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Take home: 

Population-based cohort studies show that methylated sites at an earlier age are associated 

with lung function at a later age, possibly sex-specific, and detected markers could serve as 

candidates on lung function deficit prediction in future studies.



 

ABSTRACT: 

Investigating whether DNA-M at an earlier age is associated with lung function at a later 

age and whether this relationship differs by sex could enable prediction of future lung function 

deficit.  

A training/testing-based technique was used to screen 402,714 cytosine-phosphate-

guanine dinucleotide sites (CpGs) to assess the longitudinal association of blood-based DNA-M 

at ages 10 and 18-years with lung function at 18 and 26-years, respectively, in the Isle of Wight 

birth cohort (IOWBC). Multivariable linear mixed models were applied to the CpGs that passed 

screening. To detect differentially methylated regions (DMRs), DMR enrichment analysis was 

conducted. Findings were further examined in the Avon Longitudinal Study of Parents and 

Children (ALSPAC). Biological relevance of the identified CpGs was assessed utilizing gene 

expression data. 

DNA-M at 8 CpGs (FEV1: 5 and FEV1/FVC: 3 CpGs) at an earlier age was associated with 

lung function at a later age regardless of sex, while at 13 CpGs (FVC: 5, FEV1:3, and FEV1/FVC: 5 

CpGs), the associations were sex-specific (PFDR<0.05) in IOWBC with consistent directions of 

association in ALSPAC (IOWBC-ALSPAC consistent CpGs). cg16582803 (WNT10A) and 

cg14083603 (ZGPAT) were replicated in ALSPAC for main and sex-specific effects, respectively. 

Among IOWBC-ALSPAC consistent CpGs, DNA-M at cg01376079 (SSH3) and cg07557690 

(TGFBR3) was associated with gene expression both longitudinally and cross-sectionally. In 



 

total, 57 and 170 DMRs were linked to lung function longitudinally in males and females, 

respectively. 

CpGs showing longitudinal associations with lung function have the potential to serve as 

candidate markers in future studies on lung function deficit prediction. 



BACKGROUND 

Lung function is pivotal for the diagnosis of respiratory diseases and predicts future 

disease development [1]. Lung function, specifically forced expiratory volume in one second 

(FEV1) is inversely correlated with morbidities such as asthma and COPD, and early mortality [2, 

3]. The growth of lung function in childhood to adolescence is associated with age and height 

and the decline in adulthood is related to aging [3, 4]. In addition, the maximal level of lung 

function and the age of decline are dependent on sex [3, 5]. Several biological factors 

determine such sex-dependency including anatomical, immunological, and hormonal factors [5, 

6]. 

The impact of environmental factors on respiratory health and lung function is 

significant [7]. The importance of interaction between genetic and environmental factors in 

determining lung function suggests that other gene regulatory processes [8], such as epigenetic 

mechanisms, may act as an interface between environmental exposures and genetics [9, 10]. 

DNA methylation (DNA-M), most commonly the addition of a methyl group onto the 5′ position 

of the cytosine base at cytosine-phosphate-guanine dinucleotide sites (CpGs), regulates gene 

expression (GE) by recruiting proteins involved in gene repression or by impeding the binding of 

transcriptional proteins to DNA [11]. Several studies have shown the association of blood-based 

DNA-M with lung function [12-17] or with related diseases such as asthma [18] and COPD [12-

15]. Most existing epigenetic studies on lung function were cross-sectional and focused on 

older people (>40-years) [12-16]. Cross-sectional designs are subject to reverse causation and 

create temporal ambiguity. To our knowledge, no existing studies have used repeated 



 

measurements of DNA-M, together with longitudinally measured lung function to assess the 

association of DNA-M with lung function and the stability of these associations over time.  

DNA-M changes over time at specific CpGs [19, 20] and such changes have been shown 

to be sex-specific [20, 21]. Changes in DNA-M can occur in response to biological aging but also 

to environmental exposures [22]. That is, DNA-M at certain CpGs reflects the memory of past 

exposure as well as significant changes at different stages of life. The association between 

change in DNA-M and change in lung function has been shown to be different between males 

and females [23]. However, it is unknown whether DNA-M at an earlier age is associated with 

lung function at a later age, whether such longitudinal associations are invariant to DNA-M 

changes over time, and how such associations are different between males and females. A 

longitudinal design with repeatedly measured DNA-M and lung function data would allow 

assessment of the stability of time-lagged associations between DNA-M and lung function. As 

DNA-M has been found to be a potential driver of biological aging [24], DNA-M biomarkers 

which have a stable time-lagged association could be useful to predict lung function deficit and 

detect possible related diseases at an earlier age before the pathology becomes apparent. We 

hypothesized that DNA-M at specific CpGs in early life is associated with lung function at a later 

age and that such association would be sex-specific. The study was carried out in a birth cohort 

located on the Isle of Wight (IOWBC) in the United Kingdom (UK). To assess generalizability, the 

findings were further examined in an independent birth cohort, Avon Longitudinal Study of 

Parents and Children Cohort (ALSPAC) in the UK. 



 

MATERIAL AND METHODS 

Study subjects and design 

The IOWBC – Discovery cohort 

The IOWBC is a prospective population-based birth cohort established in 1989, UK. 

Longitudinal monitoring of allergic diseases, phenotypic measures, genetic, and assessments of 

environmental exposures were conducted at birth and multiple ages from one year to 26-years 

of age. Forced vital capacity (FVC), and forced expiratory volume in one second (FEV1) at ages 

10 (n=980), 18 (n=838), and 26 (n=546)-years were conducted and the ratio of FEV1 over FVC 

(FEV1/FVC) was calculated. Genome-wide DNA-M was measured from peripheral blood samples 

collected at ages 10 (n=330), 18 (n=476), and 26 (n=303)- years from randomly selected 

subjects for whom DNA was available using the Infinium HumanMethylation450K or EPIC 

BeadChips. After quality control, preprocessing, and excluding probes with single nucleotide 

polymorphisms, 402,714 CpGs were included in the statistical analyses. RNA-seq gene 

expression (GE) data for subjects at age 26-years was available in IOWBC. A detailed description 

of IOWBC is in the online supplementary file. 

The ALSPAC– Replication cohort 

Findings in the IOWBC were further tested in an independent cohort, ALSPAC [25, 26], 

where DNA-M data at 7 and 15-years and lung function measurements at 15 and 24-years were 

available for replication analyses. Details of these data along with information on covariates are 

presented in the online supplement. The study website contains details of all the data that is 



 

available through a fully searchable data dictionary and variable search tool 

(http://www.bristol.ac.uk/alspac/researchers/our‐data/).  

Statistical Analyses 

 To assess whether subjects examined in the study at ages 18 and 26-years reasonably 

represented those in the complete IOWBC, continuous variables were evaluated using non-

parametric one sample sign tests and categorical variables were examined implementing one-

sample proportion tests.  

Analyses of longitudinal association  

 Lung function measurements at each age were adjusted by height. DNA-M adjusted for 

cell types, principle components, and batch effects at each CpG was used (please see detailed in 

online supplement). In IOWBC, a two-step analytical approach was utilized to assess the 

longitudinal association between DNA-M and lung function at two time-lagged periods; period-

1 (10-18 years): the association of DNA-M at age 10-years with lung function at 18-years, and 

period-2 (18-26 years): the association of DNA-M at age 18-years with lung function at 26-years. 

In the first step, we filtered out CpGs not potentially associated with lung function in either of 

the two periods using a screening package, “ttScreening” in R 3.3.2 version (detailed in the 

online supplement) [27, 28]. The screening was applied to each lung function parameter and 

performed for both time periods, stratified by gender.  

In the second step, linear mixed models (LMM) with repeated measures were 

implemented in period-1 and period-2 in SAS 9.4. Model-1 focused on the main effects of DNA-

http://www.bristol.ac.uk/alspac/researchers/our-data/


 

M. Potential confounders, including birth weight, gestational age, sex, duration of 

breastfeeding, maternal smoking exposure during pregnancy, recurrent chest infection at ages 

1, 2 and 4-years, socioeconomic status, repeated measures of body mass index, smoking status, 

paracetamol use at ages 18- and 26-years were included in the model-1. To assess sex-

specificity, we further extended model-1 by including DNA-M×sex interaction in model-2. 

Multiple testing was corrected by controlling false discovery rate (FDR) of 0.05 in both models 

[29].  

Analyses of differentially methylated regions (DMRs)  

Regional differential methylation signals among the CpGs that passed screening were 

examined using DMRcate [30] in default settings of including ≥2 significant CpGs that passed 

screening in a region of ≥1000 nucleotides (PFDR <0.05) [30] (details are in the online 

supplement). 

