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Over the last 15 years, investigators have identified small noncoding
RNAs as regulators of gene expression. One type of noncoding RNAs
are termed microRNAs (miRNAs). miRNAs are evolutionary con-
served, approximately 22-nucleotide single-stranded RNAs that tar-
get genes by inducing mRNA degradation or by inhibiting translation.
miRNAs are implicated in many critical cellular processes, including
apoptosis, proliferation, and differentiation. Furthermore, it is esti-
mated that miRNAs may be responsible for regulating the expression
of nearly one-third of the human genome. Despite the identification
of greater than 500 mature miRNAs, very little is known about their
biological functions and functional targets. In the last 5 years,
researchers have increasingly focused on the functional relevance
and role that miRNAs play in the pathogenesis of human disease.
miRNAs are known to be important in solid organ and hematological
malignancies, heart disease, as potential modulators of the immune
response, and organ development. It is anticipated that miRNA
analysis will emerge as an important complement to proteomic and
genomic studies to further our understanding of disease pathogen-
esis. Despite the application of genomics and proteomics to the study
of human lung disease, few studies have examined miRNA expression.
This perspective is not meant to be an exhaustive review of miRNA
biology but will provide an overview of both miRNA biogenesis and
our current understanding of the role of miRNAs in lung disease as
well as a perspective on the importance of integrating this analysis as
a tool for identifying and understanding the biological pathways in
lung-disease pathogenesis.
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In 1993, investigators first identified a class of noncoding RNA
that regulates gene expression (1) of a target gene. Later termed
“microRNAs” (miRNAs), these evolutionary conserved, non-
coding RNAs represent one of several recently identified small
noncoding RNAs. The family of small noncoding RNAs, in-
cluding small interfering RNAs (siRNA), transacting siRNAs
(tasiRNAs), small scan RNAs (scnRNAS), repeat associated
siRNAs (rasiRNAs), and Piwi-interacting RNAs (piRNAs) are
still poorly understood but may all have the capacity for
epigenetic regulation via different mechanisms (2). miRNAs
are approximately 19- to 25-nucleotide (nt) single-stranded, non-
coding RNAs that exist in both animals and plants and regulate
gene/protein expression through direct complementarity between
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their 5’ region (termed “seed sequence” or “region”) and the 3’
untranslated region (UTR) of target mRNAs. Direct binding of
miRNAs to a target mRNA may result in either mRNA
degradation or inhibition of protein translation (3) miRNAs
may indirectly alter gene expression through global effects on
methylation and targeting of transcription factors essential to
gene expression (4, 5). miRNAs have the capacity to bind and
regulate hundreds of genes simultaneously. In fact, computational
analyses suggest that miRNAs may regulate up to one-third of all
protein-coding genes in human genome (6). To date, over 500
miRNAs have been identified in mammals, yet their biological
relevance and functional targets remain largely unknown. The
global changes in miRNA expression in several malignancies and
their location in fragile chromosome loci suggest their relevance
to the development and progression of malignancy (7) and other
important developmentally related pathologies.

miRNAs are of importance in several biological processes
including cellular differentiation, apoptosis, and proliferation.
miRNAs have also been implicated in nonmalignant diseases
involving the cardiovascular, endocrine, neurological systems,
and immune response (8-10).

The recognition that both cells and organs have specific
patterns of miRNA expression, and the novel characteristic of
miRNAs targeting several genes, makes them potentially at-
tractive candidates as therapeutic targets and proximal regu-
lators of gene network expression (11-13). Several examples of
targeting tissue-specific miRNAs exist, including miR-122
(liver) in hepatitis C, miR-I and 133 (skeletal muscle and
cardiac myocytes) in cardiac hypertrophy, and miR-375 (islet
cell) in diabetes (8, 9, 14). Few studies, however, have in-
vestigated the relevance of miRNAs in diseases of the lung. The
inherent complexity in simultaneous targeting of multiple genes
and gene pathways by a single miRNA combined with the
paucity of data on functional impact of specific miRNA makes
the analysis of miRNA particularly difficult. Such complexity
raises important questions for those applying miRNA analysis
to the study of lung disease. Are there lung-specific miRNAs?
Which miRNAs are relevant to human lung disease and how
will this be determined? How can miRNA analysis best
complement previously established high-throughput platforms
that examine the proteome and transcriptome? Recent studies
have identified distinct patterns of miRNA expression in pro-
cesses such as lung development and immune response. The
relevance of miRNAs to lung disease likely deserves further
investigation and may emerge as being important in lung
development, lung health, and lung disease.

