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Abstract: MicroRNAs (miRNAs) are involved in the development and progression of lung cancer. MicroRNA-101 
(miR-101) displays crucial properties in non-small cell lung cancer (NSCLC) by negatively regulating cell prolifera-
tion and invasion, but the underlying molecular mechanisms remain largely unknown. In this study, we found that 
miR-101 was underexpressed while zinc finger E-box binding homeobox 1 (ZEB1) was highly upregulated in NSCLC 
tissues and cells. The downregulation of miR-101 was positively associated with lymph node metastasis and poor 
prognosis of NSCLC patients. Dual-luciferase reporter assay showed that miR-101 directly targeted ZEB1 in NSCLC 
cells. Enforced expression of miR-101 significantly inhibited NSCLC cell proliferation, apoptosis resistance, migra-
tion, and invasion in vitro, which were attenuated by ZEB1 overexpression and phenocopied by ZEB1 knockdown, 
respectively. Consistently, miR-101 retarded NSCLC growth and metastasis in vivo. The findings indicated that miR-
101 suppressed NSCLC growth and metastasis by targeting ZEB1, thereby providing new evidence of miR-101 as a 
potential therapeutic target for NSCLC patients. 
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Introduction

Lung cancer is the leading cause of cancer-
related deaths worldwide. It is the first most 
common malignancy in men and the fourth mo- 
st common cancer in women [1]. Globally, lung 
cancer is the largest contributor to new cancer 
diagnoses (1.825 million new cases and 12.9% 
of total new cancer cases) and to death from 
cancer (1.59 million deaths and 19.4% of total 
cancer deaths) [2]. In China, about 733,300 
new lung cancer cases and 610,200 deaths 
occurred [3]. Non-small cell lung cancer (NS- 
CLC), the major type of lung cancers, accounts 
for 85% of all lung cancer cases, with a low five-
year survival rate [4]. Although various thera-
peutic techniques have been developed, most 
patients have died because of insufficient 
NSCLC-specific biomarkers and tools for diag-
nosis and therapy [5]. The successful reduction 
of lung cancer mortality requires a thorough un- 
derstanding of the biological process of NSCLC 
and some novel therapeutic strategies. 

MicroRNAs (miRNAs) are small RNA molecules 
(21-23 nt) that act as negative regulators of 
gene expression by blocking mRNA translation 
or degradation of the target mRNAs [6, 7]. 
Aberrant miRNA expression has been observed 
in many types of human cancers, including lung 
cancer [8, 9]. Dysregulation of miRNAs is invol- 
ved in the growth, metastasis, and multidrug 
resistance of NSCLC [10-12]. Reportedly, miR-
101 exerts tumor-suppressive effects in mul- 
tiple malignancies, including NSCLC [13-16]. 
Downregulation of miR-101 promotes epithelial 
to mesenchymal transition (EMT) in cisplatin-
resistant NSCLC cells [15]. MiR-101 inhibits cell 
proliferation and invasion and enhances pacli-
taxel-induced apoptosis in NSCLC cells by 
directly targeting enhancer of zeste homolog 2 
(EZH2) [16]. However, the molecular mecha-
nisms of miR-101-repressed NSCLC remain 
largely unclear.

Zinc finger E-box binding homeobox 1 (ZEB1) be- 
longs to the ZEB family of transcription factors, 
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which is characterized by a centrally located 
homeodomain and two zinc finger clusters 
responsible for DNA binding [17]. ZEB1 has 
been recognized as an important oncogene in a 
number of malignancies and may serve as a 
prognostic indicator for tumor patients [18-21]. 
Given the pivotal role of ZEB1 in the downregu-
lation of E-cadherin, ZEB1 acts as a driver of 
EMT and cancer progression [22, 23]. EMT is a 
complex process to promote cancer metasta-
sis in which epithelial cells acquire the charac-
teristics of invasive mesenchymal cells [24]. 
Interestingly, ZEB1 mediates miRNA-elicited re- 
duction in the proliferation, migration, invasion, 
and EMT of NSCLC cells [25-27]. Nevertheless, 
the biological functions and underlying mecha-
nism by which ZEB1 involved in the growth and 
metastasis of NSCLC is unknown.

