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Abstract
Ninety percent of cancer-mediated deaths are due to metastasis of the tumor, but the mechanisms
controlling metastasis remain poorly understood. Thus, no therapy targeting this process has yet
been approved. Chemokines and their receptors are mediators of chronic inflammation and have
been linked to the metastasis of numerous cancers. More recently, the CXC chemokine receptor 4
(CXCR4) has emerged as a key mediator of tumor metastasis; therefore, identification of
inhibitors of this receptor has the potential to abrogate metastasis. In this report, we demonstrate
that acetyl-11-keto-β-boswellic acid (AKBA), a component of the therapeutic plant Boswellia
serrata, can downregulate CXCR4 expression in pancreatic cancer cells. The reduction in CXCR4
induced by this terpenoid was found to be cell-type specific, as its expression was also abrogated
in leukemia, myeloma, and breast cancer cell lines. Neither proteasome inhibitors nor lysosomal
stabilization could prevent the AKBA-induced reduction in CXCR4 expression, and
downregulation occurred at the transcriptional level. Suppression of CXCR4 by AKBA was
accompanied by the inhibition of pancreatic cancer cell invasion, which is induced by CXCL12,
the ligand for CXCR4. In addition, abrogation of the expression of chemokine receptor by AKBA
was found in human pancreatic tissues from orthotopic animal model. AKBA also abolished
breast tumor cell invasion, and this effect correlated with the disappearance of both the CXCR4
mRNA and CXCR4 protein. Overall, our results show that AKBA is a novel inhibitor of CXCR4
expression and, thus, has the potential to suppress the invasion and metastasis of cancer cells.
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Introduction
The phenomenon of cancer metastasis remains poorly understood. However, metastasis still
occurs in as many as 90% of cancer-associated deaths (1). A number of molecules have been
linked with cancer metastasis, including matrix metalloproteases (MMPs), vascular
endothelial growth factor (VEGF), tumor necrosis factor (TNF), platelet-derived growth
factor (PDGF), transforming growth factor β (TGF-β), and TWIST (2–6).
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More recently, chemokines and their receptors have been identified as mediators of chronic
inflammation, which plays a pivotal role in the initiation or progression of numerous
cancers, such as lung, colon (7), liver, breast (8), cervix, prostate (9), bladder, ovary (10),
esophagus, skin, and lymphatic cancers. Tumor growth is the result of dynamic interactions
among tumor cells and between tumor cells and components of the tumor environment. In
this regard, chemokines are emerging as key mediators of metastasis, not only in the homing
of cancer cells to metastatic sites but also in the recruitment of a number of different cell
types to the tumor microenvironment.

Several studies have suggested that cancer cells express chemokine receptors that mediate
metastasis to target organs expressing their cognate chemokines. One of the most well
studied chemokines in tumor cell migration and metastasis is a stromal cell-derived factor
1α (SDF-1 α, also known as CXC chemokine ligand 12 [CXCL12]) and its receptor,
CXCR4 (11). Different cancers preferentially metastasize to different organs, and
production of SDF-1α by an organ is responsible for the migration of cancer cells to that
organ. CXCR4 has been linked with tumor metastasis in a wide variety of cancers. Because
CXCR4 binds to its ligand CXCL12, leading to tumor migration, agents that can interrupt
the CXCR4-CXCL12 cell-signaling pathway have the potential to suppress tumor
metastasis.

Traditional medicines, which have been used for thousands of years, are still being used by
the majority of people in the world today because natural products are generally considered
to be safe, inexpensive, and targeted towards a number of diseases. In most cases, however,
neither the active components nor their mechanisms of action are well established. Thus,
identification of the active components of these traditional medicines and the signaling
pathways that they modulate could validate their use in various diseases. Acetyl-11-keto-β-
boswellic acid (AKBA) is a derivative of boswellic acid, which is the main component of a
gum resin from Boswellia serrata. AKBA has been used traditionally in Ayurvedic systems
of medicine to treat a number of inflammatory diseases, including osteoarthritis, chronic
colitis, ulcerative colitis, Crohn’s disease, and bronchial asthma, but its mechanism of action
is poorly understood.

