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Abstract

The aim of the present study was to determine the effect of the combination of tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) and adriamycin (ADM) on the human breast cancer cell line MCF-7 and to identify potential mechanisms of 
apoptosis. Cell viability was analyzed by the MTT assay and the synergistic effect was assessed by the Webb coefficient. 
Apoptosis was quantified using the annexin V-FITC and propidium iodide staining flow cytometry. The mRNA expression of 
TRAIL receptors was measured by RT-PCR. Changes in the quantities of Bax and caspase-9 proteins were determined by 
Western blot. MCF-7 cells were relatively resistant to TRAIL (IC50 >10 µg/mL), while MCF-7 cells were sensitive to ADM (IC50 
<10 µg/mL). A subtoxic concentration of ADM (0.5 µg/mL) combined with 0.1, 1, or 10 µg/mL TRAIL had a synergistic cytotoxic 
effect on MCF-7 cells, which was more marked with the combination of TRAIL (0.1 µg/mL) and ADM (0.5 µg/mL). In addition, 
the combined treatment with TRAIL and ADM significantly increased cell apoptosis from 9.8% (TRAIL) or 17% (ADM) to 38.7%, 
resulting in a synergistic apoptotic effect, which is proposed to be mediated by up-regulation of DR4 and DR5 mRNA expres-
sion and increased expression of Bax and caspase-9 proteins. These results suggest that the combination of TRAIL and ADM 
might be a promising therapy for breast cancer.
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Worldwide, breast cancer is the most common form of 
malignancy in women, with high incidence and mortality rates 
(1). Adriamycin (ADM) is among the most effective antitumor 
drugs used for the management of breast cancer. Unfor-
tunately, its clinical utility is limited by its toxic effects such 
as myelosuppression, nausea, vomiting, and cardiotoxicity 
(2). Thus, novel treatment strategies are urgently needed to 
improve the clinical management of breast cancer. 

Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL), a tumor necrosis factor superfamily member, has 
been shown to induce apoptosis (3). TRAIL can bind to 5 

different receptors: TRAIL-R1 (death receptor 4, DR4), 
TRAIL-R2 (DR5), TRAIL-R3 (decoy receptor, DcR1), TRAIL-
R4 (DcR2), and osteoprotegerin (OPG). DR4 and DR5 are 
the death receptors that signal apoptosis, whereas DcR1, 
DcR2 and OPG are considered antagonistic because they 
are unable to induce such signaling due to the lack of an 
intracellular death domain or because they are secreted 
molecules (4). 

TRAIL triggers apoptosis through binding to its recep-
tors DR4 and/or DR5 in various cancer cell types but not in 
most normal cells (5,6). Thus, the selective killing of tumor 
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cells by TRAIL has made TRAIL receptors attractive targets 
for cancer treatment. In preclinical models, recombinant 
soluble TRAIL has demonstrated impressive anticancer 
activity (7). Unfortunately, more than 50% of tumor cells 
are resistant to TRAIL (4). Thus, it is important to develop 
new strategies to overcome this resistance of tumor cells. 
Interestingly, several recent reports have described the 
ability of subtoxic concentrations of chemotherapeutic drugs 
to sensitize tumor cells that are resistant to TRAIL (8). The 
antitumor properties of TRAIL can be greatly enhanced when 
used in combination with chemotherapy, as demonstrated 
by many studies using different tumor cell lines and mouse 
models (7). These results suggested that the combination 
of an anticancer drug with TRAIL may enhance the TRAIL-
based therapeutic activity (8). In the present study, we 
determined the effect of the combination of TRAIL with ADM 
on the human breast cancer cell line MCF-7 and explored 
the potential mechanisms of apoptosis induced by TRAIL 
alone or in combination with ADM. 

Material and Methods

Material
The human breast cancer cell line MCF-7 and TRAIL 

were provided by Diao Pharmaceutical Group (China). ADM 
was supplied by Shenzhen Main Luck Pharmaceuticals Inc. 
(China). RPMI 1640 medium, dimethylsulfoxide and trypsin 
were purchased from Gibco (USA). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased 
from Sigma (USA). Mouse monoclonal antibodies for β-actin 
and Bax were purchased from Santa Cruz Biotechnology 
(USA). Rabbit polyclonal antibody for caspase-9 was pur-
chased from Lab Vision (USA). The LSAB kit was purchased 
from Dako (Japan). Goat anti-mouse IgG-HRP (horserad-
ish peroxidase) was purchased from Bio-Rad (USA). Goat 
anti-rabbit IgG-HRP and the Trizol kit were purchased from 
Invitrogen (USA). A one-step RT-PCR kit was purchased 
from Takara Biotechnology (Dalian) Co., Ltd. (China). 
Polyvinylidene difluoride membranes were purchased from 
Millipore (USA). The annexin V-FITC apoptosis detection 
kit was purchased from Jingmei Biotech Co., Ltd. (China). 
The enhanced chemiluminescence detection kit and X-ray 
films were purchased from Roche (Switzerland). All other 
chemicals were of the highest grade available.