Replication analysis in ALSPAC  

The CpGs identified in IOWBC were further examined in ALSPAC to validate the IOWBC 

findings. Following a similar approach as that in the IOWBC, i.e., via LMMs with repeated 

measures, the longitudinal association of DNA-M at age 7-years with lung function at 15-years, 

and DNA-M at 15-years with lung function at 24-years was examined, controlling the effects of 

confounders except two covariates, recurrent chest infection and paracetamol use which were 

unavailable.  

Gene expression (GE) analysis 



 

 To assess potential biological relevance of the identified CpGs in model-1 and -2, we 

examined the association of DNA-M at those CpGs with the expression of their corresponding 

genes in blood. Linear regressions were applied to two data sets, DNA-M at age 18 with gene 

expression (GE) at 26-years (longitudinal associations) and DNA-M at age 26 with GE at the 

same age (cross-sectional associations).  

RESULTS  

Results of longitudinal association analysis in IOWBC 

In total, 332 (172 females) participants were included who had the complete (both DNA-

M and lung function) data in at least one of the two periods (Figure 1). The analyzed sub-

samples at age 18 (n=315) and 26-years (n=268) were not statistically different from the 

enrolled sample with lung function (18-years: (n=839), 26-years: (n=547)) for FVC, FEV1, and 

FEV1/FVC at the corresponding ages except FEV1 at age 18 which was higher in the subsample 

(Table 1). Using ttScreening, in total, 194, 207, and 149 CpGs with DNA-M at ages 10 and 18-

years were identified as associated with FVC, FEV1, and FEV1/FVC at 18 and 26-years, 

respectively. These CpGs were then included in subsequent analyses (Figure 2). In model-1 

(main effects of DNA-M), DNA-M at 14 CpGs (FVC: 3, FEV1: 6, and FEV1/FVC: 5 CpGs) at earlier 

ages was associated with lung function at later ages longitudinally (PFDR <0.05, Table S1) after 

adjusting the confounders. In model-2 (interaction effects of DNA-M×sex), DNA-M at 26 CpGs 

showed sex-specific associations with lung function (FVC: 9, FEV1: 7, and FEV1/FVC: 10 CpGs, 

PFDR<0.05, Table S2, Figure 2). The cg14083603 in WNT10A was identified by both models, 

model-1 and model-2.  



 

Replication in the ALSPAC 

In total, 1,342 participants (males=610) in the ALSPAC had complete data (DNA-M and 

lung function) in at least one period. Among the 14 CpGs identified in model-1 in IOWBC, 5 for 

FEV1 and 3 for FEV1/FVC showed consistent directions of associations for the main effects, of 

which the effect of cg16582803 (WNT10A) was statistically significant (P=0.034) for FEV1 (Table 

2). Among the IOWBC-ALSPAC consistent 8 CpGs, higher DNA-M at 5 CpGs (FEV1: 3 and 

FEV1/FVC: 2 CpGs) mapped to ANKRD9, WNT10A, ZNF727, NRN1, and DNAJB6 at earlier ages 

were associated with lower lung function at later ages, while at the remaining 3 CpGs mapped 

to HINFP, EFNA2 and C16orf87, higher DNA-M at earlier ages was associated with higher lung 

function at later ages (Table 2). In model-2, 13 CpGs (FVC: 5, FEV1: 3, and FEV1/FVC: 5 CpGs) of 

the 26 CpGs showed consistent directions of associations for interaction effects with those in 

IOWBC (Table 3) and among these 13 CpGs, cg14083603 (ZGPAT) was statistically significant 

(P=0.0183). For sex-specific analysis in model-2 in males, higher DNA-M at 8 CpGs at early ages 

was associated with lower lung function at later ages and while in female’s higher DNA-M at 

those CpGs was associated with higher lung function. At the remaining 5 CpGs, higher DNA-M 

was associated with higher lung function in males while in females it was associated with lower 

lung function (Table 3). 

Results of gene expression (GE) analysis 

In a longitudinal assessment of DNA-M at age 18-years with GE at 26-years (n=36 males 

and 72 females), 5 identified CpGs in model-1 and 11 in model-2 had the corresponding GE 

data. None of the 5 CpGs in model-1 in longitudinal assessment was associated with the 



 

relevant GE. In model-2, amongst the 11 CpGs, DNA-M at cg01376079 (SSH3), cg07557690 

(TGFBR3), and cg15981851 (AGAP1) at age 18 showed significant association with age 26-years 

GE (Table 4). In cross-sectional association of DNA-M at age 26-years with GE at 26-years (54 

males and 85 females), one CpGs in model-1 had corresponding GE data but showed no 

association. In model-2, 8 identified CpGs had GE data and DNA-M at three CpGs, cg01376079 

(SSH3), cg07557690 (TGFBR3), and cg19736286 (MSH6) were shown to be cross-sectionally 

associated with GE, with cg01376079 and cg07557690 also being associated with expression of 

the corresponding gene in the longitudinal assessment. In both longitudinal and cross-sectional 

assessment, consistent directions of DNA-M and GE associations were found for cg01376079 

and cg07557690; higher methylation at cg01376079 was associated with lower expression of 

SSH3, while higher methylation at cg07557690 was associated with higher expression of 

TGFBR3 (Table 4).  

Results of the DMRs analysis 

 DMR analyses focused on detecting regions showing differential methylation associated 

with lung function parameters. To potentially improve the power, via ttScreening, in males, 

486, 518, and 461 CpGs and in females, 419, 559, and 842 CpGs were selected based on their 

association with FVC, FEV1, and FEV1/FVC, respectively, and were included in the DMR analyses. 

Using repeated measures of DNA-M and lung function, 17, 24, and 16 statistically significant 

DMRs in males and 57, 66, and 47 DMRs in females were identified for FVC, FEV1, and FEV1/FVC 

correspondingly (PFDR<0.05). The DMRs containing ≥2 CpGs are presented in Table 5 and the 

complete results are in the supplementary table (Table S3). In total, 132 and 382 CpGs were in 



 

the 57 and 170 identified DMRs in males and females, respectively. Four genes were common 

between the mapped genes of the individually identified CpGs and those of DMRs, namely 

TGFBR3, WNT10A, LY6H, and GMIP. 

DISCUSSION 

We examined the longitudinal association of genome-wide DNA-M at ages 10 and 18-

years with lung function at 18 and 26-years, respectively, using repeated measures from pre-

adolescence to post-adolescence period at both individual sites and genomic regions. DNA-M at 

8 CpGs and 13 CpGs at an earlier age was shown to be associated with lung function at a later 

age for main effects and sex-specific effects, respectively, in the IOWBC, with consistent 

findings in ALSPAC. Among IOWBC-ALSPAC consistent CpGs, cg16582803 (WNT10A) and 

cg14083603 (ZGPAT) were replicated in ALSPAC in terms of direction of associations and 

statistical significance for main effect and interaction effects on lung function, respectively. 

DNA-M at cg01376079 (SSH3) and cg07557690 (TGFBR3) was associated with GE and invariant 

to longitudinal or cross-sectional assessment. In total, 57 and 170 DMRs at earlier age in 

relation to lung function at later age were identified in males and females, respectively.  

In our study, at certain proportion of CpGs, the longitudinal associations were shown to 

be sex-specific. One possible explanation of such observation might be due to sex-specific 

changes of DNA-M over time as we have previously observed [20]. Other studies also suggested 

significant sex difference in patterns of blood-based DNA-M at the genome scale [31]. Although 

the current study focused on longitudinal association of DNA-M and lung function, the 

observation on sex-specificity is consistent with our previous findings [23, 32]. In previous 



 

studies, the associations of changes in DNA-M with lung function changes [23] and DNA-M with 

lung function trajectories were found to be different between males and females [32]. Our 

further analyses indicated that such sex-specificity was time-invariant.  

The mapped genes of replicated CpGs, such as cg16582803 on WNT10A and 

cg14083603 on ZGPAT have plausible biological relevance to lung function and respiratory 

diseases. The Wnt/β-catenin pathway is centrally involved in lung development and several 

lung diseases [33, 34]. In particular, WNT10A plays an important role in pathogenesis of 

idiopathic pulmonary fibrosis (IPF) via transforming growth factor β (TGF-β) activation [34] . 

Genetic variation in ZGPAT has been shown to be associated with lung function and also the risk 

of asthma and atopic dermatitis [35-37]. It has been suggested that DNA-M in ZGPAT has a 

causal effect on FEV1, mediated by changes in the expression of ZGPAT [37].  