In this study, we revealed that miR-101 was 
downregulated while ZEB1 was upregulated in 
NSCLC tissue specimens and cell lines. Dual-
luciferase assay results confirmed ZEB1 as a 
direct target of miR-101. Moreover, miR-101 
dramatically repressed the proliferative, migra-
tory, and invasive abilities of NSCLC cells in 
vitro; however, ectopic expression of ZEB1 
reversed the inhibitory effects. In vivo, miR-101 
restrained NSCLC growth and metastasis. 
Overall, these results provide persuasive evi-
dence that miR-101 functions as a tumor sup-
pressor and may be a possible therapeutic tar-
get in NSCLC. 

Materials and methods

Clinical samples

Lung cancer and corresponding adjacent tissue 
specimens were obtained from NSCLC patients 
without chemotherapy or radiotherapy prior to 
surgery, who underwent curative resection at 
the Department of Thoracic Surgery, Tangdu 
Hospital, the Fourth Military Medical University 
between 2008 and 2011. Fresh samples were 
collected at the time of surgery, and were rap-
idly frozen in liquid nitrogen and stored at -80°C 
until use. All the patients were followed-up to 
2016 or until death. Informed consent was 
signed by each patient. This study was approved 
by the Ethics Committee of Tangdu Hospital. 

Cell culture

Human NSCLC cell lines (A549, H1299, H1650, 
and H1975) and an immortalized and non-

tumorigenic human bronchial epithelial cell line 
NL20 were purchased from American Type Cul- 
ture Collection (Manassas, VA, USA). The cell 
lines were authenticated by DNA (STR) profiling 
analysis, and were used no later than 6 months 
after receipt. All the cells were cultured in 
Roswell Park Memorial Institute 1640 (RPMI 
1640; Gibco, Carlsbad, CA, USA) supplemented 
with penicillin (100 U/mL), streptomycin (100 
U/mL) (Sigma-Aldrich, St. Louis, MO, USA), and 
10% fetal bovine serum (FBS; Gibco) at 37°C in 
5% CO2.

Establishment of A549-luciferase (luc) cell line 

To establish A549-luc cell line, lentivirus pLV-
luc (Inovogen Biotechnology, Delhi, India) was 
used to infect A549 cells. After screening with 
puromycin (200 μg/mL; Sigma) for 16 days, the 
single clone stably expressed luciferase was 
obtained and named A549-luc cell line.

Plasmid and lentivirus constructs

The luciferase-3’-UTR-wild-type (WT) reporter 
or luciferase-3’-UTR-mutant (MUT) plasmids 
were prepared by inserting the ZEB1-3’-UTR-WT 
with a putative miR-101 binding site or its 
mutant sequence into the pGL3-control plas-
mid (Promega, Madison, WI, USA). The pUNOI-
hZEB1 (open reading frame) plasmid was pur-
chased from InvivoGen (Hong Kong, China). All 
constructs were confirmed by DNA sequencing. 
For the lentiviral expression of miR-101, com-
plementary DNA strands corresponding to the 
pre-miR-101 sequence were synthesized and 
cloned into the AgeI/EcoRI sites of pGCsi-H1- 
CMV-GFP (GeneChem, Shanghai, China). The 
constructs were co-transfected into A549 cells 
with the pMD2.G and psPAX2 packaging plas-
mids. After 48 h of transfection, the superna-
tant was collected, centrifuged, filtered, and 
used for the infection of A549 cells. A short 
hairpin RNA (shRNA) was designed based on 
the ZEB1 sequence, and a scrambled shRNA 
was used as a control. Paired deoxyribonucleo-
tide oligos encoding the shRNAs were synthe-
sized, annealed, and cloned into the EcoRI/
NcoI sites of the pLKO.1 vector (Addgene, Cam- 
bridge, MA, USA). The constructs were co-trans-
fected with the pCMV-VSVG and pCMV-bA.9 
packaging plasmids into A549 packaging cells. 
The viral supernatants were harvested, filtered, 
and infected A549 cells. Cells were selected 
with 5 μg/mL puromycin (Sigma) to generate 
stable shRNA-expressing clones. 
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Cell transfection 

The miR-101 and its negative control (miR-NC) 
mimics were synthesized by RiboBio (Guang- 
zhou, China) and transfected using Lipofecta- 
mine 2000 reagent (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instruc-
tions. After cell confluence reached 80%, the 
indicated concentration of miR-101 or miR-NC 
mimics was transfected into A549 cells. 

Dual-luciferase reporter assay

MiR-101 or miR-NC mimics was co-transfected 
with Plasmid pGL3-ZEB1-3’-UTR-WT or pGL3-
ZEB1-3’-UTR-MUT into A549 cells. Dual-lucifer- 
ase reporter assay (Promega) was conducted 
at 48 h after transfection. Renilla luciferase 
was co-transfected as a control for normaliza- 
tion.

