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Abstract. Most cancer-related deaths are caused by the
development of metastatic disease. Thus, investigation of the
underlying mechanisms of metastasis is urgent to design more
effective targeted drugs and to treat metastatic disease more
effectively. MicroRNAs (miRNAs) have emerged as potential
targets for cancer treatment. In the present study, we aimed
to identify the roles of miR-134 in non-small cell lung cancer
(NSCLC) cell migration and invasion. We demonstrated that
overexpression of miR-134 inhibited migration and invasion
of A549 and H1299 cells. Further mechanistic investigations
revealed that miR-134 inhibited epithelial-to-mesenchymal
transition (EMT) evidenced by upregulation of E-cadherin
expression and downregulation of vimentin expression. Using
luciferase assays, we identified integrin f1 (ITGBI) as a direct
target of miR-134. Performing RNAi and rescue experiments,
we confirmed that miR-134 exerted its migratory and invasive
suppressive role partly by downregulating ITGBI. Finally,
an in vivo experiment also, to some extent, suggested that
miR-134 may function as a suppressor of metastasis. Taken
together, our findings suggest that miR-134 suppresses migra-
tion and invasion of NSCLC by targeting ITGBI.

Introduction

Lung cancer is the leading cause of cancer-related deaths both
in China and worldwide (1), and metastasis is the major cause
of cancer-related deaths (2). Mechanistically, metastasis is a
complex process including tumor cell invasion of local vessels,
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survival of circulating tumor cells, and colonization of tumor
cells in distant organs. The success of metastasis depends on
intrinsic properties of the tumor cells as well as interaction
between tumor cells and tumor environmental factors (3).
Investigation of the underlying mechanisms of tumor invasion
and metastasis may help us predict tumor aggressiveness,
tailor treatment according to metastatic potential and explore
more effective therapeutic targets.

MicroRNAs (miRNAs) are small non-coding RNAs that
regulate gene expression post-transcriptionally. In mammals,
miRNAs are predicted to regulate the activity of ~50% of all
protein-coding genes (4). Deregulation of miRNAs has been
implicated in various human diseases, particularly cancer (5).
In addition to the regulation of tumor cell proliferation,
differentiation and apoptosis, miRNAs also regulate tumor
cell migration and invasion (6). Numerous miRNAs have
been demonstrated to play an essential role in tumor metas-
tasis (7-10).

miRNA-134 (miR-134) was initially identified as a brain-
specific miRNA that is involved in synapse development (11).
Subsequent investigations revealed its essential role in stem
cell differentiation (12-14). Recently, numerous studies
investigated the important functions of miR-134 in cancer,
presenting inconsistent results (15-24). In non-small cell
lung cancer (NSCLC), our previous data demonstrated that
miR-134 inhibited tumor cell growth both in vitro and in vivo
(25), but its role as a suppressor or promoter of metastasis is
still controversial and warrants more investigation (16,17,23).
In the present study, we aimed to explore the role of miR-134
in NSCLC cell migration and invasion, and identify potential
targets of miR-134.

Materials and methods

Cell culture. Huoman NSCLC cell lines (A549 and NCI-H1299)
were purchased from the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). Cells were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 U/ml penicillin and 100 ug/ml strep-
tomycin and incubated in 5% CO, at 37°C.
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Table I. Primers for real-time PCR.
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Gene Forward Reverse

ITGB1 5'-ATCCCAGAGGCTCCAAAGAT-3' 5'-CCCCTGATCTTAATCGCAAA-3'

KRAS 5'-TGGTGAGGGAGATCCGACAA-3' 5'-AGGCATCATCAACACCCAGA-3'

FOXM1 5'-ATAGCAAGCGAGTCCGCATT-3' 5'-AGCAGCACTGATAAACAAAGAAAGA-3
GAPDH 5'-CATGAGAAGTATGACAACAGCCT-3' 5'-AGTCCTTCCACGATACCAAAGT-3'

ITGB1, integrin 1.

miRNA and siRNA transfection. Cells were cultured to
40-50% confluency and transiently transfected with 50 nM
miRNA negative control (miR-NC), or miRNA mimics using
HiPerFect Transfection Reagent (Qiagen, Germantown, MD,
USA) according to the manufacturer's instructions. For RNAi
experiments, siRNAs were also transfected using HiperFect
Transfection Reagent at a final concentration of 50 nM.
miRNA mimics and NC were purchased from GenePharma
(Shanghai, China), and siRNAs were purchased from RiboBio
Co., Ltd. (Guangzhou, China).

