustments for smoking exposure.
None of these loci have been implicated in published GWAS of smoking quantity, although
a recent report suggested a role for 7SHD4 variants in smoking cessation32.

SNPs showing association with height could also show association with lung function
measures because of incomplete adjustment for height, or because of SNP effects on skeletal
growth with consequences for both height and lung function. The 4931 locus near HH/Phas
shown convincing association with height33. An association was recently reported between
height and rs185819 at 6p21 (ref. 34). Although this association signal was broad, reflecting
the extended LD across this region of the MHC, rs185819 was in weak LD (/2 = 0.069) with
rs2070600 (the sentinel SNP we reported for FEV{/FVC in AGER). These findings leave
open the possibility of shared genetic determinants of growth of pulmonary function and
height, but they do not suggest that our findings are primarily accounted for by inadequate
adjustment for height.

The level of FEV1 at a given time point in an individual depends on two potentially
independent processes: the maximum lung function obtained during development, and the
rate of decline of lung function with age. Lung function reaches a maximum by age 25-35
years35. The populations studied in SpiroMeta cover a wide range of ages except the very
elderly; as expected, FEV; and FVC values were much lower in children. At least for the
loci we identify, there was little evidence for age-specific effects, suggesting that the genetic
risk factors identified operate across the age ranges; these findings again are in keeping with
those of previous epidemiological studies7. Our analyses were based on cross-sectional
measures of lung function; additional studies in cohorts with longitudinal data will be
needed to identify determinants of the gradients of development and decline in lung function
with age.

The magnitude of the estimated effect on untransformed FEV; of rs10516526 in GSTCD
was 52 ml per copy of the G allele (frequency, 0.06). This is equivalent to about 3 years of
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FEV1 decline in the nonsmoking population35. Allelic effect sizes on FEV; of the more
common variants (minor allele frequencies ~0.4) were 19-23 ml for rs3995090 in H7R4 and
rs2571445 in TNS1. Individually, the five loci we describe account for a small proportion
(0.07%-0.14%) of the variance in FEV; and in FEV1/FVC (Table 2) in the general
population.

After exclusion of the locus near HH/Pand the five reported regions, meta-analysis test
statistics still showed an excess of extreme values compared with expected values under the
null, particularly for FEV4. Although we cannot rule out the possibility of residual
population stratification, this indicates the potential to detect further loci associated with
lung function (Supplementary Fig. 1a,b). We have provided a list of the top 2000
associations for FEVq and for FEV1/FVC (Supplementary Table 5) as a resource to other
investigators.

We imputed nongenotyped SNPs using two software implementations36,37 that share
similar underlying population genetic models38. This methodology facilitates meta-analysis
across different marker sets and improves coverage across the genome, and its utility has
been empirically shown in several large GWAS. However, the power to detect associations
with rare alleles is limited. The loci we report include two relatively infrequent SNPs,
GSTCD (rs10516526, minor allele frequency 0.06) and AGER (rs2070600, minor allele
frequency 0.05); these SNPs were directly genotyped in the majority of stage 1 subjects
(16,514 and 15,386 individuals, respectively).

The associations we report relate to the general population but were of comparable
magnitude after the exclusion of documented cases of asthma or COPD (data not shown).
Although pulmonary function is an important predictor of morbidity and mortality per se, it
will be important to investigate, in appropriately powered studies, whether the risk alleles in
the genes identified in this study act as independent susceptibility markers for COPD or
influence the development of airway obstruction in other diseases, such as asthma.

Our expression profiling studies identified expression of all of the candidate genes in
relevant tissues. Further work is required to elucidate the mechanisms underlying the novel
association signals we describe. In broad terms, however, it is notable that the most probable
candidate genes in the regions identified seem to be involved either in developmental
pathways important for lung growth or in tissue remodeling pathways that might be
expected to alter airway architecture.

In conclusion, the results presented here from the SpiroMeta consortium, together with those
reported by the CHARGE Consortium30, provide strong evidence for newly identified
genetic loci that act as important determinants of pulmonary function.