Cell culture
The human breast cancer cell line MCF-7 was cultured 

in RPMI 1640 medium supplemented with 10% fetal bovine 
serum plus ampicillin and streptomycin and incubated in 
5% CO2 at 37°C.

Cell viability assay
Cell viability was analyzed by the MTT assay. A blank 

control group (nutritive medium only), a negative control 
group (untreated cells), a TRAIL alone group (cells treated 

with TRAIL) and an ADM alone group (cells treated with 
ADM) were designed for this experiment. Briefly, 100 µL 
exponentially growing tumor cell suspensions (1 x 104 cells) 
were seeded onto each well of a 96-well plate. TRAIL or 
ADM was then added to each well. The final concentration 
of TRAIL was 0 to 100 µg/mL, while the final concentration 
of ADM was 0 to 50 µg/mL. During incubation at 37°C for 
24 h, 20 µL MTT (5 mg/mL final concentration) was added 
to each well. The plates were then incubated at 37°C for 
an additional 4 h to allow MTT to form formazan crystals 
by reacting with metabolically active cells. The formazan 
crystals were solubilized in 150 μL dimethylsulfoxide at 37°C 
for 10 min. The absorbance values of the solution in each 
well were measured at 570 nm using a microplate reader. 
Cell viability was determined by the formula: cell viability 
(%) = (absorbance of the treated wells - absorbance of the 
blank control wells) / (absorbance of the negative control 
wells - absorbance of the blank control wells) x 100%. All 
MTT experiments were performed in triplicate and repeated 
at least three times.

The 50% inhibitory concentrations (IC50) of a 24-h 
exposure, defined as the drug concentration resulting in 
50% reduction of cell viability, were then determined from 
curves of reagent concentration versus cell viability at 24 
h of incubation for the cell line analyzed. Cell sensitivity 
to the drug was evaluated by the IC50 value. An IC50 <10 
µg/mL indicated that the cells were sensitive to the drug, 
while an IC50 ≥10 µg/mL indicated that cells were relatively 
resistant to the drug.

Toxicity of the combination of TRAIL and ADM 
The concentrations of the TRAIL and ADM combination 

were chosen as follows: TRAIL (0.01, 0.1, 1, and 10 µg/
mL) and ADM (0.05, 0.5, and 5 µg/mL) on the basis of the 
effect of TRAIL and ADM treatment alone on cell viability. 
Cell viability after a 24-h exposure was then assessed by the 
MTT assay. A blank control group, negative control group, 
TRAIL alone group, ADM alone group, and a combination 
group (cells treated with TRAIL and ADM) were employed 
for this experiment.

Evaluation of the synergistic effect
The synergistic effect of the TRAIL and ADM combination 

was analyzed by the Webb coefficient (9). Predicted cell 
viability (c) was calculated by the equation c = a x b/100, 
where a and b indicate cell viability after the use of each 
agent. Synergism in drug interaction was indicated by a 
cell viability of ≤70% of the predicted value. Based on the 
synergistic effect observed, the optimum concentrations 
of 0.1 µg/mL TRAIL and 0.5 µg/mL ADM were chosen for 
all later studies. 

Cell morphology 
Experiments were randomly divided into four groups 

as follows: TRAIL alone group (cells treated with 0.1 µg/
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mL TRAIL), ADM alone group (cells treated with 0.5 µg/
mL ADM), combination group (cells treated with 0.1 µg/
mL TRAIL and 0.5 µg/mL ADM), and negative control 
group (untreated cells). Exponentially growing tumor cells 
were seeded onto a 96-well plate at a density of 1 x 105/
mL cells/well. TRAIL and/or ADM was the added to each 
well. After incubation at 37°C for 24 h, morphological cell 
changes were observed under an inverted microscope 
(100X; Olympus CK2, Japan). 

Flow cytometry analysis of apoptosis
The rate of apoptosis was measured by annexin V-FITC 

and propidium iodide staining flow cytometry. In brief, cells 
were collected, washed twice with cold phosphate-buffered 
solution (PBS), and permeabilized with 70% ethanol in 
PBS for 30 min. They were then resuspended in annexin 
V binding buffer at a concentration of 1.5 x 105 cells/mL. 
FITC-conjugated annexin V (1 μg/mL) and propidium iodide 
(50 μg/mL) were added to the cells and incubated for 15 
min at room temperature in the dark before flow cytometric 
analysis. The samples were detected using an Elite-ESP 
flow cytometer (Beckman-Coulter, USA). A minimum of 
10,000 cells were analyzed in each sample. All experiments 
were repeated at least three times. 

