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AbsTrACT 
Introduction cOPD is a chronic, progressive, 
inflammatory disease of the lungs and the third leading 
cause of death worldwide. the current knowledge of the 
pathophysiology of cOPD is limited and novel insights 
in underlying disease mechanisms are urgently needed. 
Since there are clear parallels between ageing and 
cOPD, we investigated genes underlying lung ageing in 
general and abnormal lung ageing in cOPD.
Methods Whole genome mrna profiling was 
performed on lung tissue samples (n=1197) and 
differential gene expression with increasing age was 
analysed using an adjusted linear regression model. 
Subsequent pathway analysis was performed using 
genenetwork and the gene-expression signature was 
compared with lung ageing in the genotype-tissue 
expression (gtex) project. in a subset of patients with 
cOPD (n=311) and non-cOPD controls (n=270), we 
performed an interaction analysis between age and 
cOPD to identify genes differentially expressed with age 
in cOPD compared with controls, followed by gene set 
enrichment pathway analysis.
results We identified a strong gene-expression 
signature for lung ageing with 3509 differentially 
expressed genes, of which 33.5% were found nominal 
significant in the gtex project. interestingly, we found 
EDA2R as a strong candidate gene for lung ageing. 
the age*cOPD interaction analysis revealed 69 genes 
significantly differentially expressed with age between 
cOPD and controls.
Conclusions Our study indicates that processes 
related to lung development, cell-cell contacts, calcium 
signalling and immune responses are involved in lung 
ageing in general. Pathways related to extracellular 
matrix, mammalian target of rapamycin signalling, 
splicing of introns and exons and the ribosome complex 
are proposed to be involved in abnormal lung ageing in 
cOPD.

InTroduCTIon
COPD is a chronic and progressive, inflammatory 
lung disease, characterised by persistent airflow 
limitation.1 Although exposure to cigarette smoke 
is the main risk factor for COPD, its development 
also involves other environmental and occupa-
tional exposures.2 Patients with COPD suffer from 
severe respiratory symptoms, resulting in inability 
to work, invalidity and an overall worse quality of 
life. The prevalence of COPD is high, especially in 
the elderly, and will increase even further due to 

the ageing population, leading to a considerable 
economic and social burden.1 The current knowl-
edge of the pathophysiology of COPD is limited 
and novel insights in the disease mechanisms are 
urgently needed.

A novel and interesting approach towards a 
better understanding of COPD is the accelerated 
lung ageing hypothesis.3 It has been postulated 
that acceleration of the normal ageing process is 
involved in the disease pathogenesis of several 
chronic degenerative diseases, including COPD.4 
Ageing is defined by the progressive loss of phys-
iological integrity, resulting in impaired function 
and increased risk of disease or death.3 5 While the 
normal ageing lung is characterised by a decline in 
lung function, loss of elasticity, alveolar enlarge-
ment and inflammation, the majority of these 
features are also observed in the lungs of patients 
with COPD.4 Moreover, several other markers of 
ageing such as telomere shortening, cellular senes-
cence and stem cell exhaustion have shown to be 
increased in patients with COPD.6 Shortening of 

Key messages

What is the key question?
 ► Can we identify a lung tissue gene-expression 
signature that reflects lung ageing and 
abnormal lung ageing in COPD?

What is the bottom line?
 ► We identified a strong gene-expression 
signature for lung ageing with EDA2R as a 
strong candidate gene for lung ageing and 
found that genes differentially expressed 
with increasing age between patients with 
COPD and non-COPD controls are involved 
in processes related to extracellular matrix 
organisation, mammalian target of rapamycin 
signalling, splicing of introns and exons, and 
the ribosome complex.

Why read on?
 ► The data presented in this study enhances 
the current understanding of abnormal lung 
ageing in COPD by complementing the current 
data with genome-wide gene expression data 
specifically on lung tissue and provide several 
new candidate genes involved in lung ageing 
and abnormal lung ageing in COPD.
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telomere length, as well as increased expression of the senes-
cence marker p21 was demonstrated in circulating lymphocytes 
of patients with COPD.7–9 Furthermore, pulmonary fibroblasts 
of patients with COPD showed increased expression of senes-
cence associated beta-galactosidase activity when compared with 
control fibroblasts.10 Thus, there are clear parallels between 
ageing and COPD and better understanding of the underlying 
mechanisms of lung ageing and accelerated lung ageing in COPD 
may provide highly warranted new insights into the pathogen-
esis of COPD.

