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Berberine is a natural product isolated from herbal plants such as Rhizoma coptidis which has
been shown to have anti-neoplastic properties. However, the effects of berberine on the
behavior of breast cancers are largely unknown. To determine if berberine might be useful
in the treatment of breast cancer and its cytotoxic mechanism, we analyzed the impact of
berberine treatment on differential protein expression and redox regulation in human
breast cancer cell line MCF-7 using lysine- and cysteine-labeling two-dimensional differ-
ence gel electrophoresis (2D-DIGE) combined with mass spectrometry (MS). This study dem-
onstrated that 96 and 22 protein features were significantly changed in protein expression
and thiol reactivity, respectively and revealed that berberine-induced cytotoxicity in breast
cancer cells involves dysregulation of protein folding, proteolysis, redox regulation, protein
trafficking, cell signaling, electron transport, metabolism and centrosomal structure. Our
work shows that this combined proteomic strategy provides a rapid method to study the
molecular mechanisms of berberine-induced cytotoxicity in breast cancer cells. The identi-
fied targets may be useful for further evaluation as potential targets in breast cancer
therapy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

on hepatoma [5], esophageal cancer [6], colon cancer [7], breast
cancer [8] and prostate cancer [9] via blockade of the cell cycle,

Berberine is a natural product isolated from herbal plants
such as Rhizoma coptidis and shown to be non-toxic to humans
[1]. Ithaslongbeen used to reduce inflammation [2], neutralize
toxicity [3] and exhibit anti-bacterial activity [4]. Berberine has
also been reported to show anti-tumor and inhibitory effects

inhibition of DNA synthesis, activation of caspases and induc-
tion of apoptosis. It has also been demonstrated that berberine
acts as an anti-metastatic drug in human lung cancer via
decreased production of urokinase-plasminogen activator and
matrix metalloproteinase-2 [10]. Recently, the generation of

Abbreviations: 1-DE, one-dimensional gel electrophoresis; 2-DE, two-dimensional gel electrophoresis; Ab, antibody; BBR, berberine;
BSA, bovine serum albumin; CCB, colloidal Coomassie blue; CHAPS, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate;
DCFH-DA, 2,7-dichlorofluorescin diacetate; ddH,0, double deionized water; DIGE, differential gel electrophoresis; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; FCS, fetal calf serum; MALDI-TOF MS, matrix assisted laser desorption ionization-time of flight
mass spectrometry; NP-40, Nonidet P-40; SDS, sodium dodecyl sulfate; TFA, trifluoroacetic acid.
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reactive oxygen species (ROS) has been reported to be an impor-
tant factor in berberine-induced apoptosis of cancer cells [9].
However, the detailed mechanisms of berberine-induced cyto-
toxicity remain poorly understood.

Proteomics is a powerful tool to monitor protein expres-
sion changes in response to drug treatment. 2-DE remains
an important technique in proteomics for global protein pro-
filing within biological samples and plays a complementary
role to LC-MS-based analysis [11]. However, reliable quantita-
tive comparison between gels remains the primary challenge
in 2-DE analysis. A significant improvement in gel-based
protein detection and quantification was achieved by the
introduction of 2D-DIGE, where several samples can be co-
detected on the same gel using differential fluorescent label-
ing. This approach alleviates gel-to-gel variation and allows
comparison of the relative amount of resolved proteins across
different gels using a fluorescently-labeled internal standard.
Moreover, the 2D-DIGE technique has the advantages of a
broader dynamic range of detection, higher sensitivity and
greater reproducibility than traditional 2-DE [11]. This innova-
tive technology relies on the pre-labeling of protein samples
on the amino group of lysine residues with fluorescent dyes
(Cy2, Cy3 and Cy5) before electrophoresis. Each dye has a dis-
tinct fluorescent wavelength, allowing pairs of experimental
samples and an internal standard to be simultaneously sepa-
rated in the same gel. The internal standard, which is a pool of
an equal amount of all samples, helps to provide accurate
normalization and spot matching and increases statistical
confidence in relative quantification across gels [12-14]. More re-
cently, a cysteine labeling version of 2D-DIGE was developed,
using ICy dyes (iodoacetyl cyanine dyes) which react with the
free thiol group of cysteines via alkylation. The pair of ICy dyes
(ICy3 and ICy5) has been used to monitor redox-dependent
protein thiol modifications in a model cell system exposed
to hydrogen peroxide and in plasma fractions exposed to UVC
[15].

The aim of the current study was to use a proteomic
approach combining lysine and cysteine 2D-DIGE and MS to
investigate the inhibitory effects of berberine on breast cancer
cells. MCF-7 cells, originally derived from a pleural effusion of
a patient with invasive breast ductal carcinoma, were used as
a model system to clarify the molecular effects of berberine
including the investigation of berberine-induced redox modi-
fication of intracellular proteins.

2. Materials and methods
2.1. Chemicals and reagents

Generic chemicals including berberine and N-acetylcysteine
were purchased from Sigma-Aldrich (St. Louis, USA), while
reagents for 2D-DIGE were purchased from GE Healthcare
(Uppsala, Sweden). The synthesis of the ICy3 and ICy5 dyes
has been previously reported by our group. All primary
antibodies were purchased from Abcam (Cambridge, UK)
andanti-mouse, and anti-rabbit secondary antibodies were
purchased from GE Healthcare (Uppsala, Sweden). All the
chemicals and biochemicals used in this study were of ana-
lytical grade.