Western blot analysis
Cells incubated with ADM (0.5 µg/mL) or TRAIL (0.1 

µg/mL) alone or in combination for 24 h were lysed in lysis 
buffer. Protein concentrations were determined by the 
bicinchoninic acid method. Forty micrograms of cell lysate 
protein was subjected to 4-15% gradient SDS-PAGE using 
a Tris-glycine system and then gels were electroblotted 
onto polyvinylidene difluoride membranes for 45 min. The 
membranes were then incubated with 5% non-fat dry milk 
in PBS for 1 h in order to block nonspecific binding sites, 
and then incubated with the appropriate primary antibody 
concentration (1:200 dilution for caspase-9, 1:400 for Bax 
and 1:2000 for β-actin) for 2 h at 37°C in 5% non-fat dry 
milk. Membranes were subsequently rinsed in PBS and 
then incubated for 2 h at 37°C with a secondary antibody 
(HRP conjugated anti-rabbit or anti-mouse IgG) at 1:2000 
dilution. After incubation, membranes were rinsed and blots 
were visualized by incubation with enhanced chemilumi-
nescence detection reagents. Signal density was obtained 
by scanning exposed X-ray films on a Bio-Rad imaging 
system. Normalized density was obtained by dividing the 
rough density values of a sample band by those of the 
loading control band (β-actin). Immunoblotting data were 
quantitated from at least three experiments.

Reverse transcriptase-polymerase chain reaction 
(RT-PCR) analysis

Total RNA was extracted from cells using the Trisol 
reagent kit. RT-PCR was run using a one-step RT-PCR kit. 
β-actin was used as internal control. The upstream prim-

ers of DR4, DR5, DcR1, DcR2 and β-actin are 5’-CTGA 
GCAACGCAGACTCGCTGTCCAC-3’, 5’-GCCTCATGGAC 
AATGAGATAAAGGTGGCT-3’, 5’-GAAGAATTTGGTGCC 
AATGCCACTG-3’, 5’-CTTTTCCGGCGGCGTTCATGTCC 
TTC-3’, and 5’-GTCAGAAGGATTCCTATGTG -3’, respec-
tively. The downstream primers of DR4, DR5, DcR1, DcR2, 
and β-actin are 5’-TCCAAGGACACGGCAGAGCCTGTG 
CCAT-3’, 5’-CCAAATCTCAAAGTACGCACAAACGG-3’, 
5’-CTCTTGGACTTGGCTGGGAGATGTG-3’, 5’-GTTTCTT 
CCAGGCTGCTTCCCTTTGTAG-3’, and 5’-ATCTCCTTC 
TGCATCCTGTC-3’, respectively. The PCR products were 
a 506-bp fragment for DR4, a 502-bp fragment for DR5, a 
612-bp fragment for DcR1, a 453-bp fragment for DcR2, 
and an 800-bp fragment for β-actin, respectively. PCR 
was performed in a 25-μL reaction volume. PCR cycles 
included a denaturation step at 94°C for 30 s, followed by 
an optimized annealing temperature of 62°C for 30 s and 
by an extension period at 72°C. The amplification cycles 
of DR4, DR5, DcR1, DcR2, and β-actin were repeated 25, 
22, 25, 22, and 22 times, respectively. Amplified products 
were separated by 1.2% ethidium bromide-stained agarose 
gel electrophoresis and viewed under ultraviolet light. The 
electrophoresis photo was transferred to a computer, and 
the integrated absorbance values of the DR4, DR5 and 
β-actin bands were analyzed using the Bio-Rad image 
system. Semiquantitative analysis of DR4 and DR5 mRNA 
was performed by comparison to β-actin.

Statistical analysis
Data are reported as means ± SD. Mean values were 

analyzed statistically by one-way ANOVA followed by the 
Student t-test. Linear correlation between cell viability and 
concentrations of ADM or TRAIL was analyzed using the 
SPSS 12.0 software. The synergistic effect was evaluated 
using the Webb coefficient (9). All P values were two-sided 
and the level of significance was set at P < 0.05.

Results

Effect of TRAIL or ADM alone on MCF-7 cell viability 
Twenty-four-hour exposure of MCF-7 cells to TRAIL at 

a range of concentrations from 0.001 to 10 µg/mL induced 
limited cell death, and there was no obvious correlation 
between cell viability and TRAIL concentration (r = -0.461, 
P > 0.05). IC50 was 100 µg/mL (>10 µg/mL), suggesting 
that MCF-7 cells were relatively resistant to TRAIL (Figure 
1A). Twenty-four-hour exposure of MCF-7 cells to ADM at 
a range of concentrations from 0.0005 to 50 µg/mL strongly 
induced cell death in a dose-dependent manner (r = -0.924, 
P < 0.05). IC50 was 7.0 µg/mL, suggesting that MCF-7 cells 
were sensitive to ADM (Figure 1B).