Recently, it was reported that boswellic acid directly interacts with IκB kinases (12) and
suppresses nuclear factor-κB–regulated gene expression (13). In addition, boswellic acid has
been shown to potentiate apoptosis in several types of tumor cells, including colon cancer
(14), prostate cancer (15), fibrosarcoma (16), hepatoma (17), and malignant glioma (18)
cells, through caspase-8 activation (14) and death receptor 5–mediated signaling (15).
However, whether AKBA can modulate tumor invasion and metastasis in general is not well
established.

In the present report, we investigated whether AKBA can modulate the expression of
CXCR4 and, thus, inhibit tumor cell invasion. Our results show that this pentacyclic
terpenoid can downregulate constitutive CXCR4 expression in various tumor cells that
overexpress this chemokine receptor. This downregulation occurred at the transcriptional
level and led to the inhibition of the CXCL12-induced invasion of pancreatic and breast
cancer cells.

Materials and Methods
Reagents

Purified acetyl-11-keto-β-boswellic acid (AKBA) was supplied by Sabinsa Corp. A 50
mmol/L stock solution of AKBA was prepared and then stored at −20°C as small aliquots
until needed. RPMI 1640, Dulbecco’s modified Eagle’s medium (DMEM)/F12, Iscove’s
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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. A
rabbit polyclonal antibody to CXCR4 was obtained from Abcam. Lactacystin was obtained
from Calbiochem.

Cell lines and cell culture
The KBM-5 (human chronic myeloid leukemia), U266 (multiple myeloma), MDA-MD-231
(human breast adenocarcinoma), SKBR3 (human breast adenocarcinoma), BxPC-3 (human
pancreatic adenocarcinoma), PANC-28 (human pancreatic carcinoma), MIA PaCa-2 (human
pancreatic carcinoma), AsPC-1 (human pancreatic adenocarcinoma), and A293 (human
embryonic kidney) cells were obtained from American Type Culture Collection. Breast
cancer cell lines that express different levels of HER2, including stably transfected MCF7/
HER2 and their vector control, were kindly provided by Dr. D. Yu of The University of
Texas MD Anderson Cancer Center. MCF7/HER2 and its control cells were cultured in
DMEM/F12 supplemented with 10% FBS. U266 cells were cultured in RPMI 1640 with
10% FBS. KBM-5 cells were cultured in IMDM with 15% FBS. SKBR3 cells were cultured
in McCoy 5A with 10% FBS. AsPC-1, BxPC-3, PANC-28, MIA PaCa-2, A293, and MDA-
MD-231 cells were cultured in DMEM with 10% FBS. Culture media were also
supplemented with 100 units/mL penicillin and 100 μg/mL streptomycin, except the media
for MCF7/HER2 and its control cells. Cells were maintained at 37°C in an atmosphere of
5% CO2-95% air.

Western blotting
For detection of CXCR4 and HER2, AKBA-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 centrifuged at 14,000 rpm for 10
minutes to remove insoluble material, and proteins were resolved on a 10% SDS 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), anti-HER2
antibodies (1:1000) overnight at 4°C. The blot was washed, exposed to horseradish
peroxidase–conjugated secondary antibodies for 2 hours, and examined by
chemiluminescence (GE Healthcare).

Electrophoretic mobility shift assay
To evaluate NF-κB activation, we isolated nuclei from cells and carried out electrophoretic
mobility shift assays (EMSAs) essentially as previously described (19). In brief, nuclear
extracts prepared from cancer cells (1 × 106/mL) were incubated with a 32P-end-labeled 45-
mer double-stranded NF-κB oligonucleotide (4 μg of protein with 16 μmol of DNA) from
the human immunodeficiency virus (HIV) long terminal repeat (5′-
TTGTTACAAGGGACTTTC CGCTG GGGACTTTC CAGGGA GGCGT GG-3′;
boldface indicates NF-κB binding sites) for 15 minutes at 37°C. The resulting DNA-protein
complex was separated from the free oligonucleotides on 6.6% native polyacrylamide gels.
The dried gels were visualized, and radioactive bands were quantitated using a
Phosphorimager (GE Healthcare) and ImageQuant software.