miRNA Biogenesis and Regulation

miRNAs are located in several different genomic locations
(including within introns of protein- coding genes, within
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introns or exons of noncoding RNAs), as independent tran-
scription units, or clustered as a group or family (“polycis-
tronic”) sharing similar functions (15). miRNA processing
requires a series of steps, each of which are quite complex
and the focus of intense investigation. Within the nucleus,
miRNAs are first transcribed as long primary transcripts by
RNA polymerase II into primary miRNAs (pri-miRNAs),
which range from hundreds to thousands of nucleotides in
length (Figure 1). While in the nucleus, an RNase III termed
“Drosha” cleaves both strands of the pri-miRNA to release
a 70- to 100-nt stem loop, which is termed the precursor miRNA
(pre-miRNA) (16). The pre-miRNA is exported from the
nucleus to the cytoplasm by ExportinS/RanGTP. Once in the
cytoplasm, a second RNase III, termed “Dicer” in conjunction
with a double-stranded RNA binding domain (dsRBD) cleaves
the pre-miRNA, releasing a 19- to 25-nt RNA duplex (mature
miRNA and its complement miRNA*) (17). A single strand of
the miRNA/miRNA* duplex is released and incorporated into
the miRNA-induced silencing complex (miRISC) while the
other strand is degraded. The miRISC represents a regulatory
complex consisting of several protein factors, including the
Argonaut protein, and is the focus of extensive study (18, 19).
The miRISC guides miRNAs to the target mRNA to affect
either mRNA degradation or translational inhibition (17). This
is partially accomplished through core base-pair complemen-
tarity between the miRNA 5’ region (termed the “seed se-
quence”) and target mRNA 3’ UTR. The mechanisms by
which miRNAs regulate gene and protein expression remain
poorly understood, and investigators recognize that several
factors beyond the seed sequence may affect targeting, in-
cluding proximity of other miRNAs and distance of the
miRNA/mRNA pairing from the stop codon (3). miRNA
may also bind to the 5" UTR and suppress (20) or enhance
translation following binding to adenine-uracil (AU)-rich ele-
ments (21). Despite these complicated scenarios, most studies of
miRNA target identification have focused on the ability of
miRNA to suppress translation following binding to the 3’
UTR of the mRNA.

The determinants of miRNA regulation are multifactorial
(Figure 2). The observation that regulation can be dependant
on chromosomal location is based on several studies in both
solid and hematologic malignancies. miRNAs are often lo-
cated at chromosomal regions susceptible to deletions, trans-
locations, and amplifications (7). In addition, miRNA/miRNA
interactions, epigenetic regulation, and possibly environmen-
tal factors have all been implicated in miRNA regulation (22,
23). Recent studies also demonstrate that the presence of
polymorphisms in the 3" UTR of a target gene may also com-
promise miRNA binding and regulation. One such example is
the recent identification of single nucleotide polymorphisms
(SNP) in the 3'UTR of HLA-G, which is an asthma suscep-
tibility gene (24).

