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Abstract 

Background: Although several genome wide association studies (GWAS) have 

investigated the genetics of pulmonary ventilatory function, little is known about the 

genetic factors that influence gas exchange. 

Aim: To investigate the heritability of, and genetic variants associated with the 

diffusing capacity of the lung. 

Methods: GWAS was performed on diffusing capacity, measured by carbon 

monoxide uptake (DLCO) and per alveolar volume (DLCO/VA) using the single-

breath technique, in 8,372 individuals from two population-based cohort studies, the 

Rotterdam Study and the Framingham Heart Study. Heritability was estimated in 

related (n=6,246) and unrelated (n=3,286) individuals. 

Results: Heritability of DLCO and DLCO/VA ranged between 23% and 28% in 

unrelated individuals and between 45% and 49% in related individuals. Meta-analysis 

identified a genetic variant in ADGRG6  that is significantly associated with 

DLCO/VA. Gene expression analysis of ADGRG6  in human lung tissue revealed a 

decreased expression in patients with COPD and  subjects with decreased 

DLCO/VA. 

Conclusion: DLCO and DLCO/VA are heritable traits, with a considerable proportion 

of variance explained by genetics. A functional variant in ADGRG6  gene region was 

significantly associated with DLCO/VA. Pulmonary ADGRG6  expression was 

decreased in patients with COPD. 



 

Key words: DLCO, DLCO/VA, Population based, eQTL, gene expression, human 

lung tissue.    



 

Introduction 

The respiratory system can be separated functionally into two zones. The first one is 

the conducting zone, which includes the trachea, bronchi, bronchioles, and terminal 

bronchioles and which is functional in ventilation, i.e. conducting the air in and out of 

the lungs. The second zone is the respiratory zone, which consists of the respiratory 

bronchioles, alveolar ducts and alveoli, the site where oxygen and carbon-dioxide are 

exchanged between the lungs and the blood. 

Different pulmonary function tests are available that measure these distinct functions 

of ventilation and gas exchange. These tests help to evaluate and manage patients 

with respiratory symptoms and diseases, and include spirometry, measurements of 

lung volumes, and the diffusing capacity of the lung for carbon monoxide (DLCO). 

The latter, also known as transfer factor of the lung for CO, provides a quantitative 

measure of gas transfer in the lung (1, 2) and reflects processes in the alveolar 

compartment and pulmonary microcirculation. 

The DLCO provides clinical insights complimentary to those obtained by spirometry 

and lung volume measurements, for example, in discriminating asthma from chronic 

obstructive pulmonary disease (COPD), to identify causes of hypoxemia or 

dyspnoea, and to monitor patients with interstitial lung disease (3). DLCO is 

decreased in patients with emphysema due to a decrease in the total surface area of 

the lung and the loss of capillary beds (1, 4). In contrast to the abundance of 

genome-wide association studies (GWAS) investigating genetic variation of 

spirometry measures (5-8), the heritability of, and genetic influences on DLCO, are 

largely unknown. 



 

Therefore, we first investigated the heritability of DLCO to understand which 

proportion of the variance in DLCO can be explained by genetics. Next, we 

performed a GWAS, to identify genetic variants affecting the variability in DLCO, 

using data from two prospective population-based cohorts; the Rotterdam Study and 

the Framingham Heart Study. Finally, we investigated the expression of the lead 

GWAS association in lung tissue of individuals with COPD and (non-smoking and 

smoking) controls. 

 

 

Methods  

In this section the methods will be described briefly. Please see Supplemental 

Methods in the Online Data Supplement for more detailed information. 

Setting 

The present meta-analysis combined results from two population-based studies, i.e. 

the Rotterdam Study and the Framingham Heart Study. In both cohorts, only 

individuals of European ancestry were included in the analyses. The Rotterdam 

Study (9) is an ongoing prospective population-based cohort study that includes 3 

cohorts encompassing 14,926 participants aged ≥ 45 years, living in the Netherlands. 

DLCO was measured between 2009-2013. 

The Framingham heart study is a population-based family study that recruited 

residents of Framingham, Massachusetts starting from 1948. DLCO was measured 

at the 8th and 9th examinations of the Offspring Cohort (2005-2008 and 2011-2014) 

and the 1st and 2nd examinations of the Third Generation Cohort (2002-2005 and 



 

2008-2011). For participants with measurements at both time points, we analyzed the 

later measurement.  

Lung function 

DLCO (mmol/min/kPA) and alveolar volume (VA) were measured by the single 

breath technique in accordance with ERS / ATS guidelines (2). The DLCO per 

alveolar volume (DLCO/VA; mmol/min/kPA/liter) was calculated by dividing the DLCO 

by VA. Analyses were restricted to participants with two interpretable and 

reproducible measurements of DLCO and DLCO/VA. 

Heritability analysis 

Heritability was defined as the ratio of trait variance due to additive genetic effects to 

the total phenotypic variance after accounting for covariates. In the Rotterdam Study 

GCTA software (10) was used to estimated heritability in unrelated individuals. In the 

Framingham Heart Study SOLAR software (11) was used to estimate heritability 

based on familial relationships. Analyses were adjusted for age, sex and principal 

components of genetic relatedness ((PC), in GCTA only). Additional adjustment for 

current and former smoking were done in a subsequent analysis. 

GWAS analyses 

A GWAS was performed for both phenotypes DLCO and DLCO/VA using ProbABEL 

(version 0.4.4). Variants with imputation quality (R2) < 0.3 and minor allele frequency 

(MAF) < 0.01 were excluded from the analyses. Linear regression was conducted for 

each SNP, assuming additive model. All analyses were adjusted for age, sex and PC 

(Rotterdam Study only) in model 1 and additionally adjusted for smoking, weight and 

height in model 2. A random effect was added to the model to account for familial 

relationship in the Framingham Heart Study analyses. Data were meta-analyzed 

using METAL software and were adjusted for genomic control. Genome-wide 



 

significance threshold was set at P-value < 5 x10-8 and for suggestive associations at 

P-value 5 x 10-7. Quantile-quantile plots, Manhattan plots and regional plots were 

generated using the R software. Analyses were repeated after 1) correction for 

haemoglobin in the Rotterdam Study and 2) additional adjustment for FEV1/FVC, 3) 

additional adjustment for quantitative emphysema (lower than -950 LAA on CT scan 

of the lungs) as measured in the Framingham Heart Study within 8 years from the 

lung function measurement.  

Follow-up analyses 

Several steps were taken in order to explore the functionality of the variants and 

genes of interest, and to associate those newly identified loci to clinically relevant 

disease outcomes. 1) Genetic correlations were investigated, 2) Genetic overlap was 

investigated with SNPs that are significantly related to COPD (12) and emphysema 

(13). 3) Posterior probability of causality of the lead SNP was calculated using 

FINEMAP software (14) . 4) The regulatory function of the lead SNP was explored on 

the Haploreg server. 5) The effect of the lead SNP on mRNA expression was 

checked (Expression Quantitative Trait Loci (eQTL) analysis), using lung tissue 

dataset from Genotype Tissue Expression (GTEx) portal (see URLs). 6) Tissue-

specific gene expression was checked in GTEx portal and  7) Finally, mRNA 

expression of the ADGRG6  gene was analysed in lung tissue (using real-time PCR) 

of 92 patients with or without COPD. 

 

 



 

Results 

The study cohorts and participant characteristics 

The general characteristics of the study populations (the Rotterdam Study and the 

Framingham Heart Study) are shown in Table 1. The mean age was 67.3 (SD 8.0 yr) 

years in the Rotterdam Study and 52.8 (SD 14.8 yr) years in the Framingham Heart 

Study. Figure 1 shows the study flow of participants that were included in this study. 

Heritability 

Heritability was estimated in two ways, the first one was by using the Rotterdam 

Study data with unrelated individuals, with a total number of 3,286 participants with 

genetic data and interpretable measurements of DLCO. The second was by using 

data from the Framingham Heart Study to estimate heritability based on familial 

relationships in 6,246 participants with interpretable measurements of DLCO (Figure 

1). In Table 2 heritability estimates for DLCO and DLCO/VA are presented. In 

unrelated individuals, we found an age- and sex- and PC-adjusted heritability for 

DLCO of 23%, and a heritability of 28% after additional adjustment for current and 

past smoking. Similar heritability estimates were found for DLCO/VA with 24% after 

adjustment for age, sex and PC, and 25% after additional adjustment for smoking. In 

the Framingham Heart Study, investigating individuals with known familial 

relationships, we found an age- and sex-adjusted heritability for DLCO of 49%, and a 

heritability of 47% after additional adjustment for current and past smoking. 

Heritability estimates for DLCO/VA were 45% after adjustment for age, sex, and 46% 

after additional adjustment for current and past smoking.  



 

Genetic variants associated with diffusing capacity 

We performed GWAS on DLCO and DLCO/VA in the Rotterdam Study (n=2,574) and 

the Framingham Heart Study (n= 5,798), and subsequently meta-analysed both 

cohorts (n= 8,372). All variants with a p-value below 5 x 10-6 at the meta-analysis 

stage are presented in Table 3. The corresponding quantile-quantile plots are 

presented in Figure E1 in the Online Data Supplement. GWAS results of the 

separate cohorts with (P-value < 5 x 10-6), are presented in Tables E1 and E2 in the 

Online Data Supplement. 

Analyses were adjusted for age, sex and PC in model 1. In model 2 analyses were 

adjusted for variables in model 1, in addition to weight, height, current and past 

smoking. 

Figure 2 represents the Manhattan-plots of DLCO GWAS at the meta-analysis level. 

For both DLCO analyses (models 1 and 2), no variant reached genome wide 

significance threshold. In model 2, two variants at 10q22.1 (rs1665630, gene: 

CDH23, MAF: 0.44, P-value= 2.8 x 10-7) and at 20p12.3 (rs2423124, close to gene: 

GPCPD1, MAF:0.19, P-value=4.2 x 10-7) showed a suggestive association with 

DLCO. 

Figure 3 represents the Manhattan-plots of DLCO/VA GWAS at the meta-analysis 

level. Nineteen variants at the same locus at 6q24.1 (top: rs17280293, gene: 

ADGRG6; MAF: 0.03, P-value= 1.4 x 10-10), were significantly associated with 

DLCO/VA in model 1(see regional plot in Figure 4). Of these, six variants at the 

same locus at 6q24.1, reached the genome-wide significance threshold in model 2. 

Sensitivity analysis by adjusting for FEV1/FVC did not explain the effect of the 

association between rs17280293 and DLCO/VA (beta=-0.07 (SE: 0.01), P-value= 

1.51 x 10-10 after adjustment for FEV1/FVC) versus (beta=-0.07 (SE 0.01), P-value= 



 

7.9 x 10-11 before adjustment for FEV1/FVC in model 2) (see Figure E2 in Online 

Data Supplement). Similarly, adjusting for quantitative emphysema (<-950 LAA on 

CT scan of the lungs) in a subset of the Framingham Heart Study (n=2,176) did not 

alter the association between rs17280293 and DLCO/VA (beta= -0.06 (SE 0.02), P-

value= 0.003 after adjustment for emphysema) versus (beta= -0.06 (SE 0.02), P-

value= 0.002 before adjustment for emphysema). Moreover, in both models, a variant 

at 5q12.1 (rs918606, gene: IPO11; MAF: 0.44; P-value model 1= 5.96 x 10-8, P-

value-model 2= 7.49 x 10-8) was found to be suggestively associated with DLCO/VA. 

Additional sensitivity analysis by adjusting for haemoglobin blood concentrations did 

not materially change the results of the DLCO/VA GWAS (see Supplemental 

Results in the Online Data Supplement). 

Interestingly, a more in depth investigation of the ADGRG6 region (Figure 4) 

revealed the presence of two missense variants; the lead SNP rs17280293 and 

rs11155242 (MAF 0.19, P-value=2.1 x 10-06). Those two SNPs showed to be in LD 

with each other, with r2=0.14 and D’=1. 

Follow-up analyses 

In this section, the most important findings of the follow-up analyses will be 

summarized including genetic correlations and gene expression in lung tissue. 

Additional results on the genetic correlations, overlap with reported COPD and 

emphysema GWAS associations, posterior probability of causality, functional 

annotation and gene expression will be presented in the Supplemental Results and 

Figures in the Online Data Supplement.   



