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Abstract  

Berberine (BBR) is a natural alkaloid with significant anti-tumor activities against many 

types of cancer. In this study, we investigate the molecular mechanism behind the growth 

suppression of BBR in HER2-overexpressing breast cancer cells. The results reveal that BBR 

decreases cell viability and induces G1 arrest. The BBR-induced G1 arrest is mediated 

through a decrease in the expression of cyclins D1, and E. In addition, BBR also induces cell 

apoptosis through the induction of the mitochondria/caspases pathway in 

HER2-overexpressing breast cancer cells. Our data also indicate that the BBR-induced 

growth inhibition and cell apoptosis are caused by down-regulating the HER2/PI3K/Akt 

signaling pathway. Furthermore, we also show that a combination of taxol and BBR 

significantly slows the growth rate of HER2-overexpressing breast cancer cells. In conclusion, 

this study suggests that BBR could be a useful chemotherapeutic and chemosensitizing agent 

for adjuvant therapy against HER2-overexpressing breast cancer. 
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Introduction 

Breast carcinoma is the most frequent form of cancer affecting women and has become 

the second cause of cancer death in the United States (1). Gene amplification and/or protein 

overexpression of some oncogenes have been involved in the development of breast cancer. 

The human epidermal growth factor receptor 2 (HER2) is one among the most characterized 

oncogenes associated with an aggressive phenotype in breast cancer (2). Aberrant 

up-regulation of HER2 is found in around 30% of breast cancer (2, 3) and diminishes the 

effectiveness of cancer treatment, increases cancer metastasis and finally leads to poor 

clinical outcomes (4). Therefore, it suggests that HER2 might play a critical role in the 

initiation, progression, and outcome of breast cancer. In fact, suppression of HER2 

expression and/or inhibition of its activity may be an effective approach to the treatment of 

breast cancer with HER2 overexpression. 

HER2 was first identified in 1984 (5), and is expressed by a gene localized on 

chromosome 17q21 (6). It is a transmembrane receptor tyrosine kinase (RTK) with a 

molecular weight of 185 kDa belonging to the epidermal growth factor receptor (EGFR) 

family, which includes four homologous members: HER1/EGFR, HER2, HER3 and HER4. 

Ligand stimulation induces homo- or hetero-dimerization causing self-phosphorylation 

(except for HER3) on tyrosine residues localized on the C-terminal domain of the HER 

receptor. The phosphorylated HER receptor (activated form) phosphorylates downstream 

substrates to activate a variety of signaling cascades, including the Ras/mitogen-activated 

protein kinase (MAPK) and the phosphatidylinositol-3-kinase (PI3K)/Akt, which promote 

cell growth, survival and metastasis (7). EGFR, HER2 and HER3 are known to be involved 

in the progression and development of cancer, while the role of HER4 in oncogenesis is still 

undefined (8). The HER2/HER3 heterodimer is the most potent HER receptor pair, which is 

considered as an oncogenic unit with respect to strength of interaction, ligand-induced 



tyrosine phosphorylation and downstream signaling (8). 

Based on the role of HER2 in breast cancer, a number of HER2-targeting therapeutics 

have been developed in the treatment of HER2-overexpressing breast cancer, including 

monoclonal antibodies and small-molecule tyrosine kinase inhibitors. For example, 

trastuzumab (also known as Herceptin) and lapatinib (also known as Tykerb) are the two 

well-documented and clinically used HER2-targeting anti-cancer drugs (9). However, 

botanical products are currently considered to be safer natural compounds and/or nutrients 

and may be used as alternative therapeutic agents for cancer treatment in breast cancer with 

HER2 overexpression (10-12).  