Tools for miRNA and Target Gene Identification

miRNAs are structurally different from traditional RNAs;
therefore, methods to profile, quantify, and visualize RNAs
need to be adapted for miRNA. Several methodologies exist,
including Northern blotting, complimentary DNA (cDNA)
arrays, bead-based flow cytometry, and quantitative reverse
transcriptase—polymerase chain reaction (QRT-PCR). Northern
blotting is currently the gold standard of miRNA detection.
Protocols for Northern blotting using DNA oligo probes have
been modified to detect miRNA (25). The sensitivity of the
assay may be improved up to 10-fold using locked nucleic acids
probes (LNA) (26). The advantage of Northern blotting is the

ability to visualize both the mature and precursor miRNA.
Disadvantages include the large amount of RNA required.

cDNA arrays, modified to detect miRNA, have become the
most widely used method for profiling miRNA expression (27,
28). Most miRNA discovery protocols begin with profiling the
expression of several hundreds of miRNAs using cDNA arrays.
The sheer number of miRNAs that are placed on the array is an
advantage of this approach. However, there are factors that
must be considered in the development of an miRNA array
including probe thermal stability (which can be achieved
through the use of LNA or locked nucleic acid modificiation),
miRNA specificity, and adequate controls (29). Another method
to rapidly profile miRNA expression is a bead-based/flow cy-
tometry method (30). In this method, each latex bead is
assigned to a unique miRNA, and the miRNA expression is
determined following detection by flow cytometry.

Qualitative RT-PCR techniques have been modified to quan-
tify both the mature (31) and precursor miRNA (32). Validation of
miRNA profiling studies is typically performed by qRT-PCR.
Current technology enables direct profiling of miRNA expression
using qRT-PCR. An advantage of profiling miRNA expression
with sensitive qRT-PCR is the ability to profile very small amounts
of RNA and to quantify miRNA expression levels. For example,
the expression of 220 miRNAs was profiled in a single embryonic
stem cell using qRT-PCR (33). Despite the advent of different
methodologies, there is no clear consensus on the ideal high
throughput platform for miRNA profiling.

miRNA target gene prediction is based on searching estab-
lished databases that list potential miRNA target genes including
PicTar, TargetScan, miRanda, miRBase (http://www.sanger.ac.
uk/Software/Rfam/mirna/) and miRGen (http://www.diana.pcbi.
upenn.edu/miRGen.html), all of which are freely accessible. Once
a target gene or genes are identified, the mRNA and protein
levels of the target are measured after in vitro or in vivo
manipulation of miRNA expression levels. For example, the
addition of a synthetic miRNA oligonucleotide should reduce the
levels of mRNA and protein expression (34). The next step is to
transfect the cell of interest with luciferase reporter constructs
with the predicted miRNA target site cloned into the 3" UTR of
the reporter gene (35). Once this is achieved, deletional or
mutational analysis of the luciferase reporter constructs can be
performed to identify putative miRNA regulatory elements. This
approach relies upon the ability of the miRNA to bind to the
3" UTR. Co-labeling cells with in situ hybridization probe for
a given miRNA and its putative mRNA target is another method
to predict a functional target.

miRNAs in Lung Disease

miRNAs and lung development. Whereas few studies have
explored the role for miRNAs in lung disease, several have
suggested their importance in lung development and lung
homeostasis. Researchers recently demonstrated that a global
reduction in miRNA processing, through lung-specific, targeted
deletion of Dicer, results in abnormal embryonic lung develop-
ment manifested by apoptosis and abnormal airway branching
(36). Both individual miRNAs and clusters may be important in
normal lung development. Although Dicer affects miRNA
maturation, the miRNA cluster, miR-17-92, is important in
lung development and homeostasis. MiR 17-92 cluster expres-
sion is high in embryonic development and steadily declines
through development and into adulthood (37). Ventura and
colleagues demonstrated that mice deficient in the miR-17-92
cluster exhibit an altered phenotype characterized by smaller
size, hypoplasia of the lung, ventricular septal defects, and
deficiencies in normal B-cell development (38). Conversely,
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Figure 1. miRNA processing.
miRNAs are first transcribed as
long primary transcripts by
RNA polymerase Il into pri-
mary miRNAs (pri-miRNAs).
While in the nucleus, an RNase
termed “Drosha” cleaves both
strands of the pri-miRNA to
release a 70- to 100-nucleotide
stem loop termed “precursor
miRNA”  (pre-miRNA). The
pre-miRNA is exported from
the nucleus to the cytoplasm
by Exportin5/RanGTP. Once in
the cytoplasm, a second RNase
I, termed “Dicer,” in conjunc-
tion with a double-stranded
RNA binding domain cleaves
the pre-miRNA, releasing an
approximately 22-nucleotide
RNA. A single strand of the
duplex is released and incor-
porated into the mIiRNA-in-
duced silencing  complex
(miRISC) while the other
strand is degraded. MIRISCs
guide mMiRNAs to the target
mRNA to affect either mRNA
degradation or translational in-
hibition. This is partially ac-

complished through core base-pair complementarity between the miRNA 5’region (termed the “seed sequence”) and target mRNA 3’ UTR.

