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Abstract. MicroRNAs (miRNAs or miRs) have recently 
become a popular focus of cancer research due to their ability 
to act as oncogenes or tumor suppressors. In the present study, 
miR‑33a‑5p expression was identified to be downregulated in 
lung adenocarcinoma samples compared with normal, which 
suggested that miR-33a-5p may serve as a tumor suppressor 
gene. Transfection with miR-33a-5p mimics inhibited the 
proliferation and migration of A549 and LTEP-a-2 cells 
and increased cellular apoptosis. A luciferase reporter assay 
confirmed that miR‑33a‑5p targets the 3'‑untranslated region 
of the mechanistic target of rapamycin (mTOR) gene. mTOR 
expression was decreased in A549 and LTEP-a-2 cells treated 
with miR-33a-5p mimics, as well as the expression of its down-
stream effectors phosphorylated (p)-p70 ribosomal protein 
S6 kinase (p70S6K) and p-eukaryotic translation initiation 
factor 4E binding protein 1 (4EBP1). Following treatment 
with celastrol, miR-33a-5p expression was upregulated, and 
miR-33a-5p could enhance cellular sensitivity to celastrol. 
Western blot analysis revealed that the expression of mTOR, 
p-p70S6K and p-4EBP1 decreased following celastrol treat-
ment. These results suggested that mTOR was involved in the 

mechanism by which miR-33a-5p enhanced the sensitivity of 
lung adenocarcinoma cells to celastrol. Furthermore, LTEP-a-2 
cells were xenografted subcutaneously into nude mice, to 
examine the effect of celastrol and miR-33a-5p on the growth 
of LTEP-a-2 cells in vivo. The results demonstrated that tumor 
growth in the celastrol-treated or miR-33a-5p-treated group 
was attenuated compared with the control group. Notably, 
tumor growth in the combination treatment group was almost 
arrested after 2 weeks. In addition, celastrol upregulated the 
expression of miR-33a-5p, and high expression of miR-33a-5p 
inhibited mTOR and its downstream effectors. In summary, 
miR-33a-5p inhibited the proliferation of lung adenocarci-
noma cells, enhanced the antitumor effect of celastrol, and 
improved sensitivity to celastrol by targeting mTOR in lung 
adenocarcinoma in vitro and in vivo.

Introduction

Lung cancer is a common malignant tumor type that has 
become a major public health concern globally. In a survey 
of 85.5 million people in China in 2015, the number of 
lung cancer cases was 7.333 million and the death toll was 
6.102 million (1). Considerable progress in lung cancer treat-
ment strategies, including surgery, radiation therapy and 
chemotherapy, has recently been achieved (2). However, lung 
cancer is characterized by high invasiveness, increased metas-
tasis and drug resistance; hence, the survival rate of patients 
with this disease is poor (3). Thus, novel methods to treat lung 
cancer are urgently needed.

MicroRNAs (miRNAs or miRs) are small non-coding 
RNAs ~22 nucleotides long (4). miRNAs have recently 
become a popular focus of cancer research due to their ability 
to act as oncogenes or tumor suppressor genes. As regulators 
of gene expression, miRNAs repress protein translation or 
promote mRNA degradation by binding to the 3'‑untrans-
lated region (3'‑UTR) of their target mRNAs (5,6). Selinexor 
may upregulate the expression of miR-145 by inhibiting 
exportin 1, which controls the proliferation and invasiveness 
of pancreatic cancer cells (7). This finding demonstrates that 
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miRNAs may act as tumor suppressors. However, in gastric 
cancer cells, miR-181a-5p directly reduces the expression of 
protein-tyrosine phosphatase MEG2, which functions as a 
tumor suppressor gene, suggesting that this miRNA acts as an 
oncogene (8).

miR-33a is located in the sterol regulatory element-binding 
protein 2 gene of human chromosome 22 (9). miR-33a is 
the previous name of miR-33a-5p, which, together with 
miR-33a-3p, derives from the same pre-miRNA hairpin. 
miR-33a regulates the lipid balance effect by decreasing 
ATP binding cassette subfamily A member 1 and ATP 
binding cassette subfamily G member 1-mediated cholesterol 
efflux (10). In addition, as a tumor suppressor gene, miR‑33a 
inhibits the proliferation and metastasis of breast cancer cells 
by suppressing a disintegrin and metalloproteinase domain 9 
and ROS proto-oncogene 1 (4). Similarly, miR-33a may 
negatively regulate twist family bHLH transcription factor 
1expression and inhibit lung cancer cellular metastasis in the 
SPC-A-1 and NCL-H1299 cell lines (11).