Notwithstanding the fact that the evidence for a role of lung 
ageing in COPD is increasing, little is known about the genes 
underpinning lung ageing and accelerated lung ageing in COPD. 
Therefore, in this cross-sectional study we first investigated 
differences in gene expression associated with age in human lung 
tissue. Second, we generated a gene-expression lung tissue signa-
ture for accelerated lung ageing in subjects with COPD.

Material and methods
Lung tissue collection
Lung tissue was collected from patients undergoing lung resec-
tion, lung volume reduction or transplant surgery at one of 
the three participating sites in Groningen (The Netherlands), 
Québec (Canada) or Vancouver (Canada) in accordance with 
local ethical guidelines as previously described.11 12 If resection 
surgery was conducted for tumour removal, macroscopically 
normal lung tissue was taken far distant from the tumour. All 
samples were histologically checked for abnormalities using 
standard H&E staining.

For the gene-expression signature for lung ageing, we included 
a total of 1197 subjects from the database. The subjects were 
between 4 years and 85 years of age and subjects with unknown 
age were excluded as well as subjects with cystic fibrosis. For the 
age*COPD interaction analysis, a selection of 311 well defined 
current and ex-smoking (>5 pack-years) patients with COPD 
(FEV1/FVC ratio <70%) and 270 non-COPD controls (FEV1/
FVC ratio >70%) was used.12

Gene expression arrays
Total RNA was extracted from lung tissue at Rosetta Inphar-
matics Gene Expression Laboratory (Seattle, Washington, USA) 
for all three centres. mRNA profiling was performed using a 
custom-made Affymetrix HU133 array (GPL 10379) containing 
751 controls probe sets and 51 627 non-control probe sets. Unfil-
tered gene expression was normalised with the Robust Multichip 
Average method with background subtraction implemented in 
the Affymetrix Power Tools software V.1.8.5.11 For the analyses, 
the log2(microarray intensity) values of the expression are used. 
The data are deposited at the Gene Expression Omnibus of the 
National Centre for Biotechnology Information with the acces-
sion number GSE23546.

Statistics
Linear regression analyses were performed using R software 
V.3.2.3.13 To adjust for strong expression differences between the 
samples due to unknown factors such as batch or technical vari-
ation, we used the common principal component approach.11 12 
We calculated the principal components for each cohort sepa-
rately and adjusted all our analyses for the principal components 
explaining more than 1% of the variation within each cohort. 
The potential confounders age, gender, smoking status and 
other diseases were excluded from the principal components 
calculation.

For the gene-expression signature for lung ageing, we addi-
tionally corrected for the potential confounders gender, smoking 
status (ie, never-smoking, current-smoking or ex-smoking) and 
disease if applicable (ie, COPD, non-COPD, unclassifiable 
COPD or non-COPD, alpha-1-antitrypsine deficiency, surgery 
for cancer, idiopathic pulmonary fibrosis, pulmonary hyperten-
sion or other diseases). For the age*COPD interaction analysis, 
we performed an age*COPD interaction analysis on the subset 
of the data set only including COPD and non-COPD controls on 
the three cohorts separately. This analysis was corrected for the 
potential confounders gender and smoking status (ie, current-
smoking vs ex-smoking) and technical variance as described 
before. Equations for all analyses are written down in the online 
Supplement.

For both of the analyses, we analysed the three cohorts sepa-
rately and performed meta-analyses to identify genes that were 
differentially expressed with increasing age and behaved in the 
same direction across the three cohorts. To correct for multiple 
testing, the Benjamini-Hochberg false discovery rate  (FDR) was 
applied.

Sensitivity analyses
The robustness of the gene-expression signature for lung ageing 
was tested in two subset analyses, that is, patients with COPD 
(n=311) and non-COPD controls (n=270). We compared the 
probe sets significantly associated with increasing age at nominal 
P value<0.05 in the same direction in the COPD and non-COPD 
control subsets with the 5732 probe sets significantly associated 
with increasing age in the whole data set.

To validate the gene-expression signature for lung ageing, we 
compared our signature with the lung ageing gene-expression 
signature identified in the Genotype-Tissue Expression (GTEx) 
project.14 Within this project, gene-expression signature in lung 
tissue was identified by modelling gene expression in a linear 
regression model using lung tissue of 119 subjects. From our 
differentially expressed genes (DEGs) with increasing age, ageing 
coefficients and P values of 3301 of these genes were available 
and the overlap in the same direction at nominal P value <0.05 
was determined. In addition, we compared the associations 
between gene expression and age in our expression quantitative 
trait loci  (eQTL) lung tissue database with adipose, artery, heart, 
lung, muscle, nerve, skin and thyroid tissues and blood from the 
GTEx for the top three most significant upregulated and down-
regulated genes with increasing age. Here, we used the age coef-
ficient and the nominal P values for all the separate tissues as 
presented in the online supplement of the paper by Yang et al.14

The expression of EDA2R was confirmed in lung tissue from 
21 ex-smoking non-COPD control subjects using quantitative 
PCR analysis.