Quantitative real-time polymerase chain reac-
tion (qPCR)

For RNA extraction, the fresh tissues and cells 
were lysed with TRIzol reagent (Invitrogen) and 
purified using an RNeasy Mini Kit (Qiagen). 
Complementary DNA was synthesized using 
reverse transcriptase (Epicentre, Madison, WI, 
USA) or the miScript Reverse Transcription Kit 
(Qiagen) and then amplified using SYBR Premix 
Ex Taq™ (TaKaRa, Otsu, Shiga, Japan). The ex- 
pression levels of mRNAs and miRNA were 
determined using the 2-ΔΔCt method, with gly- 
ceraldehyde-3-phosphate dehydrogenase (GA- 
PDH) and U6 as the internal controls, respec-
tively. The primers used for PCR amplification 
are listed as follows: for ZEB1, 5’-AGAGCAGTG- 
AAAG AGAAGGGAATGC-3’ (forward) and 5’-GG- 
TCCTCTTCAGGTGCCTCAG-3’ (reverse); for GAP- 
DH, 5’-TGCACCACCAACTGCTTAGC-3’ (forward) 
and 5’-GGC ATGGACTGTGGTCATGAG-3’ (rever- 
se); for miR-101, 5’-CGGCGGTACAGTACT GTG- 
ATAA-3’ (forward) and 5’-CTGGTGTCGTGGAGT 
CGGCAATTC-3’ (reverse); and for U6, 5’-CTCG- 
CTTCGGCAGCACA-3’ (forward) and 5’-AACGCT- 
TCACGAA TTTGCGT-3’ (reverse).

Western blot analysis

Total proteins were extracted from fresh tis-
sues and cells using RIPA buffer (Beyotime, 
China), resolved by 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and 
electrophoretically transferred onto nitrocellu-

lose membranes (Millipore, Bedford, MA, USA). 
The membranes were blocked for 1 h with 5% 
skim milk dissloved in Tris-phosphate buffer 
containing 0.05% Tween 20, and then incubat-
ed with the primary antibodies targeting ZEB1, 
Cyclin D1, Rb (all from Cell Signaling Technology, 
Danvers, MA, USA), Bcl-2, Bax, caspase-3, clea- 
ved (cl)-caspase-3 (all from Abcam, Cambridge, 
UK), E-cadherin, Vimentin, and β-actin antibod-
ies (all from Santa Cruz) at 4°C overnight. After 
1h of incubation with the appropriate horserad-
ish peroxidase-conjugated secondary antibody, 
the bands were detected by an enhanced che-
miluminescence kit (Santa Cruz). 

Cell viability assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT; Sigma) assay was con-
ducted to determine cell viability. Briefly, A549 
cells were seeded into 96-well plates at a den-
sity of 5 × 103 cells/mL and transfected with 
the miR-101 mimic, miR-NC, or miR-101 mimic 
+ ZEB1 plasmid. At 24 h after transfection, the 
cultures were continued for 24, 48, 72, and 96 
h. At each time point, 25 μL of MTT (10 mg/mL, 
Sigma) was added to each well and successive-
ly incubated for 4 h at 37°C. After removing  
the supernatant, 200 μL of dimethyl sulfoxide 
(Invitrogen) was added to dissolve the forma-
zan crystals for 30 min. The absorbance at 490 
nm was measured with a microplate reader 
(Molecular Devices, Sunnyvale, CA, USA). 

Colony formation assay

Cell proliferation was determined by colony for-
mation assay. Briefly, at 24 h after transfection, 
1 × 103 A549 cells were seeded into a six-well 
plate and the medium was refreshed every two 
days. After incubation for 14 days, the colonies 
were fixed with methanol and stained with 1% 
crystal violet for 15 min before being counted. 

Apoptosis by flow cytometry

Flow cytometry was performed to measure cell 
apoptosis. In brief, A549 cells were harvested 
at 48 h post-transfection and were resuspend-
ed in 1 × binding buffer at a density of 1  ×  106 
cells/mL. After double staining with Annexin 
V-fluorescein isothiocyanate (FITC) for 15 min 
at 37°C and propidium iodide (PI) for 30 min in 
the dark using the Annexin V-FITC Apoptosis 
Detection Kit I (BestBio, Shanghai, China), the 
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cells were analyzed using a FACScan® flow 
cytometer equipped with Cell Quest software 
(BD Biosciences, San Jose, CA, USA).