Longitudinal association of DNA-M at CpGs/DMRs with lung function measures at a later 

age may provide insight into the pathogenesis of impaired lung function growth. The 

association of differential methylation at some of these CpGs with GE, such as cg15981851 

(AGAP1) for time-lagged, cg19736286 (MSH6) for cross-sectional assessment, and cg01376079 

(SSH3) and cg07557690 (TGFBR3) for both longitudinal and cross-sectional assessment suggests 

a functional relevance of these CpGs. cg01376079 (SSH3) and cg07557690 (TGFBR3) manifest 

stable effects of DNA-M on GE. All the CpGs associated with the GE are located at promoter 

regions, except for cg15981851 (AGAP1), which is in the gene body (Table 4).  

It is important to note the biological relevance of cg07557690, located in the promoter 

region of gene TGFBR3 (transforming growth factor β receptor type III). Among the identified 



 

CpGs showing associations with GE, the association cg07557690 with expression of TGFBR3 was 

the strongest in both effect size and statistical significance. Expression of TGFBR3 is essential for 

optimal TGF-signaling during embryonic lung development [38]. TGF-β is also key regulator of 

extracellular matrix composition and alveolar epithelial cell and fibroblast function in the lung. 

Prolonged alterations of TGF-β and its receptors result in compromise gas exchange and lung 

function, a feature of bronchopulmonary dysplasia, lung fibrosis, and COPD [38, 39]. In 

addition, TGFBR3 has been suggested to play key roles in the pathogenesis of asthma [40] and 

COPD susceptibility [39]. TGFBR3 is also mapped within two lung function associated DMRs in 

this study. Together these results suggest that cg07557690 has potential utility as a biomarker 

of lung function development. Future in-depth studies of cg07557690 and how it is related to 

lung function are warranted.  

An important strength of this study is longitudinal design in which DNA-M measurement 

always precedes the lung function measurement to avoid temporal ambiguity (reverse 

causation). With repeated measures, the longitudinally designed studies potentially gain a 

higher power to detect change over time and to identify differences between individuals, 

compared to cross-sectional studies. Moreover, the inclusion of a validation cohort increased 

the testing power of the identified CpGs. In addition, CpGs showing agreement between the 

two cohorts has a potential of generalizability at least in Caucasians.  

There are few limitations to this study. The median value of FEV1 at age 18-years, the 

proportion of males and females at age 18 and smoking status at 26-years were different in the 

analyzed samples than the study cohort. At age 26-years, lung function was available for fewer 

participants comparative to age 18-years, leading to a smaller sample size in period-2. This 



 

study has Caucasians participants in both cohorts. Although we believe using a replication 

cohort with the same ethnicity as in the discovery cohort potentially improved the testing 

power, this design may limit the generalizability of the findings to other populations. In 

addition, while methylation of several CpGs was shown to be associated with relevant GE, this 

was in mixed cell populations from whole blood and it is not possible to assess cell-type 

specificity of the relationship, or the relevance to GE in the lung. Nevertheless, the identified 

CpGs have the potential to serve as candidate CpGs for lung function impairment prediction in 

future studies. Screening for such CpGs in early life may help to identify children at higher risk 

of reduced lung function at later ages.  
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Table 1: Comparison of lung function measurements of enrolled participants and participants 
included in the analyses. 

Variables  
Analytical  

sample 
Median (Q1, Q3) 

Enrolled sample 
Median (Q1, Q3) 

P 

Age 18 (n = 315) (n = 839)  

Lung function    
           FVC (L) 4.62 (4.04, 5.52) 4.47 (3.93, 5.32) 0.071 

           FEV1 (L) 4.11 (3.55, 4.74) 3.91 (3.44, 4.51) 0.0067 
           FEV1/FVC 0.88 (0.82, 0.93) 0.88 (0.83, 0.92) 0.37 
Height 172.5 (164, 178.5) 171 (164, 178)  0.36 
BMI 22.36 (20.32, 24.84) 22.15 (20.27, 24.81) 0.40 
Gender    
           Male  181 (57.46) 396 (47.20) 0.0019 
           Female 134 (42.54) 443 (52.80)  
Smoking    
         Non-smoker 167 (53.02) 462 (55.07) 0.90 
         Current smoker 80 (25.40) 205 (24.43)  
         Past smoker 64 (20.32) 159 (18.95)  
         Missing  4 (1.27) 13 (1.55)  

Age 26 (n = 268) (n = 547)  

Lung function    
           FVC (L) 4.66 (4.13, 5.57) 4.72 (4.14, 5.69) 0.76 
           FEV1 (L) 3.70 (3.33, 4.49) 3.76 (3.33, 4.55) 0.18 
           FEV1/FVC 0.81 (0.77, 0.84) 0.81 (0.77, 0.85) 0.81 
Height 170 (164.45, 178) 171 (164.4, 178.0) 0.17 
BMI 25.1 (22.30, 29.05) 24.80 (22.0, 28.8) 0.54 
Gender    
          Male  105 (39.18) 236 (43.14) 0.28 
          Female 163 (60.82) 311 (56.86)  
Smoking    
         Non-smoker 145 (54.10) 288 (52.65) 0.021 
         Current smoker 61 (22.76) 128 (23.40)  
         Past smoker 59 (22.01) 101 (18.46)  
         Missing  3 (1.12) 30 (5.48)  

  



 

Table 2: DNA-M at CpGs at earlier showed consistent direction of associations with lung 

function at later age between the IOWBC and ALSPAC.  

Lung 
function 

CpGs Name 
Chr. no. 

 
Gene Location* 

IOWBC ALSPAC 
Coeff. PRAW PFDR Coeff P 

FEV1 
    

 
 

  
 

 
cg10729557 14 ANKRD9 Intergenic -0.18 0.0008 0.035 -2.02 0.22 

 
cg16582803 2 WNT10A Intergenic -0.16 0.0002 0.028 -0.59 0.034 

 
cg17315331 11 HINFP TSS200 0.06 0.0003 0.028 1.60 0.84 

 
cg26174454 19 EFNA2 Intergenic 0.23 0.0007 0.035 0.44 0.15 

 
cg27599129 7 ZNF727 Intergenic -0.23 0.001 0.035 -0.06 0.86 

FEV1/FVC 
    

 
 

  
 

 
cg18760835 6 NRN1 Intergenic -0.01 0.0004 0.041 -0.22 0.33 

 
cg21240861 7 DNAJB6 TSS200 -0.004 0.0014 0.041 -0.05 0.95 

 
cg27601198 16 C16orf87 Intergenic 0.01 0.0011 0.041 0.08 0.28 

Note to table 2: 1) Coefficients of IOW-ALSPAC consistent CpGs for the association of DNA-M at earlier age with lung function at 

a later age. 

2)The CpGs showed same direction of associations and were significant at 0.05 level were in bold font. 

3) *Genes located at intergenic location were not found in Illumina annotation file and were identified using online tool 

SNIPPER. 

4) Chr. no. = Chromosome number; Coeff. = Coefficients. 

 



Table 3: DNA-M at CpGs at earlier age showed consistent sex-specific association with lung 
function at later age between the IOWBC and ALSPAC.  

CpGs  Sex Chr. 
no. 

Gene  
name  

Location  IOWBC ALSPAC 

Coeff. PRAW PFDR Coeff. P 

FVC          

  cg01376079  11 SSH3 TSS1500 0.09 0.38  0.22 0.49 

  cg01376079*sex Male    -0.41 0.0019 0.042 -0.71 0.12 

  cg07230380  10 SCD TSS1500 -0.02 0.25  -4.77 0.62 

  cg07230380*sex Male    0.05 0.0012 0.042 16.21 0.23 

  cg07557690  1 TGFBR3 TSS1500 0.30 0.0014  0.21 0.56 
  cg07557690*sex Male    -0.41 0.0017 0.042 -0.40 0.46 

  cg14083603  20 ZGPAT Body -0.49 <.0001  -0.55 0.76 

  cg14083603*sex Male    0.69 0.0007 0.042 6.22 0.018 

  cg23026420  11 PPP2R1B TSS200 0.17 0.0059  2.96 0.66 

  cg23026420*sex Male    -0.29 0.0019 0.041 -11.86 0.19 

FEV1          

  cg15981851  2 AGAP1 Body 0.07 0.27  0.10 0.77 

  cg15981851*sex Male    -0.36 0.0002 0.015 -0.057 0.91 

  cg16582803  2 WNT10A Intergenic -0.09 0.77  -0.48 0.21 

  cg16582803*sex Male    -0.29 0.0009 0.032 -0.23 0.67 

  cg19736286  2 MSH6 TSS200 0.09 0.41  0.23 0.90 

  cg19736286*sex Male    -0.56 0.0011 0.032 -1.36 0.59 

FEV1/FVC          

  cg02397934  6 H2BC13 Intergenic -0.01 0.035  -0.094 0.46 

  cg02397934*sex Male    0.03 0.0004 0.024 0.21 0.25 

  cg08650125  8 LY6H Intergenic 0.04 0.0014  0.01 0.73 

  cg08650125*sex Male    -0.06 0.0005 0.0236 -0.029 0.50 

  cg09059988  1 HORMAD1 1stExon; 
5'UTR 

0.01 0.36  -0.012 0.89 

  cg09059988*sex Male    -0.06 0.0008 0.025 -0.03 0.79 

  cg20038169  19 GMIP 1stExon; 
5'UTR 

-0.02 <.0001  -0.59 0.66 

  cg20038169*sex Male    0.02 0.0007 0.025 1.823 0.34 

  cg23370466  5 TRIM41 Intergenic -0.02 0.0045  -0.032 0.43 

  cg23370466*sex Male    0.04 0.0002 0.024 0.040 0.49 

Note to table 3: 1) Coefficients of IOW-ALSPAC consistent CpGs for the sex-specific association of DNA-M at earlier age with 

lung function at a later age. 

