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Elucidating the Association Between DNA
Methylation and COPD in Bronchial Biopsies

To the Director,

Chronic obstructive pulmonary disease (COPD) is one of the
major causes of death worldwide. It is characterised by various
degrees of airway remodelling and emphysematous lung tissue
destruction. Previously, we and others have shown large tran-
scriptional differences between COPD and non-COPD individuals in
different compartments of the lungs [1]. Interestingly, even within
COPD, there is large heterogeneity within these transcriptional pro-
files, which predict the severity of the disease [2] and the response
to current therapies [3]. It is still unclear how these expression pro-
files are regulated, however epigenetic regulation likely plays an
important role. Although many studies have found differences in
DNA methylation in blood of COPD patients [4], few studies inves-
tigated the direct association between DNA methylation in the lung
itself and presence or severity of COPD.

In the current study, we aimed to identify differences in airway
wall DNA methylation between current smokers with and without
COPD, and to assess how differences in DNA methylation are asso-
ciated with the severity of airflow obstruction and hyperinflation.
We also investigated the impact of differential DNA methylation
on gene expression in the airway wall, to elucidate its role in COPD
pathology.

We used bronchial biopsy samples from the previously
described Stop-Smoking [5] (ncopp =14, Npon.copp=21), and
Groningen and Leiden Universities Corticosteroids in Obstruc-
tive Lung Disease (GLUCOLD |[6], ncopp =76, ClinicalTrails.gov:
NCT00158847) studies, where patients underwent bronchoscopy
voluntarily. Patients with Alpha-1 Antitrypsin Deficiency were
excluded from both studies. The local medical ethics committees
approved all studies, and all subjects gave their written informed
consent. DNA methylation profiling was performed using the
HumanMethylation850K BeadChip (Illumina Inc., San Diego, CA,
USA)and gene expression profiling using RNA-Seq [ 7]. The methods
for DNA and RNA extraction, 850K array processing and RNA-Seq
were described previously [7]. Raw DNA methylation intensity val-
ues were processed using the Minfi package [8] in R. Samples and
probes failing QC were removed, and raw beta values normalized
using the Dasen method as implemented in the WateRmelon pack-
age [9]. Raw RNA-Seq reads were aligned using STAR-Aligner and
normalized to counts per million. Technical variation between the
RNA-Seq datasets from both studies was eliminated using Combat-
Seq [10].

We performed differential methylation analysis comparing
COPD patients and non-COPD controls using robust linear mod-
elling, adjusting for age and sex as potential confounders. As it
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is well established that active smoking has significant effects on
the epigenome of the airways [11] and all non-COPD controls were
active smokers, we decided to only include current smoking COPD
patients in our analysis, resulting in ncopp =61 and npen_copp =21.
We used a robust linear model comparing severity of airflow
obstruction and hyperinflation as reflected by the FEV% predicted
(forced expiratory volume in 1s) and RV/TLC % predicted (resid-
ual volume/total lung capacity) in COPD patients only, adjusting
for age and sex. eQTM analysis (<250,000bp) was conducted in
samples with both methylation and RNA-Seq data, separately for
COPD-associated CpGs and CpGs associated with disease severity.
The five principal components explaining 95% of the variation in the
control probes of the 850K array were used as covariates to correct
for technical variation in all analyses. A Benjamini-Hochberg False
Discovery Rate (FDR) <0.05 was maintained to define statistical sig-
nificance. Cell proportions in bronchial biopsies were estimated
using CIBERSORT as described previously [7]. M-values of DNA-
methylation sites were Spearman correlated to cell proportions and
a p-value <0.05 was considered significant.

