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ABSTRACT Inadequate DNA repair is implicated in the pathogenesis of chronic obstructive pulmonary
disease (COPD). However, the mechanisms that underlie inadequate DNA repair in COPD are poorly
understood. We applied an integrative genomic approach to identify DNA repair genes and pathways
associated with COPD severity.

We measured the transcriptomic changes of 419 genes involved in DNA repair and DNA damage
tolerance that occur with severe COPD in three independent cohorts (n=1129). Differentially expressed
genes were confirmed with RNA sequencing and used for patient clustering. Clinical and genome-wide
transcriptomic differences were assessed following cluster identification. We complemented this analysis by
performing gene set enrichment analysis, Z-score and weighted gene correlation network analysis to
identify transcriptomic patterns of DNA repair pathways associated with clinical measurements of COPD
severity.

We found 15 genes involved in DNA repair and DNA damage tolerance to be differentially expressed in
severe COPD. K-means clustering of COPD cases based on this 15-gene signature identified three patient
clusters with significant differences in clinical characteristics and global transcriptomic profiles. Increasing
COPD severity was associated with downregulation of the nucleotide excision repair pathway.

Systematic analysis of the lung tissue transcriptome of individuals with severe COPD identified DNA
repair responses associated with disease severity that may underlie COPD pathogenesis.
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Introduction
Chronic obstructive pulmonary disease (COPD) is a leading cause of global mortality [1]. Chronic
exposure to cigarette smoke (CS) is a leading modifiable risk factor for COPD, but COPD is a complex
and heterogeneous disease, and the clinical and pathologic consequences of chronic CS exposure vary
amongst smokers. The factors that underlie COPD heterogeneity are not well understood, but may include
the cellular responses to DNA damage [2–6]. CS is a well-characterised genotoxin, and CS-mediated DNA
damage contributes to COPD pathogenesis [7, 8]. Lung cells and peripheral blood cells from COPD
patients demonstrate increased global and telomeric DNA damage, and cellular responses to CS-mediated
DNA damage can result in pathogenic events involved in disease progression, including apoptosis, cellular
senescence, inflammation and mutagenesis [9–11].

DNA damage is sensed and repaired by a diverse, integrated network of cellular signalling pathways
collectively known as the DNA damage response, involving multiple DNA repair and DNA damage
tolerance pathways [12–14]. Direct repair (DR) reverses covalently modified nucleotides via a single
enzymatic reaction, base excision repair (BER) repairs incorrect or damaged bases, mismatch repair
(MMR) repairs aberrant nucleotide insertions or deletions, and nucleotide excision repair (NER) repairs
“bulky” lesions via the excision and repair of multi-base oligonucleotides that are sensed by either stalled
RNA polymerase or helix distortions. Double-stranded DNA breaks are potent inducers of cellular
dysfunction and are repaired via homologous recombination (HR) or non-homologous end-joining
(NHEJ). HR requires template sister chromatids and predominately occurs during replication, whereas
NHEJ occurs throughout the cell cycle but is more error prone. The Fanconi anaemia (FA) pathway
integrates multiple DNA repair pathways to repair interstrand crosslinks, while certain enzymes are needed
to repair or elongate shortened and/or damaged telomeres. Translesion synthesis (TLS) refers to the use of
specialised polymerases that allow for DNA replication past DNA lesions. In addition, many enzymes are
involved in the remodelling of chromatin in response to DNA damage. Collectively, these pathways
constitute mechanisms via which eukaryotic cells repair or tolerate DNA damage.

Inadequate DNA repair has been observed in the context of COPD. CS inhibits DNA repair in vitro and cells
acquired from individuals with COPD demonstrate a lower capacity for DNA repair [15, 16]. Several
polymorphisms in DNA repair genes have been associated with COPD susceptibility, and decreased expression
of specific DNA repair genes has been demonstrated in the lungs of subjects with COPD [2, 16, 17]. However,
a systematic characterisation of DNA repair mechanisms in COPD is lacking. We hypothesised that severe
COPD is associated with an impaired response to DNA damage. To evaluate this hypothesis, we analysed the
expression of genes involved in DNA repair and DNA damage tolerance in lung tissue from patients with
COPD to identify differentially expressed genes (DEGs) and pathways associated with severe COPD.

