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Celastrol suppresses the proliferation of lung adenocarcinoma
cells by regulating microRNA-24 and microRNA-181b
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Abstract. Cumulative evidence has indicated that celas-
trol may suppress cancer growth; however, the underlying
mechanism requires further investigation. In the present
study, A549 cells were treated with various concentrations
of celastrol. Lung cancer cell proliferation was evaluated
using an MTT assay and observed under a microscope. Cell
apoptosis was detected by Annexin V fluorescein isothio-
cyanate/propidium iodide double-labeled flow cytometry. The
results demonstrated that celastrol suppressed proliferation
and induced apoptosis in a dose-independent manner. Celastrol
may also decrease the phosphorylation levels of signal trans-
ducer and activator of transcription 3 (STAT3) and the B cell
lymphoma-2 (Bcl-2)/Bcl-2 associated C protein (Bax) ratio.
As microRNA (miR-24 and miR-181b) were predicated to
target STAT3, STAT3 activation was inhibited in miR-24-or
miR-181b-treated A549 cells compared with the control treat-
ment. The ratio of Bcl-2/Bax was further reduced in miR-24
or miR-181b-treated A549 cells. The results were further
confirmed by detecting in another lung adenocarcinoma cell
line, LTEP-a-2. In summary, the results of the present study
demonstrated that celastrol treatment suppressed the prolifera-
tion and induced apoptosis by regulating the expression levels
of miR-24 and miR-181b.

Introduction

Celastrol is a pharmacologically active compound
that was originally isolated from Thunder God Vine
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(Tripterygium wilfordii; traditional Chinese medicine).
Celastrol was identified to be a pentacyclic triterpenoid,
belonging to a small category of natural products of triterpene
quinine methides (1,2). Containing electrophilic sites within
the rings of quinone methide structure, celastrol is able to form
covalent Michael adducts with the nucleophilic thiol groups
of cysteine residues (3,4). This appears to be the mechanism
underlying celastrol-mediated effects on the functions of
various proteins, although the structural determinants in
proteins can also regulate their interaction with celastrol and
the covalent adducts formation (5).

Numerous previous studies have indicated that celastrol
may protect against a variety of inflammatory diseases in
animal models (6,7). Furthermore, celastrol is a promising
anticancer drug, which can suppress the proliferation of various
cancer cells and prevent their malignant tissue invasion and
obstruct angiogenesis (8-10). Certain therapeutic studies also
demonstrated that celastrol can sensitize resistant melanoma
cell to temozolomide treatment and potentiate radiotherapy of
prostate cancer cells in combination therapy (11,12).

Signal transducer and activator of transcription 3 (STAT3)
has been identified as a key molecular target of celastrol (13,14);
however, the mechanism underlying the effects of celastrol on
STAT?3 remains to be elucidated. In therapeutic investigations
of celastrol, certain studies suggest that celastrol may induce
apoptosis and repress invasion of cancer cells by regulation
of microRNA (miRNA) expression levels (15,16). Therefore,
the present study investigated whether the STAT3 signaling
pathway is associated with the expression levels of miRNAs.
The present study further investigated whether celastrol inhib-
ited lung cancer apoptosis via STAT3-associated miRNAs.

Materials and methods

Cell culture. A549 human lung adenocarcinoma cells purchased
from Shanghai Institute of Pharmaceutical Industry (Shanghai,
China) were cultured in RPMI-1640 supplemented with 10%
fetal bovine serum (both from Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and 100 U/ml penicillin-strepto-
mycin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
and maintained at 37°C in a humidified incubator containing
5% CO,. Cells (5x10°) in the logarithmic growth phase were
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seeded in 6-well plates, and celastrol (Sigma-Aldrich; Merck
KGaA) was dissolved in dimethyl sulfoxide (DMSO) and
added to the plate in complete RPMI-1640 medium when the
cell confluence arrived at 70%. Cells were incubated for 48 h
at 37°C. LTEP-a-2, another human lung adenocarcinoma cell
line also came from Shanghai Institute of Pharmaceutical
Industry, were used under the same culture condition as A549
cells.

