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Discussion

The present study provides the first evidence that targeted down-
regulation of Bcl-2 expression induces autophagic cell death in 
Bcl-2-overexpressing breast cancer cells, as indicated by the forma-
tion of autophagosomes and the induction of LC3-II, Beclin-1, 
and ATG5 expression. Our findings support the hypothesis that 
Bcl-2 plays an important role in preventing breast cancer cells from 
undergoing autophagic cell death and suggest that ATG5 plays a 
role in Bcl-2 mediated inhibition of autophagic cell death (Fig.10). 
In addition, when combined with chemotherapy (doxorubicin), 
therapeutic targeting of Bcl-2 by siRNA induced significant growth 
inhibition (83%) and autophagy in about 80% of the MCF-7 breast 
cancer cells. 

Bcl-2 protein expression status plays a critical role in the treat-
ment of solid tumors and some hematological cancers because of its 
association with resistance to chemotherapy and radiation and its 
aggressive phenotype.6,9-11,40-44 Bcl-2 downregulation by antisense 
oligonucleotides targeting Bcl-2 in vitro33-36 and in vivo45-48 leads 

to induction of apoptosis, reduction of the apoptotic threshold,  
and an increase in the sensitivity to chemotherapeutic agents, 
suggesting that the Bcl-2 proto-oncogene is an important therapeutic 
target in cancer cells. Although siRNA and antisense oligos can 
specifically target the same mRNA, the mechanisms by which they 
exert inhibition of mRNA are different.49 Also, downregulation of 
Bcl-2 by antisense oligos or by siRNA leads to profound differences 
in the gene expression and phenotypic changes in cancer cells.50 
Our data demonstrated that specific inhibition of Bcl-2 by siRNA 
induces significant autophagic cell death in approximately 40% 
of Bcl-2-overexpressing breast cancer cells. Treatment of cells with 
Bcl-2 siRNA resulted in a decrease in cell viability that was correlated 
with Bcl-2 downregulation in MCF-7 cells. However, we did not 
observe any apoptotic cell death as assessed by three different assays 
but found that approximately 40% of the cells underwent cell death 
after Bcl-2 siRNA treatment. Although doxorubicin alone at high 
doses (IC95, 1 μM) induced apoptosis, at IC50 it mainly induced 
autophagy. Lima et al., reported that siRNA-mediated knockdown of 
Bcl-2 reduced the number of viable cells with only a slight induction 

Figure 6. Knock-down of Bcl-2 by siRNA induces autophagic cell death in MCF-7 breast cancer cells. To characterize cell death induced by Bcl-2 downregu-
lation, we assessed induction of autophagy by acridine orange staining, LC3-II expression and electron microscopy in breast cancer cells. (A) MCF-7 cells 
were treated with control and Bcl-2 siRNAs for 72 hours. The MCF-7 cells were then stained with acridine orange for detection by fluorescent microscopy 
of the acidic vesicular organelles, representing autophagolysosomes. Green fluorescence intensity indicates cytoplasm and nucleus, while red color intensity 
shows acidic vesicular organelles. (B) Bar graph representing the percentage of acridine orange-positive cells in (A), as detected by FACS analysis. (C) Bcl-2 
downregulation by siRNA induces autophagy-specific LC3-II expression. Samples from the above treatment were used detection of by western blot using LC3 
antibody.31 (D) Electron micrographs show the ultrastructure of MCF-7 cells treated with control siRNA or Bcl-2-siRNA for 96 hours. Numerous autophagic 
vacuoles (indicated by arrows) were observed in the Bcl-2-siRNA-treated cells. (E) Clonogenic survival assay was performed after treatments with either 
control or Bcl-2 siRNA and after three weeks colonies were counted as explained in the Materials and Methods (lower panel). (F) LC3-II expression was 
detected on days 2, 4 and 7 by Western blot analysis.
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Figure 8. Bcl-2 siRNA and doxorubicin treatments cause formation of 
autophagosomes in breast cancer cells expressing GFP-LC3. MCF7 cells 
were transfected with GFP-LC3 plasmid and then treated with 1 μg of control 
siRNA, Bcl-2 siRNA, or a combination of siRNA and doxorubicin (IC50, 0.07 
μM) for 72 hours. Control siRNA-treated cells showed a diffuse expression 
pattern of GFP-LC3; however, Bcl-2 or doxorubicin-treated cells had forma-
tion of autophagosomes, shown by fluorescent microscopy, as indicated by 
accumulation of GFP-LC3-II and a punctuated pattern, indicating induction 
of autophagy. 