Methods
We analysed microarray mRNA expression data from lung tissue samples from three independent patient
cohorts: Lung Genomics Research Consortium (LGRC), Ohio State University (OSU), and Lung
Expression Quantitative Trait Loci Consortium (Lung eQTL). Basic summary data are provided in table 1.
Normalised gene expression values were adjusted for age, smoking status (current, former, never) and sex
in the LGRC and Lung eQTL study, but not in the OSU study owing to sample size [18]. Details
describing tissue procurement, cohort characteristics, gene expression normalisation and adherence to
institutional review board guidelines have been previously described, and further details are provided in
the supplementary methods [19–22]. An outline of the study design is shown in figure 1. We identified
419 genes constituting 10 pathways involved in DNA repair and DNA damage tolerance (DDRT)
(supplementary table E1) [23, 24]. Using data from the LGRC, OSU and Lung eQTL studies, we compared
the expression of these genes in patients with severe COPD (Global Initiative for Chronic Obstructive
Lung Disease (GOLD) IV) versus non-severe disease (GOLD I, II) and severe COPD (GOLD IV) versus
control (GOLD 0) using significance analysis of microarrays [25, 26]. DDRT genes were included for
further analysis if they were differentially expressed in all three cohorts and shared the same direction of
effect (false discovery rate (FDR) <0.1) (supplementary table E2). DDRT genes were validated based on
RNA sequencing (RNAseq) of lung tissue from a subset of 57 LGRC patient samples. Complete details for
this cohort have been previously described (supplementary table E3) [27]. We clustered all LGRC patients
with COPD (GOLD I–IV) based on the 15 DDRT consensus genes using K-means. Following cluster
identification, we identified clinical characteristics associated with each cluster, and we performed
genome-wide transcriptomic analysis to identify specific pathways associated with each cluster. Gene set
enrichment analysis (GSEA) [28], Z-score [29] and weighted gene correlation network analysis (WGCNA)
[30, 31] were applied to genome-wide transcriptomic data from the LGRC cohort to identify
transcriptional changes of known DDRT pathways that correlated with disease severity. For detailed
methods, please refer to the supplementary methods.
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SAM analysis

Severe COPD versus no COPD

LGRC: 49 increased, 66 decreased

OSU: 61 increased, 174 decreased

Lung eQTL: 18 increased, 52 decreased

Confirmation of gene selection using RNAseq

  12 decreased

  3 increased

K-means clustering of the LGRC cohort using a resolved 15 gene list

SAM analysis

Severe COPD versus non-severe COPD

LGRC: 42 increased, 91 decreased

OSU: 39 increased, 51 decreased

Lung eQTL: 8 increased, 28 decreased

18 genes differentially expressed in all three cohorts

Identification of DNA repair and DNA damage tolerance genes (419)

and associated DNA repair and DNA damage tolerance pathways (10)

Pathway analyses of DNA repair genes that correlate with markers of COPD severity:

  GSEA

  Z-score

  WGCNA

FIGURE 1 Study workflow. COPD: chronic obstructive pulmonary disease; SAM: significance analysis of
microarrays; LGRC: Lung Genomics Research Consortium; OSU: Ohio State University; Lung eQTL: Lung
expression quantitative trait loci; GSEA: gene set enrichment analysis; WGCNA: weighted gene correlation
network analysis.

