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Abstract
MicroRNAs (miRNAs) are short non-protein-coding RNAs that post-transcriptionally regulate mRNA expression. A large body

of evidence has identified important roles for these regulators in cell proliferation, differentiation, apoptosis and metabolism,

as well as activation of oncogenic and antioncogenic signals. Aberrant expression of miRNAs has been found in most human

malignancies and is strongly associated with tumorigenesis, prediction, diagnosis, progress, treatment and prognosis. Thus,

miRNAs may become an intriguing and promising therapeutic target for many diseases, including cancer. In addition,

research into miRNAs may provide insight into the mechanisms underlying tumor occurrence, progression and metastasis.

This review summarizes the current knowledge of miRNAs, their roles in lung cancer and avenues for future research.
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Introduction

Lung cancer causes more mortality than any other malig-
nant tumor worldwide, with an estimated 215,000 new
lung cancer patients and 162,000 deaths in the USA in
2008.1,2 Most patients are diagnosed in advanced stages
due to the lack of specific biomarkers and tools for early
screening and diagnosis. A number of studies have
focused on improvement of medical imaging and sputum
cytology analysis; however, the five-year survival rate
remains low (15%).3,4

MicroRNA (miRNAs) are approximately 21–25 nucleo-
tide RNAs that can recognize specified target mRNAs and
regulate gene expression. They influence the transcriptional
and post-transcriptional mRNAs levels by promoting the
degradation of their targets and/or suppressing translation.
MiRNAs regulate various biological processes, such as cel-
lular differentiation, proliferation, metabolism, resistance
and cell death.5 They also act as tumor promoters and sup-
pressors depending on the nucleotide sequence. Abnormal
expression of miRNAs has been reported to correlate with
tumorigenesis.6,7 Therefore, the profiles of miRNA
expression in the different stages of lung cancer can unveil
important information in diagnosis and prognosis, and ulti-
mately lead to individualized treatment at the molecular
level.

Role of miRNAs in tumorigenesis
and anticancer effects

Evidence from many studies has identified an important
role of miRNAs in the regulation of the cell cycle and tumor-
igenesis in organs, including the lung.8,9 For example,
Takahashi et al.10 found decreased expression of miR-107,
miR-185 and let-7a, but increased expression of miR-31 in
lung carcinoma tissues and cancer cell lines. Over-
expression of miR-107 and miR-185 significantly reduced
the proliferation of A549 and H1299 non-small cell lung car-
cinoma (NSCLC) cells. In H1299 cells, let-7a significantly
reduced proliferation, but this effect was less profound in
A549 cells. MiR-31 also slightly suppressed lung cancer
cell growth in both cells. MiR-107 and miR-185 significantly
increased the percentage of cancer cells in the G1 phase of
the cell cycle.10 Furthermore, another report demonstrated
that let-7a shared seven base sequences with the miR-16
family and induced G1 arrest by targeting multiple cyclins
and cell cycle regulators, including the miR-107 target
CDK6.11 Synthetic let-7 can cause cell cycle defects in
HepG2 cells by significantly increasing the percentage of
cells in G0–G1.12 Thus, the mechanism by which let-7,
miR-16 and miR-107 induce cell cycle arrest in the G1

phase might be the similar. Results from these studies
suggest that miRNA-based treatments may be beneficial in
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treating metastatic lung cancer by repairing or normalizing
abnormalities occurring in cell cycle regulation.

Much of our current knowledge regarding the relative
importance of miRNAs on cell proliferation has been uncov-
ered using inhibition or over-expression of target miRs.
Inhibition of miR-107, using a synthetic inhibitor created
by cloning the matching miRNA-targeted sites and insert-
ing them into the multiple cloning sites in the luciferase
reporter vectors, increased the proliferation of A549 cells,
but not HeLa cells.13 Epidermal growth factor-like domain
7 (EGFLD7) is related to cell migration and angiogenesis.
Sun et al.14 found that the over-expression of miR-126
resulted in an increased expression of EGFLD7 in A549
cells that inhibited cell proliferation in vitro and tumor
growth in vivo. Zhong et al.15 showed dose-dependent inhi-
bition of lung cancer cell growth by miR-107, miR-126 and
let-7a, suggesting that the over-expression of these
miRNAs suppresses cancer. Future experiments investi-
gating the in vivo effects of miRNAs in transgenic and
knockouts models will offer valuable information about
safety and efficacy.

