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ABSTRACT
A large part of the human genome is transcribed in non-
coding RNAs, transcripts that do not code for protein,
including microRNAs (miRNAs) and long non-coding
RNAs (lncRNAs). MiRNAs are short single-stranded RNA
molecules that negatively regulate gene expression at the
post-transcriptional level. They play an important
regulatory role in many biological processes.
Consequently, altered expression of these non-coding
RNAs has been shown to lead to inflammation and
disease. In contrast, lncRNAs, can both enhance or
repress the expression of protein-coding genes. COPD is
typically caused by tobacco smoking and leads to a
progressive decline in lung function and a premature
death. Exaggerated pulmonary inflammation is a
hallmark feature in this disease, leading to obstructive
bronchiolitis and emphysema. In this review, we discuss
the miRNA expression patterns in lungs of patients with
COPD and in mouse models and we highlight various
miRNAs involved in COPD pathogenesis. In addition, we
briefly discuss a specific lncRNA that is upregulated
upon cigarette smoke exposure, providing a short
introduction to this more recently discovered group of
non-coding RNAs.

SEARCH STRATEGY
We searched PubMed with the search terms
‘COPD’ or ‘emphysema’ or ‘smoke’ in combination
with one of the following terms: ‘microRNA’,
‘miRNA’, ‘micro-RNA’, ‘long non-coding RNA’,
‘lncRNA’ or ‘lincRNA’. We also specifically searched
for the combination: ‘COPD/emphysema’,
‘miRNA/lncRNA’ and ‘biomarker’. We focused on
lung and not on systemic disease manifestations of
COPD and on ex vivo/in vivo studies of tissues or
cells of patients with COPD and animal models
instead of in vitro studies. The date of the last
search was 10 April 2015. In addition, we con-
sulted the reference lists of articles resulting from
this search strategy and included those we judged
relevant.

INTRODUCTION
COPD
COPD causes significant morbidity and mortality
worldwide and is expected to become the third
leading cause of death by 2020.1 COPD is charac-
terised by a progressive and irreversible airflow
limitation, associated with an abnormal inflamma-
tory response of the lungs to noxious particles and
gasses.1 Next to cigarette smoking, which is the
main risk factor for COPD, exposure to smoke
from biomass fuels and occupational exposure to
chemicals or dust are also regarded as substantial
threats.2 3

Exaggerated inflammation in the airways and
lung parenchyma is critical in the development and
progression of COPD, causing small airway
obstruction (obstructive bronchiolitis) and destruc-
tion of lung parenchyma (emphysema).1 By trigger-
ing pattern recognition receptors (PRRs), noxious
particles or gasses activate innate immune cells such
as alveolar macrophages and airway epithelial cells.
These cells subsequently release pro-inflammatory
mediators such as chemokines and cytokines, medi-
ating the recruitment of neutrophils and inflamma-
tory monocytes from the blood circulation to the
lung. The specialised antigen-presenting dendritic
cells initiate adaptive immunity by promoting T
helper 1 (Th1) and T helper 17 (Th17) cell differ-
entiation and CD8+ cytotoxicity.
Obstructive bronchiolitis is caused by the accu-

mulation of these immune cells in the airway
lumen, airway wall and lung parenchyma and by
structural alterations of the small airways (airway
wall remodelling). Next to obstructive bronchio-
litis, emphysema is the second pathological hall-
mark contributing to COPD. It compromises lung
function and reduces the surface area available for
gas exchange. Oxygen radicals and proteolytic
enzymes are responsible for this lung destruction.
Activated neutrophils and macrophages release
such proteolytic enzymes, for example neutrophil
elastase and matrix metalloproteinases (MMPs).4

The normal decline of lung function with age is
accelerated in patients with COPD and slowly leads
to disability and death.5 Furthermore, current
pharmacological therapy is limited and is directed
against the clinical manifestations, mainly leaving
the underlying disease-causing process unaffected.
The fact that only 20% of smokers develop COPD6

suggests that genetic and epigenetic factors contrib-
ute to the susceptibility for this disease.

Non-coding RNAs
Protein-coding genes represent only a small portion
of the human genome (20 687 genes, <2%),7

whereas a large part is transcribed into non-coding
RNAs (ncRNAs), including microRNAs (miRNAs)
and long non-coding RNAs (lncRNAs). The
purpose of this article is to establish a comprehen-
sive overview of the literature on non-coding RNAs
in COPD, focusing on miRNAs and lncRNAs.
Literature on other non-coding RNAs in COPD
(such as small nuclear RNAs, small nucleolar RNAs
and piwi-interacting RNAs) is limited and beyond
the scope of this review. For definition of terms see
Table 1.
MiRNAs are the most widely studied class of

ncRNAs. They are small RNA molecules (approxi-
mately 21–25 nucleotides long) that negatively
regulate gene expression post-transcriptionally, by
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means of mRNA degradation, inhibition of protein translation,
or by a combination of both mechanisms.8 MiRNAs are pre-
dicted to regulate approximately 60% of all human protein-
coding genes.9 Dysregulation of miRNAs is reported to be
involved in the pathogenesis of many diseases, including pul-
monary diseases such as COPD.10

Many forms of small ncRNAs are relatively strongly con-
served across species.11 LncRNAs, in contrast, do not show such
conservation and were originally classified as non-functional.12

They comprise a heterogeneous class of RNAs, varying in
nucleotide length (200 nucleotides to over 100 kilobases), cellu-
lar location (nucleus, cytoplasm or both), splicing pattern and
functional and structural role in various biological processes.