2.2. Cell lines and cell cultures

The breast cancer cell line MCF-7 was purchased from the
American Type Culture Collection (Manassas, VA) and was
maintained in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal calf serum (FCS), L-glutamine
(2 mM), streptomycin (100 pg/mL), and penicillin (100 IU/mL)
(all from Gibco-Invitrogen Corp., UK). All cells were incubated
at 37 °C and 5% CO,.

2.3. Sample preparation for proteomic analysis

MCEF-7 cells treated with varying concentrations of berberine
in complete cell culture medium for 24 h or treated with vehi-
cle (methanol, 0.02% (w/v) in media), were washed twice in
0.5x PBS, drained well and lysed in 2-D lysis buffer containing
4% w/v CHAPS, 7 M urea, 2 M thiourea, 10 mM Tris-HCl pH 8.3
and 1 mM EDTA. Samples were homogenized by passage
through a 26-gauge needle 10 times and insoluble material
was removed by centrifugation at 13,000 rpm for 30 min at
4°C. Protein concentrations were determined using the
Coomassie Protein Assay Reagent (BioRad).

2.4. Immunoblotting

Immunoblotting was used to verify differential expression of
MS-identified proteins. Cells were lysed in a buffer containing
50 mM HEPES pH 7.4, 150 mM NaCl, 1% NP40, 1 mM EDTA, 2 mM
sodium orthovanadate, 100 pg/mL AEBSF, 17 pg/mL aprotinin,
1 pg/mL leupeptin, 1pg/mL pepstatin, 5uM fenvalerate, 5 pM
BpVphen and 1 pM okadaic acid prior to protein quantifica-
tion using Coomassie Protein Assay Reagent (BioRad). 30 pg
of protein sample was diluted in Laemmli sample buffer
(final concentrations: 50 mM Tris pH 6.8, 10% (v/v) glycerol,
2% SDS (w/v), 0.01% (w/v) bromophenol blue) and separated
by 1D-SDS-PAGE following standard procedures. After elec-
troblotting separated proteins onto 0.45pm Immobilon P
membranes (Millipore), the membranes were blocked with
5% w/v skimmed milk in TBS-T (50 mM Tris pH 8.0, 150 mM
NaCl and 0.1% Tween-20 (v/v)) for 1h. Membranes were
then incubated in primary antibody solution in TBS-T con-
taining 0.02% (w/v) sodium azide for 2 h. Membranes were
washed in TBS-T (3 x 10 min) and then probed with the appro-
priate horseradish peroxidase-coupled secondary antibody
(GE Healthcare). After further washing with TBS-T, immuno-
probed proteins were visualized using an enhanced chemilu-
minescence method (Visual Protein Co.).

2.5. MTT cell viability assay

MCF-7 cells growing exponentially were trypsinized, counted
using a hemocytometer and 10,000 cells/well were seeded
into 96-well plates. The culture was then incubated for 24 h
before pre-treatment with the indicated concentrations of
berberine for 24 h or left untreated. After removal of the medi-
um, 50 uL of MTT working solution (1 mg/mL) (Sigma) was
added to the cells in each well, followed by a further incuba-
tion at 37 °C for 4 h. The supernatant was carefully removed.
100 pL of DMSO was added to each well and the plates were
shaken for 20 min. The absorbance of samples was then
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measured at 540 nm in a multi-well plate reader. Values were
normalized against the untreated samples and were averaged
from 4 independent measurements.

2.6.  Assay for endogenous reactive oxygen species using
DCFH-DA

MCE-7 cells (10,000 cells/well) were incubated with the indicated
concentrations of berberine for 20 min. After two washes with
PBS, cells were treated with 10 uM of 2,7-dichlorofluorescin
diacetate (DCFH-DA; Molecular Probes) at 37 °C for 20 min, and
subsequently washed with PBS. Fluorescence was recorded at
an excitation wavelength of 485 nm and emission wavelength
of 530 nm.

2.7. Assay for the effect of N-acetylcysteine on
berberine-induced cell death

To examine the effect of an antioxidant, N-acetylcysteine
(NAC), on berberine-induced cell death, cells were pretreated
with NAC (10 and 20 mM) or vehicle (PBS) for 3 h before the
treatment with indicated concentrations of berberine (0, 50
and 100 pg/ml) for 20 min or left untreated. After removal
of the medium, 50 pL. of MTT working solution (1 mg/mL)
(Sigma) was added to the cells in each well, followed by a fur-
ther incubation at 37 °C for 4 h. The supernatant was carefully
removed. 100 uL. of DMSO was added to each well and the
plates were shaken for 20 min. The absorbance of samples
was then measured at 540 nm in a multi-well plate reader.
Values were normalized against the untreated samples and
were averaged from 4 independent measurements.