Effect of the combination of TRAIL and ADM on MCF-7 
cell viability and analysis of the synergistic effect 

Compared to the TRAIL alone group, cell viability 
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showed no significant difference in the combination groups 
of 0.005 µg/mL ADM and 0.01, 0.1, 1, 10 µg/mL TRAIL, 
respectively (P > 0.05). When 0.05 or 0.5 µg/mL ADM was 
combined with 0.01, 0.1, 1, and 10 µg/mL TRAIL, respec-
tively, cell viability was significantly lower than that observed 
in TRAIL alone group (P < 0.05). Webb coefficient analysis 
showed that 0.5 µg/mL ADM combined with 0.1, 1, 10 µg/
mL TRAIL, respectively, had a synergistic cytotoxic effect 
(P < 0.05), which was stronger in the group treated with 
the combination of 0.1 µg/mL TRAIL and 0.5 µg/mL ADM 
(P < 0.05) (Figure 2).

Morphologic changes of MCF-7 cells after 
treatment

After treatment with TRAIL for 24 h, some cells were 
floating and became rounder and smaller and refraction also 

decreased; some cell debris was observed in the medium. 
The cells left on the wall became rounder and smaller (Figure 
3B). In the ADM alone group, most cells were adhesive. 
The cells left on the wall underwent significant changes in 
morphology; the original shape was gone, cells became 
rounder and larger, and the cytoplasm became rougher 
(Figure 3C). In the combination group, the majority of cells 
were floating and had irregular cell walls and there were 
some cell debris in the medium (Figure 3D), whereas MCF-
7 cells in the negative control group did not show obvious 
morphologic changes (Figure 3A).

Effect of TRAIL and ADM alone and of their 
combination on apoptosis in MCF-7 cells

As shown in Figure 4, only 5.0% of untreated MCF-7 
cells underwent apoptosis. Although the apoptotic cell ratio 

Figure 1. Effect of TRAIL or ADM alone on cell viability of human breast cancer MCF-7 cells. Panel A, TRAIL; panel B, ADM. MCF-7 
cells were incubated with TRAIL (from 0 to 100 µg/mL) or ADM (from 0 to 50 µg/mL) for 24 h. Cell viability was evaluated by the MTT 
assay. TRAIL = tumor necrosis factor-related apoptosis-inducing ligand; ADM = adriamycin; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide. Data are reported as means ± SD of representative experiments. *P < 0.05 compared to other concen-
trations of TRAIL; +P < 0.05 compared to 0, 0.0005, 0.005, 0.05 µg/mL ADM; #P < 0.05 compared to other concentrations of ADM 
(Student t-test).

Figure 2. Effect of the combination of TRAIL and ADM on cell 
viability of MCF-7 cells and analysis of its synergistic effect. 
MCF-7 cells were incubated with TRAIL (0.01, 0.1, 1, and 10 
µg/mL) and ADM (0.005, 0.05, and 0.5 µg/mL) for 24 h. Cell vi-
ability was evaluated by the MTT assay. TRAIL = tumor necrosis 
factor-related apoptosis-inducing ligand; ADM = adriamycin; MTT 
= 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
Data are reported as means ± SD of representative experiments. 
The synergistic effect was analyzed by the Webb coefficient as 
described in Material and Methods. Synergism in drug interaction 
was indicated by observed cell viability of ≤70% of the predicted 
cell viability. *P < 0.05 compared to the TRAIL alone group (Stu-
dent t-test); +Synergistic effect. 



858 D.D. Cui et al.

www.bjournal.com.brBraz J Med Biol Res 42(9) 2009

was increased by TRAIL alone, it did not reach a signifi-
cant level (P > 0.05). ADM alone and the combination of 
TRAIL and ADM significantly increased the apoptotic rate 
(P < 0.05), with the combined treatment having a stronger 
effect. In addition, the apoptotic rate in the combination 
group (38.7%) was greater than that induced by the sum 
of TRAIL and ADM alone (9.8 and 17%), suggesting that 
TRAIL combined with ADM had synergistic apoptotic effect 
on MCF-7 cells.

mRNA expression of TRAIL receptors in MCF-7 cells
As shown in Figure 5, MCF-7 cells had higher DR5 

and DcR2 mRNA expression but lower DR4 mRNA ex-
pression, whereas DcR1 mRNA could not be detected in 
MCF-7 cells. 