TABLE 1 Demographic characteristics of study patients

LGRC OSU Lung eQTL

GOLD 0 GOLD I, II GOLD III GOLD IV GOLD 0 GOLD I, II GOLD IV GOLD 0 GOLD I, II GOLD IV

Subjects n 93 97 27 45 9 13 10 389 389 57
Male sex 41 (44.1) 61 (62.9) 16 (59.3) 18 (40.0) 4 (44.4) 6 (46.2) 6 (60.0) 189 (48.3) 245 (63.0) 16 (28.1)
Age years 63.7±11.7 69.1±8.1 65.1±8.7 57.7±8.5 63.2±11.4 69.2±7.3 50.9±5.6 60.9±10.6 65.4±9.4 54.0±5.5
Ever-smoker 52 (61.9) [9] 93 (95.9) 25 (93.8) 44 (97.8) 9 (100) 13 (100) 10 (100) 330 (84.8) 377 (96.9) 55 (94.7)
Pack-years 22±33 [9] 57±40 49±43 49±23 26±17 40±23 56±36 40±23 [37] 50±28 [23] 33±16 [2]
Coexisting
malignancy

83 (89.2) 81 (83.5) 22 (81.3) 3 (6.7) 0 (0) 0 (0) 0 (0) 364 (93.6) 379 (97.4) 3 (5.3)

Percentage
emphysema

0.3±0.7 6.3±8.2 22.8±16.0 37.6±13.4

DLCO % pred 84.9±16.5 [11] 67.1±20.2 [5] 42.6±13.0 [2] 31.8±10.0 [6]
FEV1 % pred 95.2±12.3 65.1±13.3 34.5±5.7 20.2±3.9
SGRQ score 12.5±16.1 [11] 22.4±18.1 [16] 40.2±19.8 61.3±12.5
BODE index 0.8±1.2 1.5±1.4 5.2±1.8 6.8±1.3
6MWD m 437±118 [34] 403±35 [16] 325±97 [5] 277±88 [2]
SF-12 score 48±11 [11] 45±11 [1] 37±10 29±7

Data are presented as n (%) or mean±SD, unless otherwise stated. [x] represents missing samples. LGRC: Lung Genomics Research Consortium;
OSU: Ohio State University; eQTL: expression quantitative trait loci; GOLD: Global Initiative for Chronic Obstructive Lung Disease; DLCO:
diffusing capacity of the lungs for carbon monoxide; FEV1: forced expiratory volume in 1 s; SGRQ: St George’s Respiratory Questionnaire;
BODE: body mass index, airflow obstruction, dyspnoea and exercise capacity; 6MWD: 6-min walk distance; SF-12: 12-item Short-Form Health
Survey.
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Results
A DNA repair signature of 15 genes is associated with severe COPD
We analysed 419 DDRT genes in three cohorts: LGRC, OSU and Lung eQTL. These cohorts were chosen
to overcome the potential confounding effect of coexisting malignancy that might occur if we studied the
LGRC cohort alone. We chose one COPD cohort with a high prevalence of coexisting malignancy (Lung
eQTL) and one COPD cohort without coexisting malignancy (OSU). GOLD III patients were not included
in the OSU study, and therefore were not included in these analyses. We identified 18 differentially
expressed DDRT genes present in the comparisons between severe COPD, non-severe COPD and controls
in the three cohorts (supplementary table E2). A second filtering step was implemented to test these
18 DDRT genes on a subset of patients in the LGRC cohort using RNAseq, a non-array method, to
confirm gene expression changes in the lungs of patients with COPD. Of the 18 identified genes in the
array-based cohorts, 15 DDRT genes were confirmed in the RNAseq subgroup (figure 2).

