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In two population-based cohort studies differentially methylated genomic sites at birth associated with
lung function from age 10 to 26 years were discovered and replicated. These sites were located on
genes involved in lung morphogenesis. https://bit.ly/37qtT6Z
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ABSTRACT Little is known about whether DNA methylation (DNAm) of cytosine–phosphate–guanine
(CpG) sites at birth predicts patterns of lung function development. We used heel prick DNAm from the
F1-generation of Isle of Wight birth cohort (IOWBC-F1) for discovery of CpGs associated with lung
function trajectories (forced expiratory volume in 1 s, forced vital capacity, their ratio, and forced
expiratory flow at 25–75% of forced vital capacity) over the first 26 years, stratified by sex. We replicated
the findings in the Avon Longitudinal Study of Parents and Children (ALSPAC) using cord blood DNAm.

Epigenome-wide screening was applied to identify CpGs associated with lung function trajectories in
396 boys and 390 girls of IOWBC-F1. Replication in ALSPAC focussed on lung function at ages 8, 15 and
24 years. Statistically significantly replicated CpGs were investigated for consistency in direction of
association between cohorts, stability of DNAm over time in IOWBC-F1, relevant biological processes and
for association with gene expression (n=161) in IOWBC F2-generation (IOWBC-F2).

Differential DNAm of eight CpGs on genes GLUL, MYCN, HLX, LHX1, COBL, COL18A1, STRA6, and
WNT11 involved in developmental processes, were significantly associated with lung function in the same direction
in IOWBC-F1 and ALSPAC, and showed stable patterns at birth, aged 10 and 18 years between high and low lung
function trajectories in IOWBC-F1. CpGs on LHX1 and COL18A1 were linked to gene expression in IOWBC-F2.

In two large cohorts, novel DNAm at birth were associated with patterns of lung function in
adolescence and early adulthood providing possible targets for preventative interventions against adverse
pulmonary function development.
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Introduction
Lung function parameters are important indicators of pulmonary performance [1] that usually increase
from childhood through puberty, level off in early adulthood and then decline slowly with age [2]. Some
individuals however, exhibit persistently low lung function or an initial growth followed by accelerated
decline [3, 4]. Reduced childhood lung function may result from adverse in utero conditions that
mal-adapts the developing fetus to survive in postnatal environments, eventually leading to chronic lung
diseases [3–7].

DNA methylation (DNAm) is an epigenetic marker that may retain memories of developmental response
of the fetus to in utero stimuli [8]. It involves addition or removal of methyl groups to cytosine bases in
the cytosine-phosphate-guanine (CpG) sites on the DNA [9] leading to altered gene expression or mRNA
splicing [10]. During mammalian embryonic development DNAm undergoes comprehensive erasure after
fertilisation [11], which is re-established after implantation [11]. Fetal lung development initiates
approximately 4 weeks after fertilisation, during which pluripotent embryonic cells differentiate into
specialised cell lineages while carrying modified DNAm resulting from in utero exposures [12]. These
modifications in DNAm may eventually induce structural and functional alterations in the developing lung
or alter immune related gene activities, that may increase susceptibility to postnatal stressors potentially
leading to reduced lung growth in childhood [13].

Such modifications may be detectable in DNAm measured at birth. Few studies have assessed whether
DNAm at birth predicts later lung function [14, 15] at specific time points in life. While lung function at
single time points are informative, it does not reflect the developmental pattern of lung function over time.
Lung function trajectories, on the other hand comprise of distinct groups of individuals who develop
specific patterns of lung function over time, and are important for early prediction of decline in lung
health [3, 4, 16].