 

Genetic correlations 

We examined the genetic correlation between DLCO/VA and DLCO using the age, 

sex, smoking status, weight, height and PC adjusted model. The genetic correlation 

was 59% (ρgenetic=0.59, P-value=0.04). This was in line with the phenotypic 

correlation between DLCO and DLCO/VA (r2=0.46 in the Rotterdam Study and 

r2=0.57 in the Framingham Heart Study, P-value < 0.01). We also examined the 

genetic correlation with FEV1/FVC and height (see Supplemental Methods and 

Results in Online Data Supplement).  

ADGRG6  expression  

We extracted mRNA from lung resection specimens of 92 patients who underwent 

surgery for solitary pulmonary tumours or lung transplantation, including 44 patients 

without COPD and 48 patients with COPD (Table 4). The mRNA expression of 

ADGRG6  was significantly lower in lung tissue of patients with decreased DLCO/VA 

compared with patients with normal DLCO/VA (Figure 5A) and in subjects with 

COPD (encompassing different categories of COPD severity according to the GOLD 

spirometric classification) compared to never smoking controls (Figure 5B). The 

ADGRG6  mRNA levels were significantly associated with DLCO/VA after adjustment 

for age and sex in model 1 (n=67 β=0.85 (95% CI 0.06-1.64)) and after additional 

adjustment for weight, height and smoking in model 2 n=66 (β=0.75 (95% CI 0.03-

1.47)).  

 

 



 

Discussion 

This is the first study that has investigated the heritability of, and genome-wide 

association with, diffusing capacity of the lung using population-based cohort studies. 

We found a considerable proportion of variance in diffusing capacity of the lung 

explained by genetics. We also identified one locus on chromosome 6, 

encompassing the ADGRG6 gene, that is associated with DLCO/VA and its lead 

variant showed to have a high posterior probability of causality compared to other 

SNPs in the same region. Finally, we were able to link the pulmonary expression of 

ADGRG6 directly to COPD and to low DLCO/VA (compatible with emphysema in this 

general population). Here, we demonstrated a differential mRNA expression of 

ADGRG6 in lung tissue of COPD patients and patients with decreased DLCO/VA. 

Heritability and genetic overlap 

Studies on heritability of DLCO in the general population and unrelated individuals 

are lacking, and so far, DLCO heritability has been studied only in twins (15, 16), with 

a highest reported estimate of 44%. In our study, we estimated the REML based 

heritability of DLCO using the GCTA tool in unrelated individuals of the Rotterdam 

Study (17), and observed an age- and sex-adjusted heritability of DLCO and 

DLCO/VA of 23% and 24%, respectively. We also investigated heritability based on 

known familial relationships in the Framingham Heart Study. Here we found an age 

and sex-adjusted heritability of DLCO and DLCO/VA of 49% and 45%, respectively. 

The latter heritability estimates among familial related individuals are in line with the 

heritability estimates in twin studies and highlight the robustness of our data. 

Importantly, our study is the first to investigate the lower bound of heritability of DLCO 

that would be estimated by family and twin studies (18). The advantage of estimating 



 

heritability in unrelated individuals using GCTA in addition to the approach based 

upon family and twin studies is, that GCTA calculates the proportion of heritability 

that covers the additive effects of commons SNPs only, and does not suffer from bias 

due to epistatic interactions or shared environment. The latter effects might indeed be 

present in family and twin studies, leading to an overestimation of the heritability (18-

20).  

Despite their similar estimates of heritability, DLCO and DLCO/VA showed to have 

different genetic determinants due to a genetic overlap between the two traits of 

59%, explaining why we could not observe the same lead association in the two 

analyses. 

Variation in ADGRG6 

The meta-analysis of genetics variants of DLCO/VA yielded one genome-wide 

significant association, along with a number of suggestive associations that did not 

reach genome-wide significance. The lead variant (rs17280293) in this study is a 

missense SNP in ADGRG6, with a MAF of 0.03 which is comparable to that in public 

datasets (0.03 ExAC, 0.02 TOPMED and 0.03 in 1000 genomes). Mutation in this 

SNP causes an amino acid change (S123G), which is predicted to have a deleterious 

effect as indicated by both SIFT (21) and Polyphen2 (22). It is therefore likely that this 

SNP is functional in ADGRG6. In this study, we showed that this variant has a high 

posterior probability of causality compared to other SNPs in the same region and that 

this SNP is associated with different regulatory chromatin marks, promotor histone 

marks, and enhancer histone marks in different tissue cell lines including foetal lung 

fibroblast cell lines and lung carcinoma cell lines. In addition, rs17280293 always co-

occurs with another functional SNP in the region (rs11155242, D’=1), which is an 

eQTL for ADGRG6 in human lung tissue.  



 

Previous studies have also shown that variation at ADGRG6 is associated with 

spirometric measures of lung function (5) (7). Soler Artigas and colleagues observed 

a strong association between spirometry, particularly FEV1/FVC, and another SNP 

rs148274477, which is in strong LD with rs17280293. However, since airflow 

limitation (i.e. a low FEV1/FVC ratio) might be correlated with low diffusing capacity 

due to loss of elastic recoil in subjects with emphysema, we assessed the possibility 

that the observed association between rs17280293 and DLCO/VA might be driven by 

FEV1/FVC. However, this sensitivity analysis indicated an independent association 

between rs17280293 and DLCO/VA because additional adjustment for FEV1/FVC did 

not affect the estimate and no genetic overlap could be proven between DLCO/VA 

and FEV1/FVC. Other studies have associated genetic variation in ADGRG6 with 

height. In our study, adjustment for height did not affect the association between 

DLCO/VA and rs17280293, suggesting that the lead association in our GWAS is 

independent of height. In addition, genetic overlap disappeared after additional 

adjustment for height in the model, indicating no residual confounding by height in 

our analyses.  

Furthermore, Eichstaedt and colleagues recently used whole genome sequence data 

from 19 Argentinean highlanders compared to 16 native American lowlanders and 

showed that rs17280293 might contribute to the physiological adaptations to 

hypobaric hypoxia (23). 

Gene function and expression 

The ADGRG6  gene (adhesion G protein-coupled receptor G6) belongs to the G-

protein coupled receptor (GPCR) super family, the largest known receptor family in 

the human genome. It has been previously shown to be essential in angiogenesis 

(24). ADGRG6, a relatively new adhesion GPCR, has been shown to promote 



 

vascular endothelial growth factor (VEGF) signaling, by modulating the expression of 

endothelial growth factor receptor 2 (VEGFR2). Since ADGRG6 is involved in 

angiogenesis, which is critical for the development of pulmonary capillary beds during 

fetal life, deletion of ADGRG6 leads to mid-gestation embryonic lethality due to failure 

in cardiovascular development. GWA studies of spirometric measures of airflow 

limitation (FEV1/FVC ratio) have indicated several genes and pathways involved in 

branching morphogenesis and lung development, implicating an early life origin of 

complex adult respiratory diseases such as COPD. Intriguingly, this GWA study of 

diffusing capacity of the lung (DLCO and DLCO/VA) also indicates a gene (ADGRG6) 

which is implicated in cardiopulmonary development during fetal life. 

The modulating effect of ADGRG6 on VEGFR2 expression was shown to be 

mediated through the transcriptional activation of STAT5 and GATA2 (24). 

Interestingly GATA2 was recently linked to pulmonary alveolar proteinosis (25), a 

rare lung disease, characterized by an abnormal accumulation of pulmonary 

surfactant in the alveoli, leading to an altered gas exchange. 

Moreover, knock down of ADGRG6 in the mouse retina was shown to result in the 

suppression of hypoxia-induced angiogenesis (24). This information is interesting in 

two ways: first it links ADGRG6 to hypoxia, which is very much related to gas-

exchange. Second, processes in the retina might provide a unique insight into lung 

microvasculature, since vascular changes in both the retina and the alveoli reflect 

very much the same process, i.e. micro-angiopathy. 

Although there is a good body of evidence that ADGRG6 is important in lung 

development and micro-angiopathy, mRNA expression of ADGRG6 has not been 

studied in lung diseases such as COPD and decreased diffusing capacity. Therefore 

we performed an expression analysis of ADGRG6 in human lung tissue and 



 

demonstrated that mRNA expression of ADGRG6 is decreased significantly in 

patients with COPD and individuals with a decreased DLCO/VA.  

Strengths and limitations 

We conducted our analyses using data from two population based studies; the 

Rotterdam Study and the Framingham Heart Study. The strength of these studies is 

the population-based setting including data from smokers and non-smokers, and the 

standardized prospective data collection. We are not aware of other population-

based cohort studies that have DLCO data in genotyped individuals available. 

Therefore, replication in other population-based cohorts was not possible. Yet, the 

results of the independent analyses in the Rotterdam study and the Framingham 

Heart Study show, that rs17280293 already reaches genome-wide significance in the 

Framingham Heart Study and replicates in the Rotterdam Study. Finally, a gene 

expression analysis on lung tissue was performed in our lab in very well-defined 

patient groups. 

This study has also some limitations. First, for the measurements of diffusing 

capacity, the single-breath technique was used. This technique is known to 

underestimate measurements of alveolar volume in individuals with obstructive 

disease or air trapping, since diffusing capacity cannot be measured in poorly 

ventilated areas of the lung. It is also known that the underestimation of VA will be 

greater in more severe COPD and less in milder COPD. However, in our population-

based cohorts, there are few individuals with severe COPD; therefore, reducing the 

impact of the underestimation of VA in our study. Secondly, haemoglobin corrected 

DLCO measures were only available in the Rotterdam Study. However, the 

performed sensitivity analysis with or without correction for haemoglobin did not 

materially change the results within the Rotterdam Study. Third, the high D’ between 



 

rs17280293 and rs11155242 might suggest linked variant occurrence. However, the 

high D’ between those variants –estimated using data from the 1000 genomes 

reference panel- could result from the inflated estimation of D’ due to the low 

frequency of the SNPs. For this, it would be helpful to estimate the D’ in a bigger 

reference panel such as the haplotype reference consortium whenever this 

information would be available in the future. Finally, in this study, we controlled for 

FEV1/FVC in our models. We also investigated the genetic correlation between gas 

exchange and FEV1/FVC. While controlling for FEV1/FVC in our analysis is 

compelling that rs17280293 is independently associated with DLCO/VA, lack of 

genome-wide genetic correlation between diffusing capacity and FEV1/FVC does not 

exclude the possibility of pleiotropy at this specific locus, given that genetic 

correlation analyses are influenced by power, and our GWAS has a relatively small 

sample size. Therefore, caution is warranted by interpreting these results.   

In conclusion, DLCO and DLCO/VA are heritable traits with a considerable proportion 

of variance in diffusing capacity of the lung explained by genetics. We identified a 

functional variant in ADGRG6, a gene which is involved in gas exchange and hypoxia 

and differentially expressed in lung tissue of patients with COPD and subjects with 

decreased diffusing capacity. Therefore, experimental studies are needed to 

investigate the pathophysiological mechanisms and their therapeutic implications.  
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Figure legends 

Figure 1 Flowchart of study participants. 

DLCO: Diffusing capacity of carbon monoxide; FHS; the Framingham Heart Study; 

GWAS; genome wide association study; GCTA: Genome-wide Complex Trait 

Analysis software; N= number of participants; RS: the Rotterdam Study; SOLAR: 

Sequential Oligogenic Linkage Analysis Routines package; VA: Alveolar volume; 

VCin: vital capacity measured during maximal inspiration; VIN: inspiratory volume.

 

Figure 2 Common genetic variants associated with diffusing capacity of the lung for 

carbon monoxide (DLCO). 

A: Manhattan-plot of the association between common genetic variants and DLCO, 

adjusted for age, sex and principal components of genetic relatedness.  

B: Manhattan-plot of the association between common genetics variants and DLCO, 

adjusted for age, sex, weight, height, smoking and principal components of genetic 

relatedness. 

 

Figure 3 Common genetic variants associated with diffusing capacity of the lung per 

alveolar volume (DLCO/VA). 

A: Manhattan-plot of the association between common genetic variants and 

DLCO/VA, adjusted for age, sex and principal components of genetic relatedness.  

