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Abstract: MicroRNAs (miRNAs) play a critical role in cancer development and progression. Bioinformatics analyses 
has identified eukaryotic translation initiation factor 5A2 (eIF5A2) as a target of miR-9. In this study, we attempted 
to determine whether miR-9 regulates non-small cell lung cancer (NSCLC) cell invasion and migration by targeting 
eIF5A2 We examined eIF5A2 expression using reverse transcription-quantitative PCR (RT-qPCR) and subsequently 
transfected A549 and NCI-H1299 NSCLC cells with a miR-9 mimic or miR-9 inhibitor to determine the migration and 
invasive capability of the cells via wound healing assay and Transwell invasion assay, respectively. E-cadherin and 
vimentin expression was detected with western blotting. The miR-9 mimic significantly reduced NSCLC cell invasive 
and metastatic ability, and the miR-9 inhibitor enhanced NSCLC cell migration activity, increasing the number of mi-
grated cells. There was no significant difference between the negative control siRNA and miR-9 mimic groups after 
knockdown of eIF5A2; western blotting showed that miR-9 regulated E-cadherin and vimentin expression. These 
data show that miR-9 regulates NSCLC cell invasion and migration through regulating eIF5A2 expression. Taken 
together, our findings suggest that the mechanism of miR-9-regulated NSCLC cell invasion and migration may be 
related to epithelial-mesenchymal transition.
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Introduction

Lung cancer is one of the most common malig-
nancies and the leading cause of cancer-relat-
ed death worldwide [1]. Approximately 80% of 
patients with lung cancer have non-small cell 
lung cancer (NSCLC); the rate of mortality is 
very high, and the 5-year survival rate is less 
than 15% after initial diagnosis, with metasta-
sis being the primary reason for death [2]. 
Despite recent improvements in chemotherapy 
and molecular targeted therapy, the outcome 
remains poor [3]. The high invasiveness and 
metastasis remain the major challenges in 
NSCLC. Therefore, understanding of the factors 
involved in NSCLC metastasis is necessary for 
identifying new prognostic biomarkers and for 
developing new anti-lung cancer strategies.

MicroRNAs (miRNAs) are small, non-coding 
RNAs that negatively regulate post-transcrip-

tional gene expression by binding to the 
3’-untranslated region (3’-UTR) of the target 
mRNAs, and are involved in regulating essen- 
tial cellular processes, including proliferation, 
diversification, metastasis, and apoptosis, par-
ticularly in cancer development and progres-
sion [4, 5]. MiRNAs post-transcriptionally regu-
late 30% of human genes, suggesting that they 
may play pivotal roles in physiological and path-
ological processes [6]. Accumulating evidence 
describes vital roles for many miRNAs in tumor 
initiation and metastasis. For example, miR-
205 and the miR-200 family influence epitheli-
al-mesenchymal transition (EMT) during cancer 
metastasis [7]. Additionally, miR-7 inhibits EMT 
in gastric cancer by targeting IGF1R (insulin- 
like growth factor 1 receptor) expression [8]. In 
colorectal carcinoma, miR-30b directly targets 
the EMT-related gene SIX1 (SIX homeobox 1) to 
impair metastasis [9]. MiR-185 suppresses cell 
growth and EMT progression by targeting SIX2, 
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and is a novel target for the molecular treat-
ment of liver malignancies [10]. In the present 
study, we attempted to determine the role of 
miR-9 in repressing NSCLC cell invasion and 
metastasis.

MiR-9 levels are downregulated in some can-
cers, such as ovarian cancer, gastric cancer, 
and neuroblastoma [11-13]. However, miR-9 
expression is upregulated in colorectal cancer, 
breast cancer, lung cancer, and laryngeal squa-
mous cell carcinomas [14-17]. It has also been 
indicated that miR-9 could play a major role in 
tumor progression and tumorigenesis [18]. In 
esophageal squamous cell carcinoma, miR-9 
promotes metastasis by repressing E-cadherin 
[19].

