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Abstract
Purpose TNF-related apoptosis-inducing ligand (TRAIL)
is a potential cancer therapeutic agent that preferentially
induces apoptosis in cancer cells. However, breast cancer
cells are generally resistant to TRAIL. Bufalin is a major
active ingredient of the traditional Chinese medicine
ChanSu. The present study aimed to assess the synergistic
eVect of bufalin and TRAIL and elucidate the underlying
mechanisms in breast cancer cells.
Methods Cell proliferation and apoptosis were measured
by MTT assay and Xow cytometry, respectively. The
expression of proteins was assayed by Xow cytometry and/
or Western blotting. Transfection studies were used to
determine the involvement of DR4, DR5 and Cbl-b in the
synergistic eVect of bufalin and TRAIL.
Results MCF-7 and MDA-MB-231 cells were resistant to
TRAIL. Both cell lines were dramatically sensitized to
TRAIL-induced apoptosis by bufalin. Further experiments
indicated that bufalin up-regulated DR4 and DR5, activated
ERK, JNK and p38 MAPK and down-regulated Cbl-b.
Blocking the up-regulation of DR4 and DR5 by siRNA
rendered cells less sensitive to apoptosis induced by the

combination of bufalin and TRAIL. Inhibition of the acti-
vation of ERK, JNK and p38 MAPK by speciWc inhibitors
attenuated DR4 and DR5 up-regulation. Moreover, down-
regulation of Cbl-b by shRNA led to stronger activation of
ERK, JNK and p38 MAPK, more up-regulation of DR4 and
DR5, and a stronger synergistic eVect of bufalin and
TRAIL.
Conclusions Bufalin enhanced TRAIL-induced apoptosis
by up-regulating the expression of DR4 and DR5. Bufalin-
induced down-regulation of Cbl-b contributed to the
up-regulation of DR4 and DR5, which might be partially
mediated by the activation of ERK, JNK and p38 MAPK.
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Introduction

Breast cancer is the most common cause of death from can-
cer in women. A variety of cancer therapeutic methods,
including surgery, radiation therapy, chemotherapy and
endocrine therapy, have been utilized for the treatment of
breast cancer. But more than 400,000 people still die from
breast cancer each year in the world (Kamangar et al.
2006). Therefore, new treatment strategies are needed for
this disease. Tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL), a member of the tumor necrosis factor
(TNF) superfamily, is a promising candidate for cancer
therapy since it preferentially induces apoptosis in a variety
of cancer cells with little or no eVect on normal cells (Walc-
zak et al. 1999; Roth et al. 1999). However, previous stud-
ies have shown that breast cancer cells are generally
resistant to TRAIL-induced apoptosis (Keane et al. 1999).
Hence, optimal TRAIL-based therapies for breast cancer
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will need to elucidate the mechanism of TRAIL resistance
and incorporate agents to overcome the resistance. Several
mechanisms have been proposed to explain resistance to
TRAIL, including the expression levels of death receptors
(DRs), FLICE inhibitor protein (FLIP) and Bcl-XL (Zhang
and Fang 2005; Ashkenazi 2002). Previous studies have
reported that chemotherapeutic drugs could sensitize cancer
cells and xenograft tumors to TRAIL-induced apoptosis by
increasing the expression of DR4 and/or DR5 (Kondo et al.
2006; Vondálová Blanárová et al. 2011). Recently, we
reported that epirubicin could also enhance TRAIL-induced
apoptosis by redistributing DR4 and DR5 in lipid rafts (Xu
et al. 2011). Bufalin, a major active ingredient of the tradi-
tional Chinese medicine ChanSu, induces cell apoptosis or
G2M cell cycle arrest in multiple types of cancer cells
through altering the expression of Bcl-2/Bax, changing the
intracellular concentration of Na+ or activation of c-jun
NH2-terminal kinase (JNK) (Qi et al. 2011). Data from our
laboratory and from other investigators have demonstrated
that bufalin could enhance all-trans retinoic acid-induced
diVerentiation in acute promyelocytic leukemia cells (Zhu
et al. 2006; Yamada et al. 1998). Hashimoto et al. (1997)
found that bufalin could also enhance the cytotoxicity of
cisplatin and retinoic acid by reducing the level of topoiso-
meraseII in human leukemia cells. Recently, Dong et al.
reported that bufalin could enhance TRAIL-induced apop-
tosis through down-regulating the expression of MCl-1 and
BCL-XL (2011). However, whether bufalin could inXuence
the expression of DR4 and DR5 in breast cancer is not
clear.