GeneNetwork analysis
For the gene-expression signature for lung ageing, we used 
GeneNetwork, in which the biological processes are ranked 
with principal component analyses, to predict the enrichment of 
biological processes of the top 10% of the DEGs.15

Gene set enrichment analysis
For age*COPD interaction analysis we performed functional 
enrichment analysis with gene set enrichment analysis (GSEA) 
(V.7.0.670.1). Genes were ranked according to the strength of 
their t-statistics reflecting their interaction between age and 
COPD and subsequently analysed for enrichment in biological 
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pathways listed in the Kyoto encyclopaedia of genes and genomes 
(KEGG).

Gene function prediction
To predict the function of the genes highlighted in the text, we 
used a combination of GeneNetwork and Genecards (www. 
genecards. org). GeneNetwork is built on an independent gene 
expression data set of 77 840 samples and predicts the function 
of genes based on known biological pathways available in the 
molecular signatures database MSigDB (http://www. broadinsti-
tute. org).15

results
Subject characteristics
An overview of demographical and clinical characteristics of the 
subjects included in this study are presented in table 1. A total of 
1197 subjects were included in our analysis, with 357, 470 and 
370 subjects in the Groningen, Quebec and Vancouver cohorts, 
respectively.

While there was a large range in age in all three cohorts, the 
median age of the cohorts was significantly different, possibly as 
a consequence of the lower age of the subjects in the Groningen 
cohort.

We did observe differences in smoking status and pack-years 
among the cohorts, with relatively more never smokers and 
lower number of pack-years in the Groningen cohort. Further-
more, the subjects from the Groningen cohort had a lower 
median lung function compared with the subjects in the cohorts 
from Quebec and Vancouver, and the above can be attributed 
to the fact that the Groningen cohort contained more subjects 
with very severe COPD undergoing lung transplantation. Based 
on the phenotypical differences between the cohorts described 
above, we analysed the cohorts separately, followed by a 
meta-analysis.

Gene-expression signature for lung ageing
Linear regression demonstrated a strong impact of age on 
lung tissue gene expression levels. Therefore, we restricted 
the FDR cut-off to <0.0001 and identified 5732 probe sets 
coding for 3509 significantly DEGs with age. With increasing 
age, 1980 genes were higher expressed, while 1529 genes were 
lower expressed with increasing age. Ectodysplasin A2 receptor 
(EDA2R), involved in the DNA damage response, was most 
significantly upregulated with age (FDR: 4.55×10-63), while 
microsomal glutathione S-transferase 1 (MGST1), involved in 
detoxification and the defence response to oxidative stress, was 
most significantly downregulated with age (FDR: 8.59×10-42). A 
complete list of these DEGs is provided in online supplementary 
table S1. A heatmap illustrating these results with the subjects 
ordered for each cohort separately based on their individual age 
is shown in figure 1A. To illustrate the expression pattern of the 
most significant DEGs with age, the individual gene expression 
of the top three genes most significantly upregulated (EDA2R, 
MAP4K1 and FRZB) and downregulated (MGST1, ZNF518B and 
ATP8A1) with age are shown in figure 1B–D and figure 1E–G, 
respectively.

Next, we performed pathway analysis using GeneNetwork15 
to identify enriched biological processes to get more insight 
in the relevance of the DEGs to the ageing individual. To this 
end, we selected the top 10% DEGs upregulated and downreg-
ulated with age. Genes upregulated with age were enriched for 
biological processes related to calcium signalling and immune 
responses, whereas genes downregulated with age were enriched 
for biological processes related to lung development and cell-
cell contacts. An overview of the 25 most enriched biological 
processes for DEGs altered with age is shown in table 2, the 
complete list of all the enriched biological pathways is presented 
in online supplementary table S2.

Taken together, by the identification of 3509 DEGs with 
increasing age, we show a strong gene-expression signature for 
the ageing lung.

Sensitivity analysis of the lung ageing gene expression and 
validation of EDA2R
To assess if the gene-expression signature for lung ageing was 
robust, we performed a sensitivity analysis in the selected COPD 
and non-COPD control subjects. Of the 5732 probe sets signifi-
cantly associated with increasing age in the whole data set, we 
found an overlap at nominal P-value <0.05 of 70% and 72%, 
respectively, in the COPD and non-COPD control subjects. A 
schematic overview of the comparison can be found in online 
supplementary figure S1a. Since the overlap is considerably 
higher than what can be expected by chance (2.5%), we are 
confident that our gene-expression signature of the ageing lung 
is robust.

