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Abstract
Although metastasis accounts for >90% of cancer-related deaths, no therapeutic that targets this
process has yet been approved. Because the chemokine receptor CXCR4 is one of the targets
closely linked with tumor metastasis, inhibitors of this receptor have the potential to abrogate
metastasis. In the current report, we demonstrate that celastrol can downregulate the CXCR4
expression on breast cancer MCF-7 cells stably transfected with HER2, an oncogene known to
induce the chemokine receptor. Downregulation of CXCR4 by the triterpenoid was not cell type-
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specific as downregulation occurred in colon cancer, squamous cell carcinoma, and pancreatic
cancer cells. Decrease in CXCR4 expression was not due to proteolysis as neither proteasome
inhibitors nor lysosomal stabilization had any effect. Quantitative reverse transcription polymerase
chain reaction analysis revealed that downregulation of CXCR4 messenger RNA (mRNA) by
celastrol occurred at the translational level. Chromatin immunoprecipitation analysis revealed
regulation at the transcriptional level as well. Abrogation of the chemokine receptor by celastrol or
by gene-silencing was accompanied by suppression of invasiveness of colon cancer cells induced
by CXCL12, the ligand for CXCR4. This effect was not cell type-specific as celastrol also
abolished invasiveness of pancreatic tumor cells, and this effect again correlated with the
disappearance of both the CXCR4 mRNA and CXCR4 protein. Other triterpenes, such as
withaferin A and gedunin, which are known to inhibit Hsp90, did not downregulate CXCR4
expression, indicating that the effects were specific to celastrol. Overall, these results show that
celastrol has potential in suppressing invasion and metastasis of cancer cells by down-modulation
of CXCR4 expression.
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Introduction
While most cancer therapeutic approaches focus on survival and growth of primary tumors,
it is the tumor metastasis that is responsible for >90% deaths due to cancer [1]. No drug that
targets tumor metastasis has yet been approved. Metastasis or the spread of the tumor that
normally occurs to highly vital organs such as brain, lung, liver, bone, or lymph nodes is a
highly complex process that is not fully understood. The role of a wide variety of molecules
in metastasis has been implicated, including tumor necrosis factor-α (TNF-α) [2], tumor
growth factor-β [3], vascular endothelial growth factor (VEGF) [4], and the chemokine
receptor, CXCR4 [5]. While VEGF is thought to be a key mediator of angiogenesis and
metastasis, antibodies against VEGF (called Avastin), although approved as a treatment, has
little effect on tumor metastasis. In fact, there are reports that Avastin may upregulate
CXCR4 and its ligand in tumors from patients with rectal cancer [6], thus leading to
accelerated metastasis [7].

Among all other factors that have been linked with tumor metastasis, CXCR4 may be the
most studied. Although different cancers preferentially metastasize to different organs,
production of the chemokine by the organ is responsible for migration to that organ. The
involvement of this receptor in tumor metastasis was first documented in breast cancer [5],
but has now been linked with metastasis of a wide variety of cancers, including ovarian [8],
colorectal [9], pancreatic [10], and prostate cancers [11]. It is now known that CXCR4 is
closely linked to the metastasis of breast cancer, its expression is regulated by HER2 [12],
and it is a predictor of recurrence [13]. CXCR4 binds to its ligand CXCL12 (also called
stromal cell-derived factor-1 [SDF-1]) expressed in the organ to which the tumor migrates
and activates the pathway that promotes invasion by the tumor. Thus, agents that can
interrupt the CXCR4–CXCL12 cell signaling pathway have a potential to suppress tumor
metastasis.

We decided to search for inhibitors of the CXCR4–CXCL12 cell signaling pathway among
the traditional medicines. For over 20 years, our laboratory has worked on deciphering the
mechanism of action of traditional medicines because most drugs used for treatment of
cancer today have their origin from natural sources and they have been used for thousands of
years. Celastrol, a triterpene, is one such compound, that was identified from the traditional
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Chinese medicine “God of Thunder Vine” or Tripterygium wilfordii Hook F. almost three
decades ago and used for the treatment of cancer and other inflammatory diseases [14].
Various studies have indicated that this triterpene exhibits anticancer potential [15, 16] and
eradicates leukemia stem cells [17]. It has been shown to suppress the production of
inflammatory cytokines such as interleukin-1 (IL-1), TNF-α, IL-6, and IL-8 [18], induce
heat shock response [19], and disrupt heat shock protein 90 (Hsp90) [20], possibly through
its interaction with cdc37 [21] and co-chaperone p23 [22]. Gene expression signature-based
analysis has also revealed that celastrol is a Hsp90 inhibitor [16]. Molecular docking studies
have indicated that celastrol is a potent proteasome inhibitor [15]. This triterpene was
actually described as a regulator of protein homeostasis [23].

