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Activation of pro-inflammatory transcription factors NF-xB and signal transducer and activator of transcription 3 (STAT3) is
one of the major contributors to both pathogenesis and chemoresistance in multiple myeloma (MM), which results in high
mortality rate. Thus, in the present study, we investigated whether celastrol could suppress the proliferation and induce

chemosensitization of MM cells by interfering with NF-xB and STAT3 activation pathways.

EXPERIMENTAL APPROACH

The effects of celastrol were investigated using both a virtual predictive tumour cell system and different MM cell lines

resistant to doxorubicin, melphalan and bortezomib.

KEY RESULTS

Celastrol inhibited the proliferation of MM cell lines regardless of whether they were sensitive or resistant to bortezomib

and other conventional chemotherapeutic drugs. It also synergistically enhanced the apoptotic effects of thalidomide and
bortezomib. This correlated with the down-regulation of various proliferative and anti-apoptotic gene products including
cyclin D1, Bcl-2, Bcl-xL, survivin, XIAP and Mcl-1. These effects of celastrol were mediated through suppression of
constitutively active NF-xB induced by inhibition of IkBa kinase activation; and the phosphorylation of IkBo. and of p65.
Celastrol also inhibited both the constitutive and IL6-induced activation of STAT3, which induced apoptosis as indicated by an
increase in the accumulation of cells in the sub-G1 phase, an increase in the expression of pro-apoptotic proteins and

activation of caspase-3.

CONCLUSIONS AND IMPLICATIONS

Thus, based on our experimental findings, we conclude that celastrol may have great potential as a treatment for MM and

other haematological malignancies.
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Abbreviations

Celastrol inhibits NF-xB and STAT3 in MM

JAK, janus-like kinase; MM, multiple myeloma; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide;

STATS3, signal transducer and activator of transcription 3

Introduction

Multiple myeloma (MM) is a clonal plasma cell malignancy
clinically characterized by osteolytic lesions, immunodefi-
ciency and renal disease (Kyle and Rajkumar, 2004, 2008;
Raab et al., 2009). There are an estimated 750 000 people
diagnosed with MM worldwide, with a median overall sur-
vival of 3-5 years (Raab et al., 2009; Jagannath et al., 2010).
Although existing treatment modalities, including thalido-
mide, lenalidomide, bortezomib and autologous transplanta-
tion result in an improvement in overall survival of patients
(Jagannath, 2005; Kumar and Rajkumar, 2006; Shah and
Orlowski, 2009), the majority of patients eventually experi-
ence a relapse, their disease becomes chemoresistant, and
they ultimately die of the disease (Raab et al., 2009; Sung
et al., 2009).

The precise molecular mechanism(s) underlying
chemoresistance in MM is not clear, but the activation of
transcription factors (NF-xB and STAT3), and dysregulation of
apoptosis have been implicated as the major players involved
in chemoresistance (Catlett-Falcone et al., 1999; Ni etal.,
2001; Bhardwaj etal., 2007; Conticello etal., 2011).
Chemoresistance may also involve IL-6, the expression of
which is induced by NF-xB (Kawano et al., 1988) and leads to
constitutive activation of STAT3, which in turn results in
expression of high levels of Bcl-xL (Catlett-Falcone et al.,
1999). Thus, the use of anticancer agents derived from
natural sources may be able to overcome resistance without
some of the adverse side effects of conventional chemo-
therapy in MM patients.

One such agent is celastrol, a triterpene derived from the
Chinese medicinal plant Tripterygium wilfordii, which has
attracted great attention lately for its potent anticancer effects
(Sethi et al., 2007a; Kannaiyan et al., 2010). Celastrol has
been found to inhibit the proliferation of a variety of tumour
cells and to suppress the growth of prostate, gliomas and
chronic myeloid leukaemia xenografts in nude mice models
(Huang et al., 2008; Lu et al., 2010; Pang et al., 2010). The
ability of celastrol to modulate the expression of pro-
inflammatory cytokines, adhesion molecules, potassium
channels, NF-«B, transforming growth factor activated kinase
1 (TAK1l), CXCR4, VEGEFR, proteasome and heat shock
response has been previously reported (Sethi et al., 2007a;
Huang et al., 2008; Morita et al., 2008; Kannaiyan et al., 2010;
Li-Weber, 2010; Salminen et al., 2010; Yadav et al., 2010).

