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Abstract. Celastrol, a natural biologically active compound
isolated from Tripterygium wilfordii Hook F root extracts, has
been shown to possess antitumor properties and therefore, is
an interesting candidate for the development of novel chemo-
therapeutic cancer agents. In this study, we have demonstrated
that Celastrol is a potent inhibitor of hypoxia-induced angio-
genic and metastatic activity as shown by a decrease in the
proliferation of both endothelial and cancer cells, blocking of
migration as well as of tube formation of endothelial cells, and
by inhibition of cancer cell invasion under hypoxic conditions.
Moreover, Celastrol decreased hypoxia-inducible factor-1a
(HIF-1a) mRNA levels under both normoxia and hypoxia and
inhibited hypoxia-induced accumulation of nuclear HIF-1a
protein. Meanwhile, inhibition of nuclear HIF-1a protein
levels were accompanied by a reduction in the transcriptional
activity of HIF-1a target genes, including VEGF. In addition,
the inhibitory effect of Celastrol on HIF-1a protein was partly
due to its suppression of HSP90 activity. We conclude that
Celastrol regulates HIF-1a at multiple levels that may together
or individually contribute to its antitumor activity against
hypoxia-induced angiogenesis and metastasis.

Introduction

Intratumoral hypoxia (0.05-5% O,) is a common pathophysi-
ologic feature of solid tumors, from the smallest tumor of
a few millimeters in diameter to the largest tumor (1). The
hypoxic tumor environment results in aggressive and meta-
static cancer phenotypes that are associated with resistance
to radiation therapy, chemotherapy, and a poor treatment
outcome (2,3). Hypoxia-inducible factor-1 (HIF-1) is the key
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factor in this process, regulating transcription of more than
70 hypoxia-activated genes, including glucose transporter-1
(Glut-1), vascular endothelial growth factor (VEGF), VEGF
receptor-1 (Flt-1), and carbonic anhydrase 9 (CA9) that range
in function from those that promote anaerobic metabolism
to those that initiate tumor angiogenesis and metastasis (4).
HIF-1 is a heterodimeric transcription factor composed of
HIF-1a and constitutively expressed HIF-1p subunits. Its
biological activity depends on the amount of HIF-1a, which
is tightly regulated by oxygen tension (5). Under hypoxic
conditions, the blockage of prolyl hydroxylation, ubiquitina-
tion and degradation lead to the remarkable accumulation and
translocation of HIF-1a protein to the nucleus, where it forms
an active complex with HIF-1p. Overexpression of HIF-1a has
been demonstrated in human cancers as compared with the
respective normal tissues, making it a potential therapeutic
target in oncologic drug discovery (6). Inhibition of HIF-1a
or its genetic disruption can not only block tumor cell growth,
but also inhibit tumor angiogenesis and metastasis, so that
these tumor cells would be unable to respond to the hypoxic
stimulus and to progress (7,8).

Celastrol, a quinone methide triterpene, which is a phar-
macologically active compound present in Tripterygium
wilfordii Hook F root extracts, has been widely used to treat
autoimmune diseases, chronic inflammation, neurodegenera-
tive diseases, and many types of cancer (9). Recently, Celastrol
was shown to interrupt the molecular chaperone heat shock
protein 90 (HSP90) via preventing the interaction of HSP90
and Cdc37 protein, a co-chaperone in the HSP37-Cdc37
complex mediating the binding of protein kinases to HSP90
(10). As a molecular chaperone, HSP90 contributes to the
stability and folding of key proteins involved in the hallmark
traits of cancer. It has been proven that HSP90 interacts
with HIF-1a and mediates the proper folding and hypoxic
stabilization of HIF-1a (11-13). High-dose treatment of HeLa
cells with three different HSP90 inhibitors reduced hypoxia-
mediated HIF-1a activity and protein levels (14). In light
of these, we hypothesize that pharmacological inactivation
of HSP90 by Celastrol may affect the HIF-1a pathway and
impair hypoxia-stimulated angiogenesis and metastasis. To
test this hypothesis, we first identified the anticancer efficacy
of Celastrol in both human endothelial (EA.hy926) and cancer
cells (HepG2 and A549) under a hypoxic environment. Then,
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we evaluated the inhibitory effect of Celastrol on hypoxia-
induced angiogenesis by endothelial cells and invasiveness
of cancer cells. Furthermore, we investigated the reduction of
the mRNA levels and expression of nuclear HIF-1a protein
by Celastrol. Meanwhile, the decrease in HIF-la expression
was associated with dramatic down-regulation of HIF-1a
transcriptional activity and of the mRNA expression of the
downstream targeted genes. Finally, our results supported that
Celastrol exerted its repressive effect on the HIF-1a pathway,
at least in part, via restraining HSP90 activity. These findings
provide further evidence that Celastrol can be a promising
chemopreventive and anticancer agent in human cancer by
inhibiting tumor angiogenesis and metastasis via targeting
the well-known tumor survival factor, HIF-1a, under hypoxic
stress.

