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Some genetic variants are associated with lung function decline and chronic obstructive pulmonary 
disease (COPD), but functional studies are necessary to confirm causality. We investigated the genetic 
susceptibility-associated lung function decline with or without COPD, using data from a community-
based cohort (N = 8554). A genome-wide interaction study was conducted to identify the association 
between genetic variants and pulmonary function, and the way variants relate to lung impairment 
in accordance with smoking status and amount was examined. We further used a linear mixed model 
to examine the association and interaction to time effect. We found annual mean FEV1 declines of 
41.7 mL for men and 33.4 mL for women, and the annual rate of decline in FEV1 was the fastest for 
current smokers. We also found a previously identified locus near FAM13A, the most significant SNPs 
from the results of two likelihood ratio tests for FEV1/FVC (P = 1.56 × 10−10). These selected SNPs were 
located in the upstream region of FAM13A on chromosome 4 and had similar minor allele frequencies 
(MAFs). Furthermore, we found that certain SNPs tended to have lower FEV1/FVC values, and lung 
function decreased much faster with time interactions. The SNP most associated with lung function 
decline was the rs75679995 SNP on chromosome 7, and those SNPs located within the TAD of the 
DNAH11 region and the eQTL of rs9991425 revealed a higher expression of MFAP3L and AADAT genes 
(P = 2.28 × 10−7 and 2.01 × 10−6, respectively). This is the first study to investigate gene–time interactions 
in lung function decline as a risk factor for COPD in the Korean population. In addition to replicating 
previously known signals for FAM13A, we identified two genomic regions (DNAH11, AADAT) that are 
potentially involved in gene–environment interactions, warranting further investigation to confirm 
their roles.
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Lung function is critical for the proper functioning of the respiratory system. Impaired lung function, usually 
represented by low measures of the forced expiratory volume (FEV1) in one second, forced vital capacity (FVC), 
and FEV1/FVC, is a risk factor for morbidity and mortality in the general population1,2. FEV1/FVC is used as a 
diagnostic criterion for chronic obstructive pulmonary disease (COPD), and the FEV1 is used to evaluate COPD 
severity3,4.

Lung function can gradually decrease because of physiological aging of the lungs, and numerous genetic 
and environmental factors can accelerate this process5. Multiple risk factors for COPD have been identified; 
among them, smoking has been recognised as the most significant risk factor leading to rapid decline in lung 
function and consequent development of COPD6. However, sensitivity to smoking differs substantially among 
individuals, and these differences are partially attributed to genes and/or their interactions with smoking. 
Genetic loci associated with lung function have been shown to influence susceptibility to respiratory diseases, 
including COPD. However, most of the variants identified using genome-wide association studies (GWAS) are 
common variants (minor allele frequency [MAF] > 5%) in the population7.
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Recently, multiple loci associated with pulmonary function and risk of COPD and lung function decline have 
been identified using GWAS8–12. A previous study revealed that the height-related gene DLEU7 is linked to a 
decrease in FEV1 among non-asthmatic European adults13. Tang et al. identified novel loci associated with the 
rate of FEV1 change over time, specifically IL16/STARD5/TMC3 on chromosome 15 and ME3 on chromosome 
11, using data from 14 population-based cohort studies14. Other studies utilizing data from the Framingham 
Heart Study have investigated lung function decline. Gottlieb et al.15 observed a modest contribution of heritable 
factors to the variance in FEV1, FVC, and the FEV1/FVC ratio decline. Wilk et al.16 identified GSTO2 and IL6R 
as credible candidate genes associated with pulmonary function. They also identified several novel gene regions 
associated with pulmonary function; however, replication in other study samples and functional studies are 
needed to confirm causality.

Therefore, studies on genetic susceptibility loci and their temporal interactions with environmental factors 
are required to improve general understanding regarding the pathogenesis and progression of COPD. In this 
study, we investigated the genetic factors that might contribute to pulmonary function and examined how they 
are related to lung impairment and gene-time interactions in a community-based cohort.