In the present report, we investigated whether celastrol can modulate the expression of
CXCR4 and thus inhibit tumor cell invasion. Our results show that this triterpene can
downregulate CXCR4 expression induced by HER2 oncogenes and in various tumor cells
that overexpress this chemokine receptor. This downregulation occurred at the
transcriptional level and also at the translational level and led to inhibition of CXCL12-
induced invasion by colon and pancreatic tumor cells.

Materials and methods
Reagents

A 10-mol/L solution of celastrol (Cayman Chemicals, Ann Arbor, MI), gedunin, and
withaferin A (Tocris Bioscience, Ellisville, MO) were prepared in 100% dimethyl sulfoxide,
stored as small aliquots at −20°C, and then diluted as needed in cell culture medium. RPMI
1640, Dulbecco’s modified Eagle’s medium (DMEM)/F12, Iscove’s modified Dulbecco’s
medium (IMDM), DMEM, fetal bovine serum (FBS), 0.4% trypan blue vital stain, and an
antibiotic–antimycotic mixture were obtained from Invitrogen. Rabbit polyclonal antibody
to CXCR4 was obtained from Abcam. Lactacystin was obtained from Calbiochem. Small
interfering RNA (siRNA; ON-TARGETplus SMARTpool) of CXCR4 (GenBank accession
no. NM_003467) was purchased from Dharmacon (Lafayette, CO).

Cell lines, cell culture and DNA constructs
Breast cancer cell lines that express different levels of HER2, including stably transfected
MCF-7/HER2 and their vector control, were kindly provided by Dr. D. Yu of MD Anderson
Cancer Center. PANC-28 (human pancreatic carcinoma) cell lines were provided by Dr. S.
Reddy of MD Anderson Cancer Center. The KBM-5 (human chronic myeloid leukemia)
was kindly provided by Dr. N. Donato. The rest of the cell lines like SCC-4 (human
squamous cell carcinoma), Caco-2 (human colorectal adenocarcinoma), HCT116 (human
colorectal carcinoma), MDA-MB-231 (human breast adenocarcinoma), BxPC-3 (human
pancreatic adenocarcinoma), MIA PaCa-2 (human pancreatic carcinoma), AsPC-1 (human
pancreatic adenocarcinoma), and A293 (human embryonic kidney cells) were obtained from
American Type Culture Collection. MCF-7/HER2 and its control cells were cultured in
DMEM/F12 supplemented with 10% FBS, Caco-2, PANC-28, and MIA PaCa-2 cells
cultured in RPMI 1640 with 10% FBS. KBM-5 cells were cultured in IMDM with 15%
FBS. HCT116, AsPC-1, BxPC-3, A293, and MDA-MB-231 cells were cultured in DMEM
with 10% FBS. SCC-4 cells were cultured in DMEM containing 10% FBS, 100 μmol/L
nonessential amino acids, 1 mmol/L pyruvate, 6 mmol/L L-glutamine, and 1× vitamins.
Culture media were also supplemented with 100 units/mL penicillin and 100 μg/mL
streptomycin except media for MCF-7/HER2 and its control. Cells were maintained at 37 °C
in an atmosphere of 5% CO2–95% air. HA-CXCR4 construct was kindly provided by Dr.
Benovic (Thomas Jefferson University, PA) [24] and anti-HA polyclonal antibodies were
purchased from Cell Signaling.
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Western blotting
For the detection of CXCR4, celastrol-treated whole-cell extracts were lysed in lysis buffer
(20 mmol/L Tris (pH 7.4), 250 mmol/L NaCl, 2 mmol/L EDTA (pH 8.0), 0.1% Triton
X-100, 0.01 mg/mL aprotinin, 0.005 mg/mL leupeptin, 0.4 mmol/L phenylmethylsulfonyl
fluoride, and 4 mmol/L NaVO4). Lysates were then spun at 14,000 rpm for 10 min to
remove insoluble material and resolved on a 10% sodium dodecyl sulfate gel. After
electrophoresis, the proteins were electrotransferred onto a nitrocellulose membrane,
blocked with 5% nonfat milk, and probed with anti-CXCR4 antibodies (1:3,000) overnight
at 4°C. The blot was washed, exposed to horseradish peroxidase-conjugated secondary
antibodies for 2 h, and finally examined by chemiluminescence (GE Healthcare).

Electrophoretic mobility shift assay
To assess NF-κB activation, we isolated nuclei from cells and carried out electrophoretic
mobility shift assays (EMSAs) essentially as previously described. In brief, nuclear extracts
prepared from cancer cells (1×106/mL) were incubated with 32P-end-labeled 45-mer double-
stranded NF-κB oligonucleotide (4 μg of protein with 16 fmol of DNA) from the HIV long
terminal repeat (5′-TTGTTACAAGGGACTTTC CGCTG GGGACTTTC CAGGGA
GGCGT GG-3′; italicized letters indicate NF-κB binding sites) for 15 min at 37 °C. The
resulting DNA–protein complex was separated from free oligonucleotides on 6.6% native
polyacrylamide gels. The dried gels were visualized and radioactive bands were quantitated
using Phosphorimager (GE Healthcare) and ImageQuant software.

