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Abstract. Altered expression of microRNA (miRNA) is 
associated with lung carcinogenesis and metastasis. Our 
previous study of lung cancer miRNAs using the gene chip 
assay demonstrated altered miR-33b expression in lung adeno-
carcinoma. The present study further investigated miR-33b 
expression, function, and gene regulation in lung cancer cells 
in vitro and in nude mouse xenografts. Our data showed that 
the level of miR-33b expression was dramatically decreased in 
lung adenocarcinoma cell lines and tissues and that the reduced 
miR-33b expression was associated with tumor lymph node 
metastasis. Furthermore, restoration of miR-33b expression 
inhibited lung adenocarcinoma cell proliferation, migration, 
and invasion and tumor cell epithelial-mesenchymal transi-
tion (EMT) in vitro. Luciferase assay revealed that miR-33b 
bound to ZEB1 3'-UTR region and inhibited ZEB1 expression, 
while expression of ZEB1 mRNA and miR-33b was inversely 
associated with lung adenocarcinoma cell lines and tissues. 
Subsequently, we found that miR-33b suppressed the activity 
of WNT/β-catenin signaling in lung adenocarcinoma cells 
and in turn suppressed tumor cell growth and EMT in vitro 
and in vivo nude mouse xenografts. In conclusion, the present 
study provided novel insight into the molecular mechanism of 
lung adenocarcinoma progression. MicroRNA-33b should be 
further investigated as a potential therapeutic target in human 
lung adenocarcinoma.

Introduction

Lung cancer is one of the most significant health challenges 
worldwide. Non-small cell lung cancer (NSCLC) consists of 
~80% of lung cancer cases and is further categorized into 
lung adenocarcinoma, squamous cell carcinoma and large 
cell carcinoma (1). A previous study demonstrated that these 
subtypes may be associated with different NSCLC etiology. 
For example, lung squamous cell carcinoma and large cell 
carcinoma are significantly linked to tobacco smoke, whereas 
lung adenocarcinoma occurs more frequently in women or 
individuals who never smoke tobacco (2,3). Lung adenocar-
cinoma accounts for ~40% of all lung cancers and frequently 
occurs in the lung periphery (1). Overall, NSCLC is frequently 
diagnosed at advanced stages of the disease and overall 5-year 
survival rate of patients with lung adenocarcinoma is still up 
to 15% (4,5). Lung cancer metastasis is associated with poor 
clinical outcome. Previous studies demonstrated that metas-
tasis is involved in several critical steps to establish tumor 
lesions in other organs. Tumor cells break through the base-
ment membrane and invade into nearby blood vessels or the 
lymphatic system. They spread into distant organs or tissues 
via the circulatory system, and settle down in the new loca-
tion and grow into a secondary tumor lesion in the metastatic 
sites (4). To date, tumor metastasis is responsible for ~90% 
of all cancer-related deaths. Thus, further study of cancer 
metastasis (cause, mechanism or clinical control) could lead 
to reduction of cancer-related deaths and also improve quality 
of life in patients.

Indeed, recent evidence suggests that tumor cell epithe-
lial-mesenchymal transition (EMT) promotes tumor cell 
migration, invasion and metastasis (6-9). EMT is a process in 
which epithelial tumor cell loses its polarity and converts into 
a mesenchymal phenotype. The control or inhibition of tumor 
cell EMT could effectively block metastasis or growth of 
NSCLC (6-9). During EMT, expression of epithelial markers, 
such as E-cadherin, are downregulated, whereas expression 
of the mesenchymal cell markers (vimentin or smooth muscle 
actin) is upregulated. EMT enables tumor cell migration, and 
invasion and metastasis (10). More recently, Zinc finger E-box-
binding homeobox 1 (ZEB1) protein was shown to be the key 
transcriptional factor in the regulation of NSCLC cell EMT 
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and induction of NSCLC cell growth (11-13). Furthermore, 
altered activity of the WNT/β-catenin signaling pathway 
also plays an important role in the development of EMT and 
cancer metastasis (14). The WNT/β-catenin pathway can be 
activated by inhibition of GSK3 phosphorylation, which in 
turn suppresses β-catenin degradation to facilitate the EMT 
process  (15). Overexpression of WNT/β-catenin pathway 
genes was associated with poor NSCLC prognosis (16-19). In 
addition, altered microRNA (miRNA) expression has been 
associated with lung carcinogenesis and metastasis (20-22), 
which is a novel target for cancer therapy. MicroRNA is a class 
of endogenous, non-coding RNA molecules, which are 18-22 
nucleotides long and post-transcriptionally regulate gene 
expression (23,24). Thus, miRNAs can modulate a variety of 
biological processes, including cell proliferation, apoptosis, 
migration, invasion, drug resistance and stem cell mainte-
nance (25-28). Our previous study demonstrated that altered 
miR-33b expression was involved in lung adenocarcinoma 
cell EMT (29). In the present study, we further investigated 
the molecular mechanisms by which miR-33b regulates the 
expression and activity of ZEB1 and WNT/β-catenin pathway 
genes and their clinical relevance. We sought to establish a 
functional link between miR-33b and ZEB1, unveiling their 
role in lung adenocarcinoma progression. We provide evidence 
that miR-33b may be used as a novel therapeutic strategy to 
target the oncogenic WNT/β-catenin /ZEB1 pathway in lung 
adenocarcinoma.

