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Berberine, an Isoquinoline Alkaloid, Inhibits the Metastatic Potential
of Breast Cancer Cells via Akt Pathway Modulation
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ABSTRACT: Berberine (BBR) is a natural alkaloid with significant antitumor activities against many types of cancer cells. In this
study, we investigated the molecular mechanisms by which BBR repressed the metastatic potential of breast cancer cells. BBR
was found to downregulate the enzymatic activities and expression levels of matrix metalloproteinases 2 and 9 (MMP2 and
MMP9, respectively). The BBR-mediated suppression of MMP2 and MMP9 involved the inhibition of the Akt/nuclear factor
kappa B (NF-kB) and activator protein-1 (AP-1) signaling pathways. Furthermore, BBR repressed the expression of the Akt
protein by modulating the mRNA expression level and protein degradation of Akt. In conclusion, this study suggests that BBR
can reduce the metastatic potential of highly metastatic breast cancer cells and may be a useful adjuvant therapeutic agent in the
treatment of breast cancer by targeting the Akt pathway.
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B INTRODUCTION primarily regulated at the transcriptional level via the activation
of multiple signaling pathways, including the phosphatidylino-
sitol 3-kinase (PI3K)/Akt pathway.®” The PI3K/Akt signaling
pathway is associated with the regulation of cell proliferation,
survival, angiogenesis, and metastasis in various types of cancer,
including breast cancer. Activation of PI3K/Akt and its
downstream effectors (e.g,, NF-kB and AP-1) has been reported
to increase metastatic ability by modulating the motility and
invasion of cancer cells.*”® Therefore, suppression of the PI3K/
Akt pathway may be an effective approach in the treatment of
cancer cells with highly metastatic abilities.

Berberine (BBR), a natural alkaloid abundantly present in
Goldenseal (Hydrastis canadensis), is a popular dietary supple-
ment in the market. BBR is also found in a variety of herbs such as
the Berberis species. It is currently known to have many
pharmacological activities, such as antibacterial, anticholinergic,
antihypertensive, anti-inflammatory, and antioxidative activities.”
BBR also possesses a repressive effect on the proliferation of
various cancer types via the induction of cell cycle arrest and
cellular apoptosis."®"'* Recently, the application of BBR has
attracted considerable attention for its use as an antimetastatic
agent, suggesting it is a useful antimetastatic agent.13_16 For

Breast carcinoma is the most common cancer and the leading
cause of cancer-related mortality among women worldwide, and
it accounted for approximately 23% of total new cases and 14% of
all cancer deaths in 2008." In Taiwan, breast cancer is also the
most frequent cancer diagnosed in women and the fourth cause
of cancer deaths among females.> Moreover, from 1986 to 2010,
an increasing death rate from breast carcinoma has been
observed in Taiwan.” Although the detection and treatment of
breast cancer has improved, approximately 40% of all patients
still die from this disease. In most cases, the major cause of breast
cancer death is associated with the dissemination and
proliferation of breast cancer cells at a secondary site.> Thus,
novel and useful therapies/agents against highly metastatic breast
cancer need to be developed.

Tumor metastasis, a process by which cancer cells spread from
the primary tumor site to a secondary site, consists of a complex
cascade of steps including cell attachment, migration, invasion,
proliferation, and vessel formation.* For tumor cells to manifest
this metastatic potential, they must develop the ability to degrade
both the basement membrane (BM) and the extracellular matrix
(ECM), thereby facilitating the invasion of tumor cells that can
result in the establishment of cancer metastasis.
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example, BBR has been observed to repress cell migration and
invasion by reducing the expression of focal adhesion kinase
(FAK), inhibitor kappaB kinase (IKK), NF-kB, urokinase-type
plasminogen activator (u-PA), MMP2, and MMP9 in tongue
squamous cancer cells and the levels of cyclooxygenase-2 (COX-
2), prostaglandin E, (PGE,), and PGE, receptors in melanoma
cells.">'* BBR demonstrated the ability to inhibit both tumor
necrosis factor-alpha (TNF-a)- and 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced metastasis in breast cancer cells.">*¢
Although BBR has antimetastatic potential in various cancer
types, the molecular mechanisms governing its repressive
influence on breast cancer metastasis are still unclear and need
to be explored.

