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Abstract

Since their initial discovery in the early 1990s, microRNAs have
now become the focus of a multitude of lines of investigation
ranging from basic biology to translational applications in the
clinic. Previously believed to be of no biological relevance,
microRNAs regulate processes fundamental to human health and
disease. In diseases of the lung, microRNAs have been implicated

in developmental programming, as drivers of disease, potential
therapeutic targets, and clinical biomarkers; however, several
obstacles must be overcome for us to fully realize their potential
therapeutic use. Here, we provide for the clinician an overview of
microRNA biology in selected diseases of the lung with a focus
on their potential clinical application.
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In the last several years, noncoding RNAs
(ncRNAs) have emerged as potential
disease-modifying molecules in lung
disease. Discovered more than 20 years ago,
this family of RNAs, previously considered
to be nonfunctional members of the human
genome, have proven to be important to
fundamental biological processes, including
growth, differentiation, programmed cell
death, and inflammation (1, 2). Among the
large family of ncRNAs, microRNAs (miRs)
represent the best-studied member.
Often localized to fragile chromosomal
regions, these small, 18- to 25-nucleotide
(nt), molecules can either induce mRNA
degradation or inhibit translation
(3). In fact, it is estimated that up to 60% of
the human genome may be under the
regulation of microRNAs (4). Until
recently, the majority of microRNA-based
studies had been conducted in cancers;
however, we are now observing a rapidly
growing body of investigation focused on
nonmalignant diseases of many organs,

including the lung. The parallels between
microRNA deregulation in lung disease and
their deregulation during development of
the lung are becoming apparent. Several
microRNAs critical to lung embryogenesis
appear to resurface in expression later in
life, thus suggesting their biological role in
the development of diseases of the lung.
The molecular triggers for this observed
deregulation remain a mystery. Increased
investigation of fundamental microRNA
biology during lung development may serve
to inform our understanding of lung
disease. We have now seen several
microRNA-based studies in lung cancer,
pulmonary fibrosis, chronic obstructive
pulmonary disease (COPD), asthma, and
pulmonary hypertension (PH) all
implicating microRNAs in the molecular
pathogenesis of these diseases.

Although our knowledge of
microRNAs in lung disease is increasing, we
are met with several questions regarding
both their biological complexity and

potential as both biomarkers and targeted
therapies. We are still challenged to identify
their eventual targeted therapeutic purpose.
We are also challenged with determining
how these small molecules integrate with
components of the human genome and
proteome to promote or prevent disease.
Last, long noncoding RNAs (lncRNAs) are
another form of ncRNA whose regulatory
role is only beginning to be realized. Among
the lncRNAs, both long intervening
noncoding RNAs (lincRNAs) and
ultraconserved regions appear to have
regulatory properties that may also be of
biological relevance to disease (5). Given the
rapidly advancing field of ncRNA
investigation in lung disease, herein we
provide for the clinician an overview of the
current state of primarily microRNA
application across lung disease with a focus
on their role in several diseases of the lung,
novel applications for detection, and the
challenges to translating microRNA to the
clinic.
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MicroRNA Biogenesis
and Regulation

The process of microRNA biogenesis
involves a series of well-orchestrated steps,
each of which is complex (Figure 1). A long
primary transcript (pri)-microRNA
undergoes transcription by RNA
polymerase II leading to the generation of
what are termed pri-microRNAs. These
pri-microRNAs are then bound to the
double-stranded RNA-binding domain
(dsRBD) protein known as DiGeorge
syndrome critical region gene 8 (DGCR8)
for vertebrates (6). The pri-microRNA is
then enzymatically converted by RNASEN/
Drosha to a smaller stem-loop z70-nt
precursor microRNA (pre-microRNA) (7).
Exportin, which is a double-stranded
binding protein, transports the pre-
microRNA from the nucleus to the
cytoplasm, after which Dicer generates
a mature microRNA by cleavage. It is at this
point that the mature microRNA may form
complementarity to either the 39 or 59
untranslated region (UTR) of a target gene
to induce either RNA degradation or
inhibition of translation. Several studies
have demonstrated that miRNAs tend to be
globally deregulated in many diseases,
including cancers. Although the
mechanisms for this deregulation have yet
to be fully elucidated, we now know that
microRNAs are susceptible to several
mechanisms for deregulation, including
epigenetic silencing, chromosomal
amplification, chromosomal deletion, and
environmental stressors (3).