The clinical characteristics of the included COPD patients (n=61)
and non-COPD controls (n=21) are displayed in Table 1. We identi-
fied six differentially expressed methylation sites between COPD
patients and non-COPD controls (Fig. 1A), of which three were
hypermethylated (cg23800199, cg05748572, cg16560488) and
three hypomethylated (cg10730398, cg01124573, cg12081267)
(Fig. 1B) in COPD. Five of the six CpG sites were found in the intronic
regions of protein-coding genes (DIRC3, GNG7, JM]JD1C, ADGRL3
and TMEM131 respectively), which could contribute to gene splic-
ing [12]. Of interest, cg01124573 is located within an intronic
region of ADGRL3, a gene previously found to be highly expressed
in asthma and associated with contraction of airway smooth mus-
cle when activated [13]. Further, the CpG site cg16560488 was
hypermethylated in COPD and located in JMJD1C, a histone H3K9
demethylase gene [14]. This finding is of interest as a previous
GWAS study showed the SNP rs7899503, for JMJD1C, to be asso-
ciated with the level of FEV; in a multi-ethnic meta-analysis [15].
These findings suggest a role for histone modification, often a result
of cigarette smoke exposure and high oxidant levels [16], in COPD
pathogenesis. eQTM analysis showed no correlation between the
degree of methylation of these 6 CpG sites and the level of gene
expression of nearby genes. Even though cg01124573 was not
found to be an eQTM for ADGRL3, its hypomethylation could still
be important in the context of COPD as it may result in a different
splicing variant of this gene.

In patients with COPD, we found 25 CpG sites associated with
the severity of airflow obstruction as reflected by the level of
FEV,% predicted (Fig. 1C) and 3954 CpG sites associated with level
of hyperinflation as reflected by RV/TLC % predicted (FDR <0.05)
(Fig. 1D). eQTM analyses identified 2 eQTMs for CpGs associated
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Fig. 1. (A) Volcano plot showing differential methylation in COPD. CpG sites hypermethylated in COPD are red; hypomethylated CpG sites are blue. (B) Boxplots showing
methylation in beta values of the six CpG sites differentially methylated in COPD, stratified over disease status. Nominal p-values from differential methylation analysis results
are shown. (C and D) Volcano plots of correlation of methylation with FEV,% predicted and RV/TLC % predicted, respectively. (E and G) Scatterplots showing the correlation
of methylation with FEV% predicted and RV/TLC % predicted, respectively, of the top eQTMs. logFC, beta values and nominal p-values from differential methylation results
are shown. (F and H) Scatterplots showing the top eQTM for the previous CpG site. Beta values and nominal p-values from eQTM results are shown. (I) Cellular proportions
calculated using CIBERSORT of the cell types representing each >2% of the cell population in the bronchial biopsies, stratified over disease status. Purple dots indicate
individuals with COPD and green dots non-COPD controls. p-Values from a Wilcoxon rank-sum test are shown.
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COPD and non-COPD patient demographics. Only current smokers are included. FEV1 is forced expiratory volume in one second, FVC is forced vital capacity, RV is residual

volume, and TLC is total lung capacity.

Non-COPD COPD p-Value

(n=21) (n=61)
Age (years)® 50.2 (3.7) 60.0 (7.4) 2.03E-07"
Male (%) 52.4 78.7 4.21E-021
Packyears® 252 (13.4-41.5) 4275 (15.3-110.2) 3.27E-01!
FEV,% of predicted® 92.7 (81.2-149.4) 69.2 (38.0-102.9) 8.32E-10"
FEV; /[FVC post bronchodilator” 79.9 (70.3-87.6) 53.7 (33.3-68.7) 2.72E-11"
RV/TLC % of predicted” 89.0 (71.0-131.0) 129 (81.0-179.0) 7.15E-09*
Blood eosinophils (E10° cell/ml)" 0.1 (0.0-0.4) 0.2 (0.0-1.8) 1.73E-01*
Blood eosinophils (%)° 1.3(0.6-4.9) 2.1(0.5-15.6) 6.13E-02*

3 Mean (SD).

b Median (range).

" Mann-Whitney U test conducted.
 Pearson’s Chi-squared test conducted.

with FEV% predicted, including cg06445873 which was hyperme-
thylated with a lower FEV{% predicted and associated with lower
expression of HSD11B2 and TPPP3 (Fig. 1E and F). 817 eQTMs were
identified for CpGs associated with RV/TLC % predicted. Two of the
top CpGs, cg11734183 and cg13421038, were hypermethylated in
association with higher RV/TLC % predicted and lower expression
of the genes RGMB and SFSWAP, respectively (Fig. 1G and H).

To confirm that these findings are COPD specific and not related
to smoking status, we additionally conducted a differential methy-
lation analysis with ex-smokers included, correcting for age, sex
and smoking status (nCOPD =90, non-COPD = 21). All CpG sites that
we identified as differentially methylated in current smokers in
association with COPD, FEV1 and RV/TLC, were methylated in the
same direction when ex-smokers were included, with 95% of sites
remaining significant.