Effect of TRAIL and/or ADM treatment on DR4 and 
DR5 mRNA in MCF-7 cells 

Compared with the other groups, the combination of 
TRAIL and ADM significantly up-regulated the expression 
of DR4 mRNA (P < 0.05; Figure 6A and C) and DR5 mRNA 
(P < 0.05; Figure 6B and D) in MCF-7 cells.

Effect of TRAIL and/or ADM treatment on Bax and 
caspase-9 protein levels in MCF-7 cells

Compared with the other groups, combined treatment 
with TRAIL and ADM significantly up-regulated the protein 
levels of Bax (P < 0.05; Figure 7A and C) and caspase-9 
(P < 0.05; Figure 7B and D). 

Figure 3. Morphological changes of the human breast cancer cell 
line MCF-7 after treatment. MCF-7 cells were treated with TRAIL 
(0.1 µg/mL) and/or ADM (0.5 µg/mL) for 24 h and the morpho-
logical changes of cells were observed under an inverted micro-
scope (200X). Panel A, Negative control group. Panel B, TRAIL 
alone group. Some cells were floating and became rounder and 
smaller and refraction also decreased. Some cell debris was ob-
served in the medium. The cells left on the wall became rounder 
and smaller. Panel C, ADM alone group. The original shape was 
gone, cells became rounder and bigger, and the cytoplasm be-
came rougher. Panel D, Combination group. The majority of cells 
were floating and had irregular cell walls and there was some 
cell debris in the medium. TRAIL = tumor necrosis factor-related 
apoptosis-inducing ligand; ADM = adriamycin.

Figure 4. Effect of TRAIL or ADM alone and of their combination 
for 24 h on apoptosis of MCF-7 cells. Apoptosis was quantified 
using the annexin V-FITC and propidium iodide staining flow cy-
tometry. The percentage of apoptotic cells was the average of 
three independent experiments. TRAIL = tumor necrosis factor-
related apoptosis-inducing ligand; ADM = adriamycin. *P < 0.05 
compared to negative control group; +P < 0.05 compared to the 
TRAIL alone group; #P < 0.05 compared to the ADM alone group 
(Student t-test). 

Figure 5. Expression of TRAIL mRNA receptors in MCF-7 cells. 
Lane M, DL2000; lane 1, DcR2 (453 bp); lane 2, DcR1; lane 3, 
DR5 (502 bp); lane 4, DR4 (506 bp). TRAIL = tumor necrosis 
factor-related apoptosis-inducing ligand.
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Figure 6. Effect of TRAIL and/or ADM on DR4 and DR5 mRNA expression in MCF-7 cells. Panels A and C, DR4 mRNA; panels B and 
D, DR5 mRNA. MCF-7 cells were treated with TRAIL (0.1 µg/mL) and/or ADM (0.5 µg/mL) for 24 h and the changes of DR4 and DR5 
in mRNA levels were determined by RT-PCR. β-actin was used as internal control. Lane M, DL2000; lane 1, combination group; lane 2, 
ADM alone group; lane 3, TRAIL alone group; lane 4, negative control group. TRAIL = tumor necrosis factor-related apoptosis-inducing 
ligand; ADM = adriamycin. *P < 0.05 compared to negative control group; +P < 0.05 compared to the TRAIL alone group; #P < 0.05 
compared to the ADM alone group (Student t-test). 

Figure 7. Effect of TRAIL and/or ADM treatment on protein levels of Bax and caspase-9 in MCF-7 cells. Panels A and C, Bax; panels 
B and D, caspase-9. Cells were treated with TRAIL (0.1 µg/mL) or/and ADM (0.5 µg/mL) for 24 h and the expression of Bax and cas-
pase-9 proteins was determined by Western blot analysis. The relative amount of each protein was compared to β-actin. TRAIL = tumor 
necrosis factor-related apoptosis-inducing ligand; ADM = adriamycin. Lane 1, TRAIL plus ADM; lane 2, ADM alone; lane 3, TRAIL 
alone; lane 4, negative control. *P < 0.05 compared to the negative control group; +P < 0.05 compared to the TRAIL alone group; #P < 
0.05 compared to the ADM alone group (Student t-test).
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Discussion

TRAIL can induce apoptosis in a broad range of hu-
man cancer cell lines while sparing most normal cell types 
(3). Thus, TRAIL is a promising therapeutic agent against 
cancer because of its tumor selectivity (10,11). However, 
an increasing number of studies have demonstrated TRAIL 
resistance in primary human tumor cells, especially in 
those of solid tumor entities (12). In the present study, the 
data showed that human breast cancer MCF-7 cells were 
relatively resistant to TRAIL, but sensitive to ADM. The 
mechanism of TRAIL resistance remains unclear. Some 
results indicate that TRAIL resistance may be attributable 
to relatively low DR4 levels (13) or relatively high DcR2 
expression (4). In this study, the results of RT-PCR showed 
that MCF-7 cells had higher DR5 and DcR2 expression 
but lower DR4 expression. In addition, DcR1 mRNA was 
absent in MCF-7 cells. We speculate that the mechanisms 
of MCF-7 cell resistance to TRAIL may be due to higher 
DcR2 expression and lower DR4 expression. However, the 
precise mechanism needs further study. 

