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The epithelial–mesenchymal transition (EMT) is a pivotal event in the invasive and metastatic potentials
of cancer progression. Celastrol inhibits the proliferation of a variety of tumor cells including leukemia,
glioma, prostate, and breast cancer; however, the possible role of celastrol in the EMT is unclear. We
investigated the effect of celastrol on the EMT. Transforming growth factor-beta 1 (TGF-b1) induced
EMT-like morphologic changes and upregulation of Snail expression. The downregulation of E-cadherin
expression and upregulation of Snail in Madin–Darby Canine Kidney (MDCK) and A549 cell lines show
that TGF-b1-mediated the EMT in epithelial cells; however, celastrol markedly inhibited TGF-b1-induced
morphologic changes, Snail upregulation, and E-cadherin expression. Migration and invasion assays
revealed that celastrol completely inhibited TGF-b1-mediated cellular migration in both cell lines. These
findings indicate that celastrol downregulates Snail expression, thereby inhibiting TGF-b1-induced EMT
in MDCK and A549 cells. Thus, our findings provide new evidence that celastrol suppresses lung cancer
invasion and migration by inhibiting TGF-b1-induced EMT.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The epithelial–mesenchymal transition (EMT), an important
morphological event where polarized epithelial cells convert to
contractile and motile mesenchymal cells, is recognized as an
important process during embryonic development and tissue orga-
nization. EMT also plays a critical role in cancer invasion and
metastasis. EMT induction is characterized by cell–cell junction
dissolution, cytoskeletal rearrangement, increased cell motility,
and synthesis of extracellular matrix [1]. One protein prominently
associated with EMT is the epithelial cell adhesion molecule E-cad-
herin. E-cadherin is a cell–cell adhesion molecule and the loss of its
expression is a hallmark of EMT. Reduction of E-cadherin increased
cell mobility and promoted tumor cell invasion. Several transcrip-
tional repressors of E-cadherin have been identified, including the
zinc finger factors Snail and Slug, and the two-handed zinc factor
ZEB1 [2,3]. Snail and Slug, a related Snail superfamily member,
mediate E-cadherin repression and are overexpressed in epithelial
cell lines during EMT [4–6]. Correlative studies have demonstrated
an inverse relationship between E-cadherin and Snail expression in
human samples [7].
Transforming growth factor-beta 1 (TGF-b1) is a multifunc-
tional cytokine that regulates a wide range of cellular functions,
including tissue morphogenesis, differentiation, and extracellular
matrix remodeling [8]. TGF-b1-stimulated cells become spindle-
shaped and undergo morphological changes, such as a decrease
in cell–cell adhesion and loss of structural polarity [9]. Recent stud-
ies have revealed that TGF-b1 functions as a pro-oncogenic factor
through induction of EMT; TGF-b1-induced EMT in a variety of
cells is mediated by the Snail signaling pathway. Therefore, regula-
tion of Snail expression plays a crucial role in EMT induction via
TGF-b1 signaling [10].

Celastrol was identified from the traditional Chinese medicine
‘‘God of Thunder Vine’’ or Tripterygium wilfordii Hook F. almost 3
decades ago and has been used to treat cancer and other inflamma-
tory diseases [11]. Various studies have indicated that celastrol
exhibits anticancer potential and eradicates leukemia stem cells
[12]. It suppresses the production of inflammatory cytokines such
as interleukin-1 (IL-1), TNF-a, IL-6, and IL-8, induces the heat shock
response, and disrupts heat shock protein 90 (Hsp90), possibly
through its interaction with cdc37 and co-chaperone p23 [13–
15]. Celastrol also inhibits NF-jB activation and arrests the cell cy-
cle [15–18]. The molecular mechanism underlying the invasion ef-
fects of celastrol is not fully understood in TGF-b1-activated
epithelial cells.

In this study, we investigated the effects of celastrol on TGF-b1-
induced Snail expression in epithelial cells and explored the under-
lying downstream signaling mechanism. We found that celastrol
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reduced invasion of epithelial cells by inhibiting EMT through the
suppression of Snail and E-cadherin expression in TGF-b1-acti-
vated MDCK and A549 cells.
2. Materials and methods

2.1. Cells and reagents

MDCK and A549 cells were maintained in DMEM supplemented
with 10% heat-inactivated FBS. Lipofectamine 2000 reagent was
purchased from Invitrogen (Carlsbad, CA). Anti-E-cadherin, and
anti-b-actin antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Anti-Snail antibody was from Cell signal-
ing (Beverly, MA). TGF-b1 was purchased from Calbiochem (San
Diego, CA). All the chemicals not included above were from Sigma.