To investigate if the eQTMs were associated with altered cell
proportions, we performed cellular deconvolution on bronchial
biopsies. Goblet cells, cycling basal cells, ciliated cells, and fibrob-
lasts had the highest predicted cell proportions in the airway wall
biopsies, each having more than 2% of the total predicted cell popu-
lation and therefore were included in subsequent analyses (Fig. 11).
Goblet cells, cycling basal cells and ciliated cells showed a sig-
nificant difference in cell proportion between COPD patients and
non-COPD controls. A lower FEV{% was associated with lower cil-
iated and goblet cell proportions, whereas a higher RV/TLC % was
associated with lower goblet cell proportions. We then associated
the cell types with the gene expression levels of our eQTMs. We
found that 56 out of 723 eQTMs were associated with cell types,
possibly indicating an association of these eQTMs with cell popu-
lation shifts.

Cg06445873 hypermethylation was associated with a lower
FEV:% predicted and lower HSD11B2 gene expression. HSD11B2
enzymatic activity was previously found to convert cortisol into
the inactive cortisone through increasing 11-beta-dehydrogenase
activity [17]. This activity is not specific to cortisol, but can have
an effect on inactivation of inhaled corticosteroids used by COPD
patients. Possibly, a higher efficacy of ICS due to hypermethyla-
tion of cg06445873 could contribute to less airflow obstruction in
COPD patients. Additionally, SFSWAP, hypermethylated and less
expressed with higher RV/TLC % predicted, regulates splicing and
has been associated with regeneration and cellular differentiation
[18], which is of interest given the chronic damage and repair
response in COPD. The relation with splicing is also of interest as this
could impact functionality of many genes and proteins involved in
COPD pathology.

Cellular deconvolution revealed the presence and severity of
COPD to be associated with lower predicted goblet cell propor-
tions, which is unexpected as goblet cells have been shown to be
increased in COPD. Possibly, the shift in goblet cell proportion we

observed does not reflect lower absolute numbers in COPD but
rather may be related to a relative increase in basal cycling cells
in response to the repair of damaged epithelium in COPD.

There are some limitations in the current study. Bronchial biop-
sies for methylation and gene expression, though collected on the
same day, were serially collected from adjacent locations within
the bronchial tree. This could potentially affect the cellular compo-
sition and subsequently the concordance between methylation and
gene expression, limiting our ability to identify eQTMs. Addition-
ally, an objective test to confirm smoking status was not routinely
performed. While we identified many COPD-associated epigenetic
changes, it should be acknowledged this was a post-hoc analysis
and the sample size was relatively small.

In conclusion, we conducted a genome-wide screening to inves-
tigate how altered DNA methylation may contribute to presence
and severity of COPD. We identified CpG sites that regulate the
expression of genes involved in airway smooth muscle contraction,
corticosteroid metabolism and regeneration and cellular differ-
entiation. These findings highlight that airway changes in COPD
patients are associated with differential DNA methylation, specif-
ically in the airway wall. Expanding upon prior investigations in
other tissue types, our study provides direct, lung-specific insight
into potential mechanisms underlying COPD pathogenesis.

Declaration of generative Al and Al-assisted technologies in
the writing process

Artificial intelligence was not used to produce any part of the
material in this project.

Conflict of interest

Wim Timens declares consulting fees (paid to institution)
from Merck Sharp Dohme, Bristol-Myers-Squibb and Altana in
the 36 months prior to manuscript submission. Maria Rosa Faner
declares competitive grants (paid to institution) from the Hori-
zon Europe research and innovation programme (Grant Agreement
No. 101044387), and FIS ISC-III, PI121/00735; research grants from
GSK, Menarini, AstraZeneca, Chiesi, unrelated to the current work;
consulting fees from AstraZeneca; and honoraria for lectures
from AstraZenca, Chiesi and Menarini, in the 36 months prior to
manuscript submission. M. van den Berge declares research grants
(paid to institution) from Roche, AstraZeneca, Genentech, Novar-
tis, Sanofi in the 36 months prior to manuscript submission. Corry
Anke Brandsma declares research funding from Genentech (paid to
institution). All other authors report no conflict of interest.

