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MicroRNAs and respiratory diseases
Hitasha Rupani, Tilman Sanchez-Elsner and Peter Howarth

ABSTRACT: MicroRNAs (miRNAs) are a family of endogenous, small, noncoding RNA molecules

that modulate physiological and pathological processes by post-transcriptional inhibition of gene

expression. They were first recognised as regulators of development in worms and fruitflies. In

recent years extensive research has explored their pivotal role in the pathogenesis of human

diseases. Over 1,000 human miRNAs have been discovered to date; however, the biological

function and protein targets for the majority remain to be uncovered. Within the respiratory

system, miRNAs are important in normal pulmonary development and maintaining lung

homeostasis. Recent studies have also begun to reveal that altered miRNA expression profiles

may be associated with pathological processes within the lung and lead to the development of

various pulmonary diseases, ranging from inflammatory diseases to lung cancers. Advancing our

understanding of the role of miRNAs in the respiratory system will help provide new perspectives

on disease mechanisms and reveal intriguing therapeutic targets and diagnostic markers for

respiratory disorders.
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T
he human genome was once predicted to
contain .100,000 protein-coding genes,
based on the assumption that as complex

organisms we would have a large number of
genes. We now know there are ,30,000 protein-
coding genes in the human genome – only
slightly more than the unsophisticated nematode
Caenorhabditis elegans [1]. However, over the last
decade we have also learned that protein-coding
genes (which are transcribed to mRNA) comprise
only 2% of the human genome, and the vast
majority is transcribed as non-protein-coding
RNA (ncRNA) [2]. These ncRNAs are involved
in many vital roles within our bodies, including
protein synthesis (transfer RNAs and ribosomal
RNAs), splicing of mRNA (spliceosomal RNAs)
and regulation of gene expression (microRNAs).

MicroRNAs (miRNAs) are small ncRNA molecules
(,22 nucleotides (nt) in length) that constitute a
broad layer of gene regulation. They usually act as
endogenous repressors of gene activity by transla-
tional repression and mRNA degradation. They
have been found to be crucial to several biological
processes, including cell proliferation, apoptosis
and differentiation. Indeed, computational ana-
lyses suggest that miRNAs may regulate .60% of
the human genome [3, 4]. Although they were first
discovered in 1993 in the nematode C. elegans [5],
the term ‘‘microRNA’’ was not introduced until

2001 [6]. Over 1,000 human miRNA sequences
are now recognised, many of which are highly
conserved in other organisms, suggesting that they
represent a relatively old and important regulatory
pathway [7–9]. miRNAs are distinct from the
better-known small interfering RNAs (siRNAs)
that knock down transcription of single genes, as
a single miRNA may target several hundred
different mRNAs. Table 1 summarises some of
the differences between miRNAs and siRNAs.

Several human diseases have been associated
with deregulated miRNA expression, ranging
from metabolic and inflammatory diseases to
malignancy [11–15]. miRNAs are also pivotal to
both adaptive and innate immunity, with reg-
ulatory effects on cell differentiation and immu-
nological function [16]. However, despite our
increasing awareness about their role in human
diseases, much is yet to be learnt about their
functional targets, biological relevance and multi-
factorial role in development and disease. This
review focuses on the emerging role of miRNAs
in respiratory disease.

miRNA BIOGENESIS
miRNA biogenesis involves a series of complex
steps (fig. 1) which begin in the nucleus and are
completed in the cytoplasm. miRNA genes are
localised in the non-coding regions or introns of
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protein-coding genes in genomic DNA. Within the nucleus,
primary miRNAs (pri-miRNAs; generally .1 kb long) are
transcribed mainly by RNA polymerase II [9]. The pri-miRNA
undergoes a series of endonucleolytic steps including cleavage
by a nuclear RNase III enzyme termed ‘‘Drosha’’ [17–19]. The

resulting 70-nt pre-miRNA is actively transported into the
cytoplasm and processed into a 22-nt double-stranded miRNA
by a cytoplasmic RNase III enzyme termed ‘‘Dicer’’. One
strand of this duplex, representing the mature miRNA, is
incorporated into the RNA-induced silencing complex (RISC),
while the other strand is degraded. Assembled into the RISC,
the miRNA regulates gene expression by either translational
repression or mRNA degradation, which is dependent on
sequence complementarity between the miRNA 59 region (the
seed sequence) and mRNA 39 untranslated region (39UTR)
[9, 20, 21]. It has recently been shown that target mRNA
degradation or destabilisation is the predominant mechanism
for reduced protein output: about 84% of target repression
mediated by miRNAs is due to decreased mRNA levels, which
exceeds previous estimates [22].