In addition, recent studies have revealed that members of
mitogen-activated protein kinases (MAPKs), including
extracellular signal-regulated kinase (ERK), JNK, and p38
MAPK, are important regulators in death receptor expres-
sion (Kang et al. 2011; Zou et al. 2004; Lepage et al. 2011).
Our studies and those of others have shown that Casitas
B-lineage lymphoma-b (Cbl-b), an E3 ubiquitin ligase and
a multi-adaptor protein, could regulate apoptosis by control-
ling the activation of MAPKs and other signals (Sproul
et al. 2009; Qu et al. 2004; Qu et al. 2009), and that c-Cbl, a
homologue of Cbl-b, mediates the degradation of death
receptors after TRAIL activation in human prostate adeno-
carcinoma cells (Song et al. 2010). However, there are no
data regarding the ability of Cbl-b to regulate the expres-
sion of death receptors.

In the present study, we investigated the mechanism of
the synergistic eVect of bufalin and TRAIL in breast cancer
cells. The results demonstrated that bufalin enhanced
TRAIL-induced apoptosis via up-regulating the expression
of DR4 and DR5. The bufalin-induced down-regulation of
Cbl-b contributed to the up-regulation of death receptors,
which might be partially mediated by the activation of
ERK, JNK and p38 MAPK.

Materials and methods

Reagents and antibodies

Anti-�-actin (1:1,000 dilution), anti-ERK (1:2,000 dilu-
tion), anti-phospho-ERK (1:500 dilution) rabbit polyclonal
antibodies, and anti-DR4 (1:500 dilution), anti-DR5 (1:500
dilution) mouse polyclonal antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phospho-JNK (1:250 dilution), anti-phospho-p38 MAPK
(1:500 dilution), anti-JNK (1:500 dilution) and anti-PARP
(1:1,000 dilution) rabbit polyclonal antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA,
USA). Anti-Cbl-b (1:250 dilution) mouse polyclonal anti-
body was purchased from Transduction Laboratories (Lex-
ington, KY, USA). Anti-caspase-8 (1:800 dilution) rabbit
polyclonal antibody and anti-p38 MAPK (1:500 dilution)
mouse polyclonal antibody were purchased from Neomar-
ker (Fremont, CA, USA). Bufalin was purchased from
Sigma–Aldrich (St. Louis, MO, USA). Recombinant
human TRAIL was purchased from Cytolab/Peprotech
Asia. The speciWc ERK inhibitor, PD98059, and the p38
MAPK inhibitor, SB203580, were purchased from
Promega (Madison, WI, USA). The speciWc JNK inhibitor,
SP600125, was purchased from Calbiochem (San Diego,
CA, USA). The caspase-8 colorimetric assay kit was pur-
chased from KeyGen Biotech. Co., Ltd (Nanjing, China).

Cell culture

The human breast cancer MCF-7 and MDA-MB-231 cells
were obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). MCF-7 cells were cultured
in RPMI 1640 medium (GIBCO, Grand Island, NY).
MDA-MB-231 cells were cultured in L15 medium
(GIBCO, Grand Island, NY). Both RPMI 1640 and L15
medium were supplemented with 10 % heat-inactivated
fetal bovine serum (FBS), 100 U/ml penicillin and 100 �g/ml
streptomycin. Cells were cultured at 37 °C under an
atmosphere of 95 % air and 5 % CO2. Cells were routinely
sub-cultured every 2–3 days, and the cell samples used were
all in the logarithmic growth phase.

Cell viability assay

The eVect of bufalin on MCF-7 and MDA-MB-231 cell
proliferation was measured using the 3-(4,5-dimethyl thia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
Cells were seeded at a density of 1 £ 104 cells/well in
96-well plates and incubated overnight. Then, diVerent con-
centrations of bufalin were added, and the cells were further
incubated for the indicated times. Thereafter, 20 �l of the
MTT solution (5 mg/ml) was added to each well, and the
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cells were incubated for another 4 h at 37 °C. After the
removal of the culture medium, the cells were lysed in
200 �l of dimethylsulfoxide (DMSO), and then, the optical
density (OD) was measured at 570 nm using a microplate
reader (Bio-Rad, Hercules, CA, USA). The following for-
mula was used: cell viability = (OD of the experimental
sample/OD of the untreated group) £ 100 %.