148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170

171

172

173

174

175

176
177
178
179
180
181
182
183
184
185
186
187
188
189



190

191
192
193
194
195

196

197
1994
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
21
22
223
24
25
226
227
228
229
230
231
232
233
234
235
236
237
238

G Model
ARBRES4015 1-4

J.van Nijnatten, K. Phung, A. Faizetal.
Acknowledgements

Funded by the PPP-allowance by Health Holland (LSH) and the
UMCG. This collaboration project is co-financed by the Ministry of
Economic Affairs and Climate Policy by means of the PPP-allowance
made available by the Top Sector Life Sciences & Health to stimulate
public-private partnerships.

References

[1] van Nijnatten ], Faiz A, Timens W, Guryev V, Slebos D-], Klooster K, et al. A
bronchial genesignature specific for severe COPD that is retained in the nose.
ER] Open Res 2023.

Becker EJ, Faiz A, van den Berge M, Timens W, Hiemstra PS, Clark K, et al.

Bronchial gene expression signature associated with rate of subsequent

FEV(1) decline in individuals with and at risk of COPD. Thorax 2022;77:31-9,

http://dx.doi.org/10.1136/thoraxjnl-2019-214476.

Faiz A, Pavlidis S, Kuo C-H, Rowe A, Hiemstra PS, Timens W, et al. Th2 high

and mast cell gene signatures are associated with corticosteroid sensitivity in

COPD. Thorax 2023;78:335-43.

Machin M, Amaral AF, Wielscher M, Rezwan Fl, Imboden M, Jarvelin MR,

et al. Systematic review of lung function and COPD with peripheral blood

DNA methylation in population based studies. BMC Pulm Med 2017;17:54,

http://dx.doi.org/10.1186/s12890-017-0397-3.

Willemse BW, ten Hacken NH, Rutgers B, Lesman-Leegte IG, Postma

DS, Timens W. Effect of 1-year smoking cessation on airway inflamma-

tion in COPD and asymptomatic smokers. Eur Respir J 2005;26:835-45,

http://dx.doi.org/10.1183/09031936.05.00108904.

Lapperre TS, Snoeck-Stroband ]JB, Gosman MM, Jansen DF, van Schadewijk

A, Thiadens HA, et al. Effect of fluticasone with and without sal-

meterol on pulmonary outcomes in chronic obstructive pulmonary

disease: a randomized trial. Ann Intern Med 2009;151:517-27,
http://dx.doi.org/10.7326/0003-4819-151-8-200910200-00004.

Rathnayake SNH, Ditz B, van Nijnatten ], Sadaf T, Hansbro PM, Brandsma

CA, et al. Smoking induces shifts in cellular composition and transcrip-

tome within the bronchial mucus barrier. Respirology 2023;28:132-42,

http://dx.doi.org/10.1111/resp.14401.

Aryee M]J, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD,

et al. Minfi: a flexible and comprehensive Bioconductor package for the analy-

sis of Infinium DNA methylation microarrays. Bioinformatics 2014;30:1363-9,
http://dx.doi.org/10.1093/bioinformatics/btu049.

Pidsley RCCYW, Volta M, Lunnon K, Mill ], Schalkwyk LC. A data-driven

approach to preprocessing Illumina 450K methylation array data. BMC

Genomics 2013;14:293, http://dx.doi.org/10.1186/1471-2164-14-293.

[10] Zhang Y, Parmigiani G, Johnson WE. ComBat-seq: batch effect
adjustment for RNA-seq count data. NAR Genom Bioinform 2020;2,
http://dx.doi.org/10.1093/nargab/lqaa078, 1qaa078.

[11] SundarlIK, Yin Q, Baier BS, Yan L, Mazur W, Li D, et al. DNA methylation profiling
in peripheral lung tissues of smokers and patients with COPD. Clin Epigenetics
2017;9:38, http://dx.doi.org/10.1186/s13148-017-0335-5.

[12] Gelfman S, Cohen N, Yearim A, Ast G. DNA-methylation effect on cotranscrip-
tional splicing is dependent on GC architecture of the exon-intron structure.
Genome Res 2013;23:789-99, http://dx.doi.org/10.1101/gr.143503.112.