In this study, we investigated the effects of BBR on the
viability, adhesion, migration, and invasion of a highly metastatic
breast cancer cell line, MDA-MB-231. We also elucidated the
potential of BBR in repressing the enzymatic activity and
expression of MMP2 and MMP9. In addition, the impact of BBR
on the Akt pathway was also examined to further explore the
underlying molecular mechanisms of the antimetastatic action of
BBR in breast cancer.

B MATERIALS AND METHODS

Chemicals and Antibodies. Berberine (>98% purity), cyclo-
heximide (CHX), DMSO, and MTT were all obtained from Sigma-
Aldrich (St. Louis, MO, USA). LY294002 (a PI3K inhibitor) was
purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA).
Antibodies against cyclins A, B, D1, and E, p21, phospho-Akt (Ser308),
Aktl, NF-kB p6S, proliferating cell nuclear antigen (PCNA), and
ubiquitin (Ub) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The antibody against f-actin was purchased from
Chemicon International Inc. (Temecula, CA, USA).

Cell Culture. Human breast carcinoma cell lines MDA-MB-231,
MCE-7, and T-47D were obtained from the American Type Culture
Collection (ATCC, Rockville, MD). All cells were cultured in DMEM/
F12 medium (Gibco BRL, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS) in a humidified atmosphere of 5% CO, at 37
°C.

MTT Assay. Cell viability was determined using an MTT assay as
previously described.'® Briefly, cells were seeded at a density of 6,000
cells/well into 96-well plates and incubated overnight in medium
containing 10% FBS. After the cells adhered to the plate, various doses of
BBR were applied to the cells and then the cultures were incubated at 37
°C for 24 or 48 h. After a 4 h incubation with MTT reagent (0.5 mg/
mL), the relative viable cell number was calculated as being directly
proportional to the production of formazan crystals solubilized by
DMSO. The final solution was measured using a spectrophotometer at a
wavelength of 545 nm against a reference wavelength of 690 nm.

Cell-Matrix Adhesion Assay. Cell attachment was determined
using a cell-matrix adhesion assay with a slight modification as previously
described."” Briefly, microtiter wells were coated with type IV collagen
(BD Biosciences, San Diego, CA, USA) at 4 °C overnight and then
blocked using 0.5% BSA in PBS for 30 min. The cells were incubated
with BBR at various concentrations (0, 10, 50, or 100 uM) for 24 h
before seeding. One hundred microliters of the treated cells (S X 10°
cells/mL in serum-free medium) was seeded onto the coated wells and
incubated at 37 °C for 30 min. Nonadherent cells were removed using
PBS washes. The adherent cells (remaining cells) were measured using
an MTT assay.

Wound Healing Assay. Cell motility/migration was measured
using a wound healing assay, as previously described, with slight
modification.'” Briefly, the cells were grown to a confluent monolayer in
a six-well tissue culture dish. Cell monolayers were “wounded” using a
P200 micropipet tip. The wounded monolayers were then washed twice
with DPBS to remove cell debris and incubated in medium with 0.1%
FBS in the absence or presence of BBR for 24 or 48 h. The migrating
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cells in the denuded zone were monitored under an inverted microscope
equipped with a camera.

Migration and Invasion Assay. The migration and invasion
abilities of tumor cells were determined using an in vitro migration and
invasion assay with a slight modification as previously described.'”
Briefly, cells were incubated with various concentrations of BBR (0, 10,
50, or 100 #M) for 24 h before seeding. For the migration assay, 100 uL
of the treated cells (5 X 10° cells/mL in serum-free medium) was added
to the upper part of the cell culture chambers (Millipore Corp., Billerica,
MA, USA). For invasion assay, 100 uL of the treated cells (1 X 10° cells/
mL in serum-free medium) was seeded onto the upper part of the
chambers coated with Matrigel (BD Biosciences, San Diego, CA, USA).
FBS (10%) was used as the chemoattractant in the bottom chambers.
After incubation at 37 °C for 24 h, the nonmigrated or noninvaded cells
were removed from the upper face of the transwell membrane using a
cotton swab. The migrated or invaded cells were fixed with methanol
(100%) and then stained using 2% crystal violet in methanol. The
migrated or invaded cells were counted in randomly selected fields
under a light microscope.