The tertiary structure of lncRNAs allows them to bind to and
interact with proteins, explaining their involvement in many
regulatory functions. They can prevent or facilitate the recruit-
ment of RNA polymerase II, transcription factors and/or cofac-
tors to gene promoters, thereby controlling transcription of
target genes. They also function as molecular scaffolds, bringing
together multiple protein partners. Hundreds of lncRNAs have
been found to form ribonucleic–protein interactions with mul-
tiple protein partners, supporting the concept of a molecular
scaffold.13 They can also guide specific regulatory protein com-
plexes to the correct chromosomal locations in cis or in trans
providing target specificity to these complexes.

Besides their predominantly transcriptional modes of actions
described so far, lncRNAs can also base-pair with mRNA mole-
cules and affect their stability or translation.14 Finally, lncRNAs
can compete for miRNA binding, and in that way prevent the
miRNA from carrying out its function.15 This is their so-called
sponge function as competing endogenous RNA.

MIRNA EXPRESSION UPON CIGARETTE SMOKE EXPOSURE
AND IN COPD
As mentioned above, cigarette smoke (CS) is the uttermost
important risk factor for the development of COPD, making it
a relevant risk factor when studying COPD pathogenesis. It
remains unknown by which mechanism CS is able to dysregulate
miRNAs. Most likely, the high toxicity and mutagenicity of CS
plays an important role, since CS contains radicals that can
interact with DNA in vitro.16 Next to directly affecting the
miRNA, disrupting miRNA regulatory mechanisms might be an
alternative mechanism by which CS interferes with miRNA
expression. An overview of the biological functions of miRNAs
in the pathogenesis of COPD is illustrated in figure 1.

MiRNAs as potent regulators of gene and protein
expression
Given the relative redundancy of complementary sequences
between miRNAs and their target mRNAs, a single miRNA is
capable of targeting several genes simultaneously. Moreover, by
targeting transcription factors or genes involved in epigenetic
regulation, miRNAs can indirectly alter expression of hundreds
of genes at once. In addition, miRNAs have a tissue- and cell
type-specific expression pattern, making them excellent fine-
tuners of gene regulation. Consequently, dysregulation of
miRNAs can have widespread effects on gene and protein
expression, affecting a multitude of biological processes.

For example, miR-218 was downregulated in smokers relative
to never-smokers in human bronchial epithelium,17 in induced
sputum of current smokers with and without COPD in compari-
son to never-smokers10 and in the bronchoalveolar lavage (BAL)
fluid of patients with COPD compared with control subjects.18

Amongst its targets, the transcription factor MAFG (v-maf

musculoaponeurotic fibrosarcoma oncogene homologue G,
avian) represents a gene of particular interest, since its binding
sites were significantly overrepresented among genes altered in
smokers.17 In this way, miR-218 is capable of indirectly regulat-
ing a multitude of genes in response to CS by modulating the
expression of the transcription factor MAFG.

Although proteins typically have half-lives in the range of a
couple of hours to a few weeks,19 changes in gene expression
were found to persist in the bronchial epithelium of ex-smokers
years after smoking cessation, indicating the presence of persist-
ing alterations in gene regulation upon CS exposure.20 Likewise,
genes differentially expressed between current and never-
smokers were categorised based on their expression in former
smokers. They were classified as rapidly reversible, slowly
reversible and irreversible. Although the mRNA expression of
most genes (79%) in this study was rapidly reversible upon
smoking cessation, those genes classified as slowly reversible or
irreversible still presented with a 1.5-fold change between
former and never-smokers for at least 78 months after smoking
cessation.21 In line with this, CS-induced changes in miRNA
expression in murine lung are irreversible if a certain threshold
is reached, depending on the duration and dose of smoke expos-
ure.22 Taken together, these findings support the idea that per-
sistent dysregulated gene expression, found in the lungs of
smokers and ex-smokers, might be attributable to irreversible
changes in miRNA expression induced by exposure to a suffi-
ciently high dose of smoke, for a sufficiently long period of
time.

MiRNA expression profiling upon CS exposure and in COPD
In general, most studies report a global downregulation of
miRNA abundance in response to cigarette smoking.