Materials and methods

Reagents and antibodies. Celastrol (Cayman Chemicals) was
solubilized in 100% DMSO at 100 pg/ml concentration and
frozen at -20°C in small aliquots until needed. The antibody
against B-actin was obtained from Santa Cruz Biotechnology.
The antibody, anti-HIF-1a was purchased from BD Biosciences.
The antibodies anti-HSP90, anti-Akt, phosphorylated-spe-
cific anti-Akt (Ser473), anti-Met, phosphorylated-specific
anti-Met (Tyr1234/1235) were purchased from Cell Signaling
Technology.

Cell lines and hypoxic treatment. Human umbilical vein
vascular endothelial cells (EA.hy926) and human hepato-
cellular liver carcinoma cells (HepG2) were cultured in DMEM.
Human lung adenocarcinoma epithelial cells (A549) were
maintained in RPMI-1640. All media were supplemented
with 10% FBS and antibiotics. All cells were cultured at 37°C
in a humidified atmosphere and 5% CO, in air. For hypoxic
exposure, the cells were placed in a sealed modular incubator
chamber flushed with 1% O,, 5% CO,, and 94% N,.

Cell proliferation assay. One day before the assay, cells were
seeded at 10° cells/well in a 96-well plates in a volume of
200 ul. The next day, the cells were treated with increasing
concentrations of Celastrol and cultured under hypoxic condi-
tions for 6 or 16 h. All samples, including controls, contained
0.1% DMSO. Viable cells were determined using methyl-
thiazol-tetrazolium (MTT). The absorbance at 562 nm was
determined using the ELx 808 microplate reader (Bio-Tek,
Winooski, VT). Five wells were assayed at each concentration
and the mean absorbance was determined. The inhibition
rate was calculated by the formula: inhibition rate of prolif-
eration (%) = (Aconrol = Acelastro)Aconrol X 100%. The data were
expressed as mean + SD from three independent experiments.

Cell migration and invasion assay. The migration and inva-
sion assays were performed in a transwell Boyden Chamber
(Costar) using a polycarbonate filter with an 8 ym pore size in
a 24-well plate. For cell invasion assay, the filter membranes
were coated with 30 pg matrigel (BD Biosciences). Confluent
cells (EA.hy926 cells for the migration assay; HepG2 and
A549 cells for invasion assay) were added to the inner chamber
of the insert in 200 ul of serum-free medium and 500 ul of
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medium with 10% FBS were added to the lower chamber.
To determine the effect of Celastrol on cell migration and
invasion, indicated concentrations of Celastrol were added
to the lower chamber and 0.1% DMSO was used as a control.
After incubation under normoxia or hypoxia for 16 h at 37°C,
the cells remaining on the upper surface were gently removed
using a cotton-tipped swab. The cells on the opposite surface
of the filter membrane were stained with 0.1% crystal violet
and counts were obtained from five randomly selected fields
(x400 magnification) using a computer imaging system.

Tube formation assay. Matrigel (200 ul of 10 mg/ml) was
pipetted onto 24-well culture plates and polymerized for
30 min at 37°C. EA.hy926 cells (1x10°) were seeded on the
surface of the matrigel and cultured in complete medium
containing various concentrations of Celastrol or 0.1% DMSO
as a control under hypoxic conditions for 16 h. Morphological
change of the cells were observed under a microscope and five
randomly chosen fields were photographed at x200 magnifi-
cation using the ImagePro Plus software (Media Cybernetics,
Silver Spring, MD).