MTT assay. Cells (1x10%) were cultured into 96-well plates.
Various concentrations of celastrol (0, 1.5, 3 and 4.5 yuM) were
added to the medium and 6 replicates were performed for each
concentration. Cells were cultivated for 48 h at 37°C, MTT
assays were performed to determine the cell viability and the
growth inhibition rate of A549 cells. A total of 10 ul MTT
(5 mg/ml) was added to each well and the supernatant was
removed by pipette after another 4 h of incubation at 37°C.
Subsequently, 100 1 DMSO (Sigma-Aldrich; Merck KGaA)
was added to dissolve the crystals produced by MTT at
room temperature for 10 min. The optical density (OD) value
was determined using an ELISA reader (ELx800; Bio-Tek
Instruments, Inc., Winooski, VT, USA) at 570 nm. Cell growth
inhibition rate = (OD control - OD sample)/OD control x100
(%) (17,18).

Detection of apoptosis. Cells were cultured into 6-well
plates and celastrol was added to the plate following the
aforementioned concentration gradient when the cell conflu-
ence was 70% on the following day. Detection of apoptosis
was performed after 48 h incubation at 37°C, according to
the Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis detection kit protocol (BD Biosciences,
Franklin Lakes, NJ, USA). Firstly, A549 cells were gently
washed with PBS twice. Subsequently, the cells were centri-
fuged for 5 min at 650 x g at room temperature, the supernatant
was discarded and 100 1 1X binding buffer was added to each
tube for re-suspension at room temperature. Next, 5 1l annexin
V-FITC and 5 ul PI were added and cells were incubated at
room temperature for 15 min. The cells were then analyzed
using a flow cytometer (Beckman Coulter, Inc., Brea, CA,
USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). A549 cells were treated with the effective concen-
tration of celastrol (3 M) for 48 h at 37°C and the control
group was established using an equivalent concentration of
DMSO. miRNA from these cells was isolated using RNAiso
(Takara Bio, Inc., Otsu, Japan) according to the manufacturer's
instruction. Subsequently, poly(A) was added using poly(A)
polymerase (Ambion; Thermo Fisher Scientific, Inc.). miRNA
extraction and adding poly(A) should follow the respective
protocols. Complementary DNA was synthesized using RT
primer 5'-AACATGTACAGTCCATGGATGA(T) 30(A, G,
C or T)-3". miR primers were as follows: miR-24 forward,
5'-CTCCGGTGCCTACTGAGCTGA-3' and reverse, 5'-AAC
ATGTACAGTCCATGGATG-3"; miR-181b forward, 5'-GGT
CACAATCAACATTCATTG-3' and reverse, 5'-AACATG
TACAGTCCATGGATG-3'. Human 5S rRNA was used as
reference gene, and primers were as follows: Forward, 5'-GCC
ATACCACCCTGAACG-3" and reverse, 5-AACATGTAC
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AGTCCATGGATG-3". SYBR® Premix Ex Tagq™ kit (Takara
Bio, Inc.) was used according to the manufacturer's instruc-
tions. The expression levels of miRNA was assessed using
the RG3000 system (Qiagen, Inc., Valencia, CA, USA) as
follows: Initiation with 3 min of denaturation at 95°C, followed
by 40 cycles of amplification with 20 sec of denaturation at
95°C, 20 sec at 56°C for annealing and 20 sec of extension at
72°C. Fluorescence was detected at 585 nm using the RG3000
system (Qiagen, Inc.). The above process was repeated 3 times
in triplicate. The results ware quantified using the 2-44¢4
method as before (19).

Western blotting. Cells were lysed using cold lysis buffer
(RIPA; Beyotime Institute of Biotechnology, Haimen, China)
for 30 min on ice and protein concentration of cell lysis was
determined by a BCA assay (cat no. PC0020; Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China). The experi-
ment followed the manufacturer's instructions. Subsequently,
each 35 ug protein sample was subjected to SDS-PAGE (12%
separating gel, 5% concentrating gel) for electrophoresis
and transferred to polyvinylidene difluoride membranes.
Following transfer, membranes were incubated in a blocking
buffer (5% non-fat milk TBST solution, TBST: NaCl 0.8%,
0.02% KCl, Tris-base 0.3%, Tween-20 0.1%, pH 7.4) for 2 h at
room temperature. Subsequently, the membranes were washed
3 times with TBST (10 min each time). Next, the membranes
were immunoblotted with antibodies against p-STAT-3 (1:800;
sc-81523) and STAT-3 (1:800; sc-8019) (both from Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), Bcl-2 (1:500; BS1031),
BAX (1:500; BS2538) (both from Bioworld Technology, Inc.,
St. Louis Park, MN, USA) and GAPDH (1:3,000; TA309157,
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.,
Beijing, China), which was used as the control. Immunoblotting
was for 16-18 h at 4°C and then washing was performed with
TBST 3 times (10 min each time). Membranes were then
incubated with secondary antibodies conjugated to horse-
radish peroxidase (1:3000; BS13271 and BS12471; Bioworld
Technology, Inc.). Blots were quantified densitometrically
using Quantity One software (V4.62; Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

miRNAs prediction. The webpage (http:/www.microrna.
org/microrna/home.do) was opened, input the name of protein
of interest was inputted interested in the item ‘Target mRNA’
and miRNAs with potential interaction with the protein and
could be confirmed by RT-qPCR were searched for.

