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Abstract
MicroRNAs (miRNAs) are a class of small RNAs that regulate gene expression. Expression
profiles of specific miRNAs have improved cancer diagnosis and classification and even provided
prognostic information in many human cancers, including lung cancer. Tumor suppressive and
oncogenic miRNAs were uncovered in lung carcinogenesis. The biological functions of these
miRNAs in lung cancer were recently validated in well characterized cellular, murine transgenic
as well as transplantable lung cancer models and in human paired normal-malignant lung tissue
banks and tissue arrays. Tumor suppressive and oncogenic miRNAs that were identified in lung
cancer will be reviewed here. Emphasis is placed on highlighting those functionally validated
miRNAs that are not only biomarkers of lung carcinogenesis, but also candidate pharmacologic
targets. How these miRNA findings advance an understanding of lung cancer biology and could
improve lung cancer therapy are discussed in this article.

Introduction
MicroRNAs (miRNAs) were discovered as a class of small RNAs that can regulate gene
expression.1–3 Long primary miRNA transcripts (pri-miRNAs) are transcribed by RNA
polymerase II and are often several kilobases (Kb) in size.4 Excision of a pri-miRNA by the
microprocessor, a complex of the RNase III enzyme Drosha and DGCR8, generates in the
nucleus a ~70 nucleotide long stem loop miRNA precursor hairpin (pre-miRNA), which is
transported into the cytoplasm by nuclear export factor exportin 5.4–7 Mature miRNAs are
generated from processing of pre-miRNAs by Dicer, another RNase III enzyme.4 Mature
miRNAs can stably associate with Argonaute-containing RNA-induced silencing complex
(RISC), while the opposite strand of the pre-miRNA duplex, miRNA*, is typically
degraded.4, 8
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An important functional role of miRNAs is to regulate target mRNA expression at the post-
transcriptional level.1 In combination with RISC, miRNAs bind to partially complementary
sequences in the 3′-untranslated region (UTR) of target mRNAs. The seed region (2–8
nucleotides) of miRNAs is critical for target sequence recognition and binding.2, 3 This
miRNA-mRNA binding causes mRNA destabilization and degradation9, 10 as well as
translational repression.11 Each miRNA is able to bind multiple mRNA sequences.10 Given
this, there can be diverse effects on gene expression by changes in expression of a single
miRNA.12, 13 An miRNA can bind different mRNAs that share similar target sequences.
Yet, consequences of miRNA-mediated changes in gene expression depend on the cell and
tissue context as well as the precise physiological and pathophysiological states under study.
For example, miR-31 functions as an oncogenic miRNA in lung cancer as well as in head
and neck cancer, but also plays a key role in regulating breast cancer metastasis.14– 17

Different effects are engaged through distinct sets of regulated target genes in the respective
affected tissues. How miRNAs exert tumor suppressive or oncogenic effects in lung
carcinogenesis is the subject of this review.

MiRNAs and Lung Cancer
Lung cancer is the leading cause of cancer mortality for men and women in the United
States.18 There are two major types of lung cancer: small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC).18 Since NSCLC is much more prevalent than SCLC, it is
the focus of this review. Despite advances made in surgery, radiation therapy and
chemotherapy, the five year survival for lung cancer remains only about 16%.18 This
underscores the need for an improved understanding of lung cancer biology and for the
identification of novel molecular pharmacologic targets to reduce the clinical consequences
of lung carcinogenesis.

MiRNAs are important in many cellular processes including proliferation, differentiation
and apoptosis by regulating mRNA target gene expression.19 Some components of the
miRNA machinery are affected by the carcinogenesis process. For example, down-
regulation of Dicer is reported in lung cancer and this predicts a poor clinical outcome.20

Knock-down of Dicer1, the key protein that processes pre-miRNA, can impair global
miRNA processing and enhance tumorigenicity in a K-ras-driven murine model of lung
cancer.21 Argonaute, a key component of the RISC complex, directs small interfering RNA
(siRNA) as well as miRNA-mediated gene regulation and is linked to the biology of Wilms’
tumor and to neuroectodermal tumors.22

The functions of only a few miRNAs have been comprehensively elucidated. Yet, miRNA
profiles have already proven useful to improve lung cancer diagnosis and classification as
well as to provide prognostic information. Detection of early changes in lung
carcinogenesis, including key changes in miRNA expression, offers the prospect to
intervene to improve clinical outcomes when the potential for substantial clinical benefits
exist. In this regard, it is intriguing that altered miRNA expression is detected in sputum.
This can uncover early stages of squamous cell carcinoma23, adenocarcinoma24 and other
types of NSCLC.25