The anticancer effect of miRNAs has recently become a 
hot topic for research. Combining chemotherapeutic drugs 
with miRNAs has resulted in synergistic anticancer effects. 
In hepatocellular carcinoma (HCC) cells, miR-122 increases 
sensitivity to adriamycin and vincristine (12). Similarly, 
miR-145 improves sensitivity to paclitaxel (13). Celastrol, as 
an active compound, is extracted from Tripterygium wilfordii. 
Celastrol is an effective treatment for multiple diseases, 
including inflammation, neuropathic pain and atherosclerosis. 
Multiple studies have demonstrated that celastrol can modu-
late multiple signaling pathways involved in tumorigenesis, 
including tumor protein p53, androgen receptor/Ets transcrip-
tion factor/nuclear factor-κB and caspase (14-16). Furthermore, 
celastrol has been reported to exhibit potential therapeutic 
efficacy against various types of cancer, including HCC, pros-
tate and breast cancer (17-19). However, the exact anticancer 
mechanism of celastrol has not been fully elucidated. Based on 
the above studies, it was hypothesized that combining celastrol 
and miRNAs may be more effective in cancer treatment than 
either treatment alone. Therefore, the aim of the present study 
was to explore the mechanisms through which celastrol and 
miR-33a-5p may treat lung cancer. The results of the present 
study could provide the basis for a novel therapeutic approach 
for lung cancer.

Materials and methods

Lung adenocarcinoma tissues. Specimens of lung adenocarci-
noma and paracarcinoma normal tissues were collected from 
14 patients (7 males and 7 females, aged 40-59 years, 4 patients 
in stage IB and 10 patients in stage IIB) who were patho-
logically diagnosed with lung adenocarcinoma at YantaiShan 
Hospital (Yantai, China) between March 5 and August 31, 
2015. All patients were diagnosed for the first time and had not 
received chemotherapy. Fresh tissues from the patients were 
prepared for RNA analysis immediately following surgery. All 
experiments were performed in accordance with the relevant 
guidelines and approved by the Medical Ethics Committee of 
Binzhou Medical University (Yantai, China). Prior to study 
inclusion, written informed consent was obtained from all 
patients.

Determination of miR‑33a‑5p expression by reverse transcrip‑
tion‑quantitative polymerase chain reaction (RT‑qPCR). 
Specimens of lung adenocarcinoma and paracarcinoma tissues 
from 14 patients, and xenograft tumors from nude mice, were 
collected and ground into powder in liquid nitrogen; the cultured 
cells did not need to be homogenized. miRNAs from lung 
adenocarcinoma cells or tissues were isolated using a miRNA 
kit (Takara Bio, Inc., Otsu, Japan). After measuring the concen-
tration of miRNAs, poly(A) was added using poly(A) polymerase 
(Ambion; Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Then, PrimeScript™ RT reagent kit with gDNA Eraser (Takara 
Bio, Inc.) was used to perform the RT reaction with primer 
[5'‑AACATGTACAGTCCATGGATGd(T)30N(A, G, C or 
T)‑3']. The SYBR Premix Ex Taq kit (Takara Bio, Inc.) was used 
to perform qPCR with the 7500 Fast Real-Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The qPCR 
conditions were as follows: initial denaturation at 95˚C for 
30 sec; 40 cycles of 95˚C for 10 sec, 60˚C annealing for 20 sec 
and extension at 72˚C for 20 sec. Then, fluorescence was 
detected at 585 nm. The primers used to amplify miR-33a-5p 
were 5'‑GTGCATTGTAGTTGCATT‑3' (forward) and 
5'‑AACATGTACAGTCCATGGATG‑3' (reverse). The primers 
for 5S rRNA were 5'‑GCCATACCACCCTGAACG‑3' (forward) 
and 5'‑AACATGTACAGTCCATGGATG‑3' (reverse). The 
human 5S rRNA gene served as the control. The results were 
calculated using the 2-ΔΔCq value (20).

miRNA synthesis and vector construction. miR-33a-5p mimics 
and negative control (nc) oligonucleotides were chemically 
synthesized. The sequences of the miR-33a-5p mimics were as 
follows: GUGCAUUGUAGUUGCAUUGCA (sense) and UGC 
AAUGCAACUACAAUGCACUU (antisense). The sequences 
of the nc oligonucleotides were as follows: CAGUACUUUUG 
UGUAGUACAA (sense) and GUACUACACAAAAGUACU 
GUU (antisense). These sequences were inserted into the 
pGCMV/EGFP/miR/blasticidin vector during the construction 
of the miRNA overexpression vector. This part of the experi-
ment was performed by GenePharma Biotech Co., Ltd. 
(Shanghai, China).