B: Manhattan-plot of the association between common genetics variants and 

DLCO/VA, adjusted for age, sex, weight, height, smoking and principal components 



 

of genetic relatedness. 

 

Figure 4 Regional association plot of the genome-wide significant locus in DLCO/VA 

GWAS. 

 

Figure 5 Pulmonary mRNA expression of ADGRG6 in human subjects  

A) mRNA levels of ADGRG6 in lung tissue of individuals with normal DLCO/VA 

(n=38) and low DLCO/VA (n=39). mRNA levels were corrected using a calculated 

normalization factor based on mRNA expression of three reference genes (GAPDH, 

SDHA, HPRT-1). 

B)  mRNA levels of ADGRG6 in lung tissue of never smokers (N=18), smokers 

without airflow limitation (N=26), patients with COPD GOLD II (N=34) and patients 

with COPD GOLD III-IV (N=14), as measured by quantitative RT-PCR.  

For statistical analysis, Kruskal-Wallis followed by Mann-Whitney U test was used for 

COPD (*P<0.05 and **P<0.01) and an independent sample t-test was used for 

DLCO/VA after rank transformation (* p<0.05). 

 

  







 

 

 

 

 



 

Tables 

Table 1: General characteristics of the study populations 

 RS FHS 

 N= 2,574 N= 5,798 

Age, years 67.3 (8.0) 52.7 (14.8) 

Female, % 51.9 53.9 

Weight, Kg 80.5 (14.9) 79.7 (18.5) 

Height, cm  170.6 (9.2) 168.9 (9.5) 

Former smokers, % 55.4 39.9 

Current smokers, %  11.5 10.9 

Never smokers, % 33.1 49.2 
 

DLCO (mmol/min/kPA) 8.0 (1.8) 8.3 (2.3) 

DLCO corrected for Hb (mmol/min/kPA) 7.9 (1.7) NA 

DLCO/VA (mmol/min/kPA/VA) 1.5 (0.2) 1.5 (0.2) 

DLCO/VA corrected for Hb (mmol/min/kPA/VA) 1.5 (0.2) NA 

FEV1 (L) 2.8 (0.7) 3.1 (0.9) 

FEV1, % predicted 105.3 (19.8) 99.2 (14.9) 

FVC (L) 3.7 (1.0) 4.2 (1.1) 

FVC, % predicted 110.1 (17.6) 102.7 (13.5) 

FEV1/FVC, % 76.4 (7.1) 75.4 (6.9) 

 

DLCO: Diffusing capacity of the lung for carbon monoxide; DLCO/VA: Diffusing 

capacity of the lung for carbon monoxide by alveolar volume; FEV1: Forced 

expiratory volume during the first second; FHS: Framingham Heart Study; FVC: 

Forced vital capacity; Hb: Haemoglobin; RS: Rotterdam Study 

Values are means (standard deviation) for continuous variables or percentages for 

dichotomous variables.  



 

Table 2: Heritability of diffusing capacity of the lung  

Model* Rotterdam Study (RS) 

N=3,286 unrelated individuals 

Framingham Heart Study (FHS) 

N=6,246 with known familial relationships 

 DLCO DLCO/VA DLCO DLCO/VA 

 h
2 
(SE) P-value h

2 
(SE) P-value h

2 
(SE) P-value h

2 
(SE) P-value 

1 0.23 (0.10) 0.01 0.24 (0.10) 0.009 0.49 (0.03) 2.3 x 10
-106 

0.45 (0.03) 5.0 x 10
-82 

2 0.28 (0.10) 0.002 0.25 (0.10) 0.0075 0.47 (0.03) 8.5 x 10
-100 

0.46 (0.03) 7.6 x 10
-84 

DLCO: Diffusing capacity of the lung for carbon monoxide; DLCO/VA: Diffusing 

capacity of the lung for carbon monoxide by alveolar volume; FHS: The Framingham 

Heart Study; h2: heritability estimate; RS: The Rotterdam Study; SE: Standard error.  

* Model 1: adjusted for age, sex and principal components of genetic relatedness (RS 

only); Model 2: adjusted for age, sex, smoking and principal components of genetic 

relatedness (RS only). 

  



 

Table 3: Independent genetic variants that are significantly or suggestively 

associated with DLCO or DLCO/VA at meta-analysis level.  

Trait SNP Chr:Pos Gene ‡ A1/A2 RS (n=2,574)  
 

FHS (n=5,798) RS and FHS (n=8,372) 

     Β P-value Β P-value Β P-value 

DLCO* - - - - - - - - - 
- 
 

DLCO† 

rs1665630 10:73426862 CDH23 T/C .11 6.4x10
-4

 .10 9.1x10
-5

 0.11 2.8x10
-7 

 

rs2423124 20:5636945 GPCPD1 T/C -.20 1.4x10
-6

 -.10 2.5x10
-2

 -.16 4.2x10
-7 

 

DLCO/VA* 

rs17280293 6:142688969 ADGRG6 A/G -.06 3.0x10
-3

 -.08 6.7x10
-9

 -.07 1.4x10
-10 

 

rs918606 5:61926379 IPO11 A/G -.02 2.0x10
-3

 -.02 5.8x10
-6

 -.02 6.0.x10
-8 

 

rs75834976 4:5231710 STK32B A/C -.04 2.4x10
-3

 -.04 5.5x10
-5

 -.04 6.0x10
-7 

 

rs56315120 1:165168869 LMX1A A/G -.02 0.24 -.06 1.5x10
-7

 -.05 7.8x10
-7 

 

DLCO/VA† 

rs17280293 6:142688969 ADGRG6 A/G -.06 4.3x10
-3

 -.07 2.3x10
-9

 -.07 7.9x10
-11 

 

rs918606 5:61926379 IPO11 A/G -.02 1.2x10
-3

 -.02 1.3x10
-5

 -.02 7.5x10
-8 

 

A1: The first allele; A2: the second allele; B: the effect estimate which are additive 

effects for each copy of A1; Chr:Pos: Chromosome and position; DLCO: Diffusing 

capacity of carbon monoxide; DLCO/VA: Diffusing capacity of carbon monoxide by 

alveolar volume; FHS: the Framingham Heart Study; RS: the Rotterdam Study (Meta-

analysis RSI, RSII and RSIII); SNP: single nucleotide polymorphism 

*Model 1: Adjusted for age, sex and principal components 

†Model 2: Adjusted for age, sex, weight, height, smoking and principal components  

‡The Gene name is a label of the region using the closest gene but does not 

necessarily pinpoint the responsible gene 

Bold indicates statistically significant.



 

Table 4: Characteristics of study individuals for lung mRNA analysis (by RT-PCR) 

(n=92) 

 Never smokers Smokers without COPD COPD GOLD II COPD GOLD III-IV 

Number 18 26 34 14 

Gender ratio (m/f) 6/12 § 19/7 § 31/3 § 8/6 § 

Age (years) 65 (56-70) 63 (55-70) 66 (58-69) ‡ 56 (54-60)*† ‡ 

Current- / ex-smoker NA 16/10 22/12 0/14 

Smoking history (PY) NA 28 (15-45)* 45 (40-60)* ‡ 30 (25-30)*† ‡ 

FEV1 post BD (L) 2.7 (2.3-3.2) 2.7 (2.3-3.3) 2.0 (1.8-2.4)* ‡ 0.7 (0.7-0.9)*† ‡ 

FEV1 post BD (% predicted) 102 (92-116) 95 (93-112) 68 (61-75)* ‡ 26 (20-32)*† ‡ 

FEV1 / FVC post BD  (%) 78 (75-83) 75 (71-79)* 56 (53-60)* ‡ 32 (27-35)*† ‡ 

DLCO (% predicted) 90 (80-105) 80 (61-102) 67 (51-87)* 35 (33-41)*† ‡ 

DLCO/VA (% predicted) 103 (88-123) 91 (68-107)* 87 (62-108)* 59 (50-65)*† ‡ 

DLCO (mmol/kPA/min) 21.6 (18.1-26.8) 23.3 (17.0-27.4) 17.2 (14.2-25.0) 2.9 (2.8-3.7) ^°# 

DLCO/VA (mmol/kPA/min/VA) 4.6 (3.8-5.3) 3.9 (2.9-4.6)* 3.5 (2.7-4.2)* 0.9 (0.7-0.9) ^°# 

DLCO: diffusing capacity of the lung for carbon monoxide; DLCO/VA: diffusing 

capacity of the lung for carbon monoxide per alveolar volume; f: female; FEV1: forced 

expiratory volume in 1 second; FVC: forced vital capacity; m: male; NA: not 

applicable; post-BD: post-bronchodilator; PY: pack years  

Data are presented as median (IQR) 

Mann-Whitney U test: * P < 0.05 versus never smokers; ^ P < 0.001 versus never 

smokers; † P < 0.05 versus COPD GOLD II; # P < 0.001 versus COPD GOLD II; ‡ P 



 

< 0.05 versus smokers without COPD; ° P < 0.001 versus smokers without COPD; 

Fisher’s exact test: § P < 0.001.  
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Supplemental methods  

Rotterdam study 

The Rotterdam Study is an ongoing prospective population-based cohort study 

aimed at investigating the occurrence and risk factors of chronic diseases in the 

general population. The objectives and methods of the Rotterdam Study have been 

published previously (9). Briefly, the Rotterdam Study includes 3 cohorts 

encompassing 14,926 participants aged ≥ 45 years, living in Ommoord, a well-

defined suburb of the city of Rotterdam, the Netherlands. Baseline data were 

collected between 1990 and 1993 (n = 7,983), between 2000 and 2003 (n = 3,011), 

and between 2006 and 2008 (n = 3,932); thereafter, examinations have been 

conducted every 4 to 5 years in all cohorts. DLCO was measured between 2009-

2013.  

Framingham Heart Study 

In 1948, residents of Framingham, Massachusetts, were recruited for the first round 

of the Framingham Heart Study (FHS). The FHS Original Cohort included a total of 

5,209 participants aged between 28 and 62 years. In 1971, the FHS Offspring 

Cohort was established, including 5,124 participants who were either the children of 

the Original Cohort or spouses. Finally, in 2002, the FHS Third Generation Cohorts 

was established, existing of 4,095 adults who were the children of the Offspring 

Cohort. DLCO was measured at the at the 8th and 9th examinations of the Offspring 

Cohort (2005-2008 and 2011-2014) and the 1st and 2nd examinations of the Third 

Generation Cohort (2002-2005 and 2008-2011). In addition to nuclear families, more 



distantly related individuals (e.g. cousins) were also included in the analyses. For 

participants with measurements at both time points, we used the later measurement 

in the analysis.  

Lung function 

DLCO (mmol/min/kPA) measured using the single breath technique in accordance 

with ERS / ATS guidelines (1). The alveolar volume (VA) was measured 

simultaneously by the single-breath helium technique. The DLCO per alveolar 

volume (DLCO/VA (mmol/min/kPA/liter)) was calculated as the DLCO divided by the 

VA. In the Rotterdam Study, these measurements were made using Master Screen® 

PFT Pro (CareFusion, San Diego, CA). In the Framingham Heart Study, these 

measurements were made using the Collins CPL System (nSpire Health, Inc., 

Longmont, CO). For this study, analyses were restricted to participants with two 

interpretable and reproducible measurement. Two measurements were considered 

as reproducible if the difference between the first and the second DLCO 

(mmol/min/kPA) measurement was equal or less than 10% and if the difference 

between the first and the second DLCO/VA (mmol/min/kPA/L) measurement was 

equal or less than 15%. In addition, the inspiratory volume “VIN” measured in liter 

during the diffusion test must be greater than or equal to 85% of the personal best 

value of the inhaled vital capacity “VC IN” measured in liters during the spirometry 

test. In case VC is lacking, predicted volumes were used. Finally outliers, defined as 

the mean ± 4 standard  deviations, were excluded from all analyses. 

Genetics 

Rotterdam study participants were genotyped using the Illumina 550L, 550K duo or 

610 quad arrays. Framingham participants were genotyped using the Affymetrix 

500K array supplemented by the Affymetrix MIPS 50K. Samples with: call rate below 



97.5% in Rotterdam and 97.0% in Framingham, gender mismatch, excess 

autosomal heterozygosity, duplicates or family relations (the Rotterdam Study only) 

and ethnic outliers were excluded. We also excluded variants with minor allele 

frequency <1%, call rate <95% (the Rotterdam Study) or 97% (the Framingham 

Heart Study), failing missingness tests, Hardy-Weinberg equilibrium (p-value < 10-6). 