Graff et al23 found that cigarette smoking decreases global
miRNA expression in human alveolar macrophages, possibly by
modification of DICER, an RNA endonuclease involved in the
maturation of miRNAs.24 Interestingly, the decrease in abun-
dance was more pronounced in individuals with a heavy smoking
history in comparison to light smokers, suggesting a correlation
between the number of downregulated miRNAs and smoking
history.23 Likewise, Izzotti et al25 also reported a downregulation
of miRNA expression in the lungs of smoke-exposed rats.
Notably, further research by the same group demonstrated that
both age and gender influenced smoke-related miRNA dysregula-
tion in murine lungs.26 In line with the results of smoke-exposed
rat lungs25 and of human alveolar macrophages,23 the majority
of differentially expressed miRNAs (23 out of 28) in human
bronchial airway epithelium were downregulated in smokers
compared with never-smokers.17

A global decrease in miRNA expression upon smoking can be
explained by different possible mechanisms, such as a deficiency
in miRNA processing (eg, due to Dicer inhibition), changes in
primary miRNA transcription, an increase in miRNA degrad-
ation or localisation of miRNAs to stress granules (aggregates of
mRNAs in conjunction with proteins that appear when the cell
is under stress) and processing bodies (cytoplasmic foci contain-
ing aggregates of specific proteins and mRNAs), or relative upre-
gulation of other RNA fractions, such as ribosomal RNAs or
mRNAs. In the process of COPD pathogenesis, downregulation
of miRNAs can provide a plausible mechanism for the observed
upregulation of inflammatory mediators.

In contrast, Ezzie et al27 analysed lung tissue of smokers with
or without COPD and found the expression of 57 miRNAs to
be increased in patients with COPD, while only 13 miRNAs
showed a decreased expression.
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The discrepancy between this study and previous studies
reporting a global downregulation of miRNAs10 17 23 might be
due to the fact that miRNAs have a cell type-specific expression
pattern and the global analysis of miRNA expression in whole
lung tissue, where multiple cell types are present, might not
reflect the situation in those cell types important for disease
pathogenesis. Alternatively, differences in gene expression ana-
lysis workflow in general or normalisation procedure more spe-
cifically might also account for the observed discrepancies.
Microarrays, reverse transcription quantitative PCR (RT-qPCR)
and small RNA sequencing are widely used miRNA expression
evaluation platforms. Nonetheless, these methods do not always
deliver the same results.28 29 Microarray analysis, for example,
can result in false positives (non-specific hybridisation) or false
negatives (when hybridisation signals do not exceed the back-
ground level).

In addition, patient characteristics (such as COPD stage, age,
gender, number of pack-years smoked, duration of smoking ces-
sation) and sample size of the study population or differences in
study design may also have a substantial influence on the results
(for an overview of these parameters, see online supplemental
table S1). Given that miRNA expression values are highly
context dependent, an adequate experimental design and a
sound statistical analysis are of high importance.

MiRNAs modulate the chronic pulmonary inflammation
in COPD
Exaggerated and imbalanced inflammatory responses play an
important role in COPD pathogenesis. These inflammatory
responses are mediated by inflammatory proteins that are
released upon CS exposure by structural cells of the lungs and

by inflammatory cells. Pro-inflammatory transcription factors,
such as nuclear factor кB (NF-кB), regulate the expression of
these inflammatory proteins. Amplification of this inflammatory
response upon CS exposure might lead to the development of
COPD. For an overview of the expression pattern of the dis-
cussed miRNAs in patients with COPD, smokers and never-
smokers see table 2. In addition, table 2 contains the accession
number and the most recent annotation of each miRNA, as
checked by miRBase Tracker.30 For an overview of miRNA pro-
filing studies in rodent models discussed in this review see
online supplemental table S2.

MiR-146a
Increased expression of cyclooxygenase-2 (COX-2) protein is a
hallmark of chronic inflammation in CS-related diseases such as
COPD and lung cancer.31 32 Sato et al showed that while inter-
leukin (IL)-1β and tumour necrosis factor (TNF)-α, two potent
inducers of the NF-кB pathway, induced the expression of
miR-146a in both COPD and control fibroblasts, this was less
pronounced in COPD fibroblasts. They suggested that this
diminished miR-146a expression in COPD fibroblasts resulted
in a reduced degradation and a prolonged half-life of COX-2
mRNA, a predicted target of miR-146a (TargetScan, miRBase),
ultimately leading to overexpression of COX-2 protein.33

COX-2 is a key enzyme in prostaglandin E2 (PGE2) biosynthesis,
a promoter of neutrophil recruitment.34 PGE2 also inhibits the
repair functions of lung fibroblasts35 and is increased in the
lungs of patients with COPD and in COPD fibroblasts in
culture.33 36

Likewise, miR-146a was downregulated in sputum of patients
with COPD and smokers compared with never-smokers and in

Figure 1 The biological functions of microRNAs and long non-coding RNAs in the pathogenesis of COPD. Illustration of the hallmarks of COPD,
with chronic inflammation, airway remodelling and emphysema as pathological hallmarks and oxidative stress and imbalance in fluid homeostasis
as pathogenetic mechanisms. CFTR, cystic fibrosis transmembrane conductance regulator; Cox-2, cyclooxygenase-2; IL-1R1, interleukin 1 receptor 1;
let-7c, lethal-7c; miR, microRNA; MMP12, matrix metallopeptidase 12; MPK-1, mitogen-activated protein kinase phosphatase 1; SCAL1, smoke and
cancer-associated lncRNA-1; SMAD7, mothers against decapentaplegic homologue 7; TNFR-II, tumour necrosis factor receptor II.
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smokers with COPD in comparison to smokers without
COPD.10 In contrast, miR-146a expression was increased in
lung tissue from patients with COPD in comparison to
smokers.27