STRATEGIES FOR PROFILING miRNA EXPRESSION AND
TARGET GENE IDENTIFICATION
miRNAs are structurally different from traditional RNAs (e.g.
mRNA), and methods used to profile and quantify traditional
RNAs need to be modified and adapted to study miRNAs.
Early on, Northern blotting and cDNA arrays were used to
study miRNAs. More recently, a range of techniques have
emerged, which are described in table 2.

Quantitative PCR, first developed in 2004 [23], is commonly
used to identify differences between two groups of samples,
often a ‘‘normal’’ control and a ‘‘disease’’ sample. The accuracy
of this assessment is crucially dependent on proper normal-
isation of the data in order to remove as much variation as
possible between these groups except for variability that is
a consequence of the disease itself [24]. Ideally, a normaliser
is a single nucleic acid that is consistently expressed across
all samples and demonstrates equivalent storage stability, ex-
traction and quantification efficacy as the target miRNA.
Occasionally, more than one miRNA normaliser/endogenous
control is used in order to improve accuracy and robustness.
For microarrays, other data-driven normalisation methods are
frequently used and include mean expression normalisation
and quantile normalisation [25]. Finally, when comparing
sample groups, in addition to relative expression it is also

TABLE 1 Differences between microRNA (miRNA) and small interfering RNA (siRNA)

miRNA siRNA

Structure Single stranded, 19–25 nucleotides long Double stranded, 21–22 nucleotides long

Origin Endogenous to every cell

Transcribed from genomic DNA

Chemically synthesised molecules that are transfected into

mammalian cells

Occur naturally in viruses, plants and lower animals

Complementarity to target mRNA Not perfect, therefore a single miRNA may target

several hundred mRNAs

100% perfect complementarity, therefore siRNAs knock down

transcription of specific genes

Only very minor off-target exceptions

Biogenesis Expressed by genes whose purpose is to make

miRNAs

Regulate the same genes that express them

Action Inhibit mRNA translation

mRNA destabilisation

Cleave mRNA

Function Regulate gene expression (mRNA) Gene silencing proto-immune system in some organisms

Adapted from [10] by permission from Macmillan Publishers Ltd: Nature Biotechnology, copyright 2007.

Transcription
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Ran-GTP
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TRBP

Ago2 Ago(s)
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Exportin-5
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FIGURE 1. MicroRNA (miRNA) biogenesis. Pri-miRNA: primary miRNA;

DGRC8: DiGeorge syndrome critical region gene 8; Ran-GTP: Ras-related nuclear

protein-guanosine-5’-triphosphate; TRBP: trans-activation response RNA-binding

protein; Ago: Argonaute protein; RISC: RNA-induced silencing complex; UTR:

untranslated region.
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useful to consider absolute miRNA levels: a change from 1,000
to 2,000 units could be argued as being more biologically
relevant than a change from five to 10 units [26].

Each miRNA has hundreds of evolutionarily conserved targets
and several times that number of non-conserved targets [27]. It
is also recognised that multiple miRNAs can target the same
gene, suggesting that it is the combination of all these activities
that determines the expression of the gene and the biological
significance of the interactions [28]. Computational algorithms
have been the major driving force in predicting miRNA targets
and most researchers use target gene-prediction databases
such as PicTar, TargetScan, miRana, miRBase and miRGen
[29]. Different algorithms may yield different miRNA–mRNA
predictions and it is imperative that the researcher is aware
that there may be false positives (pairs that are statistically
significant but cannot be verified) and false negatives (true
pairs that are missing from the results). It is common practice
to focus on targets that are predicted by multiple algorithms.
One commonly used technique for validating miRNA target
genes is to either overexpress or inhibit the miRNA in the
selected cell, assess whether this corresponds to a predictable
change in the amount of protein encoded by the target mRNA
and demonstrate that this equates to changes in biological

function. To complement this and confirm a direct molecular
link between the miRNA and mRNA, the 3’UTR of the target
mRNA can be cloned into a luciferase reporter. The recombi-
nant plasmid, along with the miRNA of interest, is then
transfected into a cell and luciferase activity or light emission
measured [30, 31] (fig. 2).