No study has yet identified DNAm at birth linked to lung function trajectories from childhood to
adulthood. In this sex-stratified epigenome-wide association study (EWAS) we aimed to identify CpGs
from heel prick blood that predict lung function trajectories covering ages 10, 18 and 26 years in the
F1-generation of Isle of Wight birth cohort (IOWBC-F1), UK. Trajectories of forced expiratory volume
(FEV1), forced vital capacity (FVC), their ratio (FEV1/FVC), and forced expiratory flow at 25–75% of FVC
(FEF25–75%) separately in boys and girls of IOWBC-F1, were determined using a group-based method
described elsewhere [17]. CpGs linked to lung function trajectories in IOWBC-F1 discovery cohort were
tested for replication in Avon Longitudinal Study of Parents and Children (ALSPAC) using cord blood
DNAm and lung function measurements at ages 8, 15 or 24 years.

Methods
For data collection and biological assays in IOW and ALSPAC, see online data supplement.

Statistical analyses
An unselected cohort of children born on the Isle of Wight between January 1989 and February 1990
consist of the IOWBC F1-generation (IOWBC-F1). These participants were followed up six times
including pregnancy, and their children are being enrolled in IOWBC F2-generation (IOWBC-F2). We
conducted an epigenome-wide screening of DNAm at birth associated with lung function trajectories in
IOWBC-F1. After quality control, preprocessing, and excluding CpGs with probe-SNPs within ten base
pairs with minor allele frequency>0.007, we analysed 551710 CpGs. Lung function trajectories were
determined in IOWBC-F1 separately in boys and girls, using unsupervised group-based analyses [18]
explained in detail elsewhere [17]. Briefly, we identified two distinct trajectories of FVC, FEV1, FEV1/FVC
and three for FEF25–75% showing different lung function at ages 10, 18 and 26 years. We combined mid
and low FEF25–75% trajectories to consistently retain two trajectories for all lung function outcomes. Lung
function trajectory information was available for 577 and 580 boys and girls, respectively, of which heel
prick DNAm on Guthrie cards was assessed in 396 boys and 390 girls.

The hierarchical flow of analyses is shown in figure 1. We used logit transformed β values (M-values,
approximated by log2(β /(1-β)) to analyse the association of DNAm with each lung function trajectory
separately in boys (n=396) and girls (n=390). In the first screening step, we identified informative CpGs at
birth (Illumina 850 K) by applying linear regressions within a training and testing approach with the
“ttscreening” package in R [19], adjusting for estimated cell composition [20]. CpGs associated with
respective trajectories (p-value⩽0.05) in both training and testing data for at least 50% of the iterations
were selected. We then determined the risk of being in low trajectory using log-linear models with the
identified CpGs as predictors adjusting for cell types, maternal, and paternal asthma, socioeconomic status,
and maternal smoking controlling for false discovery rate (FDR) at 0.05.
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We replicated our findings in ALSPAC using cord blood DNAm (Illumina 450 K) and FVC, FEV1, FEV1/
FVC and FEF25–75% measurements at ages 8, 15, or 24 years. Among the discovered CpGs in IOWBC-F1
(Illumina 850 K), we tested for replication in ALSPAC (Illumina 450 K) only those CpGs also available in
450 K data (figure 1). We analysed the association between DNAm at birth and lung function at each age
separately, using linear regression with the lm() package in R, stratified by sex. The statistical models were
adjusted for active or secondhand smoking, height at respective ages and estimated cell composition. Batch
effects were adjusted using surrogate variables [21, 22]. Since we applied FDR correction in the discovery
phase to eliminate false positives and identify candidates for an independent replication analyses in
ALSPAC, we did not consider adjusting for multiple testing again during replication. CpGs identified in
IOWBC-F1 that were significantly associated (α⩽0.05) in ALSPAC with the respective lung functions at
least at one of the ages of 8, 15, or 24 years and showed the same direction association as IOWBC-F1 were
deemed to be successfully replicated.

To identify relevant signals, we examined stability of DNAm over time of the successfully replicated
DNAm with respect to lung function trajectories in IOWBC-F1. DNAm was available at birth (n=396 in
boys; n=390 in girls), age 10 (n=128 in boys; n=93 in girls), and age 18 years (n=153 in boys; n=161 in
girls). Using repeated measures of DNAm, we analysed the interaction of time and lung function
trajectories on DNAm. CpGs with non-significant interactions (p-value>=0.1) were considered stable.
Biological functions of genes corresponding to the stable CpGs were identified using ToppFun [23].
Correlations of cord blood DNAm with gene expression was assessed in IOWBC-F2 (n=161).