2.8. 2D-DIGE and gel image analysis

For expression 2D-DIGE, protein samples were labeled with cya-
nine dyes Cy2, Cy3 and Cy5 according to our previous report [16].
Briefly, 100 pg of protein sample in triplicate was minimally la-
beled with 250 pmol of either Cy3 or Cy5 for comparison on the
same 2-DE gel. To facilitate image matching and cross-gel statis-
tical comparison, a pool of all samples was also prepared and la-
beled with Cy2 at a molar ratio of 2.5 pmol Cy2 per ug of protein
as an internal standard run on all gels. The labeling reactions
were performed for 30 min on ice in the dark and then quenched
with a 20-fold molar excess of free L-lysine to dye for 10 min. The
differentially Cy3- and Cy5-labeled samples were then mixed
with the Cy2-labeled internal standard and reduced with dithio-
threitol for 10 min. IPG buffer, pH3-10 nonlinear (2% (v/v), GE
Healthcare) was added and the final volume was adjusted
to 450 pL. with 2D-lysis buffer for overnight rehydration into
immobilized non-linear pH gradient (IPG) strips (pH 3-10,
24 cm). Isoelectric focusing was then performed using a Multi-
phor II apparatus (GE Healthcare) for a total of 62.5 kVh at 20 °C.
Strips were then equilibrated in 6 M urea, 30% (v/v) glycerol, 1%
SDS (w/v), 100 mM Tris-HCI (pH 8.8) with 65 mM dithiothreitol
for 15min and then in the same buffer containing 240 mM
iodoacetamide for a further 15 min. Equilibrated IPG strips were
transferred onto 24x20cm 12.5% polyacrylamide gels cast
between low-fluorescence glass plates and bonded to one of
the plates. The strips were overlaid with 0.5% (w/v) low melting
point agarose in running buffer containing bromophenol blue.

The gels were run in an Ettan Twelve gel tank (GE Healthcare)
at 4W per gel at 10°C until the dye front had completely
run off the bottom of the gels. Gels were then scanned directly
between the glass plates using an Ettan DIGE Imager (GE Health-
care) according to the manufacturer’s instructions. Image analy-
sis was performed using DeCyder 2-D Differential Analysis
Software v7.0 (GE Healthcare) to co-detect, normalize and quan-
tify the protein features in the images. Features detected from
non-protein sources were filtered out. Spots displaying a >1.5
average-fold increase or decrease in abundance with a P value
<0.05 were selected for protein identification.

For redox DIGE analysis, cells were lysed in 2-DE buffer (4%
w/v CHAPS, 8 M urea, 10 mM Tris-HCl pH 8.3 and 1 mM EDTA)
in the presence of ICy3 or ICy5 (80 pmol/mg protein) on ice to
limit post-lysis thiol modification. Test samples were labeled
with the ICy5 dye and mixed with an equal amount of a stan-
dard pool of both samples labeled with ICy3. Since ICy dyes in-
terfered with the protein assay, protein concentrations were
determined on replica lysates not containing dye. Lysates
were left in the dark for 1 h followed by labeling with Cy2 to
monitor protein level. The reactions were quenched with
DTT (65 mM final concentration) for 10 min followed by L-
lysine (20-fold molar ratio excess of free L-lysine to Cy2 dye)
for a further 10 min. Volumes were adjusted to 450 uL with
buffer plus DTT and IPG buffer for rehydration. All samples
were run in triplicate against the standard pool.

2.9. Protein staining

Colloidal Coomassie Blue G-250 staining was used to visualize
CyDye-labeled protein features in 2-DE. Bonded gels were
fixed in 30% v/v ethanol, 2% v/v phosphoric acid overnight,
washed three times (30 min each) with ddH,0 and then incu-
bated in 34% v/v methanol, 17% w/v ammonium sulfate, and
3% v/v phosphoric acid for 1 h prior to adding 0.5 g/L. Coomas-
sie Blue G-250. The gels were then left to stain for 5-7 days.
The stained gels were then imaged on an ImageScanner III
densitometer (GE Healthcare).

2.10. In-gel digestion

Excised post-stained gel pieces were washed three times in 50%
acetonitrile (ACN), dried in a SpeedVac for 20 min, reduced with
10 mM dithiothreitol in 5 mM ammonium bicarbonate pH 8.0
(AmBic) for 45 min at 50 °C and then alkylated with 50 mM iodoa-
cetamide in 5 mM AmBic for 1 h at room temperature in the dark.
The gel pieces were then washed three times in 50% ACN and
vacuum-dried before reswelling with 50 ng of modified trypsin
(Promega) in 5 mM AmBic. The pieces were then overlaid with
10 puL of 5 mM AmBic and trypsinized for 16 h at 37 °C. Superna-
tants were collected, peptides were further extracted twice with
5% trifluoroacetic acid (TFA) in 50% ACN and the supernatants
were pooled. Peptide extracts were vacuum-dried, resuspended
in 5 uL ddH,0, and stored at —20 °C prior to MS analysis.

2.11.  Protein identification by MALDI-TOF MS and MS/MS
For protein identification, extracted peptides were subjected

to peptide mass fingerprinting (PMF) using MALDI-TOF MS.
Briefly, 0.5uL of trypsin digested protein sample was
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mixed with 0.5 pL of a matrix solution containing a-cyano-4-
hydroxycinammic acid at a concentration of 1 mg/mL of 50%
ACN/0.1% TFA (v/v), spotted onto an anchorchip target plate
(Bruker Daltonics) and dried. The peptide mass fingerprints
were acquired using an Autoflex IIl mass spectrometer (Bruker
Daltonics) in reflector mode. The algorithm used for spectral
annotation was SNAP (Sophisticated Numerical Annotation
Procedure). The following metrics were used: Peak detection
algorithm: SNAP; Signal to noise threshold: 25; Relative intensi-
ty threshold: 0%; Minimum intensity threshold: 0; Maximal
number of peaks: 50; Quality factor threshold: 1000; SNAP
average composition: Averaging; Baseline subtraction: Median;
Flatness: 0.8; Median level: 0.5. The spectrometer was also cali-
brated with a peptide calibration standard (Bruker Daltonics)
and internal calibration was performed using trypsin autolysis
peaks at m/z 842.51 and m/z 2211.10. Peaks in the mass range
of m/z 800-3000 were used to generate a peptide mass finger-
print that was searched against the Swiss-Prot/TrEMBL data-
base (v57.12; 513,877 entries) using Mascot software v2.2.06
(Matrix Science, London, UK). The following parameters were
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Fig. 1 - Berberine-induced loss of cell viability and analysis of
cell cycle and cell survival regulator expression.

