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MicroRNA-29a functions as a potential tumor suppressor
through directly targeting CDC42 in non-small cell lung cancer
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Abstract. The expression and function of microRNA-29a
(miR-29a) have been investigated in various types of cancer.
In the present study, the expression, function and underlying
molecular mechanism of miR-29a were investigated in
non-small cell lung cancer (NSCLC). The expression
level of miR-29a in NSCLC was determined using reverse
transcription-quantitative polymerase chain reaction
(RT-gqPCR). Cell proliferation, migration and invasion ability
were determined using Cell Counting Kit-8, cell migration
and invasion assays, respectively. Bioinformatics analysis and
dual-luciferase reporter assays were performed to determine
whether cell division cycle 42 (CDC42) is a direct target gene
of miR-29a. To assess CDC42 mRNA and protein expression
following transfection with miR-29a, RT-qPCR and western
blotting were performed. Following knockdown of CDC42,
functional assays were performed to investigate the roles of
CDC42 in NSCLC. The results demonstrated that miR-29a
was downregulated in NSCLC and the decreased expression
level of miR-29a was significantly associated with advanced
tumor-node-metastasis classification and metastasis. In
addition, upregulation of miR-29a inhibited cell proliferation,
migration and invasion in NSCLC, whereas downregulation of
miR-29a had the opposite effects. Furthermore, CDC42 was
identified as a direct target gene of miR-29a in vitro. miR-29a
was demonstrated to function as a tumor suppressor in NSCLC
by directly targeting CDC42 and may be investigated further
as a target therapy for NSCLC.

Introduction

Human lung cancer, one of the most common types of aggres-
sive malignancy, is the primary cause of cancer-associated
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mortality worldwide (1,2). In 2015, it was estimated that there
would be 221,200 new cases and 158,040 mortalities due to lung
cancer in the USA (3). Previous studies have demonstrated that
environmental deterioration, tobacco use, radon exposure and
occupational carcinogens are risk factors for lung cancer (4-7).
Lung cancer is divided into two major clinically relevant
groups, small cell lung cancer and non-small cell lung cancer
(NSCLC), according to histological analysis (8). NSCLC is the
predominant type of lung cancer and accounts for ~83% of
all cases (9). NSCLC may be further divided into three histo-
logical subtypes: Squamous cell carcinoma, adenocarcinoma
and large cell carcinoma (10). In spite of advances in the devel-
opment of therapeutic strategies for patients with NSCLC, the
prognosis of patients with NSCLC has remained poor over
the past decade and the 5-year survival rate is <15% (11,12).
It has been demonstrated that the primary causes of mortality
in NSCLC are invasion and metastasis of cancerous cells (13).
In addition, >80% of patients with NSCLC are diagnosed at
the advanced or distant stages (14). Therefore, it is essential to
understand the underlying molecular mechanisms of NSCLC
and develop therapeutic strategies for patients with NSCLC.

The dysregulation of microRNAs (miRNAs/miRs) has been
demonstrated in NSCLC (15-17). miRNAs are a class of short
(19-24 nucleotides in length) endogenous non-protein-coding
single-stranded RNAs, which regulate ~1/3 of mRNAs in the
human genome (18). miRNAs regulate mRNA expression by
binding the 3' untranslated regions (3'UTRs) of target mRNAs
and inducing either translational repression or transcript degra-
dation (19). It has been demonstrated that miRNAs contribute
to various physiological and pathological processes, including
cell proliferation, differentiation, morphogenesis, cell cycle
regulation, apoptosis, migration and invasion (20). miRNAs
are classified as tumor-suppressive miRNAs and oncogenic
miRNAs (21). Tumor suppressive miRNAs are downregulated
in cancer and inhibit carcinogenesis and progression, whereas
oncogenic miRNAs are upregulated in cancer, and enhance
the initiation and development of cancer (22-24). Therefore,
miRNAs have been extensively investigated in cancer research
as therapeutic targets and biomarkers, as they regulate gene
expression and cell biological activities.