HIF-1a immunofluorescence. Exponentially growing cells
were plated on 12-mm glass coverslips into 24-well plates
and cells were allowed to attach overnight. The following
day, cells were treated with the indicated drugs for 16 h
under normoxia or hypoxia. Cells were fixed with methanol
for 5 min. The non-specific binding sites were blocked with
4% BSA in PBS for 30 min. The cells were incubated with a
mouse monoclonal anti-HIF-1a IgG antibody overnight at 4°C
diluted 1:200 in 1% BSA in PBS followed by a Cy3-coupled
secondary anti-mouse antibody diluted 1:500 with 1% BSA in
PBS. Subsequently, all cells were stained with Hoechst 33258
dye for 2 min. After extensive washings with PBS, the cover-
slips were mounted onto the glass slides and the cells were
examined with fluorescence microscopy (Axioplan 2000, Carl
Zeiss Vision, Mannheim, Germany).

Real-time PCR. Total cellular RNA was extracted and
purified using the TRIzol reagent (Invitrogen). Total RNA
(1 ug) was used to transcribe the first-strand cDNA with
SuperScript II reverse transcriptase (Invitrogen). The real-
time PCR was completed on the ABI PRISM Sequence
Detector 7000 (PerkinElmer, Branchburg, NJ). SYBR-Green
PCR Master mix was purchased from Applied Biosystems.
Initial template concentrations of each sample were calculated
by comparison with serial dilutions of a calibrated standard.
The relative abundance of sample transcripts was quantified
using the comparative Ct method with 18s as an internal
control. Primers were as follows: human HIF-1o forward,
5'-GGCGCGAACGACAAGAAAAAG-3', hHIF-1a reverse,
5'-CCTTATCAAGATGCGAACTCACA-3'"; human VEGF
forward, 5'-CAACATCACCATGCAGATTATGC-3', hVEGF
reverse, 5S'-GCTTTCGTTTTTGCCCCTTTC-3'; human
CA9 forward, 5-GGGTGTCATCTGGACTGTGTT-3', hCA9
reverse, 5S'-CTTCTGTGCTGCCTTCTCATC-3"; human
18s forward, 5"TTGACGGAAGGGCACCACCAG-3', h18s
reverse 5'-GCACCACCACCCACGGAATC G-3'. Using
Ct values (cycle number in which the sample crosses the
threshold value) for samples (sam) and controls, the ACt was



calculated: ACt = Ctg,, - Ct,5,. The values for each sample
were then compared with the control sample (ctl): AACt =
ACt,,, - ACt,,. The fold change of the mRNA level to the
control was 2-4ACt,

ELISA. Secreted VEGF from treated cells was measured using
an ELISA kit (R&D Systems) for VEGF protein according to
the manufacturer's instructions. Absorbance was determined
by a SpectraFluor Plus plate reader (Tecan) at 450 nm. The
results were expressed as the concentration of VEGF (pg/ml)
per the total protein amount from each well.

Western blot analysis. Treated and untreated cells were lysed
with buffer containing 50 mM Tris-HCI (pH 7.5), 5 mM
EDTA, 150 mM NacCl, 0.5% Triton X-100, 10 mM sodium
fluoride, 20 mM B-mercaptoethanol, 250 M sodium ortho-
vanadate, 1 mM phenylmethylsulfonyl fluoride, and complete
protease inhibitor cocktail (Sigma), and were incubated at 4°C
for 30 min. The lysates were ultrasonicated and centrifuged
at 14,000 x g for 15 min. The proteins were separated on a
8-10% gradient SDS-PAGE and transferred onto nitrocellulose
membranes (Hybond ECL, Amersham Pharmacia, Piscataway,
NIJ). After blocking with skimmed milk in 5% TBST, the
membranes were incubated overnight at 4°C with primary
antibodies against HIF-1a, HSP90, Akt, phosphorylated Akt
(Ser473), Met, or phosphorylated Met (Tyr1234/1235). After
washing three times with TBST for 5 min, the membranes
were incubated with secondary anti-rabbit or anti-mouse anti-
bodies for 1 h at room temperature and were then developed
by ECL.

Statistical analysis. Data are shown as the means + SD.
Multiple group comparison was performed by one-way
ANOVA for comparison of means. Comparisons between
2 groups were analyzed by the unpaired Student's t-test.
P-values of <0.05 were considered statistically significant.