MiRNA: tumor suppressor

Let-7 is an important miRNA and is highly expressed in
lung tissue, as supported by in vitro and in vivo studies.7,16

Takamizawa et al.17 reported a low expression of let-7 in
40% of lung tumors and in 60% of lung cancer cell lines.
The 30 untranslated region (30UTR) end of the RAS gene,
which is highly expressed in lung tumors, has multiple
let-7-binding sites. This suggests that let-7 plays a role in
the down-regulation of the RAS oncogene. Studies by
Johnson et al.12,16 also found low let-7 expression, but high
RAS expression in lung tumor models. Over-expression of
let-7 inhibited cell growth, implicating let-7 in the regulation
of RAS in this process. Ras-related protein 14 (RAB14) was
also associated with tumorigenesis. One study showed
that the level of miR-451 was correlated with differentiation,
pathological stage and lymph node metastasis of NSCLC,
and over-expression of miR-451 significantly inhibited
RAB14 protein expression.18 In addition, strong positive
immunoreactivity of RAB14 protein was significantly
associated with down-regulation of miR-451 (P ¼ 0.01).18

This result suggests that miR-451 functions as a tumor sup-
pressor in NSCLC by targeting RAB14.

Retinoblastoma 1 (RB1) was the first identified tumor sup-
pressor. Feng et al.19 found that over-expression of miR-192
inhibited cell proliferation in A549, H460 and 95D NSCLC
cells, as well as tumorigenesis in a nude mouse model prob-
ably by decreasing RB1 mRNA and protein expression and
repressing RB1-30-UTR reporter activity. These results
demonstrate that miR-192 is a tumor suppressor that
might target the RB1 gene, thus inhibiting cell proliferation
and inducing cell apoptosis in lung cancer cells.

PED/PEA-15 (a phosphoprotein enriched in diabetes and
astrocytes), a 15-kDa death effector domain family member
with a broad antiapoptotic function, is highly expressed in a
number of human tumors including lung cancer. Incoronato
et al.20 identified miR-212 as a negative regulator of PED/
PEA-15 expression. The ectopic expression of miR-212

increased tumor necrosis factor-related apoptosis-inducing
ligand and induced cell death in NSCLC cells. In vitro and
in vivo studies indicate that the expressions of PED/
PEA-15 and miR-212 are inversely correlated, suggesting
that miR-212 may be considered as a tumor suppressor.
Regulator of G-protein signaling 17 (RGS17), which is
highly expressed in lung adenocarcinoma and prostate
cancer, induced tumor cell growth through induction of
cyclic adenosine monophosphate response element-binding
protein phosphorylation.21 Sun et al.22 showed that ectopic
expression of hsa-miR-182 significantly inhibited lung
cancer cell proliferation through inhibition of RGS17,
suggesting that tumor suppressors might play a role in med-
iating the hsa-miR-182-inhibited anchorage-independent
lung cell growth.

Hypoxia-inducible factor-1a (HIF-1a) is considered a key
regulator of tumor angiogenesis. Cha et al.23 found that
miR-519c directly reduced tumor angiogenesis by binding
to the HIF-1a 30UTR. Further studies demonstrated that
over-expression of miR-519c significantly inhibited the
expression of the HIF-1a protein and reduced the tube for-
mation of human umbilical vein endothelial cells.
Consistent with this, over-expression of miR-519c was
associated with a better prognosis in cancer patients.23

Fused in sarcoma 1 (FUS1) is a tumor suppressor gene
located on human chromosome 3p21, and its protein
expression is greatly diminished in many lung cancers.24

This has been confirmed by studies demonstrating that
over-expression of FUS1 significantly inhibits tumor
growth and progression in mouse models,25 and further-
more FUS1 knockout mice have an increased frequency of
spontaneous tumors.26 Du et al. showed that over-
expression of miR-93, miR-98 and miR-197 reduced the
expression of the FUS1 protein by interacting with the
30UTR, which promoted lung cancer growth.27 Epidermal
growth factor receptor (EGFR) signaling has been shown
to play an important role in cell migration and invasion.28

Wang et al.29 demonstrated that miR-125a-5p regulated the
expression of several downstream genes involved in EGFR
signaling, and antisense miR-125a-5p significantly pro-
moted migration and invasion, suggesting that miR-125a-
5p is negatively correlated with lung cancer metastasis
and invasion.