In the present study, the expression level of miR-29a
was assessed in NSCLC tissues and cell lines. In addition,
whether the expression level of miR-29a was associated with
the clinicopathological features of patients with NSCLC
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was investigated. Furthermore, the effect of miR-29a on cell
proliferation, migration and invasion were determined, and the
underlying molecular mechanism of its functions in NSCLC
was investigated. The results of the present study may inform
the development of a novel therapeutic strategy for NSCLC.

Materials and methods

Clinical specimens. The present study was approved by
the Ethics Board of The Institute of The Second Affiliated
Hospital of Xi'an Medical University (Xi'an, China). Written
informed consent was also obtained from each patient
involved in the present study. A total of 62 pairs of NSCLC
tissue specimens and corresponding adjacent non-tumor
lung tissues were obtained from patients who had undergone
surgery at The Second Affiliated Hospital of Xi'an Medical
University between January 2012 and November 2014. Tissues
were immediately snap-frozen in liquid nitrogen and stored at
-80°C. No patient had received radiotherapy or chemotherapy
prior to surgery. The complete clinical data for patients with
NSCLC are presented in Table 1.

Cell culture. The human NSCLC cell lines H23, H522, H1299
and A549, and non-tumorigenic bronchial epithelium cell line
BEAS-2B were purchased from the American Type Culture
Collection (Manassas, VA, USA). The human embryonic
kidney cell line HEK293T was purchased from the Cell
Bank of the Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). The NSCLC cell lines and
HEK?293T cell line were maintained in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and
100 mg/ml streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) in a cell incubator with 5% CO, at 37°C. BEAS-2B cells
were maintained in LHC-9 medium (Gibco; Thermo Fisher
Scientific, Inc.) containing 10% FBS at 37°C.

Cell transfection. miR-29a mimics, negative control (NC),
miR-29a inhibitor, NC inhibitor, cell division cycle 42
(CDC42) small interfering RNA (siRNA) and NC siRNA were
obtained from Shanghai GenePharma Co., Ltd. (Shanghai,
China). Cells were seeded into 6-well plates and cultured
until the cell density reached 70-90%. Cell transfection was
performed using Lipofectamine™ 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Cell transfection efficiency was determined using
reverse transcription-quantitative polymerase chain reaction
(RT-gqPCR).

RNA isolation and RT-gPCR. Total RNA from tissues and
cells was isolated using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. The miR-29a expression level was determined using
an SYBR PrimeScript miRNA RT-PCR kit (Takara Bio, Inc.,
Otsu, Japan) with U6 as the internal control. The thermocy-
cling conditions were as follows: 42°C for 5 min; 95°C for
10 sec; and 40 cycles of 95°C for 5 sec, 55°C for 30 sec and
70°C for 30 sec. The expression of CDC42 mRNA was deter-
mined using a standard SYBR PrimeScript miRNA RT-PCR
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kit (Takara Bio, Inc.) with GAPDH as the control. The ther-
mocycling conditions were as follows: 42°C for 5 min; 95°C
for 10 sec; and 40 cycles of 95°C for 5 sec, 55°C for 30 sec and
70°C for 30 sec. RT-qPCR was performed using an ABI 7500
Real-time PCR detection system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The primer sequences were
as follows: miR-29a forward, 5'-ACACTCCAGCTGGGA
CTGATTTCTTTTGGT-3' and reverse, 5'-CTCAACTGG
TGTCGTGGAGTCGGCAATTCAGTTGAGTCAGGTGT-3,
U6 forward, 5'-CTCGCTTCGGCAGCACA-3' and reverse,
5'-AACGCTTCACGAATTTGCGT-3'; CDC42 forward,
5'-ACGACCGCTGAGTTATCCAC-3' and reverse, 5-TAT
GGGCCTTGTCTCACACG-3"; and GAPDH forward, 5'-TGC
ACCACCAACTGCTTAGC-3' and reverse, 5-GGCATGCAC
TGTGGTCATGAG-3'. RT-qPCR results were calculated using
the 224% method (25). Each sample was analyzed in triplicate
and repeated >3 times.