Results
Baseline patient characteristics
In total, 8554 participants (57.1% men, 52.9% women) were included in the analysis and Table 1 shows the baseline 
characteristics of all participants. The mean participant age was 52.1 years. Smoking history was obtained using 
a questionnaire, and smoking status and pack years were used as covariates for association analyses. Smoking 
status was categorised into never smokers, former smokers, and current smokers, and the percentages were 60%, 
15.4%, and 24.6%, respectively. Among the 8554 baseline subjects, COPD was observed in 738 subjects (8.6%) 
(Supplementary Table S2). During the 12-year follow-up period, 10.8% (n = 844) of patients developed COPD.

Effect of smoking on lung function decline
The generalized additive mixed model demonstrates a significant difference in the decline of FEV1 with age 
between males and females. Males exhibit a faster annual rate of decline (41.73  mL; 95% CI 41.15–42.31) 
compared to females (33.36 mL; 95% CI 33.12–33.59; P < 0.001), independently of age, smoking pack years, and 
smoking status (Fig. 1a). The annual mean decline in FEV1 among male healthy never smokers, former smokers, 
and current smokers was also compared (Fig. 1b). The annual rate of decline in FEV1 was fastest for current 
smokers (46.3 mL; 95% CI 45.2–46.8; P < 0.001 vs. healthy never smokers and former smokers).

Genome-wide interaction study (GWIS) of FEV1/FVC with Korea Association Research Project 
(KARE) data
The FEV1/FVC ratios were applied as spirometric measures, which were used to identify the genetic variants 
interacting with time. GWIS were conducted conducted for associations of 3,333,374 SNPs by applying the two 
DF test to KARE data based on the likelihood ratio test to assess whether both the main and interaction effects 
are equal to 0 simultaneously. Figure 2 shows the genome-wide significance levels were determined by using the 
quantile–quantile (QQ) and Manhattan (MH) plots of the results from the two likelihood ratio tests for SNP and 
SNP*Time effect.

The MH plot showed that 89 SNPs associated with FEV1/FVC at the genome-wide significance level were 
located on chromosome 4 in FAM13A. These selected SNPs were located in the upstream region of FAM13A 
on chromosome 4 and had similar MAFs. The SNP most associated with FEV1/FVC was the rs2446304 SNP 
(P = 1.56 × 10−10). Figure 3 shows a regional plot (r2) around rs2446304 SNPs created using LocusZoom. FAM13A 
within the topologically associated domain (TAD) is located between 89.6 to 90.2 Mb.

Effects of time and gene interactions on FEV1/FVC
Figure 4a shows the QQ plot for the interaction effect tests, in which variance inflation factor (VIF) was 1.03, 
while Fig. 4b shows the MH plot for the same. To assess the significance of the identified interactions, statistical 

Males (n = 4026) Females (n = 4528) Total (n = 8554) P-value

Age (years), mean 51.7 ± 8.7 52.5 ± 9.0 52.1 ± 8.8  < 0.001

Body mass index, kg/m2, mean 24.4 ± 2.8 24.9 ± 3.2 24.6 ± 3.1  < 0.001

Height, cm 167.0 ± 5.8 153.8 ± 5.5 160.0 ± 8.7  < 0.001

Smoking status, N (%)  < 0.001

 Never smoker 805 (20.0) 4329 (95.6) 5134 (60.0 )

 Former smoker 1259 (31.6) 55 (1.2) 1314 (15.4 )

 Current smoker 1962 (48.7) 144 (3.2) 2106 (24.6 )

Smoking, pack-year 24.2 ± 17.4 6.8 ± 9.9 22.9 ± 17.6  < 0.001

FEV1, % predicted, mean 106.4 ± 16.2 116.6 ± 17.6 111.8 ± 17.7  < 0.001

FVC, % predicted, mean 102.0 ± 13.9 107.1 ± 15.0 104.7 ± 14.7  < 0.001

FEV1/FVC, % 78.0 ± 13.9 81.7 ± 6.6 79.9 ± 7.7  < 0.001

Table 1.  Baseline characteristics of male and female subjects included in the study. Data are presented as 
mean ± standard deviation or n (%). FEV1 forced expiratory volume in 1 s, FVC forced vital capacity.
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significance thresholds that are routinely used for GWAS were applied. A genome-wide significance threshold 
of 5 × 10–8 was specified, while a more liberal genome-wide suggestive threshold of 1 × 10–5 was also applied to 
include interactions with P-values that were slightly above the genome-wide significance threshold but may 
represent genuine interactions.