Statistical analysis. Quantitative results are presented as
the mean + standard deviation. Comparisons of parameters
between the two groups were made using an unpaired Student's
t-test or a Mann-Whitney U test. Statistical significance was
evaluated with GraphPad Prism 5 (GraphPad Software, Inc.,
LaJolla, CA, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results
Celastrol inhibits proliferation and promotes apoptosis of

A549 cells. To investigate the effects of celastrol on A549 cell
growth, A549 cells were treated with various concentrations
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Figure 1. Celastrol suppresses proliferation and promotes apoptosis of A549 cells. (A) MTT assay investigating the proliferation of A549 cells incubated
with celastrol at various concentrations. “P<0.01; “"P<0.001 vs. 0 uM. #P<0.01 vs. 1.5 uM. “4P<0.01 and “4¢P<0.001 vs. 3 uM. *P<0.01 vs. 4.5 uM. Higher
concentration levels of celastrol were more effective in suppressing the proliferation of A549 cells. n=6 replicates. (B) Microscopic analysis of A549 cells
following treatment with celastrol of various concentrations. Scale bar=100 gm. Higher concentration of celastrol induced markedly increased levels of cell
death. (C) Flow cytometry analysis. Annexin V-fluorescein isothiocyanate/propidium iodide staining was performed to evaluate the apoptosis of A549 cells.
Apoptotic cells are presented in the upper left, upper right and lower right quadrants of each panel. Apoptotic cells increased with the concentration elevation

of celastrol.

of celastrol for 24 h. The MTT assay indicated that A549 cell
proliferation was suppressed by celastrol in a dose-dependent
manner. There was a higher level of proliferation suppression
of A549 cells with a higher concentration of celastrol (Fig. 1A).
The microcopy examination results confirmed these find-
ings. There were more dead and floating cells in the higher
celastrol concentration-treated cultures compared with
other cultures (Fig. 1B). In order to determine whether the
decrease of cell number was due to apoptosis induced by
celastrol, Annexin V-FITC and PI staining was performed.
The results revealed that celastrol induced A549 cell apoptosis
in a dose-dependent manner (Fig. 1C). In the concentration
cascade, 3 uM celastrol was the closest to ID50, thus 3 yM
celastrol was selected as the most reasonable concentration in
this study.

Celastrol decreases STAT3 phosphorylation and Bcl-2/Bax
ratio. Previous studies have revealed the role of celastrol in
the prevention of cancer growth, in which numerous targets
of celastrol were identified, including STAT3 (2,9,10,17). To
further investigate the role of celastrol in lung cancer, STAT3
expression was detected in A549 cells following treatment
with various concentrations of celastrol. The results demon-
strated that 3 uM (P<0.0001) and 4.5 uM (P=0.0003) celastrol
treatment significantly reduced STAT3 phosphorylation in
A549 cells compared with 1.5 uM treatment (Fig. 2A).
STATS3 serves a critical role in cell proliferation and
survival. It has been revealed that deactivation of STAT3
abrogates the anti-apoptotic advantage (such as via radio-
resistance and chemoresistance) in various types of tumor
cell lines, mainly due to the attenuation of Bcl-2 (18,20).

Deactivation of the STAT3 signaling pathways by celastrol
induced tumor cell apoptosis (Fig. 1C). The Bcl-2/Bax ratio
was significantly decreased in 3 yM (P<0.0001) and 4.5 uM
(P<0.0001) celastrol-treated cells compared with 0 and
1.5 uM celastrol-treated groups (Fig. 2B). Indeed, 4.5 uM
P=0.006) celastrol treatment also could lead Bcl-2/Bax ratio
decreased compared with 3 uM treatment (Fig. 2B). These
results further suggested higher concentration celastrol treat-
ment attenuated Bcl-2/Bax ratio more within certain scope.
The apoptosis induced by celastrol may account for deactiva-
tion of the STAT3 signaling pathway.