To further validate our gene-expression signature of the ageing 
lung, we determined the overlap with the lung ageing gene-ex-
pression signature identified in the GTEx project.14 From our 
signature, 3310 genes were present in the GTEx projects. By 
comparing these genes at nominal P value <0.05, we found an 
overlap of 33.5% in the same direction, which is 13 times more 
than what can be expected by chance. A schematic overview of 
the comparison can be found in online supplementary figure 
S1b.

Of interest, the gene most upregulated with age in our anal-
ysis, EDA2R (figure 1B), was the second highest ranked gene 
among the genes upregulated with age in the GTEx project. 
Furthermore, in the sensitivity analyses in COPD and non-COPD 

Table 1 Subject characteristics

Groningen Quebec Vancouver

Number 357 470 370

Age, years (range)* 56 (6–83) 64 (30–84) 63 (4–85)

Male/female, N 187/170 260/210 197/173

Smoking, N*

  Never 74 46 37

  Ex 208 323 171

  Current 63 101 107

  Unknown 12 0 55

Pack-years, N* 22 
(3–38)

40
(25–55)

38 
(18–50)

FEV1, %predicted* 38.9 
(20.5–77.0)

82.4 
(70.6–94.6)

85.4 
(70.0–98.3)

FVC, % predicted* 68.2 
(46.9–88.7)

91.2 
(82.1–102.1)

92.1 
(80.2–102.9)

FEV1/FVC, %* 57.0 
(32.2–73.8)

68.9 
(62.4–74.4)

70.3 
(63.0–76.9)

Cancer surgery, %* 37.5 99.8 81.9

Data are presented as medians with IQRs, unless otherwise stated.
*Significant differences among groups at P<0.05 level (χ2 and Kruskal-Wallis tests 
were applied to categorical and quantitative traits, respectively).
FEV1:  forced expiratory volume in one second , FVC:  forced vital capacity . 
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subjects, EDA2R was the third highest ranked gene among the 
genes upregulated with age in both analyses. Moreover, quan-
titavie real time  (qRT)-PCR validation of EDA2R in lung tissue 
of 21 ex-smoking non-COPD control subjects showed a signif-
icant association between increasing age and increased gene 

expression of EDA2R (figure 2). Based on these four analyses, 
EDA2R might be considered as a strong candidate gene for lung 
ageing in general.

To further confirm our findings in the independent GTEx 
data set and to assess whether the associations between 

Figure 1 Differentially expressed genes upon increasing age in lung tissue. The heatmap shows probe sets coding for genes differentially expressed 
with increasing age at FDR<0.0001, for all the three cohorts from Groningen, Quebec and Vancouver. Each probe set is shown separately and for 
several genes more than one probe set was found to be significantly different. Relative increased gene expression is indicated in red, while relative 
decreased gene expression is indicated in blue. The top five genes upregulated and downregulated with increasing age are shown in the table next to 
the heatmap (1A). Log2 fold expression of the individual top three genes EDA2R, MAP4K1 and FRZB upregulated with increasing age (figure 1B–D). 
Log2 fold expression of the individual top three genes MGST1, ZNF518B and ATP8A1 downregulated with increasing age (figure 1E–G).
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gene expression and age are specific for lung tissue, we compared 
the three most significant upregulated and downregulated genes 
with age from our lung tissue gene-expression signature with the 
available tissues within the GTEx project (online supplementary 
figure S2). The expression of the six genes was significantly asso-
ciated with age in the same direction in lung tissue in the GTEx 

project. However, this association was not lung  specific, since 
there were several significant associations in other tissues as well.

Genes differentially expressed with age in patients with COPD 
compared with non-COPD controls
While our previous analysis resulted in a gene-expression signa-
ture for lung ageing and identified EDA2R as a strong candidate 
gene for lung ageing, it did not discriminate between COPD and 
non-COPD. Since we hypothesise that COPD might be a disease 
of accelerated lung ageing, we were interested in genes whose 
expression changed differentially with age between individuals 
with and without COPD. To find these genes, we next assessed 
the interaction between age and COPD. An overview of demo-
graphical and clinical characteristics of the patients with COPD 
and non-COPD controls included in this subcohort are presented 
in online supplementary table S3 of the online supplement.