Results
Characteristics of study populations of IOWBC-F1 and ALSPAC are provided in table 1 and 2. Boys had a
lower proportion of paternal asthma, while girls had a higher proportion of maternal asthma in ALSPAC
compared to IOWBC-F1.

We tested 551710 CpGs (Illumina 850 K) in IOWBC-F1 and identified 158–550 CpGs in boys and 95–446
CpGs in girls, respectively to be associated with one of the four low lung function trajectories (figure 1).
Potential confounders (maternal and paternal asthma, socioeconomic status and maternal smoking) did not

Hierarchical steps   Number of CpGs in boys   Number of CpGs in girls  

Discovery in IOWBC-F1   FEV1  FVC  FEV1/FVC
 

 
FEV1/FVC

 
 

FEF# Total  FEV1  FVC  FEF# Total 

CpGs tested from heel prick DNA  methylation  
(Illumina 850K)  

 551 710 CpGs tested for each outcome   551 710 CpGs tested for each outcome  

CpGs associated with lung function trajectories 
identified using "ttscreening" 
 

 275  158  161  550  1144   95 147  178  446  866  

 275  158  161  550  1144   95 147  178  446  866  

Replication in ALSPAC¶  
 

     

 

     

146  91 77 304  608  45 80 103  254  482  

 
21 10 5 32 68  8 4 15 31 58 

 
14 5 1 11 31  3 1 8 21 33 

 
Additional assessments in IOWBC  

            

 5 1 1 3 10  0 0 4 11 15 

 2 0 0 3 5  0 0 1 2 3 
 

 

  
 

 
    

 
  

 1 0 0 1 2  0 0 0 0 0 

CpGs passed FDR after adjusting for confounders 

using log-linear regression to obtain risk ratios 

for lung function trajectories

CpGs available in cord blood DNA methylation 

(Illumina 450K)

CpGs significantly associated with lung function 

(�≤0.05) at ages 8, 15 and 24 years

CpGs significantly associated in ALSPAC (�≤0.05) 

in same direction as IOWBC

Stability of DNA methylation at birth, age 10 and 

age 18 years in IOWBC-F1+

CpGs on biologically relevant genes§

DNA methylation of CpGs correlated with gene 

expression in IOWBC-F2

FIGURE 1 Hierarchical assessments to identify potential cytosine–phosphate–guanine sites (CpGs) predicting lung function. FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; FDR: false discovery rate; IOWBC-F1/F2: F1/F2-generation of Isle of Wight birth cohort.
#: FEF refers to forced expiratory flow at 25–75% of forced vital capacity; ¶: only the CpGs available in Illumina 450K array were tested in the Avon
Longitudinal Study of Parents and Children (ALSPAC); +: stability of DNA methylation (DNAm) over time is determined by assessing the interaction
of age and lung function trajectory on repeated measures of DNAm at birth, age 10 years, and age 18 years; §: biological relevance of the genes
was assessed using ToppFun application of the ToppGene Suite.
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change the risk ratios by more than 10% (table S1), and thus were excluded from the models. These
associations were replicated in ALSPAC (Illumina 450 K) using cord blood DNAm and lung function at
ages 8, 15, or 24 years, restricting to 47–58% of the discovered CpGs also present in Illumina 450 K data
(figure 1). We found 68 CpGs in boys and 58 CpGs in girls to be significantly associated (α⩽0.05) with
lung function measures in ALSPAC (table S2). 31 of these 68 CpGs (46%) in boys, and 33 of these 58 CpGs
(57%) in girls had the same direction of association in both cohorts (figure 1 and table S2).