Whether celastrol can modulate proliferation of human
MM cells or overcome the resistance of such cells to chemo-
therapy is not known. Alongside testing the effects of celas-
trol in MM cell lines, we also tested the hypothesis that
inhibition of NF-xB and STAT3 is involved in celastrol’s
mechanism of action in a virtual predictive tumour cell
system. The virtual epithelial tumour cell platform on which
predictive studies were conducted to determine the various

targets being modulated by celastrol is a comprehensive inte-
grated representation of the pathways in key cancer pheno-
types of proliferation, apoptosis, angiogenesis, metastasis and
conditions of tumour microenvironment including tumour-
associated inflammation (Cirstea etal., 2010). This is a
dynamic network of pathways with inter- and intracellular
crosstalk and associated autocrine and paracrine loops
whereby any internal marker can be perturbed through %
knock-down and over-expression and an effect seen on the
whole network. This virtual tumour cell has been used to get
an insight into how a particular drug individually or in com-
bination affects various cancer phenotypes across different
tumour profiles (Roy etal.,, 2010; Vali etal., 2010). Thus,
using a novel approach, the combination of predictive virtual
hypothesis testing along with experimental validations, we
found that celastrol can indeed inhibit the proliferation and
overcome the chemoresistance of MM cells, and these effects
occurred through the suppression of NF-xB and STAT3, which
in turn leads to the down-regulation of anti-apoptotic gene
products.

Methods

Reagents

Celastrol with purity greater than 98% was purchased from
Alexis Biochemicals (San Diego, CA, USA). RPMI 1640, 0.4%
trypan blue vital stain, and antibiotic-antimycotic mixture
were obtained from Invitrogen (Carlsbad, CA, USA). Pro-
pidium iodide (PI), thalidomide and B-actin antibody was
obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Fetal bovine serum (FBS) was purchased from BioWest
(Miami, FL, USA).

Antibodies against phospho-STAT3 (Tyr 705), phospho-
Akt (Ser 473), IxBa, Bax, Bak, Bcl-2, Bcl-xL, survivin, XIAP,
Mcl-1, PARP, Akt, STAT-3, GAPDH, Lamin B and Annexin
V-FITC assay kit were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Antibodies to phospho-specific
Src (Tyr 416), Src, phospho-specific JAK2 (Tyr 1007/1008) and
JAK2, phospho-specific p65 (Ser 536) and p65, phospho-
specific IkBa (Ser 32/36), phospho-specific IKKo/B (Ser 180/
Ser 181), IKKo were purchased from Cell Signaling
Technology (Beverly, MA, USA). Nuclear extraction and DNA
binding kits were obtained from Active Motif (Carlsbad, CA,
USA). Bortezomib (Velcade, PS341) was purchased from LC
Laboratories (Woburn, MA, USA).

Cell lines and culture conditions

The human MM cell lines U266 and RPMI 8226, RPMI-8226-
Dox-6 (a doxorubicin-resistant clone) and RPMI-8226-LR-5 (a
melphalan-resistant clone) were kindly provided by Dr Leif
Bergsagel from Mayo Clinic, Arizona, USA. RPMI-8226-
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bortezomib resistant clones were kindly provided by Dr Jac-
queline Cloos from Vrije Universiteit Medical Center,
Amsterdam, the Netherlands. All the human MM cells were
cultured in RPMI 1640 medium containing 1 x antibiotic—
antimycotic with 10% FBS. Mouse embryonic fibroblasts
(MEFs) were a kind gift from Professor Bharat B. Aggarwal
from M.D. Anderson Cancer Center, Houston, Texas and were
cultured in DMEM medium containing 1 x antibiotic—
antimycotic with 10% FBS.

In silico analysis

The Cellworks tumour cell platform provides a dynamic and
transparent view of human cellular physiology at the pro-
teomics abstraction level. The virtual tumour cell platform
consists of a dynamic and kinetic representation of the sig-
nalling pathways underlying tumour physiology at the bio-
molecular level. The platform has been correlated against an
extensive set of predefined in vitro and in vivo studies (Cirstea
etal., 2010).

Platform description

The virtual tumour cell platform consists of a dynamic and
kinetic representation of the signalling pathways underlying
tumour physiology at the bio-molecular level. All the key
relevant protein players and associated gene and mRNA
species with regard to tumour-related signalling are compre-
hensively included in the system with their relationship
quantitatively represented. Pathways and signalling for dif-
ferent cancer phenotypes comprise 75 major signalling net-
works with more than 3900 intracellular molecules. The
platform includes important signalling pathways comprising
growth factors like EGFR, PDGFRA, FGFR, c-MET, VEGFR and
IGF-1R, cell cycle regulators, mTOR signalling, pS3 signalling
cascade, cytokine pathways like IL-1, IL-4, IL-6, IL-12, TNE
lipid mediators and tumour metabolism. The modelling of
the time-dependent changes in the fluxes of the constituent
pathways has been done utilizing modified ordinary differ-
ential equations and mass action kinetics. The platform has
been correlated against an extensive set of predefined in vitro
and in vivo studies.