RNA analysis and RT-PCR
Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen). One microgram of total RNA was converted to complementary DNA (cDNA)
by Superscript reverse transcriptase and then amplified by Platinum Taq polymerase using
Superscript One-Step reverse transcription polymerase chain reaction (RT-PCR) kit
(Invitrogen). The relative expression of CXCR4 and CXCR7 was analyzed by quantitative
RT-PCR with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control.
The following pairs of forward and reverse primer sets were used: CXCR4, 5′-
GAAGCTGTTGGCTGAAAAGG-3′ and 5′-GAGTCG ATGCTGATCCCAAT-3′ (PCR
product size, 345 bp; Gen-Bank accession no. NM_003467); CXCR7, 5′-CT
CACGTGCAAAGTCACACA-3′ and 5′-CGATAATGGAG AAGGGAACG-3′ (PCR
product size, 343 bp; GenBank accession no. NM_001047841). The RT-PCR mixture
contained 12.5 μL of 2× reaction buffer, 10 μL each of cDNA, 0.5 μL each of forward and
reverse primers, and 1 μL of RT-Platinum Taq in a final volume of 50 μL. The reaction was
done at 50 °C for 30 min, 94 °C for 2 min, and then 30 cycles of denaturation at 94°C for 15
s, annealing at 54 °C for 30 s, and extension 72 °C for 1 min. The final extension was done
at 72 °C for 10 min. PCR products were run on 2% agarose gel and then stained with
ethidium bromide. Stained bands were visualized under UV light and photographed.

RNA extraction and quantitative real-time polymerase chain reaction
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) following the
manufacturer’s protocol. The messenger RNA (mRNA) expression of CXCR4 in HCT116
cells was determined using real-time PCR. For mRNA quantification, cDNA was
synthesized using 3 μg RNA through a RT reaction (iScriptTM cDNA Synthesis Kit, Bio-
Rad). Using SYBR Green/Fluorescein PCR Master Mix (SuperArray Bioscience
Corporation), cDNA was amplified using real-time PCR with a Bio-Rad MyiQ thermocycler
and the SYBR green detection system (Bio-Rad). Samples were run in triplicate to ensure
amplification integrity. Manufacturer-supplied (SuperArray Bioscience Corporation) primer
pairs were used to measure the mRNA levels of CXCR4. The standard PCR conditions were
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as follows: 95 °C for 15 min, then 40 cycles at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s, as recommended by the primer’s manufacturer. The expression levels of genes were
normalized to the expression level of GAPDH mRNA in each sample. The threshold for
positivity of real-time PCR was determined based on negative controls. For mRNA analysis,
the calculations for determining the relative level of gene expression were made using the
cycle threshold (Ct) method. The mean Ct values from duplicate measurements were used to
calculate the expression of the target gene with normalization to a housekeeping gene used
as an internal control (GAPDH) and using the 2−ΔCt formula.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was done as previously described [25] with
some modifications. HCT116 cells (2×107) were incubated with or without 3 μmol/L
celastrol for the indicated times and immunoprecipitated with anti-p65 antibody. PCR
analyses were carried out for 39 cycles with primers 5′-TCGAAAGCTTATT
GCCGCCTACT-3′ (forward) and 5′-TCGAGGATCCCC AACAAACTGAAGTTTCTG-3′
(backward) for CXCR4, the amplified DNA fragment (−417 to +1), which contains two NF-
κB binding sites [26].

Transfection with small interfering RNA
HCT116 cells (0.25×106 cells per well) were plated in six-well plates, allowed to adhere for
12 h, and transfected with siRNAs following the protocol given by the manufacturer.
Briefly, 12 μL HiPerFect transfection reagent (Qiagen) were added to 50 nmol/L siRNAs in
a final volume of 100 μL culture medium. To determine the effect of siRNA transfection,
the transfected cells were collected after 48 h and the protein levels of CXCR4 were
measured by Western blot.

Invasion assay
In vitro invasion assay was done using the BD Bio-Coat Matrigel invasion assay system
(BD Biosciences) according to the manufacturer’s instructions. Cancer cells (2×105) were
suspended in medium (10% FBS–RPMI 1640 for AsPC-1, 10% FBS–DMEM for HCT116,
and 12% FBS–DMEM for MIA PaCa-2) and seeded into the Matrigel-precoated Transwell
chambers with polycarbonate membranes of 8-μm pore size. After preincubation with or
without celastrol (3 μmol/L) for 6 h, Transwell chambers were then placed into 24-well
plates in which was added the basal medium only or basal medium containing 100 ng/mL
CXCL12. After incubation, the upper surface of Transwell chambers was wiped off with a
cotton swab and invading cells were fixed and stained with a Diff-Quick stain. The invading
cell numbers were counted in five randomly selected microscope fields (×200).