Terminal transferase-mediated dUTP nick end 
labeling (TUNEL) assay

Tissue samples were collected and sectioned 
for TUNEL assay (Boster Biological Technology, 
Ltd., Wuhan, China) according to the manufac-
turer’s instructions. Briefly, after deparaffiniza-
tion and rehydration, sections were treated 
with proteinase K (Boster Biological Technology) 
for 20 min at room temperature. After rinsing, 
the sections were incubated with TUNEL reac-
tion mixture at 37°C for 60 min. Slides were 
then mounted and observed under a fluores-
cence microscope (Olympus). Negative control 
slides were incubated with a labeling solution 
(without terminal transferase) instead of the 
TUNEL reaction mixture. The percentage of 
apoptotic cells was calculated with ImageJ (NIH 
Image, USA).

Enrichment factor assay

Cell apoptosis was evaluated by using the Cell 
Death Detection ELISA Plus Kit (Roche Applied 
Science, Mannheim, Germany), as per the ins- 
truction of manufacturer. The relative amoun- 
ts of mono- and oligonucleosomes generated 
from the apoptotic cells were quantified using 
monoclonal antibodies directed against DNA 
and histones by ELISA. In brief, at 24 h after 
transfection, cytoplasmic fraction of the cells 
were transferred onto a streptavidin-coated 
plate and incubated for 2 h at room tempera-
ture with a mixture of peroxidase conjugated 
anti-DNA and biotin-labeled anti-histone. The 
plate was washed and incubated with 2,2’-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt. The absorbance was mea-
sured using a microplate reader (Molecular De- 
vices) at 490 nm and normalized to miR-NC-
transfected cells. 

Caspase-3 activity assay

Caspase-3 activity was assessed the Caspase- 
3 Activity Assay Kit (Nanjing Jiancheng Bioen- 
gineering Institute, Nanjing, China) in accor-
dance with the manufacturer’s instructions. At 
24 h after transfection, the cells were lyzed by 
using cell lysis buffer (Nanjing Jiancheng Bio- 
engineering Institute) followed by shaking for 
30 min at room temperature. After centrifuga-

tion at 800 g for 10 min, 100 µL of supernatant 
was transferred to another plate followed by 
incubation at 37°C with 100 µL of Ac-DEVD-
pNA, a caspase-3 substrate. The absorbance 
was measured using a microplate reader (Mo- 
lecular Devices) at 405 nm.

Wound-healing assay

Cell motility was measured by wound-healing 
assay. In brief, at 24 h after transfection, 1 × 
106 A549 cells were seeded in a 6-cm dish. The 
cell monolayer was scraped in a straight line 
with a P200 pipet tip when the cells grew to 
70% confluence. Photographs were taken at 0 
h and 24 h after scratch using a phase-contrast 
microscope (Olympus, Tokyo, Japan). Gap width 
was analyzed with ImageJ (NIH). Gap width at 0 
h was set to 100%. 

Migration and invasion assay 

Cell migration assay was performed using Tran- 
swell cell culture inserts (8-μm pore size, BD 
Biosciences), whereas invasion assay was con-
ducted using a Transwell system with a matri-
gel-coated polycarbonate membrane. After ce- 
lls undergoing serum starvation for 24 h, 1 × 
105 A549 cells/100 µL were seeded in the 
upper chamber and incubated with RPMI 1640 
containing 1% FBS. The bottom chamber was 
filled with RPMI 1640 containing 10% FBS. The 
transfected cells were allowed to migrate or 
invade for 12 h. The cells that migrated and 
invaded into the bottom of the inserts were 
stained with 4’,6-diamidino-2-phenylindole (Sig- 
ma), visualized under an inverted microscope 
(Olympus), and then counted. 

Animals

Six-week-old male severe combined immuno-
deficiency (SCID) mice were purchased from 
the Institute of Laboratory Animal Science, 
Chinese Academy of Medical Sciences (Beijing, 
China). The animals were bred under aseptic 
conditions and maintained in a facility with con-
stant humidity and temperature (25°C-28°C) 
under a 12 h light/dark cycle. The experiments 
were approved by the Animal Care and Use 
Committee of Tangdu Hospital. 