2.2. Cell proliferation and viability assay

All proliferation and viability assays were based on the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method. Cells were seeded in a 96-well plate at a density of
1 � 104 cells/well. The cells were treated with various concentra-
tion of celastrol and allowed to grow for 48 h. At the end of the
experiment, the media was removed and DMSO was added with
MTT solubilization solution. Absorbance was measured at 550 nm.

2.3. Western blot analysis

Cell lysates were separated on 10% SDS–polyacrylamide gels
and transferred to nitrocellulose membranes. The blots were incu-
bated with anti-E-cadherin and anti-Snail antibodies and devel-
oped with the enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech., Piscataway, NJ). The same blot
was stripped and reprobed with anti- b-actin antibody for use as
an internal control.
Fig. 1. Celastrol inhibits TGF-b1-induced morphological changes in MDCK cells. (A) Che
48 h and cell viability was measured by MMT assay; ⁄P < 0.05 versus vehicle. (C) MDCK ce
stimulated with 5 ng/ml TGF-b1 for 72 h. TGF-b1 treatment induces cell elongation and
dose-dependent manner. Scale bar 20 lm, magnification 40�.
2.4. RNA extraction and semi-quantitative RT-PCR

Total RNA was extracted from cells with Trizol (Invitrogen)
according to the manufacturer’s protocol. Approximately 1 lg of
total RNA was used to prepare cDNA using the Superscript First
Strand cDNA synthesis Kit (Bioneer, Daejeon, South Korea). The
following primers were used in this study: 50-AACATCCTAGCCAA-
GATCC-30 and 50-GCACCTGACCCTTGTACGTG-30 for E-cadherin;
50-TCTAGGCCCTGGCTGCTACAA-30 and 50-ACATCTGAGTGGG
TCTGGAGGTG-30 for Snail; 50-CCATCACCATCTTCCAGGAG-30 and
50-CCTGCTTCACCACGTTCTTG-30 for GAPDH. PCR was performed
with Platinum Taq polymerase (Invitrogen) under the following
conditions: 30 cycles of 96 �C for 40 s, 55 �C (E-cadherin and Snail)
or 60 �C (GAPDH) for 40 s, and 72 �C for 1 min followed by 10 min
at 72 �C. All the PCR reactions were repeated at least three times.
GAPDH was amplified as an internal control. The intensity of each
band amplified by RT-PCR was analyzed using MultiImageTM Light
Cabinet (version 5.5, Alpha Innotech Corp., San Leandro, CA).

2.5. Immunofluorescent staining

MDCK or A549 cells were treated with or without 1 lM celas-
trol for 30 min and then incubated with TGF for 72 h. Cells were
fixed with 4% paraformaldehyde in PBS at room temperature for
10 min. Nonspecific sites were blocked by incubating with 200 ll
of 1% BSA in PBS at 37 �C for 15 min. A rabbit polyclonal antibody
against E-cadherin was diluted 1:200 in PBS containing 1% BSA and
incubated with the coverslips at 37 �C for 1 h. Cells were then
washed with 1% BSA/PBS for 10 min at room temperature before
incubating with a 1:200 dilution of FITC-labeled goat anti-rabbit
IgG antibody at room temperature for 45 min, and then the cover-
slips were rinsed with a 1% BSA/PBS solution for 10 min. Then the
cells were stained with 4,6-diamidino-2-phenylindole (DAPI) for
another 1 min at room temperature. The coverslips containing
the cells were then mounted with AquaMount (Lerner
Laboratories, New Haven, CT) containing 0.01% 1,4-diazobicy-
mical structure of celastrol. (B) MDCK cells were treated with 0–3 lM celastrol for
lls were pretreated with the indicated concentration of celastrol for 30 min and then
increases scattering, while celastrol inhibits the activation of these processes in a



Fig. 2. Effect of celastrol on E-cadherin expression in TGF-b1-mediated MDCK cells. MDCK cells were incubated with 1 lM celastrol for 30 min followed by treatment with
TGF-b1 for 72 h. (A) Western blotting and RT-PCR analyses for E-cadherin expression in MDCK cells. (B) The pE-cadherin-Luc plasmid (0.2 lg) was co-transfected into MDCK
cells, along with the pRL-null vector (50 ng). At 24 h post-transfection, cells were treated with 1 lM celastrol for 30 min followed by treatment with TGF-b1 for 24 h. Firefly
luciferase activity was normalized to Renilla activity, and the luciferase activity in untreated cells was designated as a relative activity of one. The data shown represent the
means ± S.D. of 3 independent experiments performed in triplicate. The statistical significance of the assay was evaluated using Student’s t-test (⁄P < 0.05 compare with TGF-
b1 alone). (C) MDCK cells were incubated with 1 lM celastrol for 30 min followed by treatment with TGF-b1 for 72 h. After 72 h of culture, the cells were immunostained with
anti-E-cadherin antibody and nuclei were counterstained with DAPI. Fluorescence imaging was performed on an OLYMPUS IX71 fluorescence microscope. Scale bar 20 lm,
magnification 40�.