ONLINE METHODS
Study design

The study consisted of two stages. In stage 1, a meta-analysis was conducted on directly
genotyped and imputed SNPs from 14 studies of individuals of European ancestry, with a
total sample size of 20,288. Details of these studies are given in Table 1. This meta-analysis
provided loci for further genotyping in up to 32,184 individuals of European origin (stage
2a) and /n sifico comparisons in 22,092 individuals of European origin (stage 2b).

Stage 1 samples

The SpiroMeta consortium consists of 14 GWAS studies: ALSPAC, B58C-T1DGC, B58C-
WTCCC, EPIC (obese and population-based substudies), the EUROSPAN studies (Korcula,
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NSPHS, ORCADES and Vis), FTC (incorporating the FinnTwin16 and Finnish Twin Study
on Aging), KORA S3, NFBC1966, SHIP and TwinsUK (see Table 1 for definitions of
acronyms). The primary analyses on FEV; and FEV1/FVC included 20,288 individuals of
European descent. The measurements of FEV4 and FVC are described in the Supplementary
Note.

Genome-wide genotyping and quality control

Imputation

The platforms used were Affymetrix 500K GeneChip array (four studies), lllumina
HumanHap 550 Beadchip (one study), lllumina 317K (four studies), Affymetrix Genome-
Wide SNP6.0 (one study), Illumina Hap370cnv (one study), Illumina Hap300 v1 (one study)
and Illumina Hap300 v2 (two studies). Each individual study applied quality-control criteria
as described in Supplementary Table 1.

Imputation of nongenotyped SNPs was undertaken with MACH36 or IMPUTE37 with
preimputation filters and parameters as shown in Supplementary Table 1. SNPs were
excluded if the imputation information, assessed using r2.hat (MACH) or .info (IMPUTE),
was <0.3. In total, 2,705,257 autosomal SNPs were analyzed.

Transformation of data and genotype-phenotype association analysis

Linear regression of age, age?, sex, height and ancestry principal components was
undertaken on FEVq (milliliters) and FEV1/FVC (percentage). The residuals were
transformed to ranks and subsequently to normally distributed z scores, and were then used
as the phenotype for association testing under an additive genetic model using software
specified in Supplementary Table 1. Appropriate tests for association in related individuals
were applied where necessary, as described in the Supplementary Note.

Meta-analysis of stage 1 data

All stage 1 study effect estimates were corrected using genomic control40 and were oriented
to the forward strand of the NCBI build 36 reference sequence of the human genome,
consistently using the alphabetically higher allele as the coded allele. Study-specific lambda
estimates are shown in Supplementary Table 1. The pooled effect-size estimate and s.e.m.
were computed using inverse variance weighting, and genomic control was applied to the
pooled effect-size estimates. To describe the effect of imperfect imputation on power, we
report ‘ NV effective’, the sum of the study-specific products of the sample size and the
imputation quality metric. Meta-analysis statistics and figures were produced using R
version 2.7.0.

Selection of SNPs for stage 2

Ten leading SNPs were selected for stage 2a genotyping follow-up (Supplementary Table
2). Thirty leading SNPs were selected for stage 2b /in silico exchange, according to Pvalue
(under the threshold of 5 x 107°), Neffective (=70% of the total sample size) and evidence
from supporting SNPs (Supplementary Table 3).

Stage 2a samples (follow-up genotyped data)

We genotyped 10 SNPs in up to 32,184 individuals from the ADONIX, BHS, BRHS,
BWHHS, Gedling, GS:SFHS, HCS, KORA F4, NFBC1986, Nottingham Smokers and
NSHD studies. The characteristics of the studies are summarized in Table 1, and stage 2a
study information is provided in the Supplementary Note.
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Stage 2b samples (in silico data)

The CHARGE Consortium includes four population-based studies with data on FEV4 and
FEV{/FVC: the Atherosclerosis Risk in Communities (ARIC) study, the Cardiovascular
Health Study (CHS), the Framingham Heart Study (FHS) and the Rotterdam Study (RS).
Details are provided in the companion paper in this issue from the CHARGE Consortium30.
Given differences between the analysis approaches for GWAS adopted by the SpiroMeta
and CHARGE consortia, the CHARGE analyses were undertaken using the analysis
approach adopted by the SpiroMeta consortium (21,209 individuals; larger than the sample
in the companion paper, which excluded subjects with missing or incomplete pack-years
data). We also included 883 population-based subjects from the Health 2000 study in the
stage 2b analysis.