The SNPs most associated with lung function decline in SNP-by-time interaction were found to be 
rs75679995 within DNAH11, and rs9991425 located near AADAT and MFAP3L, with P = 2.28 × 10−7 and 
2.01 × 10−6, respectively. Figure 5 shows the linkage disequilibrium and the regional plot for the most significant 
SNP region. The SNPs were located within the TAD of the DNAH11 region (21.6 ~ 22.2 Mb of chromosome 7). 
DNA sequences within a TAD physically interact with each other more frequently than with sequences outside 
the TAD, and thus our most significant SNPs may affect the expression of DNAH 11 (Fig. 6). Therefore, our 
results indicated that DNAH11 may be functionally related to decrease in lung function.

Several identified loci, including MFAP3L and AADAT, were plausible candidates for lung function decline 
characterised by changes in the FEV1/FVC ratio (Fig.  7). We evaluated whether the identified SNPs were 
associated with gene expression using the GTEx Portal platform (https://gtexportal.org/). Two SNPs were 
identified as cis-expression quantitative trait loci (eQTLs) in lung tissue: one for MFAP3L in muscle tissue and 

Fig. 2.  QQ plot and MH plot from GWIS in KARE data. (a) Comparison between observed and expected P-
values of quantiles under uniform distribution (null hypothesis). The VIF was 1.04. (b) Plot of the logarithms 
of the P-values of 3,333,374 SNPs against the physical chromosomal position. The red line represents genome-
wide significance level (5 × 10–8), which was met by several SNPs located at chromosome 4. QQ Quantile–
quantile, MH Manhattan, VIF variance inflation factor, GWIS genome-wide interaction study, KARE Korea 
Association Resource Project.

 

Fig. 1.  Comparison of the annual mean decline of FEV1. (a) FEV1 for male (n = 4026) and female patients 
(n = 4528). (b) Comparison of the annual mean decline in FEV1 among male healthy never smokers, former 
smokers, and current smokers. aP-value compared to healthy never smoker, bP < 0.001 compared to former 
smoker. *Data are presented as mean and 95% confidence intervals. FEV1 forced expiratory volume in 1 s.
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another for AADAT in cultured fibroblasts. The exon-level expressions of MFAP3L and AADAT showed 6.286 
and 1 transcript per million kilobases in lung tissues, respectively (Supplementary Fig. S3).

Changes in FEV1/FVC with time and rs75679995 (DNAH 11) status were plotted using generalised additive 
models. The estimated FEV1/FVC ratio was generated using gene-by-time analysis and KARE data (Fig. 7). 
The result suggested that rs75679995 significantly affected the FEV1/FVC ratios of the cohort participants for 
time-to-gene interactions, resulting in rapid decline in lung function; the minor allele G negatively impacted the 
increment in time interaction.

Replication of the most significant SNPs in the GENIE cohort of KARE
Results for the most significant SNPs were identified in GWIS. For FEV1/FVC, GWIS was performed on a GENIE 
cohort, and the significant results are summarised in Table S3. SNP and INT are the coefficients for the main 
SNP and interaction effects between SNP and time, respectively. Overall effects are indicated by the P-values 
for testing the null hypotheses, H0: βSNP = βSNP − time = 0, obtained using the F test. Although we identified 
susceptibility loci associated with decreased lung function in KARE data, these findings were unfortunately not 
replicated in the GENIE study.