The stability of DNAm measured at birth, and ages 10 and 18 years was evaluated by the assessing the
interaction of age and lung function trajectories using repeated measures analyses. Ten of the 31 CpGs
(32%) in boys, and fifteen out of 33 CpGs (45%) in girls to have a non-significant interaction terms
(p-value<=0.1) indicating no significant change of DNAm over time between trajectories (table S3 and
figure S1).

Functional annotation of the genes of ten CpGs in boys and fifteen CpGs in girls using ToppFun [23]
revealed eight significant biological processes corresponding to genes of five CpGs in boys and three CpGs
in girls namely, GLUL, MYCN, HLX, LHX1, COBL, COL18A1, STRA6, and WNT11. The biological
processes were tube morphogenesis, digestive tract development, paramesonephric and mesonephric duct
development, embryonic organ development, female genitalia development, somite and notochord
development (table S4).

Notably, these five CpGs in boys and three CpGs in girls are associated with lung function in the same
direction in IOWBC-F1 and ALSPAC, stable over time in IOWBC-F1, and located on genes with relevant

TABLE 1 Characteristics of boys with lung function and DNA methylation data in the F1-generation of Isle of Wight birth cohort
(IOWBC-F1) and the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort

IOWBC-F1¶ ALSPAC

Age 10 years Age 18 years Age 26 years Age 8 years Age 15 years Age 24 years
(n=392) (n=367) (n=274) (n=357) (n=262) (n=155)

FEV1 L 2.03 (1.41–3.02) 4.52 (2.8–6.7) 4.59 (2.64–6.65) 1.7 (0.7–2.4) 3.7 (1.9–6.1) 4.5 (2.3–6.1)
FVC L 2.32 (1.47–3.67) 5.34 (3.45–7.09) 5.8 (3.42–8.07) 2.0 (1.1–3.1) 4.2 (2.2–7.1) 5.5 (3.2–7.7)
FEV1/FVC 0.88 (0.71–1.00) 0.87 (0.61–1.0) 0.79 (0.58–0.9) 0.8 (0.5–0.9) 0.8 (0.6–1) 0.8 (0.6–0.9)
FEF25–75% L 2.36 (1.13–4.35) 4.93 (2.13–9.6) 4.15 (1.45–7.19) 2.1 (0.3–3.7) 4.3 (1.6–8.1) 4.5 (1.8–7.8)
Height cm 139.2 (122.9–161.6) 177.5 (152.0–195.0) 179.5 (153.5–196.0) 133.6 (115.4–157.4) 175.0 (147.4–198) 180.9 (162–198)
Concurrent smoking# 250 (46.4) 241 (65.6) 125 (45.6) 78 (21.8) 141 (53.8) 107 (69.0)
Maternal asthma yes 45 (12) 41 (11.17) 32 (11.7) 44 (12.3) 28 (10.6) 21 (13.5)
Paternal asthma yes 40 (10.2) 40 (10.90) 27 (9.85) 16 (4.5) 13 (4.9) 9 (5.81)

Data are presented as median (range) or n (%). FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF25–75%: forced expiratory flow at
25–75% of FVC. #: concurrent smoking refers to either active or second-hand smoking (maternal/paternal/other smoking/outside home smoking)
or both; ¶: among the 396 boys included in analyses, 392, 367 and 274 have lung function measured at age 10, 18 and 26 years, respectively.

TABLE 2 Characteristics of girls with lung function and DNA methylation data in F1-generation of Isle of Wight birth cohort
(IOWBC-F1) and the Avon Longitudinal Study of Parents and Children (ALSPAC) cohort

IOWBC-F1¶ ALSPAC

Age 10 years Age 18 years Age 26 years Age 8 years Age 15 years Age 24 years
(n=387) (n=377) (n=332) (n=351) (n=314) (n=257)