Genotypes were imputed using MACH/minimac software to the 1000 Genomes 

reference panel (phase I version 3). 

Heritability  

Heritability was defined as the ratio of trait variance due to additive genetic effects to 

the total phenotypic variance after accounting for covariates. To estimated heritability 

in unrelated individuals restricted maximum likelihood (REML) estimates were 

produced using the Genome-wide Complex Trait Analysis (GCTA) software (2). For 

this analysis, we filtered on allele frequency (MAF < 1%) and imputation quality (R2 < 

0.5). Additional pair-wise calculations were performed to estimate genetic 

relatedness between all individuals. For each pair with genetic similarity of > 0.025, 

one person was excluded. To estimate heritability based on known familial 

relationships, the Sequential Oligogenic Linkage Analysis Routines (SOLAR) 

software (3) was used to compute the maximum likelihood estimates of heritability. In 

both heritability analyses (GCTA and SOLAR) an inverse normal rank transformation 

was performed on the DLCO and DLCO/VA measures to ensure a normal 

distribution of the phenotypes. Heritability analyses were adjusted for age, sex and 

principal components of genetic relatedness ((PC) in GCTA only). Additional 

adjustment for current and former smoking were done in a subsequent analysis.  

 



Genetic correlations   

Genetic correlation analyses were performed using the LD score regression (4). We 

investigated the genetic correlation between DLCO and DLCO/VA (age-, sex- and 

smoking, weight, height and PC-adjusted models). The phenotypic correlation 

between DLCO and DLCO/VA was also investigated using the Pearson correlation. 

In addition, we investigated the genetic correlation between DLCO and DLCO/VA 

and previously published GWAS of FEV1/FVC (5) and height (6). For the correlation 

with height age, sex and PC-adjusted model was used to estimate genetic overlap, 

and the fully adjusted model was used to investigate residual confounding by height. 

P-value of 0.05 was used as threshold of significance.  

Overlap with reported COPD and emphysema GWAS associations 

We examined the association with DLCO and DLCO/VA of 79 genetic loci for which 

replicated genome wide significant associations with COPD have been reported (7). 

A P-value of 0.05/79= 6.3 x 10-4 was used as the threshold of significance in this 

analysis. We also investigated the association with DLCO and DLCO/VA of 7 genetic 

loci of which genome-wide significant association with emphysema have been 

previously reported (8). A p-value of 0.05/7= 0.007 was used as the threshold of 

significance.  

FINEMAP 

We used FINEMAP (9) in order to calculate the posterior probability of the 

association on chromosome 6 being causal. Other than doing conditional association 

analysis to detect multiple signals at one locus, followed by an estimation of posterior 

probability of causality for each independent signal, this method uses the multiple 

causal variant assumption to calculate those probabilities efficiently and more 

accurately (10). For this analysis, we created the LD matrix from the Rotterdam 



Study cohort RS3 with n= 3,048 individuals and we extracted a 6 mega base region 

centred on rs17280293 with 8,371 SNPs (MAF>1%).  

ADGRG6 mRNA expression in lung tissue of patients with or without COPD 

Human study populations 

Lung resection specimens were obtained from 92 patients, of which 78 from surgery 

for solitary pulmonary tumours (Ghent University Hospital, Ghent, Belgium) and 14 

from explant lungs of end-stage COPD patients undergoing lung transplantation 

(University Hospital Gasthuisberg, Leuven, Belgium). Lung tissue at maximum 

distance from the pulmonary lesions and without signs of retro-obstructive 

pneumonia or tumour invasion was collected by a pathologist. None of the patients 

operated for malignancy were treated with neo-adjuvant chemotherapy. Written 

informed consent was obtained from all subjects. This study was approved by the 

medical ethical committees of the Ghent University Hospital (2011/14) and the 

University Hospital Gasthuisberg Leuven (S51577). 

Definitions 

Smoking was categorized in never, former and current. Former-smokers were 

defined as being abstinent of smoking for at least one year. COPD diagnosis and 

severity was defined using pre-operative spirometry according to the Global Initiative 

for Chronic Obstructive Lung Disease (GOLD) classification 1. Median values were 

used to define DLCO categories.  

RNA extraction and real-time PCR-analysis 

RNA was extracted with the miRNeasy Mini kit (Qiagen) from total lung tissue blocks 

submersed in RNA-later. cDNA was obtained by the miScript II RT kit (Qiagen), 

following manufacturer’s instructions. Expression of target genes ADGRG6 

(GPR126) and reference genes Glyceraldehyde-3-phosphate dehydrogenase 



(GAPDH), Hypoxanthine phosphoribosyltransferase-1 (HPRT-1) and Succinate 

Dehydrogenase Complex Flavoprotein Subunit A (SDHA) were analyzed using 

Taqman Gene Expression Assays (Applied Biosystems, Forster City, CA, USA). 

Real-time PCR reactions were set up in duplicate using diluted cDNA using identical 

amplification conditions for each of the target and reference genes. A standard curve 

derived from serial dilutions of a mixture of all samples were included in each run. 

The amplification conditions consisted of: 10 minutes at 95°C and 60 cycles of 95°C 

for 10 seconds and 60°C for 15 seconds. Amplifications were performed using a 

LightCycler 96 detection system (Roche). Data were processed using the standard 

curve method. Expression of target genes was corrected by a normalization factor 

that was calculated based on the expression of three reference genes, using the 

geNorm applet according to the guidelines and theoretical framework previously 

described (11). 

Statistical analysis 

Statistical analysis was performed with Sigma Stat software (SPSS 19.0, Chicago, 

IL, USA), using Kruskal-Wallis, Mann-Whitney U, Fisher’s exact test and Spearman 

correlation analysis. Characteristics of the study population are expressed as median 

and interquartile range. Linear regression was used to test the association between 

mRNA expression as determinant and DLCO/VA. Analyses were adjusted for age 

and sex in model 1 and additionally for smoking, weight and height in model 2. P-

value of lower than 0.05 was considered statistically significant. 

  



Supplemental results 

Haemoglobin-adjusted analysis  

Measures of DLCO and DLCO/VA are affected by haemoglobin (Hb) levels, since 

low levels of Hb can underestimate the true diffusing capacity potential of the lung 

(12). Only in the Rotterdam Study, DLCO and DLCO/VA measures which were 

corrected for Hb levels, were available. As a sensitivity analysis, we performed 

GWAS with Hb-corrected data in Rotterdam study (n=2,573). This confirmed the 

results of the analyses without Hb-correction.  

FEV1/FVC adjusted analysis 

A significant association between the observed association at 6q24.1 (rs17280293, 

gene: ADGRG6; MAF: 0.22, P-value= 1.4 x 10-10) and FEV1/FVC was recently 

identified; (13) therefore, as a sensitivity analysis, we performed the DLCO/VA 

GWAS, with additional adjustment for FEV1/FVC. This analysis, did not materially 

affect the association between rs17280293 and DLCO/VA (beta=-0.07 (SE: 0.01), P-

value= 1.51 x 10-10) versus (beta=-0.07 (SE 0.01), P-value= 7.9 x 10-11 without 

adjustment for FEV1/FVC in model 2). Figure E2 presents a double Manhattan plot 

with DLCO/VA before and after additional adjustment for FEV1/FVC. 

Follow-up analyses 

Genetic correlations 

We examined the genetic correlation between DLCO/VA and DLCO using the age, 

sex, smoking status, weight, height and PC adjusted model. The genetic correlation 

was 59% (ρgenetic=0.59, P-value=0.04). We also examined the genetic correlation 

between DLCO and DLCO/VA and FEV1/FVC using the same model. Here we found 

no statistically significant genetic overlap between the traits. Finally, we examined 

the genetic correlation between the age-, sex- and PC-adjusted DLCO and 



DLCO/VA and height. We found a significant genetic correlation between DLCO and 

height (ρgenetic=0.63, P-value=8.0e-4), and between DLCO/VA and height 

(ρgenetic=-0.16, P-value=0.01). We did not find a genetic correlation between DLCO 

and DLCO/VA and height in the age,sex, smoking status, weight, height and PC 

adjusted model.  

Overlap with reported COPD and emphysema GWAS associations 

We investigated the overlap between replicated genome-wide significant variants 

associated with COPD (7) (n=74) and variants associated with DLCO and DLCO/VA 

GWAS in both of our models (Tables E4-E7 in the Online Data Supplement). Seven  

COPD-associated variants; rs9403391, rs13192074, rs11853359, rs9399401, 

rs2039987, rs1441358 and rs2415116 in the following gene regions RS11-440G9.1, 

ADGRG6 and THSD4 were significantly associated with DLCO/VA (Tables E6 and 

E7 in the Online Data Supplement). No overlap was found between COPD-

associated variants and those associated with DLCO. 

We also investigated the association with DLCO and DLCO/VA of 7 genetic loci of 

which genome-wide significant association with emphysema have been previously 

reported (8), (since 7 out of 10 emphysema-associated variants were available in our 

results). No genetic overlap was found between the seven emphysema-associated 

variants and those associated with DLCO. Only one emphysema-related variant on 

chromosome 15 (rs55676755, gene: CHRNA3) was found to be also significantly 

associated with DLCO/VA (Table E8 in the Online Data Supplement). Since variants 

in the CHRNA3 gene have been implicated in nicotine addiction, our study adds 

decreased DLCO/VA to the phenotypes associated with CHRNA3 genetic variation. 



FINEMAP 

To identify whether the observed signal in chromosome 6 on DLCO/VA is driven by 

the lead variant or by other variants in the same locus, we calculated the posterior 

probability of causality for variants in that region using the FINEMAP software (9). 

The lead variant rs17280293 had a posterior probability of causality of 0.72, the 

highest probability among all SNPs in the same region on chromosome 6. 

Rs148274477 was ranked second; however, the probability of causality for this 

variant was only 0.18, indicating that the signal in this region on chromosome 6 is 

mainly driven by rs17280293. 

 

Functional annotation 

Functional annotation of the variants of Table 3 was performed in Haploreg. 

Haploreg analyses revealed several associations between regulatory chromatin 

marks, promotor histone marks, and enhancer histone marks with the SNPs in 

different tissue cell lines including foetal lung fibroblast cell lines and lung carcinoma 

cell lines (see Figure E3 in the Online Data Supplement).  

We also investigated in GTEx lung tissue database whether rs17280293 and the 

missense variant rs11155242 (D’=1 with rs17280293) were associated with mRNA 

expression of ADGRG6 (eQTL). Unfortunately, the minor allele count (MAC) of 

rs17280293 was very low (MAC=11) and therefore the results of the eQTL analysis 

for this SNP were considered unreliable. On the other hand, we found a significant 

association between rs11155242 and mRNA expression of ADGRG6 (Variant ID: 

6_142691549_A_C_b37, β= -0.10, SE=0.05,  p-value=0.03, MAC=124). (See Figure 

E5 in Online Data Supplement) 



ADGRG6 expression  

We checked the functionality of the ADGRG6 gene in the Genotype-tissue 

expression (GTEx) portal, to identify tissue specific expression. ADGRG6 showed to 

be highly expressed in the lung (n=427), with median expression of 19.26 reads per 

kilobase of transcript per million mapped reads (Figure E4 in the Online Data 

Supplement). We additionally extracted mRNA from lung resection specimens of 92 

patients who underwent surgery for solitary pulmonary tumours or lung 

transplantation, including 44 patients without COPD and 48 patients with COPD 

(Table 4 in the main manuscript). The mRNA expression of ADGRG6 was 

significantly lower in lung tissue of patients with decreased DLCO/VA compared with 

patients with normal DLCO/VA (Figure 5A in the main manuscript) and in subjects 

with COPD (encompassing different categories of COPD severity according to the 

GOLD spirometric classification) compared to never smoking controls (Figure 5B in 

the main manuscript). The ADGRG6 mRNA levels were significantly associated 

with DLCO/VA after adjustment for age and sex in model 1 (n=67 β=0.85 (95% CI 

0.06-1.64)) and after additional adjustment for weight, height and smoking in model 2 

n=66 (β=0.75(95% CI 0.03-1.47)).  
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Figure E1 Quantile-quantile plot at meta-analysis level 

Quantile-quantile plot of the observed versus expected chi-square values under the 

null for A: DLCO; adjusted for age, sex and principle components. B: DLCO; 

adjusted for age, sex, weight, height, smoking, and principle components. C: 

DLCO/VA; adjusted for age, sex and principle components. D: DLCO/VA; adjusted 

for age, sex, weight, height, smoking, and principle components. 