Results

Celastrol inhibited the proliferation of cancer and endothelial
cells under hypoxia. Uncontrolled proliferation is one of the
most distinguishing traits of cancer cells. To determine direct
cytotoxic effect of Celastrol on cancer and endothelial cells
under hypoxic conditions, we performed cell death assays
in HepG2, A549 and EA.hy926 cells treated with Celastrol
(Fig. 1). Although Celastrol treatment at a concentration of
4 ug/ml for 6 h led to a 17.44% and a 14.93% inhibiton on
HepG2 and A549 cells, respectively, it displayed dramatic
cytotoxicity with an ICs, of 6.54 and 4.32 yg/ml when
the duration of treatment was lengthened to 16 h. Similar
antiproliferative effects of Celastrol were also observed in
endothelial cells. Our findings suggest that Celastrol could
inhibit the proliferation of both cancer and endothelial cells
in a dose- and time-dependent manner under hypoxia. In the
following studies, all of the functional assays were performed
using optimal sub-cytotoxic concentrations of Celastrol.

Celastrol reduced the hypoxia-induced EA.hy926 migration.
Endothelial cell migration is a defining characteristic of tumor
angiogenesis. Hypoxia is a potent stimulator of the migration
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Figure 1. Celastrol inhibited the proliferation of tumor and endothelial
cells under hypoxia. HepG2, A549 and EA.hy926 cells were treated with
the indicated concentrations of Celastrol under hypoxic conditions. All
concentrations included 0.1% DMSO as the control (concentration 0 yxg/ml).
After 6 h or 16 h, the cells were processed for the MTT proliferation assay
and growth inhibition was measured as described in Materials and methods.
Points, inhibition (n=3); bars, SD. “P<0.05, vs. control.

of endothelial cells. To determine the effect of Celastrol on
hypoxia-induced EA.hy926 migration, we cultured EA .hy926
cells under both normoxic and hypoxic conditions for 16 h.
As shown in Fig. 2A, the number of EA hy926 cells that had
migrated to the lower side of the filter in the Boyden Chamber
was increased under hypoxic conditons as compared to that
under normoxic conditions. Celastrol treatment at the concen-
trations of 0.75 to 2 pug/ml remarkably reduced the number of
migrated cells in the hypoxic conditions, with an ICs, value of
1.35 pg/ml, indicating that Celastrol suppressed the stimula-
tory effect of hypoxia-activated migration of endothelial
cells (Fig. 2C). No cytotoxicity against EA.hy926 cells was
observed under the same concentrations of Celastrol for 16 h
used in the above experiment, indicating the inhibition of
migration was not due to the cytotoxic effect of Celastrol.
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Figure 2. Celastrol inhibits hypoxia-induced angiogenesis. Celastrol dose-dependently inhibits the hypoxia-induced migration and tube formation of
EA hy926 cells (A) Images of migrated EA.hy926 cells in the absence or presence of Celastrol under hypoxia for 16 h (x400 magnification). (B) Images of
tube formation by EA .hy926 cells in the absence or presence of Celastrol under hypoxia for 16 h. (C) Left panel, quantitation of migrated cells. The migrated
cells were counted in five randomly selected microscopic fields (x400 magnification). Right panel, quantification of the length of the tube network was
obtained using the Image-Pro Plus software. Cells were counted from five randomly selected microscopic fields (x200 magnification). The relative tube length
was obtained by comparing the length of the tubes formed in the presence of Celastrol under hypoxia with that formed under normoxia. Values represent the

means + SD, n=3. #P<0.05 vs. normoxia. "P<0.05 vs. hypoxia only.

Celastrol impaired hypoxia-induced tube formation of
EA.hy926. In the latter stages of angiogenesis, endothelial
cells self-assemble into tubes to form new blood vessels. We
therefore, evaluated the effect of Celastrol on the formation
of functional tubes by hypoxic EA.hy926 cells plated on
the matrigel-coated plates. Under normoxic conditions,
EA.hy926 cells were scattered throughout the plate. After
exposure to hypoxia for 16 h, EA.hy926 cells formed a
complete network of tube-like structures, indicating that
hypoxia exhibited a significantly enhanced angiogenesis
stimulating activity. Tubular formation by hypoxic EA.hy926
was impaired by Celastrol in a concentration-dependent
manner for 16 h (Fig. 2B and C). No obvious changes in cell
viability were observed under this concentration range of
Celastrol. Therefore, Celastrol was shown to interfere with
the ability of EA.hy926 cells to form vessel-like tubes under
hypoxia and this effect was not ascribed to non-specific tumor
cell toxicity.