In vivo experiments 

NSCLC xenografts were established by subcu-
taneously injecting 1 × 106 A549-luc cells, whi- 



MiR-101 targets ZEB1 to hamper lung cancer

1176 Am J Transl Res 2018;10(4):1172-1183

ch were infected with a recombinant lentivirus 
expressing a miR-101 precursor or shZEB1 or 
the control lentiviruses, to the hind flanks of 
SCID mice (n = 6). Tumor volumes were mea-
sured and calculated as follows: tumor volume 
= (width2 × length)/2. Tumor growth was moni-
tored in vivo by intraperitoneally injection of 
D-luciferin (Promega) at a dose of 150 mg/kg. 
Luciferase imaging of the xenografts at day 14 
after implantation were captured using the 
Xenogen IVIS imaging system and analyzed by 
using Living Image software (Xenogen Corpo- 
ration, Berkeley, CA, USA). At 6 weeks after ino- 
culation, the mice were sacrificed by euthana-
sia, and the tumors were weighed. For in vivo 

metastasis assays, SCID mice were injected 
with 1 × 106 A549-luc cells infected with vari-
ous lentiviruses via the tail vein. The mice were 
sacrificed by euthanasia at 8 weeks after injec-
tion. The lung tissues were removed, fixed, 
embedded in paraffin, serially sectioned, and 
subjected to hematoxylin and eosin staining 
(Sigma). The metastases per section were coun- 
ted.

Statistical analysis 

Data are expressed as the mean ± standard 
derivation (SD). The statistical differences were 
determined by Student’s two-tailed t-test for 

Figure 1. Expression levels of miR-101 and ZEB1 in NSCLC. A. qPCR analysis of miR-101 levels in NSCLC speci-
mens and adjacent non-cancerous specimens (n = 40). U6 was used as the endogenous control. B. Kaplan-Meier 
survival curves showed lower five-year overall survival rate of NSCLC patients with low miR-101 levels (n = 73) 
compared with individuals with high miR-101 expression (n = 87). C. The comparison of lymph node metastasis 
between NSCLC patients with low miR-101 levels (n = 73) and individuals with high miR-101 expression (n = 87). 
D and E. qPCR (D) and Western blot (E) analyses of the mRNA and protein levels of ZEB1 in NSCLC specimens and 
the adjacent non-cancerous specimens. GAPDH and β-actin were used as the internal controls, respectively. F and 
G. qPCR (F) and Western blot (G) assays were performed to assess the relative expression of miR-101 and ZEB1 in 
normal lung epithelial cell line NL20 and NSCLC cell lines (A549, H1299, H1650, and H1975). U6 and β-actin were 
used as the endogenous controls. H. Correlation of the ZEB1 level and miR-101 expression in NSCLC cells. Data 
are presented as the mean ± SD of three replicates. *P < 0.05; **P < 0.01 compared with N group in (A and D) or 
compared with NL20 cells in (F). N: adjacent non-cancerous specimens.
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two groups and one-way analysis of variance 
among multiple groups. Chi-squared tests were 
used to evaluate the observed frequencies. 
The Kaplan-Meier method was utilized to draw 
the survival curve, and the log-rank test was 
employed for survival analysis. SPSS version 
16.0 software (SPSS Inc., Chicago, IL, USA) was 
applied for statistical analyses. P < 0.05 was 
considered statistically significant.

Results

MiR-101 is lowly expressed and inversely cor-
related with ZEB1 expression in NSCLC tissues 
and cell lines

To analyze the role of miR-101 in NSCLC, we 
first detected miR-101 level in 20 pairs of 
NSCLC tissue specimens and the correspond-
ing adjacent non-cancerous specimens using 
qPCR assay. Figure 1A shows lower miR-101 
expression in the NSCLC tissues than in normal 
tissues. NSCLC patients with low levels of miR-
101 had poor survival (Figure 1B) and high 
lymph node metastasis (Figure 1C) compared 
to the patients with high miR-101 levels. Next, 
we measured mRNA and protein expressions of 

ZEB1 in NSCLC tissues and the matched non-
cancerous specimens. ZEB1 was highly expres- 
sed at both mRNA and protein levels in NSCLC 
tissues (Figure 1D and 1E). Also, downregula-
tion of miR-101 and upregulation of ZEB1 were 
observed in all NSCLC cells lines (A549, H1299, 
H1650, and H1975) compared with the normal 
lung bronchial epithelial cells line NL20 (Figure 
1F and 1G). The A549 cell line was selected for 
further studies because it had the lowest miR-
101 level among all the tested NSCLC cell lines. 
Moreover, the levels of miR-101 and ZEB1 were 
inversely correlated in NSCLC cells (Figure 1H). 
These data implied that miR-101 and ZEB1 may 
play important roles in NSCLC.