2)The CpGs showed same direction of associations and were significant at 0.05 level were in bold font. 

3) *Genes located at intergenic location were not found in Illumina annotation file and were identified using online tool 

SNIPPER. 

4) Chr. no. = Chromosome number; Coeff. = Coefficients 



Table 4: Association of DNA-M with Gene expression in IOWBC 

CpGs  Chr. No. Gene name  Location DNA-M at age 18 with 
Gene expression at 26-
yrs. 

DNA-M at age 26 with 
Gene expression at 26-
yrs. 

    Coeff. P Coeff. P 
Model 1: CpGs identified for main effects 

FEV1        
         cg10729557 14 ANKRD9 Intergenic 0.10 0.73 -0.053 0.77 
         cg17315331 11 HINFP TSS200 0.043 0.10   
FEV1/FVC        
         cg18760835 6 NRN1 Intergenic -0.072 0.21 - - 
         cg21240861 7 DNAJB6 TSS200 -0.01 0.62 - - 
         cg27601198 16 C16orf87 Intergenic 0.021 0.77 - - 
Model 2: CpGs identified for interactions effects 

FVC        
        cg01376079 11 SSH3 TSS1500 -0.17 0.011 -0.17 0.0033 
        cg07230380 10 SCD TSS1500 -0.004 0.88 - - 
        cg07557690 1 TGFBR3 TSS1500 1.07 2.0 × 10-4 0.10 2.7 × 10-7 
        cg14083603 20 ZGPAT Body -0.058 0.69 0.18 0.20 
        cg23026420 11 PPP2R1B TSS200 0.001 0.99 0.081 0.36 
FEV1        
        cg15981851 2 AGAP1 Body -0.63 0.028 -0.23 0.29 
        cg16582803 2 WNT10A Intergenic -0.20 0.31   
        cg19736286 2 MSH6 TSS200 -0.12 0.58 -0.38 0.0165 
FEV1/FVC        

        cg09059988 1 HORMAD1 
1stExon; 
5'UTR 

-0.16 0.62 0.18 0.52 

        cg20038169 19 GMIP 1stExon; 
5'UTR 

0.021 0.38 - - 

        cg23370466 5 TRIM41 Intergenic 0.011 0.84 -0.028 0.52 
Note to table 4: 1) Coefficients of IOW-ALSPAC consistent CpGs who had available gene expression (GE) for the association of 

DNA-M with GE in both longitudinally and cross-sectionally. 

2)The CpGs showed significant association at 0.05 level were in bold font. 

3) Chr. no. = Chromosome number; Coeff. = Coefficients 



Table 5: DMRs containing ≥2 CpGs of lung function at later age in relation to DNA-M at earlier 
age identified by DMRcate method 

Lung 
function 

Molecular location of DMR 
(chromosome: start – end) 

No. CpGs Stouffer Annotated Gene 

Male 
    

FVC 
    

 
chr4: 2819770-2820479 4 0 SH3BP2 

 
chr8: 11659832-11660733 3 0 FDFT1, RP11 

 
chr3: 194014481-194014745 3 1.30 × 10-198 CPN2 

FEV1   
 

 

 
chr4: 1004525-1004678 3 0 FGFRL1 

 
chr6: 33084825-33085031 3 0 HLA-DPB2* 

 
chr15: 30163660-30163825 3 2.00 × 10-203 TJP1* 

 
chr6: 2891973-2892150 3 9.07 × 10

-66
 SERPINB9* 

FEV1/FVC 
  

 
 

 
chr6: 30038929-30039435 10 0 RNF39* 

 
chr19: 1467008-1467032 3 0 APC2* 

 
chr6: 33871907-33872861 3 4.70 × 10-188 MIR1275* 

Female 
  

 
 

FVC chr22: 30476089-30476525 5 7.80 × 10-280 HORMAD2, CTA 

 
chr6: 88757302-88757392 5 7.46 × 10

-74
 SPACA1 

 
chr1: 92352293-92352481 3 0 TGFBR3 

 
chr10: 135191624-135192230 3 0 PAOX, AL360181.1-201 

 
chr11: 2322500-2322808 3 0 TSPAN32, C11orf21 

 
chr20: 25677290-25677582 3 0 ZNF337 

 
chr5: 112824497-112824765 3 7.90 ×10-254 MCC 

 
chr17: 56744332-56744490 3 9.80 × 10-216 RNU1 

 
chr10: 34408530-34408654 3 3.50 × 10

-139
 PARD3* 

 
chr15: 99975310-99975470 3 1.30 × 10-107 LRRC28* 

FEV1   
 

 

 
chr5: 1867978-1868693 5 2.75 ×10

-84
 IRX4* 

 
chr17: 45949743-45949878 4 0 SP6* 

 
chr6: 32016257-32017229 4 0 TNXB 

 
chr22: 30476089-30476525 4 6.50 × 10-182 HORMAD2, CTA 

 
chr11: 18433554-18433745 4 5.93 × 10-39 LDHC 

 
chr6: 110720918-110721349 4 8.70 × 10-26 DDO* 

 
chr7: 157512397-157513707 3 0 PTPRN2* 

 
chr7: 150037890-150038898 3 3.60 × 10-219 RARRES2 

 
chr6: 32294470-32294577 3 1.30 × 10

-190
 HNRNPA1P2 

 
chr20: 62328084-62328427 3 7.10 × 10-181 TNFRSF6B 

 
chr10: 34408530-34408654 3 2.30 × 10

-139
 PARD3* 

 
chr15: 99975310-99975470 3 4.30 × 10

-108
 LRRC28* 

 
chr8: 37605517-37605783 3 6.66 × 10

-95
 RP11-109A6.3 



 

 
chr17: 154420-154671 3 1.37 × 10

-88
 RPH3AL 

FEV1/FVC 
  

 
 

 
chr1: 2058230-2059086 3 0 PRKCZ* 

 
chr17: 40936570-40937362 3 0 WNK4 

 
chr20: 44829602-44829821 3 0 CDH22* 

 
chr2: 113993052-113994035 3 3.10 × 10-156 PAX8-AS1 

 
chr7: 57471759-57472367 3 1.80 × 10-131 MIR3147 

 
chr1: 43814764-43815035 3 2.22 × 10

-21
 MPL 

Note to table 5: 

1) DMRcate annotates to UCSC RefGene from the Illumina annotation file 

2) *Genes were not found in Illumina annotation file and were identified using online tool SNIPPE



Figure Legends 

Figure 1: Flow chart of final sample determination in the IOWBC. 
Note to figure 1: DNA-Mage10 = DNA-M at age 10 years, DNA-Mage18 = DNA-M at age 18 years, lung functionage18 = 
lung function at age 18 years, lung functionage26 = lung function at age 26 years, IOWBC = Isle of Wight birth cohort, 
LMM = linear mixed model. 

Figure 2: Flow chart of statistical analyses and the number of CpGs after each step. 
Note to figure 2: #2 CpGs are common between the longitudinal and cross-sectional analysis of DNA-M 
with gene expression. 
DNA-Mage10 = DNA-M at age 10 years; Lung functionage18 =lung function at age 18 years; DNA-Mage18 = 
DNA-M at age 18 years; Lung functionage26 =lung function at age 26 years; DNA-Mage7 = DNA-M at age 7 
years; Lung functionage15 =lung function at age 15 years; DNA-Mage15 = DNA-M at age 15 years; Lung 
functionage24 =lung function at age 24 years; GEage26 = gene expression at age 26 years. 
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MATERIAL AND METHODS 

The IOWBC – Discovery cohort  

The IOWBC is a prospective population-based birth cohort established in 1989, UK to 

investigate the natural history of asthma, lung function, and allergic diseases and identify 

genetic and environmental factors. The study was approved by the IOW Local Research Ethics 

Committee at recruitment and further assessments were approved by the Local/National 

Research Ethics Service, Committee South Central – Southampton B (06/Q1701/34). The 

population is largely Caucasian (~ 99%). Informed consent was obtained from parents of 1456 

out of 1536 (~95%) newborns (after exclusion of adoptions, infant deaths, and non-consent) 

and details are described in Arshad et al. [1]. Longitudinal monitoring of diseases and 

assessments of environmental exposures was conducted at birth, and age 1, 2, 4, 10, 18, and 

26-years with excellent retentions (~70.9% to 94.4%). This study focused on DNA-M data 

collected at ages 10- and 18-years, and spirometric measurements performed at ages 18- and 

26-years.  

