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ABSTRACT
Chronic obstructive pulmonary disease (COPD) is a smoking-related disease characterized by genetic and
phenotypic heterogeneity. Although association studies have identified multiple genomic regions with
replicated associations to COPD, genetic variation only partially explains the susceptibility to lung disease,
and suggests the relevance of epigenetic investigations. We performed genome-wide DNA methylation
profiling in homogenized lung tissue samples from 46 control subjects with normal lung function and 114
subjects with COPD, all former smokers. The differentially methylated loci were integrated with previous
genome-wide association study results. The top 535 differentially methylated sites, filtered for a minimum
mean methylation difference of 5% between cases and controls, were enriched for CpG shelves and
shores. Pathway analysis revealed enrichment for transcription factors. The top differentially methylated
sites from the intersection with previous GWAS were in CHRM1, GLT1D1, and C10orf11; sorted by GWAS P-
value, the top sites included FRMD4A, THSD4, and C10orf11. Epigenetic association studies complement
genetic association studies to identify genes potentially involved in COPD pathogenesis. Enrichment for
genes implicated in asthma and lung function and for transcription factors suggests the potential
pathogenic relevance of genes identified through differential methylation and the intersection with a
broader range of GWAS associations.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a smoking-
related disease characterized by progressive airflow obstruction,
genetic and phenotypic heterogeneity. Although genetic studies
have identified multiple genomic regions with replicated associ-
ations with COPD, genetic variation only partially explains sus-
ceptibility to lung disease. Loci associated with complex disease
traits are enriched in regulatory regions with epigenetic annota-
tions1 and may highlight mechanisms relevant to complex
traits. Interrogation of the epigenome may therefore uncover
molecular targets that are perturbed by smoking yet only meet
a suggestive threshold for relevance to lung disease through
genetic association analysis. These targets may be among previ-
ously identified sub-genome-wide significant loci.2,3 Given the
growing burden of COPD worldwide, it is imperative to iden-
tify molecular characteristics that may provide insights into
COPD susceptibility and severity.

Several studies have identified DNA methylation sites asso-
ciated with COPD (Supplemental Table S1). Many of these
have focused on whole blood; however, buccal, sputum, and
lung tissue samples have also been investigated. DNA

methylation has been suggested to be under genetic control in
normal lung tissue,4 and predictive of gene expression in
COPD.5 In previous studies of the small-airway epithelium,
genome-wide DNA methylation associations with smoking
exposure6 and with COPD status7 have identified key genes
and pathways exhibiting epigenetic disruption. Genetic associa-
tion studies have identified loci at genome-wide significance;
genes nearest to these loci (GWAS genes) include IREB2 in the
15q25 locus (CHRNA3/5, IREB2), HHIP in the 4q31 locus, and
FAM13A in the 4q22 locus.8-10 Recently, RIN3, MMP12, and
TGFB2 were identified as likely COPD genes11 and GWAS of
CT emphysema12 identified DLC1 and AGER. Information
regarding DNA methylation in the regions surrounding these
loci is limited, particularly in lung tissue from subjects with
COPD; in normal lung tissue,4 2 CpG sites (cg24631222 and
cg04882995) were found to be significantly associated with
lung cancer GWAS SNPs in the 15q25.1 locus (CHRNA5,
CHRNA3, CHRNB4). Integration of epigenetic and genetic
association studies has the potential to highlight targets of
interest related to COPD pathogenesis,1,2,13 which involve both
genetic and environmental factors.
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We hypothesized that examination of DNA methylation
would reveal genes involved in the etiology and pathogenesis of
COPD. Genome-wide DNA methylation profiling in lung
tissue identified differentially methylated loci associated with
COPD affection status. These findings in lung tissues from
severe COPD and ex-smoking control subjects highlighted new
genes to consider for COPD pathogenesis and provided epige-
netic annotation to GWAS candidates, through integration
with significant and sub-genome-wide significant COPD
GWAS results, lending priority to genes for future
investigation.

Results

DNA methylation data were available in lung tissue for 114
severe COPD cases [mean forced expiratory volume in 1 sec
(FEV1) 26.3% predicted] and 46 controls with normal spirome-
try (Table 1). There were no significant differences between
cases and controls by sex, age, or race. On average, the cases
had higher cumulative pack-years of cigarettes smoked
and quit smoking on average fewer years in the past
(P-value < 0.0001).