Enhancer of zeste homolog 2 (EZH2), a human homolog
of the drosophila polycomb group gene, plays a critical
role in transcriptional regulation by chromatin remodel-
ing, nucleosome modification and interaction with other
transcription factors.30 Increasing evidence suggests that
EZH2 possesses oncogenic properties. One such study
found that over-expression of EZH2 enhanced prolifer-
ation and invasion of cancer cells and promoted neoplastic
transformation.31 Reduced expression of miR-101 is associ-
ated with over-expression of EZH2 in NSCLC, and
enforced expression of miR-101 or knockdown of EZH2
leads to reduced NSCLC cell proliferation and invasion
and sensitized cells to paclitaxel-mediated apoptosis
through inducing expression of the proapoptotic protein
Bim.32 This implies that miRNAs such as miR-100 might
control the tumor-promoting effect of EZH2 in NSCLC
cells.
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MiRNA as oncomir

Aside from their roles as tumor suppressors, some miRNAs
act as tumor promoters. For example, the miR-17-92 cluster
that is located at 13q31.3, controls the expression of seven
miRNAs and has been identified as a potential oncogene
in a mouse model of lymphadenoma.29 The expression of
miR-17-92 is highly regulated in many solid tumors, includ-
ing lung cancer,33 and over-expression of miR-17-92 in lung
cancer cells, especially in SCLC, promotes cells differen-
tiation.34 Although the molecular mechanisms by which
miR-17-92 induce lung cancer growth remain largely
unknown, miR-17-92 has been shown to target phosphatase
and tensin homolog (PTEN), a tumor suppressor, in HeLa
cells.35 PTEN participates in the cell-survival signaling
pathway PI3K/AKT and is usually eliminated or mutated
in some sporadic and hereditary tumors including lung
cancer.36,37 Another study38 found that miR-31 inhibits the
expression of the tumor-suppressor genes large tumor sup-
pressor 2 (LATS2) and PP2A regulatory subunit-Ba isoform
(PPP2R2A) in lung cancer cells, which are highly expressed
in cells with silenced miR-31, suggesting that miR-31 acts as
a tumor promoter in lung cancer (Figure 1).

Recent research focused on single nucleotide polymorph-
isms (SNPs) and cancer uncovered that single miRNAs have
the ability to regulate the expression of hundreds of mRNAs
at the same time.39 Therefore, the potential possibility of a
single miRNA with abnormal function to induce cell trans-
formation is very high and the functions of SNPs seem to be
important in tumorigenesis. Chin et al.40 found that the let-7
complementary site 6 variant alleles were significantly

associated with increased risk for NSCLC among moderate
smokers and represents a new paradigm of let-7 miRNAs in
lung cancer susceptibility. Rs3134615, a miRNA-1827-
binding site in MYCL1, T allele, was associated with a
significant increased risk of SCLC, with the odds ratios for
carrying the GT or TT genotype being 2.08 (95% confidence
interval [CI]: 1.39–3.21; P ¼ 0.0004) compared with the GG
genotype (Figure 1).41