MiR-135b
MiR-135b seems to be involved in a negative feedback mechan-
ism attempting to curtail excessive inflammatory responses
(figure 2). MiR-135b was found to be significantly upregulated
in the BAL fluid of CS-exposed mice and upon in vitro activa-
tion of the IL-1 receptor 1 (IL-1R1) by its agonist IL-1α.37

Further experiments indicated that CS induces an increase in
pulmonary expression of miR-135b and that this increase is
dependent on IL-1α/IL-1R1 signalling.37

Furthermore, the authors demonstrated that IL-1R1 and
caspase-1 are likely targeted by miR-135.37 Activated caspase-1
generates the mature form of IL-1β by cleaving its precursor,
pro-IL-1β.38 Both mature IL-1β and IL-1α activate the IL-1R1.
In the post-acute phase, miR-135b might thus function as a
negative feedback regulator by binding on its own regulator
(IL-1R1) and its downstream effector, caspase-1, in an attempt
to halt the progression of inflammation into the chronic phase
(figure 2). In accordance with this hypothesis, IL-1β has, in
general, been described to be upregulated and implicated in
early responses upon CS exposure,39 but not upon chronic CS
exposure.40

An appropriate immune response is required to protect an
organism against harmful attacks from various pathogens and
other damaging events such as CS. However, when the activated
immune response is too excessive, this can lead to pathological
manifestations causing inflammatory disorders such as COPD.
In this respect, negative feedback regulation is an important

mechanism keeping inflammation in check. As certain miRNAs
might be important negative feedback regulators, the feedback
control may be lost due to reduced expression and concomitant
exacerbated inflammation may occur.

Let-7c
Analysis of miRNA expression in induced sputum supernatant
in the study of Van Pottelberge et al10 revealed that the expres-
sion of let-7c (lethal-7c) was significantly lower in patients with
COPD in comparison with never-smokers and smokers without
COPD. Moreover, let-7c was significantly associated with FEV1

(% predicted) and was previously reported to be downregulated
in rat and mouse lungs upon CS exposure.22 25 The protein
level of TNF receptor II (TNFR-II) in sputum, a predicted
target gene of let-7c (MiRgen database), was inversely correlated
with the level of let-7c. Gene set enrichment analysis revealed
that target genes of let-7c are significantly enriched in patients
with severe and very severe COPD in comparison to patients
with moderate COPD. Furthermore, TNFR-II was enriched in
the sputum of patients with severe and very severe COPD.10

TNFR-II plays an important role in COPD pathogenesis, evi-
denced by the fact that TNFR-II knockout mice are protected
against CS-induced inflammation and emphysema.41 Let-7
mimics have been investigated as cancer therapeutics in mice42

and, given the demonstrated importance of let-7c in COPD
pathogenesis, it might also be an interesting therapeutic target
to investigate in preclinical COPD models.

MiR-101 and miR-144
The cystic fibrosis transmembrane conductance regulator
(CFTR) protein, a chloride channel involved in the maintenance
of fluid homeostasis in the lung, is suppressed in the lungs of

Table 1 Definition of terms

Conditional knockout An organism where gene disruption occurs in a tissue-or time-specific manner
Dicer An enzyme involved in the processing of precursor microRNAs (pre-miRNAs) into mature miRNAs
Epigenetics All changes in gene function that can be transmitted from one generation to the next, but that are not coded in the DNA sequence itself.

Examples are DNA methylation or histone acetylation
Gene promoter A region of DNA where transcription of genes is initiated
Gene set enrichment analysis A computational method used to determine whether an a priori defined set of genes shows statistically significant differences between

two biological states
Hypermethylation High degree of DNA methylation, resulting in a decreased gene expression
Introns Nucleotide sequences within a transcribed gene that are removed (spliced out) when the mature RNA product of a gene is formed

Long non-coding RNA (lncRNA) Non-coding RNA with a length greater than 200 nucleotides
Messenger RNA (mRNA) A protein-coding RNA molecule
MicroRNA (miRNA) Small RNA molecule (approximately 21–25 nucleotides long) that negatively regulates gene expression post-transcriptionally
miRNA mimic A synthetic RNA molecule designed to resemble an endogenous miRNA, typically used to study its function
miRNA processing The conversion of an immature miRNA into a mature miRNA by RNA endonucleases
Post-transcriptional An event that occurs after the transcription of DNA to RNA
Post-translational modification A step in protein biosynthesis where polypeptide chains undergo modifications in order to form the mature protein product
Primary miRNA RNA molecule that is cleaved in the nucleus to form a shorter double stranded hairpin (pre-miRNA), which, in his turn, is cleaved to

generate the mature miRNA
Ribosomal RNA The predominant part of the ribosome, essential for protein synthesis