MicroRNAs and
Lung Development

Lung organogenesis is an inherently
complex course, regulated by a multitude of
genes and signaling molecules. Evidence
continues to support the importance that
microRNAs play in lung development.
MicroRNAs have long been implicated
in the organogenesis innate to lung
development. Lung development in
mammalian species has been divided into
a series of six stages: embryonic, glandular,
canalicular, saccular, alveolar, and vascular
maturation. An evaluation for microRNA
expression patterns during the various
stages of lung development identified
21 microRNAs that were differentially

expressed (8). Williams and colleagues
compared microRNA expression patterns
between fetal and adult human lungs, using
real-time polymerase chain reaction, and
concluded that 13 microRNAs were
up-regulated in human fetal lungs and
8 were up-regulated in human adult
lungs (9). The significance of these changes
remains poorly understood.

The importance of microRNA function
to lung development and disease is further
underscored by investigations focused on
the miR-17-92 cluster This cluster is
a polycistronic gene localized to chromosome
13 and includes six microRNA genes (miR-17,
-18a, -19a, -20a, 19b-1, and 92-1) (10).

This particular cluster has been implicated
as an oncogene across both solid and
hematological malignancies (10). Expression
of these same microRNAs decreases during
the course of lung maturation. Investigators
have demonstrated that the transgenic
overexpression of the miR-17-92 cluster
drives the proliferation of lung epithelial
progenitor cells while inhibiting their
differentiation (11). Other microRNAs,
such as miR-127 and miR-351, are expressed
primarily at the sacculo-alveolar stage of
development, initially in the mesenchymal
compartment and later in lung epithelial
cells, suggesting their role in the cellular
reorganization and differentiation processes
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Figure 1. MicroRNA processing. AGO = Argonaute proteins; DGCR8 = DiGeorge syndrome critical region
gene 8; ORF = open reading frame; RISC = RNA-induced silencing complex; TRBP = transactivating
response RNA-binding protein.
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during the mesenchymal-to-epithelial
transition period (8). A study conducted by
Ventura and colleagues demonstrated that
miR-17-92 silencing led to defective lung
development characterized by hypoplasia and
ventral septal defects (12). These detrimental
effects of both microRNA overexpression
and silencing further support the importance
of microRNAs as mediators of homeostasis
during organ development. A separate study
by Harris and colleagues demonstrated that
targeted inactivation of the microRNA
processing enzyme DICER significantly
impaired lung epithelial development (13).

A study by Mujahid and colleagues
further demonstrated the inherent
importance of microRNA in the airway and
vascular development of fetal lungs (14).
Changes in airway morphology were
associated with miR-221 inhibition and
miR-130a overexpression. In particular,
miR-221–treated lungs showed diminished
airway branching, whereas miR-130a–
treated lungs demonstrated increased
branching into the central lung regions (14).

Sex hormones have similarly been
implicated in the regulation of lung
development. Androgens possess inhibitory
effects on lung maturational events, owing
to differences noted during male–female
gestation. Prior analysis has identified
37 distinct microRNAs that changed in
expression during fetal development. Of
those, a group of 13 in particular changed
significantly with sex and gestation (15).

Asthma

Asthma is defined by the hallmarks
of airway inflammation, airway
hyperresponsiveness, and reversible airway
obstruction. A number of cellular-based
changes occur throughout the course of
disease progression, including airway
remodeling (characterized by smooth
muscle hyperplasia), subepithelial cell
fibrosis, goblet cell hyperplasia, and
neovascularization. MiRNAs appear to play
pivotal roles in the overall pathogenesis
of asthma though several mechanisms,
including, for example, regulating an array
of immune receptors and cytokines. The
physiologic changes that occur are induced
by Th2-driven inflammation, resulting in
increased levels of proinflammatory
cytokines (IL-4, IL-5, IL-9, and IL-13) and
decreased antiinflammatory cytokines, such
as IL-10 (16).