Statistical analysis
The experiments were performed in triplicate and repeated twice. The P value was obtained
after ANOVA and Student–Newman–Keul tests.

Results
The present study was designed to determine the effect of celastrol on the expression of
CXCR4 that is induced by the oncogene HER2 and on the constitutive expression of
CXCR4 by various tumor cells. The mechanism by which celastrol modulates the
chemokine receptor was also examined. Furthermore, we determined the effect of the
celastrol on colon and pancreatic tumor cell invasion induced by CXCL12.
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Celastrol suppresses the expression of CXCR4 protein in HER2-overexpressing breast
cancer cells

HER2 overexpression has been linked with metastasis of breast cancer. Furthermore, HER2
has been shown to induce the expression of CXCR4 on breast cancer cells [12]. As shown in
Fig. 1a, expression of HER2 in MCF-7 cells indeed induced the expression of CXCR4. This
experiments showed that celastrol suppressed CXCR4 expression and only partially affected
HER2 expression (Fig. 1b), thus suggesting that celastrol can downregulate the CXCR4
expression. Furthermore, our results also suggest that downregulation of CXCR4 by
celastrol is not due to modulation of HER2 expression.

Celastrol-induced down-modulation of CXCR4 is not cell type-specific
Irrespective of HER2 expression, CXCR4 is overexpressed on a wide variety of tumor cells.
Thus, we investigated whether celastrol downregulates expression of CXCR4 in leukemia
(KBM-5), head and neck squamous cell carcinoma (SCC-4), kidney (A293), colon
(HCT116, Caco-2), and pancreatic (AsPC-1, BxPC-3, MIA PaCa-2, and PANC-28) cancer
cell lines. For this, cells were treated with 3 μmol/L celastrol for 24 h and then examined for
CXCR4 expression. Figure 2a shows that celastrol downregulated CXCR4 in most of the
cell lines, but most dramatically in colon cancer (HCT116), pancreatic cancer cells
(AsPC-1), and embryonic kidney cells (A293 cells). The effect of celastrol on CXCR4
expression was minimal on pancreatic cancer BxPC-3 and MIA PaCa-2. Celastrol has no
effect on the expression of CXCR4 in Caco-2 cells. Thus, these results suggest that CXCR4
downregulation by celastrol may involve cell type-specific mechanism.

Whether the effect of celastrol on CXCR4 expression is dose-dependent and time-dependent
was examined using HCT116, a colorectal cancer cell line. When these cells were incubated
with different concentrations of celastrol for 24 h, celastrol suppressed the expression of
CXCR4 in a dose-dependent manner (Fig. 2b). Celastrol-induced suppression could be
observed at the lowest concentration tested, 2 μmol/L. We also found that celastrol at 3
μmol/L suppressed the expression of CXCR4 in a time-dependent manner (Fig. 2c) and
minimum time required was 3 h. This downregulation was not due to a decrease in cell
viability because >90% cells were viable under these conditions (data not shown).

Downregulation of CXCR4 by celastrol is not mediated through its degradation
CXCR4 has been shown to undergo ubiquitination at its lysine residue, which in turn leads
to CXCR4 degradation [10, 27]. To determine whether celastrol induces down-regulation of
CXCR4 through proteasomal degradation, we treated HCT116 cells with lactacystin, a
proteasome inhibitor, 1 h before celastrol treatment. As shown in Fig. 3a (top right panel),
lactacystin had no effect on celastrol-induced down-modulation of CXCR4, suggesting that
proteasomal degradation is an unlikely mechanism by which celastrol downregulated
CXCR4. Under these conditions, lactacystin inhibited the TNF-induced inhibitor of κBα
(IκBα) degradation, indicating its ability to suppress proteasomal degradation (top left
panel).

There are studies showed that CXCR4 could undergo ligand-dependent lysosomal
degradation [27]. Therefore, we treated cells with chloroquine, a lysosomal inhibitor, for 1 h
before exposing them to celastrol. At a 200-μmol/L concentration, chloroquine did not
prevent the down-modulation of CXCR4 (Fig. 3a, lower right panel), indicating that
lysosomal degradation was also not the pathway involved in the suppression of expression
of CXCR4. Under these conditions, ligand-induced degradation of its receptor TNFR1 (p60)
was reversed by chloroquine (Fig. 3a, top left panel).
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Celastrol downregulates CXCR4 by multiple mechanisms
Because celastrol did not downregulate CXCR4 expression by enhancing its degradation, we
investigated whether suppression occurred at the transcriptional level using RT-PCR and
also by quantitative PCR (real-time PCR). Cells were treated with celastrol for different
times and then examined for steady-state mRNA level of CXCR4. As shown in Fig. 3b,
celastrol induced the downregulation of CXCR4 mRNA. Major inhibition of CXCR4
mRNA occurred at 12 h of celastrol treatment. The kinetics of decrease in CXCR4 protein
(Fig. 2c) was seen at 3 h, suggesting that down-modulation involved translational regulation.
Interestingly, celastrol had no effect on the mRNA of another chemokine receptor, CXCR7
(Fig. 3b, left panel), thus indicating that the effects were specific for CXCR4 in our study.