Combined analysis of stage 1 and 2 samples

Meta-analysis of data from stages 1, 2a and 2b was conducted using inverse variance
weighting. We described associations as genome-wide significant if 7< 5 x 1078,

Secondary analyses

To examine the effect of smoking on the causal pathway between the SNPs and the traits of
interest, an adjustment for smoking was applied. The subgroups of ‘ever-smokers’ and
‘never-smokers’ were analyzed separately, and the stratum-specific estimated effects were
combined within each individual study using inverse variance weights before meta-
analyzing over studies. Additional adjustments were undertaken by adjusting for pack-years
among the ever-smokers with these data available, and repeating the analyses.

PCR expression profiling

The mRNA expression profiles of GSTCD, HHIP, THSD4, TNS1, HTR4, AGER and
NOTCH4 were determined in human lung tissue and primary cell samples using RT-PCR,
including RNA from lung (Ambion/ABI), brain, airway smooth muscle cells41 and human
bronchial epithelial cells (Clonetics*2). Peripheral blood mononuclear cells were isolated
from whole blood using 6% (w/v) dextran and 42%-51% (v/v) Percoll gradients (Sigma).
Ethical approval for the use of primary cells was obtained from the local ethics committees.
Total RNA was extracted from samples using an RNeasy kit (Qiagen) as directed by the
manufacturer. cDNA was generated from 1 g of RNA template using random hexamers
and a SuperScript kit (Invitrogen) as directed by the manufacturer. PCR assays were
designed to cross intron-exon boundaries and where splice variation was known, in order to
detect all variants. Primer sequences are given in Supplementary Table 6. All PCR was done
using Platinum Taq High Fidelity (Invitrogen) with 100 ng of cDNA template in a 25-pl
reaction. Cycling conditions were as follows: 94 °C for 3 min, 35 cycles of 94 °C for 45 s,
55 °C for 30 s, and 72 °C for 90 s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Manhattan plots of association results for FEV and FEV1/FVC (analysis stage 1). (a,b)

Manhattan plots ordered by chromosome position. SNPs for which —-log;g 2> 5 are
indicated in red. The six loci indicated by arrows showed association with FEV (a) or
FEV4/FVC (b; P<5 x 1078) in the meta-analysis of data from stages 1, 2a and 2b.
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Figure 2.

Regional association plots of six lung function—associated loci. (a—f) Statistical significance
of each SNP on the —logg scale as a function of chromosome position (NCBI build 36) in
the meta-analysis of stage 1 data alone. The sentinel SNP at each locus is shown in blue; the
correlations (/2) of each of the surrounding SNPs to the sentinel SNP are shown in the
indicated colors. The six loci included are those that showed association with FEV or
FEV1/FVC (P< 5 x 10-8) in the meta-analysis of data from stages 1, 2a and 2b. The
combined Pvalues for all stages are indicated by arrows. The relevant trait (FEV1 or FEV¢/
FVC ratio) is indicated for each plot. For rs12504628, the plot shows only the association of
FEV1/FVC; this SNP was associated (P< 5 x 1078) with both FEV/; and FEV4/FVC. Fine-
scale recombination rate is plotted in blue39. Combined Pvalue from stages 1 and 2a only;
SNP rs3995090 had low imputation quality in the CHARGE Consortium data and so was
not included in stage 2b.
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Figure 3.
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Forest plots of the stage 1 meta-analysis for the six lung function—associated loci. Each of

the SNPs included in the figure showed genome-wide significant association (P< 5 x 1078)
with either FEV4 or FEV1/FVC in the data from stages 1, 2a and 2b. The plots show the

meta-analysis of the stage 1 data for each sentinel SNP. The contributing effect (transformed

beta) 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

Nat Genet. Author manuscript; available in PMC 2010 July 01.

the size of the square. The combined meta-analysis estimate in the stage 1 data is shown at
the bottom of each graph.