It has been demonstrated that subtoxic concentra-
tions of chemotherapeutic drugs could restore the TRAIL-
mediated pathway to death in cell lines that are resistant 
to TRAIL-induced cytotoxicity (8). In the present study, our 
data showed that the combination of TRAIL and ADM was 
superior to either therapy alone in inhibiting the survival of 
MCF cells. In addition, Webb coefficient analysis showed 
that a subtoxic concentration of ADM (0.5 µg/mL) combined 
with 0.1, 1, or 10 µg/mL TRAIL had a synergistic cytotoxic 
effect, which was stronger for the combination of 0.1 µg/mL 
TRAIL and 0.5 µg/mL ADM. Data reported by Ashkenazi 
et al. (14) showed that TRAIL cooperated synergistically 
with the chemotherapeutic drugs 5-fluorouracil or CPT-11, 
causing substantial tumor regression or complete tumor 
ablation, suggesting that the combination of an anticancer 
drug with TRAIL may enforce the TRAIL-based therapeutic 
strategy (8). 

Apoptosis is one of the major processes that lead to cell 
death. Some studies have demonstrated that chemothera-
peutic agents could induce apoptosis in malignant cells in 
vitro (15). Although TRAIL is capable of inducing apoptosis 
in tumor cells of diverse origin, unfortunately many tumors 
remain resistant to treatment with TRAIL (3,4,7,11,16,17). 
In the present study, the data showed that human breast 
cancer MCF-7 cells were relatively resistant to TRAIL. In 
addition, flow cytometry data showed that TRAIL alone 
could not induce significant apoptosis. Taken together, 
these results suggest that TRAIL alone may be ineffective 
for cancer therapy. Thus, it is important to develop strate-
gies to overcome this resistance in tumor cells. Some 
recent reports have shown that subtoxic concentrations 
of chemotherapeutic drugs could sensitize tumor cells 
that are resistant to TRAIL (8). Several cytotoxic agents 
(cisplatin, paclitaxel, and ADM) administered in combina-

tion with TRAIL in vitro and in vivo enhanced apoptosis 
(18) and resulted in a synergistic apoptotic response in 
cancer cells (19). In the present study, the data showed that 
TRAIL or ADM alone could lead to 9.8 or 17% apoptosis, 
respectively, while their combination effectively increased 
cell apoptosis to 38.7%. These results suggest that TRAIL 
combined with subtoxic concentration of ADM had syner-
gistic apoptotic effect on MCF-7 cells. In addition, these 
findings also demonstrated that synergy in cytotoxicity was 
paralleled by synergy in apoptosis. Therefore, we believe 
that the synergetic antitumor effect of the combination of 
TRAIL and ADM on MCF-7 cells is due to the induction of 
cellular apoptosis. 

Apoptosis is controlled by multiple pathways that inte-
grate both intra- and extracellular signals. TRAIL controls 
one such apoptotic pathway by binding to its two death 
receptors DR4 and DR5 (5,20). The extent of apoptosis 
induced by TRAIL is tightly regulated by the expression of 
these receptors and by downstream signaling. ADM, a DNA 
damaging agent, is accepted as a first-line chemotherapeu-
tic agent for breast cancer. It has been demonstrated that 
DNA damaging chemotherapeutic drugs could sensitize 
tumor cells that are resistant to TRAIL by up-regulating the 
expressions of DR4 and DR5 in tumor cells (8,19,21). In this 
study, as determined by RT-PCR, the combined treatment 
with TRAIL and ADM increased both DR4 mRNA and DR5 
mRNA in MCF-7 cells, suggesting that the combined treat-
ment regulated DR4 and DR5 at the transcriptional level. In 
addition, some results also showed that combined treatment 
with DNA damaging agents and TRAIL could increase the 
levels of DR4 (17,19) and DR5 protein (19). Taken together, 
these findings indicate that the up-regulation of DR4 and 
DR5 enhanced the responsiveness of cells to TRAIL (22,23), 
an effect proposed to account for the synergistic apoptotic 
effect of TRAIL and chemotherapeutic drugs in several 
tumor cell lines (8,17). 