RNA endonuclease Enzyme that is able to cleave a RNA chain
RNA polymerase Enzyme that catalyses the transcription from DNA to RNA
RNA splicing Process where introns are removed and exons are joined either shortly after or concurrent with transcription, in order to form a

mature RNA
Small interfering (si)RNA
knockdown

The use of a short complementary RNA molecule in order to reduce the expression of a specific gene

Transcription The process where a particular DNA segment is transcribed into RNA by the enzyme RNA polymerase
Transcription factor Protein that can activate or repress the transcription of a gene, by binding to a regulatory DNA sequence (eg, in the gene promoter)
Translation The process in which mRNA is converted to proteins
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Table 2 Expression pattern of miRNAs in patients with COPD, smokers and never-smokers

MiRNA
Most recent
annotation*

Accession
number Disease stage

Smoker vs
never-smoker

COPD
vs
smoker

COPD vs
never-smoker

Increasing
emphysema
severity Tissue/cell-type Targets References

COPD
miR-218 hsa-miR-218–5p MIMAT0000275 no COPD ↓ Bronchial airway

epithelium
MAFG (validated) 17

GOLD I and II ↓ ↓ Induced sputum 10

GOLD I to IV ↓ BAL fluid 18

miR-146a hsa-miR-146a-5p MIMAT0000449 GOLD I to IV ↓ Fibroblasts COX-2 (predicted) 33

GOLD I and II ↓ ↓ ↓ Induced sputum 10

GOLD I, II and IV ↑ Lung tissue 27

let-7c hsa-let-7c-5p MIMAT0000064 GOLD I and II ↓ ↓ ↓ Induced sputum TNFR-II (predicted) 10

miR-101 hsa-miR-101-3p MIMAT0000099 GOLD IV ↑† Lung tissue CFTR (validated), MPK-1
(predicted)

44

miR-15b hsa-miR-15b-5p MIMAT0000417 GOLD I, II and IV ↑ Lung tissue SMAD7 (validated) 27

miR-144 hsa-miR-144-3p MIMAT0000436 GOLD I, II and IV ↑ Lung tissue CFTR (validated) 27

miR-199a-5p hsa-miR-199a-5p MIMAT0000231 not specified ↓† Peripheral blood
monocytes

ATF6, NF-κB1,RELA, GRP78,
IRE1, HIF-1α (validated)

49

GOLD I to IV ↑ Lung tissue 57

GOLD I to IV ↓ T-regulatory cells 50

miR-34b hsa-miR-34b-3p MIMAT0004676 GOLD I and II ↓ ↓ Induced sputum 10

miR-452 hsa-miR-452-5p MIMAT0001635 No COPD ↓ Alveolar
macrophages

MMP12 (predicted) 23

miR-34c hsa-miR-34c-5p MIMAT0000686 GOLD I and II ↓ ↓ Induced sputum 10

Emphysema
miR-34c hsa-miR-34c-5p MIMAT0000686 GOLD I and II: Mild versus moderate

emphysema (measured by KCO)
↓ Lung tissue 63

miR-638 hsa-miR-638 MIMAT0003308 GOLD IV (measured by Lm on CT) ↑ Lung tissue 52

*MiRBase release 21.
†Patients with COPD were compared with controls (the article does not specify whether the controls were smokers or non-smokers).
ATF6, activation of transcription factor 6; BAL, bronchoalveolar lavage; CFTR, cystic fibrosis transmembrane conductance regulator; COX-2, cyclooxygenase-2; GOLD, Global Initiative for Chronic Obstructive Pulmonary Disease; GRP78, glucose response
protein 78; HIF-1α, hypoxia inducible factor 1α; IRE1, inositol requiring enzyme 1α; KCO, lung carbon monoxide transfer coefficient; Lm, mean linear intercept; MAFG, v-maf musculoaponeurotic fibrosarcoma oncogene homologue G, avian; miR,
microRNA; MMP-12, matrix metallopeptidase 12; MPK-1, mitogen-activated protein kinase phosphatase 1; NF-κB1, nuclear factor κB1; RELA, V-Rel avian reticuloendotheliosis viral oncogene homologue A; SMAD7, mothers against decapentaplegic
homologue 7; TNFR-II, tumour necrosis factor receptor II.
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patients with COPD with a history of smoking.43 Hassan et al44

showed that expression of miR-144 and miR-101 suppresses
CFTR protein in human bronchial epithelial cells and that they
target the 30 untranslated region of CFTR in vitro. Both
miRNAs are upregulated by CS and cadmium.44

In addition, miR-144 was found to be upregulated in lung
tissue from patients with COPD in comparison to smokers
without COPD.27 Chronic cigarette smoking might thus upregu-
late miR-101 and miR-144, and this may result in the suppres-
sion of CFTR in the lungs of patients with COPD, causing an
imbalance in fluid homeostasis (figure 3).