Eukaryotic translation initiation factor 5A2 
(eIF5A2), located on chromosome 3q26, was 
first discovered in the primary ovarian cancer  
in 2001 and has been classified as an onco-
gene [20]. Overexpression of eIF5A2 has been 
observed in other solid tumors and predicts 
poor prognosis in colorectal cancer [21], hepa-
tocellular carcinomas (HCC) [22], ovarian can-
cer [23], and NSCLC [24]. However, whether 
miR-9 directly targets eIF5A2 to regulate NSC- 
LC cell invasion and metastasis has not been 
reported. Therefore, in this study, we investi-
gated whether miR-9 regulates NSCLC cell inva-
sion and migration by targeting eIF5A2.

Materials and methods

Cell culture

Human NSCLC cells (A549 and NCI-H1299) 
were purchased from American Type Culture 
Collection (Manassas, VA, USA). The cells were 
maintained in RPMI 1640 medium supplement-
ed with 10% fetal bovine serum (FBS; Gibco, 
Grand Island, NY, USA) and 1% penicillin/strep-
tomycin (P/S; Sigma, St. Louis, MO, USA). The 
cells were incubated at 37°C in a humidified 
atmosphere of 5% CO2.

RNA oligoribonucleotides and transfection

The miR-9 mimic, miR-9 inhibitor, control, and 
negative control siRNA were synthesized by 
RiboBio (Guangzhou, China). The eIF5A2 siRNA 
and negative control siRNA were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). Cells were transfected using Lipofecta- 

mine 2000 (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer’s instructions.

Western blot

Cells were lysed in protein lysis buffer (Cell 
Signaling Technology, Danvers, MA, USA) sup-
plemented with protease inhibitor and phos-
phatase inhibitor (Sigma, St. Louis, MO, USA) 
following the manufacturer’s protocol. The ly- 
sates were centrifuged at 12000×g for 5 min  
at 4°C and the supernatant was collected. 
Protein concentrations were determined using 
a bicinchoninic acid protein assay kit (Sigma, 
St. Louis, MO, USA). About 20 μg protein from 
each sample was separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene difluo-
ride membranes (Millipore, Billerica, MA, USA). 
After blocking, the membranes were incubated 
with primary antibody (Abcam, Cambridge, MA, 
USA) (anti-EIF5A2, anti-E-cadherin, and anti-
vimentin diluted 1:1000 in Tris-buffered saline 
[TBS] containing 5% bovine serum albumin  
and 0.1% Tween 20 [TBS/T]) overnight at 4°C. 
The membranes were washed three times with 
TBS/T and incubated with a horseradish perox-
idase-conjugated secondary antibody (Cell Si- 
gnaling Technology, Beverly, MA, USA) (1:2000) 
for 2 h at 37°C. After washing in TBS/T three 
times, the protein bands were detected us- 
ing an enhanced chemiluminescence detec- 
tion system ECL (Biological Industries, Kibbutz 
Beit Haemek, Israel). Gray value analysis of the 
protein bands was performed using ImageJ 
software (National Institutes of Health, Bet- 
hesda, MD, USA). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the load-
ing control.

RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen, 
Carlsbad, CA, USA) following the manufactur-
er’s protocol. RNA was reverse-transcribed into 
complementary DNA using a PrimeScript RT 
Reagent Kit (Takara Dalian, China). The PCR 
was conducted using a 7500 Real-Time PCR 
system (Applied Biosystems, Foster City, CA, 
USA) under the following conditions: 95°C for 
30 s followed by 40 cycles of 95°C for 5 s, and 
annealing at 60°C for 34 s. DNA primers spe-
cific for miR-9 and U6 were purchased from 
RiboBio. Relative quantification was performed 
using the comparative threshold cycle (2-ΔΔCt) 
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method [25]. All reactions were performed in 
triplicate. The primers used were as follows: 
eIF5A2: Forward 5’-TATGCAGTGCTCGGCCTTG-3’, 
Reverse 5’-TTGGAACATCCATGTTGTGAGTAGA-3’; 
miR-9 mimic: Forward 5’-UCUUUGGUUAUCUAG- 
CUGUAUGA-3’. Reverse 5’-AUACAGCUAGAUAAC- 
CAAAGAUU-3’; miR-9 inhibitor: 5’-UCAUACAGC- 
UAGAUAACCAAAGA-3’.