FEV1 L 1.98 (1.21–3.03) 3.49 (1.4–4.8) 3.42 (2.24–4.60) 1.6 (1.03–2.5) 3.0 (1.2–4.5) 3.3 (2.23–4.9)
FVC L 2.21 (1.3–3.24) 3.9 (2.3–5.8) 4.25 (3.02–6.64) 1.8 (1.1–2.9) 3.3 (1.9–5.2) 3.9 (2.45–5.64)
FEV1/FVC 0.9 (0.64–1.0) 0.89 (0.58–1.00) 0.82 (0.61–0.99) 0.89 (0.6–1) 0.9 (0.48–1) 0.84 (0.5–1)
FEF25–75% L 2.48 (0.94–4.42) 4.04 (0.77–5.98) 3.4 (1.2–6.05) 2.1 (0.2–3.5) 3.7 (0.13–6.27) 3.4 (0.1–6.1)
Height cm 138.4 (122.5–158.5) 164.0 (139.0–181.0) 165.5 (150.0–180.5) 132.4 (114.9–152.1) 165.5 (146–183.5) 167.1 (153.3–182.7)
Concurrent smoking# 154 (39.8) 250 (66.3) 135 (40.6) 85 (24.2) 210 (66.8) 176 (68.52)
Maternal asthma yes 39 (10.08) 38 (10.1) 34 (10.2) 62 (17.6) 54 (17.2) 45 (17.5)
Paternal asthma yes 31 (8.01) 29 (7.7) 27 (8.13) 21 (5.9) 18 (5.7) 18 (7.0)

Data are presented as median (range) or n (%). FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity; FEF25–75%: forced expiratory flow at
25–75% of FVC. #: concurrent smoking refers to either active or second-hand smoking (maternal/paternal/other smoking/outside home smoking)
or both; ¶: among the 390 girls included in analyses, 387, 377 and 332 have lung function measured at age 10, 18 and 26 years, respectively.
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biological functions. In boys, three CpGs were associated with FEF25–75% and two CpGs were associated
with FEV1. In girls, two CpGs were linked to FEF25–75% whereas one was linked to FEV1/FVC (figure 2a).
In IOWBC-F1, one unit increase in DNAm (logit-transformed β values) was linked to lower risk of being
in the low lung function trajectory for seven CpGs, while a similar increase in DNAm was linked to higher
risks for one CpG (figure 2a). The stable pattern of these CpGs over time in IOWBC-F1 and biological
processes associated with their genes are shown in figures 2a and b, respectively.

Additionally, we investigated the association between methylation and gene expression in IOWBC-F2 cord
blood samples (n=161). DNAm and gene transcripts were available for five of the above identified eight CpGs.
Two CpGs, located in the body region of the genes were significantly correlated with their gene expression
(rho=−0.2, p-value=0.008 for cg01885814 (COL18A1); rho=−0.16, p-value=0.04 for cg07103093 (LHX1)).

9c)

8

7

6

5

4

3

2

1

0

G
e

n
e

s
 i

n
 t

h
e

 b
io

lo
g

ic
a

l 

p
ro

c
e

s
s
 n

T
u

b
e

m
o

rp
h

o
g

e
n

e
s
is

E
m

b
ry

o
n

ic

o
rg

a
n

 d
e

ve
lo

p
m

e
n

t

D
ig

e
s
ti

ve

tr
a

c
t 

d
e

ve
lo

p
m

e
n

t

P
a

ra
m

e
s
o

n
e

p
h

ri
c

d
u

c
t 

d
e

ve
lo

p
m

e
n

t

M
e

s
o

n
e

p
h

ri
c

d
u

c
t 

d
e

ve
lo

p
m

e
n

t

F
e

m
a

le
 g

e
n

it
a

li
a

d
e

ve
lo

p
m

e
n

t

N
o

to
c
h

o
rd

d
e

ve
lo

p
m

e
n

t

S
o

m
it

e
 d

e
ve

lo
p

m
e

n
t

cg06710742 STRA6/CCDC33

cg07103093 LHX1

cg01678802 COBL

cg01885814 COL18A1

cg13529291 WNT11/UVRAG

cg16008148 HLX/MARCH1

cg22311507 MYCN

cg00383081 GLULa) b)