Flow cytometry assay

Phase distributions of the cell cycle and hypodiploid DNA
were determined by Xow cytometry. Cells were seeded at a
density of 3.0 £ 105 cells/well in 6-well plates and incubated
overnight. After exposed to bufalin and/or TRAIL for the
indicated times, the cells were collected and washed twice
with phosphate-buVered saline (PBS). After Wxing in ice-
cold 70 % ethanol for 12 h, the samples were washed twice
with PBS and then incubated with 20 �g/ml RNase A and
10 �g/ml propidium iodide (PI) for 30 min in the dark. The
cell surface expression of DR4 and DR5 was performed by
incubating the cells with speciWc primary antibody. Then,
cells were stained with the secondary antibody conjugated
with Xuorescein isothiocyanate (FITC). Cells only stained
with the secondary antibody were used as a negative control.
Finally, the samples were evaluated by Xow cytometry, and
the data were analyzed with WinMDI software version 2.9
(The Scripps Research Institute, La Jolla, CA, USA).

Western blot analysis

Western blotting was performed using standard techniques as
previously described. BrieXy, cells were washed twice with
ice-cold PBS and solubilized in 1 % Triton lysis buVer (1 %
Triton X-100, 50 mM Tris–Cl pH 7.4, 150 mM NaCl,
10 mM EDTA, 100 mM NaF, 1 mM Na3VO4, 1 mM PMSF
and 2 �g/ml aprotinin) on ice. The protein concentration was
determined by the Lowry method. Total proteins (30–50 �g)
were subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to nitrocel-
lulose membranes (Immobilon-P, Millipore, Bedford, MA,
USA). Membranes were blocked with 5 % skim milk in
TBST (10 mM Tris, pH 7.4, 150 mM NaCl and 0.1 %
Tween-20) at room temperature for 2 h and incubated with
the indicated primary antibodies (see the “Materials” section)
at 4 °C overnight. After washing with TBST, the membrane
was reacted with the appropriate horseradish peroxidase–
conjugated speciWc goat anti-mouse or goat anti-rabbit
secondary antibodies (1:800 dilution) for 30 min at room
temperature. After extensive washing with TBST, proteins
were visualized by the enhanced chemiluminescence reagent
(SuperSignal WesternPico Chemiluminescent Substrate;
Pierce, Rockford, IL, USA).

Caspase activity assay

The enzymatic activity of caspase-8 was measured using a
colorimetric assay kit (Keygen Biotech, Nanjing, China)
following the manufacturer’s protocol. In brief, a total of
1.0 £ 106 cells were seeded in the six wells and cultured for
24 h. Then, the cells were treated or untreated with TRAIL
and bufalin for indicated times and harvested, resuspended
in 50 �l of lysis buVer and incubated on ice for 60 min. The
lysed cells were centrifuged at 10,000 rpm for 20 min, and
equal amounts of protein were incubated with 50 �l of
2 £ reaction buVer and 5 �l of peptide substrate, Ac-IETD-
pNA for caspase-8, at 37 °C for 4 h in the dark. Samples
were read at 405 nm in a microplate reader. Caspase-8
activity was calculated following the manufacturer’s
instructions.

Reverse-transcription-polymerase chain 
reaction (RT-PCR)

MDA-MB-231 and MCF-7 cells either treated or untreated
with bufalin were cultured and harvested at the indicated
times. Cell pellets were washed twice with ice-cold PBS
and total RNA extracted with the RNeasy mini kit (Qiagen,
Carlsbad, CA, USA) as described by the manufacturer.
RT-PCR was performed with primer pairs for DR4: for-
ward (5�-CGATGTGGTCAGAGCTGGTACAGC-3�) and
reverse (5�-GGACACGGCAGAGCCTGTGCCATC-3�),
for DR5: forward (5�-GGGAGCCGCTCATGAGGAAGTT
GG-3�) and reverse (5�-GGCAAGTCTCTCTCCCAG
CGTCTC-3�), and for �-actin as a control: forward (5�-GT
GGGG CGCCCCAGGCACCA-3�) and reverse (5�-CTCC
TTAATGTCACGCACGATTTC-3�). PCR conditions were
95 °C for 5 min; 35 cycles of 95 °C for 45 s, 56 °C for 45 s,
72 °C for 45 s; one cycle of 72 °C for 10 min. The ampliWed
products were then separated on 1.5 % agarose gels, stained
with ethidium bromide and visualized under UV illumination.

