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ABSTRACT

Cigarette smoking impacts DNA methylation, but the investigation of sex-specific features of lung
tissue DNA methylation in smokers has been limited. Women appear more susceptible to cigar-
ette smoke, and often develop more severe lung disease at an earlier age with less smoke
exposure. We aimed to analyse whether there are sex differences in DNA methylation in lung
tissue and whether these DNA methylation marks interact with smoking. We collected lung tissue
samples from former smokers who underwent lung tissue resection. One hundred thirty samples
from white subjects were included for this analysis. Regression models for sex as a predictor of
methylation were adjusted for age, presence of COPD, smoking variables and technical batch
variables revealed 710 associated sites. 294 sites demonstrated robust sex-specific methylation
associations in foetal lung tissue. Pathway analysis identified 6 nominally significant pathways
including the mitophagy pathway. Three CpG sites demonstrated a suggested interaction
between sex and pack-years of smoking: GPR132, ANKRD44 and C190rf60. All of them were
nominally significant in both male- and female-specific models, and the effect estimates were in
opposite directions for male and female; GPR132 demonstrated significant association between
DNA methylation and gene expression in lung tissue (P < 0.05). Sex-specific associations with DNA
methylation in lung tissue are wide-spread and may reveal genes and pathways relevant to sex
differences for lung damaging effects of cigarette smoking.
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Background

Cigarette smoking impacts diverse health pro-
blems including respiratory disease [1,2], cardi-
ovascular disease [3,4], various kinds of cancer
[5,6] and premature death [7,8]. Cigarette smoke
contains a mixture of over 6000 chemicals, and
many of them reach the lower respiratory tract
to cause inflammation [9]. Understanding the
underlying molecular mechanisms of cigarette
smoke toxicity is still a pressing scientific focus
for research. Since the minority of smokers
develop lung disease, and chronic obstructive
pulmonary disease (COPD) demonstrates differ-
ences by sex [10], modelling interactions
between genetic and environmental influences
on COPD are important. DNA methylation is
an epigenetic process that regulates gene expres-
sion and genome stability [11]. DNA

methylation can be modified by both genetic
variation and environmental exposures, which
may impact the development of COPD and
COPD-related phenotypes [12]. Several studies
have explored the associations between smoking
and DNA methylation [11,13-21]. However, lit-
tle is known about the sex-specific molecular
effects of smoking on DNA methylation. Most
DNA methylation studies of COPD were per-
formed using peripheral blood cells [13-21]; stu-
dies evaluating the sex-specific effects of
smoking in lung tissue are scarce [22]. Results
from whole blood may be influenced by altered
individual immune cell types caused by smoking.
Furthermore, gene expression is, at least par-
tially, a tissue-specific ~phenomenon [23].
Though the prevalence of smoking is lower in
women than in men, some studies have sug-
gested that women are more susceptible to the
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lung damaging effect of smoking and often
experience more severe lung disease despite
lower or equal smoking exposure to men [24-
30]. Our aim was to identify sex-specific DNA
methylation marks in adult lung tissue and to
investigate sex by smoking interactions that may
be relevant to understanding the sex-specific
impact of smoking on lung disease risk. DNA
methylation associations with sex in adult lung
tissue were replicated in foetal lung tissue and
also compared with published sex-specific obser-
vations in cord blood to evaluate lung specificity
of overlapping foetal-adult lung tissue associa-
tions [31]. Sex-specific associations with DNA
methylation in lung tissue may reveal genes
and pathways relevant to sex differences in sus-
ceptibility, incidence and prevalence of chronic
lung diseases.