Cell Counting kit-8 (CCK-8) assay. In vitro cell proliferation
was monitored using a CCK-8 assay (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan), according to the
manufacturer's protocol. Transfected cells were collected and
seeded into 96-well plates at a density of 3,000 cells/well.
Quantification of cell proliferation was performed daily for
4 days. A 10 pl volume of CCK-8 assay solution was added to
each well prior to incubation at 37°C for 2 h in a cell incubator.
The absorbance at 450 nm of each well was determined using
a spectrophotometer. Each sample was analyzed in triplicate.

Cell migration and invasion assays. In vitro cell migration
and invasion assays were performed using Transwell cham-
bers (EMD Millipore, Billerica, MA, USA) with an 8-um pore
polycarbonate membrane. For the cell migration assay, 5x10*
transfected cells in 100 ul FBS-free RPMI-1640 medium were
plated in the upper chamber. A 500 ul volume of RPMI-1640
medium containing 20% FBS was added to the lower chamber
as a chemoattractant. For the cell invasion assay, Transwell
chambers were pre-coated with Matrigel (BD Biosciences,
San Jose, CA, USA). Otherwise, the cell invasion assays were
performed according to the procedure of the cell migration
assay. After 24 h of incubation, cells were fixed with 95%
ethanol and stained with 0.1% crystal violet (Beyotime Institute
of Biotechnology, Haimen, China) for 20 min. Non-migrating
and non-invading cells were carefully scraped from upper
chambers using cotton wool. Cells were counted using a light
microscope. Each sample was repeated =3 times.

Western blotting. Cells were lysed with radioimmunoprecipi-
tation buffer (Thermo Fisher Scientific, Inc.). A bicinchoninic
acid assay (Thermo Fisher Scientific, Inc.) was used to deter-
mine protein concentrations. Equal amounts of proteins
(20 ug) were separated by SDS-PAGE (10% gels; Beyotime
Institute of Biotechnology) and transferred onto polyvinyli-
dene fluoride (EMD Millipore) membranes. The membranes
were blocked with 5% non-fat dry milk and incubated with
mouse anti-human CDC42 monoclonal primary antibody
(dilution, 1:500; cat. no. sc-8401; Santa Cruz Biotechnology,
Dallas, TX, USA) and rabbit anti-human GAPDH monoclonal
primary antibody (dilution, 1:1,000; cat no. 2118; Cell Signaling
Technology, Inc., Danvers, MA, USA). Following incubation
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at 4°C overnight, the membranes were incubated with corre-
sponding horseradish peroxidase-conjugated secondary
antibody (both dilution, 1:5,000; CDC42 cat. no. sc-2005;
GAPDH cat. no. sc-2054; both Santa Cruz Biotechnology,
Dallas, TX, USA) for 1 h at room temperature. The membranes
were visualized with enhanced chemiluminescence solution
(Pierce; Thermo Fisher Scientific, Inc.) and analyzed using a
FluorChem imaging system (version 4.1.0; Alpha Innotec, San
Leandro, CA, USA). Each sample was repeated =3 times.

miRNA target prediction. The potential target genes of
miR-29a were predicted using TargetScan (www.Targetscan
.org) and miRanda (www.microrna.org/microrna/home.do).

Dual-luciferase reporter assay. The luciferase reporter
plasmids PGL3-CDC42-3'UTR wild-type (Wt) and
PGL3-CDC42-3'UTR mutant (Mut) were purchased from
Shanghai GenePharma Co., Ltd. HEK293T cells were seeded
into 12-well plates and cultured as described above until the
cell density reached 90%. Cells were transfected with miR-29a
mimics or NC, and co-transfection with PGL3-CDC42-3'UTR
Wt or PGL3-CDC42-3'UTR Mut using Lipofectamine 2000
was performed according to the manufacturer's protocol. After
transfection for 48 h, firefly luciferase activity and Renilla
luciferase activity were detected using the Dual-Luciferase
Reporter Assay system (Promega Corporation, Madison, WI,
USA), according to the manufacturer's protocol. The firefly
luciferase activity was normalized to the Renilla luciferase
activity. Each assay was replicated three times.