Study details

The base line used for the study was a BRAF over-expressed,
RB1 and P53 mutant, aligned to U266 cell line (Yu etal.,
2010; Zhang et al., 2010). The following studies were con-
ducted in disease state and the biomarker trends evaluated as
percentage change from disease values.

e HSP90 activity was inhibited by 80%

e NF-kB activation was inhibited by 80%

e HO-1 expression was induced to increase twofold

e A combination of the HSP90 and NF-xB inhibition, NF-xB
inhibition and HO-1 induction, HSP90 inhibition with
HO-1 induction and all the three in combination was also
tested along with the above three individual experiments

The results for the above studies individually or in combina-
tion were analysed across known biomarker trends for celas-
trol and the trends were compared with known literature.
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MTT assay

The antiproliferative effects of celastrol on drug-sensitive and
drug-resistant MM cells were determined by the MTT dye
uptake method as described previously (Li et al., 2010).

Western blotting

For detection of various proteins, celastrol-treated whole-cell
extracts were lysed in lysis buffer [20 mM Tris (pH 7.4),
250 mM NaCl, 2 mM EDTA (pH 8.0), 0.1% Triton X-100,
0.01 mg-mL™" aprotinin, 0.005 mg-mL™" leupeptin, 0.4 mM
PMSE, and 4 mM NaVO,]. Lysates were then spun at 17 000x g
for 10 min and resolved on a SDS gel. After electrophoresis,
the proteins were electrotransferred to a nitrocellulose mem-
brane, blocked with 5% non-fat milk, and probed with
various primary antibodies (1:1000) overnight at 4°C. The
blot was washed, exposed to horseradish peroxidase-
conjugated secondary antibodies for 1 h, and finally exam-
ined by chemiluminescence (ECL; GE Healthcare, Little
Chalfont, Buckinghamshire, UK). The densitometric analysis
of the scanned blots was done using Image J software and the
results are expressed as fold change relative to the control.

NF-xB DNA binding assay

To determine NF-«B activation, we performed a DNA binding
assay as previously described (Renard et al., 2001). Briefly, the
binding of NF-xB to DNA was measured in nuclear extracts
with a fast, user-friendly, ELISA-based TransAM NF-xB p65
assay kit (Active Motif Inc.). This assay uses multiwell plates
coated with an unlabeled oligonucleotide containing the
consensus binding site for NF-xB (5-GGGACTTTCC-3’).
Nuclear proteins (20 ug) were added to each well and incu-
bated for 1 h to allow NF-xB DNA binding. Subsequently, by
using an antibody that is directed against NF-xB p65 subunit,
the NF-xB complex bound to the oligonucleotide is detected.
A horseradish peroxidase-conjugated secondary antibody
provided the basis for the colorimetric quantification.

Immunocytochemistry for NF-xB p65 and
STAT3 localization

MM cell lines were examined for NF-xB and for STAT3 by an
immunocytochemistry method essentially as described pre-
viously (Bharti et al., 2003).

RNA extraction and real-time PCR analysis

Total RNA was extracted using the Trizol reagent (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instruc-
tions. Reverse transcription was then carried out as described
previously (Kumar et al., 2009). Briefly, for a 50 puL reaction,
10 uL of RT product was mixed with 1 x TagMan® Universal
PCR Master mix, 2.5 uL of 20 x TagMan probes for Bcl-2,
Bcl-xl, survivin and Mcl-1, respectively, 2.5 pL of 20 x 18S
RNA TagMan probe as the endogenous control for each tar-
geting gene, and topped up to 50 uL with sterile water. A
negative control for RT, in which sterile water replaced the
RNA template, was included. Another control, where RT mix
was replaced with sterile water, was included to check for
DNA contamination. Real-time PCR was done using 7500 Fast
Real-Time PCR System (ABI PRISM 7500, Applied Biosystems,
Foster City, CA, USA) with a protocol that consists of 50°C for



2 min, 95°C for 10 min, followed by 40 cycles of denaturing
at 95°C for 15 s and extension at 60°C for 1 min. Results were
analysed using Sequence Detection Software version 1.3 pro-
vided by Applied Biosystems. Relative gene expression was
obtained after normalization with endogenous 18S RNA and
determination of the difference in threshold cycle (Ct)
between treated and untreated cells using 2-AACt method.
Primers and probes for human Bcl-2, Bcl-xL, survivin and
Mcl-1, were purchased as kits from Applied Biosystems
(Assays-on-Demand).

Live/Dead assay

Apoptosis of cells was also determined by the Live/Dead assay
(Molecular Probes, Eugene, OR, USA) as described previously
(Tan et al., 2010).

Annexin V assay

One of the early indicators of apoptosis is the rapid translo-
cation and accumulation of the membrane phospholipid
phosphatidylserine from the cytoplasmic interface to the
extracellular surface. This loss of membrane asymmetry can
be detected by utilizing the binding properties of annexin V.
This assay was performed as described previously (Sethi et al.,
2007a).

Flow cytometric analysis

To determine the effect of celastrol on the cell cycle distribu-
tion, MM and MEF cells were first exposed to celastrol for the
indicated time intervals. Thereafter cells were washed, fixed
with 70% ethanol, and incubated for 30 min at 37°C with
0.1% RNase A in PBS. Cells were then washed again, resus-
pended, and stained in PBS containing 50 ug-mL™" PI for
30 min at room temperature. Cell distribution across the cell
cycle was analysed with CyAn ADP flow cytometer (Dako
Cytomation).