The inflammatory response is central to
the progression and pathology of asthma
and is manifested by a production of IgE and
consistent recruitment of leukocytes, in
particular eosinophils, together with Th2
cells and mast cells (17). MiR-21 is
a microRNA that may be central to this
process. Up-regulated in individuals with
asthma, miR-21 targets IL-12, a potent
cytokine responsible for Th1 cell activation.
Ovalbumin is an established model
allergen for the assessment of airway
hyperresponsiveness. On ovalbumin
administration, miR-212/2 mice
demonstrated an augmented allergen
response, which occurred as a direct
result of the imbalance between Th1 and
Th2. Consequently, these mice produced
greater IFN and IL-12 and increased
levels of IL-4, leading to an increased
influx of eosinophils into the lung (18).

MiR-145 is another microRNA
implicated in the Th2 response and
subsequent eosinophil recruitment. In
a study by Collison and colleagues, allergen-
challenged mice treated with intranasal
delivery of a miR-145 inhibitor
demonstrated a reduction in levels of the
proinflammatory cytokines IL-13 and IL-5
in conjunction with an alleviation of their
symptoms (19). There were concomitant
decreases in goblet cell hyperplasia,
peribronchial eosinophils, and production
of IL-5 and IL-13. The antiinflammatory
effects of miR-145 inhibition were
comparable to that of corticosteroid
treatment. Similarly, the miR-221/222
family is transcriptionally induced on mast
cell activation. Data generated by high-
throughput human microRNA profiling by
Tsitsiou and colleagues identified the
selective down-regulation of miR-28-5p
and miR-146 a/b in CD81 and CD41 cells
from individuals with severe asthma (20).
Based on these and other studies, it is
apparent that a number of microRNAs
work in concert by multiple mechanisms
to either promote or abrogate disease
progression in asthma. Furthermore, it is
clear that patterns of microRNA expression
may be both context- and cell-specific.
Those up-regulated microRNAs in other
studies include miR-126, -145a, -21, -221/
222, -106a, and -155. Down-regulated
expression is seen primarily with let-7,
miR-20b, and miR-133a. Most of the
current asthma treatment modalities are
vastly hindered by inherent potential
medication side effects. Targeting

microRNAs may represent a novel potential
therapeutic strategy in the treatment of
asthma. By inhibiting expression of various
microRNAs, such as miR-21, -106a, -126,
-145, -155, and -221, abnormal cytokine
expression and inflammation can
potentially be mitigated. As is the case in
developmental pharmacotherapy, the ideal
mechanisms for delivery, exact efficacy,
and specificity of specific miRs/anti-miRs
remain unknown.

COPD

Few studies to date have examined the
role for microRNAs in COPD. The majority
of studies have focused on global patterns
of microRNA expression. In two early
studies, investigators evaluated the effects
of cigarette smoke on microRNA expression
in animal models. In the first study, rats
were exposed to environmental cigarette
smoke versus ambient air control over
4 weeks. Twenty-four microRNAs were
significantly down-regulated between
smoke-exposed and sham groups (21). In
the second study, investigators evaluated
the effects of smoke exposure on microRNA
expression in mice. The majority of
deregulated microRNAs in this study
were also down-regulated (22).