Materials and methods

Adult lung tissue samples were collected from
individuals who underwent thoracic surgery
due to lung transplantation, lung volume reduc-
tion or lung nodule resection as previously
described [32]. All of the participants provided
written informed consent. All subjects were for-
mer smokers who quit smoking at least one
month before surgery. Phenotypic information
including  demographics,  anthropometrics,
smoking history and results of pulmonary func-
tion testing were obtained from medical
records. Severe COPD was defined as GOLD
grades 3 or 4, and control smokers had normal
spirometric values (forced expiratory volume in
1 second (FEV,;) > 80% predicted and ratio
FEV,; to forced vital capacity (FVC) > 0.7)
[33]. Sex-specific DNA methylation loci in
adult lung tissue were compared with those
associated in foetal lung tissue. Details about
78 foetal lung tissue samples have been pre-
viously described [34]. Foetal lung tissue sam-
ples were included to investigate whether sex
differences observed in adult lung tissue are
detectable during lung development. DNA sam-
ples were isolated from discarded foetal lung
tissue from 57 to 122 days of gestation, and
intrauterine smoking (IUS) exposure was cate-
gorized as a binary variable (0: unexposed as
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reference, 1: exposed subjects) as previously
described [34]. We also evaluated replicated
associations for lung tissue in a published sex-
specific association study of cord blood. All
results were modelled on the logit-transformed
(M) scale [31]. All the statistical analyses were
performed using R version 3.6.0. Subject char-
acteristics are presented as mean (+ standard
deviation) or median (quartiles) for continuous
variables and relative frequencies for categorical
variables. Means were compared using t-test
and categorical variables were compared using
chi-squared test. A P value <0.05 was consid-
ered to be statistically significant for demo-
graphic comparisons.

DNA methylation assessment

Adult lung tissue samples were frozen and
stored at -80°C; DNA was extracted, and 1 pg
of extracted DNA from each sample was bisul-
phite-converted using the EZ DNA Methylation
Gold Kit (Zymo Research, Irvine, CA). The
genome-wide methylation levels of the DNA
samples were assayed using the Infinium
HumanMethylation450 BeadChip assay from
[Nlumina (San Diego, CA). A total of 485,512
genome-wide cytosine-phosphate-guanine
(CpQ) sites were interrogated for each sample,
and data importing and pre-processing were
performed using R and Bioconductor packages
including minfi (version 1.14.0). Detailed meth-
ods for quality control have been published
[35]; the final number of probes for analysis
was 349,826 for 130 white subjects, as pre-
viously described [35]. Sex was verified with
X chromosome methylation patterns for both
adult and foetal lung tissue. The methylation
values (p value with a range 0-1) were calcu-
lated using p = meth/(meth + unmeth + offset);
meth and unmeth are the fluorescence intensity
values at methylated versus unmethylated sites,
and default Illumina value of offset was 100.
Then B values were converted to M values for
all analyses to control for heteroscedasticity;
results are presented on the ‘beta’ scale
as percent methylation to improve interpret-
ability of differential methylation by sex at
associated sites. Gene symbols were updated as
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approved names based on HUGO Gene
Nomenclature Committee database (http://
WWWw.genenames.org).

Methylation association analysis

Association analysis for each methylation site
was performed using R with the Bioconductor
package limma (version 3.40.2). Models for sex
association with methylation were adjusted for
age, presence of COPD, smoking pack-years,
time since quitting smoking, centre, and plate
numbers. For the interaction analysis between
sex and pack-years of smoking or sex and time
since quitting smoking, an interaction term
with sex and smoking behaviour was added to
the previous model for the main effect of sex
including age, presence of COPD, centre, plate
number, smoking pack-

years and time since quitting smoking; there
were no suggested technical artefacts related to
sentrix position so this was not adjusted for in
the model of adult lung tissue. For sex-specific
methylation analysis of foetal lung tissue, foetal
age, in utero nicotine exposure, sample plate
and sentrix position were adjusted for in the
model. Nicotine exposure was treated as
a dichotomous variable based on placental coti-
nine [34]. Differentially methylated regions
(DMR) were identified using the DMRcate
package with parameters including the presence
of at least two probes residing within 1000
base-pairs. A False Discovery Rate (FDR) of
5% is applied for the analysis of sex as
a predictor of DNA methylation. A less strin-
gent FDR threshold of 20% for the interaction
analysis has been applied with presentation of
the top 10 sites. Discovery thresholds using
FDR < 20% have been previous applied in
DNA methylation studies [36-39]. Regional
genomic plots containing regulatory informa-
tion for individual CpG sites of interest were
produced using the R package Sushi (version
1.22.0). Regulatory feature data was down-
loaded (January 2020) from Ensemble BioMart
[40] that included information produced from
the ENCODE, Roadmap Epigenomics and
Blueprint projects [41]. This regulatory feature
data described in the Ensembl Regulatory Build