MiR-101 directly targets ZEB1 in NSCLC cells

We applied three algorithms (TargetScan, miR- 
anda, and PicTar) to search the candidate tar-
get genes of miR-101 (Figure 2A). The 3’-UTR  
of ZEB1 (1290–1298 nt) was found to contain 
a complementary region of miR-101 seed se- 
quences (Figure 2B). Dual-luciferase reporter 
assays revealed that the introduction of miR-
101 to A549 cells could suppress luciferase 
activity of the reporter plasmid with ZEB1-3’-

Figure 2. ZEB1 is a direct target of miR-101. A. Targetscan, PicTar, and miRanda were combinedly used to predict 
the potential targets of miR-101. B. 3’-UTR of ZEB1 was predicted to contain a complementary region of miR-101 
seed sequences. C. Luciferase reporter plasmids harboring the WT or MUT 3’-UTR of ZEB1 were co-transfected with 
miR-NC or miR-101 mimics into A549 cells. Luciferase reporter assays were performed at 24 h after co-transfection. 
The normalized luciferase activity in the group (miR-NC + the empty plasmid) was set to 1. D and E. (D) mRNA and 
(E) protein levels of ZEB1 were assessed by qPCR and Western blot analyses in A549 cells transfected with miR-NC 
or miR-101. Data are presented as the mean ± SD of three replicates. **P < 0.01 compared with miR-NC group.
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UTR-WT but did not limit the expression of a 
reporter fused to ZEB1-3’-UTR-MUT (Figure 2C). 
QPCR and Western blot analyses further con-
firmed that the miR-101 reduced ZEB1 mRNA 
and protein expressions in A549 cells (Figure 
2D and 2E). These results suggested that miR-
101 directly targeted ZEB1 in NSCLC cells.

Inhibition of cell proliferation and apoptosis re-
sistance by miR-101 is counteracted by ZEB1 
overexpression in NSCLC cells

We investigated whether ZEB1 is a functional 
target of miR-101 in NSCLC. As shown in Figure 
3A, the viability of miR-101-transfected A549 
cells was significantly reduced compared with 
the miR-NC-transfected cells, which was atten-
uated by ZEB1 overexpression. Colony forma-
tion assay demonstrated that restoration of 
ZEB1 counteracted miR-101-inhibited A549 ce- 
ll proliferation (Figure 3B and 3C). Flow cytom-
etry results showed a significant increase in 
apoptotic cells with miR-101 transfection. How- 

ever, ZEB1 overexpression led to reduction of 
apoptotic cells (Figure 3D). Similar apoptosis 
was observed by enrichment factor and cas-
pase-3 activity assays (Figure 3E and 3F). Me- 
chanistically, miR-101 markedly decreased the 
pro-survival Cyclin D1 and Bcl-2 expression but 
increased the levels of pro-apoptotic Bax and 
cl-caspase-3. However, the restored ZEB1 re- 
versed the expression of the molecules men-
tioned above (Figure 3G). These findings indi-
cated that miR-101 inhibited cell proliferation 
and apoptosis resistance by targeting ZEB1 in 
NSCLC in vitro.

Overexpression of ZEB1 counteracts the inhibi-
tory effects of miR-101 on the migration and 
invasion of NSCLC cells

Next, we probed whether the inhibition of cell 
motility by miR-101 was mediated by ZEB1 in 
NSCLC. Wound-healing assay showed that miR-
101 resulted in slow wound closure compared 
with miR-NC group, whereas ZEB1 restoration 