Differential methylation

Adjusted for covariates including age, sex, race, and pack-years
of smoking, there were 2,456 differentially methylated sites
associated with COPD case-control status (5% FDR, no filter
for mean methylation difference, Manhattan and volcano plots
in Fig. 1). Filtering the data using a minimum difference in
methylation between cases and controls (b-diff) of 5% yielded
535 associations (Table 2 and Supplemental Table S2). The
counts of the results with each island location annotation were
examined (Supplemental Fig. S1); not all CpG sites have an
island related annotation. Significant enrichment in the shore
and shelf regions was observed (hypergeometric test
P-value < 0.0001). Nominally significant associations between
the methylation and gene expression levels were observed for 2
of the 7 genes in the top (b-diff > 5%) results (PITPNM1 and
HNF1B) (Supplemental Figs. S2-S8, P-value < 0.05). Eleven of
the 535 differentially methylated sites demonstrated a mean
absolute difference between cases and controls of at least 10%
(Table 3). Six of these are annotated to genes (Fig. 2), with the

top finding (cg06289725) annotated to M1 muscarinic acetyl-
choline receptor (CHRM1; FDR q-value D 0.03, b-diff D 10%);
5 of these associations did not annotate to genes (e.g.,
cg01595951, Supplemental Fig. S9). Associations between
methylation and gene expression levels (P-value < 0.05) were
observed for all 6 of the annotated genes with a 10% difference
between cases and controls, which include CHRM1, deltex 1,
E3 ubiquitin ligase (DTX1), PACSIN1, FOXK1, SHANK2, and
FOXP2 (Supplemental Figs. S10-S15). Of note, total pack-years
of cigarette smoking and time since quitting smoking were not
statistically significant predictors of lung tissue methylation (at
5% FDR).

To further examine the differential methylation results
associated with COPD, pathway analyses were performed. The
GO analysis for the top differential methylation results (5% FDR
and b-diff > 5%) revealed significant enrichment for known
transcription factor activity (FDR q-value D 0.006) in the molec-
ular function analysis (37 of the 332 unique gene annotations
recognized by WebGestalt, Supplemental Table S3). Significant
enrichments related to biological processes were not observed.
The top enriched pathways in the ConsensusPathDB analysis
were ‘EGFR1’ and ‘Wnt signaling’ (FDR q-value < 0.05).

Hypothesizing that genes harboring multiple differentially
methylated sites (same gene annotation for multiple CpG sites)
may provide cumulative support for epigenetic associations, we
identified multi-site genes using the 1,216 gene-annotated CpG
sites that were differentially methylated by at least 1% (at 5%
FDR). A hypergeometric test was applied to determine enrich-
ment of sites for each gene and the results were sorted by
P-value (Table 4). Top multi-site genes include phosphatidyli-
nositol transfer protein, membrane associated 1 (PITPNM1),
which is nominally differentially expressed in the lung by
COPD affection status (Fig. 3); the 6 significant sites (out of the
17 assayed) span a 1,847 base region. Endothelial cell-specific
molecule 1 (ESM1) is a gene also differentially expressed in the
lung (Fig. 3); the four significant sites (out of 8 assayed) span
164 bases. For these multi-site genes there is a consistent
difference in methylation between cases and controls across the
clustered CpG sites (Fig. 3 and Supplemental Fig. S16).

Integration with GWAS

We integrated the genome-wide significant loci identified in
previous COPD genome-wide association studies,8,9,11,12 with
the differential methylation results after filtering for minimal
differences in methylation (b-diff) (3,260 sites, b-diff > 5% and
44,662 sites; b-diff > 1%). We observed nominal (FDR < 10%)
evidence of differential methylation in the threshold COPD
GWAS genes FAM13A, HHIP, DLC1, TGFB2, and RIN3
(Supplemental Tables S4 and S5). Examining the GWAS11 loci
(P-value < 1x10-5) within a 100 kb window surrounding each
b-diff > 1% and FDR < 5% site, we observed a site (cg27554782)
annotated to CHRNB4 with nearby GWAS SNPs annotated to
CHRNA3, CHRNA5, and CHRNB4, within the 15q25 locus.