(A) MTT-based viability assays were performed where 10,000
MCF-7 cells were plated into 96-well plates in medium
containing 10% FBS. After 24 h, the cells were treated with
the indicated concentrations of berberine for a further 24 h.
Cells were incubated with MTT and then DMSO was added
and the plates were shaken for 20 min followed by
measurement of the absorbance at 540 nm. Values were
normalized against untreated samples and are the average
of 4 independent measurements +/- the standard deviation.
(B) Activation of apoptosis, cell cycle inhibition and survival
signaling pathways were analyzed by immunoblotting with
anti-p53, anti-p21 and anti-Bcl2 antibodies, respectively.

used: Homo sapiens; tryptic digest with a maximum of 1 missed
cleavage; carbamidomethylation of cysteine, partial protein
N-terminal acetylation, partial methionine oxidation, partial
modification of glutamine to pyroglutamate, ICy3 (C34 H44 N3
0) and ICyS5 (C34 H42 N3 O) and a mass tolerance of 50 ppm.
Identifications were accepted based on significant MASCOT
scores (P<0.05), at least 4 peptides per protein, spectral annota-
tion and observed versus expected molecular weight and pI on
2-DE. MALDI-TOF/TOF analysis was performed on the same
instrument using the LIFT mode. MS/MS ion searches were
performed using Mascot with the same search parameters as
above and using an MS/MS tolerance of +0.2 Da.

2.12.
analysis

Enzyme-linked immunosorbent assay (ELISA)

EIA polystyrene microtiter plates were coated with 50 pg of
protein lysate sample and incubated at 37 °C for 2h. The

A 1.3

DCF ratio

0.9 1

0.8 -

0 40 80 100
BBR (pg/ml)

vy)
o
n
o

—&— NAC 0 mM

100 —&—NACTOmMM |

—— NAC 20 mM

®
o

Cell Viability (%)
5 3

n
o

o

0 2b 4b 6.0 8.0 1 60 1 éo
BBR (pg/ml)

Fig. 2 - Effect of berberine on MCF-7 ROS production.

(A) DCFH-based intracellular ROS production assays were
performed where 100,000 MCF-7 cells were plated into
24-well plates in medium containing 10% FBS. After 24 h, the
cells were treated with the indicated concentrations of
berberine for a further 20 min. Cells were then treated with
10 pM of DCFH-DA at 37 °C for 20 min and the fluorescence
was recorded at excitation and emission wavelengths of
485 nm and 530 nm, respectively. (B) Pretreatment of NAC
(10 mM and 20 mM) or vehicle (PBS) inhibits
berberine-induced cell death in MCF-7 cells. Cells were
treated with varying concentrations of berberine (0, 50 and
100 pg/ml) for 24 h then harvested for analysis of cell
viability using the MTT assay as detailed in Materials and
methods.
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plate was washed three times with phosphate buffered saline
with Tween-20 (PBS-T) and three times with PBS. Plates were
then blocked with 100 uL of 5% skimmed milk in PBS at 37 °C
for 2h and then washed three times with PBST. Antibody
(Abcam) solution was added and incubated at 37 °C for 2 h.
After washing with PBST and PBS for 10 times in total, 100 uL
of peroxidase-conjugated secondary antibody in PBS was
added for incubation at 37 °C for 2 h. Following 10 washes,
100 pL of 3,3',5,5'-tetramethyl benzidine (Pierce) was added.
After incubation at room temperature for 30 min, 100 uL of
1M H,S0, was added to stop the reaction and the absorbance

978

* [1984]2007
9

at 450 nm was measured using a Stat Fax 2100 microtiter plate
reader (Awareness Technology Inc. FL, USA).

2.13.  Validation of thiol reactivity changes by immunopre-
cipitation coupled to immunoblotting

Berberine treated MCF-7 cells were lysed in the presence of
ICy3 or ICy5 dyes to limit post-lysis thiol modification. The
labeling reactions were performed in the dark at 37°C for 1h
and then quenched with a 2-fold molar excess of DTT for
10 min. 500 pg of ICy dye-labeled cell lysate was then diluted

1680
/

1873

Fig. 3 - 2D-DIGE analysis of berberine-induced differential protein expression in MCF-7 cells. (A) MCF-7 cells were treated with
an ICs, concentration of berberine for 24 h or left untreated. Lysates were prepared in triplicate and 2D-DIGE analysis was
performed according to Materials and methods. 2D-DIGE images of the protein samples from untreated and berberine-treated
MCF-7 cells are displayed, respectively. (B) Differentially expressed protein features are annotated with spot numbers.
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20-fold with NP40 buffer containing protease inhibitors and
then incubated with 5pg primary antibody and 40 uL of a
50% slurry of protein A-Sepharose for 16 h at 4 °C. Immune
complexes were then washed three times in lysis buffer
and boiled in Laemmli sample buffer prior to resolving by
SDS-PAGE. ICy images were scanned directly between low-
fluorescence glass plates using an Ettan DIGE Imager (GE
Healthcare) followed by immunoblotting analysis with the
same primary antibody to detect the specific protein. The
immunoblotting procedure is described above.