MiR-15b
MiR-15b is significantly upregulated in COPD tissue and is
expressed in bronchial epithelium and alveolar wall in type II
pneumocytes.27 SMAD7 (mothers against decapentaplegic
homologue 7) is involved in the pathogenesis of COPD45 and is
a predicted target of miR-15b (TargetScan V.5.1, PicTar,
miRanda) (figure 3). SMAD7 has an inhibitory function in
transforming growth factor β (TGF-β) signalling and was mark-
edly downregulated in bronchial biopsies of patients with
COPD.27 Moreover, knockdown of miR-15b in Beas2B bron-
chial epithelial cells resulted in increased SMAD7 protein
expression and, consequently, a reduced early phosphorylation
of SMAD3 in response to TGF-β. In line with this, overexpres-
sion of miR-15b caused an increased early phosphorylation of
SMAD3.27

MiRNA-199a-5p
CS causes proteins to misfold, leading to ER stress and the acti-
vation of the unfolded protein response.46 GRP78 (glucose
response protein 78), IRE1 (inositol requiring enzyme 1α),
ATF6 (activation of transcription factor 6), NF-кB1 and RELA
(V-Rel avian reticuloendotheliosis viral oncogene homologue A)
are all involved in the unfolded protein response and are con-
firmed targets of miR-199a-5p.47–49

By studying isolated peripheral blood monocytes from indivi-
duals with or without COPD, a mechanism was put forward
whereby hypermethylation of the miR-199a-5p promoter
induces miR-199a-5p silencing, followed by derepression of pro-
teins involved in the unfolded protein response and consequent
unfolded protein response activation in patients with COPD.49

Recently, Chatila et al50 demonstrated that miR-199a-5p is
significantly higher expressed in T-regulatory (Treg) cells com-
pared with T-effector (Teff ) cells in peripheral blood. Moreover
miR-199a-5p was approximately fourfold lower in Treg cells of
patients with COPD compared with healthy smokers.50 The
role of Treg cells in the pathogenesis in COPD is still undeter-
mined. These cells are CD4+ T cells with an immunoregulatory
function, mediating a suppressive effect on other T cells and
antigen-presenting dendritic cells.

The role of miRNAs in emphysema
COPD is a heterogeneous disease, with patients suffering from
varying degrees of obstructive bronchiolitis and emphysema.

Figure 2 Proposed negative feedback mechanism involving miR-135b. Cigarette smoke induces an increase in pulmonary expression of miR-135b
in mice and this increase is dependent on IL-1α/IL-1R1 signalling.37 Activated caspase-1 generates the mature form of IL-1β by cleaving its
precursor, pro-IL-1β. Both mature IL-1β and IL-1α activate the IL-1R1, which transduces its signal through myeloid differentiation primary response
88 protein (MyD88), ultimately resulting in the activation of the transcription factors NF-кB and activator protein 1 (AP-1, not shown here). NF-κB
activation induces pro-IL-1β transcription and might also regulate the transcription of miR-135b (dashed arrow, observed in lung cancer cells82).
IL-1R1 and caspase-1 are likely targeted by miR-135b.37 In the post-acute phase, miR-135b might thus function as a negative feedback regulator by
binding on its own regulator (IL-1R1) and its downstream effector, caspase-1, in an attempt to halt the progression of inflammation into the chronic
phase. Figure adapted from Halappanavar et al.37 IL-1α, interleukin 1α; IL-1RI, interleukin 1 receptor 1; IL-1RAcP, IL-1R accessory protein; miRNA,
microRNA; mRNA, messenger RNA; MyD88, myeloid differentiation primary response protein 88; NF-кB, nuclear factor кB.
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Importantly, there is only a weak correlation between these two
disease manifestations, where the same FEV1 value (as measured
by spirometry) can be accompanied by a low or high degree of
emphysema (as evidenced by pathological examination of lung
tissue resection specimens, CT scan of the lungs (imaging), or
measurement of the diffusing capacity of the lungs) in different
patients.51 However, most studies on miRNA expression in
COPD use a disease classification solely based on the degree of
airflow obstruction. For an overview of the expression pattern
of the discussed miRNAs in patients with COPD, smokers and
never-smokers see table 2.

MiR-638
Notably, miRNA expression seems to be correlated with
regional emphysema severity.52 MiR-638, for example, was
positively correlated with emphysema severity and had more
than 50 positively or negatively regulated targets. Inhibition of
this miRNA in lung fibroblasts resulted in overexpression of its
predicted targets, including genes involved in the oxidative
stress response and extracellular matrix remodelling.52

MiR-101
Hassan and colleagues found miR-101 to be highly expressed in
the lungs of patients with COPD and in the lungs of mice

subjected to CS.44 MiR-101 targets mitogen-activated protein
kinase (MAPK) phosphatase 1 (MPK-1), an inhibitor of
MAPKs.53 High expression of this miRNA could lead to
reduced dephosphorylation of extracellular signal-regulated
kinase (ERK) 1/2 by MPK-1 and a sustained activation of ERK
1/2, seen in patients with COPD54 (figure 3). Notably, ERK1/2
signalling is also required for the increased expression of the
protease MMP-1 in emphysematous lung tissue of chronic
smokers.55