Celastrol suppresses constitutive activation of NF-κB in HCT116 and TNF-inducible NF-κB
Caco-2 in cells

The promoter of CXCR4 is known to contain several NF-κB binding sites. Moreover,
celastrol has been shown to inhibit NF-κB activation in human chronic myeloid leukemia
cells and also in wide variety of solid tumor cell lines [28–30]. In addition, HER2 oncogene
has been shown to activate NF-κB [31] in breast cancer cells. Thus, it is possible that
celastrol manifests its effect on CXCR4 by suppressing NF-κB activation. In a DNA-binding
assay, celastrol inhibited constitutive NF-κB activation in HCT116 and TNF-induced NF-κB
activation in Caco-2 cells, which occurred in a dose-dependent manner (Fig. 4a, left panel
for HCT116 and right panel for Caco-2). Our results show that, although Caco-2 cells do not
express constitutive NF-κB, they do express constitutive CXCR4, thus indicating that
expression of NF-κB may not be linked to CXCR4 expression.

Celastrol inhibits CXCR4 expression by both NF-κB-dependent and NF-κB-independent
manners

Since, as a late event, celastrol inhibited the steady-state mRNA expression of CXCR4 in
HCT116 cells and it also inhibited NF-κB activation, ChIP assay using p65 antibodies was
performed to find out whether downregulation of CXCR4 by celastrol in HCT116 cells was
due to reduction of NF-κB at the CXCR4 promoter. As shown in Fig. 4b, celastrol reduced
the NF-κB occupancy at the CXCR4 promoter. The reduction was substantial by 6 h and
almost no NF-κB was found at the CXCR4 promoter after 12 h. The kinetics of reduction of
NF-κB occupancy at the CXCR4 promoter preceded the down-modulation of CXCR4
mRNA (Fig. 3b). Overall, these results suggest that celastrol inhibits CXCR4 mRNA
expression by suppressing binding of NF-κB to the CXCR4 promoter.

We also examined the effect of celastrol in HCT116 cells transfected with HA-tagged
CXCR4 expression plasmid where CXCR4 expression was under the control of a
constitutive promoter. Figure 4c shows that celastrol inhibited constitutive expression of
HA-CXCR4 in a time-dependent manner, and the inhibition was effective as early as 3 h of
celastrol treatment. This suggests that celastrol also inhibits CXCR4 expression in a NF-κB-
independent manner.

CXCR4 is essential for CXCL12-induced invasion
Disruption of CXCR4 and CXCL12 interaction by selective antagonists or anti-CXCR4
antibody blocks cancer metastasis, suggesting an essential role for CXCR4. Therefore, when
HCT116 cells were transfected with siRNA specific for CXCR4, it efficiently inhibited
CXCL12-mediated invasion by 38% (Fig. 5a, b). Indeed, the CXCR4-specific siRNA
reduced CXCR4 protein expression (Fig. 5c).
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Celastrol suppresses CXCL12-induced colon cancer cell invasion
Several lines of evidence implicate CXCR4 in colon cancer metastasis and it was found that
the motility and migration of colon cancer cells could be induced by exposure to CXCL12
[32]. In addition, colon cancer metastasis can be inhibited by silencing CXCR4 [10]. In an in
vitro invasion assay, we found that CXCL12 induced the invasion of colon cancer cells and
that celastrol effectively abrogated the invasion (Fig. 5d, e).

Celastrol inhibits CXCL12-induced pancreatic cancer cell invasion
CXCR4–CXCL12 signaling has also been shown to play a critical role in pancreatic cancer
metastasis [10]. In a cell invasion assay (Fig. 6a), we found that treatment with celastrol
suppressed CXCL12-induced invasion of pancreatic cancer AsPC-1 cells. We found that
celastrol down-regulated expression occurred at both the mRNA (Fig. 6b) and protein levels
(Fig. 6c) for CXCR4. No invasion was found in case of MIA PaCa-2 (Fig. 6d), which
indicates that this effect was only for selected cell lines.