We integrated the GWAS11 results at a P-value < 0.01 with
the significant differential methylation results (5% FDR and
b-diff > 5%) by gene symbol annotation (Table 5, Supplemen-
tal Table S6). Of the 344 unique gene annotations for these 535
differential methylation results, 142 were found among the

Table 1. Study subjects.

Demographics COPD cases n D 114 Control smokers nD 46 P-value

Age (years) 63.4 (§6.7) 65.3 (§8.9) 0.19
Gender (female) 60 (52.6%) 29 (63%) 0.29
Race 0.85
African American 19 (16.7%) 6 (13%)
White 92 (80.7%) 39 (84.8%)
Former Smokers 100% 100% NA
Smoking History

(pack-years)
61.2 (§26.4) 33.6 (§20.5) <0.0001

Time since quitting,
months

84.7 (§87.2) 181 (§139.9) <0.0001

FEV 1 % predicted 26.3 (§9.1) 98.1 (§11.9) <0.0001
FEV 1 /FVC 0.3 (§0.10) 0.8 (§0.10) <0.0001
Body Mass Index 25.6(§4.7) 28.2 (§5.6) 0.006
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6,425 genes in these sub-genome-wide significant loci that were
also represented on the HumanMethylation450 BeadChip
array. The top results were the highest ranked findings with at
least 5% difference in methylation between cases and
controls— CpG site cg25823837, annotated to glycosyltransfer-
ase 1 domain containing 1 (GLT1D1; FDR q-value D 0.017,
b-diff D 5.8%) and cg08754149, annotated to chromosome 10
open reading frame 11 (C10orf11; FDR q-value D 0.028,
b-diff D ¡7.5%). When sorted by GWAS P-value, the top sites
from this intersection were cg12656653, in FERM domain
containing 4A (FRMD4A), and cg17882867, in thrombospondin
type 1 domain containing 4 (THSD4)(Supplemental Table S7);
cg08754149 in C10orf11 was also among these top ranked

results. Seventeen of the 37 transcription factors identified in
the GO analysis of differential methylation were among the
genes in this methylation-GWAS intersection; 2 of these 17
transcription factors are robustly differentially methylated sites
(FOXK1, FOXP2)(Table 3). Lastly, 7 of the genes in the GWAS
intersection are multi-site genes, including ESM1 (Table 4,
Fig. 3), CHRM1 (Table 3), and PTCHD4 (Table 4).

Discussion

The susceptibility to, and severity of, COPD is highly variable
among smokers. For this study, the short-term effects of smok-
ing were avoided by selecting a cohort of former smokers.

Figure 1. Differential methylation results. (A) Manhattan plot of the results from analysis of differential methylation by COPD affection status. The blue line represents the
threshold for an FDR of 5%. (B) Volcano plot of these results (FDR < 5% and >5% b-diff in blue). Sites with FDR < 5% and b-diff < 5% are shown (cg10800464,
cg11635101:MAD1L1, cg07068735:RAB8B, cg00622552:ODF3L1, and cg20802051:AK3L1).
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Genetic variation has been associated with COPD; however,
much of the variation in COPD susceptibility remains unex-
plained. Through genome-wide DNA methylation analysis and
integration of differential methylation results with sub-thresh-
old GWAS results, we sought to identify new COPD genes and
provide functional annotation to genes identified via genome-
wide association. The results of a combined genetic-epigenetic
analysis may highlight genes modulated by both environmental
and genetic factors, and lend priority to genes that do not meet
strict statistical thresholds for genome-wide association.

Statistically significant associations (FDR< 5%) for differential
methylation between COPD cases and controls identified in this
study capture mean differences that range from less than one per-
cent to a maximum of approximately 13 percent, and were distrib-
uted throughout the genome. DNA methylation studies in
complex diseases do not capture the same broad range of variation
as cancer studies; however, our approach was to focus on associa-
tions with at least a 5% difference in mean methylation between
cases and controls, thus revealing sites more likely to be biologi-
cally meaningful. The application of a 5% filter for methylation
difference revealed 535 significant sites enriched for CpG island
shore and shelf annotations. Prior studies have suggested that the
shores and shelves are regulatory regions.2,14,15