Table E1 Main results of the meta-analysis in the Rotterdam Study (RS)  

with N=2,574 and P-value < 5×10-6 

Trait_Model Marker Name A1 A2 Effect SE P-value Chr Pos 

DLCO_model1 rs7092290 c g 0.322 0.055 4.77E-09 10 127968283 

 10-127968301 a aaac -0.297 0.055 5.33E-08 10 127968301 

 10-127968302 a aac -0.296 0.055 7.49E-08 10 127968302 

 rs3858318 a g -0.295 0.055 9.29E-08 10 127969267 

 rs6597758 t c -0.292 0.056 1.42E-07 10 127964993 

 rs6597757 c g 0.285 0.057 5.19E-07 10 127964653 

 rs7072808 t c 0.283 0.057 6.08E-07 10 127964149 

 rs2886736 a g 0.278 0.056 6.38E-07 10 127974346 

 rs182670994 a c 3.379 0.682 7.33E-07 9 86169609 

 rs61773616 t g -0.734 0.149 8.42E-07 1 73553643 

 rs61767582 t c -0.722 0.146 8.59E-07 1 73586252 

 rs11816765 t c 0.270 0.055 9.23E-07 10 127973248 

 rs7083626 a c -0.261 0.053 9.97E-07 10 127975022 

DLCO_model2 12-69994371 ct c 0.191 0.037 1.78E-07 12 69994371 

 rs190691083 c g 0.713 0.137 2.01E-07 22 42946620 

 rs7092290 c g 0.259 0.050 2.51E-07 10 127968283 

 rs502736 a g 0.178 0.035 3.32E-07 12 69922738 

 rs710761 c g -0.184 0.036 3.80E-07 12 69997061 

 rs149201752 c g -2.046 0.404 3.95E-07 1 234292220 

 rs115748414 a g -0.674 0.133 4.40E-07 5 108757118 

 rs710763 t g -0.182 0.036 4.51E-07 12 69995804 

 rs710768 a t -0.182 0.036 4.54E-07 12 69990451 

 12-70001814 a aagtc -0.176 0.035 4.89E-07 12 70001814 

 rs485288 a g -0.182 0.036 5.09E-07 12 69980028 

 rs61929307 T g 0.175 0.035 5.81E-07 12 69997422 

 rs484319 C g -0.181 0.036 5.83E-07 12 69980141 

 rs710760 A t 0.181 0.036 5.91E-07 12 69997067 

 rs710770 T c -0.180 0.036 6.35E-07 12 69989730 

 rs710773 A g -0.181 0.037 6.76E-07 12 69987494 

 rs550295 A g -0.180 0.036 6.87E-07 12 69947351 

 rs528034 A g -0.178 0.036 7.01E-07 12 69938534 

 rs39679 A g 0.178 0.036 8.47E-07 12 70002265 

 rs74426828 T c -0.648 0.132 9.07E-07 5 108722192 

 rs114218475 T c 0.620 0.126 9.21E-07 5 108785530 

 rs710772 A g -0.179 0.036 9.70E-07 12 69987968 

DLCO/VA_model1 - - - - - - - - 

DLCO/VA_model2 rs146224372 A g 0.263 0.050 1.74E-07 10 87181273 

 rs116995423 C g -0.138 0.027 4.77E-07 21 24371855 

 rs12810179 A c 0.033 0.007 6.08E-07 12 69172051 

 rs11939458 T g -0.047 0.0096 8.61E-07 4 126268477 

 rs75346256 C g 0.048 0.0097 8.69E-07 4 126266377 



A1: first allele; A2: second allele; Chr: chromosome; DLCO: diffusing capacity of the 

lung for carbon monoxide; DLCO/VA: diffusing capacity of the lung for carbon 

monoxide per alveolar volume; RS: the Rotterdam Study; SE: Standard error; Pos: 

Position. 

*Model1: Adjusted for age, sex and principal components of genetic relatedness. 

Model2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness.  

 

  



Table E2 Main results of the GWAS in the Framingham Heart Study (FHS) 

with N=5,798 and P-value < 5×10-6 

A1: first allele; A2: second allele; Chr: chromosome; DLCO: diffusing capacity of the 

lung for carbon monoxide; DLCO/VA: diffusing capacity of the lung for carbon 

monoxide per alveolar volume; FHS: Framingham Heart Study; SE: Standard error; 

Pos: Position. 

*Model1: Adjusted for age, sex and principal components of genetic relatedness. 

Model2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness.  

  

Trait_Model Marker Name A1 A2 Effect SE P-value Chr Pos 

DLCO_model1 - - - - - - - - 

DLCO_model2 rs61779154 A G 0.636 0.128 6.73E-07 1 40861949 

 rs61779153 C T 0.617 0.126 9.45E-07 1 40861748 

DLCO/VA_model1 rs17280293 A G -0.076 0.013 6.69E-09 6 142688969 

 rs9403386 A C -0.076 0.014 3.17E-08 6 142764073 

 rs9403391 C T -0.067 0.012 7.02E-08 6 142814991 

 rs148274477 C T -0.074 0.014 9.71E-08 6 142838173 

 rs73780219 G A -0.066 0.013 1.41E-07 6 142722866 

 rs56315120 G A 0.058 0.011 1.49E-07 1 165168869 

 rs73780221 G C -0.066 0.013 1.64E-07 6 142725182 

 rs73840498 G A -0.105 0.021 5.83E-07 4 112207301 

 rs16840542 T C 0.044 0.009 7.74E-07 1 165143224 

 rs72700479 C T 0.043 0.009 8.40E-07 1 165136095 

 rs2027573 C T 0.043 0.009 8.51E-07 1 165137813 

DLCO/VA_model2 rs17280293 A G -0.073 0.012 2.32E-09 6 142688969 

 rs9403386 A C -0.070 0.013 2.99E-08 6 142764073 

 rs9403391 C T -0.063 0.012 5.28E-08 6 142814991 

 rs148274477 C T -0.070 0.013 6.06E-08 6 142838173 

 rs73780219 G A -0.062 0.012 1.35E-07 6 142722866 

 rs73780221 G C -0.062 0.011 1.53E-07 6 142725182 

 rs73840498 G A -0.101 0.020 2.12E-07 4 112207301 

 rs55861520 C T -0.101 0.020 6.94E-07 16 77518045 

 rs79173154 T A 0.064 0.013 7.39E-07 4 30664918 

 16-83781200 R D -0.039 0.009 8.84E-07 16 83781200 



Table E3 Results of the meta-analysis in both cohorts; the Rotterdam Study  

and the Framingham Heart Study  

with N=8,372 and P-value < 5×10-6 

Trait_Model Marker Name A1 A2 Effect SE P-value Chr Pos 

DLCO_model1 - - - - - - - - 

DLCO_model2 rs1665696 t c 0.10 2.07E-02 8.66E-07 10 73423190 

 rs1665631 a g 0.10 2.06E-02 7.99E-07 10 73427057 

 rs1665630 t c 0.11 2.07E-02 2.78E-07 10 73426862 

 rs2423124 t c -0.16 3.10E-02 4.24E-07 20 5636945 
 rs1665698 t g -0.11 2.10E-02 3.22E-07 10 73424602 
 rs1665627 a g 0.11 2.07E-02 2.73E-07 10 73425183 

DLCO/VA_model1 rs12197866 t c 0.02 4.60E-03 5.13E-07 6 142706063 
 rs4700499 t c 0.02 3.90E-03 3.40E-07 5 61938132 
 rs6900087 a t -0.02 4.60E-03 4.19E-07 6 142717303 
 rs7776356 a g -0.02 4.50E-03 3.31E-08 6 142777029 
 rs6570509 t g 0.02 4.00E-03 8.14E-07 6 142716286 
 rs34018047 c g 0.02 4.50E-03 5.58E-08 6 142790873 
 rs7706610 t c 0.02 3.90E-03 4.79E-07 5 61914033 
 5-61756094 ctt c -0.02 3.90E-03 9.86E-07 5 61756094 
 5-61594998 t tttaa 0.02 3.90E-03 9.43E-07 5 61594998 
 rs7735741 t c 0.02 3.90E-03 4.03E-07 5 61930099 
 rs3817928 a g -0.02 4.60E-03 2.02E-07 6 142750516 
 rs9389994 t c 0.02 4.00E-03 7.33E-07 6 142789158 
 rs13198644 a g -0.02 4.50E-03 3.93E-08 6 142783233 
 rs11759653 a g 0.02 4.60E-03 4.05E-07 6 142720354 
 rs12189838 a g -0.02 4.50E-03 4.12E-08 6 142768817 
 rs7754638 a t -0.02 4.00E-03 6.33E-07 6 142780251 
 rs76308788 t c -0.04 8.50E-03 6.63E-07 4 5231286 
 rs10044843 a g -0.02 3.80E-03 8.80E-07 5 61606371 
 rs6903424 a c -0.02 4.60E-03 5.52E-07 6 142699948 
 rs4700004 a c -0.02 4.10E-03 5.76E-07 5 61560978 
 rs1329707 t c -0.02 4.60E-03 3.41E-07 6 142724439 
 rs262118 a c 0.02 4.70E-03 7.08E-07 6 142843054 
 rs171891 a g 0.02 4.80E-03 6.56E-07 6 142850612 
 rs10054305 a g 0.02 3.70E-03 8.69E-07 5 61899148 
 rs9403389 t c 0.02 4.80E-03 7.76E-07 6 142789241 
 rs4700501 a g -0.02 4.00E-03 2.79E-07 5 61953289 
 rs10053650 a t 0.02 3.90E-03 2.47E-07 5 61938896 
 rs4637667 a c 0.02 4.00E-03 8.86E-07 6 142794021 
 rs7729526 t g -0.02 3.70E-03 8.55E-07 5 61907478 
 rs7735107 t g 0.02 3.90E-03 3.40E-07 5 61929719 
 rs3817929 c g 0.02 3.90E-03 5.69E-07 6 142751062 
 rs6922607 a g -0.02 4.60E-03 8.63E-07 6 142703483 
 rs7717128 a g -0.02 3.70E-03 8.52E-07 5 61894829 
 rs2344396 a g 0.02 3.80E-03 9.73E-07 5 61605567 
 rs2112884 a c -0.02 4.10E-03 8.39E-07 5 61551997 
 rs1040526 a g -0.02 4.00E-03 6.18E-07 6 142735816 
 rs262113 t g -0.02 4.60E-03 8.86E-08 6 142824950 
 rs9373346 a g 0.02 3.90E-03 5.08E-07 6 142746992 
 rs1862569 t c 0.02 3.90E-03 3.25E-07 5 61928513 
 rs12521329 t c 0.02 3.90E-03 4.04E-07 5 61921815 