MiR-452
MiR-452 is highly downregulated in alveolar macrophages from
active smokers compared with non-smokers.23 Upon transfec-
tion of a miR-452 inhibitor in human monocytic THP-1 cells
that are induced to differentiate toward a macrophage pheno-
type, the expression of matrix metallopeptidase 12 (MMP12)
mRNA (a predicted target, MicroCosm database) was increased.
MMP12 is secreted by macrophages and plays an important role
in the pathogenesis of COPD by degrading elastin, thereby
causing emphysema.56

MiR-199a-5p
In contrast to Hassan et al,49 Mizuno and colleagues reported
an increased miR-199a-5p expression in lung tissue samples of

Figure 3 Schematic overview of hypothetic functions of miR-144, miR-101 and miR-15b in bronchial epithelial cells. The CFTR protein is
suppressed in the lungs of patients with COPD with a history of smoking.43 MiR-144 and miR-101 are upregulated by cigarette smoke and in
patients with COPD.27 44 Expression of miR-144 and miR-101 suppresses CFTR protein in HBE cells and both miRNAs target the 30 untranslated
region of CFTR in vitro.44 Chronic cigarette smoking might upregulate miR-101 and miR-144, and this may result in the suppression of CFTR in the
lungs of patients with COPD, causing an imbalance in fluid homeostasis. MiR-101 targets MPK-1.53 High expression of this miRNA could lead to
diminished dephosphorylation by MPK-1 and a sustained activation of ERK 1/2, seen in patients with COPD.54 Notably, ERK1/2 signalling is also
required for the increased expression of MMP-1 in emphysematous lung tissue of chronic smokers.55 SMAD7 is a predicted target of miR-15b. It has
an inhibitory function in transforming growth factor β (TGF-β) signalling and was markedly downregulated in bronchial biopsies of patients with
COPD.27 Overexpression of miR-15b in Beas2B bronchial epithelial cells resulted in decreased SMAD7 protein expression and, consequently, an
increased early phosphorylation of SMAD3 in response to TGF-β.27 CFTR, cystic fibrosis transmembrane conductance regulator; Cl−, chlorine;
ERK 1/2, extracellular signal-regulated kinase 1/2; miR, microRNA; MMP1, matrix metallopeptidase 1; MPK1, mitogen-activated protein kinase
phosphatase 1; SMAD, mothers against decapentaplegic; TGF-β, transforming growth factor β.
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patients with COPD in comparison to control samples of never-
smokers with normal lung function.57

The authors propose a mechanism whereby oxidative stress
mediates an upregulation of TP53, which in turn upregulates
miR-34a, followed by regulation of miR-199a-5p, possibly
through AKT inactivation.57

Transfection of a miR-199a-5p precursor in human pulmon-
ary microvascular endothelial cells resulted in a decreased
hypoxia inducible factor 1α (HIF-1α) expression,57 in line with
decreased expression in lungs from patients with COPD.58

Furthermore, HIF-1α positively regulates vascular endothelial
growth factor (VEGF) gene expression,59 which is of import-
ance, since conditional knockout of the VEGF ligand60 and
inhibition of its receptor61 in mouse lungs resulted in emphy-
sema. In addition, in a genome-wide gene expression profiling
study of lung tissue samples from current and ex-smokers with
and without COPD, VEGF was one of the most downregulated
genes in COPD samples.62

MiR-34c and miR-34b
In a recent study miRNAs differentially expressed between mild
and moderate emphysematous lung were identified.63 Five
miRNAs were significantly downregulated in lungs from patients
with moderate emphysema, with miR-34c exhibiting the largest
fold change. Supporting these findings, a more than threefold
downregulation of miR-34c was observed in sputum from
smokers with or without COPD compared with never-
smokers.10 Moreover, miR-34c was significantly downregulated
in the lungs of rats exposed to CS.25

MiR-34b originates from the same primary transcript as
miR-34c and its expression is also reduced in the sputum from
smokers with or without COPD compared with never-
smokers10 and in the lungs of mice22 and rats25 exposed to CS.

MiR-34c acts as a tumour suppressor and is downregulated in
many types of cancer, including lung cancer.64 A synthetic
mimic of miR-34 (MRX34) is the first miRNA mimic that has
reached a phase I clinical trial status,65 aiming to restore its
function in a range of cancers.

Further, given the downregulation of miR-34c in serum of
patients with COPD compared with healthy controls, it was sug-
gested that this miRNA might serve in the clinic as a biomarker
in COPD.66 These studies open a window to the potential for
certain miRNAs to serve as diagnostic and therapeutic agents in
the combat against COPD.

Use of non-coding RNAs as biomarkers in COPD
Since miRNAs are remarkably stable in biofluids67 and can be
easily and reproducibly detected, they make excellent candidates
for risk prediction and minimally invasive diagnosis of COPD.