552 H. Kang et al. / Biochemical and Biophysical Research Communications 437 (2013) 550–556
clo(2,2,2)octane. Fluorescent images were taken by OLYMPUS IX71
fluorescence microscope.
2.6. Transient transfection and luciferase reporter assay

Transcriptional activities of E-cadherin and Snail were mea-
sured by the luciferase reporter assay using the pE-cadherin-Luc
and pSnail-Luc reporter plasmids. MDCK or A549 cells were seeded
into 6-well plates. Cells at 70–80% confluency were co-transfected
with 0.2 lg of E-cadherin or Snail reporter constructs and 0.2 lg of
pRL-null vector for 24 h. The luciferase activities were assayed
according to the manufacture’s protocol (Promega), using a Lumi-
nometer 20/20n (Turner BioSystems, Sunnyvale, CA).
2.7. In vitro invasion assay

The 8-lm pore size polycarbonate nucleopore filter inserts in a
24-well transwell chamber were coated with 30 lg/well Matrigel
(Sigma). Celastrol treated-MDCD and A549 cells were seeded into
the upper part of the matrigel-coated filter, and serum-free DMEM
with or without TGF was added to the lower part. After 36 h, the
cells that had migrated through the Matrigel and the 8-lm
pore-size membranes were fixed, stained, and counted under a
light microscope.

2.8. Statistics analysis

Data are presented as the mean ± S.D. Statistical evaluation was
carried out by the Student’s t-test. Data were considered statisti-
cally significant when P < 0.05. All statistical analysis was per-
formed by the computer program Prism (GraphPad Software, La
Jolla, CA).

3. Results

3.1. Celastrol suppresses TGF-b1-induced EMT in MDCK cells

TGF-b1 modulates cell morphology changes and the EMT in
many cell types [19,20]. We examined the effects of celastrol on
cell viability with the MTT assay. MDCK cells were treated with
various concentrations of celastrol for 72 h. Celastrol (1 lM)
slightly reduced cell viability, but 3 lM celastrol significantly sup-
pressed cell viability by approximately 2-fold (Fig. 1B). To deter-
mine the regulatory effect of celastrol during TGF-b1-induced
EMT, we analyzed morphological changes in TGF-b1-treated and



Fig. 3. Effects of celastrol on morphology and the expression of E-cadherin in TGF-b1-induced A549 cells. A549 cells were incubated with 1 lM celastrol for 30 min followed
by treatment with TGF-b1 for 72 h. (A) Effects of 1 lM celastrol on morphology of A549 cells. (B) A549 cells were incubated with 1 lM celastrol for 30 min followed by
treatment with TGF-b1 for 72 h. After 72 h of culture, the cells were fixed with paraformaldehyde, incubated with polyclonal anti-E-cadherin antibody for 1 h, and incubated
with TRITC-conjugated anti-rabbit antibody for 45 min; nuclei were counterstained with DAPI. After mounting, fluorescence images were collected on the OLYMPUS IX71.
Scale bar 20 lm, magnification 40�. (C) Western blotting and RT-PCR analyses of E-cadherin expression in A549 cells. (D) Cells were co-transfected with pE-cadherin-Luc and
pRL-null vector. At 24 h after transfection, cells were incubated with 1 lM celastrol for 30 min followed by treatment with TGF-b1 for 24 h. The firefly luciferase activity was
normalized to Renilla activity, and luciferase activity in untreated cells was designated as a relative activity of one. The data represent the means ± S.D. of 3 independent
experiments performed in triplicate. The statistical significance of the assay was evaluated using Student’s t-test (⁄P < 0.05 versus TGF-b1 alone).
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control cells preincubated with celastrol. Treatment with TGF-b1
induced prominent morphological changes in MDCK cells, includ-
ing elongated and spindle-like shapes, which were noticeably sup-
pressed by pretreatment with celastrol (Fig. 1C).

