
 

 

Introduction 
 
Drug resistance is a major clinical problem and 
an important cause of treatment failure in can-
cer patients. Numerous mechanisms have been 
found to cause resistance to chemotherapeutic 
agents in cancer cells in vitro [1-8].  Many types 
of cancer display intrinsic resistance to multiple 
chemotherapeutic agents. Other cancers ac-
quire multidrug resistance (MDR) during chemo-
therapy. MDR is frequently associated with the 
overexpression of P-gp (ABCB1), a 170 kDa ATP-
dependent transmembrane protein encoded by 
the MDR1 gene. P-gp is capable of pumping a 
number of structurally unrelated chemotherapy 
drugs and other compounds out of the cell by 
utilizing the energy of ATP hydrolysis [8], result-
ing in decreased intracellular accumulation of 
the compounds, and hence resistance to drug 

cytotoxicity.   
 
Defects in apoptotic signaling pathways in ma-
lignant cells contribute to the drug resistance in 
various cancer types [9-12]. Therefore, strate-
gies to lower the thresholds for triggering apop-
tosis in various cancers may lead to new and 
more effective therapeutic regimens. The death-
inducing cytokine, tumor necrosis factor-related 
apoptosis-inducing ligand (TRAIL), is a death 
cytokine that induces cancer cell apoptosis 
without harming normal tissues [13, 14] by acti-
vating two apoptosis pathways: (a) the extrinsic 
death receptor pathway, and (b) the intrinsic 
mitochondrial pathway [6, 14, 15].  It does so by 
binding to its cell surface receptors, DR4 and 
DR5, which trigger receptor recruitment of the 
death-adaptor protein FADD through homotypic 
binding interactions between death domains 
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Abstract: The death-inducing cytokine, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), holds enor-
mous promise as a cancer therapeutic due to its highly selective apoptosis-inducing action on neoplastic versus nor-
mal cells.  Our results revealed that TRAIL selectively triggered apoptosis in the P-glycoprotein (P-gp, ABCB1) and DR5 
overexpressing CEM/VBL1000 multidrug resistant leukemia cell line, but not in the parental CEM cells.   Moreover, 
TRAIL treatment reduced P-gp expression in these cells.   Mechanistic analysis of TRAIL-induced apoptosis revealed 
that TRAIL hypersensitivity is due to robust upregulation of the TRAIL receptor DR5 at the protein and mRNA levels 
during development of MDR in the CEM/VBL1000 variant.  DR5 upregulation was independent of the level of expres-
sion of endoplasmic reticulum stress regulator C/EBP homologous transcription factor (CHOP/GADD153).  TRAIL-
triggered apoptosis was associated with increased expression of FADD; activation of caspases-3, -8, -9, and -10; and 
cytochrome c release from mitochondria.  Therefore, both the extrinsic and intrinsic apoptosis pathways are involved 
in this process.  These findings for the first time reveal that TRAIL treatment selectively causes apoptosis in P-gp-
overexpressing CEM/VBL1000 cells through strong upregulation of DR5.  Moreover, this hypersensitivity to TRAIL and 
its effect on reducing P-gp expression in these cells hold significant clinical implications for using TRAIL to eradicate 
MDR malignant cells. 
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(DD) in DR4/DR5 and the adaptor protein Fas-
associated death domain (FADD) [16-18]. FADD 
in turn recruits apical procaspases-8 and/or -10 
to the receptor complex through homotypic in-
teractions between death effector domains 
(DED) in FADD and procaspase-8/10, thus form-
ing the death-inducing signaling complex (DISC) 
[6, 16-19]. Once activated in the DISC, cas-
pases-8/10 cleave the pro-apoptotic molecule 
Bid, which then translocates to the mitochon-
drial membrane, leads to release of mitochon-
drial cytochrome c into the cytosol, activates 
both caspases-9 and -3, and finally cause apop-
tosis [14-19]. Often, caspases-8/10 executioner 
caspase activation is sufficiently robust that the 
apoptosis response is caspase-9-independent 
[6, 18]. In contrast, neither decoy receptor 1 
(DcR1) nor decoy receptor 2 (DcR2), which con-
tain a truncated cytoplasmic death domain, me-
diates apoptosis after binding to TRAIL; DcR1 
and DcR2 thus serve as decoy receptors that 
sequester TRAIL at the cell surface [6, 20, 21].  
 