Associations with gene expression were more robust for CpGs
with at least a 10% mean difference in methylation between cases
and controls, when compared with the results after applying a 5%

difference threshold, further suggesting that selection for larger
ranges of differential methylation in complex diseases may help to
reveal biologically relevant methylation marks. Among the 5%
and 10% filtered results, several genes of interest emerged:
CHRM1, DTX1, GLT1D1, and C10orf11. M1 muscarinic acetyl-
choline receptor (CHRM1) has been implicated in bronchocon-
striction of the airways and a small candidate gene study noted
association of CHRM1 to asthma.16 In addition, CHRM1 has been
implicated in association with nicotine dependence.17 CHRM1
presents as an interesting gene, not only because of significance in
our study (FDR q-value D 0.03, b-diff D 0.10), but also given the
putative role of other muscarinic receptor genes in COPD.18

Deltex 1, E3 ubiquitin ligase (DTX1) may play a role in COPD
through its involvement in natural killer T cell development and
its function in notch signaling.19 More compelling may be the
location of the differential methylation in the gene body of DTX1
and within a CpG island, particularly given the positively corre-
lated association between the site methylation level and gene
expression. From a previous pharmacogenetics GWAS,20 a locus
in glycosyltransferase 1 domain containing 1 (GLT1D1) was found
to be associated with reduced responses to leukotriene modifiers
in the treatment of asthma. The CpG site annotated to GLT1D1
(cg25823837) is located 123,920 bases upstream from this locus
(rs517020). Chromosome 10 open reading frame 11 (C10orf11)
was previously found to be associated with lung function.21

Observing these differential methylation results as a whole, there

Table 2. Top 10 CpG sites associated with COPD above 5% b-diff threshold, sorted by P-value.

Regression
coefficient (b-diff) Average b P-value FDR q-value CpG site Gene symbol Probe type Chr

Gene location of first
annotated transcript Island location

0.0582 0.1015 1.71E-007 0.0169 cg25823837 GLT1D1 II 12 Body S_Shore
¡0.0746 0.6864 7.38E-007 0.0282 cg08754149 C10orf11 II 10 Body
¡0.0501 0.1461 7.42E-007 0.0282 cg01748627 PITPNM1 II 11 50UTR Island
¡0.0629 0.5721 1.16E-006 0.0282 cg00897703 TMEM163 II 2 Body
0.0830 0.7519 1.16E-006 0.0282 cg09444818 PPP3CA II 4 Body

¡0.0656 0.7357 1.54E-006 0.0282 cg02691035 ACSF3 I 16 Body N_Shelf
0.0685 0.5476 1.77E-006 0.0282 cg04136369 HNF1B II 17 Body
0.0656 0.1869 1.78E-006 0.0282 cg06784691 NA II 1 Island
0.1009 0.6074 1.81E-006 0.0282 cg06289725 CHRM1 II 11 TSS200 N_Shore
0.0528 0.3176 2.02E-006 0.0282 cg18628732 NA I 6 Island

Probe type specifies the probe design on the assay (Type I or Type II).
Location relative to the first listed transcript in the complete annotation was used.
N_ and S_ denote the upstream and downstream end of the island region, respectively.

Table 3. CpG sites associated with COPD above 10% b-diff threshold, sorted by P-value.

Regression
coefficient (b-diff) Average b P-value FDR q-value CpG site Gene symbol Probe type Chr

Gene location of first
annotated transcript

Island
location

0.1009 0.6074 1.81E-006 0.0282 cg06289725 CHRM1 II 11 TSS200 N_Shore
0.1006 0.5649 3.13E-006 0.0296 cg11787160 DTX1 II 12 Body Island

¡0.1013 0.4776 3.19E-006 0.0296 cg01595951 NA II 5 S_Shelf
0.1069 0.4653 1.67E-005 0.0338 cg23506143 NA I 5
0.1073 0.4842 3.62E-005 0.0371 cg06287775 FOXK1 I 7 Body N_Shore
0.1311 0.4367 4.86E-005 0.0385 cg07110405 SHANK2 I 11 50UTR
0.1011 0.4591 1.34E-004 0.0435 cg17674042 PACSIN1 I 6 50UTR
0.1004 0.2649 2.02E-004 0.0459 cg07877257 NA I 12 N_Shore
0.1021 0.5315 2.18E-004 0.0463 cg18871253 FOXP2 II 7 1stExon
0.1065 0.2965 2.46E-004 0.0474 cg11564601 NA II 22
0.1158 0.4881 2.92E-004 0.0490 cg04605980 NA I 12