Cell culture and transfection. Lung adenocarcinoma (LTEP-a-2 
and A549) cells and human bronchial epithelial (HBE) cells, 
which are all adherent cells, were maintained in 1640 medium 
supplemented with 10% fetal bovine serum (FBS) (both from 
Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, and 
100 µg/ml streptomycin at 37˚C with 5% CO2 under saturation 
humidity. The synthesized miRNA mimics were transfected 
when cells had reached 50‑60% confluence. A total of 1 µg 
miRNA mimics was mixed with 3 µl Lipofectamine 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), in accordance 
with the manufacturer's instructions. Cells were treated with 
50 µM miRNA mimics. Blasticidin (Solarbio Science and 
Technology Co., Ltd., Beijing, China) was used to select 
antibiotic-resistant cells and to detect cells that expressed 
miR-33a-5p stably. Cells with stable miR-33a-5p expression 
were used for the xenograft experiments in mice. In addition, 
0.75 µM celastrol (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) and 25 µM miRNA was used to detect the effects of 
combined treatment. Celastrol was added when changing the 
calf serum medium 6 h after transfection.



INTERNATIONAL JOURNAL OF ONCOLOGY  52:  1328-1338,  20181330

MTT assay to measure cell proliferation. Logarithmic-phase 
cells (1x104) in each well of 96-well plates were treated with 
miRNA or celastrol for 48 h. At 4 h before the end of incu-
bation, 10 µl MTT (5 mg/ml; Sigma-Aldrich; Merck KGaA) 
was added to each well. Then, 100 µl DMSO (Sigma-Aldrich; 
Merck KGaA) was added, and the plate was shaken until 
MTT was dissolved. The optical density (OD) was measured 
at 490 nm using an auto-microplate reader (Thermo Fisher 
Scientific, Inc.) to compare the proliferation of each group of 
cells.

Flow cytometry to assess cellular apoptosis. Cells were treated 
with miRNA or celastrol for 48 h, and the culture medium was 
discarded. The cells were digested from the bottom of the culture 
flask with 0.25% trypsin enzyme without EDTA, then centrifuged 
at 100 x g for 5 min. PBS was used to wash the cells. The cellular 
apoptosis ratio was detected using Annexin V‑fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) staining (BD Pharmingen; 
BD Biosciences, Franklin Lakes, NJ, USA). Annexin V-FITC 
(5 µl) was added to the collected cells. After complete mixing, 
5 µl PI was added. Finally, 1x104 cells were analyzed using a flow 
cytometer (Beckman Coulter, Inc., Brea, CA, USA). The data 
analysis was performed using the CytExpert 1.2.11.0 software 
(Beckman Coulter, Inc.).

Transwell cell migration assays. Cells were treated with 
miRNAs or celastrol for 24 h and collected. Then, the cells 
were seeded into the upper chamber (105 cells/well in 400 µl 
1640 medium, FBS-free) of Transwells (Corning Inc., 
Corning, NY, USA). The lower chamber was filled with 600 µl 
1640 medium supplemented with 20% calf serum (Gibco; 
Thermo Fisher Scientific, Inc.). After 24 h, the liquid in the 
upper chamber was removed with wet swabs, and the upper 
surface was carefully washed with methanol to fix the cells. 
Then, the cells that had traversed the membrane were stained 
with 0.1% crystal violet and counted under an inverted light 
microscope (Leica Microsystems GmbH, Wetzlar, Germany). 
The migration capability of the cells in vitro was assessed 
according to the number of transmembrane cells. Average trans-
membrane cells number were determined in five x200 fields.

Western blot analysis. Cells were lysed with lysis buffer (21), 
and all proteins were collected. The xenograft tumors were 
collected, ground into powder in liquid nitrogen, then lysed 
with lysis buffer to collect all proteins. Then, 40 µg protein 
was loaded into individual lanes and separated via SDS-PAGE. 
Subsequently, the proteins were transferred onto polyvi-
nylidene fluoride membranes (Sigma‑Aldrich; Merck KGaA), 
which were blocked with 7% nonfat milk in TBST for 2 h. 
After washing with TBST, the membranes were incubated 
with rabbit anti-human mTOR (1:800; cat. no. BS3611; 
Bioworld Technology, Nanjing, China), rabbit anti-human 
phosphorylated (p)-p70 ribosomal protein S6 kinase (p70S6K; 
1:500; cat. no. BS4439), rabbit anti-human p-eukaryotic trans-
lation initiation factor 4E binding protein 1 (4EBP1; 1:500; 
cat. no. BS4746), and rabbit anti-human GAPDH (1:6,000; 
cat. no. AP0063) (all from Bioworld Technology) in TBST at 
4˚C overnight. Horseradish peroxidase‑labeled goat anti‑rabbit 
Immunoglobulin G (1:6,000; cat. no. ZB-2301; Beijing 
ZhongShan Golden Bridge Technology Co., Ltd., Beijing, 

China) was added, and the samples were incubated for 2 h at 
room temperature. Finally, images of the membranes were 
captured using a chemiluminescent imager (Tanon Science 
and Technology Co. Ltd., Shanghai, China). The densities of 
the bands were analyzed using Gel Image System 4.2 software 
(Tanon Science and Technology Co. Ltd.).