We were the first to show, in a number of cell 
lines from various tumor types displaying ac-
quired MDR and expressing various degrees of 
resistance to several chemotherapeutic agents, 
that overexpression of P-gp enhances apoptosis 
triggered by TRAIL [22] or TRAIL recombinant 
adenovirus [23].  In this study, for the first time 
we reveal that DR5 is robustly overexpressed in 
P-gp-overexpressing CEM/VBL1000 cells, an 
MDR variant of human CCRF-CEM acute T-
lymphoblastic lymphoblastic leukemia (ALL), 
and that TRAIL treatment selectively causes 
apoptosis in these cells through binding to DR5.  
To our knowledge, increased expression of DR5 
in cancer cells overexpressing other ABC trans-
porters has not been reported. Our data on this 
hypersensitivity to TRAIL and its effect on reduc-
ing P-gp expression in the CEM/VBL1000 MDR 
variant hold significant clinical implications for 
using TRAIL to eradicate MDR malignant cells. 
 
Materials and methods 
 
Cell lines and culture conditions 
 
The human T-lymphoblastic leukemia CCRF-
CEM (CEM/WT) and the P-glycoprotein-
expressing, vinblastine (VBL)-resistant cell line, 
CEM/VBL1000, were obtained from Dr. Victor 
Ling (Department of Cancer Genetics, British 
Columbia Cancer Agency, University of British 
Columbia, Vancouver, British Columbia, Can-

ada) and cultured in RPMI 1640 medium sup-
plemented with 10% fetal calf serum (FCS) and 
penicillin-streptomycin (50U/ml) at 37°C in a 
humidified atmosphere of 5% CO2 and 95% air.  
Five µg/ml vinblastine are added regularly to 
the CEM/VBL1000 culture medium to maintain 
drug resistance. CEM/VBL1000 cells are incu-
bated in vinblastine-free medium for over 1 
week prior to use in experiments.  
 
Annexin V analysis for apoptosis measurement 
 
For determination of cell death, cells were 
treated for 24 h with or without the indicated 
concentrations (0.1-5 ng/ml) of TRAIL. The cells 
were resuspended in 100 µl of staining solution 
containing annexin V-fluorescein and propidium 
iodide in a HEPES buffer (BD Pharmingen). After 
incubation at room temperature for 20 min, 
cells were analyzed by FACSCalibur flow cytome-
ter. Annexin V binds to those cells that express 
phosphotidylserine on the outer layer of the cell 
membrane, and propidium iodide stains the 
cellular DNA of those cells with a compromised 
cell membrane. This allows for the discrimina-
tion of live cells (unstained with either fluoro-
chrome) from apoptotic cells (stained only with 
annexin V and propidium iodide). 
 
Treatment of cells with chemotherapeutic 
agents 
 
CEM/WT and CEM/VBL1000 cells were treated 
with or without vinblastine (5 ng/ml), vincristine 
(5 ng/ml), or paclitaxel (0.1 µM) for 24 h, and 
the percentage of apoptotic cell was evaluated 
by the annexin V binding assay 
 
Measurement of cytotoxicity by MTT assay 
 
Cell survival was determined by MTT [3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] assay.  MTT is cleaved by mitochondrial 
enzymes, mainly by succinate dehydrogenase, 
to form a dark blue crystalline product, forma-
zan. Reduced formation of formazan is caused 
by decreased mitochondrial dehydrogenase 
activity, inhibited cell proliferation, or cell death.  
Cells were seeded in 96-well plates at a concen-
tration of 1 x 103 cells/well and treated with 
increasing concentrations of TRAIL (0.1-5 ng/
ml) for 24 h. After treatment, the medium was 
incubated with 0.5 mg/ml MTT dye (Sigma-
Aldrich, St Louis, MO) for 3 h, the dark blue crys-
tals formed were dissolved at 0.1N HCl in iso-
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propyl alcohol, and absorbance was measured 
at 570 nm using a spectrophotometer. Results 
are presented as percentage of survival, using 
controls as 100%. 
 
TRAIL binding assay 
 
CEM/WT and CEM/VBL1000 cells (2 × 105) 
were incubated with 0.1-5 ng/ml TRAIL, respec-
tively, for 24 h.  After treatment, the cells were 
incubated with anti-TRAIL antibody for 1 h and 
washed 3 times with PBS, then incubated with 5 
μg/ml of FITC-conjugated anti-rabbit antibody 
(Sigma-Aldrich, St Louis, MO) at room tempera-
ture for 1 h, followed by rinsing with PBS.  The 
fluorescence intensities of the samples were 
then measured by flow cytometry using a FAC-
SCalibur flow cytometer (Becton Dickinson, San 
Jose, CA).  The data were analyzed using the 
CellQuest program.  
 