miRNA may also bind to the 5’ UTR and suppress or enhance translation following binding to AU-rich elements.

murine models of lung-specific miR-17-92 cluster overexpres- sion within murine lungs. Such a finding may suggest that
sion results in an abnormal phenotype manifested by absence of miRNAs are important to maintaining homeostasis in gene
terminal air sacs, which are replaced with highly proliferative, and protein expression within the lung (39). The observation
undifferentiated epithelium (37). Interestingly, a recent study that overexpression of the miR-17-92 cluster results in the
demonstrated a lack of age-related changes in miRNA expres- overpopulation of an undifferentiated cell population strongly
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Figure 2. miRNA regulation.
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suggests its importance in lung disease. The link between
normal cellular growth and differentiation and disease devel-
opment is not new. miRNAs such as the miR-17-92 cluster
appears critical in establishing normal cellular growth and
differentiation. This same cluster may ultimately prove relevant
to lung diseases that partially rely on normal cellular repair and
regeneration.

miRNAs as modulators of the immune response. The inflam-
matory response to either the innate or acquired immune sys-
tem involves the activation of numerous genes. In response to
endotoxin, miR-132, miR-146a, and miR-155 are up-regulated in
macrophage cell lines (40), while miR-125b is decreased (41).
Toll-like receptor (TLR) -2, -4, or -5 activation and proinflam-
matory cytokines, tumor necrosis factor (TNF)-a and IL-1p, rap-
idly induce the expression of mir-146a, whereas viral-associated
TLR-3 and TLR-9 activation do not (40). Endotoxin-induced
nuclear factor-kB (NF-kB) activity in immune cells is important
in inducing gene expression that facilitates the resolution of
inflammation. Of the numerous genes activated by NF-kB, one
would expect that miRNAs are also targeted. Indeed, miR-146a
expression is directly regulated by NF-«kB activation (40). Ex-
pression of miR-146a targets several downstream signaling
molecules of TLRs and IL-1 receptor (40), suggesting that this
miRNA may temporally limit the immune response. In contrast
to miR-146a, miR-155 is induced by both innate and viral
immune responses by macrophages (42). Notably, miR-155 is
increased in macrophages stimulated with viral or bacterial/viral
host cytokines, IFN-B or IFN-y, respectively. Interestingly,
TLRs that respond to either bacterial or viral insult also induce
miR-155.

Whereas the above studies are based on in vitro observa-
tions, miRNA expression from the lungs of mice exposed to
aerosolized endotoxin reveals a very different expression pat-
tern (43). Only miR-146a is among the top 46 significantly up-
regulated miRNAs from the mouse lungs (43), suggesting that
many different lung cells respond to bacterial challenge.
miRNA expression in the lung coincides with a reduction of
TNF-a, macrophage inflammatory protein, and keratinocyte-
derived chemokine in bronchoalveolar fluid from these mice
(43).

A comparison of miRNA expression in activated T cells to
that of endotoxin-treated mice or macrophages indicates
commonality between both the innate and acquired immune
responses. Shared between the two immune responses are
miR-21, -103, -155, and -204 (43, 44). Of note, all down-
regulated miRNAs in the activated T cells (miR-16, -26, -30b,
-30c, -150, -181, and let-7 family members) are among the
significantly expressed miRNAs in endotoxin-treated mouse
lungs, indicating that these may be specific for the innate im-
mune responses.