Discussion
In the present study, the annual decline in lung function was estimated for a population-based cohort in 
Korea. Current smokers showed significantly higher rate of decline in FEV1 than healthy never smokers. We 
also performed GWIS for genetic variants associated with COPD susceptibility over time. The interaction was 
evaluated using a joint test near the previously described FAM13A, MFAP3L, and AADAT loci on chromosome 
4 and at the DNAH11 locus on chromosome 7. Importantly, we found evidence for temporal interaction between 
DNAH11, MFAP3L, and AADAT and FEV1/FVC; minor alleles of the selected SNPs near DNAH11, MFAP3L, 

Fig. 4.  QQ plot and MH plot (interaction effects) (a) QQ plot. (b) MH plot of the results of interaction effect 
on FEV1/FVC. The blue line indicating the genome-wide suggestive level (5 × 10⁻5). QQ Quantile–quantile, MH 
Manhattan, VIF variance inflation factor.

 

Fig. 3.  Regional plot for chromosome 4 SNPs considering SNP × time interaction. Regional association plots 
at the most significant loci on chromosome 4 show associations with lung function, as measured by FEV1/FVC 
and SNPs for SNP Analysis Incorporating SNP × Time Interaction.
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Fig. 7.  Estimated FEV1/FVC according to time interaction and rs75679995 The estimated FEV1/FVC ratio was 
generated by gene-by-time analysis using KARE data. Minor allele G has negative impact on increment of time 
interaction.

 

Fig. 6.  Regional plot (chromosome 4, interaction effects).

 

Fig. 5.  LD among the four most significant SNPs and regional plots (chromosome 7, interaction effects). 
LD plot and regional association plots at the most significant loci showing association with lung function as 
measured by FEV1/FVC and SNP-by-time interaction for chromosome 7. LD linkage disequilibrium, SNP 
single nucleotide polymorphism, FEV1 forced expiratory volume in 1 s, FVC functional vital capacity.
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and AADAT tended to have low FEV1/FVC values. However, the statistical model for the analysis of gene-time 
interactions should be selected carefully. This was because the effects of time on FEV1/FVC were very strong, and 
the means and variances may differ according to genetic variants.

FAM13A was reported to be associated with the FEV1/FVC ratio in the CHARGE consortium9 and was 
strongly associated with COPD susceptibility in the previous GWAS8,17,18. In this study, FAM13A was strongly 
associated with the FEV1/FVC ratio. Although this locus neither reached genome-wide significance nor was 
replicated in the GENIE cohort, this previously reported region could be associated with lung function in the 
Korean population.

The rs75679995 SNP was the second-most significant SNP in our cohort, which was found in the intron of 
DNAH11, a dynein-coding gene. The biological importance of dyneins (microtubule motor protein complexes) 
in DNAH11 is well understood. They are required for the initiation of MAPK3/6 and p38 signal transduction, 
which in turn regulate many biological processes, such as cell survival, differentiation, migration19,20, and 
immune and inflammatory responses21,22.

Primary ciliary dyskinesia (PCD) is a rare autosomal recessive genetic disorder characterised by 
dysfunction of motile cilia. DNAH11 mutations are reported in 6% of all PCDs, and 22% of those with normal 
ultrastructure23–25. Generally, ciliary dysmotility causes poor mucociliary clearance and leads to the impairment 
of pulmonary function and severe respiratory infections. The mechanism of lung function decline that was 
observed in the cohort could be attributed to ciliary dysfunction.

The results of eQTL analysis of rs9991425 revealed high expression of both MFAP3L and AADAT. We 
further analysed MFAP3L and AADAT expression using the GTEx portal, which revealed that MFAP3L was 
upregulated in muscle while AADAT was expressed in cultured fibroblasts. The numbers of transcripts per 
million kilobases for MFAP3L and AADAT in lung tissue were 1 and 6.286, respectively. Thus, it was not clear 
as to which gene contributed to the significant effect of rs9991425 on FEV1/FVC ratio; however, AADAT might 
be a more promising candidate, as its expression in lung tissue is higher than that of MFAP3L. This gene plays 
an important role in thyroid hormone regulation26 and lung cancer27 and is a major negative regulator of amino 
acid metabolism involving the mitochondria in cultured fibroblasts, suggesting that AADAT may be involved in 
the pathogenesis of COPD or in lung function decline.