3. Results
3.1. Berberine induces cell death in MCF-7 cells

In our preliminary study, berberine has shown to be less toxic
to non-tumorigenic MCF-10A breast cells in comparison to
non-invasive breast cancer cells, MCF-7, and invasive breast
cancer cells, MDA-MB-231 cell (Supplemental Fig. 1). To evalu-
ate the effect of berberine on breast cancer cells, we exposed
MCF-7 cells to a dose range (0-100 pg/mL) of berberine for 24 h
and performed MTT assays. Exposure of MCF-7 cells to berber-
ine was shown to resultin a dose-dependent loss of cell viability
(Fig. 1A). At a berberine concentration of 36.91 pg/mL, a signifi-
cant loss of cell viability (50%) was detectable after 24 h. In
order to verify berberine-induced MCF-7 cell toxicity, we also
examine changes in cell survival, apoptosis and cell cycle
markers in MCF-7 cells treated with 0-20 pg/mL of berberine
for 24 h. The cell survival marker Bcl-2 was down-regulated in
a dose-dependent manner, while the apoptotic marker p53
and cell cycle inhibitor p21, were both up-regulated by berberine
treatment (Fig. 1B).

3.2 Berberine induces generation of intracellular ROS in
MCF-7 cells

Previous reports have shown that berberine is able to induce
apoptosis in human prostate and colon cancer cells through
the generation of ROS [7,9]. However, there is no report of
this in breast cancer cells. Accordingly, we tested the hypoth-
esis whether berberine-induced cell death in breast cancer is
initiated through ROS generation. Using DCF fluorescence as
readout, treatment of MCF-7 cells with berberine for 20 min
resulted in a dose-dependent increase in ROS generation com-
pared with untreated MCF-7 cells (Fig. 2A). We further checked
whether a cell-permeable anti-oxidant could rescue cells from
berberine-induced cell death due to the generation of ROS.
The result demonstrated that pretreatment with NAC offered
significant protection against berberine-induced cell death in
MCF-7 cells at each dose of berberine (Fig. 2B).

3.3. 2D-DIGE and MALDI-TOF MS analysis of berberine-
induced proteomic alterations in MCF-7 cells

In order to analyze berberine-induced proteomic alterations,
MCEF-7 cells were grown on cell culture dishes prior to treat-
ment with an ICs, concentration (36.91 pg/mlL) of berberine
or treated with vehicle. Three biological replicates for each
treatment were compared by 2D-DIGE to provide a global

overview of berberine-induced differential protein expression.
Image analysis revealed more than 1800 well-defined protein
features (Fig. 3A). Those appearing in all replicates and show-
ing a change in average abundance of >1.5-fold (P<0.05) be-
tween the treated and untreated cell lysates were excised
from gels for protein identification. MALDI-TOF MS identifica-
tion revealed 96 differentially expressed proteins between
berberine-treated and untreated MCF-7 cells (Fig. 3B, Supple-
mental Fig. 2 and Table 1).

Using functional information from the Swiss-Prot and
KEGG pathway databases, numerous biological functions
were ascribed to the identified proteins with possible roles in
berberine-induced cytotoxicity. Fig. 4 compares the expres-
sion profiles of the differentially expressed proteins. Proteins
known to regulate protein folding, proteolysis, redox regula-
tion, cell signaling, electron transport and metabolism were
found to be down-regulated in berberine-treated MCF-7 cells.
In contrast, proteins known to be involved in protein traffick-
ing were found to be up-regulated in berberine treated MCF-7
cells. Almost half of the differentially expressed proteins iden-
tified were cytosolic proteins (Supplemental Fig. 3A) and pre-
dominantly involved in gene regulation, signal transduction
and the cytoskeleton (Supplemental Fig. 3B).

3.4. Validation of proteomic results by immunoblotting
and ELISA

To validate differential expression of the identified proteins,
immunoblotting and ELISA analysis were performed to
compare the protein expression levels between berberine-
and control-treated MCF-7 cells. In general, there was a
good correlation between changes observed in the 2D-DIGE
analysis and by immunoblotting/ELISA analysis. Validation
confirmed the up-regulation of cytokeratin 19 (KRT19),
HSP27, SLC25A23, prohibitin (PHB) and histone deacetylase 1
(HDAC1) in berberine-treated MCF-7 cells in comparison to
the levels in control MCF-7 (Fig. 5A, B, C, H and I). In contrast,
the down-regulation of peptidyl-prolyl cis-trans isomerase A
(PPIA), peroxiredoxin 2 (PRDX2), 14-3-3 zeta and peroxire-
doxin 6 (PRDX6) were confirmed as being down-regulated in
response to berberine treatment (Fig. 5D, E, F and G).