Berberine (BBR), a natural alkaloid isolated from a variety of traditional Chinese herbs 

(such as Berberis aquifolium, Berberis aristata, Berberis vulgaris and Tinospora cordifolia), 

has been used for medicinal purposes for many years. BBR has many pharmacological 

activities, such as anti-arrhythmic (13), anti-bacterial (14), anti-cholinergic (15), 

anti-hypertensive (16), anti-inflammation (17), and anti-oxidative activities (18). It is also 

known that BBR has growth inhibition effects on various types of cancer. For example, BBR 

inhibits cell growth, induces cell cycle arrest and apoptosis in human epidermoid carcinoma 

A431 cells by regulating CKI-cdk-cyclin cascade, disrupting mitochondrial membrane 

potential and cleavage of caspase-3 and poly-(ADP-ribose) polymerase (PARP) (19). BBR 

also inhibits cell proliferation through inducing the mitochondria/caspases pathway in human 

hepatoma HepG2 cells (20) or activation of caspases-independent cell death in human 

pancreatic cancer BxPC3 cells (21). Although BBR has anti-tumor activities in many human 

cancer cells, the molecular mechanisms for the growth suppression effect on 

HER2-overexpressing breast cancer cells have yet to be explored. 

In this study, the BBR-mediated growth inhibition and the related molecular mechanisms 

in HER2-overexpressing breast cancer cells were investigated. The suppression of 



HER2-mediated signaling pathway by BBR leads to cell cycle arrest and apoptosis was 

presented. Furthermore, the effect of BBR in combination with anti-cancer drugs on 

HER2-overexpressing breast cancer cells was also discussed. 

 

Materials and Methods 

Chemicals and antibodies 

Berberine (BBR), DMSO, heregulin (HRG) and antibodies for cytochrome c were obtained 

from Sigma (St. Louis, MO, USA). Antibodies for cyclins A, B1, D1 and E, Akt1, 

phospho-Akt (Ser308), Bax and caspase-3 were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Antibodies for PARP and caspase-9 were obtained from BioVision. 

Antibodies for Bcl-2 were purchased from UPSTATE. Antibodies for Erk 1/2, phospho-Erk 

1/2, horseradish peroxidase-linked anti-rabbit or anti-mouse IgG and the PI3K inhibitor 

(LY294002) were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). 

Antibodies for HER2 (Ab-3) were obtained from CALBIOCHEM. Antibodies for 

phospho-HER2 (Ab-18) were purchased from NeoMarkers. Antibodies for -actin were 

purchased from CHEMICON. Taxol (paclitaxel) was purchased from Bristol-Myers Squibb 

(Bristol-Myers Squibb, Wallingford, CT), and doxorubicin (adriamycin) was purchased from 

Pharmacia (Pharmacia & Upjohn S.P.A. Milan, Italy). 

Cell culture 

Human breast carcinoma SKBR-3 and BT-474 cells overexpressed HER2 and were obtained 

from American Type Culture Collection (ATCC, Rockville, MD). The human breast 

carcinoma MCF-7/HER2 cell line (MCF-7 of a HER2-transfected stable line) was kindly 

provided by Dr. M.C. Hung (Department of Molecular and Cellular Oncology, University of 

Texas, M.D. Anderson Cancer Center, Houston, TX). All cells were cultured in DMEM/F12 



medium (Gibco BRL) supplemented with 10 % fetal bovine serum humidified under 5 % 

CO2 at 37 
o
C. 

MTT assay 

Cell viability was determined using the MTT metabolic assay, as described by Chuang et al. 

(22). In brief, cells were seeded at a density of 12,000 cells/well into 96-well plates and 

incubated overnight in a media containing 10 % FBS. Cells were treated with the indicated 

condition, and then stained with MTT (0.5 mg/ml). After 4 h incubation with MTT, the viable 

cell number was directly proportional to the production of formazan crystals, solubilized with 

DMSO and the final solution was measured spectrophotometrically at 545 nm against a 

reference at 690 nm. All experiments were performed in triplicate and repeated at least three 

times. 

Western blot analysis 

Western blot analysis was performed as described by Kao et al. (23). In brief, the cells were 

washed with PBS, trypsinized from the culture dish, and pelleted at 2,000 rpm at 4 
o
C. The 

cell pellet was resuspended in lysis buffer (20 mM Hepes buffer, 10 mM KCl, 2 mM MgCl2, 

0.5 % NP-40, and protease inhibitors) and each sample was vortexed for at least 2 min. The 

cell lysates were centrifuged at 13,000 rpm for 10 min at 4 
o
C. The protein content of the 

supernatant was determined using the Bio-Rad protein assay kit. Fifty micrograms of protein 

was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was subjected 

to blocking with 5 % non-fat milk in Tris-buffered saline with Tween-20 (TBST) for 1 h at 

room temperature. After blocking, the PVDF membrane was then incubated with primary 

antibodies for 1 h at room temperature, followed by incubation with HRP-conjugated goat 

anti-rabbit or anti-mouse IgG for 1 h at RT. Reactive signals were visualized with an ECL 



system (Amersham Biosciences, Arlington Heights, IL). Results were scanned and quantified 

using Adobe Photoshop 7.0 software. 