Specific miRNA expression profiles can improve lung cancer classification and identify new
pharmacological targets. Prior miRNA signatures have been linked to prognosis of clinical
subsets of lung cancers.26 This can help classify this malignancy by precisely defining the
miRNA expression profiles that are characteristic of different histopathologic types of lung
cancer.27

Expression profiles of miRNAs can provide prognostic information in lung cancer. Specific
miRNA expression patterns can assess survival outcomes for lung cancer patients. For
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example, a four-miRNA (miR-486, miR-30d, miR-1 and miR-499) serum signature in
NSCLC can predict overall survival. 28 Increased miR-155 and reduced let-7a-2 expression
defines an unfavorable survival in pulmonary adenocarcinomas.29 Lung cancer patients
whose tumors had a five-miRNA signature (low miR-221 and let-7a, high miR-137,
miR-372, and miR-182*) exhibit unfavorable overall and disease-free survivals.26

Recurrence of stage I NSCLC after surgical resection was predicted by miRNA expression
profiles.30

There is a need to identify lung cancer-associated miRNAs, which are biomarkers of
treatment response or pharmacological targets. Given this, searches were undertaken to find
those miRNAs that would exert tumor suppressive or oncogenic (oncomir) effects in the
lung. Candidate tumor suppressive miRNAs are those that exhibit reduced expression in
malignant versus adjacent normal lung tissues, as shown in Figure 1. Potential oncomirs are
defined by overexpression in the malignant versus adjacent normal lung tissues, as
summarized in Figure 1. Consequences of this include changes in expression of critical
target genes that could confer tumor suppressive or oncogenic effects of specific miRNAs.
Changes in these direct target genes can be used to improve the diagnosis or classification of
lung cancers. Some of these species are also therapeutic or chemopreventive targets in the
lung, as in the example of miR-31.14

Oncomirs in Lung Cancer
Oncomirs have higher basal expression in malignant as compared to adjacent normal lung
tissues. Some are potential prognostic biomarkers as in the case of miR-92a-2* in SCLC31

or the examples of miR-155, miR-130a, let-7f and miR-30e-3p in NSCLC.29, 32, 33 To date,
few candidate oncomirs have had mechanistic validation or identification of the target genes
that would exert their oncogenic effects.

One of these oncomirs is miR-21 that plays a key functional role in several cancers34–37

including lung cancer.38 Prior work revealed that miR-21 promotes cellular growth and
augments tumor invasion and metastasis39 by reducing expression of specific sets of target
genes that exert tumor suppressive effects. For example, in K-ras-dependent mouse lung
cancers there is an increase in miR-21 expression; miR-21 targets multiple negative
regulators of the Ras/MEK/ERK pathway to promote proliferation by regulating expression
of Spry1, Spry2, Btg2 and Pdcd4.39–41 Also, miR-21 inhibits apoptosis by reducing
expression of pro-apoptotic gene products that include Apaf1, Faslg, Pdcd4 and RhoB.39, 40

Reduction of Pdcd4 expression can increase invasion and metastasis.41

Our team reported that miR-31 acts as an oncomir in murine and human lung cancers.14 The
strategy that was taken to uncover oncomirs and their target genes in lung cancers appears in
Figure 2A. That miR-31 and other miRNAs were overexpressed in transgenic cyclin E-
driven murine lung cancers implied that a similar miRNA expression profile would occur in
human lung cancers.42 This was the case when human lung cancers (versus adjacent normal
lung tissues) were found to have a similar expression pattern for several of the miRNAs that
were highlighted in previously described transgenic lung cancers.14, 42 Functional validation
was sought for the candidate oncomirs that were over-expressed in the majority of examined
murine and human lung cancers.

Of a panel of over-expressed miRNAs in murine lung cancers, only a small subset was also
augmented in human lung cancers.14 Of those shown in Figure 2A, basal miR-31 expression
level was enhanced in a large number of lung cancer cell lines studied and engineered
knock-down of miR-31 significantly reduced both cellular growth and colony formation.14