Statistical analysis. Data are presented as the mean + stan-
dard deviation, and were analyzed using the Student's ¢ test or
one-way analysis of variance using SPSS software (version 17,
SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Expression of miR-29a in NSCLC tissues and cell lines. To
investigate the potential function of miR-29a in NSCLC, the
miR-29a expression level in NSCLC tissue specimens and
corresponding adjacent non-tumor lung tissues was determined.
The expression level of miR-29a was significantly decreased
in NSCLC tissue compared with adjacent non-tumor lung
tissue (P<0.05; Fig. 1A). The expression of miR-29a was also
measured in NSCLC cell lines and the non-tumorigenic bron-
chial epithelium cell line BEAS-2B. Analysis using RT-qPCR
revealed that the expression of miR-29a was downregulated
in all four NSCLC cell lines compared with BEAS-2B cells
(P<0.05; Fig. 1B). These results suggested that miR-29a
contributes to the initiation and progression of NSCLC.

miR-29a expression and clinicopathological features in
NSCLC. To investigate the clinical significance of miR-29a
expression in NSCLC, statistical analysis was used to explore
the association between miR-29a and clinicopathological
factors. As presented in Table I, it was identified that the
low expression level of miR-29a was significantly associated
with advanced tumor-node-metastasis (TNM) classification
(P=0.003) and metastasis (P=0.020). However, no significant
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Table I. Comparison of miR-29a expression in NSCLC and
clinicopathological features.

miR-29a
expression
Clinical feature n Low High P-value
Gender 0.191
Male 30 21 9
Female 42 23 19
Age, years 0.449
<60 32 18 14
>60 40 26 14
Smoking history, years 0.117
<10 25 15 10
>10 47 29 18
TNM classification 0.003
I-11 38 17 21
II-1v 34 27 7
Tumor differentiation 0.212
I+1I 45 25 20
1I+1vV 27 19 8
Metastasis 0.020
No 29 13 16
Yes 43 31 12

miR-29a, microRNA-29a; NSCLC, non-small cell lung cancer;
TNM, tumor-node-metastasis.

association between miR-29a expression level and other
clinicopathological features (gender, age, smoking history and
tumor differentiation) was identified (P>0.05).

miR-29a inhibits NSCLC cell proliferation. To investigate
the roles of miR-29a expression in NSCLC, miR-29a mimics,
NC siRNA, miR-29a inhibitor and NC inhibitor were trans-
fected into NSCLC cells. Among the four NSCLC cell lines,
the expression level of miR-29a in H522 cells was the lowest
and that in A549 cells was the highest. Consequently, H522
was transfected with miR-29a mimics or NC, and A529 was
transfected with miR-29a inhibitor or NC inhibitor. Following
transfection for 48 h, the cell transfection efficiency was
assessed using RT-qPCR. As presented in Fig. 2A, miR-29a
was significantly upregulated in H522 cells transfected with
miR-29a mimics, whereas miR-29a was downregulated in
A549 cells transfected with miR-29a inhibitor (P<0.05).

The effect of miR-29a on cell proliferation was measured
using a CCK-8 assay. The cell proliferation assay demonstrated
that miR-29a mimics inhibited H522 cell proliferation and
miR-29a inhibitor enhanced A549 cell proliferation (P<0.05;
Fig. 2B). These results indicate that miR-29a inhibits cell
proliferation in vitro.

miR-29a inhibits NSCLC cell migration and invasion. In order
to determine whether miR-29a was able to regulate NSCLC
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Figure 1. miR-29a is downregulated in NSCLC. (A) miR-29a was significantly downregulated in NSCLC tissues compared with corresponding adjacent
non-tumor lung tissues. “P<0.05 vs. non-tumor tissue. (B) Expression of miR-29a was significantly decreased in all four NSCLC cell lines compared with the
non-tumorigenic bronchial epithelium cell line BEAS-2B. "P<0.05 vs. BEAS-2B cells. miR-29a, microRNA-29a; NSCLC, non-small cell lung cancer.
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Figure 2. miR-29a inhibits NSCLC cell proliferation. (A) miR-29a was significantly upregulated in H522 cells after transfection with miR-29a mimics,
whereas miR-29a was significantly downregulated in A549 cells after transfection with miR-29a inhibitor. "P<0.05 vs. NC; “P<0.05 vs. NC inhibitor. (B) A Cell
Counting Kit-8 assay revealed that miR-29a mimics inhibited H522 cell proliferation and that miR-29a inhibitor promoted A549 cell proliferation. P<0.05 vs.
NC; "P<0.05 vs. NC inhibitor. miR-29a, microRNA-29a; NSCLC, non-small cell lung cancer; NC, negative control.