Flow cytometric analysis 

The distribution of the cell cycle was detected by flow cytometry with a slight modification 

as described by Chuang et al. (22). In brief, cells were seeded at a density of 5×105 cells/well 

into a 6-well plate and treated under the indicated conditions. After washing the cells with 

phosphate buffered saline (PBS) buffer twice, the cells were fixed with ice-cold 70 % ethanol, 

and held at least overnight at 4 
o
C. Prior to analysis, the cells were washed with PBS buffer 

twice and then incubated with propidium iodide (PI) solution (50 g/ml PI in PBS plus 1 % 

Tween-20 and 10 g RNase) for approximately 30 min. The stained cells were analyzed with 

a FACS Calibur Instrument (BD Bioscience, San Jose, CA, USA). 

DAPI staining 

Cells were seeded at a density of 5×10
4
 cells/well into 12-well plates and treated under the 

indicated conditions. After washing the cells with PBS buffer twice, cells were fixed with 4 

% para-formaldehyde for 5 min at RT, followed by permeabilization with 0.1 % Triton X-100 

for 10 min at RT. Finally, the cells were individually stained with 

4’-6-diamidino-2-phenylindole (DAPI) (Sigma Chemical Co.) and examined and 

photographed using fluorescence microscopy. 

Determination of DNA fragmentation 

DNA fragmentation was detected using the method described by Hwang et al. (20). Briefly, 

cells were resuspended in 0.5 ml lysis buffer (20 mM EDTA, 0.5 % Triton X-100, and 5 mM 

Tris; pH 8.0). The cell lysates were centrifuged at 14,000 rpm for 10 min at 4 
o
C and the 

genomic DNA in the supernatant was extracted twice with phenol: chloroform: isoamyl 



alcohol (25:24:1, v/v/v) and once with chloroform. Finally, the genomic DNA was 

precipitated using 100 % ethanol in the presence of 5 M NaCl overnight at -20 
o
C. The 

genomic DNA was centrifuged at 14,000 rpm for 10 min at 4 
o
C and the DNA pellets were 

washed twice with 70 % ethanol. Prior to measuring the content of DNA by 

spectrophotometry (260 nm), the DNA pellets were resuspended in Tris-EDTA buffer (pH 

8.0) in the presence of 100 g/ml RNase A and incubated at 56 
o
C for 2 h. Finally, an equal 

amount of DNA was electrophoresed onto horizontal agarose gel (2.0 %) at 1.5 V/cm for 3 h. 

The DNA in the gel was visualized under UV light after staining with 0.5 g/ml ethidium 

bromide. 

Release of cytochrome c 

The release of cytochrome c (Cyt-c) from the mitochondria to cytosol was detected as 

described by Hwang et al. (20). Briefly, cells were gently lysed in lysis buffer (1 mM EDTA, 

20 mM Tris-HCl, pH 7.2, 250 mM sucrose, 1 mM dithiothreitol, 1.5 mM MgCl2, 10 mM KCl, 

10 g/ml leupeptin, 5 g/ml pepstatin A, 2 g/ml aprotinin). The cell lysates were 

centrifuged at 12,000 x g at 4 
o
C for 10 min to obtain the pellets (the fractions that contained 

mitochondria) and the supernatants (cytosolic extracts free of mitochondria). The content of 

protein in the supernatant was determined by the Bio-Rad protein assay kit. Forty micrograms 

of protein was resolved by SDS-PAGE (14 %). Proteins were then blotted onto PVDF 

membranes for the detection of Cyt-c. 

Statistical analysis 

All values were represented as the mean ± SD from three independent experiments. One-way 

ANOVA was used for statistical analysis. Significance was recognized as *, P < 0.05 and **, 

P < 0.01, through comparison with the vehicle control.