Luciferase assays. mTOR‑3'‑UTR double‑stranded DNA 
(203 bp) containing an incomplete matched area of miR-33a-5p 
was synthesized and inserted into the dual-luciferase reporter 
pmirGLO vector (Promega Corp., Madison, WI, USA) 
by SacI/XhoI dual-enzyme digestion (Takara Bio, Inc.). 
Thus, GP-miRGLO-mTOR-WT was constructed. In addi-
tion, the nucleotide sequence was altered to construct the 
GP-miRGLO-mTOR-MUT vector as the control. A549 and 
LTEP-a-2 cells were transfected with miR-33a-5p and the 
dual-luciferase reporter pmirGLO vector, which simultane-
ously expressed the Firefly and Renilla luciferases. Cells 
were collected after 48 h incubation, and 100 µl 1X passive 
lysis buffer was added to each well. Then, 20 µl sample and 
100 µl Luciferase Assay Reagent II were added to each well of 
96‑well white flat bottom plates. The activity of Firefly lucif-
erase in each well was detected using a luminescent detection 
system (Tecan Group, Ltd., Mannedorf, Switzerland) read as 
M1. Then, 100 µl 1X Stop & Glo reagent was added to each 
well. The activity of Renilla luciferase was detected using 
the luminescent detection system, read as M2. The ratio of 
M1/M2 was calculated, and the relative luciferase activity of 
each group was evaluated.

Xenografts in mice. Cells were transfected with miR-33a-5p 
overexpression vector and selected with blasticidin. A total of 
16 BALB/c-nu/nu 5-6 week-old male mice with an average 
weight of 18-20 g (Charles River, Beijing, China) were 
randomly divided into 4 groups of 4 mice in each. They were 
kept in a laminar airflow cabinet under specific pathogen‑free 
conditions with a controlled temperature (23±2˚C), humidity 
(40-70%) with free access to food and water. The cells were 
transplanted subcutaneously into the right or left flanks of 
these mice. Tumors appeared after ~3 days. The tumor volume 
was measured daily with calipers, with the following formula: 
Tumor volume (mm3) = A x B2/2, where ‘A’ and ‘B’ are the 
maximum and minimum tumor diameters, respectively. When 
the tumor volume of the control group increased to ~150 mm3, 
half of the mice from the control and the miRNA-over-
expressing groups were randomly selected. Celastrol was 
injected into these selected mice at 2 mg/kg/day, 5 days/week. 
The other half of the groups was intraperitoneally injected with 
saline as a control. Following drug treatments for 6 weeks, all 
of the mice were sacrificed for tumor isolation by cervical 
vertebra dislocation. The tumors were then collected and 
weighed. Subsequently, all of the tumors were used for RNA 
extraction and total protein detection. All animal experiments 
were approved by the Committee on the Ethics of Animal 
Experiments of Binzhou Medical University and conducted 
based on the National Institutes of Health (Bethesda, MD, 
USA) Guide for the Care and Use of Laboratory Animals.

Statistical analysis. SPSS v22.0 software (IBM Corp., Armonk, 
NY, USA) was utilized for statistical analysis. Student's t‑test 
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and one‑way analysis of variance followed by a Tukey's test 
were used to compare variables among groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression of miR‑33a‑5p is low in lung cancer tissues and 
cells. The expression of miR-33a-5p was measured in lung 
tumors and the corresponding adjacent tissues to examine a 
potential role of miR-33a-5p on the development of lung adeno-
carcinoma. The results demonstrated that the expression levels 
of miR‑33a‑5p were significantly lower in lung cancer tissues 
compared with the corresponding adjacent tissues (Fig. 1A). 
When examining cell lines, the expression levels of miR-33a-5p 
were lower in the lung adenocarcinoma cell lines LTEP-a-2 
and A549 compared with the normal HBE cells (Fig. 1B). 
Thus, downregulation of miR-33a-5p expression is likely to be 
involved in the development of lung adenocarcinoma.