 6-142781102 a attaa
g 

-0.02 4.40E-03 7.96E-08 6 142781102 

 5-61920308 t tgag 0.02 3.90E-03 2.67E-07 5 61920308 
 rs6937121 t g -0.02 3.90E-03 7.95E-07 6 142707133 
 rs4304190 a g -0.02 4.50E-03 3.73E-08 6 142778912 
 rs9496374 c g 0.02 4.00E-03 6.04E-07 6 142735221 
 rs1329705 a g 0.02 4.60E-03 1.78E-07 6 142753338 
 rs12664563 a g -0.02 4.50E-03 4.06E-08 6 142785201 
 rs10071568 a c -0.02 3.70E-03 9.45E-07 5 61900149 
 rs611802 a c -0.02 4.00E-03 6.92E-07 6 142866387 
 rs4700498 a g 0.02 3.90E-03 5.11E-07 5 61937729 
 rs2294771 t g -0.02 4.00E-03 8.90E-07 6 142760962 
 rs10051610 t c 0.02 3.90E-03 3.26E-07 5 61931163 
 rs73780221 c g 0.06 1.08E-02 3.06E-09 6 142725182 
 rs11155242 a c -0.02 4.60E-03 4.25E-07 6 142691549 
 rs6570511 a g 0.02 4.50E-03 8.00E-08 6 142757368 
 rs6888641 a g 0.02 3.70E-03 5.89E-07 5 61920041 
 rs1541677 a c -0.02 3.70E-03 5.86E-07 5 61931563 
 5-61594993 t tttta 0.02 3.90E-03 7.69E-07 5 61594993 
 rs6900233 c g -0.02 4.60E-03 3.71E-07 6 142717283 
 rs13185924 c g -0.02 3.90E-03 5.51E-07 5 61920705 
 rs10471545 a g 0.02 3.80E-03 9.69E-07 5 61607268 
 rs7757571 a c -0.02 4.60E-03 5.04E-07 6 142702589 
 rs962554 t c -0.02 4.00E-03 4.11E-07 6 142734204 
 rs1040525 t c 0.02 4.00E-03 9.20E-07 6 142703669 
 rs7709562 a c -0.02 3.90E-03 3.24E-07 5 61928585 
 6-142704139 g gt -0.02 4.60E-03 8.32E-07 6 142704139 
 rs10072795 t c 0.02 3.70E-03 7.10E-07 5 61926737 
 rs12213892 a g -0.02 4.60E-03 5.17E-07 6 142702234 
 rs10078786 t c 0.02 3.90E-03 3.10E-07 5 61940050 
 rs148274477 t c 0.08 1.22E-02 2.45E-10 6 142838173 
 rs262117 a g 0.03 4.50E-03 2.01E-08 6 142807093 
 rs6901807 t g 0.02 4.50E-03 3.57E-08 6 142772228 
 6-142830404 a at 0.02 4.80E-03 3.03E-07 6 142830404 
 rs2112982 t c 0.02 3.90E-03 3.26E-07 5 61939973 
 rs6906468 t c -0.02 4.50E-03 3.03E-08 6 142769386 
 rs6929442 t c -0.02 3.90E-03 6.31E-07 6 142742659 
 rs7765770 t c 0.02 4.60E-03 4.57E-07 6 142687305 
 rs56315120 a g -0.05 9.30E-03 7.78E-07 1 165168869 
 rs13167856 a t -0.02 3.90E-03 3.96E-07 5 61920662 
 rs262130 t c 0.02 4.60E-03 1.73E-07 6 142853486 
 rs918606 a g -0.02 3.80E-03 5.96E-08 5 61926379 
 rs73780219 a g 0.06 1.07E-02 2.51E-09 6 142722866 
 rs3748069 a g -0.02 4.00E-03 5.34E-07 6 142767633 
 rs2294775 c g -0.02 4.50E-03 3.39E-08 6 142766347 
 rs984932 t c 0.02 4.40E-03 4.41E-07 6 142803037 
 rs12190271 a g 0.02 4.60E-03 6.18E-07 6 142681409 
 rs13159750 t c 0.02 3.80E-03 8.62E-07 5 61600316 
 rs7776375 a g -0.02 4.00E-03 6.46E-07 6 142777064 
 rs262124 a t -0.02 4.00E-03 7.77E-07 6 142838617 
 rs10051492 a g -0.02 3.80E-03 5.51E-07 5 61909886 
 5-61837343 ca c 0.02 3.90E-03 9.45E-07 5 61837343 
 rs9403387 t g 0.02 4.00E-03 6.04E-07 6 142773210 
 rs77224873 a g -0.04 8.40E-03 7.70E-07 4 5229518 
 rs6912639 t c -0.02 4.50E-03 3.06E-08 6 142770548 



 rs4700012 a g -0.02 3.80E-03 6.36E-07 5 61906199 
 rs9403386 a c -0.07 1.15E-02 1.17E-09 6 142764073 
 rs4037273 t c 0.02 4.20E-03 8.27E-07 5 61549376 
 rs17071756 t c -0.02 4.60E-03 5.96E-07 6 142715195 
 rs10065349 t c 0.02 3.90E-03 5.36E-07 5 61912288 
 rs262125 a t -0.03 4.70E-03 5.22E-08 6 142838355 
 rs17280293 a g -0.07 1.13E-02 1.41E-10 6 142688969 
 rs9496369 t c 0.02 4.00E-03 9.03E-07 6 142724918 
 rs9403391 t c 0.07 1.08E-02 5.73E-10 6 142814991 
 rs6449601 a g -0.02 3.70E-03 4.46E-07 5 61916333 
 rs10484733 c g -0.02 4.60E-03 5.28E-07 6 142710988 
 rs9291756 a g -0.02 4.10E-03 6.46E-07 5 61559700 
 rs13192074 a g 0.03 6.00E-03 4.69E-08 6 142834078 
 6-142738314 cttctt c -0.02 4.60E-03 3.12E-07 6 142738314 
 rs3846466 t c 0.02 4.10E-03 9.28E-07 5 61558172 
 rs643975 c g -0.02 4.60E-03 1.80E-07 6 142844251 
 rs40110 a g 0.02 3.70E-03 8.87E-07 5 61763852 
 rs2294764 a g 0.02 4.00E-03 5.60E-07 6 142737504 
 rs1928528 t g -0.02 4.50E-03 3.74E-08 6 142779109 
 rs4290970 t c 0.02 3.90E-03 9.94E-07 5 61602661 
 rs9373347 t c 0.02 4.40E-03 7.84E-08 6 142779885 
 6-142738312 ctct c -0.02 5.00E-03 9.08E-07 6 142738312 
 rs75834976 a c -0.04 8.40E-03 6.03E-07 4 5231710 
 rs7718484 t c -0.02 3.80E-03 5.08E-07 5 61912713 
 rs26631 t c -0.02 3.80E-03 9.61E-07 5 61768423 
 rs13176954 c g -0.02 3.90E-03 2.29E-07 5 61941491 
 rs12516160 a t 0.02 3.80E-03 6.98E-07 5 61900784 
 6-142781103 t ttaag

g 
-0.02 4.60E-03 1.88E-07 6 142781103 

 rs262120 a c 0.02 4.60E-03 1.78E-07 6 142842360 
 rs7756434 a g -0.02 4.50E-03 3.31E-08 6 142775295 
 rs1360194 a g 0.02 3.90E-03 5.87E-07 6 142752595 
 rs7755109 a g -0.02 3.90E-03 6.23E-07 6 142750392 

DLCO/VA_model2 rs4700499 t c 0.02 3.60E-03 5.41E-07 5 61938132 
 rs7776356 a g -0.02 4.20E-03 4.80E-07 6 142777029 
 rs34018047 c g 0.02 4.20E-03 6.89E-07 6 142790873 
 rs7706610 t c 0.02 3.60E-03 8.60E-07 5 61914033 
 rs7735741 t c 0.02 3.60E-03 7.34E-07 5 61930099 
 rs13198644 a g -0.02 4.20E-03 5.53E-07 6 142783233 
 rs12189838 a g -0.02 4.20E-03 7.34E-07 6 142768817 
 rs4700004 a c -0.02 3.80E-03 9.37E-07 5 61560978 
 rs4700501 a g -0.02 3.80E-03 6.22E-07 5 61953289 
 rs10053650 a t 0.02 3.60E-03 4.87E-07 5 61938896 
 rs7735107 t g 0.02 3.60E-03 6.03E-07 5 61929719 
 rs262113 t g -0.02 4.30E-03 5.00E-07 6 142824950 
 rs9373346 a g 0.02 3.70E-03 9.96E-07 6 142746992 
 rs1862569 t c 0.02 3.60E-03 6.15E-07 5 61928513 
 rs12521329 t c 0.02 3.60E-03 7.19E-07 5 61921815 
 5-61920308 t tgag 0.02 3.70E-03 5.74E-07 5 61920308 
 rs4304190 a g -0.02 4.20E-03 5.32E-07 6 142778912 
 rs9496374 c g 0.02 3.70E-03 9.90E-07 6 142735221 
 rs12664563 a g -0.02 4.20E-03 5.64E-07 6 142785201 
 rs611802 a c -0.02 3.80E-03 8.72E-07 6 142866387 
 rs10051610 t c 0.02 3.60E-03 5.74E-07 5 61931163 



 rs73780221 c g 0.06 1.01E-02 4.44E-09 6 142725182 
 rs962554 t c -0.02 3.70E-03 8.32E-07 6 142734204 
 rs7709562 a c -0.02 3.60E-03 6.13E-07 5 61928585 
 rs10078786 t c 0.02 3.60E-03 4.95E-07 5 61940050 
 rs148274477 t c 0.07 1.14E-02 2.85E-10 6 142838173 
 rs262117 a g 0.02 4.20E-03 3.62E-07 6 142807093 
 rs6901807 t g 0.02 4.20E-03 4.43E-07 6 142772228 
 rs2112982 t c 0.02 3.60E-03 5.15E-07 5 61939973 
 rs6906468 t c -0.02 4.20E-03 4.64E-07 6 142769386 
 rs13167856 a t -0.02 3.60E-03 7.07E-07 5 61920662 
 rs262130 t c 0.02 4.30E-03 9.28E-07 6 142853486 
 rs918606 a g -0.02 3.60E-03 7.49E-08 5 61926379 
 rs73780219 a g 0.06 1.00E-02 3.92E-09 6 142722866 
 rs2294775 c g -0.02 4.20E-03 4.08E-07 6 142766347 
 rs10051492 a g -0.02 3.60E-03 9.81E-07 5 61909886 
 rs6912639 t c -0.02 4.20E-03 4.66E-07 6 142770548 
 rs9403386 a c -0.06 1.08E-02 1.77E-09 6 142764073 
 rs262125 a t -0.02 4.40E-03 3.58E-07 6 142838355 
 rs17280293 a g -0.07 1.06E-02 7.85E-11 6 142688969 
 rs9403391 t c 0.06 1.01E-02 1.09E-09 6 142814991 
 rs643975 c g -0.02 4.30E-03 9.89E-07 6 142844251 
 rs1928528 t g -0.02 4.20E-03 5.33E-07 6 142779109 
 rs7718484 t c -0.02 3.60E-03 9.03E-07 5 61912713 
 rs13176954 c g -0.02 3.60E-03 4.52E-07 5 61941491 
 rs262120 a c 0.02 4.30E-03 9.82E-07 6 142842360 
 rs7756434 a g -0.02 4.20E-03 4.86E-07 6 142775295 

 

A1: first allele; A2: second allele; Chr: chromosome; DLCO: diffusing capacity of the 

lung for carbon monoxide; DLCO/VA: diffusing capacity of the lung for carbon 

monoxide per alveolar volume; SE: Standard error; Pos: Position. 

*Model1: Adjusted for age, sex and principal components of genetic relatedness. 

Model2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness.  

  



 

 

 

Figure E2 Double Manhattan-plot where results of the meta-analysis of 

DLCO/VA before and after adjustment with FEV1/FVC in model 2. 

For variants with P-value lower than 5 x 10-6, the blue colour represents a more 

significant association before adjustment compared to the black dots below which 

represent  the same associations with a less significant P-value after adjustment with 

FEV1/FVC. The red colour represents a more significant association after adjustment 

with FEV1/FVC compared to the black dots below which represent the same 

associations with a less significant p-value before adjustment with FEV1/FVC.  

Model 2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness. 