Page 17

Repapi et al.

605 0 (9r0)¥90 (90T T0e  (S6°0)00C  (¥OT)G6S 680V (44 082  60S s19yjows weyBumoN
8€T'T 80L'€ (s00)8g0 (rg0)oey  (0L0)2Le  (8E0) 09T  LT-ST 195 6lET 96V 986T04G4N
908 661 (900)8Lz0 (o0T)8cy  (180)2ee (29915 TO-Ty 669 019  SOE'T 74 V4O
T€S'T 6IE'T (600) 20  (e60)eve  (890)¥vz  (82)T99 €165 6e€'T  TIGT 098'C SOH
697'C 500'€ (oro)zz0  (omtry  (8o)sTe  (EvT) 09y  68-8T 0Cz'e  ¥S2'T  viv'S SHAS'SO
0€9 €€9 (L00) 220 (eoT)89¢  (S80)s8C  (€2T)29S 08-L2 1€9 2€9 €921 Burlpao
v8S'T 090'C (600)TL0 (920)28z  (zg0)86'T  (59)889 0865 wo'e 0 7¥9'e SHHME
69.'Z €T'T (tro)zzo (8o lee  (690)25¢  (S9) 189 6,09 0 168'€  168'C SHy4
168'T 657'C (800) 220 (9TT)68E  (L6°0) 20t (0LT)TOS 96-8T 1SS'C  €6L'T 0SE'V SHd
G6S evL (L00)6L0  (eomvey  (980)see  (9eT)eey  SL-GC €0L GE9  8ee'T XINOQV
BuidAyousb 10841p yum saipnis ez abers
882'02 azis ajdwres T abeis
Ty 8ce (600) 220 (evT)8ey  (zzT)eee  (€ST) €95 88-8T oy €28 69L SIA
6 €6 (800)0g0 (t90)ore  (9s0)eLz  (zen)vey 6.-8T G88'T 0 G88'T MnsumL
¥00'T €Ll (90'0) 280 (e0T) 8¢  (68'0)82€  (L€T)€TS S8-SC 106 0.8  LLL'T dIHS
882 04 (600) 080 (86'0)85€  (¥8'0)88C  (€ST)6%S €6-6T 0. e 269 $3avodo
68 79¥ (600)z80 (erT)89e  (s60)zoe  (16T) 005 T16-8T v6¢ G5z  6VS SHASN
806'C 8v9'T (90080 (660) €Ly  (6L0)96€  (0)OTE 1€-1€ v/€'c  ¢8T'T 99§V 9967094N
8z L6 (600)¥80 (€6'0)28€  (180)¥8C (SE€T)GSS 06-8T Ge§ 00 Gz8 ©[n2.I0)
68¢ 99¢ (200)eg0 (o) 8Ty  (8Lr0)eve  (06) 9Ly €L-6C v6¢ 192 SS6 €S V4O
o v0T (600)6L0 (190)€6C  (¥6'0)69C  (€6T)¥'.G 9/-€2 1eT €1 veT 14
G/2'T 190'T (9r0)s80 (0e0)voe  (zz0)ose  (06)26S  LL-6E 9€Z'T  00T'T 9€€'c  paseq uonelndod O1d3
619 68Y (zro)zgo (80)vez  (690)SEc  (88)T6S 9.6 829 9y ¥OT'T 59582 95900 J1d3
8.6 v6€ (800)6L0 (960)8TY  (SL0)eee  (0) Sy Sy 189 169  ¢lE'T 00J1M 0859
159'T 269 (8o0)6L0 (960) 6Ty  (BLO)TEE (D) SHY Sty 2IZ'T IET'T  £vET 0901l 0854
0 T6€'T (200)880 (1e0)esT  (9zo)orT (0028 6-8 19 9/9  T6E'T oVdSTV
SYMO :T abeis
sJay0Ws S195{OWS AU (ps) (09| (ps) | (p's) K JusWwaINsesw oewsy  oEW  [E10]
on9 N ONAFAIS oAl uesy  Tagguesyy  ‘ebeuesyy  DAIAIdIE N N Apms
N ueaN (A) abueu aby
sonsLisoeIeyd Apnis
T 3lqel