miR‑33a‑5p inhibits the proliferation of lung adenocarcinoma 
cells. Considering the decrease in miR-33a-5p expres-
sion in lung adenocarcinoma tissues and cells, the effect of 
miR-33a-5p on the proliferation of lung adenocarcinoma 
cells was examined in vitro. At 48 h following transfection 
of miR-33a-5p mimics into A549 and LTEP-a-2 cells, a lower 
number of cells was observed in the miR-33a-5p overexpres-
sion group compared with the scrambled control group, in 
both the cell lines tested (Fig. 2A and B). In addition, MTT 
assay was used to measure cell viability. The OD value of 
the overexpression group was decreased compared with the 
scrambled control group (Fig. 2C and D), which indicated that 
cell proliferation in the overexpression group was inhibited. 
The results of the Transwell cell migration assays demon-
strated that the migration ability of A549 and LTEP-a-2 cells 
was significantly inhibited following miR‑33a‑5p overexpres-
sion (Fig. 2E and F). Furthermore, miR-33a-5p overexpression 
enhanced apoptosis; the % of apoptotic cells was over four 
times higher in the miR-33a-5p overexpression group compared 
with the scrambled control group for both the A549 (Fig. 2G) 
and LTEP-a-2 (Fig. 2H) cells.

mTOR is a direct target of miR‑33a‑5p. A miRNA could inhibit 
the proliferation of lung adenocarcinoma cells by modulating 

the expression of its target genes. Therefore, predicted target 
genes were examined for miR-33a-5p by bioinformatics 
analysis (www.microrna.org/microrna/getMirnaForm.do 
and www.targetscan.org/index.html) and matching sites 
were identified on the 3'‑UTR of the mTOR gene (Fig. 3A). 
According to the mechanism of miRNA function, miR-33a-5p 
likely affects the expression of mTOR by binding to the 
mTOR‑3'‑UTR. Wild‑type (WT) mTOR‑3'‑UTR was cloned 
downstream of the Firefly luciferase gene to construct the 
GP-miRGLO-mTOR-WT dual-luciferase vector. In addi-
tion, the predicted binding sites (852-863 bp) were replaced 
with the complementary sequences to construct the mutant 
(MUT) GP-miRGLO-mTOR-MUT vector (Fig. 3B). The 
cells were transfected with the GP-miRGLO-mTOR-WT or 
GP-miRGLO-mTOR-MUT vector, together with miR-33a-5p 
mimics or scrambled control. Luciferase activity was detected 
after 48 h incubation. The results demonstrated that the relative 
luciferase activity significantly decreased in the cells transfected 
with the GP-miRGLO-mTOR-WT vector and miR-33a-5p 
mimics (Fig. 3C and D). No notable difference was observed 
between cells transfected with GP-miRGLO-mTOR-MUT 
vector and miR-33a-5p mimics (Fig. 3C and D).

miR‑33a‑5p negatively regulates mTOR and downstream 
effector expression in lung adenocarcinoma cells. The effect 
of miR-33a-5p transfection on mTOR expression in lung 
adenocarcinoma cells was determined. RT-qPCR analysis 
confirmed that the expression levels of miR‑33a‑5p signifi-
cantly increased in the A549 and LTEP-a-2 cells following 
mimics transfection (Fig. 4A and B). The results from the 
western blot analysis of the transfected cells indicated that 
the protein expression levels of mTOR were significantly 
inhibited following miR-33a-5p overexpression (Fig. 4C-F). 
Furthermore, the protein expression levels for the downstream 
effectors of mTOR, p‑p70S6K and p‑4EBP1, were significantly 
decreased following miR-33a-5p overexpression (Fig. 4C-F). 
These results indicated that miR-33a-5p inhibited the prolif-
eration of lung adenocarcinoma cells via the mTOR signaling 
pathway.

miR‑33a‑5p enhances cellular sensitivity to celastrol. 
Celastrol treatment was combined with miR-33a-5p overex-
pression and microscopic observation of the cells revealed that 

Figure 1. miR‑33a‑5p expression is decreased in lung adenocarcinoma tissues and cells. (A) miR‑33a‑5p expression levels were significantly lower in lung 
adenocarcinoma tissues (n=14) compared with normal paracarcinoma tissues (n=14), as indicated by reverse transcription-quantitative polymerase chain reac-
tion. (B) miR-33a-5p expression levels are lower in in A549 and LTEP-a-2 lung carcinoma cells compared with normal HBE cells. ***P<0.001 and ****P<0.0001, 
with comparisons indicated by lines. HBE, human bronchial epithelial.
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the number of visible living cells was significantly reduced in 
the combination treatment group compared with the negative 
control group, and the single-use 0.75 µM celastrol or 25 nM 
miR-33a-5p groups (Fig. 5A and B). In the MTT assay, the 
OD of the combination treatment group was lower compared 
with the other groups, which indicated a reduction in cell 
viability (Fig. 5C and D). Therefore, the combination treat-
ment inhibited cell proliferation more efficiently than either 
treatment alone. The % of apoptotic cells in the A549 and 
LTEP-a-2 cells was ~50% in the combination treatment group, 
but <20% in the single treatment groups (Fig. 5E and F).