Materials and methods

Cell lines and tissue specimens. Lung cell lines HBE, A549, 
H1299, SPC-α-1, PC-9, LIEP-α-2 and HTB182 were purchased 
from the American Type Culture Collection (ATCC; Manassas, 
VA, USA) and cultured in RPMI-1640 medium supplemented 
with 10% fetal calf serum (FcS; Invitrogen, Carlsbad, CA, 
USA), 100 IU/ml penicillin and 100 IU/ml streptomycin at 
37˚C in a humid atmosphere with 5% CO2.

Tissue samples from 45 cases of histology-confirmed 
lung adenocarcinoma were obtained from the Cardiothoracic 
Surgery Department of Xingya Hospital, Central South 

University (Hunan, China). The patients had never received 
radiation therapy or chemotherapy before surgery and patho-
logically confirmed as lung adenocarcinoma. The present 
study was approved by the Ethics Committee of Xiangya 
hospital and written informed consent was obtained from 
each patient before the participation.

Construction of gene expression vectors, lentivirus produc-
tion and cell infection. Small interfering RNAs (siRNAs) 
targeting expression of ZEB1 and β-catenin as well as 
miR-33b mimic and miRNA mimic NC were synthesized by 
Shanghai GenePhama Co., Ltd. (Shanghai, China). Unrelated 
sequences were used as a negative control and were provided 
by Shanghai GenePhama (Table I). The miR-33b was gener-
ated by lentiviral transduction (Shanghai Genechem Co., Ltd., 
Shanghai, China). The sequences are listed in Table II. Each 
recombinant lentivirus was purified by ultracentrifugation 
and titer of these viral particles was assessed for multiplicity 
of infection (MOI). Similarly, miR-33b mimic and miRNA 
mimic NC were named as pGC-FU-miR-33b and pGC-FU-
NC-LV, respectively. The anti-miR-33b and negative control 
were named as pFU-GW-miR-33b and pFU-GW-RANI-NC, 
respectively. 

Lung cell lines were grown overnight and then infected 
with different lentiviral MOIs (20 for A549 and 2 for H1299) 
for 24, 48 and 72 h. The cells were then subjected to different 
assays. 

Tumor cell viability. Lung cancer A549 and H1299 cells were 
seeded into 96-well plates and then infected with different 
lentiviruses overnight. The cells were grown for 0, 24, 48, 72 
and 96 h and then subjected to the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 
the cell culture was supplemented with 20 µl of 0.5 mg/ml of 
MTT and cells were incubated for 4 h at 37˚C. Next, the culture 
medium was replaced with 200 µl of dimethyl sulfoxide to 
dissolve the precipitates for 20 min at the room temperature. 
The optical density was measured at 490 nm using a multi-well 
plate reader. The experiments were performed in triplicate 
and repeated at least three times. Data are summarized as 
mean ± SE and normalized as % of control experiments.

Transwell migration and invasion assay. Lung cells (1x104) 
in serum-free medium were plated in the top chamber of 
each Transwell insert (Corning Costar, Corning, NY, USA). 
The complete growth medium was added to the bottom 
chambers and cells were grown for 24 h at 37˚C. At the end 
of experiments, cells that remained in the upper chambers 
were removed using a cotton swab. The cells that migrated 
or invaded to the bottom chambers and attached to the lower 
surface of the membrane were fixed and stained with a dye 
solution containing 20% methanol violet and 0.1% crystal 
violet and counted under a microscope.

Transwell filter without Matrigel (BD Biosciences, Bedford 
MA, USA) was used for migration assay, while Transwell filter 
coated with Matrigel was used for tumor cell invasion assay.

RNA isolation and quantitative RT-PCR. Total RNA from 
A549 and H1299 cells was isolated using the TRIzol reagent 
(Invitrogen) and reversely transcribed into cDNA using the 

Table I. RNA oligo sequences.

Oligo	 Oligo sequences

ZEB1-siRNA	 s: 5'-GGAUCAACCACCAAUGGUUTT-3'
	 a: 5'-AACCAUUGGUGGUUGAUCCTT-3'
β-catenin-siRNA	 s: 5'-GGAGAGUACAUUUGCUUUATT-3'
	 a: 5'-UAAAGCAAAUGUACUCUCCTT-3'
siRNA-NC	 s: 5'-UUCUCCGAACGUGUCACGUTT-3'
	 a: 5'-ACGUGACACGUUCGGAGAATT-3'
miR-33b mimic	 s: 5'-GUGCAUUGCUGUUGCAUUGC-3'
	 a: 5'-AAUGCAACAGCAAUGCACUU-3'
miRNA mimic NC	 s: 5'-UUCUCCGAACGUGUCAGCUTT-3'
	 a: 5'-ACGUGACACGUUCGGAGAATT-3'