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 July 01.



Page 18

Repapi et al.

"0SWNILOSU0D FDYWYHD ays wouy Jaded uoiuedwod ayy ul pajuasald ase WNILoSU0D JOYWHD dY} JO SBIPNIS JUSNIISUOD BY JO sonsualoeieyD,

*ABojoiwapid3 o1wouas) Ul yaleasay Buiby pue LeaH o) suoyod ‘JOHVHD ‘Aanins 000z UiesH

ysiuui4 ‘000z YeaH :saipnis gz a6eis "(1oyoD yuig 9v6T Usniig ayl Se Umouy os|e) Juswdojanag pue yieaH J0 ASAINS [eUOIBN |1I9UN0YD Yaseasay [eaIpalA ‘AHSN ‘Apnis siayows weybumon syl ‘986T
40 MoyoD yuig puejul4 uisyuoN ‘986TIg4N -Bungsbny Jo uoibay sy ul yosessay yijesH aAneIadood ‘v4 YHOM -Apms HoyoD alyspiofiisH ‘SOH Apnis yijesH AjiweS Ysiiods :puejiods uolelsuss
‘SHAS:$9 Apnis Bul|pao aup ‘ApmS yieaH pue LesH s,UsWoM ysilig ‘SHHMG ‘Apnis LesH [euoiBay ysilg ‘SHYE ‘ApmiS Ui[eaH uoyassng ‘SHY 'apIXO JLIN pue BWYISY 18sUO-)NPY ‘XINOAY

:sa1pnis ez abelg "Apmis SIA ay) ‘Apnis MNSUIM 8y ‘elueIawod ul yijeaH Jo Apms ‘dIHS ‘Apms asessig xajdwo) AsudlO ‘SIAVIHO ApMmS yieaH uoneindod Uspams UIBYUOoN ‘SHASN ‘996T 10 1oyoDd

UIg pue|uI4 UIBYHON ‘996 TGN ‘Apnis eInaloy ayy :Bingsbiny Jo uoibiay aup ul ya1essay UieaH aARe1adood ‘€S YHOM 'VSLIH pue gTuim Luul4 Burrelodiodul HOYoD UM ystuuld ‘014 ‘Hoyod
UOLINN pue JadueD 0lul UoirebsaAu| aAndadsold ueadoing ‘paseq uolreindod D1d3 (SaseD asagQ ‘UOILINN pue 1adued 03Ul Uoirebnsanu| aA119adsold ueadoin3 ‘sased asago Jld3 ‘WNILOosu0) [04U0D
8580 JSNIL BLOD|[3M-HOY0D YIg 8G6T Usig ‘00D 1M-0854 ‘WNILOSUOD SaNBUa9 saiaqeld T 8dAL-10y0D yuIg 8S6T Ushg ‘0DATL-0854 ‘UaIp|IyD pue sjualed Jo Apnis [eulpmifuo uoay
‘OVdSTV :SaIpnis T 86.1S "(SANS 0€ ‘dn-moyjoy 0aryss ur) gz abeis pue (SdNS 0T ‘dn-mojjoy BuidAioush 19811p) ez abels ‘(sisAjeue-elaw SWYAND) T 8beIs ul pazAjeue SaIpnis 104 UMOYS dJe S1SLIBdRIRYD