Statistical analysis

Statistical analysis was performed by Student’s unpaired f-test
and one way analysis of variance (ANOVA) internal compari-
sons were done by Bonferroni Method. A probability (P) value
less than 0.05 was considered statistically significant.

Results

The goal of this study was to determine whether celastrol can
sensitize drug-resistant MM cells through the regulation of
NF-kB and STAT3 activation. The anti-MM effects of celastrol
were tested using virtual tumour cell platform to determine if
indeed the effects are mediated either by inhibition of NF-xB
or STAT3 or both, and predictive trends were compared with
the experimental data. The chemical structure of celastrol has
been published by our group previously (Sethi et al., 2007b;
Kannaiyan et al., 2010).

Predictive analysis of HSP90 activity
knock-down along with HO-1 induction

The HSP9O0 activity was inhibited by 55% and 92% along with
the induced increased expression of HO-1 by twofold, in a

Celastrol inhibits NF-xB and STAT3 in MM

BRAF over-expressed, RB1 and P53 mutant virtual tumour cell
aligned to U266 cell. Figure 1A illustrates a high-level view of
the virtual tumour cell platform. Figure 1B upper panel
clearly shows that knocking down HSP90 activity by 55% and
92% along with HO-1 induction causes a reduction in NF-xB
activity. Active phosphorylated STAT3, JAK2 and Src were all
show reduced (Figure 1B, lower panel), and also all the key
survival markers including Bcl-2, Bcl-xL, XIAP and survivin
(BIRCS) were decreased with Hsp90 inhibition (Figure 1C,
upper panel). Also, increased predictive trends were observed
for the apoptotic markers caspase-3 and cleaved-PARP1
(Figure 1C, lower panel). Only the inhibition of HSP90 along
with an induction of HO-1 caused a significant inhibition of
NF-xB and STAT3 and the biomarker trends corroborated with
the empirical results. These predictions support the hypoth-
esis that modulation of various proliferative and apoptotic
phenotypes by celastrol are mediated through inhibition of
NF-«xB and STAT3 activation.

Celastrol suppresses the proliferation

of drug-resistant MM cell lines and
synergistically enhances the apoptotic

effects of thalidomide and bortezomib

Celastrol suppressed the proliferation of all MM cell types
tested, including U266, RPMI 8226-Dox6 cells (resistant to
doxorubicin), and RPMI 8226-LRS cells (resistant to mel-
phalan) and RPMI cell lines resistant to bortezomib in a dose-
and time-dependent manner (Figure 2A).

Thalidomide (an inhibitor of TNF expression), and bort-
ezomib (a proteasome inhibitor) have been approved by the
Food and Drug Administration for the treatment of MM
patients (Cavo and Baccarani, 2006; Glasmacher et al., 2006).
Whether celastrol can potentiate the effect of these drugs was
examined. For this, U266 cells were treated with celastrol
together with different concentrations of either thalidomide
or bortezomib; and then examined for apoptosis using live
and dead analysis, annexin V staining and cell cycle analysis.
The results of live and dead, annexin V and cell cycle analysis
clearly indicate that celastrol can substantially potentiate the
apoptotic effects of both thalidomide and bortezomib
(Figure 2B, C and D, left panel). Based on cell cycle analysis
isobologram-illustrated results, we found that celastrol syner-
gistically induced the accumulation of MM cells in sub-G1
phase when used in combination with thalidomide and bort-
ezomib for 24 h (Figure 2D, right panel).

Celastrol causes accumulation of MM cells
in the sub-G1 phase, increases expression of
pro-apoptotic proteins and activates caspase-3
To further confirm that celastrol inhibits proliferation of MM
cells through induction of apoptosis, we analysed cell cycle
distribution after PIstaining. We found that celastrol increased
the accumulation of the cell population in the sub-G1 phase
after the treatment with U266 for 12 h and 24 h (Figure 3A)
and bortezomib-resistant RPMI-8226 cells for 24 h and 48 h
(Figure 3B). However, celastrol did not induce a substantial
accumulation of MEF cells in the sub-G1 phase after treatment
for 12 h and 24 h, respectively, thereby indicating it does not
have a toxic effect on normal cells (Figure 3C).