Among potential target genes uncovered by bioinformatic analysis, several tumor
suppressive species were identified as possible direct miR-31 targets.14 Of these, two were
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functionally validated as direct miR-31 targets: large tumor suppressor 2 (LATS2) and
PP2A regulatory subunit B alpha isoform (PPP2R2A); engineered knockdown of LATS2 or
PPP2R2A reversed the growth inhibitory effect by miR-31 knock-down.14 This revealed a
direct link between miRNA-31 and that of LATS2 and PPP2R2A expression, as shown in
Figure 2B. Prior work of others highlighted miR-31 as a candidate oncomir in head and neck
cancer.15 Intriguingly, regulating miR-31 expression also affects breast cancer metastasis by
regulating expression of other target genes.16, 17 Taken together, these findings underscore
that miRNAs exert their functions in cell, tissue and disease specific contexts.
Pharmacologic knock-down of a critical oncogenic miRNA, such as miR-31 in lung cancer,
might exert anti-neoplastic effects.14

Tumor Suppressive MiRNAs in Lung Cancer
In contrast to oncomirs, expression profiles of candidate tumor suppressive miRNAs are
repressed in cancers versus adjacent normal lung tissues. For example, reduced expression
of the miRNA let-7 was reported to occur in bronchioloalveolar carcinoma43 and lung
adenocarcinoma.29, 44 The miR-146b expression patterns in squamous cell lung cancer were
found to predict a poor clinical outcome and miR-34a expression was found as a biomarker
for clinical relapse in surgically resected NSCLC.45,46 Also, miR-34a was inactivated by
CpG methylation and this caused transcriptional silencing in lung cancers.47 The precise
mechanisms through which these miRNAs exert their tumor suppressive effects remain to be
determined.

The miR-34 family is reported as a p53-induced tumor suppressive miRNA family in
diverse types of cancers.48–53 As a transcription factor, p53 directly induces miR-34 family
transcription. Ectopic miR-34 expression can augment apoptosis, cell-cycle arrest or
senescence. The promoter regions of the miR-34 family are often inactivated by CpG
methylation.47 Repression of the miR-34 family was linked to resistance to p53 activating
agents that can cause apoptotic response to specific chemotherapy treatments.54 Direct
miR-34 target genes include: in CKD4/6,55–57 c-Myc,58, 59 CREB,60 SIRT1,61 cyclin E 62,
and Bcl-2.53 Our laboratory found that miR-34c expression was repressed in both murine
and human lung cancers and that ectopic expression of miR-34c significantly reduced lung
cancer cell growth by specifically targeting cyclin E for repression.62 Other highlighted
candidate tumor suppressive miRNAs in lung cancer appear in Figure 3. The expression
patterns of oncogenic and tumor suppressive miRNAs in lung cancers were confirmed by
use of in situ hybridization (ISH) assays. Representative results are shown in Figure 4.

The let-7 miRNA family is located in genomic regions that are fragile sites or frequently
deleted in specific cancers.63 Let-7 expression is often repressed in certain types of lung
cancers.29, 43, 44 Engineered let-7 over-expression can inhibit cancer cell proliferation.64, 65

Several let-7 target genes are reported, including: K-ras,65 HMGA2,64, 66 and c-Myc21, 67 as
well as the cell cycle regulators CDC25A, CDK6, and cyclin D2.68 Engineered over-
expression of let-7 was achieved in the K-ras-driven murine lung cancer model via
adenoviral delivery and this reduced lung cancer formation in vivo.21 Forced over-
expression of tumor suppressive miRNAs can exert anti-neoplastic effects in the lung.62

Pharmacologic strategies exist that can regulate miRNA expression and these are next
discussed.

MiRNAs as Lung Cancer Targets
Specific miRNAs play critical roles in regulating tumorigenicity. It is therefore appealing to
consider pharmacologic strategies to target specific miRNAs in lung carcinogenesis. These
approaches can use miRNA derivatives as anti-cancer agents. Inhibition of specific
oncomirs is achieved by use of optimized antisense derivatives. As an example, locked
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nucleic acid (LNA) miRNA derivatives represent a class of chemically-modified nucleic
acids that inhibit specific miRNAs in mouse models69 and in non-human primates.70 LNAs
and related compounds are designed to be stable in serum and to exert limited off-target
toxicities.70 Use of LNAs to target oncomirs in lung cancer is an attractive approach. Other
chemically-modified nucleotide compounds were shown to antagonize miRNA activities in
in vitro and in vivo models. For example, 2′-O-methyl-modified nucleotide derivatives
inhibited miR-122 (cholesterol-conjugated antagomir) in mice, which caused a decrease in
cholesterol biosynthesis. 71 An analogous approach inhibited miR-10b activity in a mouse
mammary tumor model and this caused a decrease in lung metastases. 72

In contrast to suppression of oncomirs as a way to confer anti-tumorigenic effects,
restoration of tumor suppressive miRNAs was also examined in pre-clinical models. A
chemically synthesized miR-34a analog was used along with a lipid-based formulation.73