Schembri and colleagues examined
microRNA expression patterns in the
bronchial epithelium from smokers and
never smokers. They identified 28
differentially expressed microRNAs (23).
In an independent study, investigators
identified 70 deregulated microRNAs and
more than 2,000 mRNAs within the lung
tissue of smokers with normal lung
function compared with those with varying
degrees of COPD (24). Based on the
comparison of microRNA and mRNA
expression patterns and potential
relationships, the authors identified
enriched biological pathways for
transforming growth factor (TGF)-b,
MAP kinase, and cancer pathways in
COPD tissue. Mizuno and colleagues also
identified miR-199-5p and miR-34a as
potential biomarkers in COPD lungs (25).
Given the complex temporospatial
contribution of individual cell types to
lung disease, investigators have also
focused on identifying functional cell-
specific microRNAs. Christenson and
colleagues conducted a comprehensive
analysis for microRNAs and mRNAs
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within different regions of the lung (26).
They profiled eight separate regions within
the lungs of eight individuals (six with
COPD and two control subjects). Using
this strategy, the authors were able to not
only identify select deregulated microRNAs
but also build and enrich for specific
biological pathways. They identified 63
microRNAs that were deregulated in
regions of emphysema. Of note, three of the
deregulated microRNAs (miR-638, miR-
30c, and miR-181d) had an inverse
relationship in expression to several of their
predicted targets. A separate study by
Savarimuthu and colleagues identified five
microRNAs that were down-regulated in
more advanced emphysema (miR-34b,
miR-34c, miR-149, miR-133a, and miR-
133b) (27). Two recent studies attempted to
correlate microRNA expression with
clinical phenotype. Sato and colleagues
were able to correlate fibroblast-specific
miR-146a expression with in vitro
inflammatory response and clinical severity
in COPD (28). Another study identified
the presence of muscle-specific microRNAs
(miR-1 and miR-499) in circulation and
correlated the presence of these microRNAs
with fat-free mass index and strength,
respectively, in patients with COPD (29).
MicroRNA investigation in COPD has now
moved beyond profiling to identifying the
role of microRNAs as direct drivers of
disease pathogenesis. Perhaps one of the
best such examples is a recent study by
Hassan and colleagues, who identified miR-
199a-5p as a key regulator of components
of the unfolded protein response in MM
and ZZ monocytes derived from
individuals with COPD (30). In this study,
the authors demonstrated that in
asymptomatic individuals, ZZ monocytes
harbor increased levels of miR-199a-5p,
which in turn negatively regulates the
endoplasmic reticulum stress response.
Symptomatic individuals are susceptible to
methylation of the miR-199a-5p promoter
and microRNA silencing leading to an
exaggerated unfolded protein response and
inflammatory response. This study provides
an additional potential actionable target
in COPD.

Pulmonary Fibrosis

Pulmonary fibrosis carries a poor prognosis
with limited therapeutic options. Given
the numerous biological pathways

implicated in pulmonary fibrosis,
microRNAs are ideal biological targets.
Several biological pathways have been
identified in the molecular pathogenesis of
fibrotic lung disease, including TGF-
b/SMAD. Global profiling studies have
been applied to demonstrate distinct
patterns of microRNA expression in
fibrotic lung disease (31) and identify select
biological pathways as targets for
microRNA including TGF-b signaling,
focal adhesion, and Wnt (32). Among the
profiling studies, several microRNAs have
emerged as being of importance to fibrosis,
including miR-155, miR-29, miR-200,
miR-21, and miR-326 (33–35). Xiao and
colleagues recently demonstrated in
a mouse model that systemic delivery of
miR-29 could abrogate the development of
pulmonary fibrosis (36). A separate study
demonstrated that decreased expression
of let-7d contributed to the fibrotic process
in a murine model of lung fibrosis (37).
This seminal study was further supported
by a more recent one showing reversal of
mesenchymal phenotype after in cell culture
followed by Let-7 administration (38). In
addition, the intratracheal introduction of
members of the miR-200 family, which
have been implicated in epithelial–
mesenchymal transition, attenuated the
development of fibrosis in a murine model
(39). MicroRNA patterns of expression
have also been linked to clinical phenotype.
For example, Oak and colleagues identified
a distinct pattern of lung microRNAs
(miR-302c, miR-423-5p, miR-210, miR-
376c, miR-185) that were increased among
patients with rapidly progressive disease
as opposed to slowly progressive disease
(40). Another study led by Dakhlallah
demonstrated a correlation between
expression of miR-17-92 and severity of
pulmonary fibrosis as well as a link between
patterns of miR-17-92 expression and
epigenetic machinery (41).