3.5. Redox proteomic analysis of berberine-induced
cysteine modifications of MCF-7 proteins

Berberine has been reported to induce cytotoxicity via ROS gen-
eration in several different cancer cell lines (see Introduction)
and we confirm ROS generation in breast cancer cell line
MCF-7 (Fig. 2). We thus hypothesized that berberine-induced
ROS might damage or deregulate cellular proteins by oxidative
modification of their cysteinyl thiol groups. Accordingly, we
applied a recently developed redox 2D-DIGE methodology uti-
lizing iodoacetylated ICy dyes [17] to assess berberine-induced
changes in protein thiol reactivity. Berberine-treated (100 ng/
mL) or vehicle-treated cells were lysed in the presence of ICy5
in triplicate. Individual ICy5-labeled samples were then run on
2D gels against an equal load of ICy3-labeled standard pool
comprising of an equal mixture of both sample types to aid in
spot matching and to improve the accuracy of quantification.
The ICy5-labeled samples were subsequently labeled with
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A Protein folding B Proteolysis
TTC36 RBCK1
PPIA PSME3
HSPA8 PSME2
HSPA5
HSP90 pGaCP
HSP27 PSMD13
3 2 1 0 1 2 3 5 4 3 2 0
ratio ratio
C Redox-regulation D Protein trafficking
|
PRDX6 RAB39
RAB2B |
PRDX4
RAB12 |
PRDX2 RAN I
cLIc1 GOLIM4 [ ]
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E Cell signaling F Electron transport
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CK2A2 —
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G Metabolism
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Fig. 4 - Expression profiles for differentially expressed proteins potentially contributing to: (A) protein folding, (B) proteolysis,
(C) redox regulation, (D) protein trafficking, (E) cell signaling, (F) electron transport and (G) metabolism. Horizontal bars
represent fold-changes in protein expression in berberine-treated versus untreated MCF-7 cells for each protein. Additional
details for each protein can be found in Table 1.

lysine labeling Cy2 dye as an internal protein level control
which was used to normalize the corresponding ICy5/ICy3
signals (Supplementary Fig. 4). Around 2000 protein features

were detected, of which 55 displayed statistically significant dif-
ferences in labeling due to berberine treatment (Fig. 6A). CCB
post-staining and matching with fluorescence images allowed

Fig. 5 - Validation of berberine-induced differential protein expression by immunoblotting and enzyme-linked
immunosorbent assay. The altered expression of identified proteins; (A) cytoskeletal 19, (B) HSP-27, (C) prohibitin,

(D) peroxiredoxin 2, (E) PPIA, (F) peroxiredoxin 6 and (G) 14-3-3 protein zeta were assessed by immunoblotting (left panels). The
protein 2D-DIGE map (right top panels) and three-dimensional spot image (right bottom panels) are also shown. ELISA analysis
was performed to determine the levels of (H) histone deacetylase 1 and (I) SLG25A23 in berberine-treated versus untreated
MCF-7 cells.
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BT T 4

MCEF-7 treated with BBR

Fig. 6 - Redox 2D-DIGE analysis of berberine-induced differential cysteine-modification in MCF-7 cells. (A) Lysates from MCF-7
cells treated with 100 pg/mL of berberine or left untreated were subjected to redox 2D-DIGE analysis as described in Materials
and methods. Images of protein samples from untreated and berberine-treated MCF-7 are displayed. (B) Differentially labeled

protein features are annotated with spot numbers.

confident picking of 44 gel features and 22 of these were identi-
fied as unique gene products by MALDI-TOF peptide mass
fingerprinting or MALDI-TOF/TOF peptide sequence analysis
(Table 2, Fig. 6B and Supplementary Fig. 5). All of the identified
proteins contain at least one cysteine, and since the ICy dyes
target reduced cysteinyl thiols, these results suggest that ber-
berine alters the oxidative status of some of these thiol groups.
Indeed, 17 putative sites of thiol modification on 9 proteins were
inferred, based on the added mass of the ICy dyes in MALDI-TOF
MS spectra. The possible biological roles of these modifications
are discussed below and warrant further investigation. The dif-
ferentially labeled proteins were mostly cytoplasmic and fell
into several functional groups including redox regulation, signal
transduction, biosynthesis, protein folding and gene regulation
(Supplemental Fig. 6).

3.6.  Validation of redox-induced changes in HSP27
To validate alterations of thiol reactivity of the identified pro-

teins, immunoprecipitation combined with immunoblotting
was performed to compare the free thiol group levels and

protein expression levels between berberine- and control-
treated MCF-7 cells. Validation confirmed the increase of
free thiol content of HSP27 and the up-regulation of HSP27
protein in berberine-treated MCF-7 cells compared to
untreated cells (Fig. 7).

4, Discussion

Extensive attention has been paid to the identification of nat-
urally occurring chemotherapeutic botanicals which are able
to inhibit, delay or reverse tumorigenesis or metastasis. The
assessment of ancient herbal medicines might offer a strategy
for the treatment of breast cancer, which remains a primary
cause of cancer-related deaths in the world [18]. In the present
study, we examined the molecular mechanisms of berberine
cytotoxicity in breast cancer cells in vitro since berberine has
been shown to exhibit anti-tumorigenic ability in several dif-
ferent cancer types [5,7,9]. By means of 2D-DIGE and MALDI-
TOF MS, more than 90 berberine-induced alterations in
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Fig. 7 - Validation of the thiol reactive protein, HSP-27,
identified through redox-proteomic study in MCF-7 cells
after berberine treatment by IP-WB. ICy dye-labeled protein
samples from MCF-7 cells were either untreated or treated
with 100 pg/mL of berberine followed by
immunoprecipitated with HSP-27 antibody to confirm the
alterations of thiol reactivity in HSP-27. The image was
visualized by Ettan DIGE imager. Immunoblotting against the
corresponding antibody was performed to gain the protein
level.