of apoptosis and enhanced the effects of etoposide and doxorubicin 
in MCF-7 cells.36 These authors found a reduction in viable cells of 
about 50% following Bcl-2 siRNA treatment, which induced apop-
tosis in only 9% (at 72 hours) and 11% (at 96 hours) of MCF-7 cells 
compared with control siRNA. However, these findings are different 
from those of Chi et al.,63 who found that treatment of MCF-7 
cells with Bcl-2 specific antisense, G3139, significantly decreased 
cell viability (approximately 85%) with an increase in apoptosis of 
only about 11% compared with cells treated with control antisense 
oligos. On the basis of our new data, autophagy-dependent cell death 
may be responsible for cell death following downregulation of Bcl-2 
in breast cancer cells. In leukemic cells, Saeki et al.,51 showed that 
downregulation of Bcl-2 by antisense oligos induced autophagy but 
not apoptosis. Pattingre et al.,12 demonstrated that Bcl-2 can inhibit 
Beclin 1-dependent autophagic cell death in yeast and mammalian 
cells, observing that endogenous Bcl-2 binds to endogenous Beclin 
1 leading to downregulation of starvation-induced autophagy. Our 
results also suggested that downregulation of Bcl-2 increased ATG5 
expression, which mediates induction of autophagy in MCF-7 breast 
cancer cells.

Doxorubicin (IC50) can induce autophagy through upregulation 
of Beclin 1 which is further enhanced by siRNA-mediated Bcl-2 
silencing in MCF-7 breast cancer cells. Cancer cells including breast 
cancer can undergo autophagy under some conditions, such as 
nutrition deficiency or starvation, or following treatment with radia-
tion or such drugs as tamoxifen, arsenic, rapamycin, and vitamin D 
analogues.52-61 Activation of the mTOR pathway inhibits autophagy 
induced by nutrient deprivation or starvation in breast cancer and 
other tumor cell lines. Recent studies suggested that downregulation 
of Bcl-2 by antisense oligonucleotides and RNAi enhances cancer 
cell sensitivity to chemotherapeutic drugs, such as doxorubicin, 
paclitaxel, mitomycin C, and cyclophosphamide in breast cancer 
experimental models, suggesting that downregulation of Bcl-2 
may be a useful strategy to prevent drug resistance and enhance 
chemosensitivity.35,36,46,62 Recently, Buchholtz et al.6 found that 
61% of breast cancer patients treated at MD Anderson Cancer Center 
were Bcl-2 positive and that patients with a positive Bcl-2 expression 
had a poor response to chemotherapy compared with those who 
had less Bcl-2 expression. Other studies also showed that decreased 
Bcl-2 levels correlate with breast cancer response to chemotherapy.65 
Lack of Bcl-2 expression was associated with a higher probability 
of complete pathological response to doxorubicin-based chemo-
therapy.65 Current data suggest that tumors with decreased levels of 
Bcl-2 respond better to chemotherapy and hormonal therapy.

As demonstrated in the present study, and previously in pancreatic 
cancer cells,31 siRNA-mediated knockdown of proteins that inhibit 
autophagy may be used as a novel therapeutic strategy to trigger 
autophagic cell death in cancer cells.

Figure 7. Silencing of Bcl-2 by siRNA enhances doxorubicin (IC50)-induced 
autophagy. MCF-7 cells were treated with 1 μg of control siRNA, Bcl-2 
siRNA, or a combination of siRNA and doxorubicin (0.07 μM) for 72 hours, 
and induction of autophagy was assessed by the detection of acidic vesicu-
lar organelles by acridine orange staining. Acridine orange-positive cells in 
each treatment group were quantified using FACS analysis.
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Figure 9. Knockdown of ATG5 inhibits LC3-II expression and induction of autophagic cell death in response to Bcl-2 downregulation by Bcl-2 siRNA treatment 
in MCF-7 cells. (A) MCF7 cells were treated with either control siRNA, Bcl-2 siRNA, doxorubicin (IC50) or by the combinations for 72 hours. (B) Picture of 
MCF-7 cells after either control siRNA, Bcl-2 siRNA or ATG5 and Bcl-2 siRNA treated cells at 72 h, showing reduced number of cell death cell in the tissue 
culture. (C) The number of death cells were significantly reduced after Bcl-2 siRNA treatment following ATG5 knockdown in cells. Dead cells were determined 
and quantified using trypan blue assay in a time course experiments from 2 days up to 7 days.(D) MCF7 cells expressing GFP-LC3 were treated with either 
1 μg of control siRNA, Bcl-2 siRNA or each siRNA in combination with doxorubicin (IC50) for 72 hours. At least 200 cells were counted in each case using 
fluorescent microscope (E) Bcl-2 siRNA and doxorubicin induces Beclin-1 expression, as detected by Western blot analysis using anti-beclin-1 antibody. Bcl-2 
downregulation induces expression of Beclin-1 autophagy-promoting protein. The membrane was stripped and reprobed with an anti-β-actin antibody to 
confirm equal loading of protein in each lane. Densitometric analyses of the bands were presented relative to actin expression (bottom panel). 
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Materials and Methods