Wound healing assay

After 6-h transfection with miR-9 mimic or 
inhibitor, negative siRNA, or eIF5A2 siRNA, 2 × 
105 cells per well were seeded into 6-well plates 
and cultured in RPMI 1640 medium containing 
10% FBS and 1% P/S at 37°C in a humidified 
incubator with 5% CO2 for 24 h until 90% conflu-
ent, and then the medium was changed to 
medium containing 0.05% FBS and 1% P/S 
overnight to synchronize the cells. A wound  
was then created in the cell monolayer using a 
100-μL yellow pipette tip. The wound areas 
were washed with phosphate-buffered saline 
and photographed with an inverted light micro-
scope (Olympus IX51, Center Valley, PA, USA) at 
0 h and 24 h. The ratio of the remaining wound 
area relative to the initial wound area was cal-
culated and the wound area was quantified 
using Image-Pro Plus v. 6.0 software (Media 
Cybernetics, Bethesda, MD, USA).

Transwell matrigel invasion assay

After 6-h transfection with miR-9 mimic or in- 
hibitor, negative siRNA, or eIF5A2 siRNA (100 
nmol/mL), the cells (5 × 104 cells/well) were 
seeded in the top chamber of a 24-insert 
Transwell plate containing medium. The inserts 
in the top chambers were coated with Matri- 
gel (BD Biosciences, San Jose, CA, USA); the 
bottom chambers contained 10% FBS in the 
corresponding medium as a chemoattractant. 
After 24 h, cells on the underside of the inserts 
were fixed in methanol for 10 min and stained 
with 0.1% crystal violet. The cells that had in- 
vaded to the lower surface were counted under 
an inverted phase contrast microscope (Olym- 
pus; ×40 magnification) and photographed.

Statistical analysis

All experimental data are reported as the  
mean ± SD. GraphPad Prism 5 (GraphPad, San 
Diego, CA, USA) was used for statistical analy-
sis. Comparisons of two groups were performed 
using Student’s t-tests; > 2 independent grou- 
ps were compared using one-way analysis of 
variance. P < 0.05 was considered statistically 
significant.

Results

MiR-9 regulated NSCLC cell invasion and 
migration

We examined the effect of a miR-9 mimic and 
miR-9 inhibitor on NSCLC cell invasion and 
migration by Transwell invasion assay and 
wound healing assay, respectively. Compared 
with the control, the miR-9 mimic inhibited 
NSCLC cell migration capability, while the miR-9 
inhibitor enhanced it (Figure 1A, 1B). The 
Transwell invasion assay showed that, com-
pared with the control, fewer miR-9 mimic-
transfected cells crossed the Transwell mem-
brane, and more miR-9 inhibitor-transfected 
cells crossed the Transwell membranes (Figure 
1C). These findings demonstrate that miR-9 
regulates NSCLC cell invasion and migration.

MiR-9 directly targeted and regulated eIF5A2

We hypothesized that miR-9 might regulate 
eIF5A2 expression. We used TargetScan (www.
targetscan.org) to predict the eIF5A2-associat-
ed miRNAs via bioinformatics analysis (Figure 
2A), and detected miR-9 and eIF5A2 mRNA 
expression by reverse transcription-quantita-
tive PCR (RT-qPCR). Interestingly, miR-9 mRNA 
expression was negatively associated with eI- 
F5A2 mRNA expression (Figure 2B). We also 
detected eIF5A2 mRNA expression in NSCLC 
cells transfected with miR-9 mimic, miR-9 in- 
hibitor, or control. Compared with the control, 
miR-9 mimic transfection decreased eIF5A2 
mRNA expression. However, eIF5A2 mRNA ex- 
pression was enhanced following transfection 
with miR-9 inhibitor (Figure 2C).