Gelatin Zymography. The cells (5 X 10°) were incubated in serum-
free medium for 48 h with or without BBR (10, 50, or 100 uM).
Subsequently, the medium was collected and gelatin zymography was
performed to determine the enzymatic activity of MMP2 and MMP9, as
described previously, with slight modification.'” After electrophoresis,
the gels were washed twice in zymography washing buffer (2.5% Triton
X-100 in double-distilled H,O) and then incubated in zymography
reaction buffer (40 mM Tris-HCl, 10 mM CaCl,, 1 uM ZnCl,, and
0.02% NaN3) at 37 °C for 24 h. The reaction was terminated and stained
using 0.1% Coomassie blue R-250 for 1 h followed by destaining using a
destaining solution (20% methanol, 10% acetic acid, and 70% double-
distilled H,0). The enzyme-digested regions were observed as being
white (transparent), nonstaining bands against a blue background. The
results were scanned and quantified using Image] software.

Semiquantitative Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR). Total RNA was isolated using TRIzol solution
(Invitrogen, San Diego, CA, USA). Two micrograms of total RNA was
used for first-strand cDNA synthesis. The appropriate primers (Aktl
sense, 5'-GCTGGACGATAGCTTGGA-3'; Aktl antisense, S’-GAT-
GACAGATAGCTGGTG-3'; MMP2 sense, 5'-TCTCCTGACATT-
GACCTTGGC-3'; MMP2 antisense, 5'-CAAGGTGCTGGCTGAG-
TAGATC-3’; MMP9 sense, 5-TTGACAGCGACAAGAAGTGG-3;
MMP?9 antisense, 5'-GCCATTCACGTCGTCCT TAT-3'; glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) sense, S'-ACCACAGTC-
CATGCCATCAC-3"; GAPDH antisense, §S'-TCCAC-
CACCCTGTTGCTGTA-3') were used to perform the polymerase
chain reaction (PCR). The PCR products were separated by
electrophoresis on a 1.2% agarose gel and detected by ethidium
bromide staining.

Real-Time Quantitative RT-PCR. The mRNA levels were analyzed
using real-time qRT-PCR, as previously described.'® Briefly, total RNA
was isolated using TRIzol solution and reverse-transcribed into cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time qPCR was then performed using a Power SYBR
Green Master Mix Kit (Applied Biosystems) with the following PCR
profile: 1 cycle at 95 °C for 10 min, and then 40 cycles at 95 °C for 15 s
and 52 °C for 1 min. The sequences of the specific primers for each gene
are as follows: 5'-GTGGACCAACGTGAGGCTC-3’ (Aktl sense) and
5-GAAGGTGCGTTCGATGACAG-3’ (Aktl antisense); S'-CACC-
TACTGAGTGGCCGTGTT-3’ (MMP2 sense) and 5'-CAGGGAG-
CAGAGATTCGGAC-3' (MMP2 antisense); S'-TGCCTGCAACGT-
GAACATCT-3' (MMP9 sense) and 5-CACTTGTCGGCGATAAG
GAA-3' (MMP9 antisense); S'-~AGGGCTGCTTTTAACTCTGGT-3’
(GAPDH sense) and 5-CCCCACTTGATTTTGGAGGGA-3’
(GAPDH antisense). The amplification reaction, PCR product
detection, and data analyses were performed using the ABI Prism
7900 Sequence Detection System (Applied Biosystems).

Immunoprecipitation and Western Blotting. Cells were lysed in
lysis buffer (20 mM Hepes buffer, 10 mM KCl, 2 mM MgCl,, 0.5% NP-
40, and protease inhibitors) as previously described.'® The cell lysates
were centrifuged at 16000g for 10 min at 4 °C. The protein content of
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Figure 1. Effects of BBR on the viability of MDA-MB-231 and MCF-7 breast cancer cells. (A) Chemical structure of BBR. (B) MDA-MB-231 and MCF-
7 cells were treated with 0.2% DMSO (vehicle control) or BBR (0, 10, 25, 50, 75, and 100 #M) for 24 or 48 h. Cell viability was determined using the
MTT assay as described in Materials and Methods. (C) MDA-MB-231 and MCF-7 cells were treated with BBR (50 M) for 24, 48, or 72 h. Expression
levels of cell cycle-related proteins were determined by Western blotting as described in Materials and Methods. All data are expressed as the mean + SD

of three independent experiments. *p < 0.05; **p < 0.01.