Transfection with short hairpin RNA

One set of synthetic oligonucleotides encompassing the
sense and antisense target sequences of human Cbl-b, 5�-GAT
CCCGTTTCCGGTTAAGTTGCACTCGTTCAAGAGAC
GAGTGCAACTTAACCGGAAATTTTTTCCAAA-3� and
5�-AGCTTTTGGAAAAAATTTCCGGTTAAGTTGCA
CTCGTCTCTTGAACGAGTGCAACTTAACCGGAAAG
G-3� for Cbl-b (852), and one set of nonsilencing control,
5�-GATCCCGTTCTCCGAACGTGTCACGTTTGATA
TCCGACGTGACACGTTCGGAGAATTTTTTCCAAA-3�

and 5�-AGCTTTTGGAAAAAATTCTCCGAACGTGT
CACGTCGGATACZAACGTGACACGTTCGGAGAA CG
G-3� were phosphorylated with T4 kinase (Takara, Tokyo,
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Japan), annealed and ligated into the Bam-HI/HindIII-
cleaved backbone of pRNA-U6.1/Neo (Genscript, Piscata-
way, NJ, USA). Short hairpin RNA (ShRNA)-expressing
vectors were transfected into MDA-MB-231 cells using
Lipofectamine™ 2000 reagent (Invitrogen, Carlsbad, CA,
USA). Stably transfected cells were screened with G418
(Invitrogen, Carlsbad, CA, USA). The expression of Cbl-b
was veriWed by Western blotting. Three stably transfected
cell lines were used for the following experiments.

Transfection with small interfering RNA

Cells were seeded at a density of 5 £ 105 cells/well in
6-well plates. After 24 h, cells were transfected with small
interfering RNA (siRNA) using Lipofectamine™ 2000
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocols. DR4 and DR5 siRNA duplexes
that target the sequences 5�-GGGTTACACCAATGCTTC
CAACAAT-3� and 5�-AAGACCCTTGTGCTCGTTGTC-3�,
respectively, as described previously (Jin et al. 2005), were
synthesized by Qiagen. Forty-eight hours after transfection,
cells were treated with bufalin and TRAIL, and the controls
were not treated with these agents. The gene silencing eVect
was evaluated by Western blotting.

Statistical analysis

All the presented data were conWrmed in at least three inde-
pendent experiments and are expressed as the mean § SD.
Statistical comparisons were made by Student’s t test.
p < 0.05 was considered statistically signiWcant. IC50 values
were calculated by nonlinear regression analysis using
GraphPad Prism version 5.00 for Windows (GraphPad
Software, San Diego, CA, USA).

Results

Bufalin enhanced TRAIL-induced apoptosis in MCF-7 
and MDA-MB-231 cells

To evaluate the eVect of bufalin on the proliferation of
breast cancer cells, MCF-7 and MDA-MB-231 cells were
treated with the indicated concentrations of bufalin for 24 h
and 48 h. As shown by the MTT assay, bufalin triggered a
time- and dose-dependent inhibition of proliferation
(Fig. 1a, b). The 50 % inhibitory concentrations (IC50) at
24 and 48 h were 317.9 § 1.5 nM and 46.5 § 1.4 nM for
MCF-7, 934.1 § 2.0 nM and 513.3 § 1.6 nM for MDA-
MB-231 cells, respectively. Flow cytometry analysis
showed that bufalin concentrations up to 50 nM induced
apoptosis in 22.5 § 2.5 % of MCF-7 cells at 48 h, but only
in 6.5 § 1.9 % of MDA-MB-231 cells (Fig. 1c). Western

blot analysis showed that 50 nM of bufalin induced signiW-
cant cleavage of poly (ADP-ribose) polymerase (PARP) at
24 h and at 48 h in MCF-7 cells, but only slight cleavage of
PARP in MDA-MB-231 cells at 48 h (Fig. 1d). In the fol-
lowing experiment, we chose bufalin concentrations that
could induce signiWcant apoptosis in MCF-7 cells. To
investigate the eVect of bufalin on TRAIL-mediated apop-
tosis, MDA-MB-231 and MCF-7 cells were incubated with
bufalin (50 nM) and/or TRAIL (100 ng/ml) for 24 h. Flow
cytometry analysis showed that 100 ng/ml of TRAIL
induced 2.0 § 0.5 % apoptosis in MCF-7 cells, and
6.9 § 1.8 % in MDA-MB-231 cells at 24 h (Fig. 1e),
whereas our previous study showed that the same concen-
tration of TRAIL induced >90 % apoptosis in TRAIL-
sensitive Jurkat T cells (Liu et al. 2010). In the present
study, bufalin increased TRAIL-induced apoptosis from
2.0 § 0.5 % to 30.1 § 1.2 % in MCF-7 cells, and from
6.9 § 1.8 % to 41.5 § 1.4 % in MDA-MB-231 cells
(Fig. 1e). These results indicated that MCF-7 cells were
more sensitive to bufalin than MDA-MB-231 cells. Both
MCF-7 and MDA-MB-231 cells were resistant to TRAIL
and were sensitized to TRAIL-induced apoptosis by buf-
alin.