Figure 1. MiR-9 regulated NSCLC cell invasion and migration. A, B. Wound healing assay showing that, compared 
with the control, the miR-9 mimic reduced cell migration capability and that the miR-9 inhibitor increased it. *P < 
0.05 vs. control; #P < 0.05 vs. miR-9 mimic. C. Images and quantification of NSCLC cell migration following treat-
ment with miR-9 mimic, miR-9 inhibitor, or control. Migrated cells were stained with crystal violet and counted. *P < 
0.05 vs. control; #P < 0.05 vs. miR-9 mimic. All data are the mean ± SD.
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Figure 2. MiR-9 regulated EIF5A2 expression in NSCLC cells. A. TargetScan prediction matching miR-9 to the eIF5A2 3’-UTR segment. B. RT-qPCR determination 
of eIF5A2 mRNA expression in NSCLC cells. C. RT-qPCR detection of eIF5A2 mRNA expression in NSCLC cells in the presence of miR-9 mimic, miR-9 inhibitor, and 
control. All data are the mean ± SD.
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EIF5A2 knockdown suppressed NSCLC cell 
invasive and migration capability

To determine the role of eIF5A2 in NSCLC cell 
invasion and migration, we examined the ef- 
fect of eIF5A2 knockdown on metastasis using 
Transwell invasion assay and wound healing 
assay, respectively. The wound healing assay 
showed that eIF5A2 knockdown increased 
NSCLC cell motility as compared with cells 
treated with negative control small interfering 
RNA (siRNA) (Figure 3A). The Transwell assay 
showed significantly decreased migrated cells 
in the eIF5A2 knockdown group as compared 
with the negative siRNA group (Figure 3B). The- 
se findings demonstrate that inhibiting eIF5A2 
significantly suppresses the invasive and migra-
tion capability in NSCLC cells.

MiR-9 regulated NSCLC cell invasion and mi-
gration by targeting eIF5A2

We demonstrated that miR-9 regulates NSCLC 
cell invasion and migration and that eIF5A2 
regulates NSCLC cell invasive and migra- 
tion capability. Furthermore, we demonstrate 
that miR-9 regulates the expression of eIF5A2 
mRNA. We suspected that miR-9 regulates 
NSCLC cell invasion and migration by targeting 
eIF5A2. To confirm this hypothesis, we first 
silenced eIF5A2 in NSCLC cells using siRNA, 
and then transfected the cells with miR-9 mi- 
mic. Then, we examined the invasive and migra-
tion ability of the cells. The wound healing and 
Transwell assays showed no significant differ-
ence between the control and miR-9 mimic 
groups (Figure 4). Western blotting confirmed 
the eIF5A2 knockdown (Figure 4A).

MiR-9 regulated e-cadherin and vimentin 
expression

Accumulating evidence has indicated that EMT 
plays an important role in malignancy and mi- 
gration and invasive ability in many tumors  
[26, 27]. In the present study, western blotting 
showed that the miR-9 mimic upregulated E- 
cadherin expression and downregulated vimen-
tin expression in the NSCLC cells. By contrast, 
E-cadherin expression was downregulated and 

vimentin expression was upregulated in NSC- 
LC cells transfected with the miR-9 inhibitor 
(Figure 5). These data indicate that miR-9 regu-
lates E-cadherin and vimentin expression.

Discussion

Recent reports have suggested that miRNAs 
play critical roles in the tumorigenesis and pro-
gression of various human cancers [28, 29]. 
Therefore, identifying the tumor-associated mi- 
RNAs and their target genes is critical for under-
standing the role of miRNAs in tumorigenesis 
and may be important for identifying novel ther-
apeutic targets [30].