S, sense; A, antisense.
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All-in-One™ First Strand cDNA Synthesis kit (AORT-0050; 
GeneCopoeia, Shanghai, China) and miRNA First Strand 
cDNA Synthesis kit (AMRT-0050; GeneCopoeia) according 
to the manufacturer's instructions. qPCR amplification was 

performed using the All-in-One™ qPCR mix (AOPR-1200; 
GeneCopoeia) and the All-in-One™ miRNA qRT-PCR detec-
tion kit (AOMD-Q050; GeneCopoeia) on an ABI 7300HT 
real-time PCR system (Applied Biosystems, Foster city, CA, 
USA). The qPCR cycle was set to an initial 95˚C for 5 min, 
40 cycles of 95˚C for 15 sec, 60˚C for 30 sec, and a final melt-
curve analysis (60-95˚C). Primers used for qPCR are listed in 
Table III. U6 was used as the endogenous control to normalize 
miRNA level, while GAPDH mRNA was used to normalize 
mRNA levels using the 2-∆∆CT method. Primers for miR-33b 
(HmiRQP0432) and U6 (HmiRQP900) were purchased from 
GeneCopoeia.

Protein extraction and western blot analysis. Total cellular 
protein was extracted using a lysis buffer containing 50 mM 
Tris (pH 7.4), 150 mM NaCl, and 1% NP-40. BCA protein assay 
kit (Pierce, Rockford, IL, USA) was used to determine concen-
tration of the protein samples. Western blotting was conducted 
according to a previous study (30) with the following primary 
antibodies: ZEB1 (NBP2-23484; Novus Biologicals, Littleton, 
CO, USA, at a dilution of 1:800), vimentin (D21H3, 1:1,000; 
Cell Signaling Technology, Danvers, MA, USA), E-cadherin 
(ab76055, 1:1,000; Abcam, Cambridge, MA, USA), β-catenin 
(D10A8, 1:1,000; Cell Signaling Technology), GAPDH (14C10, 
1:1,000; Cell Signaling Technology), and secondary goat 
anti-rabbit and goat anti-mouse (1:5,000) immunoglobulin G 
(Invitrogen).

Immunohistochemistry. Paraffin sections were obtained from 
the Xiangya Hospital of The Central South University and used 
for immunostaining expression of different proteins according 
to a protocol provided by Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd. (Beijing, China). Negative control 
sections were incubated with normal goat serum to replace 
the primary antibody (ZEB1, vimentin, E-cadherin and 
β-catenin). All primary antibodies were used at a dilution of 
1:200. The immunostained tissue sections were then reviewed 

Table II. Lentiviral sequences.

Lentiviral	 Lentiviral sequences

Pri-miR-33b	 Forward: 5'-GGATCCCTTTGGAGGCCCTGCATCAGGAGGGCTGGACAGCTGCTCCCGGGCCGGTGGC
	 GGGTGTGGGGGCCGAGAGAGGCGGGCGGCCCCGCGGTGCATTGCTGTTGCATTGCACGTGTGTGA
	 GGCGGGTGCAGTGCCTCGGCAGTGCAGCCCGGAGCCGGCCCCTGGCACCACGGGCCCCCATCCTG
	 CCCCTCCCAGAGCTGGAGCCCTGGTGACCCCTGCCCTGCCTGCCACCCCCAGGCCGTGCAGCTGT
	 TCCTGTGTGACCTGC-3'
	 Reverse: 5'-GCAGGTCACACAGGAACAGCTGCACGGCCTGGGGGTGGCAGGCAGGGCAGGGGTCA 
	 CAGGGCTCCAGCTCTGGGAGGGGCAGGATGGGGGCCCGTGGTGCCAGGGGCCGGCTCCGGGCTG
 	 CACTGCCGAGGCACTGCACCCGCCTCACACACGTGCAATGCAACAGCAATGCACCGCGGGGCCG
	 CCCGCCTCTCTCGGCCCCCACACCCGCCACCGGCCCGGGAGCAGCTGTCCAGCCCTCCTGATGCA
	 GGGCCTCCAAAGGGATCC-3'

anti-miR-33b	 Forward: 5'-GTGCATTGCTGTTGCATTGC-3'
	 Reverse: 5'-GCAATGCAACAGCAATGCAC-3'

anti-miR-NC	 Forward: 5'-TTCTCCGAACGTGTCACGT-3'
	 Reverse: 5'-ACGTGACACGTTCGGAGAA-3'

Table III. Study primers.