Cell lines, culture conditions, and reagents. Cells of the human 
breast cancer line MCF-7 were cultured at 37˚C in DMEM supple-
mented with 5% FBS in a humid incubator with 5% CO2. For the 
cell proliferation experiments, cells were seeded at a density of 1–2 x 
105 cells in T-25 tissue culture flasks. Adherent cells were collected by 
trypsinization, and cell numbers were determined using a Neubauer 
cell counting chamber. All experiments were repeated at least three 
times.

Cell viability and growth assays. The viable and dead cells were 
detected by trypan blue exclusion assay, where viable cells (non-
stained) with intact memrane are able to exclude the dye while dead 
cells take up the coloring blue agent. To assess quantitatively the 
viability and/or proliferation of cells Alamar blue assays was used, 
which incorporates a redox indicator that changes color in response to 
metabolic activity. To study cell viability in response to siRNA trans-
fection, we seeded cells in 96-well plates at a density of 3 x 103 cells 
per well in 100 μl of medium. Next day the medium was removed 
and cells were transfected with siRNA at different concentrations in 
100 μl of medium plus transfection mix. Two days after transfection, 
the medium was removed and replaced by 180 μl of medium plus 20 
μl of Alamar Blue, and the cells were incubated under normal condi-
tions until the color changed. Plates were read at dual wavelengths 
(570–595 nm) in an Elisa plate reader (Kinetic Microplate Reader, 
Molecular Devices Corporation, Sunnyvale, CA).

Transfections with siRNA and GFP-LC3 plasmid. Exponentially 
growing untreated MCF-7 cells were collected and plated (2 x 105/
well in 2 mL) 24 hours before transfection. Plated cells were trans-
fected with either double-stranded siRNA targeting Bcl-2 mRNA, 
control siRNA, or transfection reagent alone. Two Bcl-2 sequences 
targeted by siRNA were designed using siRNA-designing soft-
ware (Qiagen): siRNA-1, 5'-GATTGTGGCCTTCTTTGAGTT-3', 
siRNA-2, 5'-AACATCGCCCTGTGGATGACT-3'. Control non-
silencing siRNA was 5'-AATTCTCCGAACG TGTCACGT-3'. 
ATG5 siRNA was purchased from Santa Cruz, CA. The siRNAs 
were dissolved in sterile buffer provided by the manufacturer (all from 

Qiagen Inc, Valencia, CA). On the day of transfection, the medium 
was removed and replaced with 2 ml of fresh medium and 1 μg of 
siRNA, mixed with the transfection reagent (RNAiFect Transfection 
Reagent, Qiagen), and added to each well. Plasmid vector containing 
green fluorescent protein (GFP) and microtubule-associated protein 
1 light chain 3 (LC3) (GFP-LC3) was transfected into MCF-7 cells 
using the Qiagen plasmid transfection reagent according to the 
manufacturer’s protocol.16,31 For transfection efficiency, the cells 
were transfected with the non-silencing FITC-labeled siRNA for 4 
hours, washed with phosphate-buffered saline twice, and counted in 
a fluorescent microscope. After treatments, the cells were harvested 
at different time points for Western blot analysis and for evaluation 
of apoptosis and autophagy.

Western blot analysis. After treatment, the cells were trypsinized 
and collected by centrifugation, and whole-cell lysates were obtained 
using a lysis buffer as described previously.32 Total protein concen-
tration was determined using a DC protein assay kit (Bio-Rad, 
Hercules, CA). Aliquots containing 30 μg of total protein from each 
sample were subjected to sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) with a 4–20% gradient and elec-
trotransferred to nitrocellulose membranes. The membranes were 
blocked with 5% dry milk in Tris-buffered saline–Tween 20 (TBST), 
probed with primary antibodies anti Bcl-2 monoclonal antibody 
(DakoCytomation California Inc., Carpinteria, CA), Beclin-1, 
poly ADP-ribose polymerase (PARP) (Santa Cruz, CA), or ATG5 
(APG5) (Alexis). The antibodies were diluted in TBST containing 
2.5% dry milk and incubated at 4˚C overnight. After the membranes 
were washed with TBST, they were incubated with horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse secondary antibody 
(Amersham Life Science, Cleveland, OH). Mouse anti-β-actin and 
donkey anti-mouse secondary antibodies (Sigma Chemical, St. 
Louis, MO) were used to monitor β-actin expression to ensure equal 
loading of proteins. Chemiluminescent detection was performed 
with Chemi-glow detection reagents (Alpha Innotech, San Leandro, 
CA). The blots were visualized with a FluorChem 8900 imager and 
quantified by a densitometer using the Alpha Imager application 
program (Alpha Innotech).