Celastrol prevented hypoxia-induced invasion of cancer
cells. Hypoxia represents a physiological stimulus for tumor
cell invasion and metastasis. The progression of tumors to an
invasive phenotype and ultimately the formation of metastasis
is associated with increased mortality (15). We examined
whether hypoxic conditions enhanced the invasiveness of
cancer cells and whether Celastrol could prevent the invasion
ability of cancer cells by the matrigel-coated Boyden chamber
transwell assay. As shown in Fig. 3A and C, an increase in
the baseline invasiveness of cancer cells was observed under
hypoxic conditions as compared to normoxic conditions. The
number of HepG2 cells that invaded through the matrigel
membrane increased from 55.67+3.06 per field under normoxia
to 136.67+6.11 per field under hypoxia. The stimulatory effect
of hypoxia on the invasiveness of cancer cells was reduced
by Celastrol in a dose-dependent manner. The number of
hypoxic invaded cells decreased from 136.67+6.11 per field to
46+4 per field with the addition of 2 ug/ml Celastrol. Similar
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Figure 3. Celastrol inhibits hypoxia-invasion of cancer cells. Celastrol dose-dependently inhibited the invasion of HepG2 and A549 cancer cells. (A) Images
of invaded HepG2 (A) and invaded A549 (B) cells (x400 magnification). (C) The HepG2 and A549 cells that had invaded to the lower chamber were counted
in five randomly selected microscopic fields (x400 magnification). Values represent means + SD, n=3. #P<0.05 versus normoxia. ‘P<0.05 vs. hypoxia only.

results were obtained from A549 cells under the same condi-
tions (Fig. 3B and C). These results indicate that Celastrol
could suppress the hypoxia-stimulated invasion ability of
cancer cells. The inhibitory effect of Celastrol on the invasion
of cancer cells was not due to the cytotoxic effect of Celastrol,
because the viability of those cancer cells was barely affected
by Celastrol at the concentrations used in this experiment.

Celastrol down-regulated HIF-1o nuclear protein expression
in HepG2 cells. Hypoxia-induced angiogenesis and metastasis
are mainly mediated by VEGF via activation of the HIF-1a
signaling pathway (16). In this experiment, we sought to
investigate whether Celastrol could regulate HIF-1a protein
expression, which might contribute to the anti-angiogenic
effect of Celastrol. First,immunofluorescent staining illustrated
that under normoxic conditions, HIF-lo. immunoreactivity
of rather low intensity was preferentially localized in the
cytoplasmic compartment of the cells, as assessed by using
monoclonal anti-HIF-1a antibody. Exposure of HepG2 cells
to hypoxic conditions for 16 h resulted in an almost complete
nuclear translocation of HIF-lo with minimal detectable
immunoreactivity remaining in the cytoplasm. Cells were

subsequently treated with 0.25 or 2 yg/ml Celastrol for 16 h
under hypoxic conditions. Addition of 0.25 ug/ml Celastrol
did not affect the expression and nuclear translocation of
HIF-1a, whereas cells treated with 2 ug/ml Celastrol showed
cytoplasmic staining and minimal nuclear staining (Fig. 4A).
Thus, Celastrol treatment notably blocked the hypoxia-
induced accumulation of nuclear HIF-1a, which was further
illustrated by Western blot (Fig. 4B). Using cell fractionation
procedures, we found that the basal levels of nuclear HIF-1a
protein were low to undetectable in HepG2 cells under normal
conditions. Exposure of HepG2 cells to 1% oxygen for 16 h
resulted in hypoxic stabilization of nuclear HIF-1a. The
protein levels of nuclear HIF-1a. began to decrease at 2 ug/ml
of Celastrol and were dramaticly suppressed at 4 ug/ml. The
results suggest that Celastrol might down-regulate the protein
levels of nuclear HIF-1a via affecting its translocation.

Celastrol inhibited HIF-1a transcription. To further investi-
gate the effect of Celastrol treatment on HIF-1a transcription,
we treated HepG2 and A549 cells with increasing concentra-
tions of Celastrol under normoxic or hypoxic conditions, and
HIF-1a mRNA levels were tested by real-time PCR. HIF-1a
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Figure 4. Celastrol inhibits nuclear HIF-1a protein expression. (A) Celastrol affected HIF-1a protein translocation. HepG2 cells were exposed to normoxic
or hypoxic conditions without or with the addition of 0.25 or 2 pg/ml Celastrol for 16 h. The cells were prepared for indirect immunofluorescence analysis as
described in Materials and methods. Upper panel, Hoechst 33258 staining of the nuclei. Lower panel, anti-HIF-1a staining using a Cy3-conjugated secondary
antibody. (B) Celastrol inhibits nuclear HIF-1a protein levels. HepG2 cells were treated for 16 h with Celastrol at the indicated concentrations under hypoxic
conditions. Subsequently, nuclear protein was extracted, and HIF-1a was detected by immunoblotting.