documentation were the Enhancer, Promoter
Flanking, Promoter, CTCF Binding Site, TF
binding site and Open chromatin tracks in the
Sushi plot. DNase I Hypersensitivity Clusters in
125 cell types from ENCODE were downloaded
from the UCSC database [42]. The
Bioconductor package missMethyl (version 3.9)
was used to test for enrichment in KEGG path-
ways which takes into account the number of
CpG sites per gene to avoid bias due to the
different numbers of CpG sites profiled for
each gene [43,44]. Annotation of genes asso-
ciated with each CpG site was based on data
provided by Entrez Gene.

Lung tissue gene expression

RNA was extracted from the same adult lung
tissue samples using the AllPrep kit (Qiagen,
Valencia, CA), and gene expression profiling was
assessed  using  HumanHT-12  BeadChips
(Ilumina, San Diego, CA) as previously reported
[35,45]. Quality control was performed using
quantile, signal-to-noise, correlation matrix and
principal component analysis (PCA) to identify
outliers and low-quality samples as published pre-
viously [45], and Pearson correlation between
DNA methylation and gene expression was per-
formed using the cor function without weighting
in the stats package in R. Methylation and expres-
sion features were linked by gene name and the
gene coordinates; all CpGs evaluated were within
the gene or within 50 base pairs of the gene coor-
dinates. Information about genomic context are
labelled on the scatter plots.

Results

DNA methylation data for adult lung tissue were
available from 130 white subjects. Subjects’ median
age was 63 (IQR 60, 67.75) years old, 60 (46.2%)
were male sex and 92 (70.8%) had COPD. There
was no significant difference between males and
females by age, prevalence of COPD, FEV; (%
predicted) or FVC (%predicted) and time since
quit smoking. Pack-years were significantly higher
in males despite similar mean lung function
between males and females (Table 1). When
adjusted for age, presence of COPD, smoking
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Table 2. Top 10 CpG sites for differential methylation between sexes.

CpG site Gene symbol CHR Gene location Island location B-difference (%) P value Q value
cg03691818 KRT77 12 Body Open Sea —6.7559 1.08E-64 3.77E-59
g04858776 <NA> 1" Open Sea —6.0486 3.15E-59 5.50E-54
€g25568337 ARID1B 6 TSS1500 Open Sea —10.3842 1.18E-54 1.37E-49
€g17232883 <NA> 1" Open Sea —5.1327 3.69E-50 3.23E-45
€g12691488 <NA> 1 Island 20.0621 6.76E-48 4.73E-43
€g02758552 GPX1 3 5KUTR Island —9.6153 1.58E-38 9.20E-34
€g03608000 ZNF69 19 TSS200 N-Shore —0.9708 1.79E-32 8.92E-28
€g04946709 LOC644649 16 Body Island 8.2138 8.99E-32 3.93E-27
€g22345911 CSNK1D 17 5KUTR Island —1.3395 4.91E-28 1.91E-23
924016844 LRIF1 1 TSS200 Island 2.0978 6.52E-26 2.28E-21

Reference: Female
Abbreviations: Keratin 77 (KRT77); AT-Rich Interaction Domain 1B (ARID1B); Glutathione peroxidase 1 (GPX1); Zinc Finger Protein 69 (ZNF69);
Uncharacterized LOC644649; Casein Kinase 1 Delta (CSNK1D); Ligand Dependent Nuclear Receptor Interacting Factor 1 (LRIF1)
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Figure 1. Manhattan plot (a) and volcano plot (b) of CpG sites differentially methylated by sex (A) The blue line represents the
threshold for an FDR of 5%, and the red line represent genome-wide significance cut-off of P = 5 x 1072, (B) The M value difference
of methylation for each CpG site is plotted on the x-axis, and log-transformed P value is plotted on y-axis. Each point represents an
individual CpG site. Only top 10 significant sites were annotated with CpG name.