795y azis ajduwres [e1o |
260°CC azis a|dwes qgz abeis
602'12 (0€ "331) p3AOUVHD

119 992 (000620 (s0T)6TY  (160)2€e  (0TT)20S S/—0€ 951 l2y €88 000Z YesH
©1BP 021|1S Ul YNM SBIpNIS 10z abers
¥8T'2e 8z1s ajdwes ez abeis
825'T 080'T (610180  (68°0) 05°€ (020)08z (0)€s €5-€5 00€'T  80E'T 809'C AHSN
SOWS g sonisronay (P (ps)1 (ps)1 - (p9)Ak JUSLIBNSEOM 5oy opew a0y
-1ane N ONII'AIH galueey  Tagquesyy  ‘sbeuesyy  DAIA3dIE N N Apns

N ues\

(A) abueu aby

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 July 01.



Page 19

Repapi et al.

'dNS Buipoa snowAuouAsuou ‘su .AN; umoys s sisAeue-elaw juiol ayx

ur dNS yaes Aq paurejdxa aouelteA Jo uorodoid parewiss ay L "wniuosuo) I9YVHD ayl Yium abueyaxa 0ayrs uy 10} paida|as Sem ‘2zg6889ss ‘Uoibial ayl Ul dNS aAITeuls)[e Ue ‘Blep WNIosUo) JOYVHD
a1 Ul 060566€S] 10} Alenb uoneindwi moj 01 Buimo Ing ‘erep Apnis 000z YeaH Ul ajqejieAe sem pue saipnis dn-mojjos ez abels ul padAiousb sem 060566€S! NS "82970SZTS4 104 gz pue ez sebels

10} pajuasald 10U Je SIISIIE]S 0S ‘Salpnis dN-MOo|[0) U} Ul PASSASSe J0U Sem 8Z9052 TS ‘TTPpaystignd Ajsnoiasid usaq sey UoIIeId0SSe SIUl S “umoys ase (DAH/TATJ) uoirerdosse 1s8fuons sy Joy sonsnels
i g-0T x & >d) DA/TATS pue TATH Y10g Yim Uole1dosse pamoys 829052Ts! dNS “siusuodwod Jediourd Anssoue pue Jybiay ‘xas ,Nmmm ‘abe 1oy syuawisnipe Jaije 9]eIS PaWIOySUBRI) [BLIIOU-3SIBAUI UR
UO SaJBWIIS 9Z1S-199))9 193]J8. San[eA elag gz pue ez ‘T sabels wouy eyep sapnjoul sisAjeue-elaw juior “uoneindwi 308piadwi pue sadAjoush Buissiw 03 BuImo S[enpIAIpul 95/ Ueyl Jamoj si Iy} ‘dNS Yoes
Jo} ‘saipnis (eg abels) padArouab Aj1oalip ayy wouy az1s ajdwes ayi snid ‘saipnis gz pue T abels ||e $S040e SanjeA aAIId84)a A/ 8U) JO WS 3y} SI azis ajdwes [e1o] ouaw Alfenb uoneindwi pue azis ajdwes

10 19npoJd ay1 s1 Apnis yoea ulylm azis ajdwes a8y sazis ajdwes aA110848 ayl ale umoys (/) sazis ajdwes ayl ‘erep (qz pue T abels) SYMO ay1 Jo4 *(dn-mojjo4 padAlouab eg abels 10) pa1ds]as 10U Sem
1) e1ep g pue T abels Jo sisAjeue-elaw Jaye aouedlyiubls apim-swouab mojaq snf 118} snaoj SIYl Se ‘G V) 0SLG6EZS) 104 UMOYS OS[e aJe S)Nsay "Plog Ul pajedlpul aJe 190] Aw|3 x G >) Jueayiubis
apim-awouab xis ay L *(qg abeis) Apnis 000z YHeaH a8y pue (oganssi siyr ul Jaded uoluedwod) WNIOSUOD JOYVYHD Y} Wouy eIep 0a///s uy pue (eg abeis) BuidAlousb dn-mojjos ‘(T abels) SYMO
elaN0JIdS ayy woly Ansaoue ueadoing Jo sfenpiAIpul 95y, 03 dn o sisAfeue Jutol e ut DA4/TATH 10 TATH yum ATOH x G > ) Pareld0sse sndo| Juspuadapul yaes 10} SANS 40 SANS dol ay} aJe umoys