Invasion and migration are characteristics of malignant
tumors including lung cancer, and miRNAs play an impor-
tant role in this process. Jiang et al.42 reported different
expression profiles of hsa-miR-125a-3p and hsa-miR-125a-
5p in NSCLC tissues and adjacent normal lung tissues,
and that these miRNAs function in an opposing manner
in suppressing or enhancing the migration and invasion in
A549 and SPC-A-1 cell lines. This is consistent with the
reverse correlations between the expression level of these
miRNAs and lymph node metastasis in NSCLC.
Proto-oncogene c-Crk (CRK) is an adaptor protein involved
in intracellular signaling pathways, cell adhesion, prolifer-
ation and migration. Increased expression of CRK has
been associated with the increased invasiveness of lung
cancer.43 Crawford et al.44 found that over-expression of
miR126 in lung cancer cells resulted in a decrease in CRK
protein without any alteration in mRNA expression. As
lung cancer cells exhibit a decrease in adhesion, migration
and invasion, this suggests that CRK may be a putative
target gene for miR-126. Roybal et al.45 found that Flt1
was required for lung adenocarcinoma cell invasion, and
metastasis, and furthermore reported that targeting Flt1
by miR-200 inhibited lung adenocarcinoma cell invasion.

Figure 1 Targets and functions of microRNAs (miRNAs) in lung cancer. This diagram shows the antioncogenic and pro-oncogenic role of miRNAs in the regu-

lation of cell cycle and lung cancer growth including apoptosis, angiogenesis, invasion and metastasis by targeting different or similar genes. RGS17, regulator of

G-protein signaling 17; EGFR, epidermal growth factor receptor; HIF-1a, hypoxia-inducible factor-1a; TRAIL, tumor necrosis factor-related apoptosis-inducing

ligand; LATS2, large tumor suppressor 2l; PTEN, phosphatase and tensin homolog; EGFL7; epidermal growth factor-like domain 7. (A color version of this

figure is available in the online journal)
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MiRNAs as biomarkers of lung cancer

Diagnosis and prediction biomarkers

A more reliable, non-invasive diagnostic tool is important
for screening and treatment of lung cancer. MiRNA
expression is time- and space-specific, and the expression
profiles can reflect the developmental lineage and differen-
tiation state of tumors, and can identify poorly differen-
tiated tumors successfully, whereas mRNA profiles are
highly inaccurate when applied to the same samples.46

Thus, the expression profiles of miRNAs have potential
value for diagnosing malignant tumors. Sputum cytology
analysis has been used for the diagnosis of lung cancer for
decades.47,48 Xie et al.49 found that miR-21 expression in
the sputum specimens was significantly higher in cancer
patients (76.32+ 9.79) compared with cancer-free individ-
uals (62.24+ 3.82, P , 0.0001). Further studies have shown
that increased miR-21 expression produced 69.66% sensi-
tivity and 100.00% specificity in the diagnosis of lung
cancer by sputum cytology. Thus, examining altered
miRNA expression in sputum could be a potential non-
invasive approach for cancer diagnosis in the lung. Shen
et al.50 identified 12 miRNAs aberrantly expressed in early-
stage NSCLC. Among these, five miRNAs displayed signifi-
cant concordance of the expression levels in plasma and the
corresponding tumor tissues (all r . 0.850, all P , 0.05) and
four (miRNA-21, -126, -210 and 486-5p) yielded 86.22% sen-
sitivity and 96.55% specificity in distinguishing NSCLC
patients from healthy controls. Furthermore, the panel of
miRNAs produced 73.33% sensitivity and 96.55% specificity
in identifying stage I NSCLC patients. In addition, these
miRNAs had higher sensitivity (91.67%) in diagnosing
lung adenocarcinomas compared with squamous cell carci-
nomas (SCCs) (82.35%) (P , 0.05). For early-stage NSCLC,
the expression of miR-1254 and miR-574-5p was signifi-
cantly increased.51 Compared with normal lung tissues,
the top 10 deregulated miRNAs in lung tumors that were
appropriate for discriminating computed tomography-
detected lung cancer from normal lung tissue were
miR-210, miR-21, miR-219-1,miR-7, miR-200b and
miR-324, which were all up-regulated, and mir-126,
mir-451, mir-30a and mir-486, which were all down-
regulated.52 Two miRNAs (mir-205 and mir-21) were
reported to be accurate in distinguishing adenocarcinoma
from SCC subtypes (P � 0.001). In addition, mir-518e and
mir-144 were down-regulated in tumors with a faster
growth rate.52 This suggested that expression of miRNAs
played a critical role in diagnosis and was also important
in distinguishing NSCLC subtypes. In addition, miRNA
expression profiles were also different between lung
primary and metastatic tumors. Barshack et al.53 reported
that over-expression of hsa-miR-182 was found in lung
primary tumors, whereas hsa-miR-126 was highly
expressed in metastatic tumors, suggesting the distinct
roles of hsa-miR-182 and hsa-miR-126 in lung primary
and metastatic tumors.