D
N

A
 m

e
th

yl
a

ti
o

n
 o

f 
s
e

le
c
te

d
 C

p
G

s

0.70.5 0.9 1.1

Girls
FEF25–75%

FEF25–75%

FEF25–75%

FEF25–75%

FEF25–75%

FEV1

FEV1

FEV1/FVC

Boys

1.3
Risk ratio

0.4 7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

0
1

8
8

5
8

1
4

F
E

F
2

5
–

7
5

%
 L

0

1

0.2

0.0

0.075
7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

0
7

1
0

3
0

9
3

F
E

V
1
 L

0

1

0.025

–0.025

DNAm of boys in the high lung function trajectory

DNAm of boys in the low lung function trajectory

DNAm of girls in the high lung function trajectory

DNAm of girls in the low lung function trajectory

0.10

7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

0
0

3
8

3
0

8
1

F
E

F
2

5
–

7
5

%
 L

0

1

0.05

0.00

0.0

0.1 0.92

0.81

2010
Age years

D
N

A
m

 o
f

c
g

1
6

0
0

8
1

4
8

F
E

V
1
/F

V
C

0

0.70

–0.2

–0.1

–0.3

0.3
7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

0
1

6
7

8
8

0
2

F
E

F
2

5
–

7
5

%
 L

0

1

0.2

0.1

0.0

0.050 7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

0
6

7
1

0
7

4
2

F
E

V
1
 L

0

1

–0.025
–0.050

0.000

0.025

–0.075

0.2
7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

2
2

3
1

1
5

0
7

F
E

F
2

5
–

7
5

%
 L

0

1

0.1

0.0

–0.1
7

5

3

2010
Age years

D
N

A
m

 o
f

c
g

1
3

5
2

9
2

9
1

F
E

F
2

5
–

7
5

%
 L

0

1

–0.3

–0.5

High lung function trajectory for boys

Low lung function trajectory for boys

High lung function trajectory for girls

Low lung function trajectory for girls
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represents the residual DNAm after regressing out the effect of cell types for each time point and the right-hand abscissa represents the lung
function levels (in litres). Stability of DNAm is determined by assessing the interaction of age and lung function trajectory on repeated measures
of DNAm at birth, age 10 years, and age 18 years. Gene names for the CpGs are: cg00383081 (GLUL), cg22311507 (MYCN), cg16008148 (HLX/
MARC1), cg13529291 (WNT11/UVRAG), cg01885814 (COL18A1), cg01678802 (COBL), cg07103093 (LHX1), cg06710742 (STRA6/CCDC33). c)
Biological process involving the genes of the eight CpGs.
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Discussion
This is the first study to identify differentially methylated CpGs at birth that predict the risk of having
persistently low lung function from age 10 to age 26 years in two large prospective birth cohorts,
IOWBC-F1, and ALSPAC (figure 1). 31 and 33 CpGs in boys and girls, respectively were significantly
associated with lung function the two cohorts in the same direction (figure 1). In addition, ten out of 31
CpGs in boys, and fifteen out of 33 CpGs in girls showed stable DNAm at birth, age 10 years and 18 years
(table S3 and figure S1). Among these, five CpGs in boys and three CpGs in girls, eight belonged to genes
involved in embryonic organ development and tube morphogenesis (table S4). In IOWBC-F2, cord blood
DNAm of two CpGs were correlated with gene expression.

Well documented evidence regarding sex disparities in lung development [24] and DNAm [25]
necessitated separate investigations in boys and girls. Boys and girls in IOWBC-F1 have a different
probability of belonging to high or low lung function trajectories [17]. Sex differences in lung development
are initiated in embryological stages [26] and continue in adolescence accompanied by sex hormone
changes [27, 28]. In parallel, body height and weight that vary between sexes at a given age, also
contribute to sex differences in lung function [29]. Sexual dimorphisms in childhood asthma and related
immune responses are recognised [26, 28, 30–32]. Sex-differences in DNAm are frequent and stable
throughout childhood [25] and known to modify health risks [33, 34].