Pulmonary Hypertension

PH is a deadly disease characterized by
hyperproliferative and inflammatory
vascular smooth muscle and endothelium.
The contribution of microRNAs to the
pathogenesis of PH remains largely
unknown, with the majority of studies being
limited to cell culture and murine models of
disease (42). In the last few years, we
have seen several novel and interesting

studies aimed at better defining microRNAs
in disease pathogenesis. Caruso and
colleagues demonstrated a temporal
deregulation of microRNAs in the lungs
of rats exposed to two models (hypoxia
and monocrotaline) of PH (43). In response
to hypoxia, Let-7f, miR-30c, and miR-22
were down-regulated within 7 days of
exposure, whereas miR-451 and miR-322
were up-regulated microRNAs. In response
to monocrotaline, miR-30c, miR-22, and
let-7f were significantly down-regulated,
whereas miR-451 and miR-322 were
up-regulated. Chen and colleagues
demonstrated a functional association
between polymorphisms in the 39 UTR
of the fibrinogen a gene, binding and
regulation by the complementary
microRNA miR-759, and susceptibility
to chronic thromboembolic pulmonary
hypertension (44). Circulating microRNAs
may also function as potential biomarkers.
Rhodes and colleagues recently examined
independent cohorts of patients with PH
for circulating microRNAs and identified
circulating miR-150 as a biomarker
linked to decreased survival (45).

Given the inherent complexity of PH
biology and the contribution of various
cell types to disease, investigators have taken
to analyzing microRNA biology at the
cell-specific level. Courboulin and
colleagues (46) evaluated cell-specific
microRNA expression in pulmonary
artery smooth muscle cells (PASMCs)
from patients with pulmonary arterial
hypertension (PAH). They identified seven
deregulated microRNAs from which they
elected to investigate the only decreased
microRNA, miR-204, in detail. They
demonstrated in vitro that miR-204 gain of
function could attenuate both proliferative
capacity and antiapoptotic phenotype
in PASMCs (46). These effects were
mechanistically linked to the Src-STAT-
NFAT axis. Last, nebulized delivery
reduced pulmonary artery pressures and
vascular remodeling in a rat model of
monocrotaline-induced PH. Based on
previous profiling, Pullamsetti and
colleagues demonstrated that intravenous
inhibition of miR-17 attenuated murine
chronic hypoxia-induced PH (47).
Recently, Wang and colleagues identified
miR-124 as an additional actionable target
in PH (48). The investigators determined
that miR-124 down-regulation in PH
fibroblasts contributed to a migratory and
inflammatory phenotype (48). Restoration
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of miR-124 inhibited both proliferation and
migration in fibroblasts. In a separate
study, miR-124 was decreased in PASMCs
after exposure to hypoxia (49). miR-124
directly targeted components of the nuclear
factor of activated T cell (NFAT) pathway.
In the endothelium, both miR-424 and
miR-503 deregulation were shown to be
critical links between apelin and fibroblast
growth factor signaling, which have been
implicated in pulmonary artery endothelial
phenotype in PH (50)

Other investigators have linked
microRNA biology to known molecular
mutations within PAH. Among patients
with familial forms of PAH, 50% harbor
mutations in Bone Morphogenic Protein
receptor 2 (BMPR2) (51). Among the
potential mechanisms that exist for the
observed down-regulation of BMPR2
signaling in PAH, we should now consider
microRNA deregulation. Drake and
colleagues showed that BMPR2 mutations
led to a decrease in induction of specific
antiproliferative microRNAs miR-21 and
miR-27a and that this effect may be
mediated by mutations in the downstream
Smad-8 (52). Brock and colleagues
determined that members of the miR-17-92
cluster (miR-17-5 and miR-20a) had direct
regulatory effects on BMPR2 protein
expression and that this regulation may
be mediated through STAT3 signaling (53).
They demonstrated that systemic delivery
of antagomiR-20a restored BMPR2
signaling and attenuated hypoxia-induced
pulmonary hypertension.

Lung Cancer

MicroRNAs have been well studied in lung
cancer with a multitude of cell, animal,
and human studies demonstrating
deregulation in lung tumors compared with
uninvolved lung tissues (54). The
complexity of microRNA biology in lung
cancer is evidenced by their context-
dependent role as oncogenes, tumor
suppressors, or, in some cases, both.
Furthermore, it is clear that they have the
capacity to regulate aspects of fundamental
tumor biology, including proliferation,
apoptosis, angiogenesis, and epithelial–
mesenchymal transition. Global
impairment in microRNA processing,
epigenetic modifications, and regulatory
effects of cigarette smoke have all been
implicated as mechanisms for microRNA

deregulation in lung cancer. In fact, early
studies determined that global reduction in
microRNA processing through targeting of
key processing components such as Drosha,
DGCR8, and Dicer could promote tumor
development (55–57).