It has been reported that the DR5 gene contains a p53 
cis-element within the first intronic region (17). Similarly, an 
analogous p53 binding site has also been reported in the first 
intron of the DR4 gene (24). Some results have shown that 
the apoptotic effect of chemotherapeutic drugs and TRAIL 
may be p53 dependent (8). p53 promotes the expression of 
a number of genes that are involved in apoptosis, including 
those encoding death receptors and proapoptotic members 
of the Bcl-2 family such as Bax (25,26). Furthermore, Bax is 
essential for death receptor-mediated apoptosis in cancer 
cells (26). The results of LeBlanc et al. (27) have shown 
that HCT116 human colon carcinoma cells are completely 
dependent upon Bax for the induction of apoptosis by death 
receptor ligands. In most cases, p53-induced apoptosis 
proceeds through mitochondrial release of cytochrome 
c, which leads to caspase activation. Caspase-9, an es-
sential downstream component of p53-induced apoptosis 
(27), is the major initiator caspase identified to date (28). 
Once activated, caspase-9 can in turn activate the effector 
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caspases (caspases-3, -6, -7) that finally dismantle the cell 
(23,26). Recently, some results have shown that TRAIL 
induces apoptosis in cancer cells in a caspase-dependent 
fashion (8,23,29) and anticancer drug-induced sensitization 
to TRAIL also depends on caspase activation (8). To explore 
the mechanisms of apoptosis induced by the combination 
of TRAIL and ADM, we assessed the protein expression 
of Bax and caspase-9. Consistent with its effect on apop-
tosis, the combined treatment with TRAIL and ADM signifi-
cantly increased the protein levels of Bax and caspase-9. 
These data suggest that the apoptotic effect of combined 
treatment with TRAIL and ADM on MCF-7 cells may rely 

on p53. Further investigation is required to determine the 
mechanisms of this combined therapy.

We showed here that human breast cancer MCF-7 cells 
were relatively resistant to TRAIL, and sensitive to ADM. 
Treatment with TRAIL plus subtoxic concentrations of ADM 
had a synergistic cytotoxic and apoptotic effect on MCF-7 
cells. We propose that the synergistic effect was mediated 
by up-regulation of DR4 and DR5 mRNA expression and 
the increasing expression of Bax and caspase-9 proteins. 
These results raise the possibility that the combination of 
TRAIL and ADM might be a promising therapy for breast 
cancer.

  1.	 Bar-On O, Shapira M, Hershko DD. Differential effects of 
doxorubicin treatment on cell cycle arrest and Skp2 expres-
sion in breast cancer cells. Anticancer Drugs 2007; 18: 
1113-1121.

  2.	 Rossi D, Baldelli AM, Casadei V, Fedeli SL, Alessandroni P, 
Catalano V, et al. Neoadjuvant chemotherapy with low dose 
of pegylated liposomal doxorubicin plus weekly paclitaxel 
in operable and locally advanced breast cancer. Anticancer 
Drugs 2008; 19: 733-737.

  3.	 Ashkenazi A, Holland P, Eckhardt SG. Ligand-based tar-
geting of apoptosis in cancer: the potential of recombinant 
human apoptosis ligand 2/Tumor necrosis factor-related 
apoptosis-inducing ligand (rhApo2L/TRAIL). J Clin Oncol 
2008; 26: 3621-3630.

  4.	 Sanlioglu AD, Dirice E, Elpek O, Korcum AF, Ozdogan M, 
Suleymanlar I, et al. High TRAIL death receptor 4 and decoy 
receptor 2 expression correlates with significant cell death in 
pancreatic ductal adenocarcinoma patients. Pancreas 2009 
(in press).

  5.	 Wang S. The promise of cancer therapeutics targeting the 
TNF-related apoptosis-inducing ligand and TRAIL receptor 
pathway. Oncogene 2008; 27: 6207-6215.

  6. 	 Truneh A, Sharma S, Silverman C, Khandekar S, Reddy MP, 
Deen KC, et al. Temperature-sensitive differential affinity of 
TRAIL for its receptors. DR5 is the highest affinity receptor. 
J Biol Chem 2000; 275: 23319-23325.

  7.	 Kruyt FA. TRAIL and cancer therapy. Cancer Lett 2008; 263: 
14-25.

  8.	 Lacour S, Hammann A, Wotawa A, Corcos L, Solary E, 
Dimanche-Boitrel MT. Anticancer agents sensitize tumor 
cells to tumor necrosis factor-related apoptosis-inducing 
ligand-mediated caspase-8 activation and apoptosis. Can-
cer Res 2001; 61: 1645-1651.

  9.	 Yeh YA, Herenyiova M, Weber G. Quercetin: synergistic ac-
tion with carboxyamidotriazole in human breast carcinoma 
cells. Life Sci 1995; 57: 1285-1292.

10.	 Yoo J, Park SS, Lee YJ. Pretreatment of docetaxel enhances 
TRAIL-mediated apoptosis in prostate cancer cells. J Cell 
Biochem 2008; 104: 1636-1646.