Lung function 

Forced vital capacity (FVC) and forced expiratory volume in one second (FEV1) at ages 

18-years (n=838) and 26-years (n=547) were measured using a Koko spirometer and software 

with a portable desktop device (both PDS Instrumentation, Louisville, KY, USA) and the ratio of 

FEV1 over FVC (FEV1/FVC) was calculated. Spirometry was assessed according to the American 

Thoracic Society (ATS) guidelines [2, 3]. Before spirometry test, participants had to be free of 

respiratory infection and had not taken oral steroids for two weeks, not taken β-adrenergic 



agonist medication for 6 hours, and abstained from caffeine intake for at least 4 hours 

Measuring DNA Methylation (DNA-M) 

Peripheral blood samples collected at ages 10 (n=330), 18 (n=476), 26 (n=303)-years 

from randomly selected subjects were used for DNA extraction via a standard salting out 

procedure [4]. DNA concentration was estimated by Qubit quantitation. For each sample, one 

microgram DNA was bisulfite-treated for cytosine to thymine conversion using the EZ 96-DNA 

methylation kit (Zymo Research, Irvine, CA, USA), following the manufacturer’s protocol. DNA-

M was measured using HumanMethylation450K or HumanMethylationEPIC BeadChips 

(Illumina, Inc., SanDiego, CA, USA). Arrays were processed using a standard protocol as 

described elsewhere [5], with multiple identical control samples assigned to each bisulfite 

conversion batch to assess assay variability. DNA samples were randomly distributed on 

microarrays to control against batch effects. Intensities of methylated and unmethylated sites 

were measured.  

Preprocessing 

Probes with a detection p-value of less than 10-16 in at least 95% of samples were 

excluded. CpGs on sex chromosomes were also omitted to avoid potential bias in DNA-M as 

there are parent of origin diffrences in methylation of paternally and maternally inherited X 

chromosomes [6]. DNA-M data were pre-processed using the “CPACOR” pipeline for data from 

both platforms [7]. DNA-M intensities were quantile normalized using the R computing 

package, minfi [8]. DNA-M β values for each CpG was calculated as a ratio of methylated (M) 

over the sum of methylated and unmethylated (U) probes (β=M/*c+M+U+) interpreted as the 



percentage of methylation [9], where c is used as a constant to prevent zero in the 

denominator. Principal components (PCs) inferred based on control probes were used to 

represent latent variables due to chip-to-chip and technical (batch) variations. Since DNA-M 

data were from two different platforms (450K and EPIC), we determined the PCs based on DNA-

M at shared control probes between the two platforms. The 450K BeadChips contained 220 

control probes and the EPIC BeadChips contained 204 control probes, of which 195 overlapped 

between the two platforms. These 195 shared probes were then used to calculate the control 

probe PCs, the top 15 of which were used to represent latent batch factors [7]. 

After pre-processing, a total of 473,864 and 847,155 CpGs were available in the 450K 

and EPIC methylation array data, respectively, with 439,635 overlapping CpGs were identified 

between the two platforms. CpGs with a single nucleotide polymorphisms (SNP) overlapping 

the detection probe with minor allele frequency ≥ 0.7% in Caucasians (corresponding to at least 

10 subjects in the IOW cohort with n = 1,456) within 10 base pairs of the targeted CpGs were 

excluded due to potential bias that those SNPs brought to the measurement of DNA-M. After 

excluding probe SNPs, 402,714 CpGs were included in the statistical analyses. 

Potential Confounders 

Gestational age, birth weight, sex, duration of breast feeding, maternal smoking 

exposure during pregnancy, recurrent chest infection at ages 1, 2 and 4-years, socioeconomic 

status (SES), repeated measures of height, body mass index (BMI), smoking status, and 

paracetamol (acetaminophen) use at ages 18 and 26-years were selected and adjusted in the 

model based on prior knowledge in the published literature of lung function and DNA-M [10-



13]. 

Information on gestational age was recorded during delivery. Birth weight was 

measured immediately after birth. Heights and weights at age 18 and 26-years were measured 

before spirometry tests and BMI was calculated accordingly. Smoking status was defined by the 

current, ever and never personal smoking status at age 18 and 26-years. SES was categorized 

using a composite “SES-cluster” based on the following three variables: (a) British 

socioeconomic classes (1–6) derived from parental occupation reported at birth; (b) the 

number of children in the index child’s bedroom (collected at age 4 years); and (c) family 

income at age 10-years [14]. This composite variable captures the family social class across the 

total study period. Information on paracetamol use (frequency of taking paracetamol in a 

month) was collected by questionnaire at age 18-years 

Gene expression (GE) data 

RNA-seq GE data for subjects at age 26-years was available in IOWBC, which was used to 

evaluate biological relevance of identified CpGs showing longitudinal association with lung 

function. We used paired-end (2 × 75 bp) RNA sequencing with the Illumina Tru-Seq Stranded 

mRNA Library Preparation Kit with IDT for Illumina Unique Dual Index (UDI) barcode primers 

following manufacturer’s recommendations. RNA samples were extracted from whole blood of 

IOWBC participants at age 26-years. All samples were sequenced a second time using the 

identical protocol and for each sample the output from both runs were combined. FASTQC 

were run to assess the quality of the FASTQ files [15]. Reads were mapped against Human 

Genome (GRch37 version 75) using HISAT2 (v2.1.0) aligner [16]. The alignment files, produced 



in the Sequence Alignment Map (SAM) format, were converted into the Binary Alignment Map 

(BAM) format using SAMtools (v1.3.1) [17]. HTseq (v0.11.1) was used to count the number of 

reads mapped to each gene in the same reference genome used for alignment [18]. Normalized 

read count FPKM (Fragments Per Kilobase of transcript per Million mapped reads) were 

calculated using the countToFPKM package (https://github.com/AAlhendi1707/countToFPKM), 

and were included for subsequent data for analysis. 

Replication cohort –ALSPAC  

The Avon Longitudinal Study of Parents and Children (ALSPAC) is a population-based 

birth cohort study established in 1991 in Avon, UK. Details of the cohort were described 

elsewhere [19, 20]. All pregnant women residing in the Avon region of the South West of UK 

during 1990–1992 were eligible to enroll in the cohort, and 14062 live newborns were 

recruited. All participants provided written informed consent. Ethical approval for the study 

was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics 

Committees. Spirometry (Vitalograph 2120; Vitalograph, Maids Moreton, United Kingdom) was 

performed at 15 and 24-years of ages according to ATS standards [3, 12]. Information on 

environmental exposures, lifestyle, health of the child and family, and demographic data were 

collected. The study website contains details of all the data that is available through a fully 

searchable data dictionary and variable search tool 

(http://www.bristol.ac.uk/alspac/researchers/our-data/).  

DNA-M levels in peripheral blood of children at ages 7-years (n=968) and 15-years 

(n=968) were assessed using the Infinium HumanMethylation450K BeadChip. The pre-

https://github.com/AAlhendi1707/countToFPKM
http://www.bristol.ac.uk/alspac/researchers/our-data/


processing of DNA-M was performed by adjusting batch effect, excluding CpGs with detection 

p-value ≥0.01, and excluding samples that were flagged as sex-mismatch based on X-

chromosome methylation [21]. CpGs on sex chromosomes were not included in the analyses. 

The participants with DNA-M at age 7-years with lung function at age 15-years and DNA-M at 

age 15-years with lung function at age 24-years were represented as time-lagged periods 1 and 

2, respectively and included in the replication study. Details of pre-processing, quality control, 

and quantile normalization of DNA-M data have been described elsewhere [21, 22]. The 

procedure for DNA sample preparation, spirometry tests conduction, and other confounders 

collection were comparable to that applied in the IOWBC. 