RNA isolation and RT-PCR analysis. Cells were collected for 
isolation of total RNA. Total cellular RNA was isolated with Trizol 
reagent (Invitrogen/Life Technologies, Carlsbad, CA), and cDNA 
was obtained from 5 μg of total RNA using a Superscript II RT 
kit (Invitrogen/Life Technologies).31 Briefly, 5 μl of the total 20 
μl of reverse-transcribed product was used for PCR in 1x PCR 
buffer containing 1.5 mM MgCl2, 250 μM dNTPs, 0.5 units of 
Taq polymerase (Invitrogen/Life Technologies), and 100 ng of Bcl-2 
primers (primer I, 5'-TGCACCTGACGCCCTTCAC-3'; primer II, 
5'-AGACAGCCAGGAGAAATCAAACAG-3') or β-actin-specific 
primer (Sigma-Genosys, Houston, TX). Thirty cycles were used for 
PCR analysis. The reaction products were analyzed on a 1% agarose 
gel containing ethidium bromide, and cDNA synthesis was verified 
by detection of the β-actin transcript, which was used as a loading 
control.

Analysis of apoptosis. Apoptosis was assessed by Annexin V,  
by examining cell cycle analysis (sub-G1) and PARP cleavage by 
Western blot. 

Annexin V staining. To provide a comparative assay of apoptosis by 
Annexin V labeling, tumor cells (1 x 106) treated with Bcl-2 siRNA 

Figure 10. Model for regulation of autophagy in MCF-7 breast cancer cells. 
Constitutive expression of Bcl-2 plays an important role in preventing breast 
cancer cells from undergoing autophagy. Silencing of Bcl-2 leads to upregu-
lation of ATG5 and Beclin-1, autophagy promoting proteins and autophagic 
cell death.
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or control siRNA for 24 to 96 hours were harvested and washed 
with PBS. Cells were resuspended in binding buffer and stained with 
Annexin V and propidium iodide (PI) according to manufacturer’s 
protocol (BD Pharmingen Annexin V kit).31 Positive cells were 
detected and quantified by FACS analysis

Propidium iodide staining for cell cycle analysis. The cells  
were plated into six-well plates at 1 x 106 cells/well 24 hours before 
siRNA treatment. The control and treated cells were harvested with 
trypsin -EDTA and washed in 1 ml of cold phosphate-buffered 
saline. The cells were suspended in 0.5 ml of propidium iodide 
solution (50 μg/ml propidium iodide, 0.1% Triton X-100, and 
0.1% sodium citrate in water). Cells were then incubated at 4˚C for  
2 hours in the dark, and fluorescence was then read on a Coulter 
Epics XL flow cytometer (Beckman-Coulter, Brea, CA). Cells in 
sub-G1 phase were quantified and are presented as the percentage of 
the total cells.

Evaluation of autophagy by detection of acidic vesicular organ-
elles. To detect and quantify acidic vesicular organelles, we stained 
cells with acridine orange as described previously.31 The number of 
acridine orange-positive cells was determined by fluorescence-acti-
vated cell sorting (FACS) analysis. Cell morphology was examined 
using fluorescence microscopy (Nikon, Melville, NY) with the cells 
remaining in their culture flasks.

Transmission electron microscopy. MCF-7 cells were grown on 
six-well plates, treated with Bcl-2 siRNA or control siRNA or left 
untreated, fixed for 2 hours with 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer (pH 7.4), postfixed in 1% OsO4 in the same buffer, and 
then subjected to the electron microscopic analysis as described previ-
ously.31 Representative areas were chosen for ultra-thin sectioning 
and viewed with a Hitachi 7600 electron microscope.

Clonogeneic survival assay. This assay is an in vitro cell survival 
assay based on the ability of a single cell to grow into a colony. 
Briefly, cells (500 cells /well) were transfected with different siRNA as 
described above and at 48 h post-transfection, cells were trypsinized 
and seeded into 100 mm culture dishes ( 500 cells per dish) in the 
medium. 15–21 days later, cells were stained with crystal violet, 
and colonies with a diameter of larger than more than 50 cells were 
counted. Each group was assayed in triplicate dishes, and each experi-
ment was repeated twice.

Statistical analysis. The data were expressed as the means ± SD 
of three or more independent experiments and statistical analysis was 
performed using the two-tailed and paired Student’s t-test. P values 
less than 0.05 were considered statistically significant and indicated 
by an asterisk.
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