the supernatant was measured using the Bio-Rad protein assay kit. For
immunoprecipitation, cell lysates containing 400 pg of total protein
were incubated with anti-Akt1 antibody overnight at 4 °C, followed by
protein A/G PLUS-Agarose (Santa Cruz) for 3 h at 4 °C. The
precipitates were resolved using sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS—PAGE) and then transferred onto a
polyvinylidene fluoride (PVDF) membrane. For Western blotting, cell
lysates (40 pg) were directly subjected to SDS—PAGE and blotted onto
the PVDF membrane. The membranes were blocked using 5% nonfat
milk in Tris-buffered saline with Tween-20 (TBST) for 1 h at room
temperature. After blocking, the PVDF membranes were incubated with
primary antibodies for 1 h at room temperature followed by incubating
with an HRP-conjugated or IRDye 800-conjugated secondary antibody.
The reactive signals were visualized using the Enhanced Chemilumi-
nescence Kit (Amersham Biosciences, Arlington Heights, IL) or the
Odyssey Infrared Imaging System (LI-COR Biosciences, Cambridge,
U.K.). The results were scanned and quantified using Image] software.

Preparation of Nuclear Extracts. Nuclear proteins were extracted
from the pelleted nuclei as previously described.” Briefly, each nuclear
pellet was resuspended in extraction buffer (20 mM HEPES (pH 7.9),
1.5 mM MgCL, 0.5 mM DTT, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 M
NaCl, and 25% glycerol). The nuclear suspension was incubated on ice
for 20 min and then centrifuged at 13000g for 5 min. The supernatant
(the soluble nuclear fraction) was collected and used to detect NF-xB
(p65) and AP-1 (c-Fos and c-Jun).

Statistical Analyses. All data are presented as the mean + SD from
three independent experiments. A one-way ANOVA was used to
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determine statistical significance. Significance was recognized as p values
of ¥p < 0.05 or **p < 0.01 relative to the vehicle control.

B RESULTS

BBR Inhibits the Viability of MDA-MB-231 and MCF-7
Breast Cancer Cells. We first determined the effect of BBR on
the viability of MDA-MB-231 and MCF-7 cells. BBR treatment
(10-100 uM) resulted in a dose- and time-dependent
suppression of cell viability (Figure 1B), accounting for a 5—
25% reduction at 24 h and a 7—40% reduction at 48 h in the
number of viable MDA-MB-231cells. Similar results were found
for MCEF-7 cells, accounting for a 6—28% reduction at 24 h and a
14—52% reduction at 48 h in the number of viable MCEF-7 cells
(Figure 1B). The ICg, of BBR for MDA-MB-231 and MCF-7
cells at 24 h was approximately 210 uM and 190 uM, respectively.
At 48 h, the IC values were approximately 130 #M and 95 uM
for the MDA-MB-231 and MCE-7, respectively. In addition, the
data also showed that the viability of MDA-MB-231, a highly
metastatic cancer cell line, was not significantly affected by BBR
at S0 uM (Figure 1B). Therefore, SO uM BBR was
predominantly chosen for the subsequent metastasis-related
experiments.

A variety of regulator proteins, such as cyclins, cyclin-
dependent kinases (CDKs), and CDK inhibitors (CKIs), are
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Figure 2. Effects of BBR on the adhesion, migration, and invasion abilities of highly metastatic MDA-MB-231 cells. (A) MDA-MB-231 cells were treated
with BBR (0, 10, S0, or 100 M) for 24 h and then subjected to analysis for cell adhesion as described in the Materials and Methods. (B) Confluent
monolayers of MDA-MB-231 cells were wounded using a plastic tip and then incubated in medium with 0.1% FBS in the presence of 0, 10, 50, and 100
UM BBR. At 0, 24, and 48 h after wounding, the cells were photographed under a phase contrast microscope (100X) equipped with a CCD camera. (C)
MDA-MB-231 cells were treated with BBR (0, 10, S0, or 100 M) for 24 h and then subjected to analysis for cell migration as described in the Materials
and Methods. (D) MDA-MB-231 cells were treated with BBR (0, 10, 50, or 100 M) for 24 h and then subjected to analysis for cell invasion as described
in Materials and Methods. All data are expressed as the mean + SD of three independent experiments. *p < 0.05; **p < 0.01.

involved in multiple cellular pathways that tightly promote and/
or inhibit cell growth via regulation of cell cycle progression.'® To
clarify the mechanisms of BBR-inhibited cell viability, we
assessed the influence of BBR on the expression of cell cycle
regulators. We found that treatment with BBR (50 4M) had an
inhibitory influence on the protein expression levels of cyclins A,
D1, and E and an induction effect on p21 protein levels in both
breast cancer cell lines with more responses observed in MCF-7
cells (Figure 1C). These results suggest that BBR inhibits cell
growth by modulating the expression of cell cycle regulatory
proteins in breast cancer cells.