Adenocarcinoma is the most common subtype of NSCLC.
Yu et al.54 found that the combined over-expression of
miR-21, miR-486, miR-375 and miR-200b in surgical
tissues and sputum were biomarkers in the prediction of

lung adenocarcinoma from normal controls with 80.6% sen-
sitivity and 91.7% specificity. The results were validated in
64 lung cancer patients and 58 cancer-free participants.
Lebanony et al.55 reported lower expression of
hsa-mir-205 in lung adenocarcinoma, whereas higher
expression was found in SCC subtypes. In addition,
hsa-mir-21 and U6 were highly expressed in adenocarci-
noma and SCC subtypes. This result suggested that
expression of hsa-miR-205 could be a good predictor and
highly accurate diagnostic biomarker of lung SCCs with
high sensitivity (96%) and specificity (90%). Similar results
were observed in another study.56 In addition, Xing et al.57

found that detection of miR-205, miR-210 and miR-708
expression in sputum was highly sensitive (73%) and
specific (96%) in diagnosing lung cancer. Raponi et al.58

demonstrated that 15 miRNAs were differentially expressed
in 61 SCCs and 10 matched normal lung samples including
members of the miR-17-92 cluster and its paralogues, and
that miR-146b had the strongest predictive accuracy for stra-
tifying prognostic groups. Taken together, these results
suggest that miRNAs might contribute to the diagnosis of
certain lung cancer subtypes.

Prognosis biomarkers

Owing to the important role that miRNAs play in oncogen-
esis, they have been considered promising prognosis factors
as well. Studies found that let-7 is located at fragile sites, as
well as in minimal regions of loss of heterozygosity,
minimal regions of amplification (minimal amplicons) or
common breakpoint regions.59 To the contrary, a high
expression of let-7 was found in well-differentiated
tumors, whereas its target oncogenes (HMGA2 and ras)
were down-regulated. Thus, let-7 may be a biomarker for
poorly differentiated tumors.60 Takamizawa et al.17

showed that reduced expression of let-7 in human lung
cancers was associated with decreased postoperative survi-
val, which was independent of disease stage.

Hu et al.61 studied miRNA expression patterns in patients
with stage I to IIIa lung adenocarcinoma and SCC, who
were treated with surgery and adjuvant chemotherapies,
and found that high expression of miR-486 and miR-30d
in serum correlated with shorter survival. Furthermore,
they found that low expression of miR-1 and miR-499 in
serum correlated with shorter survival. Further studies
showed that patients carrying two or more risk miRNAs
exhibited shorter survival than those carrying zero or one
miRNA. Studies by Gallardo et al.62 revealed that lower
expression of miR-34a in tumor tissues was associated
with a high recurrent risk. In combination with p53
mutations, patients might have a high probability of relapse.

Chemoresistance and survival are important factors
affecting clinical treatment. Ranade et al.63 found that
miR-92a-2�(P ¼ 0.010), miR-147(P ¼ 0.018) and miR-574-5
(P¼ 0.039) were significantly associated with chemoresistance
in patients with SCLC. Further studies showed that higher
miR-92a-2 levels were associated with shorter survival.62