protein expression have been identified in MCF-7 cells. The
results demonstrate that this strategy is powerful enough
to identify a broad-ranging signature of berberine-induced
cytotoxicity, with the altered proteins having roles in gene
regulation, signal transduction, cytoskeleton regulation and
metabolism. Even though the global coverage of protein mix-
tures identified by LC-MS based analysis is generally recog-
nized to be higher than that of 2-DE based analysis, 2-DE
based analysis offers the advantage of direct protein quantifi-
cation at the protein isoform level with reduced analytical
variation [11]. Our study also revealed that treatment of breast
cancer cells with berberine results in the generation of reactive
oxygen species. Since ROS can activate signaling pathways,
modulate a variety of cellular activities and regulate disease
progression, it is important to study the molecular events as-
sociated with their effects. Accordingly, our previously estab-
lished cysteine-labeling 2D-DIGE platform using ICy3/ICy5
dyes was thus used to determine if protein thiol reactivity is
altered in cells following treatment with berberine due to
ROS generation.

Our studies using MCF-7 cells as an in vitro model demon-
strated that treatment with berberine leads to decreased cell
viability at least partially through the over-expression of p53
and p21 and blockade of Bcl-2 expression. In addition, proteo-
mic analysis revealed that HDACI, a key negative regulator of
eukaryotic gene expression, was up-regulated in response to
berberine treatment [19]. HDAC1 interacts with the retinoblas-
toma tumor-suppressor protein, and deacetylates p53 and
histones to modulate cell growth and apoptosis [20-22]. Thus,
the up-regulation of HDAC1 may contribute to berberine-
induced apoptosis of breast cancer cells through its deacetyla-
tion activity. Another identified cell survival modulator protein
was serine/threonine-protein phosphatase 2A, which was
increased 8-fold during berberine treatment. Since serine/
threonine-protein phosphatase 2A activation has been reported
to trigger the dephosphorylation of Bad and subsequent

interaction with Bcl-XL resulting in the initiation of apoptosis
[23,24], we propose that berberine may promote cell death
in MCF-7 cells via the over-expression of serine/threonine-
protein phosphatase 2A. Moreover, the up-regulation of pro-
hibitin, a repressor of E2F-mediated DNA synthesis and cellu-
lar proliferation [25], may also contribute to the observed
berberine-induced loss of viability in these cells, as may the
observed down-regulation of 14-3-3 zeta, a positive regulator
of cell proliferation, whose overexpression in mammary epi-
thelial cells has been shown to disrupt apoptotic signaling
by down-regulating p53 [26].

Our proteomic analysis revealed berberine to down-
regulate the majority (63%) of identified proteins which are in-
volved in a variety of cellular processes including protein fold-
ing, redox regulation, gene regulation and signal transduction.
We hypothesize that berberine may interfere with the proper
folding of cellular proteins through the reduced expression
of chaperone and folding proteins such as HSP90, GRP78 and
PPIA, and that this may be linked to a general stress response.
Notably, peptidyl-prolyl cis-trans isomerase A has been de-
scribed to be able to inhibit procaspase-3 activation by se-
questering cytochrome c [27]. It is tempting to speculate
that berberine might trigger apoptosis of MCF-7 cells at least
partially via the down-regulation of peptidyl-prolyl cis-trans
isomerase A. Mitochondria are well-known to play a key role
in regulating cellular apoptosis [28] and recent reports indi-
cate that berberine inhibits mitochondrial electron transport
[29] and induces apoptosis through a mitochondria/caspase-
dependent pathway in human hepatoma cells [30]. The down-
regulation of mitochondrial electron transport proteins in the
present study appears to support this.

Notably, all of the identified proteins with roles in metabo-
lism (chiefly glycolytic enzymes) were found to be down-
regulated, suggesting interplay between berberine-induced
apoptosis and metabolism in breast cancer. Indeed, it has
been previously reported that the pro-apoptotic Bcl-2 family
member BAD, resides in a glucokinase-containing complex
in the mitochondrion that regulates glucose-driven mito-
chondrial respiration and cell death dependent upon glucose
availability [31,32]. Thus, berberine might deregulate glycoly-
sis in MCF-7 cells via its effect on pro-apoptotic proteins
such as BAD. Importantly, the identified glycolytic enzymes;
triosephosphate isomerase, fructose-bisphosphate aldolase
A and alpha-enolase, displayed significant down-regulation,
also supporting previous data showing that oxidative stress
can redirect carbohydrate fluxes to generate increased reduc-
ing power in the form of NADPH at the expense of glycolysis
[33,34].