Statistical analyses 

Adjustment of DNA methylation (DNA-M) 

 DNA-M level β values were logit-transformed to M values using log2(β value/(1- β value)) 

[23] due to their heteroscedasticity [9]. To adjust the impact of cellular heterogeneity of whole 

blood on DNA-M, different batches effects, and technical variation in the process of analyzing 

DNA samples, linear regression was applied with DNA-M as the outcome variable, and cell type 

proportions, batch information, and top 15 principal components (PCs) of the control probes 

were included as independent variables for each age (ages 10- and 18-years in IOWBC). Cell-

type proportions (CD4+ T, CD8+ T, natural killer, B cells, monocytes, neutrophils, and 

eosinophils) were inferred from methylation data for each sample using the R computing 

package minfi [8, 24]. The adjusted DNA-M (or residuals from the linear regression analyses) at 

each CpGs were included in subsequent analyses.  



training and testing (ttScreening)-based method: 

 A screening package, “ttScreening” in R 3.3.2 version [25, 26], was applied to filter out 

CpGs not potentially associated with lung function in either of the two periods. This method 

utilizes training and testing data in robust linear regressions with surrogate variables included in 

the regressions to adjust for unknown factor effects. The training and testing steps were 

repeated 100 times. The CpGs that were statistically significant in both training and testing 

steps at least 60 times for the longitudinal associations with lung function were included in 

subsequent analyses. 

Analyses of differentially methylated regions (DMRs)  

Regional differential methylation signals among the CpGs that passed screening for their 

potential association with each lung function parameter using ttScreening, were examined 

using an R package DMRcate [27]. In DMR enrichment analysis, a frequency of 20 or above was 

used in screening as a cutoff point to secure enough numbers of CpGs was used. The default 

settings in DMRcate include having ≥2 significant CpGs that passed screening in a region and a 

minimum length of 1000 nucleotides. A DMR was considered to be statistically significant if the 

FDR-adjusted P <0.05 [27]. A significant DMR can be detected even if there is no genome-wide 

significant individual CpGs in the region.  
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Supplementary Table: 

Table S1: DNA-M at CpGs (k=14) at an earlier age associated with lung function at a later age 

in IOWBC.  

Lung 
function 

CpGs Name 
Chr. 
No. 

Gene Location 
IOWBC ALSPAC 

Coeff. PRAW PFDR Coeff P 
FVC  cg07991621 4 SH3BP2 Body 0.17 0.0002 0.010 -0.097 0.73 

 
cg13394305 2 SLC40A1 TSS200 -0.058 0.0001 0.010 15.23 0.056 

 
cg21492378 9 CEP110 TSS1500 0.53 <.0001 0.001 -0.016 0.91 

     
     

FEV1 cg10729557 14 ANKRD9 Intergenic -0.18 0.0008 0.035 -2.02 0.22 

 
cg16582803 2 WNT10A Intergenic -0.16 0.0002 0.028 -0.59 0.034 

 
cg17315331 11 HINFP TSS200 0.06 0.0003 0.028 1.60 0.84 

 
cg21556039 21 C21orf58 Body -0.19 0.0008 0.035 0.58 0.17 

 
cg26174454 19 EFNA2 Intergenic 0.23 0.0007 0.035 0.44 0.15 

 
cg27599129 7 ZNF727 Intergenic -0.23 0.001 0.036 -0.061 0.86 

     
     

FEV1/FVC  cg11401293 21 COL6A1 Body -0.02 0.0007 0.041 0.022 0.74 

 
cg12614529 4 MND1 Body 0.060 0.0012 0.041 -0.031 0.35 

 
cg18760835 6 NRN1 Intergenic -0.01 0.0004 0.041 -0.22 0.33 

 
cg21240861 7 DNAJB6 TSS200 -0.004 0.0014 0.041 -0.045 0.95 

 
cg27601198 16 C16orf87 Intergenic 0.01 0.0011 0.041 0.083 0.28 

Note to table 2: 1) Coefficients of CpGs for the association of DNA-M at earlier age with lung function at a later age in IOWBC. 

2) *Genes located at intergenic location were not found in Illumina annotation file and were identified using online tool 

SNIPPER. 

3) Chr. no. = Chromosome number; Coeff. = Coefficients. 



Table S2: DNA-M at CpGs (k=23) at an earlier age associated with lung function at a later age 

in IOWBC.  

CpGs Sex 
Chr. 
no. 

Gene 
name 

Location 
IOWBC ALSPAC 

Coeff. PRAW PFDR Coeff. P 

FVC          

cg01376079 
 

11 SSH3 TSS1500 0.085 0.38 
 

0.22 0.49 

cg01376079*sex Male 
   

-0.41 0.0019 0.042 -0.71 0.12 

cg07230380 
 

10 SCD TSS1500 -0.015 0.25 
 

-4.77 0.62 

cg07230380*sex Male 
   

0.052 0.0012 0.042 16.21 0.23 

cg07557690 
 

1 TGFBR3 TSS1500 0.31 0.0014 
 

0.21 0.56 

cg07557690*sex Male 
   

-0.41 0.0017 0.042 -0.40 0.46 

cg10123952 
 

3 ALCAM Intergenic -0.36 0.001 
 

0.38 0.29 

cg10123952*sex Male 
   

0.47 0.0019 0.042 -0.68 0.12 

cg12040830 
 

11 NCAM1 Body -0.075 0.0322 
 

1.54 0.42 

cg12040830*sex Male 
   

0.14 0.0011 0.042 -3.05 0.23 

cg14083603 
 

20 ZGPAT Body -0.49 <.0001 
 

-0.55 0.76 

cg14083603*sex Male 
   

0.69 0.0007 0.042 6.22 0.018 

cg15757271 
 

3 WNT5A TSS1500 -0.31 0.0024 
 

-0.016 0.99 

cg15757271*sex Male 
   

0.49 0.0006 0.042 -5.76 0.039 

cg19476368 
 

11 MIR100HG Intergenic -0.21 0.0486 
 

-0.30 0.82 

cg19476368*sex Male 
   

0.59 0.0006 0.042 -0.92 0.60 

cg23026420 
 

11 PPP2R1B TSS200 0.17 0.0059 
 

2.96 0.66 

cg23026420*sex Male 
   

-0.23 0.0019 0.042 -11.86 0.19 

FEV1        
  

cg05849324 
 

6 NHLRC1 1stExon -0.12 0.19 
 

0.18 0.62 

cg05849324*sex Male 
   

0.47 0.0003 0.016 0.10 0.86 

cg09205595 
 

7 AGAP3 TSS1500 -0.40 0.0004 
 

0.22 0.59 

cg09205595*sex Male 
   

0.63 0.0002 0.016 0.38 0.51 

cg13468252 
 

1 C1orf128 TSS1500 -0.013 0.47 
 

1.38 0.76 

cg13468252*sex Male 
   

0.083 0.001 0.032 -10.55 0.085 

cg15981851 
 

2 AGAP1 Body 0.071 0.27 
 

0.10 0.77 

cg15981851*sex Male 
   

-0.361 0.0002 0.0156 -0.057 0.91 

cg16582803 
 

2 WNT10A Intergenic -0.018 0.7701 
 

-0.48 0.21 

cg16582803*sex Male 
   

-0.287 0.0009 0.0320 -0.23 0.67 

cg19736286 
 

2 MSH6 TSS200 0.093 0.4143 
 

0.23 0.90 

cg19736286*sex Male 
   

-0.562 0.0011 0.0320 -1.36 0.59 

cg20804831 
 

3 NUDT16P TSS200 -0.211 0.0612 
 

0.23 0.69 

cg20804831*sex Male 
   

0.725 <.0001 0.0060 -0.54 0.54 

FEV1/FVC 
      

  

cg02397934 
 

6 H2BC13 Intergenic -0.010 0.0354 
 

-0.094 0.46 

cg02397934*sex Male 
   

0.033 0.0004 0.0236 0.21 0.24 

cg02466892 
 

3 ABI3BP Intergenic 0.049 0.0015 
 

-0.017 0.57 

cg02466892*sex Male 
   

-0.069 0.002 0.0327 0.014 0.76 



cg04199473 
 

14 STRN3 Body 0.009 0.2186 
 

-0.060 0.34 

cg04199473*sex Male 
   

-0.041 0.0013 0.0270 0.061 0.52 

cg08650125 
 

8 LY6H Intergenic 0.039 0.0014 
 

0.010 0.73 

cg08650125*sex Male 
   

-0.058 0.0005 0.0236 -0.029 0.50 

cg09010372 
 

4 MAEA Body -0.043 0.0232 
 

-0.012 0.80 

cg09010372*sex Male 
   

0.089 0.0016 0.0295 -0.037 0.63 

cg09059988 
 

1 HORMAD1 
1stExon; 

5'UTR 
0.011 0.3599 

 
-0.012 0.89 

cg09059988*sex Male 
   

-0.059 0.0008 0.0247 -0.030 0.80 

cg11579646 
 

6 LOC154449 Intergenic -0.023 0.0042 
 

0.12 0.49 

cg11579646*sex Male 
   

0.036 0.0023 0.0343 -0.17 0.50 

cg18499321 
 

12 RIMBP2 Body 0.033 0.0296 
 

0.014 0.77 

cg18499321*sex Male 
   

-0.070 0.001 0.0260 0.038 0.58 

cg20038169 
 

19 GMIP 
1stExon; 

5'UTR 
-0.017 <.0001 

 
-0.59 0.66 

cg20038169*sex Male 
   

0.020 0.0007 0.0247 1.82 0.34 

cg23370466 
 

5 TRIM41 Intergenic -0.021 0.0045 
 

-0.032 0.43 

cg23370466*sex Male 
   

0.039 0.0002 0.0236 0.040 0.49 

Note to table S2: 1) Coefficients of CpGs for the sex-specific association of DNA-M at earlier age with lung function at a later age 

in IOWBC. 