Probe type specifies the probe design on the assay (Type I or Type II).
Location relative to the first listed transcript in the complete annotation was used.
N_ and S_ denote the upstream and downstream end of the island region, respectively.
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is suggestive evidence of involvement of differential methylation in
genes with prior implications in respiratory disease and pheno-
types directly related to COPD. Lastly, a pathway analysis revealed
enrichment for transcription factor activity among the GO molec-
ular function results. Among the top differentially methylated

results, 3 genes are transcription factors: HNF1B, FOXK1, and
FOXP2. With respect to the ConsensusPathDB results, EGFR1
signaling has been implicated in chronic bronchitis22 and WNT
signaling is involved in the pathogenesis of lung development,
COPD,23 and asthma.24

Differential methylation in multiple sites across a defined
genomic region may reveal more biological relevance than single
CpG associations, and in contrast to previous methods, such as
bump hunting, that are agnostic to genomic annotation,25,26 we
defined regions using multi-site associations for annotated genes.
Among these multi-site genes, 3 are of particular interest:
CHRM1, as it was the top result among 10% b-diff results;
ESM1, a gene mainly expressed in the endothelial cells in human
lung and kidney tissues27; and PITPNM1, a gene found within a
linkage disequilibrium block surrounding the susceptibility gene
identified in a previous association study of childhood asthma.28

The ESM1 result provides a compelling demonstration of
COPD-related gene regulation through hypermethylation in the
cases, and concomitant reduction in gene expression. Although
the ESM1 sites fall within the first exon for a majority of the
transcripts, and this location (downstream of the transcription
start site) would predict a positive correlation between gene
expression and methylation,29 other transcripts are also anno-
tated to the 50 UTR, where anti-correlation could be expected.14

The regulatory effects of DNA methylation are still not fully
understood.1,15 Given the regulatory nature (50 UTR and tran-
scription start site region) of the sites annotated to PITPNM1,
the anti-correlation observed (increased expression with hypome-
thylation in cases) follows the more traditional paradigm.

Leveraging prior statistically significant COPD GWAS find-
ings, we performed an intersection of the differential methyla-
tion results with genes from genome-wide significant GWAS
loci. This yielded 3 sites annotated to 2 of the GWAS genes at a
10% FDR (DLC1 and TGFB2);11,12 no differentially methylated
CpG sites were identified at a 5% FDR. Using more liberal crite-
ria of 1% difference in methylation revealed 17 sites annotated
to 5 of the GWAS genes significant at a 10% FDR (FAM13A,

Figure 2. Case and control methylation levels for the top results. Case-control methylation plots (using beanplot R package) for the CpG sites with gene annotations that
have at least a 10% b-diff (regression coefficient for affection status). The P-values are adjusted for multiple testing.

Table 4. Genes most enriched (hypergeometric test P <0.25) with differentially
methylated CpG sites that are associated with COPD affection status (multi-site
genes).

CpG sites
(5% FDR
and b-diff
> 1%)