Up-regulation of DR4 and DR5 was involved 
in the synergistic eVect of bufalin and TRAIL

To assess the molecular mechanisms underlying the syner-
gistic induction of apoptosis by bufalin and TRAIL in
breast cancer cells, the activation of caspase-8 and the
cleavage of PARP were measured. As shown in Fig. 2a and
b, TRAIL alone failed to induce the cleavage of caspase-8.
Combining bufalin with TRAIL enhanced cell apoptosis,
which was accompanied by increasing the cleavage of
PARP, enhancing the activation of procaspase-8, in both
MCF-7 and MDA-MB-231 cells. These results indicated
that bufalin sensitized both MDA-MB-231 and MCF-7
breast cancer cells to TRAIL-induced apoptosis by activat-
ing the extrinsic apoptotic pathway. Next, we examined the
eVect of bufalin on the expression of DR4 and DR5. West-
ern blot analysis showed that the expression of DR4 and
DR5 was signiWcantly up-regulated after bufalin treatment
in both MCF-7 and MDA-MB-231 cells (Fig. 2c, d). The
up-regulation of DR4 and DR5 was further conWrmed by
Xow cytometric analysis using speciWc antibodies. Flow
cytometric analysis showed that the expression levels of
DR4 and DR5 were markedly higher in cells treated with
bufalin than the untreated control cells (Fig. 2e). RT-PCR
analysis showed up-regulation of DR4 and DR5 mRNA
after treatment with bufalin that correlated with the increase
of DR4 and DR5 proteins (Fig. 2f). We next examined
whether the up-regulation of DR4 and DR5 is directly asso-
ciated with bufalin + TRAIL-induced apoptosis, employing
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siRNA duplexes against DR4 or DR5 mRNA. MDA-MB-
231 cells transfected with the control siRNA, DR4 siRNA
and/or DR5 siRNA were either untreated or treated with 50

nM of bufalin and 100 ng/ml of TRAIL for 24 h. Flow
cytometric analysis showed that blocking of DR4 and DR5
expression alone signiWcantly reduced the rate of cell death.

Fig. 1 Bufalin and TRAIL synergistically induced apoptosis in breast
cancer cells. (a, b) MCF-7 and MDA-MB-231 cells were treated with
diVerent concentrations of bufalin for 24 h and 48 h. Cell growth inhi-
bition was assessed by the MTT assay. Points represent means § SD.
Sigmoidal dose response curves were derived from Wtting the data to a
nonlinear regression program (Graph Pad Prism). c MCF-7 and MDA-
MB-231 cells were treated with diVerent concentrations of bufalin for
48 h. Apoptosis (APO) was analyzed as a sub-G1 fraction by Xow
cytometry with propidium iodide (PI) staining. The Wnal results are
summarized in the bar graphs. Data are means § SD of three indepen-

dent experiments. d MCF-7 and MDA-MB-231 cells were treated with
50 nM bufalin for the indicated times. PARP was detected by Western
blotting. e MCF-7 and MDA-MB-231 cells were treated with 50 nM
bufalin and/or 100 ng/ml TRAIL for 24 h. Apoptosis (APO) was ana-
lyzed as a sub-G1 fraction by Xow cytometry with PI staining. The Wnal
results are summarized in the bar graphs. Data are means § SD of
three independent experiments (*p < 0.05 compared to the cells in the
bufalin treated group; #p < 0.05 compared to the cells in the untreated
group)
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Cotransfection of DR4 and DR5 siRNAs together was more
potent than either siRNA alone in decreasing bufalin and
TRAIL-induced apoptosis (Fig. 2g). Taken together, these

results suggested that up-regulation of DR4 and DR5, at
least in part, directly contributed to the synergistic eVect of
bufalin and TRAIL.
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�

Activation of MAPK signaling pathways contributed 
to the up-regulation of DR4 and DR5

Recent studies have revealed that MAPKs are important reg-
ulators of death receptor expression. To investigate the role
of MAPKs in bufalin-induced DR4 and DR5 expression,
Western blot analysis was used to assess the change in phos-
phorylations of ERK, JNK and p38 MAPK. The results
showed that ERK, JNK and p38 MAPK were activated by
bufalin in MDA-MB-231 cells (Fig. 3a). Thus, MDA-MB-
231 cells were pretreated with the ERK inhibitor PD98059,
the p38 MAPK inhibitor SB239063 or the JNK inhibitor
SP600125 and then incubated with bufalin to investigate the
functional roles of these activations. The results showed that
inhibition of ERK, JNK and p38 MAPK all restored the
apoptosis induced by treatment with bufalin and TRAIL
(Fig. 3b, c). We also investigated whether MAPKs activation
contributed directly to the up-regulation of DR4 and DR5.
Consistent with the decrease in apoptosis, pre-treatment with
PD98059, SB239063 or SP600125 decreased bufalin-
induced DR4 and DR5 up-regulation, even though p38
MAPK had relative moderate eVect on DR4 expression
(Fig. 3d). These data indicated that the MAPK signal path-
ways were regulators of bufalin-induced DR4 and DR5
expression. The up-regulation of DR4 and DR5 played an
important role during bufalin + TRAIL-induced apoptosis.