RNA analysis and reverse transcription-PCR
Total RNA was extracted using Trizol reagent according to the manufacturer’s instructions
(Invitrogen). One microgram of total RNA was converted to cDNA by Superscript reverse
transcriptase and then amplified by Platinum Taq polymerase using a Superscript One-Step
reverse transcription–polymerase chain reaction (RT-PCR) kit (Invitrogen). The relative
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expression of CXCR4 was analyzed by quantitative RT-PCR with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as an internal control. The following forward and
reverse primer set was used: CXCR4, 5′-GAAGCTGTTGGCTGAAAAGG-3′ and 5′-
GAGTCGATGCTGATCCCAAT-3′ (PCR product size, 345 bp; GenBank accession no.
NM_003467). The RT-PCR reaction mixture contained 12.5 μL of 2× reaction buffer, 10 μL
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 minutes, 94°C for 2 minutes,
94°C for 30 cycles of 15 seconds each, 54°C for 30 seconds, and 72°C for 1 minute, with
extension at 72°C for 10 minutes. PCR products were electrophoresed on a 2% agarose gel
and then stained with ethidium bromide. Stained bands were visualized under ultraviolet
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 PANC-28
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
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 formula.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was done as previously described (20) with
some modifications. PANC-28 cells (2 × 106) were incubated with or without 50 μmol/L
AKBA for the indicated times and immunoprecipitated with anti-p65 antibody. PCR
analyses were carried out for 39 cycles with primers 5′-
TCGAAAGCTTATTGCCGCCTACT-3′ (forward) and 5′-
TCGAGGATCCCCAACAAACTGAAGTTTCTG-3′ (backward) for CXCR4, the amplified
DNA fragment (−417 to +1), which contains two NF-κB binding sites (21).

Invasion assay
The 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-DMEM for PANC-28 and MDA-MB-231) and seeded into
the Matrigel-precoated transwell chambers with polycarbonate membranes with an 8-μm
pore size. After preincubation with or without AKBA (50 μmol/L) for 6 h, the transwell
chambers were then placed into 24-well plates and either basal medium only or basal
medium containing 100 ng/mL CXCL12 was added. After 24-hour incubation, the upper
surfaces of the transwell chambers were wiped out with a cotton swab, and invading cells
were fixed and stained with a Diff-Quick staining kit. The invading cells were counted in
five randomly selected microscopic fields (×200).
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Orthotopic implantation of PANC-28 cells in nude mice
PANC-28 cells were stably transfected with luciferase as described previously (22).
Luciferase-transfected PANC-28 cells were harvested from subconfluent cultures after a
brief exposure to 0.25% trypsin and 0.2% EDTA. Trypsinization was stopped with medium
containing 10% FBS. The cells were washed once in serum-free medium and resuspended in
PBS. Mice were anesthetized with ketamine–xylazine solution (Sigma-Aldrich, St. Louis,
MO), a small left abdominal flank incision was made, and PANC-28 cells (2 × 106) in 50 μL
PBS were injected into the subcapsular region of the pancreas using a 27-gauge needle and a
calibrated push button-controlled dispensing device (Hamilton Syringe Co., Reno, NV).

Preparation of extract from tumor samples
Pancreatic tumor tissues (75–100 mg/mouse) from control and experimental mice were
minced and homogenized using a Dounce homogenizer and the homogenate was incubated
on ice for 1 hr in 0.5 mL of ice-cold buffer A[10 mmol L–1 HEPES (pH 7.9), 1.5 mmol L–1
KCl, 10 mmol L–1 MgCl2, 0.5 mmol L–1 DTT, 0.5 mmol L–1 phenylmethylsulfonyl
fluoride (PMSF)]. The supernatant (cytosolic extract) was collected and stored at −80°C
until use. Protein concentration was measured by the Bradford assay with BSA as the
standard.