REGULATION OF miRNAs
Most miRNAs are predicted to target many hundreds of
mRNAs, simultaneously targeting multiple gene pathways to
fine-tune gene expression. Therefore, multiple mechanisms
have evolved to stringently regulate miRNA function at
multiple levels, for example, during transcription, miRNA
processing and target interaction [32]. At the transcription level,
a number of regulatory factors have been identified that bind
directly to the miRNA promoter elements and control their
expression. For instance, the tumour suppressor gene p53 has
been shown to bind to the promoter regions of the miR-34 family
and activate their expression. The overexpression of miR-34 in
vitro leads to cell cycle arrest and apoptosis, effects similar to
those of enforced p53 expression alone [33–35]. miRNA
transcription also appears to be under epigenetic control and
dependent on methylation status. This is supported by the

TABLE 2 Techniques used to profile microRNA (miRNA) expression

Technique Details

Northern blotting Uses radioactive probes

Low sensitivity unless LNA-modified oligonucleoide probes used

Very time-consuming and requires large amounts (5–25 mg) of total RNA from each sample

Therefore, not practical in large clinical studies

Cloning Identified many of the original miRNAs

Time-consuming and impractical for large-scale detection of hundreds of miRNAs

miRNA oligo microarray Involves hybridisation of miRNAs to oligonucleotides

Allows for the detection of large numbers of miRNAs in one experiment

Possible cross-detection of immature forms of miRNA

Labour intensive, relatively expensive and a high level of expertise needed

Requires large amounts of high-quality RNA to achieve reliable results

Bead-based flow cytometry Involves both amplification and hybridisation

Each latex bead is assigned to a unique miRNA

For the PCR reaction biotinylated PCR forward primers are used, which can react enzymatically with streptavidin–

phycoerythrin to emit a coloured signal that can be registered by a flow cytometer

Can be used to indicate presence and quantity of specific miRNAs

Extremely labour intensive

Real-time PCR/qPCR Gold standard of nucleic acid quantification

Able to detect low copy numbers with high sensitivity and specificity

Can be used for clinical samples with minute amounts of available RNA

Can discriminate between isoforms of related miRNAs that differ by only one or two base pairs

qPCR-based microarrays can simultaneously determine expression levels for large numbers of miRNAs in a single

experiment

In situ detection Can be used in paraffin-embedded, formalin-fixed tissue

Can be used to locate the cellular and sub-cellular distribution of the miRNA

Two methods: RT in situ PCR and in situ hybridisation with an LNA probe

Deep sequencing Allows simultaneous sequencing of millions of RNA (or DNA) molecules

Measures absolute abundance, allowing for the discovery of novel miRNAs

Expensive but becoming more available to researchers

qPCR: quantitative PCR; LNA: locked nucleic acid; RT: reverse transcriptase.
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observation that a subset of miRNA genes resides within CpG
islands. This has potential relevance to lung cancer develop-
ment, as, in contrast to the extensive methylation of the let-7a
locus in normal lung, in some patients with lung adenocarci-
noma the let-7a locus is hypomethylated. The implication of
these findings is that loss of epigenetic control within certain
miRNA loci could contribute to malignant transformation [36].
Once transcribed, miRNA maturation is under stringent control
by regulatory factors, with both positive and negative control at
the level of Drosha nuclear processing [37, 38], as well as effects
on pre-miRNA transport out of the nucleus [39] and/or
cytoplasmic processing by Dicer [40, 41].

Polymorphisms within the 39UTR region of the target mRNA
may also compromise miRNA regulation and binding [42]. For
example, a single nucleotide polymorphism in the 3’UTR of
human leukocyte antigen (HLA)G influences the targeting of
three miRNAs to this gene, suggesting that allele-specific
targeting of these miRNAs could account for the observation
that HLAG is an asthma susceptibility gene [42, 43]. The
immune response itself also has the potential to regulate
miRNA levels [44]. LIU et al. [45] have demonstrated that
bacterial endotoxin induces expression of miR-147 which then
acts to attenuate Toll-like receptor (TLR) stimulation-induced
inflammatory responses in macrophages and prevent excessive
inflammatory responses. Interleukin (IL)-13, a major cytokine
in the asthmatic airway, has been shown to downregulate the
expression of miR-133a in bronchial smooth muscle cells,
thereby altering the phenotype of these cells [46]. miRNAs may
also be regulated by environmental factors such as cigarette

smoke, pollutants and diet [32, 47, 48]. Fascinatingly, this could
have implications for subsequent generations as it has been
demonstrated in a murine model that a maternal high-fat diet
leads to an altered expression of key miRNAs in offspring [49].

INVOLVEMENT IN RESPIRATORY DISEASE
miRNAs have been shown to be expressed in a tissue-specific
and developmental stage-specific manner [50–52]. The lung
has been shown to have a very specific miRNA expression
profile and these miRNAs are important for lung development
and in maintaining lung homeostasis [53, 54]. A global
reduction in miRNAs through lung-specific deletion of Dicer
leads to abnormal apoptosis and airway branching during lung
development [55]. The miR-17–92 cluster (which contains
miR-17, -18, -19, -20 and -92) is believed to regulate lung
development because its expression is high in embryonic lung
and steadily declines through development into adulthood
[56]. Mice deficient in the miR-17–92 cluster develop hypo-
plastic lungs, while overexpression of the miR-17–92 cluster
leads to the absence of terminal bronchioles, which are
replaced by proliferative, undifferentiated epithelium [56, 57].
In addition to their involvement in health and development, it
is also apparent that deregulation of miRNAs is likely to
underlie a range of pulmonary disorders.