Confocal microscopic analysis 
 
CEM/WT and CEM/VBL1000 cells (1 × 106) 
were cultured in media containing 10% fetal 
bovine serum in the absence or presence of 1 
and 5 ng/ml TRAIL.  After 24 h incubation, the 
cells were attached to poly-L-Lysine coverslips 
(BD BioCoat), then fixed in 4% PBS buffered 
paraformaldehyde for 30 min on the ice.  The 
fixed cells were washed in PBS, incubated in 2% 
bovine serum albumin (BSA) in PBS for 20 min, 
then primary antibody (UIC2, DR4, DR5, IgG2a) 
was added at room temperature. After 30 min, 
the samples were washed in PBS/0.02 % 
Tween, then Texas Red goat anti-mouse IgG 
(Molecular Probes, Eugene OR) or FITC-labeled 
secondary antibody, plus DAPI, were added for 
30 min. These samples were washed in cold 
PBS, mounted onto slides, then examined by 
confocal microscopy. 
 
Western blot analysis 
 
Cells were washed in ice cold PBS and extracted 
for 30 min with a buffer containing 50 mM Tris-
HCl, pH 7.5, 140 mM NaCl, 5 mM EDTA, 5 mM 
NaN3, 1% Triton X-100, 1% NP-40, 1 mM EGTA, 
and protease inhibitor cocktail.  Lysates were 
cleared by centrifugation at 13,000 rpm for 30 
min, and protein concentrations were deter-
mined using the Bradford protein assay. Pro-
teins were denatured in 2% sodium dodecyl 
sulfate containing sample buffer, and same 
total protein amount was transferred onto PVDF 

membranes. The membranes were probed with 
specific antibodies. The following primary anti-
bodies were used: rabbit anti-caspase-3 poly-
clonal antibody (1:1,000 v/v), rabbit anti-PARP 
polyclonal antibody (1:1,000 v/v), mouse anti-
cytochrome c monoclonal antibody (1:1,000 v/
v), and mouse anti-CADD153 monoclonal anti-
body (1:1,000 v/v) were purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA).  The 
mouse anti-caspase-8 monoclonal antibody 
(1:1,000 v/v) and the anti-TRAIL-R2 (DR5) rab-
bit polyclonal antibody (1:1,000) were pur-
chased from Cell Signaling Technology, Inc. 
(Beverly, MA). The rabbit anti-caspase-9 poly-
clonal antibody (1:1,000 v/v) was provided by 
Chemicon International (Temecula, CA). Im-
munocomplexes were detected using horserad-
ish peroxidase conjugated either with anti-
mouse, anti-rabbit, or anti-goat IgG followed by 
chemiluminescence detection (ECL, Thermo 
Scientific, Rockford, IL). 
 
Treatment of cells with neutralizing antibodies 
to death receptors and apoptosis detection 
 
To determine whether TRAIL-induced apoptosis 
occurs through the death receptors, cells were 
pretreated with the TRAIL-R1 (anti-DR4) or 
TRAIL-R2 (anti-DR5) antibody (10 µg/ml, R & D 
Systems, Minneapolis, MN) 3 h before treat-
ment with 1 and 5 ng/ml TRAIL for 24 h. In con-
trol experiments, cells were treated normal Ig-
G2a before TRAIL treatment. Apoptosis was the 
measured by annexin V assay as described 
above. 
 
RNA isolation and RT-PCR analysis  
  
Total RNA from CEM/WT and CEM/VBL1000 
cells was isolated by Tri Reagent TR-118 
(Molecular Research Center, Cincinnati, OH) as 
described by the manufacturer.  One microgram 
of total RNA was used in reverse transcription 
reactions with M-MLV reverse transcriptase 
(Invitrogen, Carlsbad, CA) with dNTPs and an 
oligo dT primer (Promega, Madison, WI) as de-
scribed by the manufacturer.  One μg of the re-
sulting total cDNA was then used as the tem-
plate in PCR to measure the mRNA level of in-
terest by using following primers:  DR4 (forward) 
5′-CTGAGCAACGCAGACTCGCTGTCCAC-3′ and 
(reverse) 5′-AAGGACACGGCAGAGCCTGTGCCAT-
3′; DR5 (forward) 5′-CTGAAAGGCATCTGCTCAGG 
TG-3′ and (reverse) 5′-CAGAGTCTGCATTACCTTCT 
AG-3′. For β-actin, we used the following prim-
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ers: forward 5′-CAGAGCAAGAGAGGCATCCT-3′; 
and reverse 5′-TTGAAGGTCTCAAACATGAT-3′ 
[23].  The reactions were performed at 94°C for 
denaturation, 58°C for annealing, and 72°C for 
extension for 30 cycles. β-Actin mRNA levels 
were used as internal controls.  Amplified frag-
ments were separated on 1.5% agarose gels 
and visualized by ethidium bromide staining. 
 