s-0TxTCV  (810°0) 2200  0S0'TC S80 Oz (uonun) ¥GSH.L

67029 %600 c-0Tx¥2'L  (800°0) 090°0 -0TxTSL  (TT0°0) V00  ¥2T'9C G680  ®Z 9 ‘(PLT'2€9'69) OAL/*A3A ST
60T x /T, (#10°0) 2800  G/8'6T ¥8°0 T 8796682TS4
¢-0Tx22€  (€10°0)8€00  095'TC vevo ¢ (vonu) zwvva

WYy %L00  ¢-0Tx86L  (800°0) ¥¥0°0 — — 0 6ro % o) ‘(eve'268'68)  OAD/TATA 9
00T x98'G  (TT0°0) 8¥0'0  /88'6T T 0£.G6€2s4
s-0Tx¥2C  (1€0°0) 0ST'0  866'TC v00 Oz (su) ¥79v

0T¥'29 %600  -0Tx20€  (1T0°0) 880°0 ,0Tx06L  (F70°0) 6900  622'9C 900 ¥ L ‘(Tev'ése'ee)  OAd/fA3A 9
,0Tx98G (€20°0)GTTO  €8T'6T 500 T 009020254
oTx9sg (€L000) G200  2vv'Te geg & (uonun) pd L H

v60'TY %800 60T x.T'8  (900°0) ¥EO'0 T xesT — 0 oo ¥ R (006'928"L¥T) 'Aad S
& (T70°0) L5000  2S9'6T T 228688951
1-0Tx29%  (050°0) 200~ €88 9€'0 a2 (onu) p&LH

G0E'6y  %L00 0T x62%  (900°0) 8200 v-0T x¥0'€  (800°0) 6200  0£9'6C wo e 2 ‘(800'928'L¥T) TA34 §
,0Tx9¢T  (TT0°'0) 8500  26L'8T 70 T 060566€S4
— — 0 qz (weansdn) g/HH

00V'6T %20  ¢r-0Tx8%7'9  (TT00) LL0°0— — — 0 950  ®g 1 ‘(#22'369'GPT)  DAL/TAIS 12
e1-0T x 879 (TT0°0) 2L0°0-  00F'6T T 8297052184
9-0TxLE€  (¥T0°0) 9900 26022 100 qz (vonun) @o159

88Y'€.  WYT'0  ¢-0Tx8TC  (600°0) 680°0 1-0Tx 158  (€T0°0) 2600  LTIC'TE 900 ez 9 ‘(£5€£'806'90T) TA34 12
010T x 299  (220'0)GET0  6.T°0C 900 T 9259TS0TSA
v-0Tx¥6'T  (200°0) L20'0  269'TC 90 a2 (su) 7SNL

628'0L %.00 ¢I-0TxTTT (S00°0) S€0°0 0T x€06  (8000) TEO'0  226'6C 090  ® 9 ‘(66£'16€'8T2) TA34 ¢
,0TxTyz  (TT0°0) L6500  0TL'8T 650 T GiiT.Gesd
d (wras) e18g . uonouny

L d  (wes)ewg N slalre mcwt sbmis PP (uomsod ge1goN)  aunsean  auo

N Sebels ||e Jo SisAjeue-elaw Julor 121I® P3PO3 P3pod ail dNs

uonauny Bunj yim pajeroosse 1907

¢?olqel

® Europe PMC Funders Author Manuscripts ® Europe PMC Funders Author Manuscripts

; available in PMC 2010 July 01.

Nat Genet. Author manuscript



Page 20

Repapi et al.