Gao et al.64 found that the expression level of miR-21 was
significantly higher in tumor tissues compared with adja-
cent normal tissues (P ¼ 0.026), whereas lower expression
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of miR-143 (P ¼ 0.000) and miR-181a (P ¼ 0.000) was
observed in lung carcinoma tissues. Furthermore, low
expression of miR-143 was significantly correlated with
smoking status (P ¼ 0.026). In addition, high miR-21
expression (hazard ratio [HR]: 5.993; 95% CI: 2.518–
14.264; P ¼ 0.000) and low miR-181a expression (HR:
0.328; 95% CI: 0.142–0.756; P ¼ 0.009) were associated
with poor survival independent of TNM staging and
lymph node status. These studies by Gao et al.64 suggest
that miR-21, miR-143 and miR-181a might be beneficial in
the diagnosis and/or prognosis of NSCLC. One study indi-
cated that higher levels of mir-429, a member of the mir-200
family, were correlated with a worse disease-free survival,
and down-regulation of mir-486-5p in plasma was associ-
ated with a poor outcome. In adenocarcinoma patients,
high miR-155 expression tended to a significant negative
prognostic effect on survival and was an independent prog-
nostic factor. However, in SCC patients with lymph node
metastasis, miR-155 had a positive prognostic impact on
survival.65

Circulating miRNAs

MiRNAs are very stable in blood despite the harsh environ-
ment.66,67 Lawrie et al.68 showed that the expression of
miR-21 was increased in serum from patients with diffuse
large B-cell lymphoma and that higher expression was
associated with longer relapse-free survival. Mitchell
et al.67 observed tumor-derived miRNAs in serum from a
xenografted prostate carcinoma mouse model, and found
over-expression of miR-141 in metastatic prostate cancers.
Further studies demonstrated that expression of miR-141
in serum had favorable sensitivity and satisfactory speci-
ficity for the diagnosis of prostate cancer. Chen et al.66 ana-
lyzed miR-141 in patients with NSCLC, colorectal cancer
and diabetes, and found that the serum miRNA profile in
cancer patients was significantly different from the healthy
controls. The study also identified that eight miRNAs
(such as miR-205, miR-206, miR-335, etc.) were specific for
NSCLC and 14 miRNAs (such as miR-485-5p, miR-361-3p,
miR-326, miR-487b, etc.) were specific for colorectal cancer.

A recent study found 63 miRNAs in blood serum from
lung cancer patients, but not in healthy counterparts.66

MiRNA phenotypes were different between serum and
blood cells for lung cancer patients; however, there was no
difference in healthy people.66 Another study showed that
both miR-25 and miR-223 in serum were highly expressed
in NSCLC in contrast to healthy people; thus, miR-25 and
miR-223 could be considered biomarkers for NSCLC.66

Keller et al.69 showed that 27 miRNAs were significantly
dysregulated in blood cells of lung cancer patients com-
pared with the controls. Using a subset of 24 miRNAs, a
radial basis functional support vector system allowed for
distinguishing blood cell samples of tumor patients and
controls with an accuracy of 95.4% [94.9–95.9%], a speci-
ficity of 98.1% [97.3–98.8%] and a sensitivity of 92.5%
[91.8–92.5%]. These findings suggest that neoplasia might
lead to deregulation of miRNA expression in blood cells
from cancer patients when compared with healthy individ-
uals. A high turnover of tumor cells or/and infiltration into

the circulation might be responsible for this. Rabinowits
et al.70 found that the average exosome concentration
in the peripheral circulation was 2.85 and 0.77 mg/mL in
individuals with cancer and normal people, respectively,
and that the miRNA concentrations were 158.6 and
68.1 ng/mL, respectively. There were no significant differ-
ences between the levels of miRNAs in peripheral circula-
tion and tumor tissues. However, significant differences
among miRNAs were observed in total peripheral circula-
tion and tumor tissue between tumor patients and healthy
individuals. This suggests that circulating exosomal
miRNAs can be used as a screening tool for lung cancer.