Up until recently, investigators have
used patterns of microRNA expression and
polymorphisms of both microRNA and
target 39 UTRs in lung cancers as both
diagnostic and prognostic biomarkers;
however, neither application has yet to
reach the clinical arena. Yu and colleagues
conducted one of the earliest profiling
studies in a cohort of 122 patients and
identified a five-microRNA signature of
high-risk microRNAs (let-7a, miR-137,
-182* [designating passenger strand],
-221, and -372) within tumor tissue (58).
Since that initial study, several global
profiling studies have been conducted with
variable results in reproducibility (59).
Specific microRNAs, although not lung
cancer–specific, including let-7, miR-21,
miR-29, miR-126, miR-155, and miR-17-
92, appear to be fundamental in tumor
biology and thus ideal candidates as
biomarkers in solid tumors (60–63). For
example, a retrospective study determined
that lung tumor levels of miR-21
correlated with disease progression and
survival in stage I lung cancer (64). miR-
21 has been linked to oncogenic KRAS
activation with genetic manipulation
altering the course of lung tumor
development (65). Boeri and colleagues
recently demonstrated that patterns of
circulating microRNAs could be used
clinically in lung cancer (66). By
integrating patterns of tumor and
circulating microRNA into an ongoing
lung cancer computed tomography (CT)
screening trial, the authors were able to
correlate patterns of tumor and circulating
microRNA expression with both clinical
parameters and the development of lung
cancer. As validation, Sozzi and colleagues
conducted an independent study
demonstrating that a distinct panel of
circulating microRNAs could be applied as
diagnostic and prognostic biomarkers in
lung cancer (67).

MicroRNAs as
Noninvasive Biomarkers

microRNAs have become attractive as
potential noninvasive biomarkers of

disease; however, circulating microRNA
detection is fraught with challenges,
including compartment dependence of
microRNA expression (whole blood,
serum, plasma, peripheral blood
mononuclear cells), lack of a standardized
method for detection, and, most
importantly, determining the
physiological relevance of circulating
microRNAs; however, a major obstacle in
translating microRNA biology to clinical
practice has been achieving interstudy
reproducibility to identify consistent
signatures and elucidating the mechanisms
that drive the presence of these molecules
in body fluids and their relevant biology.
Additionally, we are starting to realize
that circulating microRNAs are highly
compartment specific. Investigators have
demonstrated that microRNAs may
circulate both freely attached to select
proteins (e.g., Ago) or lipids and packaged
within extracellular vesicles including
exosomes, apoptotic bodies, and
microvesicles. The concept of “packaged”
microRNAs is particularly intriguing
as a mechanism for the intercellular
transfer of genetic material (68). These
paradigm-shifting discoveries have led
to intense investigation for novel
mechanisms by which circulating
microRNAs may serve as mediators of
intercellular communication. In order
for circulating microRNAs to reach
point-of-care application, assays will need
to be both cost effective and easy to use.
Despite these challenges, several such
studies have been conducted in
malignancies and cardiac, endocrine,
rheumatological, and now lung disease.
The majority of lung-related studies have
been conducted in lung cancer. Recently,
we have observed an increasing number
of circulating microRNA studies in
diseases such as pulmonary fibrosis (69),
tuberculosis (70), sarcoidosis (71),
COPD (72) and PH (73).

Investigators have also examined
sputum microRNA as biomarkers,
particularly in smoking-related lung
disease. Two independent studies identified
sputum microRNAs that distinguished
patients with lung cancer from normal
control patients. Xing and colleagues
identified three microRNAs in sputum
(miR-205, miR-210, and miR-708) that
distinguished patients with squamous
cell carcinoma of the lung from healthy
control subjects with a reported sensitivity
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of 73% and specificity of 96% (74). A
more recent investigation determined that
when combined with CT scan, sputum-
based microRNA analysis (miR-31 and
miR-210) led to a higher specificity (91%)
than either CT scan or microRNAs
alone (75). Van Pottelberge and colleagues
have also shown that sputum-based
microRNA detection may be applied to
COPD (76). The investigators identified
reductions in both Let-7c and miR-125b in
current smokers with COPD compared
with never smokers, current smokers
without COPD, and ex-smokers with
COPD. Last, an intriguing study by Sinha
and colleagues demonstrated the feasibility
of microRNA detection in exhaled breath
condensate as a biomarker for asthma
(77).