Identification of three COPD clusters using the 15-DDRT gene signature
To characterise distinct DNA repair patient clusters in COPD, we performed K-means clustering using the 15-
DDRT signature in the LGRC cohort. We identified three distinct clusters of COPD using this approach
(figure 2), and compared clinical differences amongst clusters. Clinical measurements of disease included the
percentage of emphysema present based on high resolution computed tomography, forced expiratory volume
in 1 s (FEV1) % predicted, diffusing capacity for carbon monoxide (DLCO) % predicted, 6-min walk distance
(6MWD), St George’s Respiratory Questionnaire (SGRQ), BODE index (body mass index, airflow
obstruction, dyspnoea and exercise capacity), and the 12-item Short-Form Health Survey. Patients in Cluster 1
(n=65) had milder disease than patients in Cluster 2 and Cluster 3, characterised by less emphysema, less
impairment in DLCO and increased FEV1 (figure 3). Similarly, compared to patients in Cluster 2 and Cluster
3, patients in Cluster 1 had better functional status and higher quality of life as measured by 6MWD, BODE
index and SGRQ scores. There were no statistically significant differences in the clinical characteristics of
patients in severe-disease Cluster 2 and severe-disease Cluster 3. There were no differences in sex, pack-years,
race or average age amongst the three clusters (supplementary table E4). There were no differences in the rates
of coexisting malignancy between Cluster 2 and Cluster 3, but there were increased rates of coexisting
malignancy in Cluster 1. These data suggest that clustering of COPD cases based on a DNA repair gene
signature identifies three clusters, with Cluster 2 and Cluster 3 characterised by increased disease severity.

FIGURE 2 K-means clustering of
patients based on 15 gene
consensus signature. Yellow
denotes an increase over the
sample mean, and purple denotes
a decrease over sample mean.
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Global gene expression profiling of DNA repair clusters in COPD
To characterise the global gene expression patterns of these three clusters, we compared the global
transcriptomic profiles of patients in the three clusters with control samples in the LGRC cohort. Cluster 1
had 361 DEGs, Cluster 2 had 3109 DEGs and Cluster 3 had 2219 DEGs. A total of 73 DEGs were
dysregulated in all three clusters, and 22% of these common DEGs (n=16) had changes in the same
direction in all three clusters. To identify non-DNA repair pathways associated with these clusters,
pathway enrichment analyses were performed (supplementary table E5). The top enriched pathways for
both Cluster 1 and Cluster 3 were related to cytokine signalling. In Cluster 1, several interleukin pathways
(IL-1, IL-3, IL-5, IL-6, IL-17 and IL-18) were amongst the top 10 enriched pathways. Similarly, in Cluster
3, interleukin pathways (IL-3, IL-5, IL-10 and IL-17) were amongst the top 10 enriched pathways. The
most enriched pathway in both Cluster 1 and Cluster 3 was IL-5 but with the opposite direction of effect:
Cluster 1 showed downregulation and Cluster 3 showed upregulation of genes in the IL-5 pathway. In
contrast to Cluster 1 and Cluster 3, Cluster 2 was characterised by upregulation of several pathways
involved in cell adhesion and cytoskeletal remodelling, including transforming growth factor-β (TGF-β)
and WNT pathways. The most significant DEGs amongst the top 50 signalling pathways for Cluster 2 and
Cluster 3 are shown in figure 4. These pathway enrichment data suggest that Cluster 2 is associated with
increased expression of genes involved in tissue remodelling, and Cluster 3 is associated with increased
expression of genes involved in inflammation.
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FIGURE 3 Clinical characteristics of chronic obstructive pulmonary disease by cluster. a) Box and whiskers of
percentage emphysema by cluster. b) Box and whiskers of BODE index (body mass index, airflow obstruction,
dyspnoea and exercise capacity) by cluster. c) Box and whiskers of forced expiratory volume in 1 s (FEV1) %
predicted by cluster. d) Box and whiskers of St George’s Respiratory Questionnaire (SGRQ) score by cluster.
e) Box and whiskers of diffusing capacity of the lung for carbon monoxide (DLCO) % predicted by cluster.
f ) Box and whiskers of 6-min walk distance (6MWD) by cluster. *: p<0.05; **: p<0.005; ***: p<0.0005.
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To confirm the location of selected DNA repair proteins, we performed immunohistochemistry on lung
tissue samples for Endonuclease 8-like 1 (NEIL1), X-ray repair cross-complementing protein 4 (XRCC4)
and DNA damage-binding protein 2 (DDB2). Nuclear staining was identified in epithelial cells,
endothelial cells and macrophages. Bronchiolar epithelial cells demonstrated the most prominent staining
intensity for all three proteins (figure 5). There was marked heterogeneity in staining intensity between
samples for all three proteins. We did not identify a clear difference amongst clusters when evaluating
XRCC4; however, we did identify decreased epithelial staining for DDB2 and NEIL1 in samples from
patients in severe-disease Cluster 3 when compared to samples from patients in mild Cluster 1. Notably,
there was more DDB2 staining in samples from patients with a history of smoking than in those of never
smokers. These data suggest that transcriptional changes identified in whole lung tissue samples are also
associated with cellular protein level differences in patients with severe COPD.