Immunohistochemical analysis of CXCR4 in tumor samples
The pancreatic cancer tumor samples were embedded in paraffin and fixed with
paraformaldehyde. After being washed in DPBS, the slides were blocked with protein block
solution (Dako Cytomation) for 20 min and then incubated overnight with rabbit polyclonal
anti-human CXCR4 (1:100). After the incubation, the slides were washed and then
incubated with biotinylated link universal antiserum followed by horseradish peroxidase-
streptavidin conjugate (LSAB+ kit). The slides were rinsed, and color was developed using
3,3′-diaminobenzidine hydrochloride as a chromogen. Finally, sections were rinsed in
distilled water, counterstained with Mayer’s hematoxylin and mounted with DPX mounting
medium for evaluation. Pictures were captured with a Photometric Cool SNAP CF color
camera (Nikon, Lewisville, TX) and Meta Morph version 4.6.5 software (Universal
Imaging, Downingtown, PA).

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 AKBA on the expression of
CXCR4, the chemokine receptor that plays a critical role in tumor cell invasion and
metastasis, in various tumor cells. We also determined the effect of the AKBA on CXCL12-
induced pancreatic and breast cancer cell invasion.

AKBA suppresses CXCR4 in PANC-28 cells
Pancreatic cancer is a highly invasive disease. Its aggressive behavior and lack of sensitivity
to most treatments render this tumor a major cause of cancer-related death (23). In
particular, chemokine receptor CXCR4 seems to be an important proinvasive factor, and
recent reports corroborate the role of CXCR4 signaling in the local invasion and distant
metastasis of pancreatic cancer (24). Our previous data also confirmed the constitutive
expression of CXCR4 in several pancreatic cancer cells (unpublished data). Therefore, we
investigated whether AKBA can modulate the expression of CXCR4 in PANC-28 pancreatic
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cancer cells. When PANC-28 cells were incubated either with different concentrations of
AKBA for 12 hours or with 50 μmol/L AKBA for different time periods, AKBA suppressed
the expression of CXCR4 in a dose- and time-dependent manner (Fig. 1B and C). This
down-regulation was not due to a reduction in cell viability, because >90% of cells were
viable under these conditions (data not shown).

AKBA downmodulates CXCR4 in different cell types
Up to this point, our studies were carried out with pancreatic PANC-28 cancer cell lines.
However, CXCR4 is overexpressed in a wide variety of tumor cells. Thus, we investigated
whether AKBA downregulated expression of CXCR4 in leukemia (KBM-5), kidney (A293),
multiple myeloma (U266), breast (MDA-MB-231, MCF7/Neo, MCF7/HER2, SKBR3), and
pancreatic (AsPC-1, BxPC-3, MIA PaCa-2 and PANC-28) cancer cell lines. These cells
were treated with 50 μmol/L AKBA for 12 hours and then examined for CXCR4 expression.
AKBA downregulated CXCR4 in most of these cell lines and dramatically downregulated
CXCR4 in pancreatic (BxPC-3, PANC-28) cancer cells (Fig. 2A). Thus, these results
suggest that CXCR4 downregulation by AKBA is not universal but depend on cell type.

AKBA downmodulates HER2 expression
Since expression of HER2 has been linked with the expression of CXCR4 in pancreatic and
breast cancer (25, 26), we determined whether AKBA could affect the expression of CXCR4
through the downregulation of HER2. As shown in Fig. 2B, we found that all pancreatic and
breast cancer cell lines, used in our study, expressed HER2. AKBA downregulated the
expression of HER2 in all pancreatic cancer cells, but not in all breast cancer cell lines. The
downregulation of HER2 expression correlated with CXCR4 downregulation quite well.

Downregulation of CXCR4 by AKBA is not mediated by its degradation
CXCR4 has been shown to be ubiquitinated at its lysine residue, which leads to its
degradation (27); thus, we first investigated whether AKBA enhances the downregulation of
CXCR4 through proteasomal degradation. To determine this, we treated PANC-28 cells
with lactacystin, a proteasome inhibitor, 1 hour before AKBA treatment. Lactacystin had
very little effect on the AKBA-induced degradation of CXCR4 (Fig. 3A), suggesting that
proteasomal degradation is not likely the mechanism by which AKBA downregulates
CXCR4. Because CXCR4 can undergo ligand-dependent lysosomal degradation (27), we
treated cells with chloroquine, a lysosomal inhibitor, 1 hour before exposing them to AKBA.
To the contrary, the chloroquine seems to exhibit slightly enhance the CXCR4 degradation
(Fig. 3B). However this result also indicated that lysosomal degradation was not the primary
pathway for the AKBA-mediated suppression of CXCR4 expression.