mRNA levels were significantly inhibited by a 16-h Celastrol
treatment even of a very low concentration (0.75 pg/ml) in
HepG2 cells under both normoxia and hypoxia. Treatment
with 4 ug/ml Celastrol reduced HIF-la mRNA by ~85%
under both normoxia and hypoxia (Fig. 5A). Similar results
were obtained by treating A549 cells with Celastrol (data not
shown). Hence, we showed that Celastrol treatment decreased
HIF-1a mRNA levels in a dose-dependent manner under both
normoxia and hypoxia.

Celastrol inhibited HIF-1o transcriptional activity. The effec-
tiveness of the hypoxia response depends on the transactivation
of HIF-1 target genes. VEGF, an immediate downstream
target gene of HIF-1a, plays a pivotal role in tumor angiogen-
esis, especially under conditions of intratumoral hypoxia. To
determine whether Celastrol could down-regulate hypoxia-
mediated VEGF expression, we examined VEGF mRNA
and protein levels in HepG2 and A549 cells by real-time
PCR and an ELISA assay. As expected, hypoxic exposure of
the untreated cells resulted in a >10-fold induction in VEGF
mRNA in HepG2 cells. Consistent with the decreased levels
in HIF-1a protein by Celastrol, VEGF mRNA levels were
inhibited by Celastrol in a dose-dependent manner (Fig. 5B).
Similar results were obtained following treatment of A549
cells with Celastrol (data not shown). VEGF mRNA down-
regulation by Celastrol was paralleled by a reduced protein
secretion. A 3.15-fold up-regulation of secreted VEGF was
observed after 16 h culture under hypoxia. Treatment with
0.75 ug/ml Celastrol inhibited hypoxia-induced VEGF protein

by 70% (Fig. 5B). These results demonstrate that Celastrol is a
potent inhibitor of VEGF production induced by hypoxia.

To further examine the effect of Celastrol on the tran-
scriptional activity of HIF-1a, the mRNA levels of carbonic
anhydrase 9 (CA9) were examined. Among 50 genes targeted
by HIF, CA9 is one of the most uniformly induced genes.
Expression of CA9 in many common epithelial cancers can be
used as a marker of hypoxia associated with poor prognosis
(17,18). Exposure of HepG2 and A549 cells for 16 h under
hypoxia indeed resulted in a strong increase in CA9 mRNA
levels compared with cells grown under normoxia. Treatment
of HepG2 and A549 cells with Celastrol resulted in a decrease
of hypoxia-induced CA9 mRNA expression to different
extents (60-90% and 20-90%, respectively; Fig. 5C). Hence,
this result further confirms that Celastrol inhibits hypoxia-
mediated transcriptional activation of HIF-1a target genes.

Celastrol decreased HSP90 client protein levels. HIF-1a
is associated with HSP90 and binding of HIF-la to HSP90
prevents HIF-1a degradation. Previous studies have found that
Celastrol disrupted the associaton of HSP90 with co-chap-
erones p23 and Cdc37 and affected the binding of protein
kinases to HSP90 (10). To determine whether Celastrol affects
hypoxia-induced HIF-1a expression via disturbing HSP90
function, we examined the protein levels of HSP90 and other
HSP90 clients in HepG2 cells by Western blot analysis.
Very small or no effect of Celastrol treatment on the levels
of HSP90 protein was observed after 16 h under hypoxic
condition. The result was consistant with previous findings
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Values represent means + SD, n=3. #P<0.05 vs. normoxia. ‘P<0.05 vs. hypoxia only. (C) Celastrol inhibited CA9 mRNA levels. HepG2 and A549 cells were
exposed to normoxic or hypoxic conditions without or with the addition of Celastrol for 16 h. The cells were lysed; total RNA was extracted and reverse tran-
scribed; and CA9 transcript levels were analyzed by real-time PCR. Values represent the means + SD, n=3. ¥P<0.05 vs. normoxia. “P<0.05 vs. hypoxia only.
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Figure 6. Celastrol decreased HSP90 client protein levels. HepG2 cells were
treated for 16 h with Celastrol at the indicated concentrations under hypoxic
conditions. Subsequently, cellular protein was extracted, and HSP90, Akt,
pAkt, Met, pMet, and f-actin were detected by immunoblotting.