pack-years, time since quitting smoke, centre, and  the KRT77 gene and hypo-methylated in males
sample plate, sex was associated with 710 differen-  compared to females. Foetal lung tissue demon-
tially methylated sites at FDR < 0.05 (Table 2,  strated 1223 sex differentially methylated loci at
Table S1, and Figure 1). The most significant sex-  FDR < 0.05. The most significant sex-associated
associated CpG site was ¢g03691818, mapped to  CpG site was also cg03691818 annotated to KRT77



gene in foetal lung tissue, same as adult lung
tissue. Comparing sex-specific methylation loci of
adult lung tissue with those of foetal lung and cord
blood (FDR < 0.05), found 240 loci overlapping in
all 3 tissues, 54 lung tissue-specific loci associated
with sex only in adult and foetal lung, and 241
adult and 624 foetal lung tissue-specific loci
(Supplemental Figure S1). The effect estimates of
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the 54 overlapping loci between adult and foetal
lung tissues were all in the same direction. The
detailed relationship of each locus associated with
sex in adult lung and foetal lung tissues are sum-
marized in Table S1. There was no significant site
for pack-years or time since quitting smoking
associated with adult lung tissue methylation at
FDR< 0.05 (Manhattan plots of DNA methylation

Table 3. Top 10 CpG sites which have interaction between pack-years and sex and their main effects stratified by sex.

PY * sex interaction Male (PY) Female (PY)
CpG site Gene symbol CHR Gene location Island location Coefll P value FDR Coefl P value Coefl P value
€g20968821 GPR132 14 5KUTR OpenSea —1.56E-03 2.54E-07 0.073 —-6.38E-04 8.40E-03 9.90E-04 6.78E-04
€g09496748  ANKRD44 2 Body Island —1.82E-03 4.15E-07 0.073 —8.43E-04 2.92E-03 1.13E-03  9.95E-04
€g00667525  C190rf60 19 TSS1500 N_Shore —1.46E-03 8.29E-07 0.097 -4.86E-04 1.93E-02 1.38E-03 1.32E-05
cg10711775 <NA> 10 Island —1.40E-03 2.22E-06 0.158 -6.96E-05 6.22E-01 1.73E-03  6.09E-07
€g07805999 C70rf50 7 Body N_Shelf 1.72E-04 2.26E-06 0.158 2.87E-05 7.15E-02 -1.85E-04 8.60E-06
cg10338830 EMP3 19 Body Island 2.81E-03 3.04E-06 0.167 1.55E-03 1.52E-03 —1.06E-03 5.30E-02
€g10414350 MSRA 8 Body OpenSea —1.81E-03 3.59E-06 0.167 —1.14E-03 7.67E-04 9.34E-04 5.37E-03
€g03528353 STRADA 17 TSS1500 S_Shore 9.50E-05 3.81E-06 0.167 581E-05 2.99E-03 -5.01E-05 5.55E-03
906776644 SMCO4 1 5KUTR OpenSea —1.78E-03 4.81E-06 0.182 —8.40E-04 4.57E-03 1.37E-03  4.69E-04
€g08389588 <NA> 13 OpenSea —9.96E-04 5.70E-06 0.182 —5.30E-04 2.14E-02 5.24E-04 1.40E-02

Adjusted for age, sex, presence of COPD, smoking pack-years, and time since quit smoking, centre and plate
between sex and pack-years

number in addition to

interaction

Abbreviations: PY, pack-years; TSS1500, 1500 bp blocks upstream of transcription start site; TSS200, 200 bp blocks upstream of transcription start
site; SXUTR, 5 untranslated region; N_ and S_ denote the upstream and downstream end of the island region, respectively.
G protein-coupled receptor 132 (GPR132: cg20968821); ankyrin repeat domain 44 (ANKRD44: cg09496748); chromosome 19 open reading frame 60
(C190rf60: cg00667525); chromosome 7 open reading frame 50 (C70rf50: cg07805999); epithelial membrane protein 3 (EMP3: cg10338830);
methionine sulphoxide reductase A (MSRA: cg10414350); STE20 Related Adaptor Alpha (STRADA: cg03528353); Single-Pass Membrane Protein
With Coiled-Coil Domain 4 (SMCO4: cg06776644)
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Figure 2. CpG sites with suggested interaction between pack-year of smoking and sex. Blue dots represent male and red dots
represent female in the first column (a). In plots of male (b) and female (c), violet dots represent subjects with COPD. The value of x-
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associations for smoking pack-years and time
since quitting smoking are shown in Figure S2).
To evaluate potential sex association interactions
with smoking we modelled an interaction term
between sex and pack-years and between sex and
time since quitting smoking. The top 10 CpG sites
for sex by pack-year interactions revealed no asso-
ciations at a strict FDR threshold of 5%; suggestive
tindings are noted (Table 3). The functional anno-
tation plot for each gene is summarized (Figure
S$3). Among the top 10 sites for sex by pack-years,
nominal associations with pack-years were
observed at 8 sites in males and 9 sites in females
(Table 3). These sites were relatively hypo-
methylated in men and relatively hyper-
methylated in women with increasing of pack-
years except cgl0338830 (epithelial membrane
protein 3: EMP3) and ¢g03528353 (STE20
Related Adaptor Alpha: STRADA) (Figure 2 and
Figure S4). Among these top 10 sites, cg20968821

