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Abstract: miR-132, a microRNA, has been reported to be down-regulated in several human cancers and is related 
with tumor progression; however, its function in non-small cell lung cancer (NSCLC) progression remains unclear. 
This study aimed to investigate the putative role of miR-132 in the metastasis of NSCLC. We determined the func-
tion of miR-132 in the migration and invasion of a NSCLC cell line in vitro using a miR-132 inhibitor and mimic. 
Our results showed overexpression of miR-132 significantly inhibited the migration and invasion of NSCLC cells in 
vitro. We then identified USP9X as a potential target of miR-132, and demonstrated miR-132 could regulate the 
expression of USP9X at both the mRNA and protein level. miR-132 could directly bind to the 3’ untranslated region 
(3’-UTR) of USP9X. Inhibition of USP9X by its inhibitor WP1130 reduced the migration and invasion of NSCLC cells. 
Furthermore, USP9X inhibition also reversed the increased migration and invasion mediated by miR-132 inhibi-
tion. We found USP9X inhibition up-regulated expression of the epithelial-mesenchymal transition (EMT) marker 
E-cadherin, but down-regulated vimentin expression. A similar effect was seen with miR-132 overexpression, while 
the opposite effect occurred with miR-132 knockdown. USP9X inhibition reversed the miR-132 inhibitor-induced 
vimentin up-regulation and E-cadherin down-regulation. Taken together, these results indicate miR-132 prohibits 
the migration and invasion of NSCLC cells via targeting USP9X-induced EMT. Our data provides further evidence for 
the critical role of miR-132 and USP9X in regulating cell invasion and migration of NSCLC.
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Introduction

Lung cancer is a leading cause of cancer-relat-
ed mortality worldwide [1]. Non-small cell lung 
cancer (NSCLC) is the most common type of 
lung cancer. With the development of genom-
ics, the complex molecular mechanisms under-
lying NSCLC carcinogenesis and progression 
have been uncovered to a certain extent, and 
several molecular targets (e.g. EGFR and C-met) 
have been used to treat NSCLC [2]. However, 
the development of NSCLC is a complicated 
process, and it is essential to explore more 
novel and specific markers for NSCLC to 
improve therapeutic strategies and clinical 
outcomes.

MicroRNAs (miRNAs) are highly conserved, 
endogenous non-coding RNAs of ~22 nucleo-
tides in size, which can regulate target gene 

expression at the post-transcriptional level by 
inhibiting transcription or degrading mRNA [3]. 
miRNAs have been implicated in variety of 
human disease, particular in cancer [4-8]. 
Indeed, miRNAs are involved in a variety of bio-
logical processes in cancer, including tumor ini-
tiation, progression, cell invasion, and metasta-
sis [9].

miR-132 is a known tumor-related miRNA; how-
ever, it appears to play different roles in various 
tumor types [10]. For example, miR-132 was 
reported to be up-regulated and function as a 
promoter in cancers such as colorectal cancer 
[11] and pancreatic cancer [12]; while it is 
down-regulated and functions as a repressor in 
hepatocellular carcinoma [13], prostate cancer 
[14], and breast cancer [15]. In NSCLC, miR-
132 was previously reported to act as a repres-
sor by inhibiting cell proliferation, apoptosis, 
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migration, and invasion [16-20]. In particular, 
previous studies showed miR-132 could sup-
press the migration and invasion of NSCLC 
cells through targeting ZEB2 and SOX4 [17, 18]. 
Although numerous genes have already been 
shown to be targets of miR-132, each miRNA is 
predicted to target more than 100 genes on 
average. In addition, one miRNA may regulate 
several targets in an individual cancer [21]. 
Therefore, the molecular mechanisms and 
functional targets of miR-132 in NSCLC required 
further investigation.

Ubiquitin-specific peptidase 9, X-linked (USP- 
9X), a member of the ubiquitin-specific pepti-
dase (USP) family, is involved in multiple physi-
ological pathways by deubiquitinating and sta-
bilizing its substrates [22]. Increasing evidence 
suggests that USP9X is significantly elevated in 
multiple human cancers, including breast can-
cer [23], pancreatic cancer [24], liver cancer 
[25], and lung cancer [26]. Overexpression of 
USP9X was shown to be closely related to 
tumor proliferation, apoptosis, chemo-resis-
tance, and metastasis [22]. In addition, elevat-
ed expression of USP9X was shown to correlate 
with poor prognosis in NSCLC [26]. Moreover, 
evidence suggests USP9X can deubiquitinate 
MCL1, an anti-apoptotic protein, to inhibit cell 
apoptosis in NSCLC [27]. However, little is 
known about the role of USP9X in NSCLC cell 
migration and invasion.