DDRT pathways in patients with COPD
While our initial analysis identified individual genes associated with severe COPD, we sought to determine
if DDRT pathways were differentially expressed in patients with severe COPD using three different
approaches. First, we performed a genome-wide analysis to identify genes that correlated with clinical
measurements of COPD severity, and then used GSEA to identify the DDRT pathways that were
significantly enriched amongst the most correlated genes. We found that TLS, NER and FA pathways were
inversely correlated (i.e. protective) with multiple measurements of COPD severity (figure 6a–d and
supplementary table E6A). Second, a Z-score analysis was performed using the transcriptomic profiles of

Extracellular

Extracellular

Membrane

Cytoplasm

Nucleus

a) Cluster 2

b) Cluster 3

Membrane

Cytoplasm

Nucleus

FIGURE 4 Overrepresented genes in the top 50 enriched pathways. a) Comparison between Cluster 2 and
controls. b) Comparison between Cluster 3 and controls. Red denotes upregulated genes. Blue denotes
downregulated genes. Lines represent curated associations between genes.
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lung tissue from COPD patients. We generated DDRT pathway coefficients (Z-scores) for each individual
with COPD, and correlated these coefficients with clinical characteristics of disease. The NER, TLS, FA,
MMR and HR pathways were inversely correlated with multiple measures of COPD severity (figure 6e–h
and supplementary table E6B). In both methods, the DR pathway was the only one that showed a positive
correlation with clinical measurements of COPD severity. However, this pathway was the smallest
(n=8 genes), making it more susceptible to the influence of the weights used to generate the coefficient.
Finally, we performed WGCNA using whole transcriptome data to determine if DDRT pathways were
co-expressed and correlated with indices of disease severity. We identified 40 modules of co-expressed
gene, and multiple modules correlated with disease severity (figure 7). To ensure that the makeup of our
DNA repair pathway gene lists was not biasing our results, we used Metacore to identify gene set
enrichment across the full complement of cellular pathways (supplementary table E7). The module with
the strongest negative correlation with measurements of disease severity, Yellow, was also most enriched
for the NER-BER pathway. The Yellow module correlated with the percentage of emphysema
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FIGURE 5 Immunohistochemistry for DDB2, NEIL1 and XRCC4. Immunohistochemistry demonstrating
localisation and staining intensity for DDB2, NEIL1 and XRCC4 (identified by brown chromogen) performed on
lung tissue samples from patients in Cluster 1 and Cluster 3. Nuclear staining appeared particularly localised
to bronchiole epithelial cells (arrows), although other cells also demonstrated nuclear staining. Images
acquired using a 40× objective lens.
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(correlation=−0.4, p=1×10−7), BODE index (correlation=−0.4, p=4×10−8), FEV1 % pred (correlation=0.34,
p=5×10−6), SGRQ (correlation=−0.43, p=4×10−9), DLCO % pred (correlation=0.38, p=3×10−7) and 6MWD
(correlation=0.37, p=8×10−7). There were multiple canonical NER genes within the yellow module that
demonstrated both high module membership and gene significance for clinical indices of COPD severity,
including Xeroderma pigmentosum group a-complementing protein (XPA) and Excision repair
cross-complementation group 5 (ERCC5) (supplementary figure E8). The combination of these three
approaches demonstrated that downregulation of the NER pathway was associated with COPD severity.