Our age*COPD interaction analysis identified four DEGs 
with age in patients with COPD compared with non-COPD 
controls at an FDR cut-off of <0.05. Deoxyribonuclease I-like 
3 (DNASE1L3), a gene involved in the complement activa-
tion cascade, and retinol binding protein 5 (RBP5), involved 
in the cellular binding of retinol, were the two DEGs that 
most significantly increased with age in COPD compared with 
non-COPD controls. KIAA1462, known to be involved in angio-
genesis and blood vessel development, and G protein-coupled 

Table 2 Top 25 enriched biological processes

Genes decreased expressed with age Genes increased expressed with age

biological processes biological processes

Term P value Term P value

Lung alveolus development 6×10−17 Cytosolic calcium ion transport 2×10−61

Tight junction assembly 7×10−16 Release of sequestered calcium ion into cytosol 3×10−59

Apical junction assembly 9×10−16 Regulation of sequestering of calcium ion 3×10−59

Lung development 8×10−14 Negative regulation of sequestering of calcium ion 3×10−59

Respiratory tube development 1×10−13 Calcium ion transport into cytosol 3×10−58

Respiratory system development 5×10−13 Positive regulation of cell adhesion 2×10−49

Lung epithelium development 4×10−12 Sequestering of calcium ion 7×10−47

Regulation of calcium-mediated signalling 5×10−12 Homotypical cell-cell adhesion 2×10−44

Response to interleukin 6 5×10−12 Elevation of cytosolic calcium ion concentration 5×10−44

Epithelial tube branching involved in lung morphogenesis 8×10−12 Cytosolic calcium ion homoeostasis 5×10−43

Asymmetrical protein localisation 2×10−11 Regulation of cell adhesion 5×10−43

Lung cell differentiation 2×10−11 Cellular calcium ion homoeostasis 2×10−42

Apical protein localisation 2×10−11 Cellular divalent inorganic cation homoeostasis 3×10−41

Organophosphate metabolic process 3×10−11 Regulation of neutrophil chemotaxis 3×10−40

Glycerolipid biosynthetic process 6×10−11 Negative regulation of immune system process 5×10−40

Early endosome to late endosome transport 7×10−11 Regulation of leucocyte migration 1×10−39

Lung epithelial cell differentiation 9×10−11 Regulation of leucocyte chemotaxis 2×10−39

Phospholipid metabolic process 9×10−11 Regulation of calcium-mediated signalling 4×10−39

Positive regulation of calcium-mediated signalling 1×10−10 Calcium ion homoeostasis 8×10−39

Cell-cell junction assembly 1×10−10 Calcium ion transport 2×10−38

Tube development 2×10−10 Regulation of ion homoeostasis 2×10−38

Cell-cell junction organisation 2×10−10 Sequestering of metal ion 2×10−38

Purine nucleoside triphosphate biosynthetic process 2×10−10 Integrin-mediated signalling pathway 4×10−38

Regulation of nitric-oxide synthase activity 2×10−10 Regulation of behaviour 6×10−38

Nucleoside triphosphate biosynthetic process 2×10−10 Positive regulation of calcium-mediated signalling 8×10−38

Figure 2 Association between gene expression of EDA2R and age in 
lung tissue. Age is displayed at the x axis and EDA2R gene expression 
relative to the housekeeping gene U6 ((ΔCt) on the y axis.
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receptor 173 (GPR173), involved in tissue homoeostasis, were 
most significantly decreased with age in patients with COPD 
compared with non-COPD controls. When using a more lenient 
FDR cut-off of <0.25, we found 100 probe sets coding for 69 
genes differentially expressed in association with age in patients 
with COPD compared with non-COPD controls (table 3).

We decided to use GSEA for the pathway analysis as this is 
based on the complete ranked gene list reflecting the interac-
tion between age and COPD. GSEA analysis showed that genes 

that decreased more with age in COPD compared with control 
were significantly enriched in the extracellular matrix (ECM)-re-
ceptor interaction pathway (figure 3A). This indicates that the 
expression of ECM-related genes is more decreased with age in 
patients with COPD than in non-COPD controls. Of interest, 
the three collagen genes COL6A3, COL3A1 and COL4A1 
were among the core enriched genes in this ECM-receptor 
interaction pathway (figure 3A). Genes that increased more 
with age in patients with COPD compared with non-COPD 

Table 3 Differentially expressed genes

Genes downregulated with age in CoPd Genes upregulated with age in CoPd

name Fdr name Fdr

KIAA1462 0.036 Deoxyribonuclease I-like 3 (DNASE1L3) 0.036

G protein-coupled receptor 173 (GPR173) 0.036 Retinol binding protein 5 (RBP5) 0.036