For example, levels of serum miR-21 and miR-181a and their
ratio are suggested to have potential biomarker value for pre-
dicting the development of COPD in heavy asymptomatic
smokers.68

Also in serum, five miRNAs (miR-34c-5p, miR-20a,
miR-28-3p, miR-100 and miR-7) were differentially expressed
between patients with COPD and controls.66 This suggests that
these miRNAs might have a biological function in the pathogen-
esis of COPD and in the future might serve as biomarkers of
COPD.

In sputum, an easily accessible body fluid, detection of both
miRNAs and lncRNAs has also been reported.10 69 In addition,
by using sampling of exhaled breath condensates, another min-
imally invasive method, it is also possible to detect differential
expression of miRNAs.70

DYSREGULATION OF LONG NON-CODING RNAS BY CS
EXPOSURE AND IN PATIENTS WITH COPD
Unlike miRNAs, lncRNAs are much less characterised. The
function of some individual lncRNAs (such as HOTAIR
(LNCipedia ID: lnc-SMUG1-771 72)) has been elucidated, but
the function of most lncRNAs remains unknown.

Recently, a novel lncRNA was characterised, named the smoke
and cancer-associated lncRNA-1 (SCAL1, lnc-ARRDC3-1), which
is upregulated by CS extract in vitro73 and is elevated in the
airway epithelia of cigarette smokers versus non-smokers.74 75 As
its name suggests, SCAL1 is also elevated in many lung cancer
cell lines. Small interfering RNA knockdown experiments
demonstrated that SCAL1 is transcriptionally regulated by nuclear
factor erythroid 2 related factor (NRF2). NRF2 is involved in
the regulation of protective antioxidant genes76 and NRF2 loss
of function sensitises lung cells to COPD-like changes.77

Furthermore, NRF2 expression is reduced in pulmonary macro-
phages of patients with COPD.78

Knockdown of SCAL1 in bronchial epithelial cells resulted in
a significant potentiation of CS-induced cytotoxicity, indicating
that it might function as a protector against oxidative stress
(see figure 1). It is suggested that SCAL1 mediates some of the
cytoprotective functions of NRF2 toward CS-induced stress.73

The authors also analysed several publically available data-
bases and found that CS is able to alter the expression of
numerous lncRNAs in airway epithelial cells.73 LncRNAs,
similar to miRNAs, might function as regulators of large sets of
genes that protect against environmental stresses such as CS
exposure.

Interestingly, lncRNAs are expressed in a more pronounced
tissue-specific manner than protein-coding genes,79 making
them attractive future diagnostic and therapeutic targets.

Recently, a study was published comparing the lncRNA
expression profile in lung tissue from non-smokers and smokers
with or without COPD.80 Upon comparison of patients with
COPD and smokers without COPD, upregulation of 120 and
downregulation of 43 lncRNAs was reported. Given the small
sample size and the inclusion of only male subjects, additional
larger studies with both genders are warranted.

FUTURE DIRECTIONS
COPD is a heterogeneous disease, with patients suffering from
varying degrees of obstructive bronchiolitis and emphysema. As
it stands, most studies on non-coding RNA expression profiling
in COPD characterise patients solely by measurements of
airflow obstruction, not taking the degree of emphysema into
account (see online supplemental table S1). Nonetheless,
emphysema is independently associated with poor clinical
outcome and might also be the predominant disease manifest-
ation in certain patients with COPD.81 Given this limitation,
future studies should make an accurate assessment of emphy-
sema extent and severity to produce a more complete classifica-
tion of patients with COPD, allowing a more precise
comparison between different groups.

As discussed in this review, great difficulties arise when trying
to find overlap between miRNA profiling studies. Next to
taking differences in patient characteristics into account, it
remains important that findings are replicated in independent
validation cohorts, by different studies and by different labora-
tory measurement methods. Since RT-qPCR and microarray can
only quantify known targets, (small) RNA sequencing forms an
interesting method for discovery of novel tissue-and disease-
specific ncRNAs.
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Upon differential expression analysis of ncRNAs, the resulting
(top) hits should be functionally validated. Exhaustive profiling
experiments result in lists of statistically significant differentially
expressed ncRNAs, but little is known about the biological sig-
nificance of these findings. This can be achieved for example by
in vivo experiments, using either transgenic/knockout animals
or perturbation experiments.

CONCLUSION
Current therapy for COPD has only limited disease-modifying
effects. Hence, there is a great need for novel therapeutic inter-
ventions and preventive strategies. Research concerning the
pathogenetic mechanisms causing COPD would greatly contrib-
ute to an improved therapy for patients suffering from this
disease. The above-mentioned studies highlight the involvement
of ncRNAs in the host response towards environmental expo-
sures. In doing so, they are capable of influencing the suscepti-
bility towards lung diseases such as COPD, linking
environmental exposures to disease development and progres-
sion. Identification of ncRNAs important in these processes
could provide new clinical targets as well as diagnostic and
prognostic tools for COPD.
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