Bufalin up-regulated the expression of DR4 and DR5 
by down-regulating the expression of Cbl-b

To investigate the mechanism of bufalin-induced up-regu-
lation of DR4 and DR5, we detected the expression of c-Cbl

and Cbl-b in MCF-7 and MDA-MB-231 cells after bufalin
treatment. Western blot analysis showed that the expression
of c-Cbl was not inXuenced by bufalin treatment, but Cbl-b
was down-regulated after bufalin treatment in a time-
dependent manner in both MCF-7 and MDA-MB-231 cells
(Fig. 4a). To test whether targeting Cbl-b was the eVective
strategy by which bufalin enhanced TRAIL-induced apop-
tosis, the expression of Cbl-b was down-regulated in MDA-
MB-231 cells by shRNA. Flow cytometry analysis showed
that Cbl-b shRNA-transfected (Cbl-b.shRNA) cells were
more sensitive to bufalin + TRAIL-induced apoptosis than
the control shRNA-transfected (Ctrl.shRNA) cells (Fig. 4b,
c). Western blot analysis showed that apoptosis of a higher
number of cells was accompanied by more cleavage of
PARP, and stronger activation of procaspase-8 after
bufalin + TRAIL treatment in Cbl-b.shRNA cells than
Ctrl.shRNA cells. At the same time, DR4 and DR5 were
up-regulated more signiWcantly in Cbl-b.shRNA cells than in
Ctrl.shRNA cells after bufalin and bufalin + TRAIL treat-
ments. Endogenous DR4 and DR5 were up-regulated slightly
in Cbl-b.shRNA cells, which was consistent with the Xow
cytometry analysis indicating that the Cbl-b.shRNA cells
were slightly more sensitive to TRAIL than Ctrl.shRNA cells
(Fig. 4d). The activity of caspase-8 was further conWrmed
using a colorimetric assay kit (Fig. 4e). These results indi-
cated that the down-regulation of Cbl-b contributed to bufa-
lin-induced up-regulation of DR4 and DR5.

The relationship between the down-regulation of Cbl-b 
and the activation of MAPK signaling pathways

To explore the relationship between the down-regulation of
Cbl-b and the activation of MAPK signaling pathways, the
activation of MAPKs was assessed after knockdown of
Cbl-b. As shown in Fig. 5, bufalin and bufalin + TRAIL-
induced activation of ERK, JNK and p38 MAPK were sig-
niWcantly increased after down-regulation of Cbl-b by
shRNA. Endogenous activation of MAPKs was slightly
enhanced after Cbl-b downregulation. These results implied
that Cbl-b might be involved in the regulation of MAPKs
activation induced by bufalin.

Discussion

TRAIL, a potential anti-cancer biological agent, is cur-
rently under a phase II clinical trial (Bellail et al. 2009;
Duiker et al. 2006). However, resistance to TRAIL has
been a major obstacle for clinical administration. There-
fore, it is important to develop novel enhancers to over-
come TRAIL resistance. The present study revealed that
breast cancer MCF-7 and MDA-MB-231 cells were resis-
tant to TRAIL, in contrast to human acute leukemia Jurkat