Transwell migration and invasion assays. For the migration
assay, 2x10* transfected A549 or H1299 cells were seeded
in the top chamber of the Transwell insert (BD Biosciences,
Sparks, MD, USA). For the invasion assay, 3x10° transfected
A549 or 1x10° transfected H1299 cells were seeded in the top
chamber of the insert (BD Biosciences), which had previously
been coated with 100 ul diluted Matrigel (Corning, Corning,
NY, USA). After 20-24 h of incubation at 37°C, the cells that
had migrated or invaded through the insert were fixed with
100% methanol, stained with 0.1% crystal violet and counted.

RNA extraction and quantitative real-time PCR. Total RNA
containing miRNAs was isolated from cells using miRNeasy
Mini kit (Qiagen). For single-stranded complementary DNA
synthesis, 500 ng total RNA was reverse-transcribed using
PrimeScript™ RT reagent kit with gDNA Eraser (Takara,
Dalian, China). Real-time PCR was performed using
UltraSYBR Mixture (CWBio, Beijing, China) and LC 480
PCR System (Roche). Primers for integrin $1 (ITGB1), KRAS,
FOXM1 and GAPDH are shown in Table I. The expression
levels of mRNA were normalized to the endogenous control
GAPDH, using the 2"24¢ method.

Western blotting. Cells were lysed using cell lysis buffer for
western blot analysis and IP with protease inhibitor phenyl-
methylsulfonyl fluoride (PMSF) (Beyotime, Shanghai, China).
Equal amounts of protein were separated by SDS-PAGE, and
then transferred onto polyvinylidene difluoride membranes
(Millipore, Billerica, MA, USA). Membranes were blocked
with 5% non-fat milk in TBS containing 0.1% Tween-20, and
then incubated with corresponding primary antibody. Primary
antibodies against GAPDH (Abcam, Cambridge, UK) were
used at a dilution of 1:10,000, against E-cadherin and vimentin
(VIM) at a dilution of 1:1,000, and against ITGB1 (Abcam,
Cambridge, UK) at a dilution of 1:2,000. Secondary antibodies
conjugated with horseradish peroxidase (anti-mouse IgG and

anti-rabbit IgG) were used to detect primary antibodies. For
HRP detection, an ECL chemiluminescence kit (CWBio) was
used.

Luciferase reporter assays. The wild-type 3' untranslated
region (3'UTR) of ITGBI and its target-site mutant 3'UTR were
amplified by PCR. The PCR products were then cloned into
the Xhol/Notl site of the psiCHECK-2 dual-luciferase reporter
plasmid (Promega, Madison, WI, USA). These vectors were
named ITGB1-3'UTR, ITGB1-3'UTRm1, ITGB1-3'UTRm2
and ITGB1-3'UTRm1+2, respectively. To perform luciferase
reporter assays, A549 and H1299 cells were plated into 96-well
plates and co-transfected with the reporter vector and 50 nM
miR-NC or miR-134 mimics using Attractene Transfection
Reagent (Qiagen). Forty-eight hours after transfection, Firefly
and Renilla luciferase activities were measured using a
Dual-Luciferase Reporter System (Promega).

Generation of A549 and H1299 cells stably expressing ITGBI.
Lentiviral vector expressing ITGB1 or an empty lentiviral
vector was purchased from GeneChem (Shanghai, China).
Cell infection was performed following the manufacturer's
protocol. Cells stably overexpressing ITGBI or the empty
vector were selected by puromycin (2 ug/ml). A549 and H1299
cells that stably expressed the empty vector or ITGB1 were
designated A549-control and H1299-control, or A549-ITGB1
and H1299-ITGBI1.

Functional rescue experiments. Rescue experiments were
carried out to determine whether ITGB1 mediates the suppres-
sion effects on migration and invasion mediated by miR-134.
A549-control, A549-ITGB1,H1299-control and H1299-ITGB1
cells were transfected with miR-NC or miR-134 mimics, and
then the Transwell assays were performed.