Results 

BBR inhibits the growth of HER2-overexpressing breast cancer cells 

To ascertain the growth inhibition effects of BBR on HER2-overexpressing breast cancer 

cells, we first determined the influence of BBR on cell viability and cytotoxicity. As shown 

in Figure 1A, BBR exerted dose- and time-dependent growth inhibition effects on SKBR-3, 

BT-474, and MCF-7/HER2 cells. After treating SKBR-3 cells with 50 M BBR for 24, 48 

and 72 h, the cell viability was reduced to 74.01 %, 46.03 % and 33.02 %, respectively. 

Moreover, the cytotoxic effects of BBR on SKBR-3 cells were presented in Figure 1B, 

showing the increases in cell death at 24, 48, and 72 h were from 6.22 to 46.58 % at 10M, 

9.94 to 67.29 % at 50M, and 16.45 to 90.17 % at 100 M, respectively. These results 

suggest that BBR is capable of suppressing the growth of breast cancer cells with HER2 

overexpression. 

Overexpression of HER2 negatively influences the response of breast cancer to 

chemotherapeutic agents (such as taxol and 5-fluorouracil) (24, 25). We next examined 

whether BBR enhanced the growth inhibition effects of anti-cancer drugs in 

HER2-overexpressing breast cancer cells. As illustrated in Figure 1C, a combination of taxol 

with BBR significantly enhanced the growth inhibition effect on SKBR-3 cells. The growth 

inhibition efficiency at 24 h of using taxol (10 ng/ml) and BBR (10 M) alone or in 

combination were 7.74 %, 13.61 %, and 37.39 %, respectively. While the growth inhibition 

efficiency at 48 h of using taxol (10 ng/ml) and BBR (10 M) alone or in combination were 

40.45 %, 41.02 %, and 61.54 %, respectively. These results clearly demonstrate that BBR is 

capable of chemosensitizing the HER2-overexpressing breast cancer cells to taxol. 

3.2. BBR induces G1 arrest through down-regulation of cell cycle regulatory proteins 

To verify whether the growth inhibition effect of BBR was due to the disruption of cell 



cycle, flow cytometry was used to analyze the distribution of cell cycle in SKBR-3 cells. As 

shown in Figure 2A, BBR significantly induced G1 phase proportion (up to 10.02 and 12.26 

% for 25 and 50 M BBR, respectively) while concomitantly reducing the S phase (about 

8.89 and 10.79 % for 25 and 50 M BBR, respectively). These results suggest that BBR 

suppresses the growth of SKBR-3 cells by inducing G1 cell cycle arrest. 

To clarify the molecular mechanism of BBR-induced G1 phase arrest, we assessed the 

effect of BBR on the expression of cell cycle regulatory proteins. The results indicated that 

BBR presented a marked dose-dependent effect on the suppression of cyclins A, D1, and E 

(Figure 2B). Similarly, a significant effect of BBR on the expression of cyclins A, D1 and E 

was also observed in both BT-474 and MCF-7/HER2 cells (Figure 2C). Therefore, these 

results suggest that BBR-induced G1 arrest was due to the down-regulation of cell cycle 

regulatory proteins in HER2-overexpressing breast cancer cells. 

BBR induces cell apoptosis by activating the mitochondria/caspases pathway 

As mentioned above, our results showed that BBR caused a significant induction of cell 

death (about 30.25 % for 50 M BBR at 48 h) in SKBR-3 cells (Figure 1B), we next 

determined whether BBR-induced cell death was due to an induction of cell apoptosis. As 

shown in Figure 3A, treatment of SKBR-3 cells with 50 M BBR for 48 h resulted in a 

significant condensation of chromatin under DAPI staining. Moreover, to assess the effect of 

BBR on the fragmentation of DNA, SKBR-3 cells were treated with various concentrations 

of BBR and analyzed for the status of genomic DNA by gel electrophoresis. The results in 

Figure 3B indicated that BBR exerted dose-dependent effects on the induction of DNA 

fragmentation in SKBR-3 cells. In addition, to further confirm the BBR-induced apoptosis 

effect, we used flow cytometry to examine the distribution of the sub-G1 phase in cell cycle. 