We prospectively assessed the role of DNAm at birth in predicting lung function from childhood to early
adulthood stratified by sex. The hierarchical analyses approach sequentially eliminates non-informative
CpGs to select the most relevant signals that pass the following criteria: a) significant association with lung
function trajectories from ages 10 to 26 years in IOWBC-F1 (Discovery phase), b) significant association
with lung function at ages 8, 15 or 24 years in ALSPAC in the same direction as IOWBC-F1 (Replication
phase), c) stability of DNAm over time in high and low lung function trajectory in IOWBC-F1, d) location
on genes with biological role in lung development, e) correlation with gene expression in IOWBC-F2.

The IOWBC-F1 the trajectories provided two groups of participants with specific patterns of lung function
development, while in ALSPAC each time specific lung function measured repeatedly in the same
individual, represents incomplete information on the developmental pattern. CpGs associated in the same
direction with both trajectories and individual lung functions in the two cohorts, identified using two
different approaches strengthens the validity of replication.

In the current EWAS, we measured DNAm from heel prick blood in IOWBC-F1 and cord blood in
ALSPAC. We have previously shown DNAm to largely agree between heel prick and cord blood [35].
Nevertheless, consistent associations of DNAm from two different blood sources with the same lung
function in same direction reinforces the systemic role of these CpGs towards lung function.

Dynamic changes in DNAm over time are common and may reflect the influence of post-natal
environmental factors [36, 37], but do not explain the sole contribution of “in utero” or genetic factors in
the origin of lung function development. To identify latter processes, we considered only those DNAm at
birth that covary with lung function from age 10 to 26 years in IOWBC-F1 and remain “temporally
stable”. In other words, these identified DNAm at birth do not change substantially over time between the
lung function trajectories (figure 2). However, future studies should explore the “in utero” or genetic
factors that determine the such patterns of DNAm.

The CpGs linked to lung function in both cohorts in the same direction and showing stable patterns over
time in IOWBC-F1 produced statistically significant GO terms, namely, development of embryonic organs,
tube, paramesonephric and mesonephric ducts, digestive tract, somite, notochord and female genitalia
(table S4) corresponding to eight genes. All eight genes were enriched in the category of tube development
that involves intricate branching morphogenesis during embryogenesis of complex tubular organs such as
lungs, trachea, kidney, digestive tract, and urinary-genital system [38, 39]. Different subsets of these eight
genes were linked to the remaining GO terms. Importance of these biological processes in lung
development described in Supplementary Results further substantiates the etiological importance of these
DNAm linked to lung function in two cohorts, stable, and located on biologically relevant genes.

Importantly, cord blood DNAm of two of the above eight CpGs, cg01885814 (COL18A1), and cg07103093
(LHX1) were correlated with their gene expression in IOWBC-F2 that comprises of children of F1-mothers
in IOWBC-F1. Same DNAm at birth linked to lung function in IOWBC-F1, and to gene expression in
IOWBC-F2 indicates possible mechanistic impact of DNAM on lung function via altered gene expression.

Two recently published epigenetic meta-analyses by DEN DEKKER et al. [15], and IMBODEN et al. [40], have
linked DNAm and lung function at specific time points. However, there is considerable heterogeneity
compared to current EWAS in the design, analyses, and time points of lung function and DNAm
assessments. Unlike the current EWAS, both prior studies [15, 40] analysed boys and girls together.
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IMBODEN et al. [40] performed cross-sectional analyses of DNAm and lung function, excluding FEF25–75%,

measured during mid- to late adulthood. DEN DEKKER et al. [15] performed a prospective EWAS linking
differentially methylated regions (DMRs) at birth to childhood lung function and only assessed
consistency of these associations with later lung function in other cohorts. Neither studies consider
patterns of lung function development over time and stability of DNAm. Despite these differences we
found DNAm of the genes DFNB31, FBXO2, AMPD3 to be linked to lung function in these studies and
the current EWAS, indicating their importance towards lung function.