Major facilitator superfamily domain containing 4 (MFSD4) 0.117 Myosin VIIA and Rab interacting protein (MYRIP) 0.117

Peptidylglycine alpha-amidating monooxygenase (PAM) 0.177 Finkel-Biskis-Reilly murine sarcoma virus (FAU) 0.127

Solute carrier family 8 member 2
(SLC8A2)

0.188 Erythrocyte membrane protein band 4.1 like 4A (EPB41L4A) 0.177

Inter-alpha-trypsin inhibitor heavy chain family member 5 (ITIH5) 0.188 Glioma tumour suppressor candidate region gene 2 (GLTSCR2) 0.192

CD38 molecule (CD38) 0.188 FAM91a2 (FAM91A2) 0.192

Visinin like 1 (VSNL1) 0.188 Haem oxygenase 2 (HMOX2) 0.192

Intraflagellar transport 57 (IFT57) 0.192 Synaptojanin 2 (SYNJ2) 0.192

Beta-1,3-N-acetylgalactosami-nyltransferase 1 (B3GALNT1) 0.192 Sp1 transcription factor (SP1) 0.193

Anterior gradient 3 (AGR3) 0.192 Neuron navigator 2 (NAV2) 0.193

Nipsnap homologue 3A (NIPSNAP3A) 0.192 Septin 6 (SEPT6) 0.201

Collagen, type VI, alpha 3 (COL6A3) 0.200 Myeloid/lymphoid or mixed-lineage leukaemia; translocated to, 6 (MLLT6) 0.201

RAB2A, member RAS oncogene family (RAB2A) 0.201 C18orf34 0.201

Collagen, type III, alpha 1 (COL3A1) 0.201 MYC-associated zinc finger protein (MAZ) 0.201

Coagulation factor VIII (F8) 0.201 Ribosomal protein L38 (RPL38) 0.201

Solute carrier family 9, subfamily A, member 9 (SLC9A9) 0.201 Zinc finger protein 212 (ZNF212) 0.201

Neurotrophic tyrosine kinase, receptor, type 2 (NTRK2) 0.201 ATP binding cassette subfamily G member 2 (ABCG2) 0.201

Fucosyltransferase 8 (FUT8) 0.224 Phosphoglucomutase 5 pseudogene 1 (PGM5P1) 0.204

Leucocyte cell derived chemotaxin 1 (LECT1) 0.224 Rap guanine nucleotide exchange factor 1 (RAPGEF1) 0.206

GRINL1A complex locus 1 (GCOM1) 0.232 Sodium channel, voltage gated, type III beta subunit (SCN3B) 0.224

Tumour suppressor candidate 3 (TUSC3) 0.232 Protein tyrosine phosphatase, receptor type, R (PTPRR) 0.224

Sema domain 3C (SEMA3C) 0.242 Glucocorticoid modulatory element binding protein 2 (GMEB2) 0.224

Ribophorin I (RPN1) 0.246 Abhydrolase domain containing 6 (ABHD6) 0.224

MRE11 homologue A (MRE11A) 0.246 Eukaryotic elongation factor two kinase (EEF2K) 0.224

Mutated in colorectal cancers (MCC) 0.246 UBX domain protein 1 (UBXN1) 0.232

Transmembrane protein 63B (TMEM63B) 0.246 Erythrocyte membrane protein band 4.1 (EPB41) 0.238

Collagen, type IV, alpha 1 (COL4A1) 0.246 Interleukin four receptor (IL4R) 0.238

Solute carrier family 44, member 1 (SLC44A1) 0.246 Calbindin 1 (CALB1) 0.245

Coiled-coil domain containing 53 (CCDC53) 0.248 Zinc finger protein 764 (ZNF764) 0.246

Leukotriene B4 receptor (LTB4R) 0.246

Nuclear fragile X mental retardation protein interacting protein 2 (NUFIP2) 0.246

Transcription factor-like 5 (TCFL5) 0.246

C7orf20 0.246

Fibrillarin (FBL) 0.246

hCG (hCG33730) 0.246

Oxidase (cytochrome c) assembly 1-like (OXA1L) 0.246

Nuclear factor I/C (NFIC) 0.246

Sad1 and UNC84 domain containing 2 (UNC84B) 0.248
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controls were significantly enriched for the mammalian target 
of rapamycin (mTOR) signalling pathway (figure 3B). In addi-
tion, genes involved in the splicing of introns and exons and 
genes that belong to the ribosome complex, including the core 
enriched genes FAU and RPL38, were also more increased with 
age in patients with COPD compared with non-COPD controls 
(figure 3C,D, respectively).