Downregulation of CXCR4 by AKBA occurs at the transcriptional level
Because AKBA did not suppress CXCR4 expression by enhancing its degradation, we
investigated whether suppression occurred at the transcriptional level using both RT-PCR
and quantitative PCR (real-time PCR). Cells were treated with AKBA for different times,
and the mRNA level was measured. AKBA induced the downregulation of CXCR4 mRNA
in a time-dependent manner (Fig. 3C and 3D).

AKBA suppresses constitutive activation of NF-κB in PANC-28 cells
The promoter of CXCR4 is known to contain several NF-κB binding sites. Moreover AKBA
has been shown to inhibit NF-κB activation in various cancer cell lines. Thus, it is possible
that AKBA exerts its effect on CXCR4 by suppressing NF-κB activation. We used a DNA-
binding assay to explore whether AKBA could affect the constitutive NF-κB activation in
PANC-28 cells. We found that treatment of PANC-28 cells with AKBA for 12h reduced
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NF-κB activation in a dose-dependent manner (Fig. 3E). This result suggests that AKBA
may downregulate CXCR4 expression by suppressing NF-κB activation.

AKBA inhibits binding of NF-κB to the CXCR4 promoter
Whether the downregulation of CXCR4 by AKBA in PANC-28 cells was due to suppression
of NF-κB activation was examined by chromatin immunoprecipitation assay targeting NF-
κB binding in the CXCR4 promoter. We found that AKBA suppressed the NF-κB binding to
CXCR4 promoter in a time dependent manner (Fig. 3F).

AKBA suppresses CXCL12-induced pancreatic cancer cell invasion
CXCL12/CXCR4 signaling has been shown to play a critical role in pancreatic cancer
metastasis (28). Moreover, recent intensive research has suggested that blocking CXCR4
could reduce the metastatic potential of cancer cells (29). Whether downregulation of
CXCR4 by AKBA correlates with pancreatic cancer cell migration was examined using an
in vitro invasion assay. We found that CXCL12 induced the invasion of pancreatic cancer
cells and that AKBA effectively abrogated the invasion (Fig. 4A and 4B).

AKBA inhibits CXCL12-induced breast cancer cell invasion
We next determined whether suppression of cell invasion by AKBA is specific to pancreatic
cancer cells. It has been reported that the motility and migration of breast cancer cells can be
induced when the cells are exposed to their ligand, CXCL12 (8). In addition, breast cancer
cell metastasis can be inhibited by silencing CXCR4 (30). To elucidate whether AKBA has
an effect on breast cancer cell metastasis, we examined the effect of AKBA on CXCL12-
induced cell invasion. Treatment of breast cancer MDA-MB-231 cells with AKBA
suppressed the CXCL12-induced invasion of these cells (Fig. 5A and 5B). We also found
that the AKBA-mediated downregulation of CXCR4 occurred at both the mRNA (Fig. 5C)
and protein levels (Fig. 5D).

AKBA inhibits CXCR4 expression in orthotopic pancreatic cancer animal model
PANC-28 cells were implanted in the pancreas tails of nude mice. After a week, based on
the initial IVIS image we randomized animals into 2 groups and started the treatment per the
experimental protocol. The treatment was continued for 4 weeks and animals were sacrificed
6 weeks after tumor cell injection. The result of immunohistochemical analysis showed that
AKBA suppressed the expression of CXCR4 in human pancreatic tumor tissues (from 73%
to 15%, Fig. 6A). Western blotting data further confirmed that AKBA decreased the
expression of CXCR4 in pancreatic tumor tissues from mice (Fig. 6B). Under these
conditions, where AKBA reduced tumor growth by 50% and metastasis to spleen, liver and
lung was significantly reduced (data not shown).