However, serum miRNA expression profiles have limited
value due to the following reasons: (1) serum miRNA
expression profiles do not directly correspond to tissue pro-
files. In addition, there is no direct correlation between
tissue miRNA levels and serum miRNA levels due to the
possible mechanisms responsible for miRNA release into
the circulation (cell lysis or exosome release71)72 and the
release of miRNAs into circulation from other tissues as a
result of the cancer or other non-cancer-related conditions
(Figure 2); (2) different miRNA-labeling techniques result
in different expression profiles. For example, Universal
Linkage System (ULS) chemical labeling (Mirus [Mirus Bio
Corporation, Madison, WI, USA] and Kreatech [Kreatech
Diagnostics, Amsterdam, Netherlands] kits), which only
targets G residues, produces signal intensities that are
directly proportional to the number of G residues in the
miRNA. In contrast, labeling by incorporating modified
nucleotides or label into an extended poly A tail, or by label-
ing with a modified primer by first strand cDNA synthesis,
should produce a more even label; (3) amplification tech-
niques such as reverse transcriptase polymerase chain reac-
tion or T7 promoter expression, produce different miRNA
expression patterns on arrays when compared with unam-
plified samples. This can be due to differential efficiency
in the amplification process. In addition, the limited quan-
tity of miRNAs in human serum is not sufficient for
column purification methods commonly used to purify
tissue miRNA.73

MiRNAs as new approaches and targets
for lung cancer therapy

Roles of miRNAs in cancer therapy

Owing to the close relationship between high tumor
miRNA expression and cell cycle control, as well as onco-
genic and pro-oncogenic gene regulation, miRNAs might
be considered new targets for cancer therapy. In addition,
one miRNA can regulate the expression of hundreds of
other mRNAs39 and can achieve a significant therapeutic
effect as ‘one agent with multiple targets.’ Wiggins et al.74

reported that a chemical synthesized miR-34a and a lipid-
based delivery vehicle administered locally or systemically,
blocked tumor growth in mouse models of NSCLC with no
effect on cytokine production, enzyme activity or immune
response. This also provided proof of concept for the sys-
temic delivery of synthetic tumor suppressors associated
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with viral-based miRNA delivery and thus offers a better
method for miRNA replacement therapy. Different
miRNAs might play opposing roles in lung cancer
therapy. For example, studies have shown that let-7 plays
an important role in cell cycle, differentiation and apopto-
sis.12 Furthermore, let-7 is considered an important mol-
ecule in the inhibition of angiogenesis and cancerization.75

Reduced let-7 expression is directly associated with
up-regulation of RAS in lung cancer, and at the same time
it reacts with other mRNAs in close proximity to repress
RAS and MYC translation.16,17 Over-expression of let-7a
inhibited tumor growth by suppressing the RAS and MYC
genes in an athymic mouse transplantation tumor
model.76 Nasal administration of let-7 inhibited tumor
growth in a K-ras-mutated lung cancer model in mice.77

Other miRNAs also act as tumor promoters. PTEN was
first discovered and identified as a tumor suppressor gene,
which was reported to induce apoptosis, and control cell
growth, invasion, migration and angiogenesis through
interference of several signaling pathways. In cells trans-
fected with anti-miR-21s, the level of PTEN protein was
increased.78 This largely reduced tumor cell growth and
invasive characteristics, suggesting that miR-21 down-
regulates the expression of PTEN, stimulating tumor
growth and invasion, which might be a potential thera-
peutic target for NSCLC.78 Another study suggested that
miR-17, which is regulated by the STAT3 pathway,

mediated MEK (MAP/ERK kinase) inhibitor resistance by
suppressing BIM expression.79 Wu et al.80 reported that
pre-miR-133b, a tumor suppressor, combined with cationic
lipoplexes in vitro could target the prosurvival gene
MCL-1 to regulate cell survival and sensitivity of lung
cancer cells to chemotherapeutic agents. Antisense inhi-
bition and silencing of miRNA to normalize the function
of oncomirs is theoretically feasible; however, delivery of
the small molecules locally and systemically is still challen-
ging. Moreover, these methods are still in the bench stage
and more work needs to be done to validate and test this
in vivo.