Genes	 Primers 5'-3'

Human
  GAPDH	 F: 5'-AGGGCTGCTTTTAACTCTGGT-3'
	 R: 5'-CCCCACTTGATTTTGGAGGGA-3
  ZEB1	 F: 5'-CTGCCCAGTTACCCACAATC-3'
	 R: 5'-CAGGGCTGACCGTAGTTGAG-3'
  vimentin	 F: 5'-GTACCGGAGACAGGTGCAGT-3'
	 R: 5'-AACGGCAAAGTTCTCTTCCA-3'
  E-cadherin	 F: 5'-GGGTTATTCCTCCCATCAGC-3'
	 R: 5'-GTCACCTTCAGCCATCCTGT-3'
  β-catenin	 F: 5'-GCTTTCAGTTGAGCTGACCA-3
	 R: 5'-CAAGCTCAAGATCAGCAGTCTC-3'
Mouse
  GAPDH	 F: 5'-AACTTTGGCATTGTGGAAGG-3'
	 R: 5'-TGTGAGGGAGATGCTCAGTG-3'
  ZEB1	 F: 5'-GTGTGCCTGAACCTCAAACC-3'
	 R: 5'-AGCCTCCTGTAACCTGCTGA-3'
  vimentin	 F: 5'-CGCAGCCTCTATTCCTCATC-3'
	 R: 5'-AGCGAGAAGTCCACCGAGT-3'
  E-cadherin	 F: 5'-TCTCTTGTCCCTTCCACAGC-3'
	 R: 5'-TTCCTGACCCACACCAAAGT-3'
  β-catenin	 F: 5'-TGGTGACAGGGAAGACATCA-3'
	 R: 5'-CCACAACAGGCAGTCCATAA-3'

F, forward; R, reverse.
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and scored under a microscope according to a previous study. 
Specifically, each sample was scored separately by two pathol-
ogists and reviewed until a consensus was reached. Tissue 
sections without staining or <5% staining were scored as 0; 
those with 5-30% staining as 1; with 31-70% staining as 2; and 
≥71% staining as 3. The staining intensity was scored as 0 for 
negative staining, 1 for weak staining, 2 for moderate staining, 
and 3 for strong staining. The two scores were then combined 
to obtain the immunostaining score for each case, i.e., the final 
score of 0-1 was considered as negative gene expression (-); 
2-3, weak expression (+); 4-5, moderate expression (++); and 6, 
strong expression (+++) (31). 

Immunofluorescence. Lung cells were grown on coverslips 
and infected with different lentiviruses for 24 h and then 
washed with phosphate-buffered saline (PBS) twice and fixed 
in freshly prepared 4% paraformaldehyde for 10 min at room 
temperature. For immunofluorescence staining, the cells were 
treated with 0.1% Triton X-100 for 10 min to permeabilize cell 
membrane and further incubated with 1% BSA for 1 h at room 
temperature. Next, the cells were incubated overnight with 
a primary antibody against ZEB1, vimentin, E-cadherin, or 
β-catenin at a dilution of 1:100 at 4˚C. The next day, cells were 
washed with PBS three times and incubated with a secondary 
antibody diluted 1:100 in PBS for 1 h at the room temperature. 
DAPI was used to visualize the nuclei by incubating cells at 
room temperature for 10 min. Subsequently, the cells were 
examined and scored under a fluorescence microscope (Leica 
Microsystems, Heidelberg, Germany).

Luciferase assay. The wild-type and mutant ZEB1 3'-untrans-
lational region (UTR) luciferase reporters were obtained from 
Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Human 
ZEB1 cDNA 3'-UTR region and mutated 3'-UTR region were 
generated with genomic DNA from 239T cells using PCR with 

the following primers ZEB1-3'-UTR wild-type, 5'-GGCGGC 
TCGAGATACTTGCCTTGGACTGTAG-3' and 5'-AATGC 
GGCCGCAGTGAGGAATGTGAGAGTGA-3' or ZEB1-
3'-UTR mutant, 5'-CACAATAATTACGTTCAACAAGCCT 
GAACTGC-3' and 5'-CTTGTTGAACGTAATTATTGTGAG 
ATGGGAGT-3', and then cloned into the XhoI and NotI sites 
of pmiR-RB-REPORT™ vector (Promega, Madison, WI, 
USA). After amplification and DNA-sequence confirmation, 
these vectors were named as pmiR-ZEB1-3'-UTR-wt and 
pmiR-ZEB1-3'-UTR-mut, respectively. For luciferase assay, 
HEK-293 cells were grown and co-transfected with these 
luciferase reporters and miR-33b mimic or a negative control 
vector for 36  h using Lipofectamine 2000 (Invitrogen). 
Subsequently, cells were subjected to protein extraction and 
the dual luciferase assay system (Promega) to measure the 
luciferase activity according to the kit instructions. The firefly 
luciferase activity of each sample was then normalized to 
Renilla luciferase activity.

Figure 1. Suppressed miR-33b expression in lung adenocarcinoma cells and 
tissue specimens. (A) qRT-PCR. The relative level of miR-33b was detected 
in different NSCLC cell lines. (B) qRT-PCR. The relative expression of 
miR‑33b was detected in 45 primary lung adenocarcinoma tissues and paired 
adjacent normal tissues. (C) qRT-PCR. The relative expression of miR-33b 
was detected in lymph node metastatic tumor tissues vs. non-lymph node 
metastasis. All the data are reported as the mean ± SD of three independent 
experiments (*P<0.05, **P<0.01 and ***P<0.01 using Student's t-test). 