Animal experiments. To establish a lung cancer xenograft
model, 2x10° A549 cells in 100 pl phosphate-buffered saline
were subcutaneously injected intox the right hind limb of
BALB/c nude mice [female, 4-5 weeks old, purchased from
Beijing HFK Bioscience Co., Ltd. (Beijing China)]. After
10 days, when the diameter of the tumor reached ~5-6 mm, the
nude mice were randomly divided into 2 groups (n=4 each).
miR-134 agomir or negative control (NC) agomir (RiboBio
Co., Ltd.) was then directly injected into the implanted tumor
at the dose of 5 nmol/mouse every 3 days for 5 times. Tumor
volume (V) was monitored every 3 days since the first day of
injection of agomir. Forty-eight hours after the last injection,
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Figure 1. miR-134 inhibits cell migration and invasion of NSCLC. Transwell assays for A549 and H1299 cells transfected with miR-NC or miR-134 mimics.
Representative images are shown with the quantification of 4 randomly selected fields; “P<0.01. Scale bars, 200 gm. NSCLC, non-small cell lung cancer.

animals were sacrificed and tumor tissues were resected. Lung
tissues were also collected for inspection. Mice were manipu-
lated and housed according to protocols approved by the
Shandong Hospital Experimental Animal Care Commission.

Immunohistochemistry (IHC). Tumor tissues were fixed in
formalin and embedded in paraffin. Sections (5-ym thick) were
cut from the embedded tissues and mounted on polylysine-
coated slides. Tumor sections were subjected to IHC staining
for detection of E-cadherin, VIM and ITGBI. Briefly, sections
were deparaffinized in xylene, rehydrated in gradient alcohol
and treated with 0.3% H,0O, for 15 min to quench endogenous
peroxidase activity. Following antigen retrieval, sections were
blocked in 10% normal serum with 1% BSA in TBS for 2 h at
room temperature, and then incubated at 4°C overnight with
the corresponding primary antibodies (E-cadherin, VIM and
ITGBI1; Abcam). Negative controls were incubated with the
negative control antibody under the same condition. Next, the
sections were incubated with biotinylated secondary antibody
for 1 h, followed by incubation with conjugated horseradish
peroxidase streptavidin for 1 h. Finally, the sections were
incubated with diaminobenzidine and counterstained with
hematoxylin.

Statistical analysis. Experiments were performed at least
three times. Data were analyzed by Student's t-test when

comparing two groups and by one-way ANOVA followed
Bonferroni's post-test, when comparing more than two groups.
A P-value <0.05 was considered to indicate a statistically
significant result.

Results

miR-134 inhibits the migration and invasion of NSCLC
cell lines. We chose NSCLC cell lines A549 and H1299 to
investigate migration as well as invasion due to their innate
aggressiveness. As shown in Fig. 1, miR-134 significantly
inhibited the migration as well as the invasion of the A549
and H1299 cells. Overexpression of miR-134 in the A549 cells
resulted in ~45 and 75% reduction in the number of migratory
and invasive cells, respectively, while in the H1299 cells,
migratory and invasive cells were decreased 60 and 30%,
respectively, in the cells transfected with miR-134 compared
with cells transfected with the miR-NC.

miR-134 inhibits epithelial-to-mesenchymal transition (EMT),
and downregulates ITGBI expression in NSCLC cell lines.
EMT is an important process that increases the aggressiveness
and metastatic potential of cancer cells. After revealing the
suppressive roles of migration as well as invasion by miR-134,
we aimed to ascertain whether or not this suppression was
related to EMT inhibition. Thus, we detected the alteration
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Figure 2. miR-134 inhibits EMT and downregulates ITGBI expression in NSCLC cell lines. (A) Western blotting was performed to confirm the increased
expression of E-cadherin in the A549 cells and the decreased expression of VIM in the A549 and H1299 cells after transfection of miR-134 mimics. No
E-cadherin was detected by western blotting in the H1299 cells. (B) gRT-PCR was performed to investigate changes in the mRNA expression levels of KRAS,
FOXM!1 and ITGBI in the A549 and H1299 cells. "P<0.05. (C) Western blotting was performed to confirm the downregulation of ITGB1 expression in the
A549 and H1299 cells after transfection with the miR-134 mimics. EMT, epithelial-to-mesenchymal transition; ITGBI, integrin 31; NSCLC, non-small cell

lung cancer; VIM, vimentin.

in expression of two essential molecules participating in
EMT: E-cadherin (epithelial marker) and VIM (mesenchymal
marker). As shown in Fig. 2A, in the A549 cells, miR-134
increased the expression of epithelial marker E-cadherin,
and decreased the expression of mesenchymal marker VIM;
in H1299 cells, there was no E-cadherin detected, while the
expression of VIM was significantly suppressed. These data
indicated that miR-134 inhibited EMT in NSCLC cells, which
may be partly responsible for suppression of migration and
invasion by miR-134.