Increasing evidence indicates that the mitochondria are involved in cellular functions beyond oxygen 
sensing and energy production. Mitochondria can sense upstream processes such as inflammation, infection, 
presence of tobacco smoke, and environmental insults28–30, which play important roles in these diseases, and can 
subsequently respond to these stimuli by altering mitochondrial protein expression and structure (and resultant 
dysfunction). In contrast, mitochondrial dysfunction affects cytosolic and mitochondrial calcium regulation, 
airway contractility, expression of housekeeping genes, responses to oxidative stress, proliferation, apoptosis, 
fibrosis, and metabolism, which are all key aspects of airway disease pathophysiology31. To the best of our 
knowledge, this is the first study to demonstrate a potentially novel COPD susceptibility locus in AADAT on 
chromosome 4.

A report has shown that > 70% patients with COPD have GOLD stage 1 (mild) or 2 (moderate) disease with 
no apparent respiratory symptoms such as dyspnoea on exertion32. Previous studies have shown that tiotropium 
can ameliorate the annual decline in FEV1 and reduce the frequency of acute exacerbation compared to that 
observed in placebo-treated patients with GOLD stage 1 or 2 COPD33,34. Therefore, earlier detection of COPD 
or lung function decline may lead to early effective intervention, reducing disease progression and the associated 
socioeconomic burden. Our observations are clinically important as they provide meaningful insights regarding 
the genetic risk of lung function decline in COPD. We proposed a method that revealed the complexity of 
gene–time interaction analyses, identified consistent gene–time interactions, and proposed a statistical model 
for association. Interest in early detection of the disease has been increasing in the USA in recent years, where 
COPD monitoring is performed by the National Lung Health Education Program. However, considering that 
individuals may suddenly undergo rapid decline in lung function, performing selective PFT only in patients 
with genetic susceptibility to COPD, rather than in all patients, may be cost-effective. The results of our study are 
especially noteworthy as studies investigating the genetic risk factors for early COPD or lung function decline 
are lacking despite substantial progress in evaluating the genetic susceptibility to COPD.

Although we were able to identify susceptibility loci related to decrease in lung function, unfortunately, 
these data were not identically replicated in the GENIE study. For example, although an interaction between 
time and SNPs was found for the KARE data, the interaction between pack years and SNPs was not significant 
for the GENIE data. However, this may be attributed to the fact that in our replication of the GENIE study, 
the characteristics of the patients differed from that obtained from the KARE data. In particular, the KARE 
data were based on rural and urban community populations, while the GENIE data comprised participants 
who underwent regular health screening and received routine medical care. Medical care and routine health 
check-ups are often positively related to socioeconomic status, which could have resulted in selection bias and 
influenced the results of our study35.

Our study provides novel findings but has several notable limitations. First, the definition of COPD is based 
on pre-bronchodilator data. Second, we did not perform functional in vitro analysis to determine whether these 
genetic variants affect early COPD. Additionally, while some of the gene–environment interactions identified 
did not reach traditional levels of statistical significance, they remain suggestive based on clinical observations 
and trends across multiple analyses.

In conclusion, our study suggests that several SNPs located on chromosome 4 and in FAM13A may be 
associated with early COPD. Additionally, we propose that DNAH11 and AADAT could be involved in 
susceptibility to lung function decline or COPD. Further large-scale studies are needed to validate these findings.
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Materials and methods
Study populations and genetic information
Data from two independent community-based cohorts of Ansan (urban) and Ansung (rural), included in the 
Korean Genome and Epidemiology Study (KoGES), were analysed. Korean men and women aged 39–70 years 
between 2001 and 2002 were enrolled in both cohorts for a prospective 12-year investigation, with assessment 
every two years (see Supplementary Text 1 for detailed information on cohorts). Genetic information was 
obtained from KARE, a multidisciplinary research consortium that began in 2007, to conduct a large-scale 
GWAS (see Supplementary Text 2 for detailed consortium information) of the Ansan and Ansung cohorts in the 
KoGES36. In addition, individuals who did not complete a pulmonary function test (PFT), genetic information 
of whom were lacking, or did not report smoking status were excluded.