Table  IV. Association of miR-33b expression with patients' 
clinicopathological features.

	 miR-33b
	 expression
	 No. of	 -----------------------
Features	 patients	 Low	H igh	 χ2	 P-value

Age (years)
  ≤60	 28	 20	 8
  >60	 17	 12	 5	 0.003	 0.95
Gender
  Male	 35	 24	 11
  Female	 10	 8	 2	 0.549	 0.48
Clinical stage
  I-II	 30	 23	 7
  III-IV	 15	 10	 5	 0.511	 0.47
Lymph node status
  +	 15	 12	 3
  -	 30	 14	 16	 4.55	 0.03
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Animal experiments. All mouse experiments were carried out 
according to the regulations of the Animal Center of Central 
South University (Hunan, China), which supplied the 4-week-
old female BALB/c nude mice. For animal experiments, lung 
adenocarcinoma H1299 cell line was infected with lentivirus 
carrying miR-33b or negative control for 36 h and then injected 
subcutaneously into the flank region of these nude mice for 
1x107 in 200 µl volume per mouse (n=6). The length (a) and 
the width (b) of the tumor xenografts in mice were measured. 
The xenograft volumes were calculated using the formula, 
V (mm3) = axb2/2. The mice were sacrificed on day 21 and 
tumor xenografts were removed, photographed, weighed and 
sectioned for hematoxylin and eosin (H&E) staining, immuno-
histochemistry, qRT-PCR and western blot analysis.

Statistical analysis. All data were summarized as mean ± SD 
derived from three independent experiments, unless specifi-
cally stated. Comparative data between the groups were 

analyzed for statistical significance using the two-tailed 
paired Student's t-test. Comparison of categorical variables 
between the groups was statistically analyzed using the χ2 

test. Pearson's test was performed to calculate the association 
between miR-33b and ZEB1 expression. P<0.05 was consid-
ered statistically significant.

Results

Reduced miR-33b expression in lung adenocarcinoma cells 
and tissue specimens. We first assessed miR-33b expression in 
NSCLC cell lines and found that the levels of miR-33b were 
significantly reduced in NSCLC cell lines compared with 
those of normal bronchial epithelium HBE cells (Fig. 1A). 
We then analyzed miR-33b expression in 45-paired primary 
lung adenocarcinoma and distant normal tissues (at least 5 cm 
distal to the tumor lesion). Compared with normal tissues, 
lung adenocarcinoma tissues expressed much lower levels 

Figure 2. miR-33b suppresses lung adenocarcinoma cell proliferation migration, invasion and EMT in vitro. (A) qRT-PCR. Lung cells were transfected with 
miR-33b or miR-NC and then subjected to qRT-PCR analysis. (B) Immunofluorescence. Lung cells were transfected with miR-33b or miR-NC and then 
subjected to immunofluorescent staining. (C) qRT-PCR. Lung cells were transfected with miR-33b or miR-NC and then subjected to qRT-PCR. (D) Western 
blot analysis. Lung cells were transfected with miR-33b or miR-NC and then subjected to western blot analysis. (E) cell viability MTT assay. Lung cells were 
transfected with miR-33b or miR-NC and subjected to MTT assay. (F) Transwell migration and invasion assay. Lung cells were transfected with miR-33b 
or miR-NC and then subjected to Transwell migration and invasion assay (original magnification, x40). All data are summarized as mean ± SD of three 
independent experiments (*P<0.05, **P<0.01 and ***P<0.001 using Student's t-test). 
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of miR-33b (0.033±0.027 vs. 0.073±0.061, P<0.01; Fig. 1B). 
We then associated miR-33b expression with the patient 
clinicopathological features and found that reduced miR-33b 
expression was associated with tumor lymph node metastasis, 
but not with age, gender, or tumor stage (Fig. 1C and Table IV).

Effects of miR-33b restoration on suppression of lung adeno-
carcinoma cell proliferation, invasion and migration in vitro 
and tumor cell EMT. We then assessed the effects of miR-33b 
restoration on suppression of lung adenocarcinoma cell prolif-
eration, migration, and invasion and tumor cell EMT in vitro 
by infected H1299 cells with miR-33b mimics and miR-NC. 
The data showed high transfection efficiency and restored 
miR33b expression in the infected cells (Fig. 2A). miR-33b 
upregulated E-cadherin expression. However, the expression 

of vimentin, another marker of mesenchymal phenotype, was 
decreased (Fig. 2B-D). The miR-33b restoration in lung cancer 
cells significantly reduced tumor cell viability (Fig. 2E) and 
migration and invasion capacity (Fig. 2F). In contrast, knock-
down of miR-33b expression promoted lung adenocarcinoma 
cell proliferation, invasion and migration and EMT in vitro 
(Fig. 3).