TGF-b1 acts by directly reducing E-cadherin expression [20].
We examined the effect of celastrol on expression of epithelial
marker E-cadherin in TGF-b1-induced MDCK cells by Western blot-
ting and RT-PCR. As shown in Fig. 2A, E-cadherin expression was
significantly reduced in TGF-b1 treated cells. In contrast, celastrol
treatment rescued E-cadherin expression. To verify these findings,
we examined TGF-b1-induced E-cadherin transcriptional activity
using an E-cadherin-specific promoter assay. MDCK cells transfec-
ted with an E-cadherin-luciferase reporter plasmid were stimu-
lated with TGF-b1 in the presence and absence of celastrol and
assessed for luciferase activity in cell lysates. After 6 h TGF-b1
stimulation, as expected, E-cadherin luciferase reporter activity
was significantly reduced. In contrast, celastrol treatment restored
E-cadherin promoter activity in TGF-b1-treated cells (Fig. 2B). We
performed immunofluorescence staining to investigate the effects
of celastrol on the distribution of E-cadherin in MDCK cells. As
shown in Fig. 2C, E-cadherin expression was completely lost at
the membrane of TGF-b1-stimulated MDCK cells. In contrast,



Fig. 4. Celastrol suppresses TGF-b1-induced Snail expression and cellular invasion. MDCK and A549 cells were incubated with 1 lM celastrol for 30 min followed by
treatment with TGF-b1 for 24 h. (A and B) Western blotting and RT-PCR analyses of Snail expression in MDCK and A549 cells. (C) MDCK (black bars) and A549 (white bars)
cells were co-transfected with pSnail-Luc and pRL-null vector. At 24 h after transfection, cells were incubated with 1 lM celastrol for 30 min followed by treatment with TGF-
b1 for 24 h. Firefly luciferase activity was normalized to Renilla activity, and luciferase activity in the untreated cells was designated as a relative activity of one. The data
represent the means ± S.D. of 3 independent experiments performed in triplicate. The statistical significance of the assay was evaluated using Student’s t-test (⁄P < 0.05 versus
TGF-b1 alone). (D) Celastrol suppresses TGF-b1-induced MDCK and A549 cell invasion. MDCK and A549 cells were incubated with 1 lM celastrol for 30 min followed by
treatment with TGF-b1 for 36 h. Invasion was determined using a Matrigel invasion assay. Migrated cells were stained with Diff-Quik and counted for quantitative analysis.
Original magnification was 200�. Scale bars, 100 lm. Data represent the mean of 3 independent experiments. ⁄P < 0.05 versus TGF-b1 alone.
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E-cadherin expression was restored in cells treated with TGF-b1
and celastrol (Fig. 2C). These findings showed that celastrol inhib-
ited the effects of TGF-b1-induced EMT in MDCK cells.

3.2. Celastrol suppresses TGF-b1-induced EMT in A549 cells

We used a well-validated model of EMT in the A549 human
alveolar cell line in which a suite of morphological, phenotypic,
and functional markers and outcomes have been well character-
ized [8,21]. As shown in Fig. 3A and B, TGF-b1 induced EMT in
A549 cells, as evidenced by mild morphologic alteration and loss
of E-cadherin. In contrast, celastrol-treated cells failed to TGF-b1-
induced EMT. To verify the ability of celastrol to inhibit TGF-b1-in-
duced EMT, we cultured A549 cells in the presence of TGF-b1 with
or without celastrol. Western blotting and RT-PCR showed that
incubation of A549 cells with TGF-b1 strongly reduced E-cadherin
expression. In contrast, when cells were incubated with TGF-b1
and then with celastrol, E-cadherin expression returned to control
levels (Fig. 3C). We also examined the effect of celastrol on TGF-b1-
induced E-cadherin transcriptional activity by an E-cadherin-spe-
cific promoter assay. As shown in Fig. 3D, A549 cells were transfec-
ted with an E-cadherin-luc construct and treated with celastrol in
the presence of TGF-b1. E-cadherin promoter activity significantly
decreased in TGF-b1-treated vs. control cells; however, celastrol
rescued TGF-b1-mediated E-cadherin promoter activity. These re-
sults were consistent with the results in MDCK cells.