LUNG CANCER
Lung cancer is the leading cause of cancer-related death
worldwide. Despite advances in medical care and technology,
5-yr survival rates have failed to show significant improve-
ments since the 1970s, underscoring the need for novel
modalities for early detection, prognostication and targeted
therapies. miRNA mis-expression has been documented in
several solid and haematological malignancies. Their impor-
tance in cancer is highlighted by the observation that ,50% of
miRNA genes are located in cancer-associated genomic regions
or fragile sites, which are frequently amplified or deleted in
tumorigenesis [58]. As our understanding of miRNAs is
increasing it is becoming clear that miRNAs are not only
involved in lung cancer development and progression, but
may also serve as biomarkers for diagnosis, prognosis and
response to treatment. Two patterns of miRNA deregulation in
tumours are commonly observed. The first occurs in solid
tumours in which a group of miRNAs are deregulated,
suggesting that these miRNAs may be involved in crucial
cellular pathways such as cell–cell adhesion and signalling,
cell-cycle regulation and apoptosis. Secondly, certain miRNAs
are deregulated only in specific tumours, suggesting some
tumour-specific micro-environment may be in place to favour
particular miRNA profiles, allowing their use as biomarkers.

Tumour suppressor miRNAs and oncogenic miRNAs
The role of oncogenes and tumour suppressor genes in the
pathogenesis of cancer is well known and miRNAs not only
control the expression of known protein-coding oncogenes and
tumour suppressors, but also act as oncogenes and tumour
suppressors directly [59].

Several miRNAs have been shown to be expressed at lower
levels in lung cancer when compared to normal lung. Among
these, the most extensively studied for its tumour suppressor
activity is the let-7 family. This was the first group of miRNAs
found to be downregulated in lung cancer. Let-7 has been

a)

b)

c) 3′UTR mutant

+ microRNA

+ microRNA microRNA

microRNA

LIGHT

LIGHT

LIGHT

Luciferase 3′UTR

Luciferase 3′UTR

Luciferase 3′UTR

FIGURE 2. Luciferase assay. The DNA sequence corresponding to the 39

untranslated region (UTR) of the target gene is cloned into a luciferase reporter,

allowing it to exert control on the translation of the luciferase protein. The

recombinant plasmid is transfected into a cell where it expresses the mRNA for

the luciferase protein and the fused 39UTR, containing the miRNA binding site. a)

The expression of luciferase can be assessed by measuring luminescence. b) The

recombinant plasmid is transfected into a cell along with the miRNA of interest. The

binding of the miRNA to the 39UTR will repress the production of the luciferase

reporter protein and less ‘light’ is produced. c) To further confirm the results,

luciferase reporter constructs harbouring mutant versions of the 39UTR, along with

the miRNA of interest, can be transfected into the cell. Due to the lack of sequence

homology the miRNA is unable to bind to the 39UTR and incapable of exerting

inhibitory effects on the translation of the luciferase reporter protein; reduction in

‘light’ production is not observed.
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shown to negatively regulate the expression of the RAS oncogene
[60] and, when administered intranasally, to reduce tumour
formation in a Ras mouse model of lung cancer [61]. Over-
expression of let-7 in lung cancer cell lines in vitro leads to
repression of cancer cell growth [62], while reduced let-7
expression in lung cancer resection cases has been shown to be
correlated with poor post-operative survival, independent of
other prognostic factors, including disease stage [63]. Furthermore
let-7 over-expression in lung cancer cells in vitro has been shown
to suppress radio-resistance, suggesting it could also be used as a
tool to augment current cancer therapy [64].

The miR-17–92 cluster has been shown to be markedly over-
expressed in lung cancers, especially small cell lung cancers [65].
When over-expressed it has the ability to target multiple cellular
pathways to favour tumorigenesis by enhancing cell prolifera-
tion, inhibiting apoptosis and increasing tumour vasculature [66].
These vascular effects have been related to the repression of the
anti-angiogenic proteins thrombospondin-1 and connective tissue
growth factor by this miRNA cluster [67]. Conversely, inhibition
of certain members of this cluster has been shown to induce
apoptosis and reduce cell growth in lung cancer cell lines [68].