Berberine has been widely reported to induce ROS which
are important mediators of attenuated tumor growth and can-
cer cell apoptosis [35-39]. These processes are mediated by
increasing endoplasmic reticulum stress, promoting the ex-
pression of caspases, blocking the G2/M checkpoint, reducing
mitochondrial potential and activation of JNK and p38 MAPK
signaling pathways. Our present data supports the idea that
berberine can also induce cell death in MCF-7 cells through
the generation of ROS. However, a recent report suggested
the opposite, where berberine inhibited the production of ROS
in LPS-stimulated macrophages via inhibition of NADPH oxi-
dase [40]. Additionally, berberine has been shown to decrease
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lysophosphatidylcholine-stimulated vascular smooth muscle
cell proliferation via inhibition of ROS generation through inac-
tivation of the ERK1/2 pathway [41]. We thus propose that ber-
berine might have multiple cellular targets and distinct effects
that may be cell type and context specific. For example, in
fast-growing human colon cancer, berberine might target JNK/
p38 signaling to induce apoptosis through the generation of
ROS. In contrast, in macrophages, the highly active NADPH
oxidase becomes a dominant cellular target of berberine with
the inactivation of NADPH oxidase leading to diminished pro-
duction of ROS.

ROS are known to modify protein cysteinyl thiol groups,
resulting in oxidative damage [42-44]. We therefore applied a
recently developed 2D-DIGE methodology utilizing iodoacetyl
ICy dyes to assess berberine-induced changes in the thiol
reactivity of cellular proteins in MCF-7 cells. Individual ICy5-
and Cy2-labeled samples were run on 2D gels against an
equal load of an ICy3-labeled standard pool consisting of an
equal mixture of the differentially treated samples to accu-
rately determine changes in the thiol reactivity of the pro-
teins. This novel strategy accurately quantified changes of
thiol reactivity of cysteine residues taking into consideration
variation due to protein expression change (Supplementary
Fig. 4).

The ICy labeling data presented supports the hypothesis
that berberine can induce the formation of free thiols in cer-
tain proteins through disruption of disulphide bonds; mean-
while, berberine induced ROS or protein-derived peroxides
may directly oxidize thiol groups to form the sulfenic, sulfinic
or sulfonic acid forms of cysteine, which would not react with
the ICy dyes. These thiol modifications have been reported to
perturb the normal functions of the proteins [45]. In the cur-
rent study, twenty-two proteins with differential thiol reactiv-
ity were identified by MALDI-TOF and/or MALDI-TOF/TOF.

Prx2/Prx6

1

rRos?

Centlein, neuroepithelial cell transforming gene 1 protein
(NET1), far upstream element-binding protein 1 (FUBP1) and
PDGFA-associated protein 1 (PDAP1) are reported to maintain
cell proliferation and survival and all displayed an increase
in ICy dye labeling following berberine treatment (Table 2).
Thus, their cysteine residues must be reduced to generate
new thiol groups for ICy labeling, implying possible oxidative
damage and deregulation of these proteins. Centlein plays
an important role in duplication of centrioles and might mod-
ulate the molecular function of the centrosome [46]; a critical
organelle that controls G2/M checkpoint transition in the cell
cycle [47]. Thus, we proposed that the oxidative modification
of centlein may result in centrosome dysfunction during cell
cycle progression and possibly lead to cell apoptosis. The
proto-oncogene NET1 is a Rho guanine nucleotide exchange
factor for RhoA and has been reported to be able to activate
the SAPK/JNK pathway via a RhoA-independent pathway
[48]. SAPK/JNK pathway activation can induce expression of
the Fas death receptor to promote apoptotic cell death [49]. It
will be important to assess directly the consequences of
redox modification on NET1 function. In contrast, several of
the identified proteins, such as GNA11l, NDK B, ORP-7 and
TPI1, displayed a decrease in ICy dye labeling following ber-
berine treatment (Table 2). Thus, their free thiol groups must
be oxidized in response to berberine treatment to block ICy la-
beling, implying possible oxidative damage and deregulation
of these proteins. GNA11, a subunit of heterotrimeric G pro-
teins, can transduce extracellular signals received by trans-
membrane receptors to intracellular effector proteins such
as phospholipase C [50]. GNA11 is associated with the plasma
membrane via palmitoylation of the N-terminal region of the
protein which plays a key role in interactions of the G-
protein with receptors and effectors. McCallum et al. reported
that mutations of Cys-9 and Cys-10 potentially interfered with
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Fig. 8 - Model of berberine-induced cell apoptosis. Mechanisms of berberine-induced breast cancer cell toxicity and apoptosis
are proposed. The proposed mechanisms suggest p53-induction as an important cellular target of berberine treatment.

Berberine-induced protein damage may promote apoptosis via p53-independent pathways. Identified proteins and pathways
involved in this network are highlighted in bold. Identified proteins that were up-regulated and down-regulated in response to
berberine treatment are denoted with “1” and “|”, respectively. Proteins with possible redox-modifications are denoted with
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lipidation of the protein [51]. In our current study, we observed a
decreased labeling of GNA11 protein and putatively identified
ICy5-modified peptides at Cys-9 or Cys-10 of GNA11 by MALDI-
TOF MS. These results imply that berberine treatment might in-
terfere with the palmitoylation and association of GNA11 with
the plasma membrane to disrupt its signaling activity.

In conclusion, the present study offers an insight into the
mechanisms of berberine-induced apoptosis in human breast
cancer cells and shows a link between ROS generation and the
cell death process. The proposed mechanisms of berberine-
induced cell death are summarized in Fig. 8. The findings of
this study may have clinical implications in that berberine
treatment may be useful in destroying fast-growing cancer
cells with limited toxicity to normal cells. Additionally, nu-
merous identified cellular proteins may be useful for further
evaluation as potential targets in breast cancer therapy.
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