3.3. Celastrol inhibits TGF-b1-induced Snail expression and cellular
invasion

Snail transcription factors are induced by TGF-b1 and repress E-
cadherin expression [6]. To determine whether celastrol inhibits
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Snail induction by TGF-b1, we used Western blotting and RT-PCR.
As shown in Fig. 4A and B, celastrol inhibited the expression of
TGF-b1-induced Snail in MDCKs and A549, indicating that celastrol
regulates TGF-b1-mediated E-cadherin expression through Snail.
Snail promoter activity was enhanced by TGF-b1 and this effect
was strongly inhibited by celastrol, indicating that inhibition of
Snail by celastrol may be important for rescue of TGF-b1-induced
repression of E-cadherin expression in MDCK and A549 cells
(Fig. 4C). We next examined whether celastrol inhibits TGF-b1-in-
duced invasion in MDCK and A549 cells. MDCK and A549 cells trea-
ted with TGF-b1 caused about 20-fold increase in invasion of both
cell lines, however, TGF-induced cell invasion was inhibited by cel-
astrol (Fig. 4D). These results indicate that celastrol is an effective
inhibitor of cell invasion in TGF-b1-induced MDCK and A549 cells.
4. Discussion

Celastrol derived from T. wilfordii HooK F., a traditional Chinese
medicinal plant, is known for its anti-cancer activities through
modulation of proteasome activity, heat shock response, and the
NF-jB pathway [14–16]. Although several reports have suggested
the involvement of celastrol in tumor metastasis [22,23], its role
in EMT has not been examined. We investigated the inhibitory ef-
fects of celastrol on TGF-b1-induced EMT in MDCK and A549 cells.
We demonstrated that celastrol (1) regulated TGF-b1-induced
morphological changes and E-cadherin expression, (2) inhibited
TGF-b1-induced Snail expression, and (3) strongly suppressed
TGF-b1-induced invasion in MDCK and A549 cells. Thus, celastrol
inhibits TGF-b1-induced EMT via suppression of Snail expression
in epithelial cancer cells.

The EMT process is a morphological event crucial to tumor pro-
gression in physiological and metastasis development. EMT is de-
fined by the loss of cell–cell adhesion, the modification of cell
morphology, and the gain of cellular migration activity [24]. EMT
involves the redistribution and loss of E-cadherin expression [1].
E-cadherin is an epithelial cell transmembrane protein with con-
served cadherin repeats in the extracellular domain. In the pres-
ence of Ca2+, the extracellular domain binds to that of E-cadherin
on an adjacent epithelial cell to form tight cell–cell adhesion and
to suppress dissociation of epithelial cells from their location
[2,4]. TGF-b1 causes a loss of epithelial cell polarity, adherens junc-
tions, and tight junctions, thus leading to rearrangement of F-actin
stress fibers and the development of filopodia and lamellipodia
[25]. Several in vitro studies have demonstrated that addition of
TGF-b1 to cultured human epithelial cells downregulated E-cad-
herin expression and caused the cells to become mesenchymal
cells that resembled myofibroblasts, via EMT [26,27]. Indeed, we
found that TGF-b1 dramatically reduced the expression of E-cad-
herin and involved the morphological changes in MDCK (Figs. 1
and 2) and A549 cells (Fig. 3).

During EMT, epithelial cells lose their characteristic marker E-
cadherin and gain a mesenchymal phenotype [26]. In this study,
when TGF-b1-induced EMT was inhibited by celastrol in MDCK
and A549 cells, E-cadherin expression was rescued and the mesen-
chymal phenotype was strongly inhibited.

The Snail family of transcription factors is one of the key regu-
lators of EMT in normal development and during tumor progres-
sion. Correlative studies have shown a direct relationship
between Snail expression and an invasive phenotype in a variety
of cancers [7]. One regulator of Snail expression is TGF-b1 [5].
TGF-b1 treatment of MDCK and A539 cells triggers the EMT by
enhancing Snail expression [4,5]. In this study, TGF-b1 also induced
Snail expression in MDCK and A549 cells (Fig. 4). Using Western
blotting, RT-PCR, and luciferase reporter assays, we showed that
celastrol inhibited TGF-b1-induced Snail expression (Fig. 4).
Presumably, decreased Snail expression is involved with rescued
E-cadherin expression in celastrol-treated MDCK and A549 cells.
These results are consistent with previous evidence of an inverse
relationship between E-cadherin and Snail expression in human
samples [28]. Moreover, our data show that TGF-b1-mediated
invasion and migration was blocked by celastrol (Fig. 4).

Our findings suggest celastrol inhibits E-cadherin expression by
decreasing Snail expression, leading to suppression of TGF-b1-in-
duced EMT and invasion in MDCK and A549 cells. Therefore, celas-
trol is a potential chemotherapeutic candidate with a broad
spectrum of anticancer activities.
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