Discussion
Numerous 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 AKBA
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 AKBA abolishes the expression of CXCR4 in a wide
variety of tumor cell types, especially in pancreatic cancer cell lines. However, AKBA
didn’t affect the expression of CXCR4 in all cell types. This result suggested that CXCR4
downregulation by AKBA may depend on cell type.
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To investigate the mechanism of CXCR4 downregulation by AKBA, we examined the
expression of HER2, which has been linked with CXCR4 expression (25, 26). AKBA
suppressed the expression of HER2 in all pancreatic cancer cells and MDA-MB-231 breast
cancer cells, but didn’t show any inhibition in MCF7/HER2 (HER2 stably transfected) and
SKBR3 (express endogenous HER2) breast cancer cells. Downregulation of HER2
correlated with the CXCR4 downregulation by AKBA.

Our results also showed that downregulation of CXCR4 did not occur through proteolytic
degradation of the receptor but rather through the inhibition of transcription. Furthermore,
suppression of receptor expression led to reduced cell invasion induced by CXCL12.

CXCR4 has been reported to be overexpressed in more than 20 different tumors, including
pancreatic and breast cancer cells. Inflammatory cytokines such as TNF (31) and VEGF (32)
can induce the expression of CXCR4. Recent reports have documented the ligand-dependent
downregulation of CXCR4 expression by lysosomal degradation (33), which involves
atrophin-interacting protein-4–mediated ubiquitination and degradation (27). Our results,
however, suggest that downregulation of CXCR4 by AKBA is not mediated by ligand-
dependent lysosomal degradation but instead is controlled at the transcriptional level.

The transcription factors HIF-1α (34), PPARγ (35), and NF-κB (36) have been suggested to
upregulate CXCR4 expression in human cancer cells. AKBA has been documented to
downregulate NF-κB activation. Therefore, it is possible that downregulation of CXCR4
occurs through the downregulation of NF-κB activation. Our results showed that AKBA
inhibited constitutive NF-κB activity in pancreatic PANC-28 cancer cells. However, the
possibility that mechanisms other than suppression of NF-κB activation are involved in the
downregulation of CXCR4 by AKBA cannot be ruled out.

In addition to inducing CXCR4 expression, the activation of NF-κB also induces the
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 AKBA can inhibit
constitutive NF-κB activation, it is possible that AKBA can suppress the expression of these
adhesion molecules as well.

We also found that AKBA suppressed the ligand-induced invasion of both pancreatic and
breast cancer cells. This shows the critical role of the CXCR4 receptor in tumor invasion
and the potential of AKBA to downregulate the expression or the activity of CXCR4.
Elevated levels of CXCR4 have been demonstrated with nodal metastasis of human breast
cancer (37). AKBA has been shown to inhibit VEGFR2-mediated angiogenesis (38), cellular
proliferation and survival (39), and osteoclastogenesis (13) and to potentiate apoptosis and
cytostatic and cytotoxic action (18, 40). Thus, it is possible that some of these antitumor
effects of AKBA are also mediated through CXCR4 regulation.