(G protein-coupled receptor 132: GPRI132),
cg09496748  (ankyrin  repeat domain  44:
ANKRD44), ¢gl10338830 (EMP3), cgl0414350

(methionine sulphoxide reductase A: MSRA),
cg06776644 (STRADA) and cg08389588 had nom-
inally significant interactions between sex and time
since quitting smoking, all in opposite direction of
effect compared with pack-years (Table S2).
Association with DNA methylation of these sites
and time since quitting smoking are plotted in
Figure S5. The sites that demonstrate suggested
sex interactions in adult lung tissue with smoking
did not demonstrate main effects for sex associa-
tion. For interaction between sex and time since
quitting smoking and between sex and COPD
(Table S3), there were no significant interactions.
From the regional analysis of adult lung tissue, we
identified 76 sex-associated differentially methy-
lated regions at Stouffer’s FDR threshold of 5%.
The top region consisted of five differentially
methylated CpGs and mapped to SNORD43
(Table 4(a)). None of the regions were robust to
multiple testing for the sex by smoking interaction
model. In foetal lung tissue, the top sex-associated
differentially methylated region consisted of 6 dif-
ferentially methylated CpGs mapped to SNORA69
and ZPBP2 (Table 4(b)). None of the regions was
significant for the IUS-exposure interaction model
at FDR<0.05. Pathway analysis for 710 sex-specific

methylation sites (FDR < 5%) identified 6 nomin-
ally significant pathways including the mitophagy
pathway (Table S4). Pathway analysis for 294 over-
all lung tissue sex-specific loci with nominal sig-
nificance are presented in Table S5. No pathways
were enriched at a strict False Discovery Rate
of 5%.

Association of DNA methylation and gene
expression profiling

We evaluated the correlations between DNA
methylation and gene expression for annotated
genes that were included in top 10 CpGs loci
with suggested interactions between sex and pack-
years. Among these sites, methylation at
cg20968821 annotated to GPRI32 (P = 0.047),
cg07805999 annotated to C7orf50 (P = 0.018) and
cgl0338830 annotated to EMP3 (P = 0.008) was
correlated with gene expression of the respective
genes. For the CpGs in C7orf50 and EMP3 which
are respectively located in N-shelf and CpG island,
an increase of DNA methylation was associated
with a decrease in gene expression. The CpG in
the gene GPRI132, which is located in open sea, an
increase in gene expression was observed
(Figure S6).

Discussion

We identified 710 differentially methylated sites
associated with sex at FDR<0.05 and suggested
interactions between smoking intensity and sex,
with most interaction effect estimates demonstrat-
ing opposite directions of association between
male and female smokers. No significant site asso-
ciated with pack-years or time since quitting
smoking was found at strict false discovery rates,
but these opposite associations for DNA methyla-
tion and smoking further support sex-specific
methylation perturbations as potentially relevant
for sex differences in susceptibility to smoking.
DNA methylation is a complex phenomenon
which connects the influence of genetic and envir-
onmental factors and contributes to sex differences
in health and disease development [46,47]. DNA
methylation is dynamic and is impacted by ageing,
disease and environmental exposures including
smoking.  Sex-specific differences of DNA
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Table 4. Top 10 DMRs for differential methylation between sexes in (A) adult lung tissue and (B) foetal lung tissue.