ZEB1 as the miR-33b-targeting gene in lung cancer cells. 
MicroRNA regulates the expression of protein-coding genes 
in cells. Therefore, we explored the molecular mechanism by 
which miR-33b suppressed lung cancer metastasis. We first 
performed gene target analysis using online tools (miRanda 
and miRbase) to identify potential miR-33b-binding genes 
and found that miR-33b binds to ZEB1 3'-UTR region 

Figure 3. Knockdown of miR-33b promotes lung adenocarcinoma cell proliferation, migration, invasion and EMT in vitro. (A) qRT-PCR. Lung A549 cells 
were transfected with anti-miR-33b or anti-miR-NC and then subjected to qRT-PCR analysis of miR-33b expression. (B) Cell morphology. Lung A549 cells 
were transfected with anti-miR-33b or anti-miR-NC and cell morphology was photographed (original magnification, x10). (C and D) qRT-PCR or western 
blot analysis. Lung A549 cells were transfected with anti-miR-33b or anti-miR-NC and then subjected to qRT-PCR or western blot analyses of vimentin, 
E-cadherin expression. (E and F) A549 cells were transfected with the anti-miR-33b or the anti-miR-NC were subjected to MTT and Transwell assays (original 
magnification, x40) to analyze growth curves, migration and invasion, respectively. All data are summarized as mean ± SD of three independent experiments 
(*P<0.05, **P<0.01 and ***P<0.001 using Student's t-test). 
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(Fig. 4A). We then validated it using several different experi-
ments. First, we associated miR-33b with ZEB1 expression 
in lung adenocarcinoma cell lines transfected with miR-33b, 
miR-NC, anti-miR-33b and anti-miR-NC. We found that 
miR-33b overexpression significantly reduced ZEB1 expres-
sion in the cells, whereas knockdown of miR-33b expression 
significantly upregulated ZEB1 expression (Fig. 4B). We 
then constructed a luciferase reporter plasmid carrying 
ZEB1 3'-UTR (Fig. 4C). The luciferase activity was signifi-
cantly decreased in the Luc-ZEB1-3'-UTR-transfected cells 
compared with that of the potential target site of mutant 
miR-33b in ZEB1 3'-UTR and negative control cells. In 
addition, immunofluorescence showed exclusive expression 
and cellular localization of ZEB1 protein in H1299 cells 
(Fig. 4D).

miR-33b expression inversely associates with ZEB1 expres-
sion. Furthermore, we analyzed the expression of ZEB1 mRNA 
in additional lung adenocarcinoma cell lines (Fig. 5A) and in 
paired lung cancer and normal tissue specimens. Expression of 
ZEB1 mRNA in normal and cancerous tissues was 0.084±0.11 
and 0.319±0.12, respectively; P<0.001; Fig.  5B). We then 
associated the expression of ZEB1 mRNA and miR-33b 
in tissue samples and found an inverse correlation in lung 
adenocarcinoma tissues (r=-0.9086, P<0.001; Fig. 5C). These 
data implied that miR-33b targeted ZEB1 expression in lung 

cancer cells. Furthermore, our immunostaining data involving 
tissue samples also showed that expression of ZEB1 protein 
was upregulated in lung adenocarcinoma tissues and lymph 
node metastasized tumor tissues compared with that of distant 
normal tissues (P<0.01; Fig. 5D).

In addition, we co-infected siRNA-NC, ZEB1-siRNA, 
and anti-miR-33b in the lung cancer A549 cell line. The 
data confirmed the infection efficiency using western blot 
analyses of their protein expression after lentivirus infection 
(Fig. 5E). Furthermore, knockdown of ZEB1 expression in 
A549 cells using ZEB1 siRNA resulted in decrease in tumor 
cell proliferation, migration, and invasion (Fig. 5F and G), 
whereas induction of ZEB1 expression after miR-33b knock-
down induced tumor cell proliferation, migration and invasion 
(Fig.  5F and G). Taken altogether, our data indicate that 
miR-33b targets ZEB1 expression by binding to ZEB1 3'-UTR 
region to modulate proliferation, migration and invasion of 
lung adenocarcinoma cells.

miR-33b regulated the WNT/β-catenin signaling in lung 
adenocarcinoma cells. Previous studies demonstrated that 
the WNT/β-catenin signaling is activated in NSCLC cell 
lines (32). Activated WNT/β-catenin signaling promoted the 
growth of lung cancer cells regulated by miR-21 (33). Thus, 
in the present study, we assessed the role of miR-33b in lung 
cancer cells or tissues via modulation of WNT/β-catenin 

Figure 4. miR-33b directly targeted ZEB1 expression. (A) Illustration of miR‑33b targeting sequences of ZEB1 3'-UTR or mutations containing six mutant sites 
in ZBE1 3'-UTR used for luciferase assay (ZEB1-mut). (B) Western blot analysis. ZEB1 expression was assayed in lung adenocarcinoma cells after transfection 
with miR-33b or miR-NC, anti-miR-33b or anti-miR-NC in H1299 and A549 cells. (C) Luciferase activity. HEK239T cells were transfected with miR-33b site 
mutant 3'-UTR-driven reporter constructs; wt, wild-type (n=3). (D) Immunofluorescence. Expression of ZEB1 protein was assayed in lung adenocarcinoma 
cells after transfection with miR-33b or miR-NC. Error bars represent SEM of three independent experiments (*P<0.05, **P<0.01 and ***P<0.001 using 
Student's t-test).
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pathway activity. We infected lung cancer A549 and H1299 
cells with lentivirus carrying miR-33b, miR-NC, anti-miR-33b 
or anti-miR-NC. Our data showed that miR-33b overexpres-
sion significantly decreased β-catenin expression, whereas 
miR-33b knockdown increased β-catenin expression (Fig. 6A 
and B).