reported by Zhang et al (10). Furthermore, the protein levels of
Akt and Met, two well-known HSP90 clients, were measured.
Treatment with Celastrol gradually down-regulated both Akt
and its phosphorylated form in a dose-dependent manner under
hypoxic conditions. A 16-h treatment of HepG2 cells with
0.25 ug/ml Celastrol had little effect on Akt and pAkt levels,
but 2 and 4 pg/ml Celastrol was able to substantially decrease
Akt and pAkt. Celastrol also decreased the protein levels of
Met and abrogated its phosphorylated form at 4 pg/ml. These
results suggest that Celastrol suppresses HSP90 activity without
changing the levels of HSP90 protein, which might contribute
to a reduction of HIF-1a nuclear protein expression.

Discussion

The utility of anti-angiogenic strategies for cancer control
is strongly compromised by hypoxia-driven phenotypic
changes, which make cancer cells more invasive and more
prone to give rise to metastasis (19). Thus, it is evident that
concurrent measures for blunting hypoxia-induced phenotypic
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changes will be required if antiangiogenic therapy is ever to
achieve its goal of providing long-term cancer control and
improved survival. Although traditional medicines are often
viewed with skepticism by the Western medical establish-
ment, they are a rich source of therapeutic strategies for the
pharmaceutical industry and continue to provide front-line
pharmacotherapy for many millions of people worldwide.
Celastrol, a pharmacologically active compound present in
Tripterygium wilfordii Hook F root extracts has been used
traditionally for the treatment of arthritis and other diseases
(9). Also, previous studies have shown that Celastrol has
antitumor and antiangiogenic effect in several tumor cells,
and the underlying mechanisms seem to be associated with
their inhibitory effect on NF-xB via TAKI1 and IkBa kinase,
the proteasome, topoisomerase II, the AKT/mTOR/p70S6K
pathway, VEGF production and its receptor activity (20-24).

The effect of Celastrol on angiogenesis has been investi-
gated in endothelial cells under normoxic conditions. However,
intratumoral hypoxia is a common characteristic feature of
solid tumors and it is the driving force for tumor angiogenesis
and metastasis. Furthermore, in a complex tumor model,
the effect of anticancer drugs not only on endothelial cells
but also on tumor cells has to be taken into account. In the
present study, we demonstrated that Celastrol could suppress
hypoxia-induced angiogenesis and metastasis via blocking
the migration as well as tube formation of endothelial cells
and the invasion ability of cancer cells. Meanwhile, Celastrol
directly inhibited the proliferation of endothelial and cancer
cells under hypoxia. Our findings demonstrate the ability of
Celastrol to inhibit angiogenesis and metastasis by targeting
both tumor cells and surrounding endothelial cells under
hypoxia, which exists in most solid tumors.

The critical mediator of the hypoxia-driven phenotypic
changes is the transcription factor HIF-1, which acts directly or
indirectly to promote the epidermal-mesenchymal transition,
boost cancer invasiveness, increase production of angiogenic
factors, and induce chemoresistance (19). In the current study,
we have shown that Celastrol decreased the mRNA levels
of HIF-1a under both normoxic and hypoxic conditions. In
addition, we found that Celastrol potently affected the nuclear
translocation of HIF-1a and reduced the hypoxia-induced
nuclear accumulation of HIF-1a. Kallio ef al have reported that
the translocation of HIF-1a from the cytoplasm to the nucleus
is impaired in the presence of proteosome inhibitors (25).
This might partly explain the effect of Celastrol on HIF-1a
translocation since Celastrol is a natural potent proteasome
inhibitor (21). The result suggests that Celastrol possesses
dual roles in HIF-1a regulation, a direct action on its nuclear
protein expression and a reduction of its mRNA levels. The
dual activities are interesting because few HIF-la inhibitors,
until now, possess the same properties.

The process of hypoxia-mediated angiogenesis is predomi-
nantly accomplished by an autocrine loop, acting through the
HIF-1a transcriptional regulation of the expression of VEGF
and of other target genes. Our results have shown an increase
of the mRNA and secreted protein levels of VEGF under
hypoxia in accordance to other studies (26,27). A decrease in
VEGF mRNA and protein levels, which was associated with
the inhibition of HIF-1a expression by Celastrol was observed
in Celastrol-treated hypoxic cells. To further investigate the
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effect of Celastrol on the transcriptional activity of HIF-1a, we
examined the mRNA levels of CA9, which is a downstream
target of HIF-1a. Celastrol dose-dependently inhibited hypo-
xia-induced expression of CA9 mRNA. The results suggest
that Celastrol may affect HIF-1a transcriptional activity and
that reduction of VEGF secretion from the Celastrol-treated
hypoxic tumor cells is attributable to the down-regulation of
HIF-1a mediated VEGF mRNA transcription.