Lung cancer biomarkers, diagnosis and prognosis
miRNAs are particularly attractive as biomarkers because they
are maintained in a stable form in accessible body fluids and
their expression patterns are easily detectable within blood, saliva
and urine [69, 70]. For example, differences in the expression
pattern of miRNAs in serum have been reported to correctly
discriminate between healthy subjects and patients with lung
cancer and colorectal cancer [71]. Within body fluids, miRNAs
are thought to be free-circulating and concentrated in exosomes
(small microvesicles secreted by cells including epithelial cells,
lymphocytes, dendritic cells and neurons) [72, 73].

Recent advances in biologically directed therapies for nonsmall
cell lung cancer (NSCLC) require more accurate sub-classifica-
tion of NSCLC due to the serious and sometimes life-
threatening complications associated with some of the these
treatments. Using formalin-fixed tissue, a miRNA-based diag-
nostic assay has been developed that can sub-classify NSCLC
with high sensitivity (96%), specificity (90%) and reproducibility
[74]. The sensitivity and specificity of the miRNA assay
compared favourably with histological diagnosis, making it a
promising tool for the future. Additionally, miRNAs can also be
used to distinguish between primary lung tumours and lung
metastases originating from other primary tumours [59].

Finally, miRNAs can be used to help predict prognosis and
cancer survival. It has been shown in 112 patients with NSCLC
that a five-miRNA signature (let-7a, miR-221, miR-372, miR-
137 and miR-182*) correlates with survival and cancer relapse
[75]. Patients with a high risk score for this five-miRNA
signature in their tumour specimens had increased cancer
relapse and shortened survival, even after stratifying patients
by stage or histology subgroups. Additionally, it has been
demonstrated that the expression of eight miRNAs is related to
the survival of patients with adenocarcinoma [76], while more
recently, mature miR-21 and a single-nucleotide polymorph-
ism in miR-196a-2 have been found to be associated with
survival in NSCLC patients [77, 78].

Other biological functions of relevance
The p53 protein is a well-known major tumour suppressor and its
encoding gene is mutated in about half of human cancers, while
in most of the remainder the p53 pathway is inactivated. Evidence
is starting to emerge that many of the actions of p53, including
apoptosis and senescence, are mediated by miRNAs [79].

Aberrant epidermal growth factor receptor (EGFR) expression
is known to lead to abnormalities in the normal cell growth
process and initiate cancer. Increased EGFR expression is
noted in several malignancies and it has become the focus of
targeted therapies [80]. It is downregulated by miR-128, a
miRNA that is frequently deleted in lung cancer. WEISS et al.
[81] have shown that miR-128b loss of heterozygosity was
frequent in tumour samples from 58 patients with NSCLC and
correlated significantly with clinical response and survival
following treatment with an EGFR–tyrosine kinase inhibitor.

miRNAs AND THE IMMUNE RESPONSE
The respiratory epithelium is constantly exposed to numerous
foreign particles, including toxins and potential pathogens. The
human immune system has developed into a highly complex
and adaptable defence mechanism that protects us from these
foreign and harmful substances. miRNAs have been shown to
be pivotal in both the adaptive and innate immunity, including
controlling the differentiation of various immune cell subsets as
well as their immunological functions [16, 57, 82–91].

miRNAs and the innate immune response
The innate immune response provides the initial defence
against infection by external pathogens and is predominantly
mediated via myeloid cells such as macrophages, dendritic cells,
monocytes and neutrophils. Several miRNAs, including miR-
155, miR-146 and miR-223, regulate the acute inflammatory
response after recognition of pathogens by TLRs [92]. For
example, miR-132, miR-146 and miR-155 are upregulated in
macrophage cell lines in response to endotoxin [93]. miR-146
induction is triggered by TLRs that recognise bacterial consti-
tuents and by pro-inflammatory cytokines such as IL-1b. It
appears to provide an important feedback mechanism during
severe inflammation by facilitating the resolution of inflamma-
tion [94]. This may involve miR-146-induced downregulation of
key components relevant to the activation of the pro-inflamma-
tory transcription factor nuclear factor (NF)-kB. miR-155 is
understood to be upregulated in macrophages as a consequence
of exposure to a broad range of inflammatory mediators and
viral and bacterial products [44, 95]. Once induced, it regulates
the release of inflammatory mediators and enhances the
production of tumour necrosis factor (TNF)-a [95]. miR-155
also plays a vital role in host defence against infectious diseases,
as it has been shown to modulate the maturation of dendritic
cells (DC) and influences the ability of these professional
antigen-presenting cells to bind pathogens by downregulating
the expression of DC-specific intercellular adhesion molecule-3
grabbing non-integrin [96]. miR-223 has been found to play a
crucial role in regulating granulocyte proliferation and activa-
tion [91, 97–99], although conflicting results exist as to its
impact. Separate studies have identified miR-223 to be both a
positive and negative regulator of granulocyte differentiation
[98, 99]. Despite these paradoxical results, miR-223 is felt to play
an indispensable role in regulating inflammatory responses and
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this is supported by functional studies. Mice exposed to
aerosolised endotoxin demonstrate a rapid increase in miR-
223 expression in lung and airway epithelia [100], while miR-223
knock-out mice spontaneously develop lung pathology and
exaggerated tissue destruction after endotoxin challenge [97].
These results suggest that miR-223 probably also acts as a
negative modulator of inflammatory responses in the lung.