Stouffer
Chr: Position Width (bp) No. of CpGs P Mean difference UCSC gene
Chr11: 888 5 4.47E-34 —0.0245 SNORD43
59,317,890-59,318,777
Chré: 1000 7 2.94E-30 —0.0802 SNORAS8, SNORD28, SOGA3, SNORA20
127,796,287-127,797,286
Chré: 597 9 2.66E-23 —0.0902 SNORA38, SNORA8, SCARNAT15, CRISP2, SNORA20
49,681,178-49,681,774
Chré: 1073 8 2.06E-19 —0.0734 SNORA38, SNORAS8, SCARNA15, SNORD28, DPPAS5,
74,063,522-74,064,594 SNORA20
Chr1: 871 5 6.15E-14 —0.1013 snoU13, Y_RNA, SCARNA16, U1, SCARNA18, SNORD112,
75,590,483-75,591,353 SNORA63, SNORD46, SNORA2, SNORD81, U3, SNORA5T,
SNORA25, SNORD64, ACA64, SNORD78, snoU109,
SNORD60, SNORD116
Chr7: 773 5 3.41E-13 0.0946 AC005481.5, PTPRN2
157,405,965-157,406,737
Chr12: 615 4 2.42E-11 —0.0144 KRT77, snoMe28S-Am2634
53,084,709-53,085,323
Chr10: 1693 18 3.02E-11 —0.0332 RP11-564D11.3, CUZD1, FAM24B
124,638,200-124,639,892
Chré: 910 8 8.53E-11 —0.0652 SNOR, A38, SNORA8, SCARNA15, DDX43, SNORD28,
74,103,959-74,104,868 OOEP, SNORA20
Chr17: 958 5 1.88E-10 —0.0601 SNORA69, ZPBP2
38,023,679-38,024,636
Chr: Position Width (bp) No. of CpGs Stouffer Mean difference UCSC gene
P
Chr17: 1157 6 1.15E-27 —0.0816 SNORAG69, ZPBP2
38,023,480-38,024,636
Chrs: 966 10 3.26E-15 —0.0403 ENPP2
120,684,721-120,685,686
Chré: 1000 7 1.75E-14 —0.0590 SNORAS8, SNORD28, SOGA3, SNORA20
127,796,287-127,797,286
Chr5: 919 9 3.18E-14 —0.0792 PRDM9, SNORA27, SNORA68, RP23P5, 7SK, SNORD45
23,506,735-23,507,656
Chr1: 1267 3 9.76E-13 —0.0918 snoU13, Y_RNA, SCARNA16, SCARNA16, SNORD112,
156,393,461-156,394,727 SNORAG63, U3, SNORD51, SNORA25, SNORD59,
SCARNA20, SNORA67, U6, SNORA77, SNORA26,
SNORA72, U9, SNORA31, SNORA40, Clorf61, SNROD64,
ACA64, SNORD78, snoU109, SNORD60, SNORD116
Chr17: 676 4 1.86E-12 —0.0713 SNORA69, PTRF
40,556,833-40,557,508
Chr2: 1365 6 2.48E-11 —0.0698 PCED1CP, SCARNA6, SNORD39, SNORA75, SNORA438,
213,696,794-213,698,158 ACO79610.1
Chr20: 3,051,954-3,053,196 1243 12 5.52E-11 —0.0397 OXT
Chr19: 897 6 8.81E-11 —0.0418 A1BG-AS1, A1BG, CTD-2619J13.8
58,861,502-58,862,398
Chrs: 60 2 4.79E-10 —0.1032 SNORA7

24,800,824-24,800,883

methylation have been described previously in
blood [31] and for gene expression in lung tissue
[22,48,49]. More than half of the sites we observed
to have sex-specific methylation (415 loci) overlap
with sites previously associated in leukocyte DNA
[31]. Sex-specific effects of smoking and features
of smoking-related lung diseases including COPD
have indicated that women may be more suscep-
tible to develop lung damage with the same or less

smoke exposure as men [24-30]. Biological differ-
ences such as immunological or hormonal deter-
minants have been suggested as possible
mechanisms [50,51], with a more recent sugges-
tion that genetic and epigenetic factors may play
a role [51-53]. Given these observations, we eval-
uated interactions between sex and smoking beha-
viours. Loci with suggested interactions were
annotated as GPRI132, C19orf60 and ANKRD44;