In the present study, we aimed to investigate 
the putative role of miR-132 in metastasis of 
NSCLC.

Materials and methods

Cell culture and transfection

The human NSCLC cell lines A549 and NCI-
H1299 were obtained from the Chinese 
Academy of Science Cell Bank (Shanghai, 
China), and were cultured in RMPI 1640 medi-
um containing 10% fetal bovine serum (FBS; 
Gibco, CA, USA) at 37°C in a humidified atmo-
sphere of 5% CO2. For transfection, cells were 
cultured to 80% confluence and transfected 
with recombinant eukaryotic vector and empty 
vector using Lipofectamine 2000 (Invitrogen, 
CA, USA) according to the manufacturer’s 
instructions. The USP9X inhibitor WP1130 was 
obtained from Selleck (S2243, Texas, USA) and 
dissolved in DMSO for this research.

RNA oligoribonucleotides and transfection

The miR-132 mimic, inhibitor, and negative con-
trol siRNA were synthesized by GenePharma 
(Suzhou, China). The transfection was conduct-
ed using Lipofectamine 2000 (Invitrogen, CA, 
USA) according to manufacturer’s instructions.

Cell migration assay

The migration ability was determined using a 
wound-healing assay. The cells were plated into 
6-well plates at a density of 3 × 105, and then 
transfected with miR-132 mimic or inhibitor or 
control. Alternatively, cells were cultured in 
medium with WP1130 at a concentration of 
0.625 μM for A549 or 1.25 μM for NCI-H1299. 
After 24 h, the cells were wounded with a ster-
ile plastic 100-μL micropipette tip; the wound-
ed cells were then washed with PBS and cul-
tured in serum-free medium. The width of the 
wound was measured at 0 h, 24 h, and 48 h. 
Three different views were photographed under 
a phase-contrast inverted microscope.

Cell invasion assay

Basement membrane invasion assays were 
performed using Transwell plates (Corning, NY). 
Cells were transfected with miR-132 mimic or 
inhibitor or control. Alternatively, cells were cul-
tured in medium with WP1130 at a concentra-
tion of 0.625 μM for A549 or 1.25 μM for NCI-
H1299. After 24 h, the transfected cells were 
trypsinized and resuspended at a density of 2 × 
105 cells in 200 μL serum free RPMI 1640 
medium and placed into the upper chambers 
(8-mm pore size) coated with matrigel (BD 
Bioscience, Bedford, MA, USA). The lower 
chambers were filled with 600 μL complete 
medium with 10% FBS. For cells incubated with 
WP1130, WP1130 was added to both the 
upper and lower chambers. After incubation for 
24 h at 37°C, non-invading cells on the upper 
surface of the inserts were removed with a cot-
ton swab. The invaded cells on the lower sur-
face of the inserts were fixed and stained with 
0.1% crystal violet, and five random fields were 
counted and photographed at 200 × magnifica- 
tion.

Cell viability assay

The cell viability examination was using a Cell 
Counting Kit-8 (CCK-8, Dojindo Laboratories, 
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Figure 1. miR-132 inhibits lung cancer cell migration and invasion. A, B: Migration ability of A549 and NCI-H1299 
cells transfected with the miR-132 mimic, inhibitor, or negative control using a wound-healing assay. C: Invasion 
ability of A549 and NCI-H1299 cells transfected with the miR-132 mimic, inhibitor, or negative control using a tran-
swell assay. All results were obtained from three independent experiments. The migration or invasion cell number 
in each group was normalized to the control (*p < 0.05) or miR-132 mimics (#p < 0.05).
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Figure 2. miR-132 directly inhibits the expression of USP9X via binding its 3’UTR. A: The predicted miR-132 binding 
site in the 3’UTR of USP9X by microRNA database. B: mRNA expression of USP9X in A549 and NCI-H1299 cells by 
quantitative RT-PCR. *p < 0.05 vs A549. C: Protein expression of USP9X in A549 and NCIH-1299 cells determined 
by western blot. D: Relative expression of miR-132 in A549 and NCI-H1299 cells by quantitative RT-PCR. **p < 0.01 
vs A549. E, F: mRNA expression of USP9X in cells transfected with negative control siRNA, or miR-132 mimic, or 
miR-132 inhibitor by quantitative RT-PCR. The data in each group was normalized to the control (*p < 0.05) or miR-
132 mimic (#p < 0.05). G: Protein expression of USP9X in cells transfected with negative control siRNA, or miR-132 
mimic, or miR-132 inhibitor determined by western blot.
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Japan) according to the manufacturer’s instruc-
tions. Cell viability was measured under differ-
ent concentrations of WP1130 (0, 0.625, 1.25, 
2.5, 5, 10 μM). An MRX II microplate reader 
(Dynex, Chantilly, VA, USA) was used to mea-
sure the OD value at the 450 nm.