This was delivered to murine models by intravenous delivery, which caused anti-
turmorigenic effects.73 Other examples were that of intratumoral or intranasal delivery of
let-7 to established tumors in mouse models of NSCLC and this conferred anti-neoplastic
effects.74

Agents that affect expression of specific miRNAs were shown to overcome tumor
suppressive or oncogenic miRNA effects. These agents are in the early phases of pre-clinical
testing. Pre-clinical validation would set the stage for conduct of proof of principle clinical
trials targeting desired miRNAs. In this regard, the miRNA expression profile within a
patient’s lung cancer might need to be discerned before selection of the miRNA-based
therapy that would target aberrant miRNA expression within the tumor.

Future Directions
Expression profiles of miRNAs are useful to improve diagnosis, classification and to
provide clinical prognostic information in lung cancer. There is a need to assess the miRNA
signatures for each histopathologic subtype of lung cancer and to compare any changes
relative to the normal lung as well as to the clinical features present at diagnosis such as
stage, smoking history, age, and gender. Likewise, miRNA profiles might prove informative
to predict response to chemotherapeutic or targeted therapies as well as to predict survival
after diagnosis of early or advanced stages of lung cancer. At the same time, miRNA
profiles might identify those at high risk for development of lung cancer. This information
might guide the use of chemopreventive agents to reduce this clinical risk.

It is known that miRNA profiles exert biological effects by regulating expression of many
target genes. Bioinformatic analysis can predict potential target genes for each miRNA.75, 76

Functional validation of any highlighted target gene must be experimentally confirmed by
establishing direct complex formation of the miRNA of interest with the expected mRNA
sequence. In these analyses, it is important to recognize that any miRNA profile would
likely depend on the cell and tissue contexts as well as on the examined physiological or
pathophysiological states. It is notable that a change in a single miRNA can lead to
compensatory and time-dependent changes in protein (or mRNA) expression profiles within
individual cells or tissues.12, 13 Examination of any individual or small series of miRNAs
may not reflect the complexity of changes in miRNA expression participating in clinical
tumor biology. Comprehensive analysis of the functional role of each highlighted network of
miRNAs and their targets is needed.

In the analyses of miRNA expression profiles, it has proven useful to relate changes in
genetically-engineered mouse models of lung cancer to those observed in lung cancers of
patients. The utility of this approach is summarized in Figure 4 and in prior work.14, 62 In
that work, functional validation of candidate tumor suppressive or oncogenic miRNAs was
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confirmed by gain and loss of miRNA studies in murine lung cancer cells that can be
transplanted via tail vein injections into syngeneic mice to assess lung tumor formation.14, 62

This is an active area of investigation. Yet, functional validation of only a few miRNAs has
been achieved in lung cancer. Further work is needed to elucidate the precise miRNA target
genes and pathways that play critical roles in regulating lung carcinogenesis. Both in vitro
and in vivo gain and loss of function experiments are needed to validate the role of any
miRNA in lung cancer biology. In these studies, ISH assays are useful to assess the specific
cells or tissues that exhibit miRNA deregulation. This deregulation may occur in the cancer
cells themselves, in normal cellular elements within a cancer, and in the stroma or tumor
microenvironment that can be the site of altered expression of a specific miRNA in lung
cancer. 14, 62, 77

Once specific miRNAs are found to play a key role in lung cancer biology, the same species
might become targets to reduce lung carcinogenesis. It is intriguing to keep in mind that
chemically-modified RNA analogs (such as LNAs) exist. 78 These are candidate therapeutic
agents. One potential advantage of using LNAs or other miRNA derivatives is that off-target
toxicities might be clinically well tolerated.78 One possible disadvantage is that prolonged
regulation of any single miRNA of interest may confer global changes in gene expression
that could elicit unwanted compensatory changes in target gene expression. This in turn
could confer clinical resistance or even toxicity. Off-target effects of specific miRNA-based
therapy might cause adverse clinical side effects. In the near term, pharmacological miRNA
delivery approaches should be optimized in pre-clinical models before clinical testing
begins.