Although we demonstrated that miR-134 inhibited EMT
of NSCLC cells, neither E-cadherin nor VIM was found to
be the predicted target of miR-134. Thus, we were motivated
to identify potential targets. Through integrating both target
prediction as well as literature review, we focused our attention
on the following 3 pertinent oncogenes, KRAS, FOXMI1 and
ITGBI, which have been confirmed as authentic targets of
miR-134. gqRT-PCR suggested that ITGB1 showed the most
significant decrease after miR-134 transfection (Fig. 2B).
Therefore, we chose ITGBI for further western blotting
validation. As shown in Fig. 2C, western blotting confirmed
the downregulation of ITGBI.

ITGBI is a direct target of miR-134 in NSCLC cell lines. To
determine whether downregulation of the ITGBI expression
levels are due to direct targeting of miR-134 to the ITGBI-
3'UTR, we constructed reporter vectors containing wild-type
(ITGB1-3'UTR) and target-site mutant (ITGB1-3'UTRml,
ITGBI1-3'UTRm?2 and ITGB1-3'UTRm1+2) 3'UTR of ITGB1
respectively to perform luciferase reporter assay in the
A549 and H1299 cells (Fig. 3A). Compared with miR-NC,
co-transfection of miR-134 and ITGB1-3'UTR showed signifi-
cantly decreased luciferase activity, whereas co-transfection of
miR-134 and ITGB1-3'UTRm1+2 did not result in significant
reduction in luciferase activity. Co-transfection of miR-134
and ITGB1-3'UTRm1 or ITGB1-3'UTRm?2 also resulted in
reduced luciferase activity; however, the degree of reduction
was less than the co-transfection of miR-134 and ITGBI1-
3'UTR (Fig. 3B). These results indicated that both target sites
in ITGB1-3'UTR are targeted by miR-134, and the second
target site is more potent than the first one.

ITGBI mediates the suppressive effect on migration and inva-
sion by miR-134 in NSCLC cell lines. To determine whether
miR-134 exerts its suppressive functions on migration and
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Figure 3. Luciferase reporter assays confirm that ITGBI is a direct target of mR-134 in the NSCLC cell lines. (A) Predicted miR-134 target sites in ITGB1
3'UTR and the structure of reporter vectors. (B) Luciferase reporter assays were performed in the A549 and H1299 cells by co-transfection of miR-NC or
miR-134 mimics with reporter vectors ITGB1-3'UTR or ITGB1-3'UTRm1 or ITGB1-3'UTRm2 or ITGB1-3'UTRm1+2. Experiments were performed with
3 replicates and data are shown as mean = SD; "P<0.05. ITGBI, integrin $1; NSCLC, non-small cell lung cancer.

invasion through downregulation of ITGB1, we performed
RNAI and rescue experiments. RNAi experiment confirmed
that knockdown of ITGBI significantly inhibited EMT, cell
migration and invasion, mimicking the phenotype of miR-134
overexpression (Fig. 4A and B). In the functional rescue
experiments, we constructed ITGB1-overexpressing A549
and H1299 cells using a lentiviral vector (A549-ITGBI1 and
H1299-ITGB1), in which the 3'UTR of ITGB1 was missing.
ITGBI overexpression was confirmed by western blotting.
While miR-134 inhibited ITGBI expression in the A549 and
H1299 cells transfected with the lentiviral-vector control
(A549-control and H1299-control), no significant down-
regulation of ITGB1 was detected in the A549-ITGBI1 and
H1299-ITGBI cells (Fig. 4C). In the A549-ITGBI1 and H1299-
ITGBI cells, the suppressive effects on tumor migration and
invasion of miR-134 were abolished (Fig. 4D), suggesting that
ITGBI is a functional target of miR-134.

miR-134 inhibits EMT and downregulates ITGBI expres-
sion in an A549 lung cancer xenograft model. To investigate
whether miR-134 inhibits NSCLC cell metastasis in vivo,
we constructed an A549 lung cancer xenograft model, and
treated the mice with an intro-tumor injection of miR-134
agomir or NC agomir. miR-134 agomir treatment significantly
inhibited A549 xenograft growth (data not shown). However,
at the time of sacrifice, no metastasis was detected in lung
tissues, thus we performed IHC detection of E-cadherin, VIM
and ITGBI as a surrogate to assess the metastatic potential
of the tumor cells. As shown in Fig. 5, the expression level
of E-cadherin was increased, while the expression levels of

VIM and ITGBI1 were decreased in the tumors injected with
the miR-134 agomir compared to these levels in the tumors
injected with NC agomir. These data indicated that miR-134
increased E-cadherin and decreased VIM expression in vivo,
which was correlated with decreased EMT and aggressiveness,
and downregulated ITGBI expression, which also suggested
decreased invasion in vivo.