11.	 Duiker EW, Mom CH, de Jong S, Willemse PH, Gietema 
JA, van der Zee AG, et al. The clinical trail of TRAIL. Eur J 
Cancer 2006; 42: 2233-2240.

12.	 Koschny R, Walczak H, Ganten TM. The promise of TRAIL - 
potential and risks of a novel anticancer therapy. J Mol Med 

2007; 85: 923-935.
13.	 Kurbanov BM, Fecker LF, Geilen CC, Sterry W, Eberle J. 

Resistance of melanoma cells to TRAIL does not result from 
upregulation of antiapoptotic proteins by NF-kappaB but is 
related to downregulation of initiator caspases and DR4. 
Oncogene 2007; 26: 3364-3377.

14.	 Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA, 
Marsters SA, et al. Safety and antitumor activity of recom-
binant soluble Apo2 ligand. J Clin Invest 1999; 104: 155-
162.

15.	 Kaufmann SH, Earnshaw WC. Induction of apoptosis by 
cancer chemotherapy. Exp Cell Res 2000; 256: 42-49.

16.	 Zhang L, Fang B. Mechanisms of resistance to TRAIL-
induced apoptosis in cancer. Cancer Gene Ther 2005; 12: 
228-237.

17.	 Mendoza FJ, Ishdorj G, Hu X, Gibson SB. Death receptor-4 
(DR4) expression is regulated by transcription factor NF-
kappaB in response to etoposide treatment. Apoptosis 2008; 
13: 756-770.

18.	 Van Valen F, Fulda S, Schafer KL, Truckenbrod B, Hotfilder 
M, Poremba C, et al. Selective and nonselective toxicity of 
TRAIL/Apo2L combined with chemotherapy in human bone 
tumour cells vs. normal human cells. Int J Cancer 2003; 107: 
929-940.

19.	 Gibson SB, Oyer R, Spalding AC, Anderson SM, Johnson 
GL. Increased expression of death receptors 4 and 5 syn-
ergizes the apoptosis response to combined treatment with 
etoposide and TRAIL. Mol Cell Biol 2000; 20: 205-212.

20.	 McDonald ER III, Chui PC, Martelli PF, Dicker DT, El-Deiry 
WS. Death domain mutagenesis of KILLER/DR5 reveals 
residues critical for apoptotic signaling. J Biol Chem 2001; 
276: 14939-14945.

21.	 Henson ES, Johnston JB, Gibson SB. The role of TRAIL 
death receptors in the treatment of hematological malignan-
cies. Leuk Lymphoma 2008; 49: 27-35.

22.	 Burns TF, Bernhard EJ, El-Deiry WS. Tissue specific expres-
sion of p53 target genes suggests a key role for KILLER/
DR5 in p53-dependent apoptosis in vivo. Oncogene 2001; 
20: 4601-4612.

23.	 Srivastava RK. TRAIL/Apo-2L: mechanisms and clinical ap-
plications in cancer. Neoplasia 2001; 3: 535-546.

24.	 Liu X, Yue P, Khuri FR, Sun SY. p53 upregulates death 
receptor 4 expression through an intronic p53 binding site. 
Cancer Res 2004; 64: 5078-5083.

References



862 D.D. Cui et al.

www.bjournal.com.brBraz J Med Biol Res 42(9) 2009

25.	 Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM, New-
meyer DD, Schuler M, et al. Direct activation of Bax by p53 
mediates mitochondrial membrane permeabilization and 
apoptosis. Science 2004; 303: 1010-1014.

26.	 Shinoura N, Sakurai S, Asai A, Kirino T, Hamada H. Cas-
pase-9 transduction overrides the resistance mechanism 
against p53-mediated apoptosis in U-87MG glioma cells. 
Neurosurgery 2001; 49: 177-186.

27.	 LeBlanc H, Lawrence D, Varfolomeev E, Totpal K, Morlan 
J, Schow P, et al. Tumor-cell resistance to death receptor-
induced apoptosis through mutational inactivation of the 

proapoptotic Bcl-2 homolog Bax. Nat Med 2002; 8: 274-
281.

28.	 Jin X, Wu XX, Abdel-Muneem Nouh MA, Kakehi Y. Enhance-
ment of death receptor 4 mediated apoptosis and cytotoxic-
ity in renal cell carcinoma cells by subtoxic concentrations 
of doxorubicin. J Urol 2007; 177: 1894-1899.

29.	 Mizutani Y, Nakanishi H, Yoshida O, Fukushima M, Bo-
navida B, Miki T. Potentiation of the sensitivity of renal cell 
carcinoma cells to TRAIL-mediated apoptosis by subtoxic 
concentrations of 5-fluorouracil. Eur J Cancer 2002; 38: 
167-176.