Fig. 2 Bufalin enhanced TRAIL-induced apoptosis by activating the
extrinsic apoptotic pathway and up-regulating DR4 and DR5. (a,
b) MCF-7 and MDA-MB-231 cells were untreated, treated with 50 nM
bufalin and/or 100 ng/ml TRAIL for 24 h. The PARP and caspase-8
were analyzed by Western blotting. (c, d) MCF-7 and MDA-MB-231
cells were untreated, or treated with 50 nM bufalin for indicated times.
The expression of DR4 and DR5 was analyzed by Western blotting.
(e) MCF-7 and MDA-MB-231 cells were treated with 50 nM of bufa-
lin for 24 h, and then, DR4 and DR5 were detected by Xow cytometry.
The Wlled red peaks represent cells stained with the FITC-conjugated
secondary antibody only. The open peaks are cells stained with prima-
ry antibody against an individual death receptor followed by the FITC-
conjugated secondary antibody. f MDA-MB-231 and MCF-7 cells
were treated with 50 nM bufalin for indicated times, and the expression
of mRNA for DR4 and DR5 was analyzed by RT-PCR. �-actin was
used as an internal control. M indicated marker. g MDA-MB-231 cells
were transiently transfected with control (Ctrl), DR4 and/or DR5 siR-
NA. At 48 h after transfection, the cells were treated with the combi-
nation of 50 nM bufalin and 100 ng/ml TRAIL (Bufalin/TRAIL) for
24 h. The expression of DR4 and DR5 proteins was analyzed by West-
ern blotting. Apoptosis was analyzed as a sub-G1 fraction by Xow
cytometry with PI staining. The Wnal results are summarized in the bar
graphs. Data are means § SD of three independent experiments
(*p < 0.05 compared to the cells in the Ctrl siRNA transfected group)
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cells (Liu et al. 2010). Both MCF-7 and MDA-MB-231
cells were sensitized to TRAIL by bufalin, although the two
cell lines had diVerent sensitivities to bufalin. This observation
indicates that bufalin is a potent enhancer of TRAIL-mediated
apoptosis, and this eVect warrants additional clinical studies.

Binding of TRAIL to DR4 and DR5 leads to caspase-8-
initiated extrinsic pathway activation and subsequent cleav-
age of cellular substrates, such as PARP, leading to cell
apoptosis (MacFarlane 2003). The expression of DR4 and/
or DR5 plays a crucial role in synergistic cytotoxicity asso-
ciated with TRAIL and chemotherapeutic drugs (Srivastava
2001; Ashkenazi and Dixit 1999; Gómez-Benito et al.
2007). Recently, Dong et al. reported that bufalin could
sensitize breast cancer cells to TRAIL by down-regulating
the expression of MCl-1 and BCL-XL (2011). However,

there are no data on whether the change of DR4 and DR5 is
involved in this process. In the present study, bufalin
enhanced TRAIL-induced apoptosis, which was accompa-
nied by the up-regulation of DR4 and DR5. Blocking the
up-regulation of the receptors by siRNA against DR4 and
DR5 attenuated the apoptosis, suggesting that the up-regu-
lation of DR4 and DR5 was involved in the synergistic
eVect of bufalin and TRAIL. It has been reported that the
expression of death receptors is regulated through p53-
dependent and p53-independent mechanisms under some
stress, or after treatment with chemotherapeutic drugs
(Wang and El-Deiry 2003; Sheikh and Fornace 2000).
Recently, c-Cbl was reported to be a down-regulator of
TRAIL receptors after TRAIL treatment in human prostate
adenocarcinoma DU-145 cells (Song et al. 2010). The

Fig. 3 The role of MAPK signaling pathways in bufalin-induced up-
regulation of DR4 and DR5. a MDA-MB-231 cells were treated with
50 nM bufalin for the indicated times. The activities of ERK, JNK and
p38 MAPK were analyzed by Western blotting. b MDA-MB-231 cells
were pretreated with 10 �M SB239063 (SB), 10 �M SP600125 (SP) or
20 �M PD98059 (PD) for 2.5 h and then treated with 50 nM bufalin
and/or 100 ng/ml TRAIL for 24 h. Apoptosis (APO) was analyzed as a
sub-G1 fraction by Xow cytometry with PI staining. The Wnal results

are summarized in the bar graphs. c Data are means § SD of three
independent experiments (*p < 0.05 compared to the cells in the
bufalin + TRAIL-treated group; #p < 0.05 compared to the cells in the
TRAIL-treated group). d MDA-MB-231 cells were pretreated with
10 �M SB239063 (SB), 10 �M SP600125 (SP) or 20 �M PD98059
(PD) for 2.5 h and then treated with 50 nM bufalin for 24 h. The
expression of DR4 and DR5 was analyzed by Western blotting
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present study revealed that Cbl-b, a homologue of c-Cbl,
was down-regulated by bufalin. Down-regulation of Cbl-b
by shRNA enhanced the synergistic eVect of bufalin and
TRAIL, along with more up-regulation of DR4 and DR5
after bufalin and bufalin + TRAIL treatment. These results
demonstrate that Cbl-b is a regulator of cell sensitivity to
the combination of bufalin and TRAIL. In addition, the
results also suggest for the Wrst time that Cbl-b is a negative
regulator of agent-induced DR4 and DR5 expression.