MiRNAs, such as oncomiRs or anti-oncomiRs, 
play important roles in cancer development 
and progression by acting as activators or 
inhibitors [31]. More recently, it was indicated 
that miRNA dysregulation contributes to tumor 
metastases by targeting genes important to 
EMT and many other processes in tumor me- 
tastases [17]. For example, miR-200c exerts 
tumor-suppressive effects in NSCLC by sup-
pressing USP25 (ubiquitin-specific peptidase 
25) expression, and miR-204 inhibits NSCLC 
metastasis by suppressing NUAK1 (NUAK fam-
ily kinase 1) [32, 33]. MiR-9, which is selectively 
expressed in neuronal tissues, was first found 
to be elevated in primary brain tumors and was 
described as an essential factor that functions 
in developing neurons, neural carcinogenesis, 
or other diseases of the nervous system [34]. 
Recently, it was reported that miR-9 is a puta-
tive metastasis promoter in breast cancer and 
promotes a metastatic phenotype, including 
invasion and migration in osteoblasts and os- 
teosarcoma cell lines [35]. EIF5A2 plays critical 
roles in cell proliferation, metastasis, and apop-
tosis, and is considered a novel oncogene [36]. 
EIF5A2 inhibition enhanced NSCLC sensitivity 
to chemotherapeutics, prevented or reversed 
EMT, and reduced the migration and invasive 
capabilities of NSCLC cells [37], and might de- 
crease HCC cell invasion and metastasis [38, 
39]. In the present study, the miR-9 mimic 
inhibited NSCLC cell migration capability and 
reduced the number of membrane-crossing 
cells, but the miR-9 inhibitor increased cell 

Figure 3. EIF5A2 knockdown inhibited NSCLC cell invasive and migration capability. A. EIF5A2 knockdown enhanced 
cell migration ability as compared to the effect of the negative control. *P < 0.05 vs. control; #P < 0.05 vs. negative 
siRNA. B. All data are the mean ± SD.
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Figure 4. MiR-9 regulated NSCLC cell invasion and migration by targeting EIF5A2. (A) Western blot detection of eIF5A2 expression. GAPDH, loading control. Wound 
healing (B) and Transwell assays (C) showed no significant difference between control and miR-9 mimic groups after transfection with EIF5A2 siRNA. All data are 
the mean ± SD.
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migration and invasive ability. In addition, we 
used TargetScan to search for the eIF5A2- 
associated miRNAs, and found that eIF5A2 is  
a target gene of miR-9. We also found that 
miR-9 expression was negatively associated 
with eIF5A2 expression. To determine whether 
eIF5A2 regulates the role of miR-9, we knocked 
down eIF5A2 expression and found that there 
was no significant difference between the miR- 
9 mimic and negative control groups. These 
findings demonstrate that the effect of miR-9 
inhibition of NSCLC cell invasion and migration 
is at least partly mediated through decreased 
eIF5A2 expression.

EMT is a complex process associated with the 
loss of E-cadherin expression and the gain of 
mesenchymal lineage marker expression, and 
results in increased cell invasion, migration, 
and proliferation [40]. The activation of EMT 
triggers tumor cell invasion and dissemination 
and is therefore considered the initiation step 
of metastasis [41]. EMT is related to metasta-
sis and poor prognosis in many tumors, includ-
ing NSCLC [42, 43]. It has also previously been 
shown that eIF5A2 regulates chemoresistance 
through EMT in many cancers, including NSCLC 
[37]. In the present study, we confirm that 
miR-9 is involved in regulating metastasis by 
targeting E-cadherin and vimentin expression 
in NSCLC cells. Western blotting demonstrated 
that compared with the control, the miR-9 mi- 
mic increased the expression of the epithelial 
marker E-cadherin and reduced the expression 
of the mesenchymal marker vimentin, while the 
miR-9 inhibitor had the opposite effect, sug-
gesting that EMT may participate in NSCLC cell 
invasion and metastasis. Together, our findings 
suggest that miR-9 is a potential drug target for 
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