Additionally, we have found that HIF-1a protein degrada-
tion by Celastrol might partly be mediated via HSP90. HSP90
is an essential molecular chaperone that is involved in the
post-translational folding and stability of a host of proteins
that are important to the cancer cells, such as EGFR, CRAF,
Akt, Met, HIF-1a, and telomerase (28). Zhang et al have
reported that Celastrol disrupts the association of HSP90 with
co-chaperones p23 and Cdc37 and allosterically regulates
HSP90 chaperone activity by modifying its C-terminus,
resulting in the degradation of HSP90 client proteins (29).
Furthermore, we found that Celastrol did not cause a major
change in HSP90 protein levels in agreement with previous
observations (10). Elevated activation of Met and Akt, both
HSP90 clients, has been detected in cancer cells, promoting
cancer cell metastasis as well as survival. In our experiments,
Celastrol treatment gradually down-regulated both Akt and
Met as well as their phosphorylated forms in a dose-dependent
manner. Thus, Celastrol may reduce HIF-1a nuclear protein
expression by suppressing HSP90 activity without changing
the levels of HSP90 protein.

All of the known angiogenesis inhibitors significantly
arrest tumor growth in preclinical studies, but, unfortunately,
most of them fail in human trials. Due to the complexity of a
tumor model, a single drug targeting a particular oncogene
is unlikely to be entirely effective for cancer therapy. Thus,
combinations of multiple drugs have been recommended for
treatment of human cancer, because they may target various
cellular pathways and would yield better outcomes than mono-
therapies. In this respect, Celastrol which contains various
phytochemicals targeting multiple dysregulated pathways in
cancer cells may provide an alternative/complementary way
to treat cancer. In this study, we reveal a new role for Celastrol
in inhibiting hypoxia-mediated angiogenesis and metastasis
via regulating the HIF-1la pathway. At least three activities
of Celastrol may contribute to its antiangiogenic effect under
hypoxia. Firstly, Celastrol directly inhibits the proliferation
of hypoxic endothelial cells. Secondly, Celastrol impairs
hypoxia-induced migration and tube formation of endothelial
cells. Thirdly, Celastrol could down-regulate the mRNA and
protein expression of the pro-angiogenic factor, VEGF, by
hypoxic cancer cells. Two mechanisms may account for the
Celastrol inhibition of VEGF in cancer cells. Firstly, we found
that Celastrol could diminish the hypoxia-induced expres-
sion of HIF-1la, which is a transcriptional activator of the
VEGF gene. Secondly, we demonstrated that Celastrol could
decrease the expression of Akt and pAkt, which can increase
VEGEF expression via the HIF-1a. pathway.

The formation of distant metastasis is the main cause
of morbidity and mortality in patients with cancer (30).
Once a solid tumor spreads to other tissues and organs,
curative intervention with currently available cancer drugs,
surgical operation, and radiotherapy are ineffective. Hypoxia
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is likely to increase the capacity of cancer cells to invade
healthy tissue, often co-opting the pre-existing vasculature
of that tissue, and to form new metastases. In this study, we
demonstrated that several activities of Celastrol may directly
or indirectly account for its suppressive effect on cancer
metastasis under hypoxia. Firstly, Celastrol dramatically
inhibited the stimulatory effect of hypoxia on the invasion
ability of cancer cells. Secondly, Celastrol could repress the
expression of HIF-1a, which has been shown to regulate
multiple steps in the complex process of metastasis. Thirdly,
Celastrol could decrease the mRNA levels of CA9, which
is overexpressed in a variety of tumor types and associated
with increased metastases and poor prognosis (18). Fourthly,
Celastrol could interrupt the activity of Met, a key molecule
of the Met signaling pathway that has been shown to promote
tumor invasion and metastasis.

To the best of our knowledge, this is the first documentation
that Celastrol exerts its broad spectrum of antiangiogenic and
antimetastatic effect through its potent inhibition of HIF-1a
and its downstream target genes, in the context of tumor
hypoxia, a common feature of most solid cancers. These results
provide new insight into the mechanisms of the antitumor
action of Celastrol.
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