Recently, it has been reported that ERK, JNK and p38
MAPK are involved in agent-induced DR5 up-regulation in
human leukemia THP-1 cells, human lung cancer cells and
colon cancer cells, respectively (Kang et al. 2011; Zou et al.
2004; Lepage et al. 2011). The present study showed that
ERK, JNK and p38 MAPK were activated by bufalin,

which paralleled the inducible expression of DR4 and DR5.
Inhibition of ERK, JNK or p38 MAPK attenuated bufalin-
induced DR4 and DR5 up-regulation and bufalin + TRAIL-
induced apoptosis. These observations suggest that the
three signaling molecules are involved in bufalin-induced
up-regulation of DR4 and DR5 in breast cancer cells.
Sproul et al. have reported that in response to apoptotic
stimuli, Cbl-b levels fall rapidly, relieving its inhibition of
apoptotic JNK signaling in healthy neurons (2009). Cbl-b
overexpression strongly inhibits ERK activation in mast
cells (Qu et al. 2004). Sohn et al. have reported that Cbl-b
silencing results in increases in ERK and JNK phosphoryla-
tion and surface expression of CD69 in mature B cells
(2003). Although there are no data on whether Cbl-b could
regulate the activation of the p38 MAPK signaling pathway,

Fig. 4 Cbl-b was involved in regulating the synergistic eVect of bufa-
lin and TRAIL by regulating the expression of DR4 and DR5. a MCF-
7 and MDA-MB-231 cells were treated with 50 nM bufalin for the
indicated times. The expression of c-Cbl and Cbl-b was analyzed by
Western blotting. b MDA-MB-231 cells were stably transfected with
control shRNA or Cbl-b shRNA. The control shRNA-transfected cells
(Ctrl.shRNA) and Cbl-b shRNA-transfected cells (Cbl-b.shRNA) were
untreated or treated with 50 nM bufalin and/or 100 ng/ml TRAIL for
24 h. Apoptosis (APO) was analyzed as a sub-G1 fraction by Xow
cytometry with PI staining. The Wnal results are summarized in the bar

graphs. c Data are means § SD of three independent experiments
(*p < 0.05 compared to the cells in the Ctrl.shRNA group). d The
Ctrl.shRNA and Cbl-b.shRNA cells were treated with 50 nM bufalin
and/or 100 ng/ml TRAIL for 16 h. The expression of the indicated pro-
teins was analyzed by Western blotting. e The Ctrl.shRNA and Cbl-
b.shRNA cells were treated or untreated with 50 nM bufalin and
100 ng/ml TRAIL for 16 h. The activity of caspase-8 was assessed us-
ing a colorimetric assay kit. Data are given as the fold increase above
control. Data are means § SD of three independent experiments
(*p < 0.05 compared to the cells in the Ctrl.shRNA group)
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we speculate that down-regulation of Cbl-b might up-regulate
the expression of DR4 and DR5 by disinhibiting the activa-
tion of MAPKs. Consistent with the speculation, our results
showed that down-regulation of Cbl-b by shRNA resulted
in more signiWcant activation of ERK, JNK and p38 MAPK
after bufalin and bufalin + TRAIL treatment. These results
suggest that the down-regulation of Cbl-b results in the
up-regulation of DR4 and DR5, which might be partially med-
iated by the activation of MAPKs. However, inhibition of
Cbl-b expression resulted in slight activation of the endoge-
nous MAPKs and sequential slight upregulation of endoge-
nous DR4/DR5 expression. Accordingly, TRAIL treatment
as a single agent only slightly increased the cell death in the
Cbl-b-depleted cells, compared with the control cells.

Moreover, the results demonstrate for the Wrst time that
Cbl-b was a negative regulator of the p38 MAPK signaling
pathway. The results showed that p38 MAPK had a more
pronounced eVect on bufalin + TRAIL-induced apoptosis,
although it had a relatively moderate eVect on DR4 expres-
sion. The reason for this inconsistency might be that p38
MAPK regulated bufalin + TRAIL-induced apoptosis
through a complicated mechanism besides regulating the
expression of DR4 and DR5, such as by inhibiting the
activity of Stat3 (Ahmed et al. 2002), a target for p38 MAPK,
that regulates bufalin + TRAIL-induced apoptosis through
up-regulating Mcl-1 and BCL-XL (Dong et al. 2011).

In summary, we have demonstrated in the present study
that bufalin potentiates the apoptotic eVect of TRAIL in
human breast cancer cells in part by regulating the expres-
sion of DR4 and DR5. The down-regulation of Cbl-b
results in up-regulation of DR4 and DR5, which might be

partially mediated by the activation of MAPKs. These
results provide insight into the design of future combination
therapies for cancer treatment with TRAIL. The mechanism
for the regulation of Cbl-b expression by bufalin is cur-
rently being investigated in our laboratory.
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