The Korea Centre for Disease Control and Prevention obtained written informed consent from all participants 
regarding the collection of their data, and the Institutional Review Board of Korea Ansan Hospital (IRB No. 
2019AS0102) and Seoul National University (IRB No. E1605/E002-003) approved the study. All methods were 
performed in accordance with the approved protocol and the relevant guidelines and regulations.

Spirometric lung function measurement
Pulmonary function tests were performed by a skilled technician using a portable spirometer (Vmax-2130, 
Sensor Medics, Yorba Linda, CA, USA) according to standardised protocols of the American Thoracic Society37. 
All participants underwent a prebronchodilator spirometry test until completing at least three repeated 
measurements, and an acceptable measurement was considered to occur when the differences between the largest 
and the next largest FVC and FEV1 values were within 0.15 L. Calibration and quality control of spirometric 
examinations were also performed regularly based on the guidelines of the American Thoracic Society.

Discovery analysis using KARE
Decrease in lung function was assessed using KARE data on FEV1 and GWIS data on FEV1/FVC. The values of 
FEV1 and FEV1/FVC were observed up to seven times every two years, and at least one or more individuals who 
had undergone PFT were included (Supplementary Table S1). Genotype data were obtained using the Affymetrix 
genome-wide human SNP array 5.036, and quality control (QC) analyses were performed for participants who 
underwent spirometry analysis, and their smoking history was recorded. After QC process and imputation 
(see Supplementary Text 3 for detailed procedures about QC and genotypic imputation), 8,554 individuals and 
3,333,374 SNPs were included for the analyses (Fig. 8).

Validation analyses using the genomics evidence neoplasia information exchange (GENIE) 
cohort
The GENIE cohort comprised 7999 participants who visited Seoul National University Hospital Gangnam 
Center in 2014 and who agreed to provide blood samples and participate in genetic studies38. The genotype 
of the participants was analysed using the Affymetrix Axiom KORV1.1–96 Array20, and genotype QC was 
performed. The 4413 participants who had FEV1/FVC ratio ≥ 70 were ≥ 40 years old, and the spirometric data 
and smoking history of whom were available were included in the association analysis. Based on questionnaires, 
2520 individuals were non-smokers, 1380 were former smokers, and 513 were current smokers. From this 
dataset, the 2520 non-smokers and 513 current smokers were included in the GWIS validation study.

GWIS with KARE data
The FEV1/FVC ratios were applied as spirometric measures, which were used to identify the genetic variants 
interacting with time. GWIS were conducted using KARE data. Analyses using a linear mixed model were 
performed with age, sex, height, body mass index, smoking pack year, and smoking status as covariates. To 
adjust for population substructure strictly, principal component analyses (PCA) were applied to the genetic 
relationship matrix, and the first 10 PCA scores were included as covariates. yij was the FEV1/FVC value for 
participant i at time point j, and they were assumed to follow a multivariate normal (MVN) distribution. The 
elapsed time from the baseline measurement and PC scores for participant I and component k were denoted as 
time ij and pci k, respectively. Then, the linear mixed model for FEV1/FVC was as follows.

	

F EV1/F V Cij =β0 + β1agei + β2sexi + β3BMIi + β4height + β5Smoking − status + β6P ack − years

+ β7T IME + β8SNP + β9T IME · SNP + Σ10
K=1τkP Ck

i + b1iT ime + b0i + εij

	

[
b0
b1

]
∼ MV N (0, Σ) , (εi1, . . . , εini )t ∼ MV N (0, Σ′)

It should be noted that never smokers were included in the model, with the pack-year variable set to 0 for these 
individuals. We compared several structures for Σ and Σ′, and selected an unstructured covariance structure 
for Σ and AR1 structures for Σ′. The proposed models were applied to detect gene-time interactions for average 
FEV1/FVC levels. To identify SNPs interacting with time on spirometric measures, we considered H0: β8 = β9 = 0. 
The most significant SNPs were selected for further analyses of gene-time interaction effects.
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Data availability
Genotype and clinical data for KARE can be downloaded from the Korea Disease Control and Prevention Agen-
cy (KDCA) website (https://www.kdca.go.kr/), subject to an approval process by the Korean NIH. For more 
information on the approval process, please contact biobank@korea.kr.
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