Increased expression of pro-apoptotic proteins Bax and
Bak, was also seen in time-dependent manner after treatment

British Journal of Pharmacology (2011) 164 1506-1521 1509
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Figure 1

Predictive in silico virtual tumour platform generated results. (A) High-level view of the virtual tumour cell platform. (B, upper panel) The
percentage reduction in NF-xB activity following HSP90 inhibition and HO-1 induction. (B, lower panel) The percentage reduction in phospho-
rylated STAT3, JAK2 and SRC kinase. (C, upper panel) The percentage reduction in survival markers-Bcl-2, Bcl-xL, XIAP and survivin. (C, lower
panel) The percentage increase in caspase-3 and cleaved-PARP1 and the increasing trend of these markers supports the increase in apoptotic
endpoint seen experimentally.
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Figure 2

Celastrol suppresses the proliferation of drug-resistant MM cell lines
and potentiates the effect of thalidomide and bortezomib. (A) U266
cells (5 x 10° 100 uL™"); doxorubicin-sensitive and doxorubicin-
resistant RPMI 8266 cells (20 x 10> 100 uL™"); and melphalan-
sensitive and melphalan-resistant  bortezomib-sensitive  and
bortezomib-resistant RPMI 8226 cells were plated in triplicate,
treated with 0, 0.1, 0.25, 0.5, 1, 2.5 and 5 uM celastrol, and then
subjected to MTT assay on days O, 1, 2, 3 and 4 to analyse prolif-
eration of cells. Cell survival at all four days in the celastrol-treated
group was significantly decreased as compared with the control
group (*P < 0.05). (B) U266 cells (1 x 10° mL™") were treated with
0.5 uM celastrol, and 10 ug-mL™" thalidomide or 10 nM bortezomib
alone or in combination for 24 h at 37°C. Cells were stained with a
Live/Dead assay reagent for 30 min and then analysed under a
fluorescence microscope as described in Methods. (C) U266 cells
(1 x 10 mL™") were treated with 0.5 uM celastrol, and 10 pg-mL™’
thalidomide (left panel) or 10 nM bortezomib (right panel) alone or
in combination for 24 h at 37°C. Cells were incubated with anti-
annexin V antibody conjugated with FITC and then analysed with a
flow cytometer. * P < 0.05, ** P < 0.005. (D, left panel) U266 cells
were treated with 0.5 uM celastrol, 10 pg-mL™" and 20 ug-mL™" tha-
lidomide or 10 nM, and 20 nM bortezomib alone or in combination
for 24 h at 37°C after which the cells were washed, fixed, stained
with PI, and analysed for DNA content by flow cytometry. The
representative histograms are shown only for thalidomide
(10 ug-mL™"), bortezomib (10 nM) alone or in combination with
celastrol (0.5 uM). The percentage of cells in the sub-G1 phase were
used to calculate the combination index (Cl). (D, right panel) Assess-
ment of the type of combination relationship was done using the
method developed by Chou-Talalay which used a multiple drug
effect equation. The degree of synergy was assessed based on Cl
values, where a Cl value of >1.0 implies antagonism, 1.0 implies
additive and <1.0 implies synergistic effect.

<
<

with celastrol (Figure 3D). Celastrol also induced cleavage of
procaspase-3 and PARP in U266 cells (Figure 3E), which sug-
gests that celastrol induces apoptosis through the activation
of caspases.

Celastrol suppresses Akt activation and
inhibits the expression of anti-apoptotic
proteins in MM cells

Activation of Akt also plays a major role in cell survival
(Yamaguchi and Wang, 2001). Hence, we investigated
whether celastrol modulates the activation of Akt in MM
cells. Akt was found to be constitutively active in U266 cells
and celastrol suppressed these constitutively phosphorylated
Akt levels in a time-dependent manner (Figure 4A), thereby
indicating that reduced Akt activation may contribute
towards apoptosis of MM cells.

The effect of celastrol on the expression of genes impli-
cated in tumour cell proliferation and survival was also inves-
tigated. We found that celastrol down-regulated the
constitutive expression of cyclin D1 and anti-apoptotic gene
products (Bcl-2, Bcl-xL, survivin, XIAP and Mcl-1) in a time-
dependent manner in U266 cells (Figure 4B). We also found
that mRNA expression of Bcl-2, Bcl-xL, survivin and Mcl-1
was modulated by celastrol with a maximum reduction
observed after 6 h of treatment (Figure 4C). These results
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Figure 3

Celastrol causes accumulation of MM cells in the sub-G1 phase, increases the expression of pro-apoptotic proteins and activates caspase-3. (A)
U266 cells (2 x 106 mL™") were treated with 1 uM celastrol for 0, 12 or 24 h, after which the cells were washed, fixed, stained with Pl, and analysed
for DNA content by flow cytometry. (B) RPMI 8266 cells resistant to bortezomib were treated with 1 uM celastrol for 0, 24 or 48 h, after which
the cells were washed, fixed, stained with PI, and analysed for DNA content by flow cytometry. (C) Mouse embryonic fibroblast cells were treated
with 1 uM celastrol for 0, 12 or 24 h, after which the cells were washed, fixed, stained with PI, and analysed for DNA content by flow cytometry.
(D) U266 cells were treated with 1 uM celastrol for the indicated times, whole-cell extracts were prepared, separated on SDS-PAGE, and subjected
to Western blot using antibodies against Bax and Bak. (E) U266 cells were treated as described in (C), whole-cell extracts were prepared, separated
on SDS-PAGE, and subjected to Western blot using antibodies against indicated proteins. The same blots were stripped and reprobed with B-actin
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antibody to show equal protein loading. The cleaved bands in PARP were used for densitometric analysis.
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Figure 4