Quantitative real-time PCR (qRT-PCR) 

Total RNA including miRNAs was extracted 
using the TRIZOL reagent (Invitrogen) according 
to manufacturer’s instructions. Total RNA (0.5 
μg) was reverse transcribed into cDNA. SYBR 
Green PCR Master mix (Takara, Japan) was 
used to determine the mRNA level of miR-132 
and USP9X (USP9X: Forward 5’-CAATGGATAGA- 
TCGCTTTATA-3’; Reverse 5’-CTTCTTGCCATGGC- 
CTTAAAT-3’, miR-132: TAACAGTCTACAGCCATGG- 
TCG; GAPDH: Forward 5’-CGGAGTCAACGGATTT- 
GGTCGTAT-3’; Reverse 5’-AGCCTTCTCCATGGT- 
GGTGAAGAC-3’). All reactions were performed 
in triplicate. The relative expression of miR-132 
and USP9X was respectively normalized to the 
internal reference U6 and GAPDH. Data were 
analyzed using the 2ΔΔCt method.

Western blot

Lung cancer cell lines with different treatment 
were seeded at a density of 2 × 105 cells/well 
in 6-well plates. Cells were then lysed in RIPA 
lysis buffer with 1 mM PMSF (Beyotime, 
Shanghai, China) for 1 h on ice. Sample pro-
teins were quantified using a Pierce BCA pro-
tein assay (Thermo Scientific, Waltham, MA). 
Equal amounts of proteins were separated by 
SDS-PAGE, transferred to PVDF membranes, 
and probed with the antibody of interest. The 
concentration for the primary antibodies E- 
cadherin, vimentin, and GAPDH (CST, Danvers, 
MA, USA) was 1:1000; the concentration of the 
corresponding secondary antibody (CST, HRP-
conjugated) was 1:2000.

Statistical analysis

SPSS17.0 software was used for statistical 
analysis. The experimental data were expressed 
as mean ± standard deviation (SD), and ana-

lyzed by a two-tailed student’s T test. Statistical 
significance was accepted if P < 0.05.

Results

miR-132 overexpression inhibits the migration 
and invasion of NSCLC cells in vitro

To demonstrate the role of miR-132 on the 
aggressiveness of NSCLC cells in vitro, we used 
a wound-healing assay and a transwell assay. 
The wound-healing assay showed overexpres-
sion of miR-132 in NSCLC cells (using an miR-
132 mimic) significantly prohibited cell migra-
tion compared to cells transfected with a con-
trol or miR-132 inhibitor (Figure 1A and 1B). 
Moreover, the transwell assay demonstrated 
overexpression of miR-132 in NSCLC cells sig-
nificantly decreased the invasion ability com-
pared to the control and miR-132 inhibitor 
group (Figure 1C). Together, these results indi-
cate miR-132 inhibits the migration and inva-
sion of NSCLC cells in vitro.

miR-132 directly inhibits the expression of 
USP9X via binding its 3’-UTR in NSCLC cells

To explore how miR-132 suppresses the migra-
tion and invasion of NSCLC cells, we predicted 
the potential target genes of miR-132 in NSCLC 
cells using the miRanda, PicTar, and TargetScan 
databases. Among them, we found an unre-
ported candidate gene USP9X harbored a 
potential miR-132 binding site (Figure 2A). 
Further study showed that a negative correla-
tion between miR-132 and USP9X expression 
in NSCLC cells (Figure 2B-D). Moreover, miR-
132 overexpression in NSCLC cells led to a 
decreased USP9X expression at both the mRNA 
and protein level, while miR-132 inhibition 
showed the opposite results (Figure 2E-G). 
Therefore, our results demonstrate that USP9X 
is a potential target gene of miR-132 in NSCLC 
cells.