BBR Inhibits Adhesion, Migration, and Invasion in
Highly Metastatic MDA-MB-231 Cells. Cancer metastasis, a
complex and multistep process, is highly related to cell adhesion,
motility, and invasion abilities of cancer cells.* To determine the
influence of BBR on breast cancer metastasis, we examined the
effect of BBR on the adhesion, migration, and invasion abilities of
highly metastatic MDA-MB-231 cells. The cell-matrix adhesion
assay determined that BBR exhibited a dose-dependent
repressive effect on the cell adhesion ability of MDA-MB-231
cells. We found that the number of adhesive cells was reduced by
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15%, 22%, and 40% in cells exposed to 10 uM, 50 uM, or 100 uM
BBR, respectively (Figure 2A).

We next assessed the effect of BBR on cell motility using the
wound-healing and cell migration assays. BBR treatment resulted
in a dose-dependent inhibitory effect on the motility of MDA-
MB-231 cells (Figures 2B and 2C). Based on a quantitative
assessment, exposure to 10 uM BBR resulted in an 8% reduction
in the number of migrated cells, exposure to 50 #M BBR resulted
in a 48% reduction in the number of migrated cells, and exposure
to 100 #M BBR resulted in a 72% reduction in the number of
migrated cells (Figure 2C). Furthermore, to test the influence of
BBR on the invasive ability of MDA-MB-231 cells, cell culture
inserts coated with Matrigel were used in a dose escalation
experiment. As illustrated in Figure 2D, BBR treatment resulted
in a noticeable inhibitory effect on the invasion of MDA-MB-231
cells, accounting for a 10%, 61%, and 80% reduction in the
number of invaded cells after treatment with 10 M, 50 uM, and
100 M BBR, respectively. These data demonstrate that BBR
exerts inhibitory effects on the adhesion, migration, and invasion
abilities of highly metastatic MDA-MB-231 cells.

BBR Inhibits the Enzymatic Activity and Expression
Levels of MMP2 and MMP9 in Highly Metastatic MDA-
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Figure 3. Effects of BBR on the activity and expression levels of MMP2 and MMP? in highly metastatic MDA-MB-231 cells. (A) MDA-MB-231 cells
were treated with BBR (0, S0, or 100 uM) for 48 h. The culture medium of the cells after treatment was subjected to gelatin zymography to analyze the
activities of MMP2 and MMP9. (B) MDA-MB-231 cells were treated with BBR (0, S0, or 100 #M) for 48 h. The expression of MMP2 and MMP9
mRNA was measured using semiquantitative RT-PCR as described in Materials and Methods. (C) MDA-MB-231 cells were treated with BBR (0, 10, S0,
or 100 M) for 48 h. The expression of MMP2 and MMP9 mRNA was measured using real-time RT-PCR as described in Materials and Methods. (D)
MDA-MB-231 cells were treated with 50 M BBR for 24 and 48 h. The protein expression levels of MMP2 and MMP9 were determined by Western
blotting. All data are expressed as the mean + SD of three independent experiments. *p < 0.05; **p < 0.01.
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Figure 4. Effects of BBR on the Akt pathway in highly metastatic MDA-MB-231 cells. (A) MDA-MB-231 cells were treated with BBR (0, 10, S0, or 100
uM) for 24 h. Protein expression levels of phospho-Akt and Akt were measured by Western blotting. (B) MDA-MB-231, MCF-7, and T-47D cells were
treated with BBR (50 M) for 24 and 48 h. Protein expression levels of phospho-Akt and Akt were measured by Western blotting. (C) MDA-MB-231
cells were treated with BBR (0, 10, S0, or 100 M) for 48 h. Protein levels of NF-kB (p65) and AP-1 from the nuclear fraction were measured by Western
blotting. The PCNA was used as loading control. (D) MDA-MB-231 cells were treated with BBR (0, 10, S0, or 100 M) for 48 h. The mRNA expression
levels of Twist, Sipl, and f-catenin were measured using semiquantitative RT-PCR. All data are expressed as the mean + SD of three independent
experiments. *p < 0.05; **p < 0.01.