Figure 3. Suppression of proliferation and apoptosis resistance by miR-101 is mediated by ZEB1 in NSCLC cells. 
A549 cells were transfected with miR-NC, miR-101 mimics, or miR-101 + ZEB1-expressing plasmid. A. Cell viability 
was measured by MTT assay at 24, 48, 72, and 96 h after transfection. B. Colony formation assay was conducted 
to evaluate cell proliferation. C. The number of colonies in (B) was calculated. D. Cell apoptosis was analyzed by flow 
cytometry. The percentage of apoptotic cells was calculated. E. Cell apoptosis was measured by enrichment factor 
assay. F. Caspase-3 activity was measured to determine cell apoptosis. G. Representative results of Western blot 
showed the expression of ZEB1, Cyclin D1, Rb, Bcl-2, Bax, cl-caspase-3, and caspase-3. β-actin was used as the 
endogenous control. Data are presented as the mean ± SD of three replicates. *P < 0.05, **P < 0.01 compared 
with miR-NC group; #P < 0.05 compared with miR-101 group.
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increased the migratory ability of A549 cells 
(Figure 4A and 4B). Moreover, ZEB1 overexpre- 
ssion counteracted the migrated inhibition of 
A549 cells by miR-101 (Figure 4C and 4D). Ana- 
logously, the invasion of A549 cells reduced by 
miR-101 was increased by ZEB1 overexpres-
sion (Figure 4E and 4F). Mechanistically, miR-
101 upregulated E-cadherin and downregulat-
ed vimentin in A549 cells, whereas ZEB1 re- 
versed the expression of these two molecules 
(Figure 4G). These data confirmed that ZEB1 
was a functional mediator of the repressive 
effects of miR-101 on the motility of NSCLC 
cells.

MiR-101 suppresses tumorigenesis and me-
tastasis of NSCLC in vivo

To further investigate the biological role of miR-
101 in vivo, xenograft or metastasis mouse mo- 
del was established by subcutaneous or venous 
injection of A549-luc cells stably expressing 
miR-101 precursor or shZEB1. MiR-101 intro-
duction or ZEB1 knockdown significantly retard-

ed tumor growth (Figure 5A). miR-101 or sh- 
ZEB1 group exhibited smaller tumor volumes 
and lighter tumor weights than control groups 
(Figure 5B and 5C). TUNEL assay showed incre- 
ased apoptotic cells in miR-101 overexpression 
or ZEB1 silencing groups (Figure 5D). In vivo 
lung metastases assay demonstrated that miR-
101 restoration or ZEB1 depletion led to fewer 
metastatic nodules (Figure 5E). These results 
revealed that the inhibition of tumor growth and 
lung metastasis by miR-101 was mediated by 
ZEB1 in vivo.

Discussion

In this study, we found that miR-101 functioned 
as a tumor suppressor of NSCLC by targeting 
ZEB1. The key findings were as follows: first, 
miR-101 was significantly underexpressed in 
NSCLC tissues and cell lines. Second, miR-101 
expression was inversely correlated with ZEB1 
expression, as well as metastasis and poor sur-
vival rate in NSCLC patients. Third, miR-101 di- 
rectly targeted ZEB1. Fourth, miR-101 restora-

Figure 4. Inhibitory effects of miR-101 on migration and invasion are mediated by ZEB1 in NSCLC cells. A549 cells 
were transfected with miR-NC, miR-101 mimics, or miR-101 + ZEB1-expressing plasmid. (A) Wound-healing assay 
was performed to assess the migratory ability. (B) The wound width in (A) was measured. (C and E) Cell migration 
(C) and invasion (E) were evaluated by Transwell assays. (D and F) The numbers of migrated cells in (C) and invaded 
cells in (E) were calculated. (G) Representative results of Western blot showed the expression of ZEB1, E-cadherin 
and Vimentin. β-actin was used as the endogenous control. Data are presented as the mean ± SD of three repli-
cates. *P < 0.05 compared with miR-NC group; #P < 0.05 compared with miR-101 group.
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tion inhibited NSCLC cell proliferation, apopto-
sis resistance, migration, and invasion in vitro, 
and tumor growth and lung metastasis in vivo. 
Lastly, the inhibitory effects of miR-101 on 
malignant phenotypes of NSCLC were attenu-
ated and mimicked by the overexpression and 
knockdown of ZEB1, respectively. Overall, the- 
se results suggest the potential diagnostic and 
prognostic roles of miR-101 in NSCLC and indi-
cate that miR-101 is a tumor suppressor of 
NSCLC by targeting ZEB1.

MiRNAs possess several features that make 
them attractive candidates as new prognostic 
biomarkers and powerful tools for the early 
diagnosis of lung cancer [28]. MiR-101 has 
been shown to be underexpressed and to act 
as a tumor suppressor in multiple cancers [13-

16]. In the current study, we found that miR-
101 was lowly expressed in NSCLC tissues and 
cell lines. NSCLC patients with high miR-101 
levels generally had longer survival than pati- 
ents with low miR-101 expression had, indicat-
ing the prognostic significance of miR-101 in 
NSCLC. Several studies have revealed that miR-
101 may target multiple effectors to inhibit the 
tumorigenesis and metastasis of malignancies 
[13-16]. Here, we demonstrated that the ecto-
pic expression of miR-101 reduced NSCLC cell 
proliferation, apoptosis resistance, migration, 
and invasion in vitro, and tumor growth and 
lung metastasis in vivo. 