Celastrol induces the overexpression of miR-24 and
miR-181b. The molecular mechanisms underlying celastrol
induction of apoptosis require further elucidation. Therefore
the mechanisms underlying the effect of celastrol on STAT3
phosphorylation was investigated. Previous studies have
revealed that miRNAs are involved in the antitumor mecha-
nism underlying celastrol (15,16). Therefore, the present study
investigated whether celastrol induced A549 cell apoptosis
through the regulation of STAT3-associated miRNAs.

Using microRNA.org software (http:/www.microrna.
org/microrna/home.do), the present study predicted that
the 3' untranslated region (UTR) of STAT3 mRNA was
targeted by miR-24 and miR-181b (Fig. 3A). Furthermore,
the expression levels of miR-24 (P<0.0001) and miR-181b
(P=0.0006) were both significantly increased in 3 uM
celastrol-treated A549 cells compared with the control treat-
ment (Fig. 3B), indicating that celastrol may decrease the
expression level of STAT3 via up-regulation of miR-24 and
miR-181b. Additionally, LTEP-a-2 cells were also used to
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Figure 2. Celastrol inhibits the STAT3 signaling pathway and decreases the Bcl-2/Bax ratio. (A) Western blot analysis of STAT3 phosphorylation following
celastrol treatments of 3 and 4.5 uM. STAT3 phosphorylation was significantly suppressed. N=3 replicates. “"P<0.001, 3 uM vs. 1.5 uM; “"P<0.001, 4.5 uM
vs. 1.5 uM (B) Western blot analysis of the Bcl-2/Bax ration following treatment with celastrol. An increase in celastrol concentration significantly decreased
the Bel-2/Bax ratio in A549 cells. ““P<0.001 vs. 0 uM; "P<0.001 vs. 1.5 uM; ¥4P<0.01 vs. 3 uM. n=3 replicates. STAT3, signal transducer and activator of
transcription 3; Bcl-2, B cell lymphoma-2; p, phosphorylation.
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Figure 3. Celastrol treatment increases expression levels of miR-24 and miR-181b in A549 cells, and miR-24 and miR-181b target STAT3. (A) The targeting
sites of STAT3, miR-24 and miR-181b are illustrated. Each miRNA is aligned with the mRNA of human STAT3 with the nucleotide position on the STAT3
mRNA indicated. Vertical lines indicate identity; gaps indicate mismatch. (B) Reverse transcription-quantitative polymerase chain analysis of miR-24 and
miR-181b in A549 cells following treatment with celastrol. The expression levels of miR-24 and miR-181b were significantly increased in A549 cells treated by
3 uM celastrol treatment. n=3 replicates. (C) The expression levels of miR-24 and miR-181b were significantly increased in LETP-a-2 cells treated with 3 yM
celastrol. n=3 replicates. miR, microRNA; STAT3, signal transducer and activator of transcription 3. "P<0.05; “"P<0.001 compared with the 0 M control

group.

confirm the effects of celastrol on the expression levels of  expected, miR-24 (P=0.0005) and miR-181b (P=0.03) were
miR-24 and miR-181b with 3 M celastrol stimulation. As  upregulated in celastrol-treated LTEP-a-2 cells (Fig. 3C).
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STAT3 phosphorylation and Bcl-2/Bax ratio is suppressed
by miR-24 and miR-181b. To further investigate the effects
of miR-24 and miR-181b on STAT3, synthesized miR-24 and
miR-181b was transfected into A549 cells. RT-qPCR demon-
strated that the expression levels of miR-24 (P=0.04, Fig. 4A)
and miR-181b (P=0.006, Fig. 4B) significantly increased in
the A549 cells treated with miR-24 and miR-181b compared
with the negative control group, which indicated that miR-24
and miR-181b were successfully transfected into A549
cells. Western blotting revealed that miR-24 (P=0.002) and
miR-181b (P=0.0007) treatment significantly suppressed
the p-STAT3 levels compared with the negative control
group (Fig. 5A). Furthermore, miR-24 (P=0.0008) and
miR-181b (P=0.0009) significantly decreased the expression
ratio of Bcl-2 and Bax compared with the negative control
group (P<0.001; Fig. 5B).