Inhibition of USP9X suppresses the migration 
and invasion of NSCLC cells in vitro

Since USP9X is a potential target gene of miR-
132, we investigated whether USP9X contrib-

Figure 3. USP9X inhibition prohibits lung cancer cell migration and invasion. A, B: The effect of WP1130 on the cell 
viability of A549 and NCI-H1299 cells assayed by CCK-8. C, D: The effect of WP1130 on the migration ability of A549 
and NCI-H1299 cells determined by the wound-healing assay. The cells were cultured in medium with WP1130 at a 
concentration of 0.625 μM for A549 or 1.25 μM for NCI-H1299; the width of the wound was measured at 0 h, 24 h, 
and 48 h. E: The effect of WP1130 on the invasion ability of A549 and NCI-H1299 cells by the transwell assay. The 
cells were cultured in medium with WP1130 at a concentration of 0.625 μM for A549 or 1.25 μM for NCI-H1299 for 
24 h. The data in each group was normalized to the control (*p < 0.05, ***p < 0.001).
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utes to the migration and invasion of NSCLC 
cells by using WP1130, a specific inhibitor of 
USP9X, to inactivate USP9X [25, 28]. First, we 
showed WP1130 inhibited the cell viability of 
NSCLC cells in a concentration dependent 

the WP1130 group and the combined WP1130/
miR-132 inhibitor group, indicating that USP9X 
inhibition abolished the promoting effect of the 
miR-132 inhibitor on NSCLC cell migration. In 
parallel, USP9X inhibition reversed the pro-

Figure 4. USP9X inhibition reverses the pro-invasion role of the miR-132 inhibitor. A, B: The migration ability of A549 
and NCI-H1299 cells pre-transfected with miR-132 inhibitor or control, and cultured with WP1130 (at a concentra-
tion of 0.625 μM for A549 or 1.25 μM for NCI-H1299) determined using the wound-healing assay. The width of the 
wound was measured at 0 h, 24 h, 48 h. C: The invasion ability of A549 and NCI-H1299 cells pre-transfected with 
miR-132 inhibitor or control, and cultured with WP1130 (at a concentration of 0.625 μM for A549 or 1.25 μM for 
NCI-H1299) determined using the transwell assay.

Figure 5. miR-132 suppresses EMT in NSCLC cells through targeting USP9X. 
A: Protein expression of E-cadherin or vimentin in A549 and NCI-H1299 cells 
cultured with WP1130 (at a concentration of 0.625 μM for A549 or 1.25 μM for 
NCI-H1299) determined by western blot. B: Protein expression of E-cadherin or 
vimentin in A549 and NCI-H1299 cells transfected with negative control siRNA, 
or miR-132 mimic, or miR-132 inhibitor, as determined by western blot. C: Pro-
tein expression of E-cadherin or vimentin in A549 and NCI-H1299 cells pre-
transfected with miR-132 inhibitor or control, which were cultured with WP1130 
(at a concentration of 0.625 μM for A549 or 1.25 μM for NCI-H1299) as deter-
mined by western blot.

manner (Figure 3A and 3B). 
For subsequent experi-
ments, we chose to use a 
WP1130 concentration of 
0.625 μM for A549 and 
1.25 μM for NCI-H1299, 
which were the maximum 
concentrations tolerated by 
the two NSCLC cell lines. 
Using the wound-healing 
assay, we found that inhibi-
tion of USP9X in NSCLC 
cells significantly prohibit-
ed cell migration compared 
to the control group (Figure 
3C and 3D). Moreover, the 
transwell assay showed th- 
at inhibition of USP9X in 
NSCLC cells significantly de- 
creased the invasion ability 
compared to the control 
group (Figure 3E). These 
results indicate USP9X reg-
ulates the migration and 
invasion of NSCLC cells in 
vitro.

USP9X is involved in the 
miR-132 mediated regula-
tion of migration and inva-
sion of NSCLC cells

Next we investigated whe- 
ther the functional effect  
of miR-132 on NSCLC cells 
was dependent on USP9X. 
The migration and invasion 
abilities of NSCLC cells 
treated with both WP1130 
and a miR-132 inhibitor 
were examined. As shown 
in Figure 4A and 4B, there 
was no difference in cell 
migration ability between 
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invasion role of the miR-132 inhibitor in NSCLC 
cells (Figure 4C). Taken together, these results 
indicate USP9X is involved in miR-132 mediat-
ed regulation of the migration and invasion of 
NSCLC cells.

