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Cigarette smoke exposure is the major driver of chronic obstructive pulmonary disease (COPD) and lung
cancer in the developed world [1]. COPD affects over 450 million people worldwide whilst lung cancer is
the biggest cause of death in people with cancer [2, 3]. Cigarette smoke-mediated DNA damage causes
apoptosis, cellular senescence, inflammation and mutagenesis, which have all been implicated in the
pathogenesis of COPD [4, 5]. Reduced components of DNA damage and repair pathways have previously
been reported in COPD lung tissues (with or without associated pulmonary emphysema) and blood
(including stem cells), and airway epithelium and lung fibroblast primary cells [6-10]. A failure to
correctly repair cigarette smoke-induced DNA damage has also been reported in COPD [8] and a genetic
link to COPD susceptibility noted [9, 11]. Evidence has also implicated DNA damage and repair
mechanisms with lung cancer and response to therapy [12, 13]. However, the precise mechanisms of DNA
damage and repair that are associated with these diseases are unclear.

Several mechanisms for DNA damage and repair exist [14, 15], these include: the direct repair pathway
which reverses covalently modified nucleotides; base excision repair that repairs incorrect or damaged
bases; mismatch repair which repairs aberrant nucleotide insertions or deletions; and nucleotide excision
repair (NER) which repairs regions that cause stalling of RNA polymerase. In addition, double stranded
breaks are repaired by homologous recombination or non-homologous end-joining. Finally, the Fanconi
anaemia pathway integrates multiple DNA repair pathways to repair interstrand cross-links.

Until now there has been no systematic analysis of DNA damage and repair pathways in COPD lung
tissue. SAULER et al. [16] used a hypothesis-based bioinformatic approach to determine aberrant expression
of 419 selected DNA repair and recombination (DRR) pathway genes in lung tissue from over 1100
subjects from three independent cohorts: the Lung Genomics Research Consortium (LGRC), the Ohio
State University (OSU) cohort and the Lung expression quantitative trait loci (Lung eQTL) cohort. These
cohorts included patients with Global Initiative for Obstructive Lung Disease (GOLD) stages 1-4
excluding GOLD stage 3.
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Gene expression was normalised and adjusted for age, smoking status (current, former, never), and sex in the
LGRC and Lung eQTL study, but not in the OSU study due to sample size. SAULER et al. [16] compared the
expression of these genes between very severe COPD (GOLD 4) versus non-severe disease (GOLD 1, 2) and
very severe COPD (GOLD 4) versus control (GOLD 0). They reported differential expression of 18 genes in
very severe COPD at a false discovery rate <0.1 and 15 of these were confirmed using RNA-sequencing and
differential display reverse transcription (DDRT)-PCR technique in a subset of the LGRC cohort.

K-means clustering on these 15 genes in all LGRC patients with COPD (GOLD 1-4) identified three
clusters which possessed distinct clinical characteristics. Patients in cluster 1 (n=65) had milder disease
that, as clinically expected, was characterised by less pulmonary emphysema and less impairment of
diffusing capacity of the lung for carbon monoxide and highest lung function (forced expiratory volume in
1s), exercise tolerance (as measured by the 6-min walk test), quality of life (St George’s Respiratory
Questionnaire scores) and BODE (body mass index, airflow obstruction, dyspnoea, exercise capacity)
index. Whereas no clinical/functional/radiological and/or pathological features distinguished the more
severe patients in cluster 2 and cluster 3. Interestingly, there were no differences in sex, pack-years, race or
average age across the three clusters.

Three bioinformatic approaches (Gene Set Enrichment Analysis, Z-score and Weighted Gene Correlation
Network analysis) were then applied to identify transcriptional changes of known DNA damage and repair
pathways that correlated with disease severity. The study found that the mismatch repair, NER,
homologous recombination, non-homologous end-joining and Fanconi anaemia pathways were inversely
correlated (i.e. protective) with COPD severity to different extents. In contrast, only the direct repair
pathway was correlated positively with severity.

Weighted Gene Correlation Network analysis identified 40 modules of co-expressed genes of which several
were correlated with disease severity. The advantage of Weighted Gene Correlation Network analysis is
that it correlates all the genes that associate with a specific clinical trait however small the difference, so
pathways where all the genes have a small difference but these all change in the same direction are given
weight as opposed to pathways where only a single gene may change expression. Metacore analysis was
used to identify DRR pathways within each module. The yellow module had the strongest negative
correlation with measurements of disease severity (pulmonary emphysema, diffusing capacity of the lung
for carbon monoxide, forced expiratory volume in 1s, 6-min walk test, St George’s Respiratory
Questionnaire and BODE index, all r>0.4 and p<10~’) and was most enriched for the NER pathway.
Specific genes that demonstrated high module membership and gene significance for clinical indices of
COPD severity included Xeroderma Pigmentosum Group A Complementing Protein (xpa) and Excision
Repair Cross-Complementation Group 5 (ercc5). These three approaches together indicated that
downregulation of the NER pathway was highly associated with COPD severity. This emphasises the key
role that diminished DNA repair may play in the pathogenesis of COPD.