The relevance of ZEB1 to tumor progression 
has been studied in several human cancers 
[14, 18, 19]. In this study, we found that ZEB1 

Figure 5. Overexpression of miR-101 or ZEB1 depletion retarded NSCLC growth and metastases in vivo. SCID mice 
were injected subcutaneously or via the tail vein with A549-luc cells infected with a control lentivirus (Lenti-pGCsi or 
Lenti-pLKO.1) or a recombinant lentivirus expressing a miR-101 precursor (Lenti-pGCsi-miR-101) or shZEB1 (Lenti-
shZEB1). A. Tumor growth was measured by in vivo luciferase imaging of the xenografts 14 d after implantation. B. 
Tumor volume at 6 weeks after subcutaneous injection. C. Quantification of tumor weight at 8 weeks after xenograft-
ing. D. Cell apoptosis of the tumor tissues was detected by TUNEL assay. The percentage of TUNEL-positive cells was 
calculated. E. Quantification of microscopic nodules in the lungs of each group at 8 weeks after venous injection. 
Data are presented as the mean ± SD of three replicates. *P < 0.05 compared with Lenti-pGCsi or Lenti-pLKO.1 
group. 
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was significantly upregulated in NSCLC tissues 
and cell lines and inversely correlated with miR-
101 level. A recent study has shown that target-
ing ZEB1 can inhibit colorectal cancer cell pro-
liferation [29]. Majid et al. [30] reported that 
the knockdown of ZEB1 suppresses prolifera-
tion, migration, and invasion of bladder cancer 
cells and induces their apoptosis. As shown 
here, ZEB1 was directly targeted by tumor sup-
pressor miR-101 in NSCLC. Furthermore, the 
overexpression and silencing of ZEB1 attenu-
ated and mimicked, respectively, the inhibitory 
effects of miR-101 on NSCLC cell proliferation, 
apoptosis resistance, migration, and invasion 
in vitro, and tumor growth and lung metastasis 
in vivo, indicating that the inhibitory effects of 
miR-101 on malignant phenotypes of NSCLC 
are partly mediated by ZEB1 depletion.

Cyclin D1 can induce Rb phosphorylation and 
inactivation to promote G1/S phase transition 
[31]. Downregulation of cyclin D1 leads to con-
version of Rb protein to the unphosphorylated 
form in A549 cells [32]. The apoptosis pathway 
is extensively regulated by the Bcl-2 family in- 
cluding pro-apoptotic Bax and anti-apoptotic 
factors Bcl-2 [33]. An increased Bax/Bcl-2 ratio 
can activates caspase-3, which is a major apo- 
ptotic executor, ultimately leading to cell apop-
tosis [34]. ZEB1 mediates miR-204-triggered 
the apoptosis of prostate cancer cells [35]. E- 
cadherin and vimentin are the significant hall-
marks of EMT, which play important roles in the 
metastasis of lung cancer [36]. As a well-known 
transcriptional suppressor of E-cadherin, ZEB1 
is reported to promote tumor invasion and me- 
tastasis by inducing EMT in cancer cells [37]. 
Zhang et al. [21] demonstrated that upregula-
tion of ZEB1 is conversely correlated with E- 
cadherin expression and ZEB1 knockdown re- 
duces the invasive ability of lung squamous cell 
carcinoma by increasing E-cadherin expression 
and decreasing vimentin level. Mechanistically, 
we here revealed that miR-101 significantly in- 
creased apoptosis-associated protein (Rb, Bax, 
and cl-caspase-3) expression and epithelial 
marker E-cadherin level, but decreased protein 
expression of proliferative cyclin D1, anti-apop-
totic Bcl-2 and mesenchymal marker vimentin, 
which were reversed by ZEB1 overexpression, 
implying that miR-101 confers oncostatic ro- 
les by modulating the expression ZEB1 down-
stream molecules.

In summary, we demonstrated that miR-101 is 
lowly expressed in NSCLC tissues and cell lines 

and inversely correlated with ZEB1 expression, 
lymph-node metastasis, and poor prognosis  
of NSCLC patients. In vitro and in vivo assays 
showed that miR-101 retarded NSCLC growth 
and metastasis by targeting ZEB1. Therefore, 
miR-101 may be a potential therapeutic target 
for NSCLC.
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