miRNAs and the adaptive immune response
The adaptive immune response involves the selective recognition
and removal of invading pathogens through the activation and
subsequent clonal expansion of antigen-specific lymphocytes.

T-cells
miRNA expression varies across T-cell developmental stages
and miRNAs also modulate the differentiation status of
antigen-stimulated T-cells [101, 102]. miR-181 fine-tunes T-cell
sensitivity and positive selection and regulates the quantitative
levels of T-cell response to antigens by modulating the
signalling strength of the T-cell receptor [101, 103]. MiR-155
is also involved in T-cell differentiation and activation. In miR-
155-null mice, CD4+ T-cells show intrinsic bias towards a T-
helper cell (Th) type 2 phenotype, with enhanced levels of the
Th2 cytokines IL-4 and IL-5 [90]. In addition, miR-155 plays an
important role in regulatory CD4 T-cell (Treg) generation and
function [16]. Treg cells are CD4+ T-cells in charge of
suppressing potentially deleterious activities of Th cells and
their functions include maintaining self-tolerance and suppres-
sion of respiratory diseases such as asthma and allergy.

B-cells
Several studies have demonstrated that B-cells require miR-155
for normal production of isotype-switched, high-affinity
antibodies and for a memory response [90, 104–106]. miR-155
knock-out mice fail to develop an immune response to
pathogens following immunisation, supporting its role in
antigen-driven B-cell maturation [90, 104].

miRNA AND CIGARETTE SMOKE
Approximately 1.3 billion people smoke cigarettes worldwide
and smoking is a significant risk factor for respiratory diseases
including lung cancer and chronic obstructive pulmonary
disease (COPD). Tobacco smoke has been shown to affect
bronchial epithelial miRNA expression, with 28 miRNAs
reported to be differentially expressed in current smokers in
comparison to lifelong nonsmokers [47]. The majority of these
were downregulated in the tobacco smokers. As several of
these miRNAs (miR-218, miR-15a, miR-199b and miR-125b)
have also been shown to be downregulated in other cancers,
these changes, by implication, have potential relevance to the
development of tobacco-related malignancies [76, 107–109].

Animal-based studies have also linked cigarette smoke expo-
sure, miRNA alterations and cancer development. Rats exposed
to cigarette smoke develop extensive alterations in pulmonary
miRNA expression, with most of the observed alterations
involving downregulation [110]. The most remarkably down-
regulated miRNAs belonged to families that regulate stress
response, apoptosis, proliferation and angiogenesis, all pivotal
processes in carcinogenesis. For example, cigarette smoke has
been shown to downregulate the let-7 family of miRNAs. As
described previously, let-7 has been found to be poorly

expressed in human lung tumours, its inhibition results in an
increased division of lung cancer cells in vitro [111], and lung
cancer patients with low let-7 expression survive for a shorter
time than those with high expression [76]. Cigarette smoke
exposure in rodents has also been shown to downregulate
several miRNAs involved in silencing angiogenic activities,
providing evidence that cigarette smoke stimulates vessel
growth in lungs [110]. It is noteworthy that these changes were
evident before cancer onset, arising as an early response to
environmental carcinogen exposure. Finally, in rodent studies
cigarette smoke downregulated several miRNAs involved in the
NF-kB pathway, which would result in NF-kB activation,
nuclear translocation and inflammation [110].

miRNA and COPD
COPD is a heterogeneous disease defined by airflow limitation
that is not fully reversible and an abnormal persistent
inflammatory response of the lung to noxious stimuli, particu-
larly cigarette smoke [112]. The role of miRNAs in the altered
immune responses and homeostatic mechanisms of COPD is
beginning to emerge. 34 miRNAs were found to be differentially
expressed in induced sputum from never-smokers compared
with current smokers without COPD, while eight miRNAs were
significantly reduced in current smokers with COPD compared
to never-smokers (miR-34c, miR-218, miR-34b, let-7c, miR-342-
3p, miR-125a-5p, miR-30e-3p and miR-125b) [113]. Levels of let-
7c significantly inversely correlated with protein levels of TNF
receptor type II (TNFR-II), which is implicated in the pathogen-
esis of COPD. In mouse models of COPD, knocking out TNFR-II
protects against the development of cigarette-smoke induced
inflammation and emphysema [114]. Intriguingly, compared to
never-smokers, let-7c was only reduced in current smokers with
COPD and not in ex-smokers with COPD or smokers without
COPD, suggesting that let-7c is involved in the development of
COPD due to smoking, but not in the persistence of airway
inflammation following smoking cessation.