MB-231 Cells. The activity and expression of MMPs, anti-invasive effect of BBR was correlated with the suppression of
particularly MMP2 and MMP9, has been associated with high MMP2 and MMP9 in MDA-MB-231 cells, we first analyzed the
metastatic potential in breast cancer.® To determine whether the influence of BBR on the enzymatic activity of MMP2 and MMP9
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using gelatin zymography. The gelatinolytic data illustrated that
the enzymatic activities of MMP2 and MMP9 were reduced by
61% and 68%, respectively, in cells exposed to 50 M BBR.
Furthermore, the enzymatic activities of MMP2 and MMP9 were
reduced by 84% and 81%, respectively, in cells exposed to 100
uM BBR (Figure 3A).

We next examined the effect of BBR on the mRNA levels of
MMP2 and MMP9 using semiquantitative RT-PCR. BBR
significantly inhibited the mRNA expression levels of both
MMP2 and MMP9 (Figure 3B). Additionally, real-time qRT-
PCR was performed to assess the mRNA levels of MMP2 and
MMP?9 in cells treated with various concentrations of BBR (0, 10,
50, and 100 yM). As displayed in Figure 3C, BBR treatment
resulted in an evident inhibitory effect on the mRNA levels of
both MMP2 and MMP9, accounting for a 27—66% decrease in
the mRNA levels of MMP2 and a 9—57% decrease in the
expression of MMP9 mRNA after treatment with various
concentrations of BBR (10—100 M) on MDA-MB-231 cells
(Figure 3C). In addition, the protein expression of MMP2 and
MMP9 was downregulated in cells treated with BBR (Figure
3D). These results suggest that the antimetastatic potential of
BBR is associated with the suppression of enzymatically
degradative processes during metastasis in highly metastatic
MDA-MB-231 cells.
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BBR Inhibits the Akt Signaling Pathway in Highly
Metastatic MDA-MB-231 Cells. To unravel the underlying
molecular mechanisms of the BBR-mediated antimetastatic
effect observed in the highly metastatic MDA-MB-231 cells, we
determined the effect of BBR on the Akt signaling pathway,
which is a mediator of metastatic potential in cancer cells.”**"
The treatment of MDA-MB-231 cells with BBR resulted in a
marked dose- and time-dependent repressive effect on the
expression of phospho-Akt and Akt (Figures 4A and 4B).
Similarly, BBR also significantly affected the protein levels of
phospho-Akt and Akt in other breast cancer cell lines, specifically,
MCF-7 and T-47D (Figure 4B).

We next examined the effect of BBR on the expression of NF-
kB and AP-1 (c-Fos and c-Jun), which are two critical
downstream signaling molecules in the Akt pathway. NF-«xB
and AP-1 both play important roles in the regulation of MMP
expression (e.g, MMP2 and MMP9).6‘7’20 BBR treatment
resulted in a dose-dependent reduction in the protein expression
levels of NF-kB (p65) and c-Jun in the nuclear fraction (Figure
4C). We also determined the effect of BBR on the DNA binding
activity of NF-kB in MDA-MB-231 cells using an electrophoretic
mobility shift assay (EMSA) and determined that BBR effectively
suppressed the binding ability of NF-xB in a dose-dependent
manner (data not shown). Furthermore, we examined the effect
of BBR on the expression of other Akt downstream molecules
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that associate with the regulation of cancer metastasis. The
mRNA expression levels of Twist, Smad interacting protein 1
(Sip1), and f-catenin were noticeably reduced in cells exposed to
BBR relative to the control (Figure 4D). These observations
suggest that BBR inhibits the metastatic potential of highly
metastatic MDA-MB-231 cells via a reduction in Akt pathway
signaling,

BBR Downregulates Akt Protein Expression by
Modulating the mRNA Level and Protein Stability of
Akt. As mentioned above, our results showed a marked
inhibitory effect of BBR on the protein expression of Akt in
breast cancer cell lines (Figures 4A and 4B). To evaluate the
underlying molecular mechanisms of the BBR-mediated down-
regulation of Akt protein levels, we examined the influence of
BBR on the expression of Akt mRNA using semiquantitative RT-
PCR and real-time gRT-PCR. We found that BBR treatment
caused a dose-dependent decrease in the mRNA level of Akt in
MDA-MB-231 cells (Figures SA and 5B). Similarly, BBR also had
a significant repressive effect on the expression of Akt mRNA in
another breast cancer cell line, MCF-7 (Figures SA and SB).
These results clearly demonstrate that BBR is capable of reducing
the mRNA level of Akt in MDA-MB-231 and MCEF-7 breast
cancer cells.

An overall reduction in protein stability may also be
responsible for the observed reduced Akt protein levels. To
test this possibility, we examined the effect of BBR on the Akt
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protein and found that the protein half-life of Akt was
significantly shortened by BBR treatment in MDA-MB-231 as
well as in MCF-7 cells (Figure SC).