In addition to T-cell and macrophage responses, miR-155 is
also important in B-cell activation events. Vigorito and col-
leagues reported that the absence of miR-155 in B cells results
in an attenuated production of IgG1 antibodies (45). Of its
many potential targets in B cells, miR-155 appears to regulate
the transcription factor PU.1 to influence antibody production.
These observations are consistent with the phenotype of mice
lacking miR-155. In addition to a decrease in antibody pro-
duction, these mice also displayed reduced IL-2 and IFN-y
responses, indicating that both T and B cells depend on miR-155
for immune challenges (46). In addition, dendritic cells from
these mice fail to present antigen to T cells upon endotoxin
challenge. Although there is no defect in the development of
mononuclear phagocytes in miR-155 null mice, there is exten-
sive remodeling of the lung that is associated with an apparent
accumulation of these cells.

Although the immune system uses miRNAs to regulate
development and immune responses, viruses exploit the func-
tion of miRNAs by either changing their expression (47) or
releasing viral miRNA orthologs into infected cells (48). Re-
cently, an miRNA in Kaposi’s sarcoma-associated herpes virus
was identified homologous to miR-155 (48) Thus, the immune
regulation imparted by miRNAs is important to maintain and
limit immune responses. Dysregulation of these functions are
evident in many inflammatory diseases (43, 44).

miRNAs and lung cancer. Researchers have identified ab-
normal expression of miRNAs in several types of malignancies
including colorectal cancer, lymphoma, glioblastoma, breast
cancer, lung cancer, and hepatocellular carcinoma (49-51).
miRNAs may function as either tumor suppressors or onco-
genes (49). Our knowledge of miRNAs in lung cancer is just
starting to emerge. One of the first miRNAs identified (let-7)
appears to be important in lung cancer. Overexpression of let-7
inhibits RAS protein expression and /et-7 complementary sites
are present in human NRAS and KRAS 3'-UTR (52). Both
in vitro and in vivo models show that let-7 is important to lung
tumorigenesis (53, 54). These observations are supported clin-
ically by the correlation between reduced let-7 expression in 143
resected lung cancer cases and poor clinical outcome (55). More
fundamentally, global impairments in miRNA processing can
promote lung tumorigenesis. Targeted silencing of components
of the miRNA machinery including Dicer, Drosha, and DGCR8
have resulted in lung tumor development (56). Several miRNAs
have also been identified as potential therapeutic targets based
on their direct effects on cancer cell phenotype. As an example,
miR-128B, which is predicted to target epidermal growth factor
receptor, demonstrates frequent loss of heterozygosity in lung
tumors (57). Furthermore, loss of herozygosity correlated with
response to epidermal growth factor receptor inhibition. Other
miRNAs such as miR-221,222 and 17-92 have been implicated
in altering lung cancer cell phenotype and sensitizing lung
cancer cells to cytotoxic agents (58-60). MiR-21 is an miRNA
that is overexpressed in several solid malignancies including
those of the lung, breast, and colon (61). MiR-21 alters cancer
cell phenotype through targeting genes critical to cell trans-
formation including programmed cell death and the tumor
suppressor tropomysin (62, 63).

High-throughput interrogations of the proteome and ge-
nome are currently being used to identify the molecular
heterogeneity and predictive signatures in lung cancer (64,
65). The first such study of miRNAs conducted by Yanaihara
and colleagues examined global miRNA expression patterns
using cDNA array-based technology. The authors compared
miRNA profiles in tumor versus adjacent uninvolved lung in
104 cases of non-small cell lung cancer (66). The investigators
identified 43 miRNAs that were differentially expressed be-
tween lung tumors and adjacent uninvolved lung. In addition,
five distinct miRNAs (miR-155, 17-3p, let-7a-2, 145, and 21)
predicted prognosis among patients with lung cancer. A more
recent study using a RT-PCR- based platform examined
miRNA expression in 112 non-small cell lung cancer tumors.
They also identified a signature that predicted survival (high-
risk miRNAs miR-137, miR-182%, and miR-372, low-risk miR-
NAs miR-221 and let-7a) (67) The observed difference in
signatures between the two studies were likely related to study
design and the platform selected for analysis.