Other ncRNAs

MicroRNAs present only one member of
a family of ncRNAs, many of which were
believed to have minimal biological
function. We now know that other
members of this group of ncRNAs are
involved in cellular differentiation,
proliferation, and imprinting. ncRNAs
consist of short (, 200 nt) and lncRNAs
(300 nt to 100 kb) forms (78). Within
these groups, lncRNAs, transcribed
ultraconserved regions (79), and small
nucleolar RNAs are all the subject of
investigation. The majority of studies to
date investigating a functional role for
other ncRNAs have been conducted in
solid and hematological malignancies. For
example, metastasis associated in lung
adenocarcinoma transcript-1 (MALAT-1)
is an intergenic transcript (7 kb) ncRNA
whose expression correlates with
metastases and prognosis in early-stage
non-small cell lung cancer (80). Located
on chromosome 11, MALAT-1 is
a member of a subclass of lncRNA called
nuclear-retained RNAs (nrRNAs) (81).
Several other lncRNAs, including Highly
up-regulated in liver cancer (HULC) and
SPRY4-IT1, have also been described in
malignancies (82, 83). Small nucleolar
RNAs are smaller ncRNAs that have been
shown to be deregulated in malignancies
(84). With the increasing application of
platforms such as RNA sequencing in lung
disease, it is likely that other ncRNAs will
be identified as potential actionable targets
and biomarkers.

The Future of MicroRNAs in
Lung Disease

Since their initial discovery in the early
1990s, microRNAs have now become the
focus of a multitude of avenues of
investigation ranging from basic biology
to translational applications in the clinic.
In the case of disease of the lung, the majority
of studies have targeted microRNA biology
to better understand the fundamental
biology that drives disease andmicroRNAs as
potential biomarkers of disease (Figure 2).
We have now transitioned from single
miRNA and single-target relationships
to better understanding the mechanisms
by which a miRNAs can reprogram
biological pathways. A key to these
relationships will be the careful
integration of miRNA expression with
changes in the transcriptome and
proteome. Despite these efforts, several
obstacles remain to truly transitioning
microRNA biology to clinical application
in lung disease. These obstacles include
the development of nontoxic targeted
delivery to the lung, improved
understanding of how microRNAs
interact with other components of the
genome, and standardization of

microRNA detection. Although there have
been several studies demonstrating in vivo
targeting of microRNAs using various
formulations, including nanoparticles as
one vehicle, few studies have translated to
human application. There are several
obstacles to microRNAs as directed
therapeutics in human lung disease,
including selection of the proper vehicle
for delivery, mode of delivery (systemic
versus lung), potential toxicity, and off-
organ effects. Two ongoing human clinical
trials focused on anti–miR-122 therapy
in hepatitis C and miR-34 in
hepatocellular carcinoma represent
encouraging signs that microRNAs as
directed therapies in human disease are in
the not-too-distant future (85–87). In
addition, opportunities exist for applying
patterns of microRNA expression as
biomarkers that may inform the use of
conventional therapies in lung disease. In
the future, we are likely to see additional
microRNA biomarker studies in the
context of ongoing therapeutic trials in
lung disease. In addition, the increasing
importance of extracellular vesicle biology
and its potential as both biomarkers and
intercellular carriers of genetic material
should continue to be investigated in lung

COPD

Asthma/CF

Pulmonary
  Fibrosis

  Pulmonary
Hypertension

Lung Cancer

 Bronchial
Epithelium

Figure 2. Overview of microRNAs implicated in lung disease. CF = cystic fibrosis; COPD = chronic
obstructive pulmonary disease; miR = microRNA.
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disease. Although we have presented for
the clinician examples of microRNA
application in a small number of lung
diseases, it is important to recognize that
there are ongoing studies in many other

conditions, including cystic fibrosis,
sarcoidosis, acute lung injury, sepsis, and
respiratory infections, each of which is
currently at a different stage of maturity
but could potentially lead to the

development of novel therapies and, we
hope, improved outcomes. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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