Combination of celastrol and miR‑33a‑5p increases the 
expression of miR‑33a‑5p to inhibit the mTOR signaling 
pathway. The expression levels of miR-33a-5p were examined 
by RT-qPCR, in order to explore the mechanism by which 
miR-33a-5p enhances the sensitivity of lung adenocarcinoma 
cells to celastrol. Although miR-33a-5p expression was 
increased in the celastrol alone group, it was considerably 
higher in the celastrol and miR-33a-5p combination treatment 
group (Fig. 6A and B). Furthermore, results from western 
blot analysis demonstrated that the expression of mTOR was 
markedly decreased in the combination treatment group as the 

Figure 2. miR-33a-5p regulates the growth of A549 and LTEP-a-2 cells. (A and B) The number of A549 or LTEP-a-2 cells treated with miR-33a-5p mimics 
was decreased compared with the untreated (negative) or scrambled-treated controls. Cells were observed under an inverted microscope. (C and D) The MTT 
assay indicated that the OD value was decreased in cells treated with miR-33a-5p mimics compared with the controls. (E and F) The migratory ability of lung 
adenocarcinoma cells was inhibited in the miR-33a-5p-treated cultures compared with controls. (G and H) Flow cytometry analysis revealed that the apoptosis 
ratio was higher in both A549 and LTEP-a-2 cells treated with miR-33a-5p mimics compared with controls. ***P<0.001, with comparisons indicated by lines 
(n=3). OD, optical density.
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expression of miR-33a-5p increased (Fig. 6D-F). Similarly, 
p-p70S6K and p-4EBP1 expression was also further decreased 

in the combination treatment group (Fig. 6D-F). These results 
suggested that mTOR was involved in the mechanism by 

Figure 3. mTOR is a direct target of miR-33a-5p. (A) Sequence of the site in the 3’UTR of the mTOR gene that was predicted to be targeted by miR-33a-5p. 
(B) Schematic diagram of the insertion of the mTOR-3’-UTR in the GP-miRGLO vector and of the generation of the mutant vector (altered sequence is 
underlined). (C and D) Relative luciferase activity was decreased in A549 or LTEP-a-2 cells transfected with miR-33a-5p and GP-miRGLO-mTOR-WT. No 
significant difference was observed in the cells transfected with miR‑33a‑5p and the mutant vector GP‑miRGLO‑mTOR‑MUT. **P<0.01 and ***P<0.001, with 
comparisons indicated by lines (n=3). mTOR, mechanistic target of rapamycin; UTR, untranslated region; WT, wild-type; MUT, mutant.

Figure 4. miR‑33a‑5p negatively regulates mTOR and its downstream signaling molecules. (A and B) Confirmation of miR‑33a‑5p overexpression following 
miR-33a-5p mimics transfection in A549 or LTEP-a-2 cells compared with the scrambled oligo controls. (C and D) Western blot analysis indicated that protein 
expression levels of mTOR, p‑p70S6K and p‑4EBP1 were downregulated in the miR‑33a‑5p‑treated A549 or LTEP‑a‑2 cells. (E and F) Quantification of mTOR, 
p-p70S6K and p-4EBP1 relative expression from the western blotting results. **P<0.01 and ***P<0.001, with comparisons indicated by lines (n=3). mTOR, mecha-
nistic target of rapamycin; p-, phosphorylated; p70S6K, p70 ribosomal protein S6 kinase; 4EBP1, eukaryotic translation initiation factor 4E binding protein 1.
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which miR-33a-5p enhanced the sensitivity of lung adeno-
carcinoma cells to celastrol. The results were similar in 
A549 (Fig. 6C and E) and LTEP-a-2 (Fig. 6D and F) cells.

Combination of celastrol and miR‑33a‑5p inhibits LTEP‑a‑2 
cell growth in vivo. Parental untreated LTEP-a-2 cells (nega-
tive) or LTEP-a-2 cells stably transfected with miR-33a-5p 
overexpression vector (miR-33a-5p) were injected into the 
flanks of nude mice. Mice were then administered with 
celastrol or saline treatment to verify that the combination 
of celastrol and miR-33a-5p could inhibit LTEP-a-2 cell 
growth in vivo. The growth curve of the xenograft tumors 
revealed that the tumor volume increased with prolonged 

incubation time in the negative control group. The tumor 
growth rate was considerably lower in the celastrol treat-
ment alone group or the miR-33a-5p overexpression alone 
group compared with the negative control group. In the 
combination treatment group, the tumor growth was almost 
completely arrested after 2 weeks (Fig. 7A). The xenograft 
tumors were extracted at the end of the experiment and the 
volumes and weight measurements of the xenograft tumors 
varied among the different groups (Fig. 7B and C). The 
xenograft tumors in the combination treatment group were 
the smallest (Fig. 7B and C). RT-qPCR analysis of the xeno-
graft tumors indicated that the cells stably transfected with 
the miR-33a-5p overexpression vector maintained a higher 