Figure 3C clearly demonstrated that the percentage of sub-G1 phase was significantly higher 



in the BBR-treated group than the control group (38.67 % vs. 3.23 %). These observations 

suggest that BBR induces cell apoptosis in HER2-overexprssing breast cancer cells. 

To unravel the underlying molecular mechanism behind BBR-induced cell apoptosis, we 

examined the effect of BBR on the protein expression of Bcl-2 family controlling the 

activation of mitochondria/caspases pathway (26). As shown in Figure 4A, the anti-apoptotic 

Bcl-2 protein was dramatically reduced following BBR-treatment for 48 h, but no significant 

changes with the pro-apoptotic Bax protein were observed in SKBR-3 cells. Moreover, we 

analyzed the effects of BBR on the release of Cyt-c and found that BBR caused a 

dose-dependent increase of Cyt-c in the cytosolic fractions (Figure 4B). In addition, after 

treatment with BBR, significant increases of the cleaved forms of caspase-9, -3 and PARP 

were observed in SKBR-3 cells (Figure 4C). These findings demonstrate that BBR induces 

cell apoptosis by activating the mitochondria/caspases pathway in HER2-overexpressing 

breast cancer cells.  

BBR induces growth suppression via the HER2/PI3K/Akt signaling pathway 

Because HER2 signaling pathway is associated with cell proliferation and survival (10, 

22, 27), we next examined the effect of BBR on HER2 and its downstream PI3K/Akt and 

Ras/MAPK signaling cascades (28). As shown in Figure 5A, BBR exhibited dose- and 

time-dependent effects on the suppression of phospho-HER2 and phospho-Akt without a 

significant reduction in phospho-Erk1/2 in SKBR-3 cells. Moreover, BBR showed a similar 

repression effect on phospho-HER2 and phospho-Akt in other HER2-overexpressed BT-474 

and MCF-7/HER2 cells (Figure 5B). These data clearly demonstrate that BBR exerts 

inhibitory effects on the HER2/PI3K/Akt signaling pathway in breast cancer cells with HER2 

overexpression. 

The above results were validated by using the PI3K-specific inhibitor, LY294002, and the 

ligand of the HER2/HER3 receptor, heregulin (HRG), to test whether BBR-induced growth 



suppression effect was through the HER2/PI3K/Akt signaling pathway. The results elucidated 

that LY294002 not only suppressed cell growth (Figure 6A), but also similar to BBR 

down-regulated the phospho-Akt, and cyclins D1 and E levels (Figure 6B) via blocking the 

PI3K/Akt signaling cascade in SKBR-3 cells. In contrast, HRG not only restored 

BBR-inhibited cell viability from 63.33 % to 78.33 % (Figure 6A), but also overcome 

BBR-induced down-regulation of the phospho-Akt, and cyclins D1 and E levels in SKBR-3 

cells (Figure 6C). Furthermore, as shown in Figure 6D, HRG also significantly decreased the 

BBR-induced cell apoptosis from 31.48 % to 13.67 % in SKBR-3 cells at 48 h. These data 

indicate that BBR-induced growth inhibition and cell apoptosis are due to suppression of the 

HER2/PI3K/Akt signaling pathway in breast cancer cells with HER overexpression (Figure 

7). 

 

Discussion 

Approximately 30 % of breast cancers overexpressing HER2 were correlated with 

increased cancer metastasis and poor response to anticancer therapies (4). Fortunately, the 

development of drugs, such as trastuzumab and lapatinib (9), that specifically target 

HER2-overexpressed breast cancer has improved clinical outcomes. In addition, a number of 

natural products may be considered as alternative therapeutic agents for treatment of 

HER2-overexpressing breast cancer (10-12). Here, we demonstrate for the first time that 

BBR, a natural alkaloid, has a marked inhibitory effect on the cell growth of SKBR-3, 

BT-474 and MCF-7/HER2 cells (Figure 1A). 