MiRNAs in therapy

Weidhaas et al.81 studied the role of miRNA expression
related to irradiation in lung cancer cells and found that
A549 cells, which contain lower let-7 levels and higher acti-
vated RAS, had significant changes in miRNAs as early as
two hours after irradiation. Microarray analysis performed
in a normal lung epithelial cell line and CLR2741 lung
cancer cell line indicated that all members of let-7 family
were altered.16 As expected from the effects of let-7b over-
expression, anti-let-7b caused significant protection from
radiation.82 Over-expression of let-7g protected A549 cells
from radiation, whereas anti-let-7g increased radiosensitiza-
tion in lung cancer cells.82 MiRNAs are also involved in

Figure 2 The potential molecular mechanisms that the tumor-related microRNAs (miRNAs) play in cells and blood. MiRNAs are packaged inside exosomes that

are secreted from cells. Exosomes are membrane-bound particles abundant in plasma. In nuclei, miRNAs are transcribed by RNA polymerase II to generate the

primary transcript (pri-miRNAs), which contain a hairpin-shaped structure. Then they are processed by the type III RNA endonuclease Drosha into pre-miRNAs.

The pre-miRNAs are transported to cytoplasm by exportin-5, and undergo further processing by Dicer forming mature miRNA. The mature single-stranded

miRNAs are assembled onto the RNA-induced silencing complex (RISC), which mediates the activity of the miRNA. The miRNA complex interacts with the comp-

lementary sites in the 30 untranslated region of the mRNA to regulate gene expression negatively, through the inhibition of transcription. In blood, miRNAs are very

stable. One possible explanation includes the protection via association with other molecules (e.g. RNA–protein complex) or modifications of the miRNAs to

resist RNase activity. (A color version of this figure is available in the online journal)
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lung cancer chemotherapy. In support of this, studies
have indicated that pre-miR-181a and pre-miR-630 play
different roles in mediating cis-diamminedichloroplatinum
(cis-DDP)-induced cell death.82 For example, pre-miR-630
induced cancer cell arrest in G0–G1 and increased the cell
cycle inhibitor p27kip1, thereby greatly diminishing the sensi-
tivity of A549 cells in response to DDP. Ectopic over-
expression of miR-451 could significantly inhibit growth,
induce apoptosis of A549 cells and sensitized A549 cells to
DDP possibly by increasing DDP-induced apoptosis, which
might be associated with inactivation of the Akt-signaling
pathway.83 Zhong et al.15 showed that the increased
expression of let-7a, hsa-miR-126 and hsa-miR-145 contribu-
ted to enhanced cytotoxicity induced by gefitinib in lung
cancer cells, especially for hsa-miR-126, for which the
highest value of half maximal inhibitory (IC50) was signifi-
cantly increased. Seike et al.84 found that the expression of
miR-21 was significantly higher in lung cancer with EGFR
mutations from smokers compared with those that never
smoked. In the non-smoker-derived lung adenocarcinoma
cell line, H3255 with mutant EGFR, high levels of
phosphorylated-EGFR and miR-21 were found. Antisense
miR-21 enhanced AG1478 (one new agent of EGFR-tyrosine
kinase inhibitors) and induced apoptosis. In the wild-type
EGFR cell line H441, the antisense miR-21 not only induced
apoptosis, but also showed additive effects with AG1478,
suggesting that miR-21 could be a potential therapeutic
target or act as a downstream effector of EGFR that can
enhance the therapeutic effects of EGFR-tyrosine kinase
inhibitors on the status of EGFR mutation.

Conclusions and prospectives

MiRNAs play an important role in many aspects of tumor
biology and are becoming a major focus for diagnosis, treat-
ment and prognosis of cancers. Many new technologies
have been developed in this area. One study found that
an artificially synthesized miRNA targeted to CXC chemo-
kine receptor-4, one of the most prominent chemokine
receptors, blocked the invasion and metastasis of breast
cancer cells.85 Ma et al.86 also showed that systemic treat-
ment of mammary tumor-bearing mice with a miR-10b
antagonist that significantly decreased miR-10b and
increased the target (Hoxd10) levels, reduced the growth
of primary mammary tumors and suppressed the formation
of lung metastases in a sequence-specific manner. This
study provides a new prospective approach for the develop-
ment of new anticancer agents. Some miRNAs, which act as
regulators of gene expression, have enormous impact on
new drug development and individualized or other target
therapeutic approaches. Although lung cancer tissue speci-
mens are difficult to obtain, examining the miRNA
expression in biological fluids is more convenient. These
biological fluids are suitable in screening susceptible popu-
lations, thus making miRNAs a better tool for basic and
clinical researches in the near future.
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