Other terpenes that inhibit Hsp90 do not suppress CXCR4
Celastrol has been shown to disrupt Hsp90 and cdc37 interaction [20]. Molecular docking
studies have indicated that celastrol is a potent inhibitor of Hsp90 [20] as shown to have
gene expression signature-based analyses [16]. Besides celastrol, other terpenes such as
withaferin A and gedunin have also been shown to block Hsp90 and regulate protein
homeostasis (Fig. 7a) [23]; whether withaferin A and gedunin can also affect CXCR4
expression was examined. As shown in Fig. 7b, withaferin A and gedunin had no effect on
CXCR4 expression, whereas celastrol down-modulated CXCR4 expression under similar
conditions.

Discussion
A number of studies have suggested that the CXCR4–CXCL12 axis plays a pivotal role in
triggering tumor metastasis. The goal of the present study was to determine whether
celastrol could suppress the expression of CXCR4, a chemokine receptor that has been
closely linked with cancer cell growth, invasion, angiogenesis, and metastasis. We have
shown for the first time that celastrol abolished the expression of HER2-induced CXCR4
expression in breast cancer cells. We also showed that celastrol inhibited CXCR4 expression
in a variety of different cancer cell types. It has been already published that celastrol has
mild proteolytic activity, but our results showed that down-regulation of CXCR4 did not
occur through proteolytic degradation of the receptor but rather through down-regulation of
transcription. Furthermore, suppression of receptor expression led to reduced invasion,
whether induced by tumor cells or CXCL12.

CXCR4, the chemokine receptor, has been reported to be overexpressed in a variety of
different tumors and promotes metastasis of cancer [32]. Various reports suggested that
expression of CXCR4 might be increased by inflammatory cytokines such as TNF [33] and
VEGF [34]. Reports also suggested that transient transfection of NF-κB expression plasmid
(p65 subunit) upregulated CXCR4 expression in human prostate cancer PC-3 cells [35]. It
has also been found that anti-HER2 antibody in breast cancer down-regulated CXCR4
expression by suppressing CXCR4 translation and by allowing its degradation [34].

Many studies have documented the ligand-dependent downregulation of the CXCR4
expression by lysosomal degradation [36], which involves atrophin-interacting protein 4-
mediated ubiquitination and degradation [27]. Our results, however, suggest that
downregulation of CXCR4 by celastrol is induced not through lysosomal degradation or
through proteasomal degradation as inhibitors of this pathway had no effect. We found,
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however, that down-regulation of CXCR4 by the triterpene occurs at both the transcriptional
and translational levels.

The transcription factor NF-κB [37] has been implicated in the regulation of CXCR4, and
celastrol has been shown to downregulate NF-κB activation. Therefore, it is possible that
downregulation of CXCR4 mRNA occurs through downregulation of NF-κB activation.
Indeed, the occupancy of NF-κB at the CXCR4 promoter was reduced by celastrol,
suggesting that down-modulation of CXCR4 mRNA by celastrol involves regulation at the
transcription initiation level. Our results are in agreement with those of Muller et al. [5] who
reported that the transcription factor NF-κB regulates CXCR4 expression in breast cancer
cells. NF-κB regulates the motility of breast cancer cells by direct upregulation of CXCR4.
Overexpression of the IκB in breast cancer cells with constitutive NF-κB activity resulted in
reduced expression of CXCR4 and a corresponding loss of CXCL12-mediated migration of
breast cancer cells in vitro [37]. The possibility that mechanisms other than suppression of
NF-κB activation are involved in the downregulation of CXCR4 by celastrol cannot be ruled
out. Indeed, our results suggest that early event of regulation of CXCR4 expression by
celastrol involves a NF-κB-independent mechanism, possibly a translational regulation. In
addition, the regulation of CXCR4 by celastrol is cell type-specific. What the mechanism of
NF-κB-independent regulation and cell type specificity of CXCR4 regulation is not clear at
present.

Along with CXCR4, the activation of NF-κB also induces expression of various adhesion
molecules including intracellular adhesion molecule-1, vascular cell adhesion molecule-1,
and endothelial leukocyte adhesion molecule-1, which are also linked with cancer cell
metastasis to other organs. Because celastrol can inhibit both inducible and constitutively
activated NF-κB in a wide variety of tumor cell lines [28–30], it is possible that celastrol can
suppress the expression of these adhesion molecules as well.

We also found that celastrol suppressed the ligand-induced invasion of both colorectal and
pancreatic cancers, and this correlated with the downregulation of CXCR4, thus suggesting
that this triterpene has a potential to suppress tumor metastasis through its action on
CXCR4. Elevated levels of CXCR4 have been demonstrated in nodal metastasis of various
human cancers [38].

Overexpression of mutant IκBα super-repressor suppressed CXCR4 gene expression in PC-3
cells [35]. This was supported by the findings that transient transfection with NF-κB
expression plasmid (p65 subunit) upregulated CXCR4 expression in PC-3 cells and that
CXCL12 enhances transcriptional activity of NF-κB in an IκBα-dependent manner, which in
turn would upregulate expression of CXCR4, an effect that was reversed by a dominant-
negative mutant IκBα [35].