discussion
In this study, we showed that age strongly affects gene expres-
sion in lung tissue. We identified a clear lung tissue gene-ex-
pression signature for the ageing lung with 3509 genes being 
differentially expressed. Genes upregulated with increasing age 
are enriched in pathways involved in calcium signalling and 
immune responses, while genes downregulated with increasing 
age are enriched in pathways involved in lung development and 
cell-cell contacts. Sensitivity analysis in a subset of patients with 
COPD and non-COPD controls and in the GTEx project data set 
demonstrates the robustness of our findings and points towards 
EDA2R as a strong candidate gene for lung ageing. Moreover, 
the association between EDA2R gene expression and age was 
validated with qRT-PCR in lung tissue. The final analysis in a 

subset of patients with COPD and non-COPD controls revealed 
potential roles for genes involved in ECM, mTOR signalling, 
splicing of introns and exons, and the ribosome complex in 
abnormal lung ageing in COPD.

Ageing has been a topic of research for decades and with the 
increasing prevalence of COPD in the elderly, the role of ageing 
in the pathogenesis of COPD has gained increasing interest.4 
Recently, Lopez-Otin et al defined nine general hallmarks of 
ageing,5 including genomic instability, telomere attrition and 
cellular senescence. Several of these hallmarks have also been 
observed in COPD,7 9 10 supporting a role of abnormal ageing 
in COPD. However, most of these studies have been performed 
in blood leucocytes and data on actual lung tissue is limited. In 
addition, not much is known yet about the genes underpinning 
lung ageing in general and accelerated lung ageing in COPD. 
Therefore, our cross-sectional study on differential gene expres-
sion in lung tissue of patients associated with their age is a first 
attempt to overcome these knowledge gaps. We revealed that 
processes related to calcium signalling, immune responses, 
lung development and cell-cell contacts are common between 
the most significant DEGs in our analysis. The most abundant 
biological processes among the genes downregulated with age 

Figure 3 Pathway enrichment among genes differentially expressed with age between patients with COPD and non-COPD controls. Gene set 
enrichment analysis shows enrichment of genes whose expression levels significantly change with age in patients with COPD compared with non-
COPD controls. Genes are ranked from left to right based on their expression in the age*COPD interaction analysis in selected patients with COPD 
and non-COPD controls. The position of each vertical bar indicates the position of a gene whose expression is associated with the indicated pathway 
within the ranked list. The height of the bar represents the running gene enrichment analysis score. Log2 fold expression of genes differentially 
expressed with age between patients with COPD and non-COPD controls and core enriched in the subsequent pathway are presented right next 
to the indicated pathway. Patients with COPD are shown in red and non-COPD controls in blue. ECM receptor interaction pathway with the core 
enriched genes COL6A3, COL3A1 and COL4A1 was enriched among genes downregulated with age (A). mTOR signalling pathway (B), genes involved 
in the splicing of introns and exons (C) and genes belonging to the ribosome complex with the core enriched genes FAU and RPL38 (D) were enriched 
among genes upregulated with age. ECM, extracellular matrix; mTOR, mammalian target of rapamycin.
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comprise development of the respiratory system and cell-cell 
contacts. The observations on developmental pathways are in 
line with the theory that ageing might be a result of develop-
mental decay, stating that ageing occurs as a consequence of 
alterations in developmental pathways.16 For pathways related 
to cell-cell contacts, it has been shown that the permeability 
of the intestinal epithelium decreases with age in humans17 
and decreased expression of tight junction molecules has been 
observed in aged rats.18 Interestingly, within our research group 
reduction of tight junction molecules has been demonstrated in 
epithelium of patients with COPD, linking this specific hallmark 
with COPD.19 The enriched biological processes among genes 
upregulated with age involve calcium signalling and immune 
response. Calcium is an important intracellular signal, func-
tioning in many different cellular processes,20 however to our 
knowledge a role for calcium in COPD has not been described. 
Ageing, and in particular ageing in COPD, has been associated 
with immunosenescence (age-related decline in the function of 
the immune system) and inflammageing (immunosuppression 
and low-grade inflammation).21 22 Our results further support 
the contribution of immune regulatory processes to lung ageing 
by showing enrichment of these processes at gene-expression 
level. The sensitivity analyses showed the robustness of our lung 
ageing gene-expression signature, and revealed a considerably 
large overlap between our signature and the lung ageing gene-ex-
pression signature obtained in the GTEx project. The observa-
tion that EDA2R was highly significant in all the analyses and the 
validation of the association between expression of EDA2R and 
age in lung tissue suggest that EDA2R might function as a poten-
tial biomarker for lung ageing. In contrast to validation of the 
mRNA expression of EDA2R in lung tissue, it was not possible 
to reliably quantify EDA2R at the protein level due to weak and 
unspecific staining on both western blotting and immunohisto-
chemistry. Evaluating the ageing signature of the other tissues 
from the GTEx project14 shows that EDA2R is also highly asso-
ciated with ageing in adipose tissue, artery, heart, muscle and 
skin tissue. Therefore, EDA2R seems not to be specific for lung 
ageing. EDA2R belongs to the tumour necrosis factor receptor 
superfamily and has been associated with the Nuclear Factor 
Kappa B (NF-ĸB) and p53 signalling pathways.23 24 The function 
of EDA2R should be further explored before we can make any 
statement on EDA2R as a marker for (lung) ageing.