cell migration and invasion, cell migration and invasion assays =~ miR-29a inhibitor increased the cell migratory and invasive
were performed using Transwell chambers. ability of A549 cells (P<0.05; Fig. 3B). These results indicate

miR-29a mimics suppressed the cell migratory and inva-  that miR-29a was able to inhibit NSCLC cell migration and
sive ability of H522 cells (P<0.05; Fig. 3A). Furthermore, invasion ability in vitro.
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Figure 3. miR-29a inhibits NSCLC cell migration and invasion. (A) In H522 cells, miR-29a mimics inhibited cell migration and invasion compared with cells
transfected with NC. "P<0.05 vs. NC. (B) In A549 cells, miR-29a inhibitor enhanced cell migration and invasion compared with cells transfected with NC
inhibitor. "P<0.05 vs. NC inhibitor. miR-29a, microRNA-29a; NSCLC, non-small cell lung cancer; NC, negative control.

CDC42 is a direct target gene of miR-29a in vitro. To inves-
tigate the molecular mechanism of miR-29a on NSCLC
carcinogenesis, bioinformatics analysis was performed.
TargetScan (www.targetscan.org) and miRanda (www
.microrna.org/microrna) predicted that CDC42 was a direct
target gene of miR-29a (Fig. 4A).

To investigate whether CDC42 was a direct target of
miR-29a, a dual-luciferase reporter assay was used. The
results demonstrated that miR-29a led to a significant decrease
in pGL3-CDC42-3'UTR site 1 Wt and pGL3-CDC42-3'UTR
site 2 Wt luciferase activity in HEK293T cells (P<0.05;
Fig. 4B). Mutation of miR-29a-binding sites (site 1 Mut or site
2 Mut) restored wild-type luciferase activity of CDC42-3'UTR
in HEK?293T cells. These results indicate that CDC42 is a
direct target gene of miR-29a.

miR-29a regulates CDC42 expression at the post-transcrip-
tional level. To explore the regulatory effect of miR-29a on
CDC42, RT-qPCR and western blotting were performed to
detect the expression of CDC42 at the mRNA and protein level
in response to the alterations in miR-29a levels. CDC42 mRNA
levels were not significantly altered during these treatments
(P>0.05; Fig. 5A). However, western blot analysis revealed that
CDC42 protein expression was significantly downregulated
in H522 cells transfected with miR-29a mimics, whereas

Position 578-584 of CDC42 3" UTR 5" AACAUGUUCCCCAUCUGGUGCUC..

hsa-miR-2%a kN AUUGGCUAAAGUCUACCACGAU.
Site 1

Position 997-1004 of CDC42 3" UTR & WAGGAAAUACGAGGGGUGGUGCUA..

. (UENRNA

hsa-miR-29a 3 AUUGGCUAAAGUCUACCACGAU.

Site 2
1509 —miR-29a mimics
NG

props 2005

H

CDC42-3'UTR CDC42-3'UTR. CDC42-3'UTR  CDC42-3'UTR
site | Wt site 2 Wt site 1 Mut site 2 Mut

Relative luciferase activity (%)
<
L

Figure 4. CDC42 is a direct target of miR-29a in vitro. (A) Two putative
miR-29a-binding sites were identified at nucleotides 578-584 (site 1) and
997-1004 (site 2) of the CDC42 3'UTR. (B) A dual-luciferase reporter assay
demonstrated that miR-29a significantly inhibited the PGL3-CDC42-3'UTR
site 1 Wt and PGL3-CDC42-3'UTR site 2 Wt luciferase activity, but not
the PGL3-CDC42-3'UTR site 1 Mut and PGL3-CDC42-3'UTR site 2 Mut
luciferase activity in HEK293T cells. "P<0.05 vs. NC. CDC42, cell divi-
sion cycle 42; miR-29a, microRNA-29a; 3'UTR, 3' untranslated region; Wt,
wild-type; Mut, mutant; NC, negative control; hsa, Homo sapiens.
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cell division cycle 42; NC, negative control.

miR-29a inhibitor significantly increased CDC42 protein
expression in A549 cells (P<0.05; Fig. 5B). These results indi-
cate that miR-29a negatively regulates CDC42 expression at
the post-transcriptional level.