Conclusions
Lung cancer is the most common cause of cancer mortality for women and men in the
United States18. Given this, there is a pressing need to develop new ways to combat this
cancer. One way to begin to address this is by taking advantage of what has already been
learnt about miRNAs, which play a key role in regulating gene expression in normal and
neoplastic cells or tissues. Expression profiles uncovered miRNAs that are either repressed
or increased in lung cancers relative to the adjacent normal lung tissues. These would
respectively serve roles as tumor suppressive or oncogenic miRNAs. Expression profiles are
also useful to improve the diagnosis or classification of lung cancers. These provide
prognostic information and might even guide lung cancer treatments. Intriguingly, miRNAs
are also candidate anti-neoplastic agents. Current studies will determine whether chemically-
modified miRNAs are suitable for clinical use against lung cancer.
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ISH in situ hybridization

Kb kilobases
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LNA locked nucleic acid

miRNA or miR microRNA

NSCLC non-small cell lung cancer

oncomir oncogenic microRNA

pri-miRNA primary-miRNAs

RISC RNA-induced silencing complex

SCLC small cell lung cancer

siRNA small interfering RNA

UTR untranslated region
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Figure 1.
Identification and functional characterization of oncogenic and tumor suppressive miRNAs
in lung cancer. Candidate tumor suppressive miRNAs are repressed (↓miRNA) while
candidate oncogenic (oncomir) miRNAs are increased (↑miRNA) in their expression within
lung cancers (relative to adjacent normal lung tissues). Bioinformatic analysis is used to
prioritize potential target genes before functional validation, as described in the text. The
increased arrow sizes are meant to convey an increased stringency of selection for the
highlighted miRNAs.
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Figure 2.
Comprehensive analysis of known miRNAs was performed to uncover those that were
increased in lung cancers relative to adjacent normal lung.14 (A) Initial analysis was
performed in transgenic cyclin E-driven mouse models that recapitulated frequent features
of human lung cancer such as presence of chromosome instability, hedgehog pathway
activation, single or multiple pre-malignant and malignant (adenocarcinoma) lung lesions
and even the onset of metastases. Results were confirmed and extended for a subset of
highlighted miRNAs (see figure) within a panel of paired normal-malignant human lung
tissues. Gain and loss of function studies were performed in murine and human lung cancer
cells to explore the anti-neoplastic effects of each highlighted miRNA. This led to finding
miR-31 as a key oncomir in the lung. This conclusion was made based on engineered loss of
miR-31 that caused a significant reduction in lung cancer formation after transplantation of
these cells into syngeneic mice, as discussed in the text.14 (B) Bioinformatic analysis was
performed using the indicated programs shown in this panel. This uncovered the tumor
suppressors (LATS2 and PPP2R2A) as regulators of the oncogenic effects of miR-31. The
increase in arrow size conveys the increased stringency of selection for the highlighted
miRNAs.
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Figure 3.
Comprehensive analysis of known miRNAs was performed to uncover those that were
repressed in murine lung cancers relative to adjacent normal lung tissues.62 Results were
confirmed and extended for a subset of highlighted miRNAs in a panel of paired normal-
malignant human lung tissues. Gain and loss of function studies were independently
performed in murine and human lung cancer cells to explore the anti-neoplastic effects of
each highlighted miRNA. Of these species, three prominent growth suppressive miRNAs
were found and were each functionally validated. These were: miR-34c, miR-145, and
miR-142-5p. The increase in arrow size conveys the increased stringency of selection for the
highlighted miRNAs.
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Figure 4.
Spatial characterization of miRNA expression profiles in murine and human lung tissues.
Representative in situ hybridization (ISH) assay results are displayed using locked nucleic
acid (LNA)-modified probes against candidate tumor suppressive or oncogenic miRNAs.
These assays were performed using formalin-fixed paraffin-embedded normal or malignant
lung tissues, as previously described.14,62 The upper panel shows the miRNA expression
patterns of the indicated miRNAs in age-matched non-transgenic sibling controls (normal
lung tissue) and in a cyclin E-driven mouse model of lung cancer, as previously described.42

ISH analyses indicated the predominant bronchial epithelial cell expression pattern for
miR-34c (arrows) as well as for expression of miR-145 in epithelial cells (small arrows),
though miR-145 was also expressed in the smooth muscle cells of the lamina muscularis of
the mucosa and vasculature (arrows). In contrast, miR-126 expression was expressed in
endothelial cells (arrows) and by this profile was viewed as having a lower priority for
miRNA functional assessment than either miR-34c or miR-145. The lower panel displays
the ISH expression patterns for miR-31 and for the 18S ribosomal RNA (as control for RNA
integrity) in paired human normal lung tissue versus adjacent lung cancer (adenocarcinoma).
This ISH analysis confirmed augmented miR-31 expression (relative to adjacent normal
lung) within both murine and human lung cancers. Representative hematoxylin and eosin (H
& E) stained lung tissues are displayed.
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