Expression profiling of lung tissue from subjects with COPD
and smokers without COPD has revealed 70 miRNAs that are
differentially expressed, including miR-223, miR-127a, miR-
424 and miR-15b [115]. The group concentrated on miR-15b
and found that expression correlated with severity of COPD as
assessed by spirometry [115]. Interestingly, miR-15b was able
to regulate components of the transforming growth factor
(TGF)-b pathway, a key growth factor implicated in airway
remodelling in COPD.

It is now accepted that abnormal repair responses are involved
in the pathogenesis of COPD. Fibroblasts from patients with
COPD have been shown to under-express miR-146a in
response to inflammatory cytokines ex vivo, which leads to
over-expression of cyclooxygenase-2 and increased production
of prostaglandin (PG)E2 [116]. PGE2 is an inflammatory
mediator that is known to be increased in the lungs of patients
with COPD and is also a potent inhibitor of lung fibroblast
repair functions [117, 118]. Cytokine-stimulated miR-146a
expression also correlated with clinical severity of COPD as
assessed by airflow limitation and diffusion capacity.

ASTHMA
Asthma is a common respiratory disease characterised by
reversible airflow limitation, chronic airway inflammation and
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tissue remodelling. Both genetic factors and exposure to
environmental triggers are involved in the pathogenesis of
the disease, which is characterised by an abnormal Th2
response. Although studies are emerging that highlight the
role of miRNAs in inflammatory processes, very few have
specifically looked at their role in asthma pathogenesis. Work
from our group has shown that miR-155 has a central role in
the acquisition and maintenance of a Th2 phenotype by
modulating the response of human macrophages to IL-13
[119]. IL-13 is a key Th2-derived effector cytokine considered
to be relevant to asthma pathogenesis, and induces allergic
airway inflammation. Inhibition of miR-155 was shown to lead
to an increase in transcription factors involved in the
generation of a Th2 microenvironment, implicating this
miRNA in the pathogenesis of asthma. It has also been
proposed that IL-13 may modulate the phenotype of bronchial
smooth muscle cells by downregulating levels of miR-133a and
resulting in increased expression of RhoA protein [120, 121].
RhoA is a key protein in smooth muscle contraction and its
upregulation is associated with the augmented contraction of
bronchial smooth muscle [122, 123].

One experimental study in a mouse model of asthma identified
21 miRNAs that were differentially expressed between mice
with allergic airway inflammation and control mice [124]. In
particular, over-expression of miR-21 and repression of miR-1
were evident in IL-13 transgenic mice – mice that over-
expressed IL-13 in a lung-specific manner. miR-21 is thought
to target IL-12, a macrophage-derived cytokine that is involved
in adaptive immune responses involving Th1 cell polarisation.
Increased miR-21 would lead to a decrease in IL-12 and may
prime for Th2- and IL-13-associated responses. Downregulation
of IL-12 has also been shown to affect Treg cell function, leading
to a pro-inflammatory phenotype. miR-1 was identified as the
most downregulated miRNA. It is considered to be a muscle-
specific miRNA and important for normal muscle physiology
[125, 126]. Downregulation of miR-1 has been associated with
cardiac and skeletal muscle hypertrophy [127, 128], and it is
interesting to speculate that it could also contribute to the
smooth muscle hypertrophy and remodelling seen in asthma.

In a mouse model of house dust mite-induced allergic asthma,
levels of miR-16, -21 and -126 have been reported to be
significantly elevated in comparison to control animals. The
relevance of miR-126 has also been suggested in a mouse
model of acute allergic inflammation, in which the intranasal
administration of antagomirs that inhibit miR-126 led to
suppression of airway hyper-responsiveness to methacholine,
attenuation of mucus hypersecretion and inhibition of eosino-
phil recruitment [129]. However, in the house dust mite
sensitisation model, which is considered to reflect chronic
asthma, the same treatment was only able to suppress
eosinophil recruitment into the airways and had no effect on
airway wall inflammation or remodelling [130]. This suggests
and highlights that multiple miRNAs are likely to regulate
chronic diseases such as asthma.