Disruption of cell cycle progression, which is controlled by cell cycle regulators, in 

cancer cells is a useful strategy to halt tumor growth (29). Furthermore, the cell cycle arrest 

of cancer cells also provides an occasion for cells to either undergo repair mechanisms or 

undergo apoptosis. Several natural products have marked inhibitory effects on cancer cells 



with HER2-overexpression via perturbing cell cycle progression and/or inducing cell 

apoptosis (10, 27). For instance, the plant flavonoid apigenin inhibits growth of 

HER2-overexpressing breast cancer cells via inducing cell apoptosis (10), while the natural 

triterpenoid corosolic acid (CRA) inhibits cell growth through inducing cell cycle arrest and 

apoptosis in gastric cancer cells with HER2 overexpression (27). Here, our in vitro data 

demonstrate that treatment of SKBR-3 cells with the natural alkaloid BBR induces G1 cell 

cycle arrest (Figure 2A). Therefore, one of the molecular mechanisms by which BBR causes 

growth suppression of SKBR-3 cells is via disruption of cell cycle progression. Furthermore, 

we examine the effects of BBR on the expression of cell cycle regulators and reveal that the 

BBR-induced G1 arrest is involved in a down-regulation of cyclins D1 and E in breast cancer 

SKBR-3, BT-474 and MCF-7/HER2 cells (Figure 2B-D). Although down-regulation of cyclin 

A is also observed in SKBR-3, BT-474 and MCF-7/HER2 cells (Figure 2B-D), the decrease 

of cyclin A may be involved in or caused by the G1 arrest. These observations suggest that 

BBR-induced G1 cell cycle arrest is mediated by regulating cyclins D1 and E levels. 

Many anti-cancer drugs exert their anti-tumor activities via inducing cell apoptosis of 

cancer cells. Resistance to apoptosis therefore results in the failure of chemotherapy which is 

caused by a decrease in the sensitivity of cancer cells to drugs. In this study, we find that 

BBR not only disrupts cell cycle progression, but also induces cell apoptosis in 

HER2-overexpressing breast cancer cells (Figure 3A-3C). Moreover, we also show that 

treatment of SKBR-3 cells with BBR results in a significant decrease in Bcl-2 protein (Figure 

4A). This alteration may be responsible for the concomitant execution phase of apoptosis 

including an increase in the release of cytochrome c to cytosol (Figure 4B) and an activation 

or cleavage of caspases-9,-3 and PARP (Figure 4C). In contrast, BBR-induced cell apoptosis 

is implicated in an up-regulation of Bax protein and a down-regulation of Bcl-2 protein in 

many human cancer cells (19, 30, 31). However, we do not observe a significant effect on 



Bax protein level in HER2
+
 breast cancer cells, which is similar to the finding in a recent 

report by Patil et al. in HER2 low-expressing breast cancer cells (32). In addition, some 

natural products are reported to have an induction effect on cell apoptosis without affecting 

the protein expression of both Bcl-2 and Bax. For example, 3, 3’-diindolylmethane induces 

cell apoptosis through inhibiting HER2/Ras/Erk signaling pathway in HER2-overexpressing 

breast cancer cells without altering the expression of Bax protein (33), while lupeol induces 

apoptosis through inhibition of Ras signaling pathway in pancreatic cancer cells without a 

change on the Bcl-2 protein level (34). Therefore, the various effects of natural products 

including BBR on the protein expression of Bcl-2 and Bax may be due to cell-type specificity 

and/or a result from up/down-regulation of different upstream regulatory molecules. 

Two major approaches to the suppression of HER2 signaling pathway in breast cancer 

with HER2 overexpression are down-regulation of HER2 and suppression of HER2 tyrosine 

kinase activity/phosphorylation (35). In this study, we find that BBR inhibits both 

phospho-HER2 and HER2 in SKBR-3, BT-474 and MCF-7/HER2 cells (Figure 5A and 5B). 

The suppression effect on phospho-HER2 levels by BBR may be caused by depleting the 

HER2 protein level. This phenomenon in which BBR down-regulates both of phospho-HER2 

and HER2 levels is very similar to that of several natural compounds (10, 11). For example, 

Way et al. indicate that apigenin inhibits the tyrosine phosphorylation of HER2 by depleting 

the HER2 protein level (10), whereas Jeong et al. reveal that quercetin suppresses HER2 

tyrosine kinase activity via down-regulating HER2 protein level (11). These observations 

suggest that BBR may be a useful HER2-targeting agent for the treatment of breast cancer 

with HER2 overexpression. 