Results 
 
We first examined P-gp expression in CEM/WT 
and CEM/VBL1000 cells.  Western blot analysis 
with the C219 antibody showed that CEM/
VBL1000 expressed a high level of P-gp, while 
parental CEM/WT cells did not.  To investigate 
the surface expression of P-gp, both CEM/WT 
and CEM/VBL1000 cells were fixed and incu-
bated with UIC2 antibody, which recognizes an 
extracellular epitope of P-gp. Confocal micro-
scopic analysis determined that CEM/VBL1000 
overexpressed P-gp on the cell surface, while no 
P-gp was detected on the surface of CEM/WT 
cells. These results confirm that while parental 
CEM/WT is P-gp deficient, CEM/VBL1000 cells 

overexpress P-gp (Figure 1).  
 
TRAIL induces apoptosis and inhibits prolifera-
tion of CEM/VBL1000 cells 
 
Both cell lines were then tested for their sensi-
tivity to chemotherapeutic agents and TRAIL. 
Vinblastine, vincristine, and paclitaxel are 
known P-gp substrates. P-gp-expressing CEM/
VBL1000 cells were almost completely resistant 
to these chemotherapeutic agents, while CEM/
WT were very sensitive (Figure 2). In contrast, 
while the CEM/WT cells were resistant to TRAIL, 
CEM/VBL1000 exhibited a marked sensitivity to 
TRAIL-induced apoptosis in a dose-dependent 
manner.  
 
To determine whether TRAIL induced cell growth 
inhibition, CEM/WT and CEM/VBL1000 cells 
were treated with TRAIL and the MTT assay was 
performed.  As shown in Figure 2, the growth of 
CEM/VBL1000 cells treated with 0.1-5 ng/ml of 
TRAIL was inhibited in a dose-dependent man-
ner. However, TRAIL did not inhibit the growth of 
CEM/WT cells (Figure 2).  

Figure 1.  Detection P-gp in CEM/WT and CEM/VBL1000 cells.  (A) Western blot analysis. P-gp was detected using 1 
µg/ml anti-P-gp monoclonal C219 (1:1,000), and the blot was developed as described in the Materials and Methods. 
(B) Confocal microscopic analysis. Cells were incubated with P-gp monoclonal antibody UIC2 (1:500), and subse-
quently labeled with Texas Red-conjugated secondary antibodies (1:1,000). 
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Western blot analysis of P-gp after treating 
CEM/VBL1000 cells with 1 and 5 ng/ml TRAIL 
for 24 h showed that TRAIL significantly down-
regulates P-gp expression (Figure 2). 
 
TRAIL-induced apoptosis is mediated via DR5 
 
We next investigated whether TRAIL-induced 
apoptosis in P-gp expressing CEM/VBL1000 
cells is mediated by TRAIL receptors. First, the 
binding of TRAIL to its receptors was examined 
by flow cytometry after treating CEM/WT and 
CEM/VBL1000 cells with 0.1-5 ng/ml TRAIL for 
24 h.  As shown in Figure 3, TRAIL binding was 
increased in a dose-dependent manner in CEM/

VBL1000 but not CEM/WT cells.  Next, we ex-
amined the expression of the TRAIL receptors 
on the surface of CEM/VBL1000 and CEM/WT 
cells.  As shown in Figure 4, CEM/WT cells ex-
pressed very little DR4 and DR5 compared to 
CEM/VBL1000 cells. TRAIL interacts with five 
receptors: death receptor 4 (DR4) and DR5 me-
diate apoptosis activation, while decoy receptor 
1 (DcR1), DcR2, and osteoprotegerin counteract 
this function [21, 22, 24].  Only two of the TRAIL 
receptors, DR4 and DR5, contain functional 
death domains and are capable of inducing 
apoptosis [16-18]. Therefore we investigated 
the expression of DR4 and DR5 by using confo-
cal microscopic analysis and flow cytometry with 