Table E4 Overlap with reported COPD-associated variants and those  

associated with DLCO in Model 1 

Marker Name A1 A2 Effect SE P-value Chr Pos 

rs9403391 t c 0.169 0.068 0.014 6 142814991 

rs17486278 a c 0.056 0.025 0.022 15 78867482 

rs11853359 a g -0.054 0.024 0.025 15 71621524 

rs1441358 t g 0.052 0.024 0.031 15 71612514 

rs72811310 t g -0.073 0.036 0.044 5 156948318 

rs10815649 t c 0.055 0.028 0.051 9 7620482 

rs4742382 a g 0.054 0.028 0.056 9 7620040 

rs647097 t c 0.048 0.025 0.058 18 8808464 

rs2415116 t c -0.050 0.027 0.068 15 71673185 

rs754388 c g -0.053 0.032 0.090 14 93115410 

rs2076295 t g 0.035 0.023 0.131 6 7563232 

rs4597955 a g -0.040 0.027 0.136 5 147847273 

rs631126 t c -0.039 0.027 0.145 18 8800723 

rs2806356 t c -0.043 0.029 0.145 6 109266255 

rs16891339 a g 0.092 0.066 0.163 6 80647622 

rs78242330 t c -0.068 0.052 0.192 14 93111715 

rs7733401 a c -0.032 0.026 0.228 5 147833281 

rs6058526 a g -0.040 0.034 0.235 20 30699632 

rs36110266 a g 0.040 0.034 0.235 20 30695031 

rs2034241 a g 0.035 0.029 0.236 5 65085330 

rs6908022 a t 0.046 0.041 0.262 6 96480212 

rs10429950 t c -0.027 0.026 0.294 1 218624533 

rs4904964 a c -0.027 0.026 0.300 14 93099867 

rs4846479 t g 0.026 0.026 0.309 1 218598410 

rs11168048 t c 0.023 0.024 0.331 5 147842353 

rs7727161 t g -0.025 0.026 0.335 5 147832486 

rs60708069 t g -0.030 0.033 0.354 5 147837664 

rs7733088 a g -0.023 0.026 0.369 5 147856333 

rs11628180 a g 0.024 0.027 0.370 14 93068516 

rs55724484 a g 0.022 0.025 0.371 3 75380823 

rs11905172 t c -0.027 0.032 0.393 20 30797628 

rs16825267 c g 0.035 0.045 0.430 2 229569919 

rs13192074 a g 0.030 0.038 0.432 6 142834078 

rs2843016 a g -0.020 0.026 0.434 1 120322961 

rs13141641 t c 0.018 0.024 0.461 4 145506456 

rs1435867 t c 0.035 0.048 0.463 2 229510929 

rs2955083 a t 0.026 0.036 0.464 3 127961178 

rs6087358 a g 0.025 0.035 0.464 20 30855746 

rs113554904 a g 0.019 0.027 0.466 3 188483788 

rs17707300 t c -0.017 0.024 0.475 16 28593347 

rs56168343 t c -0.022 0.031 0.475 5 156928008 

rs1737890 t g 0.024 0.034 0.477 20 31042595 

rs9399401 t c -0.018 0.026 0.479 6 142668901 



rs2999090 a g 0.025 0.036 0.489 3 127931340 

rs7937 t c -0.016 0.024 0.497 19 41302706 

rs2582790 a c -0.017 0.025 0.502 1 120314849 

rs2039987 a c -0.017 0.026 0.506 6 142655490 

rs7186831 a g 0.019 0.029 0.512 16 75473155 

rs6837671 a g 0.015 0.024 0.527 4 89873092 

rs9396712 t c 0.016 0.026 0.547 6 16818625 

rs13080090 t g 0.021 0.036 0.567 3 171974838 

rs56308303 t c 0.013 0.024 0.569 15 71669872 

rs185212652 a t -0.019 0.035 0.575 5 147837533 

rs112458284 t c -0.049 0.089 0.582 14 94672731 

rs11904894 t c -0.014 0.026 0.584 20 19056247 

rs721917 a g -0.013 0.023 0.584 10 81706324 

rs75720504 a c 0.022 0.047 0.643 5 156935973 

rs12435118 t c 0.016 0.036 0.653 14 102673993 

rs6573633 a g -0.010 0.023 0.656 14 66272664 

rs3782563 a g -0.010 0.024 0.660 12 96639739 

rs12459249 t c 0.011 0.027 0.692 19 41339896 

rs1265120 a c 0.010 0.024 0.692 8 103190071 

rs1265122 t c 0.009 0.024 0.717 8 103190530 

rs12189594 t g 0.008 0.023 0.735 6 14856357 

rs192394604 t g -0.009 0.026 0.739 8 103148763 

rs1568010 t g 0.007 0.024 0.765 15 71668512 

rs17035917 t c -0.013 0.045 0.769 4 106520742 

rs58873874 t c 0.013 0.047 0.783 5 156945148 

rs28929474 t c -0.023 0.090 0.796 14 94844947 

rs1529672 a c 0.008 0.031 0.803 3 25520582 

rs11727735 a g 0.005 0.045 0.904 4 106631870 

rs13147502 a g 0.002 0.024 0.950 4 106143797 

rs2047409 a g -0.001 0.024 0.951 4 106137033 

A1: first allele; A2: second allele; Chr: chromosome; DLCO: Diffusing capacity of the 

lung for carbon monoxide; SE: Standard error; Pos: Position. 

Model1: Adjusted for age, sex and principal components of genetic relatedness.  

 

  



Table E5 Overlap with reported COPD-associated variants and those  

associated with DLCO in Model 2  

Marker Name A1 A2 Effect SE P-value Chr Pos 

rs11853359 a g -0.056 0.022 0.009 15 71621524 

rs754388 c g -0.073 0.028 0.009 14 93115410 

rs72811310 t g -0.081 0.033 0.012 5 156948318 

rs9403391 t c 0.152 0.061 0.013 6 142814991 

rs1441358 t g 0.053 0.022 0.014 15 71612514 

rs10815649 t c 0.060 0.025 0.017 9 7620482 

rs4742382 a g 0.058 0.025 0.021 9 7620040 

rs17486278 a c 0.050 0.022 0.022 15 78867482 

rs78242330 t c -0.106 0.047 0.023 14 93111715 

rs2415116 t c -0.049 0.024 0.045 15 71673185 

rs647097 t c 0.041 0.023 0.070 18 8808464 

rs2039987 a c -0.040 0.023 0.078 6 142655490 

rs9399401 t c -0.040 0.023 0.082 6 142668901 

rs28929474 t c -0.139 0.081 0.085 14 94844947 

rs631126 t c -0.040 0.024 0.092 18 8800723 

rs55724484 a g 0.033 0.022 0.136 3 75380823 

rs4904964 a c -0.034 0.023 0.143 14 93099867 

rs17035917 t c -0.059 0.041 0.148 4 106520742 

rs11628180 a g 0.034 0.024 0.166 14 93068516 

rs11727735 a g 0.055 0.040 0.171 4 106631870 

rs4597955 a g -0.028 0.024 0.236 5 147847273 

rs13141641 t c 0.025 0.021 0.237 4 145506456 

rs2076295 t g 0.024 0.020 0.239 6 7563232 

rs13192074 a g 0.040 0.034 0.245 6 142834078 

rs2034241 a g 0.030 0.026 0.249 5 65085330 

rs11904894 t c -0.026 0.024 0.275 20 19056247 

rs7733401 a c -0.025 0.024 0.280 5 147833281 

rs6908022 a t 0.037 0.037 0.310 6 96480212 

rs6058526 a g -0.031 0.030 0.311 20 30699632 

rs36110266 a g 0.031 0.030 0.312 20 30695031 

rs2843016 a g -0.023 0.023 0.315 1 120322961 

rs2582790 a c -0.023 0.023 0.318 1 120314849 

rs12459249 t c 0.024 0.025 0.331 19 41339896 

rs11905172 t c -0.027 0.029 0.341 20 30797628 

rs10429950 t c -0.021 0.023 0.354 1 218624533 

rs9396712 t c 0.021 0.023 0.360 6 16818625 

rs4846479 t g 0.021 0.023 0.373 1 218598410 

rs7937 t c -0.019 0.021 0.375 19 41302706 

rs2806356 t c -0.023 0.026 0.386 6 109266255 

rs7727161 t g -0.019 0.024 0.410 5 147832486 

rs1737890 t g 0.024 0.031 0.434 20 31042595 

rs56168343 t c -0.021 0.027 0.444 5 156928008 

rs6837671 a g 0.015 0.021 0.468 4 89873092 



rs3782563 a g -0.015 0.021 0.486 12 96639739 

rs75720504 a c 0.029 0.042 0.494 5 156935973 

rs2955083 a t 0.022 0.032 0.495 3 127961178 

rs12189594 t g 0.014 0.021 0.495 6 14856357 

rs2999090 a g 0.021 0.032 0.509 3 127931340 

rs112458284 t c 0.051 0.079 0.521 14 94672731 

rs192394604 t g -0.014 0.023 0.554 8 103148763 

rs12435118 t c 0.019 0.032 0.555 14 102673993 

rs58873874 t c 0.024 0.042 0.560 5 156945148 

rs11168048 t c 0.012 0.022 0.572 5 147842353 

rs1529672 a c 0.016 0.028 0.573 3 25520582 

rs113554904 a g 0.013 0.024 0.582 3 188483788 

rs56308303 t c 0.011 0.021 0.585 15 71669872 

rs17707300 t c -0.011 0.021 0.593 16 28593347 

rs7186831 a g 0.014 0.026 0.601 16 75473155 

rs721917 a g 0.010 0.021 0.617 10 81706324 

rs6087358 a g 0.015 0.031 0.622 20 30855746 

rs6573633 a g 0.010 0.021 0.634 14 66272664 

rs7733088 a g -0.011 0.023 0.636 5 147856333 

rs60708069 t g -0.010 0.029 0.737 5 147837664 

rs13147502 a g 0.006 0.021 0.774 4 106143797 

rs16825267 c g 0.010 0.040 0.813 2 229569919 

rs1568010 t g 0.004 0.021 0.852 15 71668512 

rs1435867 t c 0.008 0.043 0.855 2 229510929 

rs13080090 t g -0.006 0.032 0.866 3 171974838 

rs2047409 a g 0.003 0.021 0.876 4 106137033 

rs185212652 a t -0.004 0.031 0.888 5 147837533 

rs16891339 a g 0.008 0.059 0.889 6 80647622 

rs1265122 t c 0.003 0.022 0.899 8 103190530 

rs1265120 a c 0.003 0.021 0.903 8 103190071 

A1: first allele; A2: second allele; Chr: chromosome; DLCO: Diffusing capacity of the 

lung for carbon monoxide; SE: Standard error; Pos: Position. 

* Model2: Adjusted for age, sex, weight, height, smoking and principal components 

of genetic relatedness.  

 

  