2) *Genes located at intergenic location were not found in Illumina annotation file and were identified using online tool 

SNIPPER. 

3) Chr. no. = Chromosome number; Coeff. = Coefficients 



Table S3: DMRs of lung function at later age in relation to DNA-M at earlier age identified by DMRcate 
method 

Lung 
function 

Molecular location of DMR 
(chromosome: start – end) 

No. 
CpGs 

Stouffer Annotated Gene 

Male     

FEV1     

 chr4: 1004525-1004678 3 0 FGFRL1 

 chr6: 33084825-33085031 3 0 HLA-DPB2 

 chr10: 100993826-100994478 2 0 HPSE2 

 chr11: 105948706-105949099 2 0 AASDHPPT, KBTBD3 

 chr12: 49259786-49259997 2 0 RND1 

 chr15: 52970418-52971181 2 0 FAM214A 

 chr17: 27400787-27401144 2 0 MYO18A 

 chr17: 61904053-61905004 2 0 PSMC5, FTSJ3 

 chr19: 11669574-11669730 2 0 ELOF1, ZNF627 

 chr20: 62710905-62711729 2 0 RGS19, OPRL1 

 chr7: 93204985-93205240 2 0 CALCR 

 chr10: 94826314-94826319 2 1.6933E-307 CYP26C1 

 chr6: 30029232-30029760 2 5.5778E-303 ZNRD1 

 chr1: 43920090-43920103 2 9.3906E-294 HYI 

 chr13: 112870385-112870414 2 1.7669E-272 SOX1 

 chr11: 65601265-65601301 2 6.0677E-270 SNX32 

 chr2: 219157103-219157119 2 3.4719E-264 TMBIM1 

 chr1: 27960788-27961680 2 4.4378E-242 FGR 

 chr19: 523300-523360 2 1.1118E-224 TPGS1 

 chr15: 30163660-30163825 3 1.9556E-203 TJP1 

 chr4: 7033722-7033761 2 8.2315E-183 LOC100129931 

 chr15: 40364524-40364740 2 5.29417E-89 BMF 

 chr6: 2891973-2892150 3 9.07093E-66 SERPINB9 

 chr1: 17023008-17023283 2 1.28724E-45 ESPNP 

FVC     

 chr4: 2819770-2820479 4 0 SH3BP2 

 chr8: 11659832-11660733 3 0 FDFT1, RP11-297N6.4 

 chr2: 69614945-69615105 2 0 GFPT1 

 chr3: 51975220-51976003 2 0 RRP9, PARP3 

 chr5: 1949480-1950271 2 0 IRX4 

 chr5: 176943423-176943966 2 0 DDX41 

 chr6: 89827135-89827915 2 0 SRSF12 

 chr7: 29605897-29606082 2 0 PRR15-002 

 chr8: 120220410-120221268 2 0 MAL2 

 chr2: 198649783-198650123 2 4.027E-205 BOLL 

 chr3: 194014481-194014745 3 1.2594E-198 CPN2 

 chr1: 102312608-102312610 2 1.129E-190 OLFM3 



 chr6: 144386416-144386457 2 8.3492E-174 PLAGL1 

 chr19: 519609-519611 2 1.7209E-149 IRX4 

 chr19: 19626525-19626576 2 5.56579E-84 NDUFA13, TSSK6, NDUFA13, 
YJEFN3 

 chr17: 1395864-1395880 2 2.30885E-80 MYO1C 

 chr6: 110720918-110721138 2 3.51751E-44 DDO 

FEV1/FVC     

 chr6: 30038929-30039435 10 0 RNF39 

 chr19: 1467008-1467032 3 0 APC2 

 chr1: 35544839-35545196 2 0 ZMYM1 

 chr10: 132239568-132239652 2 0 NA 

 chr14: 50319271-50319614 2 0 NEMF, RN7SL3 

 chr16: 24740859-24740939 2 0 TNRC6A 

 chr2: 128458399-128458845 2 0 SFT2D3 

 chr3: 129147541-129147553 2 0 EFCAB12 

 chr4: 95128817-95128914 2 0 SMARCAD1, RP11-363G15.2 

 chr6: 146285012-146285424 2 0 SHPRH 

 chr8: 124252970-124253478 2 0 C8orf76 

 chr19: 292167-292245 2 5.1994E-291 PPAP2C 

 chr6: 33871907-33872861 3 4.7088E-188 MIR1275 

 chr7: 1003645-1003750 2 2.6165E-181 COX19 

 chr15: 23115232-23115432 2 1.9713E-112 RP11-566K19.6 

 chr19: 613433-613505 2 1.44724E-67 HCN2 

Female     

FVC     

 chr1: 92352293-92352481 3 0 TGFBR3 

 chr10: 135191624-135192230 3 0 PAOX, AL360181.1-201 

 chr11: 2322500-2322808 3 0 TSPAN32 

 chr20: 25677290-25677582 3 0  ZNF337 

 chr1: 36948570-36949518 2 0 CSF3R 

 chr1: 206808936-206809102 2 0 DYRK3 

 chr1: 213223461-213224450 2 0 RPS6KC1 

 chr11: 2444485-2445216 2 0 TRPM5 

 chr11: 124767720-124768554 2 0 ROBO4 

 chr12: 99038290-99038766 2 0 IKBIP, APAF1 

 chr13: 36050158-36050993 2 0 MAB21L1, NBEA 

 chr13: 111301379-111301576 2 0 CARS2 

 chr14: 90421085-90422082 2 0 EFCAB11, TDP1 

 chr15: 43809689-43809865 2 0 MAP1A 

 chr16: 30615018-30615808 2 0 ZNF689 

 chr16: 51185346-51185772 2 0 SALL1 

 chr16: 57278759-57279645 2 0 ARL2BP, RP11- 

 chr19: 17666205-17666514 2 0 COLGALT1 

 chr19: 19754386-19755321 2 0 GMIP 



 chr21: 45926167-45926719 2 0 TSPEAR-AS1 

 chr22: 31477112-31477330 2 0 SMTN 

 chr3: 50311211-50311213 2 0 SEMA3B 

 chr3: 55521351-55521789 2 0 WNT5A 

 chr5: 68665393-68665965 2 0 TAF9, RAD17 

 chr5: 139554569-139555269 2 0 CYSTM1 

 chr6: 31595653-31595725 2 0 PRRC2A 

 chr6: 31646077-31646262 2 0 LY6G5C 

 chr6: 31831489-31831599 2 0 NEU1 

 chr7: 22539741-22539822 2 0 STEAP1B 

 chr7: 95951432-95951712 2 0 SLC25A13 

 chr15: 40401038-40401272 2 2.2609E-296 BMF 

 chr4: 6729081-6729744 2 3.1708E-288 ZNF689 

 chr21: 27944586-27944779 2 4.6994E-284 CYYR1 

 chr13: 110961330-110961606 2 1.2844E-281 COL4A2 

 chr22: 30476089-30476525 5 7.7543E-280 HORMAD2, CTA 

 chr14: 36278529-36278684 2 8.8314E-270 RALGAPA1, AL162311.1 

 chr7: 20818725-20818928 2 1.808E-265 SP8 

 chr5: 112824497-112824765 3 7.9303E-254 MCC 

 chr4: 184961220-184961374 2 7.4488E-235 STOX2 

 chr19: 1009048-1009949 2 2.5482E-222 TMEM259 

 chr17: 56744332-56744490 3 9.774E-216 RNU1-108P 

 chr11: 128693961-128694915 2 2.5621E-185 FLI1 

 chr6: 32729563-32729647 2 6.3305E-143 HLA-DQB2 

 chr10: 34408530-34408654 3 3.5373E-139 PARD3 

 chr4: 110625010-110625080 2 2.272E-137 CASP6 

 chr7: 150038598-150038898 2 1.5089E-132 RARRES2, RP4-584D14.7 

 chr11: 1785618-1785631 2 5.2265E-125 CTSD, RP4-584D14.7 

 chr9: 123605570-123605666 2 2.8072E-123 PSMD5 

 chr3: 142666320-142666476 2 2.862E-119 PAQR9 

 chr6: 32294470-32294503 2 6.2162E-114 HNRNPA1P2 

 chr6: 32202748-32202844 2 2.1001E-109 NOTCH4 

 chr15: 99975310-99975470 3 1.2901E-107 LRRC28 