CDC42 is involved in miR29a-induced effects in NSCLC cells.
The endogenous expression of CDC42 was detected in H522,
A549 and BEAS-2B cells. Western blot analysis demonstrated
that the expression level of CDC42 was significantly upregu-
lated in H522 and A549 cells compared with BEAS-2B cells
(P<0.05; Fig. 6A). These results are in accordance with the
downregulation of miR-29a in NSCLC.

To explore further whether the functional effects of miR-29a
on NSCLC cell lines was exerted via CDC42, functional assays
were performed in H522 and A549 cells following transfection
with CDC42 siRNA or NC siRNA. The transfection efficiency
was measured using western blot analysis. The expression
level of CDC42 was markedly decreased in H522 and A549
cells transfected with CDC42 siRNA compared with the NC
siRNA groups (Fig. 6B).

The CCK-8 assay demonstrated that silencing of CDC42
decreased cell proliferation in H522 and A549 cells (P<0.05;
Fig. 6C). Furthermore, the cell migration and invasion assays
revealed that knockdown of CDC42 in H522 and A549 cells
significantly suppressed cell migration and invasion ability,
in comparison with the NC siRNA-transfected cells (P<0.05;
Fig. 6D and E). These results indicate that the roles of CDC42
siRNA are similar to the functions exerted by miR-29a in
NSCLC cells, indicating that CDC42 is a functional target of
miR-29a in vitro.

Discussion
miR-29a is a member of the miR-29 family, which includes

miR-29a, miR-29b-1, miR-29b-2 and miR-29¢c. These miRNAs
are encoded in two clusters: miR-29b-1 and miR-29a in 7q32,

and miR-29b-2 and miR-29c¢ in 1932 (26,27). miR-29a has been
demonstrated to be downregulated in various types of cancer,
including prostate cancer (28), gastric cancer (29), esophageal
carcinoma (30), acute myeloid leukemia (31) and hepatocel-
lular carcinoma (32). However, miR-29a was identified to
be upregulated in colorectal cancer (33). These conflicting
studies indicated that the expression of miR-29a in cancer has
tissue-specificity. In the present study, it was demonstrated
that the expression level of miR-29a was decreased in NSCLC
tissues and cell lines. In addition, the decreased expression
level of miR-29a was significantly associated with advanced
TNM classification and metastasis. These results indicated
that miR-29a may have a tumor-suppressive capacity in the
carcinogenesis and progression of NSCLC.

Abnormal expression of miR-29a was demonstrated to be
involved in the malignant phenotype of cancer. For example,
in prostate cancer, upregulated miR-29a significantly inhibited
cell proliferation and enhanced cell apoptosis by directly
targeting histone lysine demethylase 5B (28). In renal cell
carcinoma, miR-29a expression was decreased, and functioned
as a cell migration and invasion suppressor by targeting lysine
oxidase homolog 2 (34). Tréhoux et al (35) demonstrated that
miR-29a suppressed cell proliferation, migration and invasion,
and sensitized cells to gemcitabine by directly targeting mucin
1 in pancreatic cancer. In gastric cancer, enforced expression
of miR-29a significantly reduced cell migration and invasion
ability via blockade of roundabout guidance receptor 1 (29).
In addition, miR-29 inhibited gastric cancer cell proliferation
and would healing by downregulation of cyclin-dependent
kinase (CDK) 2, CDK4 and CDK®6 (36). In oral squamous
cell carcinoma, miR-29a negatively regulated matrix metal-
loproteinase 2 (MMP2) expression to inhibit cell invasion
and enhance apoptosis (37). However, in colorectal cancer,
miR-29a promoted cell migration and invasion via targeting
Kriippel-like factor 4 to regulate expression of MMP2 and
epithelial cadherin (33). These conflicting studies suggest that
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the functions of miR-29a were variable in tumors and exhib-
ited tissue-specificity. These results also indicate that miR-29a
may serve important roles in these types of cancer and may
function as a potential therapeutic target gene.