Table E6 Overlap with reported COPD-associated variants and those  

associated with DLCO/VA in Model 1 

Marker Name A1 A2 Effect SE P-value Chr Pos 

rs9403391 t c 0.067 0.011 5.73E-10 6 142814991 

rs13192074 a g 0.033 0.006 4.69E-08 6 142834078 

rs11853359 a g -0.017 0.004 1.01E-05 15 71621524 

rs9399401 t c -0.018 0.004 1.06E-05 6 142668901 

rs2039987 a c -0.018 0.004 1.64E-05 6 142655490 

rs1441358 t g 0.016 0.004 3.37E-05 15 71612514 

rs2415116 t c -0.016 0.004 2,20E-04 15 71673185 

rs17486278 a c 0.012 0.004 0.0028 15 78867482 

rs112458284 t c 0.036 0.014 0.010 14 94672731 

rs72811310 t g -0.015 0.006 0.011 5 156948318 

rs28929474 t c -0.035 0.014 0.015 14 94844947 

rs55724484 a g 0.009 0.004 0.028 3 75380823 

rs11905172 t c -0.010 0.005 0.049 20 30797628 

rs2955083 a t 0.011 0.006 0.059 3 127961178 

rs2999090 a g 0.011 0.006 0.064 3 127931340 

rs17707300 t c -0.007 0.004 0.080 16 28593347 

rs56308303 t c 0.007 0.004 0.080 15 71669872 

rs6837671 a g 0.006 0.004 0.093 4 89873092 

rs11727735 a g 0.011 0.007 0.109 4 106631870 

rs13080090 t g 0.009 0.006 0.110 3 171974838 

rs2034241 a g 0.007 0.005 0.121 5 65085330 

rs36110266 a g 0.008 0.005 0.128 20 30695031 

rs7937 t c 0.006 0.004 0.130 19 41302706 

rs6058526 a g -0.008 0.005 0.132 20 30699632 

rs6087358 a g 0.008 0.006 0.171 20 30855746 

rs6573633 a g -0.005 0.004 0.180 14 66272664 

rs17035917 t c -0.009 0.007 0.208 4 106520742 

rs1568010 t g 0.004 0.004 0.259 15 71668512 

rs10815649 t c 0.005 0.005 0.266 9 7620482 

rs1737890 t g 0.006 0.006 0.279 20 31042595 

rs4742382 a g 0.005 0.005 0.283 9 7620040 

rs1529672 a c 0.005 0.005 0.296 3 25520582 

rs6908022 a t 0.007 0.007 0.308 6 96480212 

rs2076295 t g -0.004 0.004 0.326 6 7563232 

rs12189594 t g 0.003 0.004 0.367 6 14856357 

rs2806356 t c -0.004 0.005 0.369 6 109266255 

rs7186831 a g -0.004 0.005 0.379 16 75473155 

rs7733088 a g 0.003 0.004 0.412 5 147856333 

rs58873874 t c -0.006 0.007 0.413 5 156945148 

rs75720504 a c -0.006 0.007 0.417 5 156935973 

rs721917 a g -0.003 0.004 0.437 10 81706324 

rs11904894 t c 0.003 0.004 0.454 20 19056247 

rs4904964 a c 0.003 0.004 0.460 14 93099867 



rs185212652 a t 0.004 0.006 0.479 5 147837533 

rs113554904 a g 0.003 0.004 0.497 3 188483788 

rs2582790 a c 0.003 0.004 0.503 1 120314849 

rs13141641 t c -0.002 0.004 0.519 4 145506456 

rs60708069 t g 0.003 0.005 0.534 5 147837664 

rs11168048 t c -0.002 0.004 0.540 5 147842353 

rs2843016 a g 0.003 0.004 0.550 1 120322961 

rs12435118 t c -0.003 0.006 0.551 14 102673993 

rs754388 c g 0.003 0.005 0.578 14 93115410 

rs1435867 t c 0.004 0.008 0.608 2 229510929 

rs56168343 t c 0.002 0.005 0.614 5 156928008 

rs1265120 a c -0.002 0.004 0.618 8 103190071 

rs16825267 c g 0.003 0.007 0.656 2 229569919 

rs12459249 t c -0.002 0.004 0.657 19 41339896 

rs16891339 a g 0.005 0.011 0.666 6 80647622 

rs9396712 t c 0.002 0.004 0.685 6 16818625 

rs11628180 a g -0.002 0.004 0.694 14 93068516 

rs1265122 t c -0.001 0.004 0.708 8 103190530 

rs3782563 a g -0.001 0.004 0.794 12 96639739 

rs78242330 t c 0.002 0.008 0.800 14 93111715 

rs10429950 t c 0.001 0.004 0.828 1 218624533 

rs4846479 t g -0.001 0.004 0.841 1 218598410 

rs192394604 t g 0.001 0.004 0.868 8 103148763 

rs2047409 a g -0.001 0.004 0.887 4 106137033 

rs7733401 a c -0.001 0.004 0.892 5 147833281 

rs4597955 a g -0.001 0.004 0.895 5 147847273 

rs647097 t c 0.001 0.004 0.901 18 8808464 

rs13147502 a g 0.000 0.004 0.935 4 106143797 

rs7727161 t g 0.000 0.004 0.945 5 147832486 

rs631126 t c 0.000 0.004 0.966 18 8800723 

A1: first allele; A2: second allele; Chr: chromosome; DLCO/VA: Diffusing capacity of 

the lung for carbon monoxide by alveolar volume; SE: Standard error; Pos: Position. 

Model1: Adjusted for age, sex and principal components of genetic relatedness.  

 Bold indicates statistical significance.  

 

  



Table E7 Overlap with reported COPD-associated variants and those  

associated with DLCO/VA in Model 2 

Marker Name A1 A2 Effect SE P-value Chr Pos 

rs9403391 t c 0.061 0.010 1.09E-09 6 142814991 

rs13192074 a g 0.027 0.006 1.27E-06 6 142834078 

rs11853359 a g -0.016 0.004 5.40E-06 15 71621524 

rs9399401 t c -0.017 0.004 1.11E-05 6 142668901 

rs2039987 a c -0.017 0.004 1.34E-05 6 142655490 

rs1441358 t g 0.015 0.004 1.73E-05 15 71612514 

rs2415116 t c -0.014 0.004 5.76E-04 15 71673185 

rs72811310 t g -0.015 0.005 5.88E-03 5 156948318 

rs28929474 t c -0.034 0.013 0.011 14 94844947 

rs112458284 t c 0.031 0.013 0.018 14 94672731 

rs17486278 a c 0.008 0.004 0.020 15 78867482 

rs11727735 a g 0.015 0.007 0.024 4 106631870 

rs17035917 t c -0.014 0.007 0.034 4 106520742 

rs11905172 t c -0.010 0.005 0.036 20 30797628 

rs55724484 a g 0.007 0.004 0.049 3 75380823 

rs56308303 t c 0.007 0.004 0.060 15 71669872 

rs6837671 a g 0.007 0.004 0.063 4 89873092 

rs7733088 a g 0.006 0.004 0.116 5 147856333 

rs36110266 a g 0.008 0.005 0.117 20 30695031 

rs6058526 a g -0.008 0.005 0.120 20 30699632 

rs2034241 a g 0.006 0.004 0.148 5 65085330 

rs1568010 t g 0.005 0.004 0.154 15 71668512 

rs2955083 a t 0.007 0.005 0.165 3 127961178 

rs17707300 t c -0.005 0.004 0.165 16 28593347 

rs185212652 a t 0.007 0.005 0.168 5 147837533 

rs11168048 t c -0.005 0.004 0.170 5 147842353 

rs12189594 t g 0.005 0.003 0.172 6 14856357 

rs2999090 a g 0.007 0.005 0.175 3 127931340 

rs1529672 a c 0.006 0.005 0.198 3 25520582 

rs1737890 t g 0.006 0.005 0.220 20 31042595 

rs6087358 a g 0.006 0.005 0.230 20 30855746 

rs12435118 t c -0.006 0.005 0.230 14 102673993 

rs13080090 t g 0.006 0.005 0.237 3 171974838 

rs60708069 t g 0.005 0.005 0.294 5 147837664 

rs7937 t c 0.004 0.004 0.301 19 41302706 

rs10815649 t c 0.004 0.004 0.343 9 7620482 

rs9396712 t c 0.004 0.004 0.356 6 16818625 

rs4742382 a g 0.004 0.004 0.358 9 7620040 

rs4904964 a c 0.004 0.004 0.363 14 93099867 

rs2076295 t g -0.003 0.003 0.391 6 7563232 

rs6908022 a t 0.005 0.006 0.392 6 96480212 

rs6573633 a g -0.003 0.004 0.409 14 66272664 

rs13141641 t c -0.003 0.004 0.429 4 145506456 



rs647097 t c 0.003 0.004 0.453 18 8808464 

rs2806356 t c -0.003 0.004 0.461 6 109266255 

rs11628180 a g -0.003 0.004 0.463 14 93068516 

rs754388 c g 0.003 0.005 0.470 14 93115410 

rs10429950 t c -0.002 0.004 0.578 1 218624533 

rs78242330 t c 0.004 0.008 0.578 14 93111715 

rs13147502 a g -0.002 0.004 0.583 4 106143797 

rs1265120 a c -0.002 0.004 0.602 8 103190071 

rs4846479 t g 0.002 0.004 0.604 1 218598410 

rs2047409 a g -0.002 0.004 0.608 4 106137033 

rs7186831 a g -0.002 0.004 0.634 16 75473155 

rs58873874 t c -0.003 0.007 0.636 5 156945148 

rs631126 t c -0.002 0.004 0.662 18 8800723 

rs75720504 a c -0.003 0.007 0.683 5 156935973 

rs1265122 t c -0.001 0.004 0.698 8 103190530 

rs11904894 t c 0.002 0.004 0.710 20 19056247 

rs1435867 t c 0.002 0.007 0.739 2 229510929 

rs721917 a g -0.001 0.003 0.760 10 81706324 

rs7727161 t g 0.001 0.004 0.766 5 147832486 

rs16891339 a g 0.002 0.010 0.810 6 80647622 

rs4597955 a g 0.001 0.004 0.814 5 147847273 

rs192394604 t g 0.001 0.004 0.821 8 103148763 

rs7733401 a c 0.001 0.004 0.828 5 147833281 

rs16825267 c g 0.001 0.007 0.872 2 229569919 

rs113554904 a g 0.000 0.004 0.914 3 188483788 

rs2582790 a c 0.000 0.004 0.916 1 120314849 

rs56168343 t c 0.000 0.005 0.940 5 156928008 

rs2843016 a g 0.000 0.004 0.969 1 120322961 

rs3782563 a g 0.000 0.004 0.974 12 96639739 

rs12459249 t c 0.000 0.004 0.989 19 41339896 

A1: first allele; A2: second allele; Chr: chromosome; DLCO/VA: Diffusing capacity of 

the lung for carbon monoxide by alveolar volume; SE: Standard error; Pos: Position. 

Model2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness.  

Bold indicates statistical significance.  



Table E8 Overlap with reported emphysema-associated variants and those  

associated with DLCO and DLCO/VA in the models 1 and 2 

Trait_Model Marker Name A1 A2 Effect SE P-value Chr Pos 
DLCO_model1 rs13141641 t c 0.018 0.024 0.461 4 145506456 
 rs45505795 c g 0.028 0.085 0.742 14 94756943 
 rs55676755 c g 0.052 0.025 0.034 15 78898932 
 rs142200419 t c 0.040 0.130 0.760 4 127323308 
 rs74834049 a t 0.056 0.035 0.111 8 13029877 
 rs75200691 t g -0.048 0.035 0.171 8 13054869 
 rs55706246 a g 0.108 0.049 0.029 21 35595637 
DLCO_model2 rs13141641 t c 0.025 0.021 0.237 4 145506456 
 rs45505795 c g -0.052 0.076 0.493 14 94756943 
 rs55676755 c g 0.048 0.022 0.029 15 78898932 
 rs142200419 t c 0.036 0.117 0.756 4 127323308 
 rs74834049 a t 0.068 0.032 0.032 8 13029877 
 rs75200691 t g -0.061 0.032 0.053 8 13054869 
 rs55706246 a g 0.079 0.044 0.075 21 35595637 
DLCO/VA_model1 rs13141641 t c -0.002 0.004 0.519 4 145506456 
 rs45505795 c g -0.029 0.014 0.031 14 94756943 
 rs55676755 c g 0.011 0.004 0.004 15 78898932 
 rs142200419 t c -0.003 0.021 0.895 4 127323308 
 rs74834049 a t 0.011 0.006 0.044 8 13029877 
 rs75200691 t g -0.010 0.006 0.068 8 13054869 
 rs55706246 a g 0.010 0.008 0.223 21 35595637 
DLCO/Va_model2 rs13141641 t c -0.003 0.004 0.429 4 145506456 
 rs45505795 c g -0.022 0.013 0.079 14 94756943 
 rs55676755 c g 0.008 0.004 0.026 15 78898932 
 rs142200419 t c -0.009 0.020 0.644 4 127323308 
 rs74834049 a t 0.012 0.005 0.027 8 13029877 
 rs75200691 t g -0.011 0.005 0.038 8 13054869 
 rs55706246 a g 0.011 0.008 0.155 21 35595637 

A1: first allele; A2: second allele; Chr: chromosome; DLCO: Diffusing capacity of the 

lung for carbon monoxide; DLCO/VA: Diffusing capacity of the lung for carbon 

monoxide by alveolar volume; SE: Standard error; Pos: Position. 

Model1: Adjusted for age, sex and principal components of genetic relatedness. 

Model2: Adjusted for age, sex, weight, height, smoking and principal components of 

genetic relatedness.  

Bold indicates statistical significance. 

 

 

  



 

Figure E3 Haploreg analysis of the main results of the meta-analysis  

[Haploreg, http://archive.broadinstitute.org/mammals/haploreg/haploreg.php]  

  

http://archive.broadinstitute.org/mammals/haploreg/haploreg.php


  



Figure E4 GTEx output of ADGRG6 expression in different tissues 

GTEx portal, http://www.gtexportal.org/home/  

Date of data extraction:18-September-2017   
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Figure E5 The genotypes of rs17280293 and rs11155242 in GTEx lung tissue 

database.  

This figure is extracted from the GTEx portal. The legend on the top of the figure includes 

information on: tissue, analysis, chromosome_position_reference allele_effect allele_build and gene 

ID (GPR126). Important note, the effect alleles in this analysis are the reference alleles in the GWAS; 

therefor, for any comparison with the GWAS results, the effect estimates of the eQTL analysis must 

be flipped.   
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