Many proteins, such as Akt, are tagged with polyubiquitin and
then degraded by the ubiqutin-proteasome system (UPS).
Therefore, we determined whether BBR-induced instability of
Akt protein was associated with the upregulation of the UPS. Our
data illustrate that the number of polyubiquitinated Akt (Akt-
Ub,)) proteins were evidently augmented in MDA-MB-231 and
MCEF-7 cells exposed to SO M BBR for 24 or 48 h (Figure SD).
These findings suggest that the depletion of Akt by BBR may also
occur via the induction of Akt protein instability/degradation.

BBR Inhibits the Metastatic Potential of Highly
Metastatic MDA-MB-231 Breast Cancer Cells via Modu-
lation of the Akt Pathway. To investigate the validity of our
results, we first tested whether interfering with the Akt pathway
by a specific PI3K-Akt inhibitor (LY294002) suppressed the
metastatic potential of MDA-MB-231 cells. The inhibition of the
Akt pathway by LY294002 (20 M) resulted in a 56% decrease in
the number of migrated cells (Figure 6A). LY29002 treatment
also resulted in a marked repressive effect on the enzymatic
activity of MMP2 and MMP?9, accounting for a 61% decrease in
the activity of MMP2 and a 67% decrease in the activity of MMP9
after treatment with LY294002 on MDA-MB-231 cells (Figure
6B). Furthermore, we examined the influence of LY294002 on
the levels of proteins (e.g., cyclins D1 and E) affected by BBR, as
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mentioned above. We observed that the protein levels of cyclin
D1, cyclin E, NF-kB (p65), and c-Jun were reduced in cells
exposed to LY294002 (Figure 6C). Therefore, LY294002
exhibited a suppressive effect that was similar to that of BBR
on highly metastatic MDA-MB-231 cells. These results indicate
that BBR inhibits the metastatic potential of highly metastatic
MDA-MB-231 breast cancer cells through the modulation of the
Akt pathway (Figure 6D).

B DISCUSSION

Aberrant proliferation and tumor metastasis are thought to be
important biological characteristics of cancers. Cancer cell
metastasis consists of a complex, multistep process that includes
cell adhesion, migration, invasion, proliferation, and vessel
formation.* Tumor metastasis can be linked to the cause of
approximately 90% of all cancer deaths.** Therefore, an agent
that could disrupt one or more steps of the metastatic process
would be a useful candidate in the treatment of cancer by
decreasing cancer mortality. A number of natural products have
been shown to be effective antimetastatic agents for the
treatment of breast cancer. For instance, the natural alkaloid
berbamine and the plant flavonoid baicalein have been reported
to have repressive effects on the metastatic process of the highly
metastatic MDA-MB-231 breast cancer cells.'”** In this study,
our in vitro data clearly demonstrate that the natural alkaloid
berberine (BBR) has significant suppressive effects on the
proliferation, adhesion, migration, and invasion of MDA-MB-
231 cells (Figures 1 and 2).

Degradation of the basement membrane and extracellular
matrix, a process known to be dependent on MMPs such as
MMP2 and MMPY, is crucial for the initial step of cancer
invasion, thus enabling cancer cells to break out of their primary
site into the circulation, which can result in the establishment of
metastases at distant sites.”> These degradation events are
positively correlated with the expression of MMPs and the
potential of cancer invasion. In fact, the suppression of MMP
expression and/or suppression of the enzymatic activity of
MMPs may be an effective approach for antimetastatic therapy.

Many studies have indicated that BBR could exert its
anticancer effect partly by repressing cancer cell migration,
invasion, and metastasis in many types of cancer cells. For
example, BBR inhibited metastatic ability via suppression of
MMP2 and MMP9 expression levels in SCC-4 oral cancer
cells;*? through the repression of MMP1, MMP2, and MMP9
expression in SNU-S gastric cancer cells;** and by reducing
MMP?2 expression in A549 lung cancer cells.”® In MDA-MB-231
breast cancer cells, BBR suppressed the TNF-a-induced MMP9
expression '° and TPA-induced MMP1 and MMP9 expression.'®
Similarly, in the present study, we demonstrate that BBR
downregulates the enzymatic activities of MMP2 and MMP9 by
decreasing the amount of MMP2 and MMP9 mRNA/protein
levels in MDA-MB-231 cells (Figures 3A—3D). Taken together,
BBR may be a useful antimetastatic agent in the treatment of
patients with breast cancer via repression of metastasis markers,
such as MMP2 and MMP9.