SAULER et al. [16] took an important step and examined the protein expression of several differentially
expressed genes in the three clusters by immunohistochemistry. The expression of DNA damage and
repair genes associated with each cluster was highest in the bronchial/bronchiolar epithelium, endothelium
and alveolar macrophages. Although the small number of samples analysed (n=5) meant that not all
differentially expressed genes were confirmed at the protein level, severe COPD cluster 3 patients
demonstrated decreased expression of both NER proteins Damage Specific DNA Binding Protein 2
(DDB2) and Nei like DNA glycosylase 1 (NEIL1). In addition, very severe COPD was associated with
upregulation of three of the 15 DDRT-PCR genes, growth arrest and DNA damage-inducible protein
GADD45 o (GADD45A) and B (GADD45B) and the single-stranded DNA-binding protein
oligonucleotide/oligosaccharide-binding fold-containing protein 2A (OBFC2A).

Overall, these data have implications for the increased incidence of lung cancer associated with COPD
patients as the NER pathway is primarily responsible for detecting and removing bulky DNA adducts [17],
such as polycyclic aromatic hydrocarbons caused by environmental mutagens like cigarette smoke, and is
therefore essential for protecting against cigarette smoke-driven carcinogenesis. Although NER was the
most significant dysregulated DNA damage and repair pathway associated with severe COPD in this study
it is likely that other pathways will be important in subtypes of COPD.

Globally, the data highlights the critical importance of the loss of DNA damage and repair pathways in
driving COPD and the potential link with the enhanced incidence of lung cancer seen in these patients
[18]. Excess DNA damage due to reduced NER will result in cell death, tissue destruction and
inflammation which are key factors in COPD [19].

Genome-wide transcriptomic analysis was also used to identify specific non-DRR pathways associated with
each cluster. The top enriched pathways for both cluster 1 (interleukin (IL)-1, IL-3, IL-5, IL-6, IL-17 and
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IL-18) and cluster 3 (IL-3, IL-5, IL-10 and IL-17) were related to cytokine signalling. The IL-5 pathway
was the top regulated pathway in both clusters but was downregulated in cluster 1 and upregulated in
cluster 3. Cluster 3 also showed up-regulation of the nuclear factor-xB pathway confirming previous data
from our group [20]. Together this raises the question as to whether patients in cluster 3 had a greater
number of tissue eosinophils and would have a greater response to anti-eosinophil therapies or to inhaled
glucocorticoids. This would be an interesting area for future investigation.

In contrast, severe cluster 2 was characterised by upregulation of transforming growth factor-p and WNT
pathways implicating a greater degree of cell adhesion and cytoskeletal remodelling in patients within this
cluster but also a potential link with autoimmunity [21].

Enhanced inflammation and aberrant remodelling of the lower airways are well described mechanisms of
COPD pathogenesis [19]. In addition, there are potential intriguing molecular cross-talks between
inflammation—autoimmunity and lung carcinogenesis. For example, polycyclic aromatic hydrocarbons are
major inducers of lung carcinogenesis and there are serum anti-polycyclic aromatic hydrocarbons
antibodies and antibodies to polycyclic aromatic hydrocarbons-DNA adducts [22]. It is possible that future
studies may discover that DNA damage has the potential to trigger both lung-oriented autoimmune
responses and carcinogenesis adducts explaining both the autoimmune basis of COPD and their potential
link with lung cancer [23, 24].

The demonstration that distinct subsets of patients stratified according to DNA damage and repair
patterns suggests that future studies of COPD sub-phenotyping, pathogenesis and drug responses should
include an analysis of DNA damage and repair patterns in addition to inflammatory/autoimmunity and
tissue remodelling pathways.

The study had some limitations and indications for further areas of research. The authors were rightly
concerned about the impact of lung cancer. However, it could be argued that changes in NER and other
DNA damage and repair pathways along with the other non-DNA damage and repair pathways identified
may also have implications for lung cancer development and potentially indicate approaches that could
reduce incidence. The data also indicates that these changes in DNA damage and repair expression may
also be associated with distinct phenotypes of COPD. In addition, because not all DNA damage and repair
genes are controlled at the transcriptional level this may explain the failure to replicate some earlier studies
where changes in non-homologous end-joining proteins such as Ku70 were observed in COPD [8].
Proteomic analysis of similar lung tissue samples may address these concerns.

DNA damage and repair proteins were predominantly expressed in alveolar macrophages, bronchial
brushings and endothelial cells by immunohistochemistry. Analysis of global gene expression has been
performed in bronchoalveolar macrophages, bronchial brushings and small airway epithelial cells from
COPD patients [25-27]. Is the reduction in NER and other DNA damage and repair pathways amplified
in these cell types where the proteins are expressed?

The authors are to be congratulated on using samples from three independent cohorts but validation in
separate datasets and/or patient cohorts is essential. For example, is the NER reduced in severe COPD
patients with different ethnic backgrounds and are these observed gene and protein differences clinically
relevant?

What is the effect of treatment on the expression of these differentially expressed genes and are they
predictive of disease progression and/or response to therapy? The use of conditional knockout mice in
animal models of COPD may provide greater information on the functionality of the 3 clusters identified
and provide answers to some of the questions raised. The application of CRISPR/Cas9 to attenuate gene
expression in airway organoid models will also provide further insight in disease models.

In summary, the authors used a sophisticated bioinformatics approach to study DNA damage and repair
pathway changes in COPD lung and identified 15 genes associated with disease severity in three independent
cohorts of COPD patients. This 15-DNA damage and repair gene signature identified three clinically distinct
disease clusters with distinct non-DNA damage and repair pathways associated with differences in
inflammatory, particularly IL-5, and remodelling pathways. The reduced expression of the NER pathway in
COPD may not only contribute to disease variability but also to the development of lung cancer.
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