Discussion

Most cancer-related deaths are caused by the development of
metastatic disease, since patients with systemically dissemi-
nated disease hold more tumor burden and tumor cells possess
more comprehensive heterogeneity that render them more
refractory to currently available treatments (2). Considering
the enormous discrepancies of metastatic potential even among
patients with the same tumor type, it is worthwhile to explore
any possible approach that may reduce tumor metastasis.

miRNAs are key regulators in the initiation and devel-
opment of cancer. They function as tumor suppressors or
oncogenes and are potential targets for cancer treatment (6,26).
In the present study, we identified that miR-134 is a suppressor
of metastasis in NSCLC. Our results indicated that miR-134
inhibited A549 and H1299 cell migration and invasion, which
is consistent with two previous studies (17,23), and inconsistent
with another study (16). As these studies and ours all investi-
gated the roles of miR-134 in A549 cells, the reasons for such
an inconsistence are difficult to explain.

EMT is a pivotal process that enables tumor cells to
acquire a more migratory and invasive mesenchymal
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phenotype, during which tumor cells exhibit downregulation
of the expression of epithelial proteins such as E-cadherin, and
upregulation of the expression of mesenchymal proteins such
as N-cadherin and VIM (27). We found in the present study
that miR-134 increased the expression of E-cadherin and
decreased the expression of VIM, suggesting that miR-134
inhibits or reverses the process of EMT. These results were
similar to one study (17), yet different to another (16). Still,
the underlying reasons for such an apparent discordance are
unknown.

To identify potential targets of miR-134 that may be
responsible for its suppression of migration and invasion, we
selected 3 molecules: KRAS, FOXM1 and ITGB1, which
were confirmed to be authentic targets in other cancers
[KRAS (19,21,24) and ITGBI1 (22)] or NSCLC [FOXM1 (17)],
for validation. We found that the expression level of ITGB1
showed the most significant decline after transfection of
miR-134. Considering such a downregulation of ITGBI1 and
the importance of ITGBI in lung cancer metastasis (28), we
chose ITGBI for further testing.

ITGBI1 is an essential subunit of the integrin family
which mediates cell-extracellular matrix (ECM) adhesion
and signaling that affect diverse cellular processes, including
proliferation, apoptosis, migration, invasion and survival (29).
Elevated expression or activation of ITGBI signaling not
only correlates with poor prognosis in some solid tumors
including lung cancer (28,30,31), but also confers resistance
to chemotherapy (32), radiotherapy (33,34) and targeted
therapy (35-37), which renders ITGBI as a potential target.
Strategies that target ITGB1 have been extensively investigated
in preclinical and clinical models, showing promising
efficacy (38-41). In the present study, we showed that ITGB1
could be suppressed by miR-134 in NSCLC. Downregulation
of ITGBI by miR-134 or siRNA both suppressed NSCLC
cell migration and invasion. However, miR-134 may be more
advantageous than siRNA as miRNAs may target a broad set
of oncogenes simultaneously (26).

During the development of metastasis, regulation of cell
to cell adhesion and cell to extracellular matrix (EMC) adhe-
sion is essential for cancer cell migration and invasion (2). In
the present study, we demonstrated that miR-134 increased
E-cadherin expression, which is a key mediator of cell to cell
adhesion (27), thereby enhancing cell to cell adhesion and
reducing cancer cell mobility. Meanwhile, miR-134 decreased
ITGBI expression, which mediates cell to EMC adhesion (29),
thereby impairing cell to ECM adhesion and suppressing the
invasion of cancer cells.

In conclusion, we demonstrated that miR-134 down-
regulated ITGBI expression and inhibited EMT, resulting in
suppressed migration and invasion of NSCLC both in vitro
and in vivo. ITGBI is a direct functional target of miR-134.
Therefore, miR-134 replacement may be an approach to target
ITGBI1 and ITGBI-associated metastasis in NSCLC.
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