Numerous molecular targets of celastrol have been identified [39], including IKK-α, IKK-β
[30], cdc37 [21], p23 [22], heat shock factor 1 [19], and proteasomes [15]. The interaction
with most of these targets is probably through cysteine residues in these proteins with
quinone methide present in celastrol. We found that the quinone group of celastrol is critical
for its activity, as at the same dose, gedunin and withaferin A, which lacks this group, had
no activity. Celastrol has been shown to exhibit antiproliferative activity against a variety of
tumor cells, including leukemia [40] and prostate cancer [15]. It also modulates the
expression of proinflammatory cytokines [18], inducible nitric oxide synthase, adhesion
molecules in endothelial cells [41], proteasome activity [15], topoiso-merase II [40], and
heat shock response [19]. It is possible that some of these antitumor effects of celastrol are
also mediated through CXCR4 regulation. We recently showed that celastrol could inhibit
angiogenesis-mediated tumor growth. When given subcutaneously to mice bearing human
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prostate cancer xenografts, this triterpene significantly reduced tumor growth and decreased
tumor angiogenesis [42]. This correlated with inhibition of VEGF-induced proliferation,
migration, invasion, and capillary-like structure formation by primary cultured human
umbilical vascular endothelial cells, suppressed the VEGF-induced activation of AKT,
mammalian target of rapamycin, and ribosomal protein S6 kinase.

Taken together, our data suggest that celastrol can downregulate the expression of CXCR4,
a key receptor involved in the cross-talk between tumor cells and its microenvironment,
which contributes to its anti-invasive activity. Further in vivo studies are planned to show
the relevance of these observations to cancer treatment.
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Fig. 1.
Celastrol suppresses CXCR4 in MCF-7/HER2 cells. a Western blot analysis of CXCR4
expression. Whole-cell extracts of MCF-7, MCF-7/neo, and MCF-7/HER2 (40 μg) were
resolved on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel
and probed with anti-CXCR4 antibody. As a loading control, stripped membrane was
probed with β-actin antibodies. The results shown are representative of three independent
experiments. b Celastrol inhibits CXCR4 and HER2 expression. MCF-7/HER2 cells were
incubated with the indicated concentrations of celastrol for 24 h. Whole-cell extracts were
prepared and analyzed by Western blot analysis with antibodies against HER2 and CXCR4.
The results shown are representative of three independent experiments