Gene
symbol

Total
sites

Enrichment P-
value

TSS
200

TSS
1500

50
UTR

First
Exon Body

30
UTR

6 PTCHD4 10 0.0006 4/6 1/1 0/0 1/2 0/1 0/0
5 ADIRF 11 0.0080 2/3 0/1 1/2 1/1 0/1 1/3
5 INTU 11 0.0080 2/3 0/3 3/3 0/1 0/1 0/0
4 ESM1 8 0.0121 0/2 0/2 0/0 4/4 0/0 0/0
6 PITPNM1 17 0.0153 1/1 2/3 3/3 0/0 0/10 0/0
5 VILL 15 0.0337 0/0 0/1 0/0 0/1 5/13 0/0
2 LINC00313 3 0.0447 1/2 0/0 0/0 0/0 1/1 0/0
2 ACSM1 3 0.0447 1/1 0/1 0/0 0/0 0/0 1/1
3 FIBIN 7 0.0489 0/1 0/0 3/4 0/2 0/0 0/0
4 LAMB2 12 0.0564 1/4 2/5 0/0 1/1 0/1 0/1
7 SLC35C1 28 0.0578 5/7 0/5 2/9 0/0 0/6 0/1
3 ADORA2A 8 0.0710 0/2 2/4 1/2 0/0 0/0 0/0
2 ZNF474 4 0.0819 1/1 0/1 0/1 1/1 0/0 0/0
2 TMEM212 4 0.0819 2/2 0/1 0/0 0/0 0/1 0/0
3 KCNE3 9 0.0967 1/4 0/2 2/2 0/0 0/0 0/1
4 CHRM1 15 0.1144 2/3 0/3 1/5 0/0 0/3 1/1
4 MMP14 15 0.1144 0/0 2/3 1/3 0/0 1/7 0/2
3 CNR2 10 0.1255 0/1 0/1 3/8 0/0 0/0 0/0
4 DES 16 0.1379 0/3 0/4 0/0 4/5 0/2 0/2
4 FCMR 16 0.1379 0/0 0/2 0/4 0/0 4/9 0/1
3 CDH7 11 0.1569 0/0 0/3 3/6 0/1 0/1 0/0
3 ERN2 11 0.1569 2/4 0/0 0/1 1/3 0/3 0/0
3 C15orf52 11 0.1569 2/3 0/1 0/0 0/1 1/4 0/2
3 TPPP3 11 0.1569 0/1 0/5 3/4 0/0 0/1 0/0
4 CLDN11 17 0.1631 2/4 1/5 0/0 1/1 0/6 0/1
3 PCDHAC2 12 0.1903 0/0 0/0 0/0 3/12 0/0 0/0
4 HCN1 19 0.2177 0/0 1/3 1/1 1/2 1/12 0/1
4 PLXNB1 19 0.2177 0/0 3/5 1/9 0/0 0/5 0/0
2 CHST5 7 0.2218 0/0 1/2 1/1 0/0 0/4 0/0

gene location annotations provided by assay manufacturer.45
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HHIP, DLC1, TGFB2, RIN3). Intersecting the differentially
methylated sites with the sub-genome-wide significant GWAS
results yielded 142 overlapping genes, with the top 2 being
higher ranking differential methylation sites, annotated to
GLT1D1 and C10orf11. The fact that 17 of the 37 transcription
factors identified in the differential methylation results were
found among the genes in this intersection highlights the regu-
latory implications of intersecting genetic and methylation
associations. Two of these 17 transcription factors are robustly
differentially methylated and differentially expressed between

cases and controls: FOXK1 and FOXP2. The GWAS intersec-
tion also included the multi-site genes ESM1 and CHRM1, and
CHRM1 contains a top associated methylation site. The top
sites from this intersection with the lowest P-values from the
GWAS were in FRMD4A and THSD4. FRMD4A is a gene
involved in regulation of epithelial cell polarization30 and a
genetic variant in FRMD4A was found to be associated with
nicotine dependence.31 CpG sites in this gene were found to
have methylation levels associated with prenatal smoke expo-
sure32 and were differentially methylated by smoking status in

Figure 3. Case and control methylation and expression levels for 2 multi-site genes. Multi-site results for ESM1 and PITPNM1. Plots of COPD case-control methylation for
CpG sites with 5% FDR and b-diff > 1%; ESM1 (A), PITPNM1 (B). Corresponding gene expression plots for these genes (case-control differential expression P-values are
unadjusted); ESM1 (C), PITPNM1 (D).
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buccal mucosa.33 Variants in the THSD4 locus have been found
to be associated with lung function34 and, in particular, lung
function in severe COPD.35

This study revealed differentially methylated sites annotated to
COPD GWAS candidate genes and genes with previously identi-
fied links to lung disease and treatment response, as well as others
in physical proximity with known GWAS susceptibility loci. These
sites have strong support in this study. Their methylation differen-
ces between cases and controls were larger than usually reported
for complex disease studies, and multi-site methylation signals also
support their relevance. The integration with prior GWAS results
has highlighted several genes, including CHRM1 and ESM1 with
their GWAS and multi-site results, DLC1 given its significance in
prior emphysema GWAS, and C10orf11 and GLT1D1, due to their
single-site ranking andGWAS associations.

Some limitations of this study involve cellular heterogeneity
inherent in homogenized lung tissue. Future studies should focus
on follow-up of these findings in single lung cell types. Integra-
tion with genotyping data will elucidate the association between
genetic variants and DNA methylation. Additionally, although
we have observed correlation between DNA methylation and
gene expression for the most robustly differentially methylated
sites, we have not performed functional validation of these find-
ings. Epigenome editing36-38 is becoming a viable approach for
validation of DNA methylation-expression correlations with
refinements in laboratory methods including CRISPR-Cas9.39

Application of these technologies to epigenetics research will
accelerate the pace of discovery as well as provide a path to
epigenetic therapeutics, and is a future direction for this work.
Lastly, our study focused on severe COPD and may not be
generalizable to milder COPD, treatment effects, or additional
COPD phenotypes, including emphysema and airways disease.