Furthermore, we co-transfected β-catenin siRNA, siRNA-
NC, and anti-miR-33b in A549 cells (Fig. 6C). We found that 
knockdown of β-catenin expression decreased proliferation 
and invasion of A549 cells, whereas anti-miR‑33b-upreg-
ulated β-catenin promoted A549 cell proliferation and 
invasion (Fig. 6D and E). Taken together, these results indi-

cated that miR-33b expression may regulate the activity of 
WNT/β‑catenin signaling.

miR-33b inhibition of tumor cell growth and EMT by suppres-
sion of the Wnt/β-catenin/ZEB1 pathway activity in vivo. 
After demonstrating the role of miR-33b in lung cancer cells 
by targeting ZEB1 expression and suppressing activity of the 
Wnt/β-catenin/ZEB1 pathway in vitro, we assessed the effects 
of miR-33b on tumor growth using the in vivo nude mouse 
xenograft assay. Our data showed that the mean volume of 
miR-33b-H1299 cell xenograft tumors was significantly 
smaller than that of control cell xenografts (Fig. 7A and B). 

Figure 5. Inverse association of miR-33b expression with ZEB1 mRNA levels in lung adenocarcinoma cells and tissue specimens. (A and B) qRT-PCR. 
Expression of ZEB1 was analyzed in lung NSCLC cells and tissues, respectively. (C) The inverse association between miR-33b and ZEB1 mRNA levels in 
lung adenocarcinoma was statistically analyzed using Pearson's correlation coefficient. (D) Immunohistochemistry. Expression of ZEB1 was detected in lung 
adenocarcinoma, normal lung tissue and lymph node metastases immunohistochemically (original magnification, x20). (E) Western blot analysis. Level of 
ZEB1 protein was measured in lung cells after gene transfection. (F) Cell viability MTT assay. Growth curves of lung adenocarcinoma cells with different 
treatments were analyzed. (G) Tumor cell Transwell migration or invasion assay. Lung adenocarcinoma cells with different treatments were detected. All data 
are summarized as mean ± SD of three independent experiments (*P<0.05, **P<0.01 and ***P<0.001 using Student's t-test).
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Immunohistochemistry revealed that the expression of ZEB1, 
vimentin, E-cadherin and β-catenin genes was consistent 
with our in vitro data (Fig. 7C). In brief, expression of ZEB1, 
β-catenin and Vimentin proteins was downregulated, whereas 
E-cadherin levels were upregulated in miR-33b-overexpressed 
lung cancer cell xenografts. The western blot data further 
confirmed immunostaining data (Fig.  7D and E) demon-
strating that miR-33b overexpression inhibited tumor growth, 
EMT and the Wnt/β-catenin pathway activity in vivo.

Discussion

The present study was based on our previous data involving 
altered miR-33b expression in the regulation of lung adenocar-
cinoma cell EMT (29). We supposed that miR-33b regulated 
the WNT/β-catenin pathway activity by targeting ZEB1 

expression to suppress lung adenocarcinoma growth, invasion, 
and EMT. Indeed, our current data showed that: i) the expres-
sion of miR-33b and ZEB1 was inversely correlated in lung 
adenocarcinoma cells and tissues; ii) miR-33b bound to ZEB1 
3'-UTR region; iii) expression of miR-33b downregulated 
ZEB1 expression, while knockdown of miR-33b expres-
sion upregulated ZEB1 expression; iv) knockdown of ZEB1 
expression using siRNA markedly inhibited lung adenocarci-
noma invasion and migration, effects of which were similar 
to miR-33b overexpression in lung cancer cells in vitro; and 
v) miR-33 overexpression also inhibited WNT/β-catenin 
pathway activity, whereas knockdown of miR-33b expression 
induced WNT/β-catenin pathway activity in lung cancer cells 
in vitro and in vivo. Thus, these findings provide novel insight 
into the molecular mechanism of miR-33b in suppressing lung 
adenocarcinoma metastasis. Additional studies are needed to 

Figure 6. miR-33b regulated WNT/β-catenin signaling in lung adenocarcinoma cells. (A and B) Western blot analysis and immunofluorescence. Expression 
of β-catenin was assayed in lung adenocarcinoma cells. (C) Western blot analyis. Expression of β-catenin protein was assayed in lung cells after gene 
transfections. (D) Cell viability MTT assay. Growth curves of lung adenocarcinoma cells with different treatments were analyzed. (E) Tumor cell Transwell 
migration or invasion assay. Lung adenocarcinoma cells with different treatments were detected. All data are summarized as mean ± SD of three independent 
experiments (*P<0.05, **P<0.01 and ***P<0.001 using Student's t-test).
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assess whether restoration of miR-33b expression is a novel 
strategy in the control of lung adenocarcinoma preclinically 
and clinically.