Figure 5. miR-33a-5p enhances the sensitivity of A549 and LTEP-a-2 cells to celastrol. A549 and LTEP-a-2 cells were treated with either 0.75 µM celastrol 
or 25 nM miR-33a-5p mimics or the combination of the two treatments. (A and B) A549 and LTEP-a-2 cells treated with combined celastrol and miR-33a-5p 
were significantly decreased compared with either treatment alone. Cells were observed under an inverted microscope. (C and D) MTT assay results revealed 
that the OD values were markedly decreased following combined celastrol and miR-33a-5p treatment compared with either treatment alone. (E and F) Flow 
cytometry analysis revealed that the combined use of celastrol and miR-33a-5p increased the % of apoptotic cells compared with either treatment alone. 
***P<0.001, with comparisons indicated by lines (n=3). OD, optical density.
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expression level of miR-33a-5p compared with the parental 
cells (Fig. 7D). Celastrol treatment further enhanced the 
expression of miR-33a-5p (Fig. 7D), which was consistent 
with the in vitro experiments. Finally, similarly to the 
in vitro experiments, higher expression levels of miR-33a-5p 
resulting from the combination treatment significantly inhib-
ited the expression of mTOR and its downstream effectors in 
the xenograft tumors (Fig. 7E and F).

Discussion

As small noncoding RNA molecules, miRNAs have vital roles 
in various cellular processes during cancer development, such 
as proliferation, apoptosis, invasion and migration (22,23). 
miRNAs may function as tumor oncogenes or suppressors (24). 
As an oncogene, miR-374a overexpression significantly 

promotes HCC cell viability compared with control. Further 
investigation indicated that miR-374a enhances HCC prolifer-
ation by targeting mitogen-inducible gene 6 (25). Conversely, 
researchers have discovered that miRNAs may act as tumor 
suppressors by inhibiting proliferation and promoting apop-
tosis. miR‑133b expression is significantly lower in colorectal 
cancer (CRC) samples or cell lines compared with normal 
controls. In addition, transfection with miR-133b can mark-
edly hinder CRC cell proliferation and invasion in vitro and 
in vivo (26). The expression of miR‑140‑5p is reduced five‑fold 
in breast cancer tissues compared with adjacent normal tissues, 
and is associated with advanced clinical procedure and poor 
prognosis (27). In the present study, miR-33a-5p expression 
was demonstrated to be decreased in lung adenocarcinoma 
tissues compared with normal adjacent tissues. Similarly, 
miR-33a-5p expression was reduced in lung adenocarcinoma 

Figure 6. miR-33a-5p enhances sensitivity to celastrol via the mTOR signaling pathway. (A and B) Celastrol treatment upregulated the expression of miR-33a-5p 
in A549 and LTEP-a-2 cells, while the combined use of celastrol and miR-33a-5p had a synergistic enhanced effect on this upregulation. (C and D) Western blot 
analysis was performed to detect mTOR, p-p70S6K and p-4EBP1 protein expression levels in A549 and LTEP-a-2 cells with single or combined treatments. 
(E and F) Quantification of mTOR, p‑p70S6K and p‑4EBP1 relative expression from the western blotting results. *P<0.05, **P<0.01 and ***P<0.001, with com-
parisons indicated by lines (n=3). mTOR, mechanistic target of rapamycin; p-, phosphorylated; p70S6K, p70 ribosomal protein S6 kinase; 4EBP1, eukaryotic 
translation initiation factor 4E binding protein 1.
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cell lines compared with normal HBE cells. These results 
indicated miR-33a-5p may act as a tumor suppressor gene.

Previous studies have reported that miR-33a-5p has a 
critical role in tumor growth and proliferation. Wang et al (28) 
determined that miR-33a acts as a cell proliferation suppressor 
in gastric cancer by targeting CDK6, cyclin D1 and Pim-1 
proto-oncogene serine/threonine protein kinase. However, 
other researchers have reported different findings on the 
function of miR-33a-5p in tumors. miR-33a promotes the 
proliferation and inhibits the apoptosis of liver cancer cells 
by targeting peroxisome proliferator-activated receptor-α (29). 
In order to explore the function of miR-33a-5p in lung adeno-
carcinoma, lung adenocarcinoma cells were transfected with 
miR-33a-5p mimics. The results demonstrated that upregu-
lating the expression of miR-33a-5p could markedly inhibit the 
growth of the lung adenocarcinoma cell lines.