The PI3K/AKkt signaling pathway is linked to the regulation of
cell growth, survival, angiogenesis, and metastasis in breast
cancer. Inhibition of the PI3K/Akt and its downstream substrates
by some natural products has been shown to be a mechanism for
suppressing metastatic potential via the modulation of several
important factors, such as MMPs.®”® Although BBR has been
reported to inhibit TNF-a- and TPA-induced expression of
MMPs in breast cancer cells,">'¢ the molecular mechanisms
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underlying the regulation of MMPs by BBR are not well
understood. In this study, we demonstrate for the first time that
BBR distinctly inhibits the protein levels of both phospho-Akt
and Akt in MDA-MB-231, MCF-7, and BT-474 breast cancer
cells (Figures 4A and 4B). Our data also reveal that the protein
expression of NF-B (p6S) and c-Jun, a major component of AP-
1 in the nuclear fraction, and the mRNA levels of other Akt
downstream molecules (such as Twist, Sip1, and f-catenin), are
noticeably reduced in cells exposed to BBR (Figures 4C and 4D).
Moreover, LY294002, a PI3K/Akt pathway inhibitor, is used to
validate our results and confirm that the suppressive effect of
BBR on the metastatic process in breast cancer cells involves the
modulation of the Akt signaling pathway (Figures 6A—6C).
These results suggest that BBR may be a useful antimetastatic
agent for the inhibition of breast cancer metastasis of by targeting
the Akt signaling pathway.

Interestingly, our data also indicate that BBR attenuates Akt
protein expression, suggesting that the Akt protein may be a
target of BBR in breast cancer cells (Figures 4A and 4B). To
further clarify the underlying mechanisms of BBR-induced
downregulation of the Akt protein, we examine the influence of
BBR on the mRNA level of Akt. Our results reveal that BBR
decreases the mRNA level of Akt in MDA-MB-231 and MCE-7
breast cancer cells (Figures SA and SB). We have shown that the
Akt mRNA level is downregulated in cells treated with BBR;
however, the mechanism of this downregulation is unclear. The
regulation of Akt mRINA synthesis at the transcriptional level is
still elusive in any given tissue type. Nevertheless, a few reports
elucidate that Akt gene transcription is regulated by some
transcription factors and/or protein molecules, such as signal
transducer and activator of transcription 3 (STAT3) and cyclic-
AMP response element-binding protein (CREB).**"® There-
fore, further studies are needed to clarify the molecular basis by
which Akt’s mRNA levels are regulated to ultimately help us
design better strategies for the treatment of breast cancer.

The regulation of Akt protein stability/degradation is another
possible mechanism involved in the expression of Akt protein. It
is firmly established that the Akt protein can be degraded by two
mechanisms: a ubiquitin-groteasome-dependent pathway or
caspase-mediated cleavage.”” Our data show that the half-life of
the Akt protein is significantly reduced by BBR in MDA-MB-231
and MCF-7 cells (Figure SC). This suppressive effect of BBR on
Akt stability may be governed by its ability to induce Akt
polyubigitination (Figure SD), which leads to its degradation by
the proteasome complex instead of an induction of caspase-
mediated cleavage (data not shown). In addition, several
molecules, such as heat shock protein 90 (Hsp90) and
peptidyl-prolyl cis/trans isomerase 1 (Pin1), have been reported
to be required for the maintenance of Akt stability and
activation.””*' It would be worthwhile to study whether these
molecules are involved in the BBR-induced degradation/
instability of the Akt protein.

In conclusion, we provide a schematic presentation of possible
mechanisms for the repressive effects of BBR on the adhesion,
migration, and invasion abilities of highly metastatic MDA-MB-
231 breast cancer cells (Figure 6D). Our data demonstrate that
BBR inhibits the activities and mRINA expression levels of MMP2
and MMP9 via the modulation of the Akt signaling pathway,
thereby leading to a reduction in the metastatic ability of MDA-
MB-231 cells. We have also shown that the downregulation of
the Akt signaling pathway by BBR involves a reduction in the
expression of Akt mRNA and an increase in the degradation of
Akt protein. These in vitro data shed light on the research of BBR
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in breast cancer metastasis in vivo. Taken together, our findings
suggest that BBR may be a useful candidate agent for the
prevention and treatment of breast cancer metastasis.
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