We observed ∼54% (37 of the 68 CpGs) in boys and ∼43% (25 of 58 CpGs) in girls with discordant
direction of associations of DNAm with lung function between ALSPAC and IOWBC-F1. Contrary to
prior studies [15, 40], we did not consider directionally discordant CpGs as replicated, since they
significantly increased lung function in one cohort and decreased in another. We performed additional
assessments to explain the disagreements. First, we removed cell types from statistical models in
IOWBC-F1, to explore the impact of cell type induced multicollinearity [41], however, it did not change
the directionality. Second, we stratified the analysis in IOWBC-F1 by parental and offspring characteristics
(details in supplementary results) and compared the effects in each stratum with results in ALSPAC. The
underlying rationale is that distribution of risk factors could be different between IOWBC-F1 and
ALSPAC. For instance, in ALSPAC compared to IOWBC a higher proportion of girls have mothers with
asthma, whereas a lower proportion of boys have fathers with asthma. Thus, these risk factors may have
influenced the distribution of DNAm and lung function in offspring. Such different distributions of risk
factors between discovery and replication cohorts can result in effects of opposite directions. However,
differences between those with and without maternal/paternal asthma could be captured in stratified risk
estimation. To this end, we found that in specific strata of paternal, and maternal history of asthma, low
birth weight, and asthma, and eczema at age 4 years, the direction of risks in IOWBC-F1 were comparable
to ALSPAC, reducing directional discordance from ∼54% (37 of the 68 CpGs) to ∼28% (19 out of 68
CpGs) in boys, and ∼43% (25 of 58 CpGs) to ∼17% (10 of 58 CpGs) in girls (figure 3, table S5a and S5b).
Nevertheless, this observation needs further validation from other studies.
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FIGURE 3 Agreement of direction of association of DNA methylation (DNAm) with lung function comparing overall sample of boys and girls in the
F1-generation of Isle of Wight birth cohort (IOWBC-F1) to the Avon Longitudinal Study of Parents and Children (ALSPAC) (a and c), and comparing
risk factor strata of boys and girls in IOWBC-F1 to ALSPAC (b and d). Dark blue and light blue bars indicate the number of cytosine–phosphate–
guanine sites (CpGs) in IOWBC-F1 that have concordant and discordant direction of association, respectively compared to ALSPAC. Associations in
IOWBC-F1 estimated in (a) overall unstratified sample of boys: 54% (37 out of 68) of IOWBC-F1 CpGs show discordant directions compared to
ALSPAC; (b) in risk factor strata of boys: 28% (19 out of 68) of IOWBC-F1 CpGs show discordant directions compared to ALSPAC; (c) overall
unstratified sample of girls: 43% (25 out of 58) of IOWBC-F1 CpGs show discordant directions compared to ALSPAC; (d) in risk factor strata of
girls: 17% (10 out of 58) of IOWBC-F1 CpGs show discordant directions compared to ALSPAC. The risk factors used for stratification were prenatal
paternal and maternal history of asthma, low birth weight, asthma, and eczema at age 4 years. FEV1: forced expiratory volume in 1 s; FVC: forced
vital capacity; FEF25–75%: forced expiratory flow at 25–75% of FVC.
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One limitation in the current EWAS is DNAm of a higher number of CpGs were measured in IOWBC-F1
(Illumina 850 K) compared to ALSPAC (Illumina 450 K), restricting the replication to only 55% of the
CpGs identified in IOWBC-F1 that were available in ALSPAC. We also could not explore in IOWBC-F2
whether effects of DNAm on lung function were mediated via gene expression due to few children with
lung function currently being enrolled. We identified heel prick or cord blood DNAm, that reflects
prenatal effects but are not tissue specific. However, according to the online LungMAP Consortium data
repository www.lungmap.net/, all eight biologically relevant genes were expressed in human lungs in early
life and adulthood (figure S2) substantiating the potential of these CpGs as robust biomarkers of lung
function development. This is the first epigenome-wide association study linking DNAm at birth with
lung function trajectories in the first 26 years of life. Future studies need to identify risk factors affecting
these DNAm to develop epigenetic interventions to prevent early decline of lung function.
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