Although the PI3K/Akt and Ras/MAPK signaling cascades are the two main intracellular 

signaling pathways activated by receptor tyrosine kinase (such as HER2) (7, 28), our data 

show that BBR dramatically inhibits the PI3K/Akt, but not the Ras/MAPK, signaling 



cascades in HER2-overexpressing breast cancer cells (Figure 5A and 5B). Moreover, 

LY294002 (a PI3K-specific inhibitor) and HRG (a ligand of the HER2/HER3 receptor) are 

used to confirm that BBR-induced growth suppression effect is through the HER2/PI3K/Akt 

signaling pathway (Figure 6A-6D). Interestingly, BBR is found to have an inhibitory effect 

on Akt protein (Figure 5A and 5B), suggesting that Akt may be a target of BBR in 

HER2-overexpressing human breast cancer cells. However, whether BBR-induced 

down-regulation of Akt protein is due to inhibition of its gene expression and/or protein 

stability remains to be clarified. 

Overexpression of HER2 negatively influences the response of breast cancer to 

chemotherapeutic agents (24, 25), whereas the HER2-targeting therapeutics such as 

trastuzumab potentiate the anti-tumor activity of those chemotherapeutic agents in the 

treatment of HER2-overexpressing breast cancers (36, 37). In addition, some natural products 

are reported to even have more enhanced anti-proliferation effects (33, 38). For example, 

combination of epigallocatechin-3-gallate with taxol, and 3, 3’-diindolylmethane with taxol 

significantly elucidate synergistic growth suppression on HER2-overexpressing breast cancer 

cells (33, 38). Similarly, we have also demonstrated that BBR enhances the chemotherapeutic 

efficacy of taxol (Figure 1C) and doxorubicin (data not shown) against SKBR-3 cells. These 

results indicate that BBR performs in the same manner as other HER2 inhibitors or natural 

products through suppressing the HER2 signaling pathway in HER2-overexpressing breast 

cancer cells. 

In conclusion, we have demonstrated that BBR induces G1 cell cycle arrest and cell 

apoptosis through inhibiting the HER2/PI3K/Akt signaling pathway in breast cancer cells 

with HER2 overexpression. In addition, we have also shown that a combination of BBR with 

taxol exerts an enhanced growth suppression effect on HER2-overexpressing breast cancer 

cells. This approach provides potential benefits for enhancing the effectiveness of 



chemotherapy and chemosensitization in the treatment of breast cancer with HER2 

overexpression using BBR. 
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BBR, berberine; HER2, human epidermal growth factor receptor-2; PARP, poly-(ADP-ribose) 

polymerase; Cyt-c, cytochrome c; HRG, heregulin. 
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Figure legends 

Figure 1. Growth suppression of HER2-overexpressing breast cancer cells by BBR. (A) 

SKBR-3, BT-474 and MCF-7/HER2 cells were treated with either 0.2 % DMSO (vehicle 

control) or BBR (10, 25, 50, 75 and 100 M) for 24, 48 and 72 h. Cell viability was 

determined using the MTT assay as described in the “Materials and Methods”. (B) SKBR-3 

cells were treated with either vehicle control or BBR (10, 50 and 100 M) for 24, 48 and 72 h. 

The cytotoxicity of BBR was examined using the trypan blue exclusion assay. (C) SKBR-3 

cells were treated with varying concentrations of taxol (0, 1, 5, 10 and 20 ng/ml) with or 

without 10 M BBR for 24 and 48 h. Cell viability was determined using the MTT assay. All 

data were expressed as the mean ± SD of three independent experiments. *, P<0.05; **, 

P<0.01. 

Figure 2. Perturbation of cell cycle by BBR in HER2-overexpressing breast cancer cells. 

(A) SKBR-3 cells were treated with varying concentrations of BBR (0, 25, 50 M) for 24 h. 



Cell cycle distribution was measured by flow cytometry as described in the “Materials and 

Methods”. (B) SKBR-3 cells were treated with varying concentrations of BBR (0, 25, 50, and 

75 M) for 24 h. Cell cycle related protein expression was determined by Western blotting as 

described in the “Materials and Methods”. (C) BT-474 and MCF-7/HER2 cells were treated 

with varying concentrations of BBR (0, 25, 50, and 75 M) for 24 h. Cell cycle related 

protein expression was determined by Western blotting. All data were expressed as the mean 

± SD of three independent experiments. *, P<0.05; **, P<0.01. 