Figure 2. Analysis of TRAIL sensitivity in CEM/WT and CEM/VBL1000 cells.  (A-B) Analysis of chemotherapeutic 
agents and TRAIL sensitivity. Cells were exposed to the indicated concentrations of vinblastine (5 ng/ml), vincristine 
(5 ng/ml), paclitaxel (0.1 µM), and TRAIL (5 ng/ml, or 0.1-5 ng/ml) for 24 h.  After these treatments, the percentage 
of apoptotic cells was determined by annexin V staining followed by flow cytometry.  (C) Effect of TRAIL on the viability 
of CEM/WT and CEM/VBL1000 cells.  Cells were treated with 0.1-5 ng/ml TRAIL for 24 h, and viability was assessed 
by MTT assay. Viability results are given as a percentage of control cells. The results represent the mean ± SD of 
three independent experiments. (D) Western blot analysis of P-gp showing that TRAIL downregulates P-gp expression. 
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Figure 3.  Flow cytometric analysis of TRAIL 
binding in TRAIL-treated CEM/WT and CEM/
VBL1000 cells.  Cells were treated with 
TRAIL for 24 h. Cells were then incubated 
with anti-TRAIL antibody (1:100 v/v) for 1 h 
and subsequently labeled with 5 μg/ml FITC 
conjugated secondary antibody for 1 h. Dot-
ted line: CEM/WT. Solid line: CEM/VBL1000. 

Figure 4.   Evaluation of surface expression of TRAIL receptors and the effect of neutalizing anti-TRAIL receptors anti-
bodies on TRAIL-induced apoptosis. (A) Confocal microscopic analysis and (B) flow cytometry.  Cells were incubated 
with anti-TRAIL-R1 (DR4) or anti-TRAIL-R2 (DR5) antibody (1:500), and subsequently labeled with FITC-conjugated 
secondary antibodies (1:1,000) (C) Effect of neutralizing antibodies to DR4 and DR5 on TRAIL-induced apoptosis.  
Cells were pretreated with the anti-DR4 or anti-DR5 antibodies 3 h before treatment with 1 and 5 ng/ml TRAIL for 24 
h. Mouse IgG2a was used as the control isotype antibody.  Apoptosis was detected by annexin V binding assay, as 
described in the Materials and Methods.  



Upregulation of TRAIL receptor DR5 in MDR leukemia cells  

 
 
96                                                                                                     Int J Biochem Mol Biol 2010:1(1):90-100 

anti-DR4 and -DR5 antibodies.  Figure 5 reveals 
that DR4 and DR5 were constitutively expressed 
on CEM/VBL1000 cells. In contrast, CEM/WT 
cells were deficient in DR4 and DR5 expression.  
Moreover, flow cytometry analysis revealed that 
CEM/VBL1000 expressed DR5 more than DR4, 
and the expression of both receptors on the 
surface of CEM/VBL1000 was upregulated fol-
lowing TRAIL treatment (Figure 4).   
 
To investigate the relative importance of DR4 
and DR5 for apoptosis induction by TRAIL, we 
examined the effect of neutralizing antibodies 
against DR4 and DR5, each at a concentration 
of 10 µg/ml.  The neutralizing anti-DR4 antibody 
had no inhibitory effect on TRAIL-induced apop-
tosis in CEM/VBL1000 cells, while neutralizing 
anti-DR5 antibody showed a significant reduc-
tion in apoptosis.  These results reveal that DR4 
is not involved in TRAIL-induced apoptosis, but 
TRAIL triggers apoptosis via a DR5 signaling 
pathway in CEM/VBL1000 cells (Figure 4). 
 
DR5 mRNA and protein expression in CEM/WT 
and CEM/VBL1000 cells  
 
To determine whether DR5 expression is regu-
lated at the protein and/or mRNA levels, we 
performed RT-PCR and Western blot analysis.  
The data in Figure 5 clearly show that the ex-
pression of DR5 mRNA is strongly upregulated 
in CEM/VBL1000 cells compared to CEM/WT 
cells.   Western blot analysis also showed that 
DR5 is robustly increased at the protein level.  
Therefore, the results in Figure 5 show that 

upregulation of DR5 in CEM/VBL1000 cells oc-
curs at both the mRNA and protein levels.  Inter-
estingly, in parallel with overexpression of the 
DR5 receptor, FADD is also upregulated in 
CEM/VBL1000 cells (data not shown). 
 