Discussion
In this study, we identified 15 DEGs that were common to three independent cohorts in the largest
assessment of DDRT genes to date. Transcriptional changes of these 15 genes were heterogeneous amongst
COPD patients. However, subsequent clustering of patients based on these 15 genes identified three
clusters with different clinical characteristics and gene expression profiles correlating with important
mechanisms of disease pathogenesis, suggesting a potential relationship between DNA repair,
inflammation and tissue remodelling. Our data also suggest that multiple DDRT pathways are
downregulated in patients with COPD, with the strongest evidence being demonstrated for the NER
pathway. Taken together, these data support the hypothesis that diminished DNA repair underlies the
complex and heterogeneous manifestations of COPD.

Severe COPD was associated with upregulation of three of the 15 DDRT genes, GADD45A, GADD45B and
OBFC2A. These three genes are relevant to COPD pathogenesis because they are implicated in cell cycle
arrest, apoptosis and cellular senescence. We also found an association between severe COPD and
downregulation of 12 DDRT genes. Amongst these 12 DDRT genes were two FA genes (FANCC and
FANCL), two NER genes (DDB2 and MMS19) and three genes involved in HR and NHEJ pathways
(WHSC1, BRCC3 and XRCC4). Additionally, we identified OBFC1, which is implicated in the maintenance
of telomere length; POLI, which has an exonuclease function; and NEIL1, a canonical BER gene which is
also implicated in NER. Previous studies of NEIL1 and POLI have shown that genotoxic stress increases
the expression of these genes; however, our data show decreased expression of these genes in severe COPD
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FIGURE 6 The nucleotide excision repair (NER) pathway is downregulated in severe chronic obstructive pulmonary disease. a–d) Enrichment plots
from gene set enrichment analysis. The enrichment plots contain profiles of the running enrichment scores (ES) and the barcode plot indicates
the position of the genes in each gene set; red represents Spearman correlations with more severe disease, blue represents Spearman
correlations with less severe disease. False discovery rates (FDRs) for NER gene set enrichment are reported for a) forced expiratory volume in
1 s (FEV1), b) percentage emphysema, c) diffusing capacity of the lung for carbon monoxide (DLCO) % pred and d) BODE index (body mass index,
airflow obstruction, dyspnoea and exercise capacity). e–h) NER pathway Z-score coefficients for each patient plotted against e) FEV1 % pred,
f ) percentage emphysema, g) DLCO % pred and h) BODE index.
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FIGURE 7 Weighted gene co-expression network analysis (WGCNA). WGCNA identified 40 gene modules as
demonstrated in this WGCNA heatmap. n represents the number of genes within each module. Positive
correlations are red, and negative correlations are blue. The green, sky blue, and turquoise were the three
modules most positively correlated with indices of decreased disease severity, and the yellow, salmon, and
light yellow were the three modules most negatively correlated with indices of increased disease severity. The
most highly enriched process is indicated for each of the top six modules, including the nucleotide excision
repair (NER)-base excision repair (BER) process in the yellow module. IL-6: interleukin 6; BODE: body mass
index, airflow obstruction, dyspnoea and exercise capacity; FEV1: forced expiratory volume in 1 s; SGRQ: St
George’s Respiratory Questionnaire; DLCO: diffusing capacity of the lung for carbon monoxide; 6MWD: 6-min
walk distance.

https://doi.org/10.1183/13993003.01994-2017 9

BASIC SCIENCE AND COPD | M. SAULER ET AL.



[32]. There are many potential reasons for such differences pertinent to the pathogenesis of COPD,
including histone modifications, dysregulation of homeostatic signalling due to oxidative stress, and
interference with gene transcription by DNA lesions. For example, NEIL1 has been frequently found to be
hypermethylated in head and neck cancer [33]. Therefore, our data support the hypothesis that a
maladaptive response to genotoxic stress contributes to disease progression in COPD.