Epithelial-mesenchymal transition is involved 
in the miR-132 and USP9X mediated regula-
tion of the migration and invasion of NSCLC 
cells

To further explore the molecular mechanism 
underlying the miR-132 and USP9X mediated 
regulation of the migration and invasion of 
NSCLC cells, we examined the expression of 
the epithelial-mesenchymal transition (EMT) 
related molecular markers E-cadherin and 
vimentin. As shown in Figure 5A, inhibition of 
USP9X up-regulated the epidermal marker 
E-cadherin, but down-regulated the mesenchy-
mal marker vimentin. As shown in Figure 5B, 
overexpression of miR-132 showed the same 
effect on E-cadherin and vimentin expression 
with USP9X inhibition. On the contrary, miR-
132 knockdown promoted the expression of 
vimentin and inhibited the expression of 
E-cadherin, thus enhancing the EMT alteration 
in NSCLC cells. However, inhibition of USP9X 
reversed the pro-EMT role of miR-132 knock-
down (Figure 5C). Collectively, our results indi-
cate that EMT is involved in the miR-132 and 
USP9 mediated regulation of the migration and 
invasion in NSCLC cells, this further proves that 
the function of miR-132 on the regulation of 
NSCLC cell migration and invasion depends on 
USP9X.

Discussion 

The mortality and morbidity of NSCLC is incre- 
asing [1]. It is therefore essential to investi- 
gate the molecular mechanisms underlying the 
development of NSCLC, and to explore novel 
molecular targets to enable accurate diagnosis 
and treatment. In the present study, we found 
miR-132 overexpression could inhibit the 
migration and invasion of NSCLC cells in vitro. 
We also demonstrated USP9X was a novel tar-
get gene of miR-132. We then showed miR-132 
and USP9X regulate the migration and invasion 
of NSCLC by affecting EMT. To the best of our 
knowledge, this is the first study to show USP9X 
is a target gene of miR-132 in NSCLC.

MiR-132 has been shown to play diverse func-
tions in cancer pathogenesis and progression. 

It has been reported to be down-regulated and 
function as a repressor in several cancers 
including hepatocellular carcinoma [29], osteo-
sarcoma [30], and prostate cancer [14]. 
Meanwhile, it was shown to function as an 
oncogene in colorectal cancer [11], squamous 
cell carcinoma of the tongue [31], and pancre-
atic cancer [12], among others. In NSCLC, miR-
132 was shown to be down-regulated, and the 
down-regulation of miR-132 correlated with 
poor prognosis [10]. In addition, previous stud-
ies found miR-132 could suppress the migra-
tion and invasion of lung cancer cells via target-
ing ZEB2 and SOX4 [17, 18]. Our present study 
further confirmed the inhibitory role of miR-132 
on NSCLC cell migration and invasion.

To unravel the mechanism behind the inhibitory 
effects of miR-132 in lung cancer, we firstly 
proved that USP9X was a functional target of 
miR-132. USP9X is involved in the regulation of 
several cancer-related biological functions 
such as cell adhesion, apoptosis, migration, 
and invasion. USP9X has been implicated as 
both an oncogene and tumor suppressor, 
depending on the type and stage of cancer 
[22]. Indeed, one of the best described onco-
genic functions of USP9X is its interaction  
with the anti-apoptotic protein MCL1 [32]. 
Meanwhile, USP9X can also act as tumor sup-
pressor via interacting with Kras [33, 34]. In 
NSCLC, USP9X was reported to be elevated 
and correlate with poor prognosis [26]. 
However, the role of USP9X in NSCLC cell migra-
tion and invasion was incompletely disclosed. 
In the present study, we proved USP9X inhibi-
tion could prohibit NSCLC cell migration and 
invasion, and showed USP9X could regulate 
EMT in lung cancer.

In conclusion, we further explored the role of 
miR-132 in the migration and invasion of 
NSCLC. Our findings indicate miR-132 prohibits 
the migration and invasion of NSCLC cells 
through targeting USP9X, and that EMT is 
involved in miR-132 mediated cell migration 
and invasion. Our data provide new insight into 
the mechanism responsible for the metastasis 
of human NSCLC. In particular, miR-132 and 
USP9X may serve as novel therapeutic candi-
dates in the treatment of NSCLC.
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