Indeed, lung cancer remains the most common cause of 
cancer-related death in the world and lung adenocarcinoma 
is one of the main NSCLC pathological types (34). Cancer 
metastasis accounts for nearly 90% of lung adenocarcinoma-
related deaths (35). Thus, effective control of cancer metastasis 
by blocking tumor cell EMT could be a key molecular 
mechanism. Our current data showed that reduced miR-33b 
expression led to lung adenocarcinoma cell EMT, which is 
consistent with a previous study showing that altered miRNA 
expression plays a crucial role in cancer metastasis  (36). 
Furthermore, our previous study of miRNA-mediated TGF-β1-
induced EMT using the miRNA chips assay (29) revealed that 
miR-33b mediated TGF-β1-induced EMT in lung cancer cells. 
The present study showed that miR-33b was downregulated 
in lung adenocarcinoma cells and tissues, which associated 
with tumor lymph node metastasis, further suggesting the role 
of miR-33b in lung adenocarcinoma progression. miR-33b is 
localized within intron 17 of sterol regulatory element-binding 

protein 1 (Srebp-1) gene on chromosome 17 (37). A previous 
study demonstrated that upregulation of miR-33b expression 
arrested lung cancer A549 cells at the G1 phase of the cell 
cycle (38), while Takwi et al (39) showed that lovastatin-upreg-
ulated miR-33b reduced medulloblastoma cell proliferation 
and reduced c-Myc expression. In this study, we found that 
miR-33b overexpression inhibited lung cancer cell growth, 
migration and invasion.

Moreover, the present study revealed that miR-33b binds to 
3'-UTR region of ZEB1 cDNA and suppressed ZEB1 protein 
expression in lung cancer cell lines. ZEB1 is a transcriptional 
factor that was originally shown to repress interleukin (IL)-2 
expression via binding to a negative regulatory domain in 
IL-2 promoter (40). IL-2 is a cytokine regulating the host 
immune response via cells such as leukocytes and lympho-
cytes against microbial infection. IL-2 has been approved 
by US FDA and several European countries for treatment 
of different human cancers (41-43). A recent study reported 
that ZEB1 had a contributing role in lung cancer invasiveness 
and metastasis (44). Indeed, ZEB1 protein was expressed in 
a variety of cancers, such as colon cancer (45), NSCLC (46), 

Figure 7. miR-33b inhibits lung cancer xenograft growth and EMT via Wnt/β-catenin/ZEB1 pathway activity in vivo. (A and B) Tumor xenograft growth curves 
in mice (n=6 per group). H1299 cells were inoculated into nude mice for indicated days. At the experimental end point, tumor xenografts were dissected and 
photographed. (C) Hematoxylin and eosin (H&E) and immunostaining. Tumor xenografts were processed and stained with HE and immunohistochemically 
for ZEB1, vimentin, E-cadherin and β-catenin and then quantified according to staining intensity. (D and E) qRT-PCR and western blot analysis. Levels of 
ZEB1, vimentin, E-cadherin, β-catenin mRNA and protein were analyzed in tumor xenografts. All data are summarized as mean ± SD of three independent 
experiments (*P<0.05, **P<0.01 and ***P<0.001 using Student's t-test). 
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bladder (47), breast (48), pancreatic cancer (49) and esopha-
geal squamous carcinoma (50). ZEB1 regulates the EMT and 
promotes cancer metastasis. For example, the ectopic ZEB1 
expression was sufficient to induce EMT by downregulating 
E-cadherin expression in breast cancer cells (51). Thus, this 
study showed that ZEB1 expression was attributed to recued 
miR-33b expression in cancer cells, at least in lung adenocar-
cinoma cells.

Overexpression of Wnt/β-catenin pathway proteins, like 
WNT1, WNT3A, WNT5A, and/or β-catenin, was associated 
with poor prognosis of NSCLC patients (16-19). In surgical 
NSCLC tissues, Wnt-1 was positively expressed in 37-63% 
of samples (18,52,53). Activated WNT/β-catenin signaling 
promoted tumor cell EMT in colorectal cancer (54), while 
another study showed that reduced miR-200a promoted 
gastric cell EMT and growth via the Wnt/β-catenin pathway 
by targeting ZEB1/ZEB2 expression (31). In the present study, 
we demonstrated that miR-33b suppressed activity of the 
Wnt/β-catenin pathway and in turn, inhibited lung adenocarci-
noma cell growth, migration, invasion, and expression of EMT 
markers. Thus, our current data revealed a novel mechanism 
by which The Wnt/β-catenin signaling contributing to lung 
cancer metastasis.

Taken together, the present results outline a possible role 
and mechanism of miR-33b in suppression of lung adeno-
carcinoma progression by identifying that reduced miR-33b 
expression promoted ZEB1 expression and in turn, activated 
the WNT/β-catenin signaling to lung adenocarcinoma 
progression. Thus, restoration of miR-33b expression could be 
used as a novel strategy for treatment of lung cancer. 
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