The 15-DDRT gene signature identified three patient clusters of COPD differentiated by disease severity
and distinct non-DNA repair pathway expression profiles. Cluster 1 was characterised by mild clinical
disease, whereas Clusters 2 and 3 had severe disease. Cluster 2 showed enrichment for pathways associated
with cytoskeletal remodelling, including TGF-β and WNT signalling. Cluster 3 showed enrichment for
NF-κB, IL-5 and IL-17 pathways. Excess inflammation and aberrant remodelling are well-described
mechanisms of COPD pathogenesis. The relationship between DNA damage and chronic inflammation is
well described, because defective DNA repair contributes to autoimmunity, chronic inflammation and
tissue remodelling [34, 35]. Based on these findings we suggest that future studies of COPD pathogenesis
consider the DNA damage response in conjunction with assessments of these inflammatory and tissue
remodelling pathways.

We applied multiple methods to characterise transcriptional changes in DDRT pathways, and identified
transcriptional changes in the NER pathway as most consistently associated with increased disease severity
across multiple clinical features and all analytical methods. Interestingly, certain genes that appeared
differentially expressed between Cluster 2 and Cluster 3, including NEIL1, DDB2 and MMS19, are
implicated in NER. Furthermore, immunohistochemistry confirmed that both DDB2 and NEIL1 were
decreased in severe-disease Cluster 3. This is significant for COPD pathogenesis because the NER pathway
is primarily responsible for detecting and removing bulky DNA adducts caused by CS, and it is therefore
critical for protecting against tobacco-induced carcinogenesis. Previous studies have demonstrated
impaired NER capacity with CS, and diminished NER capacity has been implicated as a risk for lung
cancer [36, 37]. Inadequate NER may also lead to excess DNA damage and subsequent susceptibility to
cell death, tissue destruction and/or inflammation, and emphysema [38]. It is likely that other DDRT
pathways are dysregulated in COPD given our findings. Importantly, almost all observed associations
between COPD severity and DDRT pathways suggest that downregulation of genes involved in DNA
repair and DNA damage tolerance occurs in severe COPD.

There are certain limitations to our study. The influence of coexisting malignancy on the transcriptomic
profile of DDRT genes in patients with COPD is an important confounding variable. While tissue samples
were taken from non-malignant tissue, changes have been identified in “normal” lung tissue from patients
with COPD and coexisting malignancies [39, 40]. This is a challenging problem because lung tissue is not
commonly obtained from patients with normal lung function, unless there is a suspicion of cancer. To
account for the potential influence of a “field of cancerisation”, we included the OSU cohort that excluded
patients with a coexisting malignancy to generate our consensus DNA repair signature. Other potential
limitations are that many DDRT genes are not primarily regulated at the transcriptional level, and that we
profiled whole lung tissue and therefore differential gene expression may be due to differences in tissue
composition of various cell types. To address this concern, we performed immunohistochemistry for
various DNA repair proteins and identified decreased DDB2 and NEIL1 in severe-disease Cluster 3 lung
tissue samples. We did not see profound differences amongst clusters when analysing XRCC4; however,
there was significant heterogeneity amongst samples and our study was likely underpowered to detect a
difference. Future studies will require analyses with additional molecular readouts including protein
concentration, modifiers (i.e. phosphorylation, ubiquitination), cell type and nuclear co-localisation.

We used a multistep, complementary analytical approach to study DDRT genes and pathways and their
association with disease severity in three independent cohorts. At the individual gene level, we found that
a 15-DDRT gene signature enabled the identification of three disease clusters characterised by clinical
differences in severity and distinct non-DNA repair gene pathways associated with increased inflammation
and tissue remodelling. We also identified a consistent downregulation of the NER pathway in severe
COPD. These findings suggest that transcriptional changes in DDRT genes contribute to disease
heterogeneity and may underlie distinct pathogenic responses in COPD.
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