The use of CXCR4 antagonists as cancer therapeutics was recently reviewed (41). One of
these CXCR4 antagonists, BKT140, also called AMD3100 and plerixafor, was approved by
the Food and Drug Administration (42). Plerixafor was approved not for the prevention of
cancer metastasis but as a mobilizer of peripheral blood stem cells. However, this inhibitor
has been shown to suppress tumor growth (43), cell adhesion (44), and angiogenesis (45).
AKBA is currently in clinical trials. Recently it was reported that 5-Loxin, a novel Boswellia
serrata extract enriched with 30% 3-O-acetyl-11-keto-beta-boswellic acid (AKBA), reduces
pain and improves physical functioning significantly in osteoarthritis (OA) patients; and it is
safe for human consumption (46).
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Taken together, our data suggest that AKBA can downregulate the expression of CXCR4, a
key receptor involved in the cross-talk between tumor cells and the microenvironment,
which contributes to its anti-invasive activity. Thus, AKBA may be a useful anti-cancer
therapeutic agent. Further in vivo studies are planned to show the relevance of these
observations to cancer treatment.
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FIGURE 1.
AKBA suppresses CXCR4 expression in PANC-28 cells. A, The chemical structure of
AKBA. B, AKBA suppresses CXCR4 levels in a dose-dependent manner. PANC-28 cells (3
× 105) were treated with the indicated concentrations of AKBA for 12 hours. Whole-cell
extracts were then prepared and analyzed by western blotting with antibodies against
CXCR4. C, AKBA suppresses CXCR4 levels in a time-dependent manner. PANC-28 cells
(3 × 105) were treated with 50 μmol/L AKBA for the indicated times, after which western
blotting was performed as described above. The same blots were stripped and reprobed with
β-actin antibody to show equal protein loading. Representative results of three independent
experiments are shown.
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FIGURE 2.
AKBA downregulates CXCR4 in different cell types. A, Different cells were incubated with
or without 50 μmol/L AKBA for 12 hours. Whole-cell extracts were prepared and analyzed
by western blotting with antibodies against CXCR4. B, Different cells were incubated with
or without 50 μmol/L AKBA for 12 hours. Whole-cell extracts were prepared and analyzed
by western blotting with antibodies against HER2. 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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FIGURE 3.
AKBA suppresses CXCR4 by reducing the mRNA level. A–B, AKBA does not suppress
CXCR4 through lysosomal or proteosomal degradation. Cells were treated with the
indicated concentrations of A, lactacystin or B, chloroquine for 1 hour at 37°C, followed by
treatment with 50 μmol/L AKBA for 12 hours. Whole-cell extracts were prepared and
analyzed by western blotting 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. C, AKBA suppresses the expression of
CXCR4 mRNA. Cells were treated with 50 μmol/L AKBA for the indicated times. Total
RNA was isolated and analyzed by an RT-PCR assay. GAPDH was used to show equal
loading of total RNA. The results shown are representative of three independent
experiments. D, The result of mRNA expression of CXCR4 by quantitative real-time PCR is
presented after normalization to GAPDH using the Ct method. E, AKBA inhibits
constitutive NF-κB activation in pancreatic cancer cells. PANC-28 cells were incubated with
AKBA at the indicated concentrations for 12 hours. The nuclear extracts were assayed for
NF-κB activation by electrophoretic mobility shift assay. The results shown are
representative of three independent experiments. F, AKBA inhibits binding of NF-κB to the
CXCR4 promoter. PANC-28 cells were pretreated with 50 μmol/L AKBA for indicated
times and the proteins were cross-linked with DNA with formaldehyde and then subjected to
ChIP assay with an anti- p65 antibody.
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FIGURE 4.
AKBA suppresses invasion in pancreatic cancer cells. A, PANC-28 cells (3 × 104 cells/well)
were seeded in the top chamber of a Matrigel. After preincubation with or without AKBA
(50 μmol/L) for 6 hours, the transwell chambers were placed into 24-well plates with basal
medium only or basal medium containing 100 ng/mL CXCL12. After incubation, the cell
invasion assay was done as described in Materials and Methods. B, Columns mean number
of invaded cells, bars SE. *P<0.01
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FIGURE 5.
AKBA suppresses CXCR4 and breast cancer cell invasion. A, MDA-MB-231 cells (5 × 104

cells/well) were seeded in the top chamber of a Matrigel. After preincubation with or
without AKBA (50 μmol/L) for 6 hours, the transwell chambers were placed into 24-well
plates with basal medium only or basal medium containing 100 ng/mL CXCL12. B,
Columns mean number of invaded cells, bars SE. *P<0.01 C, AKBA suppresses expression
of CXCR4 mRNA. MDA-MB-231 cells were treated with 50 μmol/L AKBA for the
indicated times. Total RNA was isolated and analyzed by an RT-PCR assay. GAPDH was
used to show equal loading of total RNA. D, Cells were incubated with 50 μmol/L AKBA
for 12 hours. Whole-cell extracts were prepared and analyzed by western blotting with
antibodies against CXCR4. The same blots were stripped and reprobed with β-actin antibody
to show equal protein loading. Representative results of three independent experiments are
shown.
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FIGURE 6.
AKBA suppresses CXCR4 in vivo. A, Immunohistochemical analysis showed the inhibition
of CXCR4 by AKBA. Percentage, positive staining for the given biomarker. The
photographs were taken at the magnification of ×40. B, Western blot showed that AKBA
inhibited the expression of CXCR4 in pancreatic tumor tissues.
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