The second aim of our study was to identify key genes involved 
in abnormal lung ageing in COPD. Based on our GSEA analysis, 
we identified four significantly enriched KEGG pathways. The 
ECM receptor interaction pathway was the only significantly 
enriched pathway among genes downregulated with increasing 
age in COPD compared with controls. One of the main pheno-
types of COPD is emphysema, in which breakdown of the alve-
olar walls causes decreased gas exchange in the alveoli.2 Loss 
of ECM, and in particular a lack of repair, plays an important 
role in emphysema. Our observation that the expression of genes 
involved in ECM is more decreased with age in patients with 
COPD compared with non-COPD controls is in line with emphy-
sema development in COPD. Furthermore, three collagen genes 
COL6A3, COL3A1 and COL4A1 are core enriched in the ECM 
receptor interaction pathway. Interestingly, the expression of 
COL6A3 and COL3A1 has been shown to be decreased in aged 
lungs compared with adult lungs in an ageing mouse model.25 
Since collagens belong to the main components of ECM,26 this 
further strengthens our observation that ECM modulation plays 
an important role in abnormal lung ageing in COPD. We found 
mTOR signalling, ribosome and spliceosome pathways signifi-
cantly enriched among genes upregulated with age in patients 

with COPD compared with controls. mTOR is involved in 
cellular growth and metabolism and the mTOR complex has 
been established as a central, evolutionary conserved regulator 
of longevity.27 Moreover, it has been shown that inhibition of 
mTOR can reverse cellular senescence, one of the main hall-
marks of ageing.28 The fact that one of the upstream activators 
of mTOR, phosphoinositide-3-kinase, is increased in peripheral 
blood mononuclear cells of patients with COPD29 30 gives inter-
esting leads to further explore in COPD lungs. In contrast to 
the mTOR signalling pathway, not much is known yet about the 
specific contribution of the ribosome complex and splicing of 
introns and exons to COPD and ageing. While protein synthesis 
(ribosome) and the splicing of introns and exons (spliceosome) 
are indispensable biological processes, their exact role in acceler-
ated lung ageing in COPD has to be further explored.

Notwithstanding the fact that we identified clear gene-ex-
pression signatures for lung ageing and accelerated lung 
ageing in COPD, we have to consider some limitations of our 
study. First of all, there are differences between the cohorts 
with respect to age, smoking status and lung function, which 
might be attributed to the higher number of patients with early 
onset, very severe COPD included in the Groningen cohort.31 
Although we adjusted for intercohort differences by analysing 
the three cohorts separately followed by a meta-analysis, we 
cannot completely exclude some cohort-related skewing of the 
results. Second, the power of our age*COPD interaction anal-
ysis was limited as the analysis was performed merely on COPD 
and non-COPD control subjects for the three centres separately, 
followed by a meta-analysis. The power limitation is reflected 
by the relatively low number of significantly DEGs after correc-
tion for multiple testing. Nevertheless, our GSEA analysis on the 
age*COPD interaction takes the complete gene list into account 
and clearly identified enrichment of pathways relevant to ageing 
and COPD.

In conclusion, we identified a clear age-related lung tissue 
gene-expression signature and identified several genes for which 
a role can be envisaged in abnormal lung ageing in COPD. Based 
on these findings, we propose processes in control of lung devel-
opment, cell-cell contacts, calcium signalling and the immune 
response as important processes in lung ageing in general. 
Furthermore, we suggest processes in control of ECM homoeo-
stasis, mTOR signalling, splicing of introns and exons, and the 
ribosome complex to be involved in abnormal lung ageing in 
COPD.
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