Celastrol suppresses Akt activation and inhibits the expression of anti-apoptotic proteins in MM cells. (A) U266 cells (2 x 10® mL™") were treated
with 2.5 uM celastrol for the indicated times, whole-cell extracts were prepared, separated on SDS-PAGE, and subjected to Western blotting with
phospho-Akt antibody. The same blots were stripped and reprobed with Akt antibody to show equal protein loading. (B) U266 cells were treated
with 1 uM celastrol for the indicated times, whole-cell extracts were prepared, separated on SDS-PAGE, and subjected to antibodies against the
indicated proteins. The same blots were stripped and reprobed with B-actin antibody to show equal protein loading. (C) U266 cells were treated
with 1 uM celastrol for the indicated time intervals, after which RNA samples were extracted and used for real time PCR as described in Methods
with 18S RNA as endogenous control. Results were analysed using Sequence Detection Software version 1.3 provided by Applied Biosystems.
Relative gene expression was obtained after normalization with endogenous 18S RNA and determination of the difference in threshold cycle (Ct)
between treated and untreated cells using 2-AACt method. The results shown are representative of three independent experiments.
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support the predictive analysis seen with NF-xB inhibition on
these markers (shown in Figure 1C, upper panel).

Celastrol inhibits constitutively active NF-xB
in MM cells

The expression of various anti-apoptotic proteins is regulated
by NF-xB (Sethi and Tergaonkar, 2009), therefore, the effect of
celastrol on constitutive NF-xB activation in MM cells was
examined. By using a DNA binding ELISA kit, we found that
treatment of MM cells with celastrol suppressed constitutive
active NF-xB in a time-dependent manner in both U266
(Figure 5A, left panel), and RPMI 8826 (Figure SA, right
panel) cells. Celastrol also suppressed the phosphorylation
and degradation of IxBo (Figure 5B, left panel) and the phos-
phorylation and nuclear translocation of p65 in a time-
dependent manner (Figure 5B, right panel).

The suppressive effect of celastrol on p65 nuclear translo-
cation was also examined by immunocytochemistry. The
results indicate that celastrol inhibited the appearance of p65
in the nucleus (Figure 5C). To determine whether the inhibi-
tion of NF-kB by celastrol resulted from inhibition of IKK,
Western blot analysis was performed using phospho IKKo/3
antibody. Celastrol inhibited IKK phosphorylation without
affecting the levels of IKKa protein (Figure 5D).

Celastrol inhibits constitutively active and
inducible STAT3 activation in MM cells

To determine whether celastrol can also modulate STAT3
activation, we exposed U266 cells to various doses of celastrol
and for various times and assessed the levels of phosphory-
lated STAT3 by Western blotting. STAT3 was found to be
constitutively active and celastrol down-regulated phospho-
STAT3 levels in a dose- and time-dependent manner
(Figure 6A). To confirm whether celastrol can suppress
nuclear translocation of STAT3, we stained cells with anti-
STAT3 antibody and found that exposure to celastrol substan-
tially inhibited the translocation of STAT3 from the
cytoplasm into the nucleus (Figure 6B).

STAT3 has been reported to be activated by soluble
tyrosine kinases of the Src kinase families (Schreiner et al.,
2002). Hence, we determined whether celastrol can affect
constitutive activation of Src kinase in U266 cells. We found
that celastrol suppressed the constitutive phosphorylation of
Src kinase in a time-dependent manner (Figure 6C, left
panel). We also observed that JAK2 was constitutively active
in U266 cells and pretreatment with celastrol suppressed this
phosphorylation in a time-dependent manner, with
maximum inhibition observed at 4 h (Figure 6C, right
panel).

IL-6 is known to activate STAT3, therefore, we determined
whether celastrol affects STAT3 activation induced by IL-6.
IL-6 induced phospho-STAT3 in RPMI 8266 cells as early as
5 min (Figure 6D, left panel) after exposure and treatment
with celastrol led to suppression of IL-6-induced phosphory-
lation of STAT3 in a time-dependent manner (Figure 6D, right
panel). These results suggest that celastrol can down-regulate
both constitutive and inducible STAT3 activation and cor-
roborate with the predictive data on STAT3 inhibition as
shown in Figure 1B, lower panel.
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Discussion

The aim of this study was to determine whether celastrol
could suppress the proliferation of MM cells by interfering
with NF-xB and STAT3 pathways. Celastrol inhibited the pro-
liferation of human MM cell lines regardless of whether they
were sensitive or resistant to the conventional chemothera-
peutic agents and synergistically enhanced the apoptotic
effects of thalidomide and bortezomib. This triterpene also
induced sub-G1 accumulation, leading to caspase-3 activa-
tion that correlated with the down-regulation of various pro-
liferative and anti-apoptotic gene products. These effects of
celastrol were found to be mediated through suppression of
constitutively active NF-xB induced by inhibition of IKK
phosphorylation. Celastrol also suppressed both constitutive
and inducible STAT3 activation in MM cells concomitant
with the inhibition of c-Src and JAK2 activation. This hypoth-
esis was also tested in a virtual predictive tumour cell system
and the predictive results indicate that celastrol mediates its
suppressive effects on both NF-xB and STAT3 in MM cells
primarily through inhibition of HSP90 and induction of
HO-1 activities and this mechanism of action generated
similar biomarker trends, as seen experimentally with celas-
trol effects on MM cells.