"UMOYS aJe snyels BUIBOLUS-1aAaU sNsIaA Buiyows-1aAs 10y paisnipe pue sniels Buiyows Joy paisnipeun sasAjeue woly salewisy “(v) azis ajdwes aA119a4a (10} 31e|njed o}
SSIPNIS SSOOB PBLULUNS 819M pue oLlaw Aljenb uonendwi pue azis sjdwes Jo 1onpoid ay) se Apnis yaes uIyIIMm pare|nojes sem azis ajdwes aA10a44T “erep T abels ayl Ul 8]eds PaLLIOSUR.] [BUIIOU-8SI9AUI U.

UO S31BWIISS 9ZIS-108)43 109}49) UMOYS SaNjeA elag “qg pue ez ‘T sobels woly exep ul OA4/TAIS Jo TATH Jays yum Aw|3 X G > /) UoIRIo0sSe JuedlyIubis apIm-awoual pamoys ajqes Ul papnjoul dNS yoes

01-0T X959 G100 2600 e-0Tx LT'L  $100 2800  OAH/'A34 (uonun) pgsH.L

IT°0  GI00  ¥200- G800  ¥I00 ¥20°0- ONd ‘(vL12€¥69)

G200 STO0 €00 1700 ¥T0'0 8200 TA3d G/8'6T v 9 6T 8T96682TS!

;0T X2VT %200 92T0 ;0T x985 €200 GITO  OAdA3d (su) 479V

¥YT0  ¥200 GE00- €900 €200 EV00- ONd ‘(Tzveszee)

2.00 %200  ¥v00 ¥2'0 €200 200 TA3d  €8T'6T 2 1 9 0090£0gs!

0T xXEL 1700 800 0TxSTT 1700 9v00  OAdlA3d (uonu) p&LH

G2000 TI00 €00 1200 TI00 G200 ONd ‘(006928.¥T)

g-0Tx€CS  TI00 2900 JOTXELT  TT00 2S00 TA3d  259'6T v 9 S 22868891

p-0TX0L 1100 8£00 -0Tx26T 71100 Gv0'0  OA/TA3A (uonun) p&iLH

87000 TI00 T€00 v€00  TI0O0 €200 ONd ‘(800928.¥T)

0T xLV'T  TI00 6500 (0T X9ET 1100 8500 A4 ¢6L'8T v 2 S 060566€s/

e1-0TxSC'8 1100 080°0cT- e-0Tx879 1100 £200- OAJ/A3S (weansdn) g/HH

9900 TTO0  020°0ST- 900 TI00 T200- OAd ‘(22859G¥T)

01-0T x8T'L  TTI00 69006T- or-0Tx0ST TI00 890°0- TA34  00v'6T 2 1L 4 829v0GZTS!

610 €200 0£00 ¥800 zzo0 8€00  OAJ/AS (uonun) o159

0T x6CT €200 6TT0 1-0Tx€SC  zzo0  2IT0 ONd ‘(€5€80690T)

0T x90C €200 8ET0 01-0T X L9'9 2200 GET'0 TA34  6.T'02 v 9 4 9259TS0TS!

€000  ZT00  TE0O 8100 1100 9200 OAd/'A3A (su) TSN.L

v-0T xv6'8 1100  8€0°0 0T x¥8T 1100 THOO ONd ‘(66€T6€812)

0-0TxZTC ZI00 GS00 (OTXTVC 1100 2S00 TA34  0TL'8T v 9 z GhT.Ges

d 'was  eleg d 'was  elag

a|9|e a|9|e uonouny ‘(uorisod

sasAjeue T abels paisnlpe-bupjows  sasAjeue T abels paisnipeun ES[IN=ET] N PIPOJUON  Papod  “4yD 9€19DON) dl dNS
e1ep

(swMO rigNoaids) T abeis ul Bujows 10} uawisnlpe jo 10edwi pue ‘OA4/TATH pue DAL ‘TATH 01 190] Juedipiubis spim-awousb 1e SdNS Jo uone|ey
€9|qel

® Europe PMC Funders Author Manuscripts ® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 July 01.