LTEP-a-2 cells were used to confirm these results. MiR-24
and miR-181b treatment significantly increased the level of
miR-24 (P=0.04, Fig. 6A) and miR-181b (P=0.04, Fig. 6B)
compared with the negative control group and significantly
decreased p-STAT3 compared with the negative control group
(P=0.04 for miR-24 and P=0.04 for miR-181b; Fig. 7A). In addi-
tion, miR-24 (P=0.03, Fig. 7B) and miR-181b (P=0.006, Fig. 7B)
treatment significantly decreased the Bcl-2/Bax ratio compared
with the control group in LTEP-a-2 cells. These results suggested
that miR-24 and miR-181b mediated the effects of celastrol on
the phosphorylation levels of STAT3 and the Bcl-2/Bax ratio.

Discussion

Previously, natural preparation represented a significant
portion of the pharmaceutical market compared with
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synthesized compounds (2-4). Celastrol is extracted from
Thunder God Vine, which contains a number of therapeutic
active compounds (2). Since the 1970s, celastrol has been iden-
tified to possess anti-inflammatory, anti-oxidative and tumor
cell-inducing apoptotic properties. Furthermore, compared
with other anticancer drugs, celastrol selectively targets tumor
cells and causes no obvious damage to normal hematopoietic
cells, the heart, liver, kidney or other organs (20-22). Therefore,
celastrol is considered to be a relatively safe and effective
anticancer drug. Cumulative studies have identified numerous
molecular targets of celastrol; however, studies investigating
how celastrol affects these targets are rare. The present study
treated the A549 lung adenocarcinoma cell line with various
concentrations of celastrol to observe these effects. The results
suggested that celastrol suppresses the proliferation and
induces apoptosis of A549 cells in a dose-dependent manner.
Of note, it was revealed that STAT3-associated miRNAs

participated in the process of celastrol-mediated induction of
A549 cell apoptosis.

STATS3 is a transcription factor that is phosphorylated
by Janus kinases in response to cytokine activation (23).
Subsequently, it dimerizes and translocates to the nucleus to
activate transcription of cytokine-responsive genes (24). In
tumorigenesis, STAT3 activation induces tumor progression
by promoting the cell cycle and preventing apoptosis (12,23).
The present study demonstrated that celastrol induces cell
apoptosis by decreasing the levels of STAT3 phosphorylation.

Furthermore, Bcl-2 and Bax have been reported to be
downstream factors of STAT3, and they serve important roles
in the mitochondrial-mediated apoptosis pathway (18,20).
Bcl-2 is an anti-apoptotic protein and Bax is a pro-apoptotic
protein. Apoptosis is largely controlled by the balance
between anti-apoptotic and pro-apoptotic proteins, including
the Bcl-2/Bax ratio. In the present study, celastrol significantly
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decreased STAT3 phosphorylation and the Bcl-2/Bax ratio,
which supported the hypothesis that celastrol induces apop-
tosis by affecting the expression of STAT3 phosphorylation
and the Bcl-2/Bax ratio.

Certain studies have demonstrated that celastrol may influ-
ence the expression levels of numerous miRNAs and achieve
the therapeutic effects via these miRNAs (15,16), which
regulate a number of gene expression levels by targeting the
3'-UTR of mRNA molecules. To further investigate whether
celastrol affected the expression of STAT3-associated
miRNAs, miRNA analysis software was used to predict
that the 3'-UTR of STAT3 was targeted by miR-24 and
miR-181b. Previous studies indicated that miR-24 may regu-
late liver inflammation in rats and that miR-181b functions
as a tumor suppressor in glioma (25,26). Of note, the present
study revealed that p-STAT3 was significantly reduced by
miR-24 and miR-181b. In addition, the Bcl-2/Bax ratio also
decreased in miR-24 and miR-181b-treated cells. These results
confirmed that miR-24 and miR-181b may influence STAT3
activation (27). Furthermore, celastrol treatment increased
the expression levels of miR-24 and miR-181b, and decreased
STAT?3 phosphorylation and the Bcl-2/Bax ratio. These results
indicated that celastrol may decrease p-STAT3 levels by regu-
lating miR-24 and miR-181b.

In conclusion, the present study investigated the molecular
mechanism underlying celastrol in lung cancer therapy. It
was demonstrated that celastrol induced apoptosis of lung
cancer cells by affecting the expression levels of miR-24 and
miR-181b, which further regulated the activation of STAT3.
Identification of the function of miR-24 and miR-181b provides
useful information for the safe and effective application of
celastrol in tumor therapy.
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