In agreement with previous reports (Feinman et al., 1999;
Bhardwaj et al., 2007; Keats et al., 2007), we found that MM
cell lines expressed constitutively activated NF-xB, and that
celastrol suppressed this activation. Although celastrol has
been shown to inhibit NF-xB activation in various tumour
cell lines (Sethi etal., 2007a; Salminen et al., 2010), how
celastrol can inhibit constitutively activated NF-xB in MM
cell lines has not been previously studied. Celastrol was
found to inhibit NF-xB activation by suppressing the phos-
phorylation of IKK, which led to the inhibition of phospho-
rylation of both IxBa and p65. We also observed that celastrol
suppressed constitutively active Akt. Both Akt and IKK have
been shown to phosphorylate p6S (Sizemore et al., 1999;
Sethi et al., 2008) and thus may contribute to inhibitory effect
of celastrol on p65 phosphorylation.

In addition to NF-«xB, we report for the first time that
celastrol suppresses both constitutive and inducible STAT3
activation in MM cells, concomitant with inhibition of
upstream Src and JAK2 kinases. STAT3 phosphorylation
plays a critical role in the proliferation and survival of dif-
ferent tumour cells (Yue and Turkson, 2009). Previous
studies have indicated that Src and JAK2 kinase activities
co-operate to mediate constitutive activation of STAT3
(Campbell et al., 1997; Garcia et al., 2001). Our observations
suggest that celastrol may block the co-operation of Src with
JAKs involved in the tyrosyl phosphorylation of STAT3. We
further observed that STAT3 activation induced by IL-6
treatment was also suppressed by celastrol. However, it is
possible that celastrol gradually accumulates in the cells due
to a relatively slow uptake process and hence inhibition of
inducible STAT3 activation was observed only after 2 h pre-
treatment. Overall, it was found that this triterpene could
suppress both constitutive and inducible STAT3 activation
leading to other downstream effects as confirmed through
the corroboration between the experimental and predictive
data.
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Figure 5