Figure 3. BBR induces cell apoptosis in HER2-overexpressing breast cancer cells. (A) 

SKBR-3 cells were treated with 50 M BBR for 48 h. BBR influenced chromatin 

condensation via DAPI staining assay as described in the “Materials and Methods”. (B) 

SKBR-3 cells were treated with varying concentrations of BBR (0, 10, 25, 50, and 100M) 

for 48 h. BBR caused DNA fragmentation as determined by the agarose gel electrophoresis as 

described in the “Materials and Methods”. (C) SKBR-3 cells were treated with 10 or 50 M 

BBR for 48 h. BBR increased the proportion of sub-G1 as determined by flow cytometry. All 

data were expressed as the mean ± SD of three independent experiments. *, P<0.05; **, 

P<0.01. 

Figure 4. BBR activates the mitochondria/caspases pathway in HER2-overexpressing 

breast cancer cells. (A) SKBR-3 cells were treated with varying concentrations of BBR (0, 

25, 50 M) for 24 and 48 h. Bcl-2 and Bax protein expressions were measured by Western 

blotting. (B) SKBR-3 cells were treated with varying concentrations of BBR (0, 10, 50, 100 

M) for 48 h. The release of cytochrome c (Cyt-c) to cytoplasm was measured by Western 

blotting. (C) SKBR-3 cells were treated with varying concentrations of BBR (0, 25, 50 M) 

for 48 h. The cleavage of caspase-9, -3 and PARP was measured by Western blotting. All data 



were expressed as the mean ± SD of three independent experiments. *, P<0.05; **, P<0.01. 

Figure 5. BBR inhibits the HER2/PI3K/Akt signaling pathway in HER2-overexpressing 

breast cancer cells. (A) Suppression of HER2/PI3K/Akt, but not HER2/Erk, signaling 

pathways by treating SKBR-3 cells with BBR (0, 25 and 50 M) for 24 and 48 h. (B) 

Suppression of HER2/PI3K/Akt signaling pathways by treating BT-474 and MCF-7/HER2 

cells with BBR (50 M) for 24, 48 and 72 h. All data were expressed as the mean ± SD of 

three independent experiments. *, P<0.05; **, P<0.01. 

Figure 6. Validation of BBR-induced growth suppression effects are through the 

HER2/PI3K/Akt signaling pathway. (A) SKBR-3 cells were treated with 20 M LY294002 

(LY, a PI3K inhibitor), 100 ng/ml HRG (an activator of HER2/HER3 pathway) alone or in 

combination with 50 M BBR for 24 h. Cell viability was determined by MTT assay. (B) LY, 

similar to BBR, led to down-regulation of p-Akt, and cyclins D1 and E. SKBR-3 cells were 

treated with 20 M LY alone or in combination with 50 M BBR for 24 h. (C) BBR-induced 

down-regulation of p-Akt and cyclins D1 and E were reversed by HRG treatment. SKBR-3 

cells were treated with HRG (100 ng/ml) alone or in combination with 50 M BBR for 24 h. 

(D) BBR-induced cell apoptosis was reversed by HRG treatment. SKBR-3 cells were treated 

with HRG (100 ng/ml) alone or in combination with 50 M BBR for 48 h. P, parental 

SKBR-3 cells; V, vehicle control. All data were expressed as the mean ± SD of three 

independent experiments. *, P<0.05; **, P<0.01. 

Figure 7. A schematic model for BBR-induced growth suppression and apoptosis in 

HER2-overexpressing breast cancer cells. Ligand (heregulin, HRG) stimulation induces 

hetero-dimerization of HER2 with HER3 resulting in self-phosphorylation at tyrosine 

residues located on the C-terminal domain of HER2 protein. The phosphorylated HER2 then 



activates downstream PI3K/Akt signaling cascade (inhibited by LY294002) which promotes 

cell growth and survival. After BBR treatment, cell growth is inhibited because of induction 

of cell cycle arrest and apoptosis. The BBR-induced growth suppression and cell apoptosis is 

due to down-regulation of the HER2/PI3K/Akt signaling pathway. 



 



 



 



 



 



 



 