[2

3

[4

(5

[6

17

[8

[9

Archivos de Bronconeumologia Xxx (XXXX) XXX—-XXX

[13] Faiz A, Donovan C, Nieuwenhuis MA, van den Berge M, Postma DS, Yao S,
et al. Latrophilin receptors: novel bronchodilator targets in asthma. Thorax
2017;72:74-82, http://dx.doi.org/10.1136/thoraxjnl-2015-207236.

[14] Nakajima R, Okano H, Noce T. JMJD1C exhibits multiple functions in epi-
genetic regulation during spermatogenesis. PLoS One 2016;11:e0163466,
http://dx.doi.org/10.1371/journal.pone.0163466.

[15] Wyss AB, Sofer T, Lee MK, Terzikhan N, Nguyen JN, Lahousse L,
et al. Multiethnic meta-analysis identifies ancestry-specific and cross-
ancestry loci for pulmonary function. Nat Commun 2018;9:2976,
http://dx.doi.org/10.1038/s41467-018-05369-0.

[16] Sundar IK, Yao H, Rahman I. Oxidative stress and chromatin remodeling in
chronic obstructive pulmonary disease and smoking-related diseases. Antioxid
Redox Signal 2013;18:1956-71, http://dx.doi.org/10.1089/ars.2012.4863.

[17] Tomlinson JW, Stewart PM. Cortisol metabolism and the role of 11beta-
hydroxysteroid dehydrogenase. Best Pract Res Clin Endocrinol Metab
2001;15:61-78, http://dx.doi.org/10.1053/beem.2000.0119.

[18] Moayedi Y, Basch ML, Pacheco NL, Gao SS, Wang R, Harrison W, et al. The candi-
date splicing factor Sfswap regulates growth and patterning of inner ear sensory
organs. PLoS Genet 2014;10, http://dx.doi.org/10.1371/journal.pgen.1004055,
€1004055.

Jos van Nijnatten®%¢1 Kathy Phung®®%!, Alen FaizP<ef+,
Wim Timens ¢, Cornelis Joseph Vermeulen <€,

Maaike de Vries%-¢, Sandra Casas ¢, Rosa Faner ¢,

Maarten van den Berge ™2, Corry-Anke Brandsma %2

4 University of Groningen, University Medical Center Groningen,
Department of Pathology and Medical Biology, Groningen, The
Netherlands

b University of Groningen, University Medical Center Groningen,
Department of Pulmonary Diseases, Groningen, The Netherlands

¢ University of Groningen, University Medical Center Groningen,
Groningen Research Institute for Asthma and COPD, Groningen, The
Netherlands

d University of Groningen, University Medical Center Groningen,
Department of Epidemiology, Groningen, The Netherlands

€ Leiden University Medical Center, Department of Pulmonology,
Leiden, The Netherlands

f University of Technology Sydney, Respiratory Bioinformatics and
Molecular Biology, Sydney, New South Wales, Australia

& University of Barcelona, Department of Biomedical Sciences,
FCRB-IDIBAPS, CIBER, Barcelona, Spain

Corresponding author.

E-mail address: Alen.Faiz@uts.edu.au (A. Faiz).
1 Shared first authors.

2 Senior authors contributed equally.

Q1

Q2

239
240

242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

259
260

262


dx.doi.org/10.1136/thoraxjnl-2019-214476
dx.doi.org/10.1186/s12890-017-0397-3
dx.doi.org/10.1183/09031936.05.00108904
dx.doi.org/10.7326/0003-4819-151-8-200910200-00004
dx.doi.org/10.1111/resp.14401
dx.doi.org/10.1093/bioinformatics/btu049
dx.doi.org/10.1186/1471-2164-14-293
dx.doi.org/10.1093/nargab/lqaa078
dx.doi.org/10.1186/s13148-017-0335-5
dx.doi.org/10.1101/gr.143503.112
dx.doi.org/10.1136/thoraxjnl-2015-207236
dx.doi.org/10.1371/journal.pone.0163466
dx.doi.org/10.1038/s41467-018-05369-0
dx.doi.org/10.1089/ars.2012.4863
dx.doi.org/10.1053/beem.2000.0119
dx.doi.org/10.1371/journal.pgen.1004055
mailto:Alen.Faiz@uts.edu.au

	Elucidating the Association Between DNA Methylation and COPD in Bronchial Biopsies
	Declaration of generative AI and AI-assisted technologies in the writing process
	Conflict of interest
	Acknowledgements

	References