 chr13: 106063138-106063150 2 1.5181E-96 DAOA 

 chr6: 88757302-88757392 5 7.45651E-74 SPACA1 

 chr1: 227746882-227747268 2 2.53884E-63 RNA5SP77 

 chr10: 90985055-90985062 2 7.80545E-23 LIPA 

 chr6: 110721138-110721349 2 2.9673E-19 DDO 

FEV1     

 chr17: 45949743-45949878 4 0 SP6 

 chr6: 32016257-32017229 4 0 TNXB 

 chr7: 157512397-157513707 3 0 PTPRN2 

 chr1: 51434014-51434666 2 0 CDKN2C 

 chr1: 92352293-92352407 2 0 TGFBR3 



 chr10: 135049999-135050355 2 0 VENTX 

 chr11: 3862089-3862297 2 0 RHOG 

 chr12: 8995591-8995660 2 0 A2ML1 

 chr12: 99038639-99038766 2 0 IKBIP, APAF1 

 chr12: 121947315-121947522 2 0 KDM2B 

 chr14: 61116382-61117162 2 0 SIX1 

 chr14: 103058807-103058815 2 0 RCOR1 

 chr16: 23568656-23569246 2 0 UBFD1, EARS2 

 chr16: 51185346-51185772 2 0 SALL1 

 chr17: 26988607-26989222 2 0 SDF2, UPT6H 

 chr18: 579237-580188 2 0 CETN1 

 chr2: 26915349-26915355 2 0 KCNK3 

 chr2: 217498574-217499384 2 0 IGFBP2 

 chr20: 62179030-62179752 2 0 SRMS 

 chr21: 45926167-45926719 2 0 TSPEAR-AS1 

 chr3: 42543161-42544067 2 0 VIPR1 

 chr4: 178528415-178528594 2 0 AGA 

 chr6: 10886999-10887023 2 0 SYCP2L 

 chr6: 26537980-26538671 2 0 HMGN4 

 chr6: 31515296-31515404 2 0 ATP6V1G2, NFKBIL1 

 chr6: 31595653-31595725 2 0 PRRC2A 

 chr6: 31633420-31634141 2 0 CSNK2B, GPANK1 

 chr6: 32185954-32185995 2 0 NOTCH4 

 chr9: 94486741-94487105 2 0 ROR2 

 chr18: 21017905-21018217 2 2.40E-294 TMEM241 

 chr19: 5478473-5478484 2 2.03E-281 ZNRF4 

 chr11: 67286645-67287418 2 5.30E-273 CABP2 

 chr7: 26676482-26677374 2 1.23E-267 C7orf71 

 chr1: 154298543-154298956 2 5.69E-260 ATP8B2 

 chr17: 48912543-48912545 2 9.83E-260 WFIKKN2 

 chr9: 124982413-124982834 2 3.04E-247 LHX6 

 chr18: 77289084-77289104 2 5.98E-242 NFATC1 

 chr17: 44343683-44343776 2 8.17E-231 RP11 

 chr2: 190044636-190044638 2 6.12E-228 COL5A2 

 chr7: 150037890-150038898 3 3.57E-219 RARRES2, RP4 

 chr6: 30509642-30510300 2 3.40E-197 GNL1 

 chr6: 32294470-32294577 3 1.28E-190 HNRNPA1P2 

 chr16: 54967714-54967786 2 3.34E-184 IRX5, CTD 

 chr22: 30476089-30476525 4 6.51E-182 HORMAD2, CTA 

 chr20: 62328084-62328427 3 7.15E-181 TNFRSF6B 

 chr18: 72916776-72917101 2 4.88E-168 ZADH2 

 chr10: 34408530-34408654 3 2.31E-139 PARD3 

 chr9: 123605570-123605666 2 5.93E-118 PSMD5  

 chr16: 86795398-86795490 2 8.52E-115 FOXL1 



 chr20: 61905223-61905353 2 1.50E-110 ARFGAP1, NKAIN4 

 chr16: 1133168-1133172 2 1.83E-110 SSTR5 

 chr6: 32202748-32202844 2 2.18E-109 NOTCH4 

 chr15: 99975310-99975470 3 4.27E-108 LRRC28 

 chr8: 37605517-37605783 3 6.66E-95 RP11 

 chr6: 160023626-160024144 2 3.74E-92 SOD2 

 chr17: 154420-154671 3 1.37E-88 RPH3AL 

 chr5: 1867978-1868693 5 2.75E-84 IRX4 

 chr11: 18477303-18477379 2 1.34E-68 LDHAL6A 

 chr21: 34405681-34405997 2 3.71E-57 OLIG2 

 chr16: 90016004-90016020 2 2.87E-56 DEF8 

 chr9: 130955380-130955436 2 7.59E-52 CIZ1 

 chr11: 109785847-109786133 2 1.45E-41 ZC3H12C 

 chr11: 18433554-18433745 4 5.93E-39 LDHC 

 chr6: 110720918-110721349 4 8.70E-26 DDO 

 chr8: 144120106-144120335 2 2.07E-21 C8orf31 

 chr6: 88757358-88757392 2 5.77E-18 SPACA1 

FEV1/FVC     

 chr1: 2058230-2059086 3 0 PRKCZ 

 chr17: 40936570-40937362 3 0 WNK4 

 chr20: 44829602-44829821 3 0 CDH22 

 chr1: 64014340-64014796 2 0 DLEU2L, EFCAB7 

 chr1: 147245485-147245494 2 0 GJA5 

 chr1: 155265026-155265033 2 0 PKLR 

 chr10: 102045959-102046263 2 0 BLOC1S2 

 chr10: 102988831-102989311 2 0 LBX1 

 chr11: 57157508-57157632 2 0 PRG2 

 chr11: 89956573-89956708 2 0 CHORDC1 

 chr13: 34392073-34392492 2 0 RFC3 

 chr15: 25683909-25684085 2 0 UBE3A 

 chr15: 49170643-49170751 2 0 SHC4, AC012379.1, EID1 

 chr16: 21289268-21289812 2 0 CRYM 

 chr17: 1953268-1953382 2 0 MIR212 

 chr17: 57784674-57784779 2 0 VMP1, PTRH2 

 chr19: 46521569-46522090 2 0 MIR769, CCDC61 

 chr2: 397730-398382 2 0 ALKAL2 

 chr3: 14166507-14167245 2 0 CHCHD4, TMEM43 

 chr3: 172165696-172166517 2 0 GHSR 

 chr5: 1794232-1794420 2 0 MRPL36 

 chr6: 33267268-33267505 2 0 RGL2 

 chr7: 150756561-150757210 2 0 CDK5, SLC4A2 

 chr8: 56015399-56015750 2 0 XKR4 

 chr8: 125740451-125740636 2 0 MTSS1 

 chr8: 144599027-144599347 2 2.0952E-300 ZC3H3 



 chr22: 39713018-39713086 2 1.5662E-295 SNORD83A, RPL3 

 chr20: 35504198-35504371 2 2.8022E-280 TLDC2 

 chr5: 143191565-143191663 2 8.8312E-273 HMHB1 

 chr10: 125033770-125034002 2 8.806E-248 BUB3 

 chr6: 26195488-26195995 2 7.1254E-240 HIST1H3D 

 chr10: 105344798-105344807 2 2.1525E-239 NEURL1 

 chr7: 2143886-2143942 2 2.2096E-221 MAD1L1 

 chr1: 153599479-153600064 2 7.8863E-216 S100A1 

 chr10: 131567828-131568735 2 1.2979E-205 RP11 

 chr20: 17943403-17943694 2 6.9542E-198 SNORD17, SNX5 

 chr2: 3486749-3487164 2 6.6271E-175 TRAPPC12-AS1 

 chr5: 66462471-66462662 2 1.4278E-166 MAST4 

 chr17: 78863570-78863674 2 2.8514E-163 RPTOR 

 chr2: 113993052-113994035 3 3.0569E-156 PAX8-AS1 

 chr8: 144260671-144260730 2 2.1786E-144 LY6H 

 chr7: 57471759-57472367 3 1.7943E-131 MIR3147 

 chr10: 369977-370009 2 7.4426E-103 DIP2C 

 chr12: 58012601-58013109 2 1.0159E-95 SLC26A10, AC025165.8 

 chr3: 113234510-113235015 2 1.83952E-49 SPICE1 

 chr1: 43814764-43815035 3 2.22175E-21 MPL 

 chr1: 205819463-205819492 2 0.000863876 PM20D1 

Note to table S3: 
1) DMRcate annotates to UCSC RefGene from the Illumina annotation file. 