Epigenetic studies complement genetic association studies to
identify COPD pathogenesis genes. Enrichment for genes
implicated in asthma and lung function as well as in transcrip-
tion factors suggest the potential functional relevance of genes
identified through differential methylation and the intersection
with a broader range of sub-threshold GWAS associations. Epi-
genetic associations may highlight new pathogenesis pathways
and targets for treatment and primary prevention of COPD.

Methods

Lung tissue samples were collected from subjects undergoing
thoracic surgery for lung transplantation, lung volume

reduction surgery, or lung nodule resection at 3 medical cen-
ters: Brigham and Women’s Hospital (Boston, MA), St. Eliza-
beth’s Hospital (Boston, MA), and Temple University Hospital
(Philadelphia, PA). Institutional Review Board approval was
obtained at the 3 centers and subjects provided written
informed consent. All subjects were former smokers who quit
smoking at least one month prior to surgery. Distant normal
tissue was used from nodule resection samples. Phenotypes
obtained from the medical records included demographics,
anthropometrics, smoking history, and pulmonary function
testing. Severe COPD subjects were defined by GOLD grade 3–
4 spirometry.40 Control smokers had normal spirometry
[FEV1 � 80% predicted and ratio of FEV1 to forced vital
capacity (FEV1/FVC) � 0.7].

DNA methylation

Lung tissue samples were snap frozen and stored at ¡80�C. For
each of the samples, DNA was extracted and 1 mg of DNA was
bisulfite-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 array from Illumina (San
Diego, CA). Additional details are provided in an online data
supplement. In total, 485,512 genome-wide CpG sites were
interrogated for each sample. Data import and pre-processing
were performed using R and the Bioconductor packages minfi
(version 1.14.0).41 Detection P-values were examined for probes
with a ‘cg’ prefix (’rs’ and ‘ch’ probes were excluded) and only
for probes mapped to autosomal chromosomes. Quality control
metrics include median detection P-values across all samples
less than 0.05 for each probe, and fewer than 25% of detection
P-values > 0.05 for each probe. Probes not meeting these
thresholds were excluded, as were cross-reactive probes.42

Probes for CpG sites located within zero to one base of a known
SNP (dbSNP 141 GRCh37.p13) were excluded from analysis.
Multidimensional scaling (MDS) plots were produced using
data from probes mapped to only the X chromosome in order
to highlight any sex mismatch issues. A summary of the quality
control process is provided in Supplemental Table S8, where
the final number of probes for analysis was 349,826 and 160 of
171 subjects were retained. Background adjustment was
performed on the cleaned data via the normal-exponential
using out-of-band (noob) background correction method with
dye-bias equalization,43 followed by BMIQ (wateRmelon

Table 5. Intersection by gene annotation of the sub-genome-wide significant (P-value < 0.01) COPD GWAS results and the differential methylation results (5% FDR and
b-diff > 5%); top ten results sorted by differential methylation P-value.

Marker
GWAS
P-value (b-diff)