700 H.-K. KOO ET AL.

the associated CpG sites overlap with DNase
hypersensitivity sites (GPR132 and C190rf60) and
enhancer elements (ANKRD44), supporting the
importance of future functional work to follow
up these sites for sex-specific impact in the lung.
DNA methylation of ANKRD44 has been reported
to be associated with smoking [21] and asthma
phenotypes [54]. Integration of gene expression
and DNA methylation revealed GPR132, C7orf50
and EMP3 genes demonstrating correlation. Gene
expression of CZorf50 and EMP3 which were
respectively located in N-shelf and CpG islands
presented negative association with DNA methyla-
tion, but GPRI32 located in open sea presented
positive correlation. The GPR132 gene encodes
a member of G protein-coupled receptor super-
family that activates intracellular signal transduc-
tion pathways. GPR132 has been reported to be
associated with transfusion-related acute lung
injury [55]. The EMP3 gene impacts cell prolifera-
tion and cell-to-cell interaction, but the mechan-
isms are still poorly understood [56]. Sex-specitfic
associations of these genes in the lung have not
been described previously.

Pathway analysis of the methylation marks asso-
ciated with sex did not reveal enrichment of path-
ways at a strict False Discovery Rate. However,
nominal association in the mitophagy pathway
was observed and this pathway is a biologically
plausible driver of sex differences in lung diseases,
including COPD. In a previous study of sex differ-
ences in gene regulatory networks, we revealed
significant differential targeting of mitochondrial
functional pathways as a potential driver of sex
differences in COPD ([57]. More recently, urine
mitochondrial DNA has been suggested as a sex-
specific biomarker of COPD associated with worse
spirometry and emphysema in men and worse
respiratory symptoms in women [58]. Sex-
specific regulation of mitochondrial pathways
have been observed in cardiovascular disease [59]
and our findings may support a similar relevance
of mitochondrial pathways in sex-specific features
of lung health and disease; more research is
needed to support this consideration.

One limitation of this analysis is that there is
potential for confounding related to adult lung
disease. We adjusted our model for the presence
or absence of chronic obstructive lung disease

measured by lung function and replicated our
findings in foetal lung tissue. We do not have
information about other comorbidities. Larger stu-
dies of lung tissue from well phenotyped cohorts
are needed to confirm our findings. Additionally,
our study only included former smokers limiting
comparison with current or never smokers, and
the severity of included COPD subjects was high.
There could be recall bias for history of self-
reported smoking metrics or exposures other
than smoking. Overlapping methylation marks
may suggest cellular heterogeneity by sex or
blood contamination in the tissue homogenates
or true sex divergent signatures that are not tissue
specificc. We did not observe significant sex-
specific gene expression of our loci, although
there were several genes having correlations
between DNA methylation and gene expression.
Differential gene expression by sex has been sug-
gested to be limited, but differential targeting of
genes via an epigenetic pathway is likely more
relevant [22,58]. Additionally, ascertainment of
this tissue cohort may limit generalizability to the
general population and to other races. Although
we do not have a lung tissue replication set with
extensive phenotypic and exposure information,
we do demonstrate potential functional relevance
of our observations using contemporaneous gene
expression data and evaluation of sex-specific
association in foetal lung tissue. Lastly, cellular
heterogeneity may be relevant to our detection of
sex-specific associations; further studies using
a single lung cell type will be an important direc-
tion for future modelling of sex-specific features of
lung disease. Overall, the lung-specific sex diver-
gent methylation marks further support a role for
gene regulatory pathways in the lung [58] as
important pathways for further study in sex differ-
ences in lung health and disease; the epigenome
may be particularly informative to study in this
regard.

Our findings demonstrated sex differences in
DNA methylation of lung tissue which may have
relevance to the sex divergence observable in
smoking-related lung diseases. We also identified
a subset of sex-specific methylation marks with
suggested smoking interactions. Sex differences in
susceptibility to lung damaging effect of cigarette
smoking may be related to epigenetic effects in



mitochondrial pathways. Future research on sex-
specific aspects of the epigenome may reveal new
insights into COPD pathogenesis.
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