Incorporating miRNAs into a Systems Biology Approach
to Human Disease

How do we fit miRNAs expression into a diagnostic framework
to determine individualized molecular networks determining
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health and disease? The answer may reside in the emerging field
of systems biology. Classical reductionist approaches to identi-
fying single gene targets for diagnosis and therapy of complex
human lung disease have been largely unproductive. As an
alternative, the field of systems biology seeks to understand the
regulation and dynamics of gene and protein network activation
by integrating available information with human phenotypes.
MiRNAs may turn out to be proximal regulators of gene
transcription and protein production, which makes them excit-
ing targets to control protein network activation. Moreover, an
understanding of which protein networks are activated in
individuals in health and disease should enable the opportunity
to diagnose disease before it is clinically manifest. Once defined,
these miRNAs can be targeted to regulate gene and protein
network activity to promote health.

Other applications of these tools are to explore miRNA,
gene and protein expression in healthy and diseased lung
tissue to define molecular underpinnings. For example, these
tools can determine if a single pathologic lung phenotype
arises from a single pathological mechanism or represents
separate molecular events that stratify the disease into clinical
outcomes.

The human genome project found that humans have an
average of between 20,000 and 25,000 protein-coding genes
(68). In addition, genetic variability between individuals is
approximately 1% (69), suggesting that interactions between
genes, proteins, and the environment contribute to differences
in human phenotype, maintenance of health, and susceptibility
to disease. Although progress in defining the human genome
map has been startling, understanding the underlying mecha-
nisms leading to complex human disease has not been realized.
In molecular network regulation, batteries of approximately
22,500 genes and their resulting proteins can be regulated by
approximately 500 miRNAs. As opposed to small interfering
RNA, which targets specific mRNA molecules, miRNAs may
target multiple genes, their proteins, and can target gene
networks. Few studies to date have explored their relevance
to the pathogenesis of lung disease (Table 1). Our next steps are
to define how downstream protein networks are affected by
these miRNAs and examine how these targets may be uniquely
regulated in different individuals in health and disease.

While the potential for miRNAs as therapeutic targets exist,
there are few examples that have been translated beyond
in vitro and murine models of disease. Potential limitations
include proper modes of delivery, tissue specificity, and off-
target effects. LNA modified antisense oligonucleotides that
target specific miRNAs are currently being utilized irn vitro in
cell systems of glioblastoma multiforme (miR-21), lung cancer
(miR-17-92) and hepatitis C (miR-122) (58, 70, 71). To date,
few studies targeting miRNAs have been conducted. A recent
investigation demonstrated tissue-specific silencing of miR-122
in primates following intravenous injection of an LNA modified

TABLE 1. miRNAs IMPLICATED IN LUNG DISEASE

MicroRNA

DICER (34) miR-17-92 (35, 36)

miR16,21,26,30b,30¢,103,125,132,146A,150,155,
181,204, let-7 (38-46)

miR-23,24,26,27,103,107,181,210,213 (21)

miR-148A148B,152 (HLAG SNP) (22)

let-7 (51-53)

DICER (54)

miR-128-B (55)

miR-221,222,17-19 (56-58)

17-3p,21,145,155,let-7a2 (64)

137,182,372,221,let-7a (65)

Disease/Biological Process
Lung development
Immune response

Hypoxia (in vitro)
Asthma
Lung cancer

antisense oligonucleotides (72). Despite these studies, in vivo
models for therapeutic delivery of miRNAs are in the early
stages and require further study.

In summary, new tools provided by systems biology can
translate the power of the genome map to functional under-
standing of human health and disease. miRNAs are critical
proximal components of this network regulation and will likely
emerge as key regulators of lung health and disease. To ac-
complish the goal of solving complex human disease, we need to
understand individual gene-gene, gene—protein, and protein—
protein network interactions in human health and disease. The
application of miRNA to regulatory elements in lung protein
network regulation using systems biology tools can transform
the care and diagnosis of patients with lung disease from
reactive and population-based to proactive, preventive, and
individualized.
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