Yadav et al. Page 13

J Mol Med (Berl). Author manuscript; available in PMC 2011 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Celastrol downregulates CXCR4 in different cell types. a Different cells were incubated
with 3 μmol/L celastrol for 24 h. Whole-cell extracts were prepared and analyzed by
Western blot analysis with antibodies against CXCR4. The same blots were stripped and
reprobed with β-actin antibody to show equal protein loading. The results shown are
representative of three independent experiments. b Celastrol suppresses CXCR4 levels in a
dose-dependent manner. HCT116 cells (1×106) were treated with the indicated
concentrations of celastrol for 24 h. Whole-cell extracts were then prepared, and 40 μg of
protein was resolved on SDS-PAGE, electrotransferred onto nitrocellulose membranes, and
probed for CXCR4. The results shown are representative of three independent experiments.
c Celastrol suppresses CXCR4 levels in a time-dependent manner. HCT116 cells (1×106)
were treated with 3 μmol/L celastrol for the indicated times, after which Western blotting
was done as described above. The same blots were stripped and reprobed with β-actin
antibody to show equal protein loading. The results shown are representative of three
independent experiments
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Fig. 3.
Celastrol suppresses CXCR4 through mRNA level. a Celastrol does not suppress CXCR4
through lysosomal and proteasomal degradation. Cells were treated with the indicated
concentration of lactacystin (upper right panel) or chloroquine (lower right panel) for 1 h at
37 °C, followed by treatment with 3 μmol/L celastrol for 24 h. As a positive control for the
effect of lactacystin on proteasomal degradation, TNF-induced IκBα was used (upper left
panel). Similarly, as a positive control for chloroquine effect, TNF-induced p60 (TNFR1)
was used (lower left panel). Whole-cell extracts were prepared and analyzed by Western
blot analysis with antibodies against CXCR4. The same blots were stripped and reprobed
with β-actin antibody to show equal protein loading. The results shown are representative of
three independent experiments. b Celastrol suppresses the expression of CXCR4 mRNA.
Cells were treated with 3 μmol/L celastrol for the indicated times. Total RNA was isolated
and analyzed by RT-PCR assay as described in the “Materials and methods” section.
GAPDH was used to show equal loading of total RNA. The results shown are representative
of three independent experiments. c The result of mRNA expression of CXCR4 by
quantitative real-time PCR is presented after normalization to GAPDH using the Ct method.
Significantly less vs. control (0 vs. 24 h, *P<0.05, n=3)
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Fig. 4.
Celastrol suppresses NF-κB and CXCR4 through ChIP assay. a Celastrol inhibits HCT116
(upper left) constitutive NF-κB and Caco-2 (upper right) TNF-induced NF-κB activation in
colon cancer cells. HCT116 and Caco-2 cells were incubated with celastrol for 24 h. The
nuclear extracts were assayed for NF-κB activation by EMSA. The results shown are
representative of three independent experiments. b Celastrol inhibits binding of NF-κB to
the CXCR4 promoter. HCT116 cells were pretreated with 3 μmol/L celastrol for 3, 6, 12,
and 24 h, and the proteins were cross-linked with DNA with formaldehyde and then
subjected to ChIP assay with an anti-p65 antibody. PCR on the immunoprecipitate was
performed using primers spanning −417 to +1 of the CXCR4 promoter. Reaction products
were resolved by electrophoresis. c Celastrol suppresses CXCR4 expression in a NF-κB-
independent manner—HCT116 cells were transfected with HA-tagged CXCR4 expression
plasmid where CXCR4 expression was under the control of constitutive promoter (CMV).
Transfected HCT116 cells (1×106) were treated with 3 μmol/L celastrol for the indicated
times, after which Western blotting was done using anti-HA and anti-CXCR4 antibodies as
described above. The same blots were stripped and reprobed with β-actin antibody to show
equal protein loading
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Fig. 5.
Celastrol suppresses invasion in colon cancer cells. a HCT116 cells (0.25×106 cells per
well) were transfected with siRNAs and the transfected cells were collected after 48 h. After
transfection, cells were seeded in the top chamber of Matrigel. Transwell chambers were
then placed into 24-well plates in which either the basal medium was added or 100 ng/mL
CXCL12 in the basal medium. After the incubation, invasion assay was done as described in
the “Materials and methods” section. The results shown are representative of three
independent experiments. b Histogram of data obtained from invasion assay in Fig. 4a. c
Western blot for CXCR4 showing its down-modulation by siRNA. d HCT116 cells (2×105;
10% FBS–DMEM/F12) were seeded in the top chamber of Matrigel. After preincubation
with or without celastrol (3 μmol/L) for 6 h, Transwell chambers were then placed into 24-
well plates in which either the basal medium was added or 100 ng/mL CXCL12 in basal
medium. After incubation, invasion assay was done as described in the “Materials and
methods” section. The results shown are representative of three independent experiments. e
Columns mean number of invaded cells, bars SE. *P<0.05
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Fig. 6.
Celastrol suppresses CXCR4 and invasion in pancreatic cancer cells. a Right panel AsPC-1
cells (2×105; 2% FBS–DMEM) were seeded in the top chamber of Matrigel. After
preincubation with or without celastrol (3 μmol/L) for 6 h, Transwell chambers were then
placed into 24-well plates in which either the basal medium was added or 100 ng/mL
CXCL12 in basal medium. After incubation, invasion assay was done as described in the
“Materials and methods” section. The results shown are representative of three independent
experiments. Left panel histogram of data obtained from invasion assay in Fig. 5a, right
panel, SE. *P<0.01. b Celastrol suppresses expression of CXCR4 mRNA. AsPC-1 cells
were treated with 3 μmol/L celastrol for the indicated times. Total RNA was isolated and
analyzed by RT-PCR assay as described in the “Materials and methods” section. GAPDH
was used to show equal loading of total RNA. The results shown are representative of three
independent experiments. c Cells were incubated with 3 μmol/L celastrol for 24 h. Whole-
cell extracts were prepared and analyzed by Western blot analysis with antibodies against
CXCR4. The same blots were stripped and reprobed with β-actin antibody to show equal
protein loading. The results shown are representative of three independent experiments. d
Left panel MIA PaCa-2 cells (2×105; 2% FBS–DMEM) were seeded in the top chamber of
Matrigel and invasion assay was done as describe above. The results shown are
representative of three independent experiments. Right panel histogram of data obtained
from invasion assay in Fig. 5d, left panel
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Fig. 7.
Except celastrol, no other Hsp90 inhibitor suppresses CXCR4. a Structures of celastrol,
gedunin, and withaferin A. b HCT116 colon cancer cells were incubated with indicated
concentration of celastrol (left panel), gedunin (middle panel), and withaferin A (right
panel) for 24 h. Whole-cell extracts were prepared and analyzed by Western blot analysis
with antibodies against CXCR4. The same blots were stripped and reprobed with β-actin
antibody to show equal protein loading. The results shown are representative of three
independent experiments
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