Mean
b value

Differential methylation
P-value

Differential methylation
FDR q-value CpG ID Gene Symbol Probe type Chr

CpG to SNP
distance

rs7960553 2.31E-003 0.0582 0.1015 1.71E-007 0.0169 cg25823837 GLT1D1 II 12 243
rs16933537 5.21E-005 ¡0.0746 0.6864 7.38E-007 0.0282 cg08754149 C10orf11 II 10 15063
rs72931338 4.05E-003 0.1009 0.6074 1.81E-006 0.0282 cg06289725 CHRM1 II 11 636
rs151092123 5.35E-003 0.0974 0.2788 6.70E-006 0.0300 cg13804575 ZNF462 II 9 16841
rs113063216 6.51E-003 ¡0.0527 0.7999 7.46E-006 0.0300 cg02098413 HACE1 II 6 37759
rs192748541 6.79E-003 ¡0.0522 0.8212 8.18E-006 0.0313 cg25291978 PLAGL1 II 6 12729
rs145300240 1.70E-003 0.0536 0.5447 8.69E-006 0.0319 cg00566516 TSPAN33 II 7 18669
rs2001593 6.13E-003 0.0993 0.3379 9.11E-006 0.0319 cg26337070 ATOH8 I 2 10225
rs35035206 2.73E-004 ¡0.0598 0.7008 1.24E-005 0.0337 cg23475018 KALRN II 3 22092
rs604612 2.54E-003 0.0629 0.2042 1.32E-005 0.0337 cg15406387 ENPEP II 4 68831
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version 1.8.0) within array normalization.44 The final percent
methylation values (b value with a range 0.0 to 1.0) were calcu-
lated using: b D meth / (meth C unmeth C offset), where the
offset had the default Illumina value of 100 and meth and
unmeth are the fluorescence intensity values at methylated
versus unmethylated sites respectively. As a final pre-analysis
cleaning step for this study, lower-quality values in the bmatrix
(detection P-value > 1x10-9) were excluded. Manufacturer
annotation of assay site locations with respect to CpG islands
and genes were used.45 Gene symbols were updated to the
approved names, as of July 2015, using data from the HUGO
Gene Nomenclature Committee database (http://www.gene
names.org).

Differential methylation

Differential methylation analyses were performed for each
site using R with the Bioconductor package limma (version
3.24.12).46 Models for COPD were adjusted for age, sex,
race, pack-years of smoking, and plate number (categorical
variable). We also investigated pack-years of smoking and
time since quitting smoking for association with methyla-
tion in models adjusted for age, sex, race, plate number,
and pack-years (for time since quitting model only), with
and without adjustments for COPD. A false discovery rate
(FDR) of 5% was applied to the results. Given that statisti-
cally significant sites may have limited biological meaning
for small methylation differences, we examined the data
with a focus on mean percent differences in methylation
between cases and controls (b-diff) of at least 5%; however,
we considered results with at least 1% difference when
examining genes harboring multiple differentially methyl-
ated marks in the same gene region. We performed pathway
analysis using ConsensusPathDB47 and Gene Ontology
(GO) analysis using WebGestalt.48 Enrichment results with
less than 5% FDR were considered significant.

Integration with prior Genome-wide Association Study
(GWAS) results

All differential methylation results for CpG sites annotated to 8
genes found in genome-wide significant loci from previous
COPD and emphysema GWAS8,9,11,12 were extracted and fil-
tered at b-diff thresholds of 1% and 5% to create 2 subsets of
results. The P-values for all results in these 2 subsets were
examined to assess the overall significance of the associations
involving CpG sites annotated to these GWAS genes.

To integrate with sub-threshold COPD GWAS, the results
from a recent COPD case-control GWAS11 were extracted at a
P-value threshold of 0.01. The total number of GWAS markers
meeting this threshold was 95,545, resulting in 12,718 unique
gene symbols, with 6,425 of these symbols among the site anno-
tations for the HumanMethylation450 BeadChip array. Anno-
tations for the GWAS results were obtained from the Ensembl
database (GRCh37) using the R package biomaRt.49 A list of
these genes was extracted that were also found among the CpG
annotations for the significant differential methylation results
(FDR < 5% and b-diff > 5%). The top differential methylation
result with a CpG annotated to a gene in this list was paired

with the top GWAS result having the same gene symbol
annotation.

Lung tissue gene expression profiling

RNA was extracted from the same lung tissue samples using the
AllPrep kit (Qiagen, Valencia, CA). RNA quality was assessed on a
BioAnalyzer (Agilent, Santa Clara, CA). Gene expression profiling
was performed using HumanHT-12 BeadChips (Illumina, San
Diego, CA) and has been reported separately.50 Quality control
was performed to identify outliers and samples with questionable
or low-quality levels. This process yielded 151 samples for analysis
(SupplementalTable S9). There were 32,831 probes retained, after
filtering for low variance and percentage of high detection P-values.
These data were background corrected, log2-transformed (to stabi-
lize the variance51) and quantile-normalized using the R Biocon-
ductor package lumi.52 Of the 151 samples, 147 (107 cases and 40
controls) intersected with the 160 samples in the final DNA meth-
ylation dataset. Associations of methylation with gene expression
were tested using linear models adjusted for age, sex, race, pack-
years of smoking, themethylation plate number, and a gene expres-
sion batch variable.
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