Celastrol inhibits constitutively active NF-xB in MM cells. Celastrol suppressed NF-xB in a time-dependent dependent manner in U266, and RPMI
8826 cells. (A, left panel) U266 cells (2 x 106 mL™") were treated with 2.5 uM celastrol for 0, 30, 60, 120 and 240 min; nuclear extracts were
prepared, and 20 ng of the nuclear extract protein was used for ELISA-based DNA binding assay as described in Methods. (A, right panel) RPMI
8826 cells (2 x 10® mL™") were treated with 2.5 uM celastrol for 0, 30, 60, 120 and 240 min; DNA binding assay for NF-kB was performed. The
results shown are representative of three independent experiments. (B, left panel) U266 cells were treated with 2.5 uM celastrol for 0, 30, 60, 120
and 240 min. Cytoplasmic extracts were prepared and Western blotting was done using phospho-lkBa. and anti-lkBo. antibodies. Equal protein
loading and purity was evaluated by Western blotting against GAPDH. (B, right panel) U266 cells were treated with 2.5 uM celastrol for 0, 30,
60, 120 and 240 min. Nuclear extracts were prepared and Western blotting was done using antibodies for phospho-p65 and p65. Equal protein
loading and purity was evaluated by Western blotting against lamin B. (C) U266 cells were incubated with medium or with 2.5 uM celastrol for
4 h and then analysed for the intracellular distribution of p65 by immunocytochemistry. Red indicates p65, and blue indicates nuclei (original
magnification x 200). The results shown are representative of three independent experiments. (D) U266 cells were treated with 2.5 uM celastrol
for 0, 30, 60, 120 and 240 min. Whole cell extracts were prepared and probed for phosphor-specific IKKo/B protein. Equal protein loading was
evaluated by IKKa.
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Celastrol inhibits constitutively active and IL-6 inducible STAT3 activation in MM cells. Celastrol suppressed phospho-STAT3 levels in a dose- and
time-dependent manner. (A, left panel) U266 cells (2 x 10° mL™") were treated with indicated concentrations of celastrol for 4 h, after which
whole-cell extracts were prepared, resolved on 7.5% SDS-PAGE gel, and probed with phospho-STAT3 antibody. The same blots were stripped and
reprobed with STAT3 antibody to verify equal protein loading. (A, right panel) U266 cells (2 x 10° mL™") were treated with the 2.5 uM celastrol
for indicated time points, after which Western blotting was performed. (B) U266 cells (1 x 10° mL™") were incubated with 2.5 uM celastrol for 4 h
and then analysed for the intracelullar distribution of STAT3 by immunocytochemistry. Red indicates STAT3, and blue indicates nucleus (original
magnification x 200). (C) U266 cells (2 x 10¢ mL™") were treated with 2.5 uM celastrol for indicated time intervals, after which whole-cell extracts
were prepared, resolved on 10% SDS-PAGE, and probed with phospho-Src and phospho-JAK-2 antibodies. The same blots were stripped and
reprobed with Src and JAK2 antibodies to verify equal protein loading. (D, left panel) RPMI 8226 cells (2 x 10° mL™") were treated with IL-6
(10 ng-mL™) for indicated times, whole cell extracts were prepared, and phospho-STAT3 was detected by Western blot analysis. The same blots
were stripped and reprobed with STAT3 antibody to verify equal protein loading. (D, right panel) RPMI 8226 cells were treated with 2.5 uM
celastrol for the indicated times and then stimulated with IL-6 (10 ng-mL™") for 15 min. Whole-cell extracts were then prepared and analysed for
phospho-STAT3 by Western blotting. The same blots were stripped and reprobed with STAT3 antibody to verify equal protein loading.
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Whether suppression of STAT3 activation by celastrol is
linked to inhibition of NF-xB activation is not clear. A recent
study indicated that STAT3 prolongs the nuclear retention of
NF-xB through acetyltransferase p300-mediated RelA acetyla-
tion, thereby interfering with NF-xB nuclear export (Lee et al.,
2009). STAT3 and NF-xB, however, are activated in response
to different cytokines: IL-6 is a major inducer of STAT3 phos-
phorylation whereas TNF is a potent activator of NF-xB.
Moreover erythropoietin, a glycoprotein hormone has been
shown to activate NF-kB through the activation of JAK2
kinase (Digicaylioglu and Lipton, 2001). Thus, it is possible
that the suppression of JAK2 kinase activation is the critical
target for the inhibition of both NF-kB and STAT3 activation
by celastrol. Based on our predictive analysis, inhibition of
NF-xB and STAT3 can be attributed to the downstream effects
of HSP90 inhibition and HO-1 induction by celastrol in MM
cells.

We also found that celastrol suppressed several genes that
are regulated by NF-xB and STAT3; including the proliferative
(cyclin D1) and anti-apoptotic gene products (Bcl-2, Bcl-xL,
survivin, XIAP and Mcl-1) in MM cells. Constitutively active
STAT3 has been implicated in the induction of resistance to
apoptosis (Aggarwal etal.,, 2009), possibly through the
expression of Bcl-2 and cyclin D1 (Aggarwal et al., 2006).
Bcl-xL can block cell death induced by variety of chemothera-
peutic agents (Li and Sethi, 2010), and expression of Bcl-xL
has been correlated with chemoresistance in patients with
MM (Tu et al., 1998). The down-regulation of Bcl-2, Bcl-xL,
survivin, XIAP and Mcl-1 expression is probably linked to the
ability of celastrol to induce apoptosis in MM cells. To our
knowledge, this is the first report of the ability of celastrol to
overcome chemotherapy-induced resistance in MM cells.
Celastrol-induced cell death in the RPMI 8226 cell line
resistant to bortezomib was comparable to its drug-sensitive
counterpart. Celastrol has been recently reported to enhance
TNF-related apoptosis-inducing ligand-induced cell death in
various tumour cells by down-regulation of various cell sur-
vival proteins (Sung et al., 2010; Zhu et al., 2010) and also
induce apoptosis in imatinib-resistant chronic myeloid leu-
kaemia cells harbouring the T315I mutation (Lu et al., 2010).
Thus, it is possible that celastrol sensitizes MM cells to
bortezomib and other chemotherapeutic drugs by down-
regulating the effects of NF-xB and STAT3 on various cell
survival proteins.

Both bortezomib and thalidomide, used for the treat-
ment of MM patients, can suppress NF-xB activation but also
exert severe side effects (Hideshima et al., 2000; Richardson
et al., 2006). In preclinical studies using various inflamma-
tory diseases and cancer models, celastrol has been shown to
be well-tolerated with no reported toxicity so far (Sethi et al.,
2007a; Huang et al., 2008; Dai et al., 2009; Lu et al., 2010;
Pang et al., 2010; Paris efal., 2010). Thus, in conclusion,
safety information from preclinical studies and the ability of
celastrol to suppress NF-xB and STAT3 activation, down-
regulate the expression of various cell survival proteins, to
synergistically potentiate the effects of thalidomide and
bortezomib, and to overcome drug resistance provides a
sound basis for conducting clinical trials with celastrol,
alone or in combination with other agents, to enhance treat-
ment efficacy and to overcome chemoresistance in MM
patients.
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