In the present study, it was demonstrated that miR-29a
inhibited NSCLC cell proliferation, migration and invasion.
Since miR-29a is involved in NSCLC carcinogenesis and
progression, the potential molecular mechanism contributing
to miR-29a-induced inhibition of NSCLC proliferation,
migration and invasion was investigated. In the present study,
an important molecular link between miR-29a and CDC42
was determined in NSCLC. TargetScan and miRanda
predicted that CDC42 was a direct target gene of miR-29a.
Two putative miR-29a-binding sites were identified covering
nucleotides 578-584 and 997-1004 of the CDC42 3'UTR. A
dual-luciferase reporter assay demonstrated that miR-29a was
directly targeted to the CDC42 3'UTR. RT-qPCR and western
blot analysis demonstrated that miR-29a negatively regulated
CDC42 expression at the post-transcriptional level. CDC42
was verified to be upregulated in NSCLC cell lines, in accor-
dance with the downregulation of miR-29a. Knockdown of
CDC42 also inhibited NSCLC cell proliferation, migration and
invasion. These results suggest that miR-29a targets CDC42
to suppress NSCLC cell proliferation, migration and invasion.
Identification of the target genes of miR-29a is important to
understand its role in the initiation and progression of NSCLC,
and also for exploring new targeted therapies for NSCLC.

CDC42, a member of the Rho family of GTPases, is
located at 1p36.1 and encodes a 25-kDa protein (38). It was
initially identified in Saccharomyces cerevisiae as a cell-cycle
mutant that contributed to the regulation of budding and
mating projection (39). Previous studies have demonstrated
that CDC42 is involved in cell proliferation, cell cycle progres-
sion, cytoskeletal remodeling, migration and invasion (40-43).
Consistent with its important functions in these distinct physi-
ological and pathological processes, abnormal expression of
CDC42 has been identified in numerous diseases, particularly
in human cancer. CDC42 has been identified to be upregulated
in a number of human cancers, including lung cancer (44).
Therefore, it may be advantageous to investigate novel targeted
therapy against CDC42 in lung cancer. In the present study,
it was identified that miR-29a negatively regulated CDC42
to inhibit NSCLC cell proliferation, migration and invasion.
Therefore, miR-29a may be investigated as a targeted therapy
for NSCLC.

CDC42 has been identified to be regulated by multiple
miRNAs in numerous types of cancer. For example, in
colorectal cancer, miR-137 decreases cell invasion and
increases cell apoptosis by targeting CDC42 (45). In addition,
miR-18a targets CDC42 to function as a tumor suppressor (46).
Furthermore, miR-224 inhibits cell proliferation and invasion
via blockade of CDC42 (47). In esophageal squamous cell
carcinoma, miR-195 suppressed cell proliferation and inva-
sion via targeting CDC42 (48). In hepatocellular carcinoma,
miR-224 promotes cell proliferation, migration and invasion,
and inhibited apoptosis by regulating CDC42 expression (49).
In gastric cancer, CDC42 was demonstrated to be a direct
gene of miR-137 (50). In NSCLC, miR-25 and miR-137 were
demonstrated, by targeting CDC42, to be important regulators
in initiation and progression and NSCLC (51,52). To the best
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of our knowledge, the present study demonstrates for the first
time that miR-29a serves a suppressive role in NSCLC prolif-
eration and motility by directly targeting CDC42. miR-29a/
CDC42-based targeted therapy may be a novel treatment for
NSCLC.

In conclusion, the results of the present study revealed that
miR-29a was significantly downregulated in NSCLC and that
decreased expression of miR-29a was associated with advanced
TNM classification and metastasis. In addition, inhibition of
miR-29a and knockdown of CDC42 decreased NSCLC cell
proliferation, migration and invasion. Furthermore, miR-29a
negatively regulated the expression of CDC42 at the post-tran-
scriptional level. These results indicate that miR-29a targets
CDC42 to inhibit NSCLC carcinogenesis and progression.
Therefore, miR-29a may be investigated as a targeted therapy
for NSCLC. Further study is required to address the potential
of miR-29a as an NSCLC therapy.
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