As mentioned previously, miR-146 is thought to play a key role
in the negative feedback regulation of inflammation following
activation by the innate immune system. Within the asthmatic
airway miR-146 is thought to play a similar role. An increase in
miR-146 levels has been reported to reduce the IL-1b-induced

IL-6 and IL-8 release by both airway smooth muscle cells and
alveolar epithelial cells [94, 131]. Importantly, this negative
regulation was only observed at high IL-1b concentrations,
suggesting that it might be an important feedback mechanism
during severe inflammation.

Other groups have begun to look for differences in miRNA
expression profiles between patients with asthma and normal
controls. One such study investigated the expression of 227
miRNAs in bronchial biopsies of patients with mild asthma
and non-asthmatic healthy controls and found that no miRNAs
were differentially expressed [132]. Of interest, this study also
demonstrated that corticosteroid treatment did not influence
the expression of miRNAs despite improved lung function. It
was noted that different cell types within the airways had
different miRNA expression profiles, which raises the potential
that differential miRNA expression may be occurring in the
airways of asthmatics but within particular cell types.

OTHER RESPIRATORY DISEASES
Recently, miR-126 expression has been shown to be down-
regulated in cystic fibrosis (CF) versus non-CF airway epithelial
cells, which correlated with a reciprocal increase in the
expression of its predicted protein target TOM1 (target of
Myb1) [133]. The authors suggest that TOM1 may play an anti-
inflammatory role in CF lung and postulate that its increased
expression may be an attempt to compensate for the high pro-
inflammatory burden in this condition. TOM1 acts as a negative
regulator of signalling pathways induced by IL-1b and TNF-a
and over-expression of TOM1 inhibits NF-kB activity [134].

Attention has focused on miR-21 with respect to pulmonary
fibrosis. It has been found that miR-21 is upregulated in the
lungs of mice with bleomycin-induced fibrosis and also in the
lungs of patients with idiopathic pulmonary fibrosis [135].
Additionally, miR-21 has been shown to be upregulated by
TGF-b, a key pathological mediator of fibrotic diseases, and
functions in an amplifying circuit to enhance the pro-fibrogenic
activity of TGF-b1 and promote fibrotic lung diseases. MiR-21
inhibition significantly reduces collagen deposition in the lungs
of bleomycin-treated mice, making it a potential target for
developing novel therapeutics in treating fibrotic diseases. As
might be anticipated, this is not the only abnormal regulatory
miRNA reported in fibrotic lung disease, with another study
identifying 18 miRNAs, including let-7d, that are significantly
decreased in idiopathic pulmonary fibrosis [136]. TGF-b can
decrease the expression of let-7d, which results in epithelial–
mesenchymal transition in vitro and increased collagen deposi-
tion and alveolar septal thickening in mouse lungs in vivo. MiR-
155 is also intricately involved in epithelial–mesenchymal
interactions in the lung and specifically attenuates inflammatory
cytokine-mediated keratinocyte growth factor release by lung
fibroblasts [137]. This supports a role for miR-155 in the
pathogenesis of pulmonary fibrosis and suggests that altered
miR-155 expression could also have important pathophysiolo-
gical impacts during acute lung injury. Compared to age-
matched controls, miR-155 knock-out mice develop sponta-
neous remodelling of their airways, characterised by increased
collagen deposition and smooth muscle mass [90]. Work from
our laboratory has shown that over-expression of miR-155
attenuates TGF-b-induced expression of pro-fibrotic genes [138].
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CONCLUSION
miRNAs have a fundamental role in gene regulation and have
the capacity to modulate multiple gene pathways. They play
crucial roles in a range of biological processes including
embryogenesis, differentiation, proliferation, apoptosis, signal
transduction and carcinogenesis. In recent years there has also
been an explosion of reports on miRNA involvement in a range
of human diseases, including diseases and malignancies of
the lung. This has generated much interest in potentially uti-
lising disease-specific miRNAs in therapeutics and as aids
to diagnoses and prognoses; consequently it is crucial that
appropriate and reliable research methods are used. We still
only have a preliminary understanding of miRNAs and much is
yet to be learned about the specific and intricate role of miRNAs
in respiratory diseases. As a single miRNA could target several
hundred genes, determining which miRNA–mRNA pairs to
focus on for functional studies can be challenging and even once
a molecular interaction is confirmed biological relevance must
be demonstrated. This can be extremely arduous and time-
consuming because it is not the single miRNA–mRNA connec-
tion that needs to be studied but the effect of multiple miRNAs
targeting a single gene of interest. Frequently in vitro systems are
used to validate miRNA interactions and caution is required to
circumvent erroneous interpretation of data. However, there is
much interest in this exciting field and the successful translation
of miRNA research is bound to deepen our understanding of the
pathogenesis of diseases and influence the prevention, diag-
nosis, prognosis and therapy of respiratory diseases.
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