It is widely believed that miRNAs can regulate protein 
expression by binding to the 3'‑UTR of mRNA (8,30,31). 
mTOR is a serine/threonine kinase that is involved in the 
growth and proliferation of cancer cells (32). Previous studies 
have demonstrated that mTOR can promote the activation 
of p70S6K and the phosphorylation of 4E-BP1, which is 
closely related to tumor growth and proliferation (33,34). 
In the present study, miRNA target prediction software was 
employed and a luciferase reporter assay was conducted to 
further analyze the relationship between miR-33a-5p and 
mTOR. The miRNA target prediction software indicated that 
multiple miR-33a-5p binding sites are located in the mTOR 
3'‑UTR. miR‑33a‑5p was demonstrated to directly target 
mTOR, as evidenced by the luciferase reporter assay results. 
In addition, overexpression of miR-33a-5p significantly 
decreased the protein expression levels of mTOR, thereby 

Figure 7. Celastrol and miR-33a-5p inhibit LTEP-a-2 cell growth in mouse xenografts. (A) Growth curves for the xenograft tumors were measured weekly. 
(B) Photographic images of the xenograft tumors at the end of the experimental treatments at 6 weeks post-injection. The size of the xenograft tumors admin-
istered with the combined treatment was markedly reduced compared with the other treatment groups. (C) Tumor weight was decreased in the celastrol and 
miR-33a-5p groups, and particularly in the combined treatment group. (D) miR-33a-5p expression levels were examined in the xenograft tumors of in each treat-
ment group. (E) Protein expression of mTOR, p‑p70S6K and p‑4EBP1 in xenograft tumors was detected by western blot analysis. (F) Quantification of mTOR, 
p-p70S6K and p-4EBP1 relative expression from the western blotting results. **P<0.01 and ***P<0.001, with comparisons indicated by lines. mTOR, mechanistic 
target of rapamycin; p-, phosphorylated; p70S6K, p70 ribosomal protein S6 kinase; 4EBP1, eukaryotic translation initiation factor 4E binding protein 1.
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weakening the phosphorylation of p70S6K and 4EBP1. Other 
studies have demonstrated that many other proteins can also 
be targeted by miR-33a-5p. As a tumor suppressor, miR-33a 
can downregulate PIM1 by directly targeting its 3'‑UTR in 
prostate cancer (35). Similarly, in melanoma cells, miR-33a, 
whose target is CDK16, is an important negative regulator 
of cell proliferation (36). In addition, as a bone metastasis 
suppressor in lung cancer, miR-33a targets parathyroid 
hormone-related protein (37).

As a chemotherapeutic drug, celastrol not only inhibits 
cancer cell proliferation, but also regulates miRNA expression. 
In prostate cancer cells, celastrol downregulates miR-17-92a, 
which can lead to autophagy induction (38). Similarly, celas-
trol inhibits HCC cell migration and invasion by regulating 
miR-224 expression (39). In the current study, miR-33a-5p 
was demonstrated to be upregulated in lung adenocarcinoma 
cells following celastrol treatment. Therefore, we focused on 
the effect of the combined celastrol and miR-33a-5p treat-
ment on lung adenocarcinoma cells. There is considerable 
evidence supporting the benefits of combining chemothera-
peutic drugs and miRNAs. miR-223 improved the sensitivity 
of gallbladder cancer cells to docetaxel by downregulating 
stathmin 1 (40). Similarly, miR-101 enhances the cyto-
toxic effects of fluorouracil and cisplatin by inhibiting the 
proliferation of colon cancer cells (41). In the present study, 
compared with the miR-33a-5p or celastrol alone groups, the 
group administered with combined miR-33a-5p and celas-
trol treatments exhibited higher proliferation inhibition and 
apoptosis rates, as determined by MTT and flow cytometry 
analyses, respectively. Western blot analysis demonstrated 
that the combination treatment group also had low expres-
sion levels of mTOR and its downstream effectors. Similar 
results were observed in the xenografted animal model. The 
present data suggest that combined treatment with celastrol 
and miR-33-5p exerted a more notable effect on lung adeno-
carcinoma compared with either treatment alone. However, 
isobologram analysis was not performed in the present study, 
as the IC50 of the miRNA-mediated inhibitory effect on cell 
growth is difficult to calculate; similarly, other previous 
studies examining the combination of miRNA and chemical 
in the treatment of cancer also did not perform isobologram 
analysis (40,42).

In conclusion, miR-33a-5p overexpression inhibited the 
proliferation of lung adenocarcinoma cells and enhanced 
the anticancer effects of celastrol. In addition, miR-33a-5p 
improved the sensitivity of lung adenocarcinoma cells to 
celastrol by targeting the mTOR signaling pathway. Therefore, 
a combination of miR-33a-5p and celastrol treatment may be 
a promising therapeutic strategy for patients with lung adeno-
carcinoma.
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