TRAIL-induced apoptosis is mediated through 
mitochondria 
 
To further determine the mechanism of the 
TRAIL-induced apoptosis, we investigated cas-
pase activation, cytochrome c release from mi-
tochondria, and PARP degradation, by treating 
CEM/WT and CEM/VBL1000 cells with 1 and 5 
ng/ml TRAIL for 24 h. The regulation and execu-
tion of apoptotic cell death is carried out by a 
family of cysteine proteases with aspartic acid 
specificity known as caspases. Figure 6 shows 
that TRAIL induced the proteolytic cleavage of 
inactive procaspases-8 and -10, which are in-
volved in death receptor-induced apoptosis, into 
active caspases-8 and -10 only in CEM/
VBL1000 cells. As shown in Figure 6, exposure 
to TRAIL also resulted in processing of procas-
pases-9 and -3, as well as the release of cyto-
chrome c, only in CEM/VBL1000 cells.  More-
over, one of the substrates for caspases during 
apoptosis is poly(ADP-ribose) polymerase 
(PARP), an enzyme that appears to be involved 
in DNA repair and genome surveillance and in-
tegrity in response to environmental stress. 
Therefore, the cleavage of PARP was used as an 
indicator of caspase activation, and it was seen 
only in CEM/VBL1000 cells (Figure 6). These 
results reveal that TRAIL-induced apoptosis in P-

Figure 5.  Expression of DR5 at mRNA and protein levels.  (A) The mRNA levels of DR5 and β-actin in the CEM/WT cell 
line and its MDR variant CEM/VLB10000 were determined by RT–PCR as described in the Materials and Methods.  
(B) Western blot analysis of DR5 using 1 µg/ml anti-DR5 polyclonal antibody (1:1,000) or mouse anti-CADD153 
monoclonal antibody (1:1,000) as described in the Materials and Methods. 
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gp-expressing CEM/VBL1000 cells is mediated 
via the mitochondrial apoptosis cascade. 
 
Discussion 
 
In this study, we found for the first time that 
TRAIL triggers selective apoptosis in the P-gp- 
and DR5-overexpressing CEM/VBL1000 MDR 
variant compared to its parental drug-sensitive 
CEM/WT leukemia cell line. Our results clearly 
show that the development of MDR in these 
cells is associated with upregulation of the 
TRAIL receptors DR4 and DR5, and that overex-
pression of DR5 is stronger than DR4. More-
over, pre-treating these cells with a neutralizing 
antibody against the DR5 receptor strongly re-
duced the degree of apoptosis induced by 
TRAIL. However, DR4 neutralizing antibody did 

not significantly affect TRAIL-triggered apoptosis 
in these cells, revealing that TRAIL induced 
apoptosis occurs preferentially via DR5. We [22, 
23] and others [25, 26] have shown that in ma-
lignant cell lines from various tumor types, 
TRAIL triggers more efficient apoptosis through 
DR5 than DR4 in the apoptosis signaling cas-
cade. It appears that the role of P-gp in TRAIL-
triggered apoptosis in various MDR cells is com-
plex.  In MDR1 transfected MCF-7 breast cancer 
cells, we previously showed that the interaction 
of P-gp with DR5 in plasma membranes en-
hanced TRAIL binding to DR5, robustly stimulat-
ing P-gp ATPase activity and inducing mitochon-
drial depolarization [22]. 
 
We have previously shown that P-gp interacts 
with and forms a complex with DR5 in plasma 

Figure 6.   Effect of TRAIL on activation of caspases, cytosolic accumulation of cytochrome c, and cleavage of PARP.  
Cells were exposed to 1 and 5 ng/ml TRAIL for 24 h. Subsequently, cells were lysed and proteins used for Western 
blot analysis of the indicated proteins using specific antibodies to caspases-8, -9, -3, and PARP.  To detect cyto-
chrome c released from the mitochondria, the cytosolic fractions were prepared and used as described in the Materi-
als and Methods. 
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membranes [22]. Our results in this report show 
that TRAIL treatment decreases the expression 
of P-gp. Therefore, it is tempting to speculate 
that in the absence of TRAIL, P-gp interacts with 
DR5 to prevent DR5 from initiating DISC forma-
tion. The TRAIL-induced decrease in P-gp ex-
pression makes DR5 available to recruit FADD 
and procaspases-8 and -10, allows subsequent 
activation of these caspases, DISC formation, 
and induction of apoptosis. It is well docu-
mented that DR5 is upregulated at the tran-
scription level via the transcription factor CHOP/
GADD153 [28, 29]. However, our results 
showed that DR5 upregulation is independent 
of increased CHOP expression in CEM/VBL1000 
cells. Interestingly, many chemotherapeutic 
drugs that upregulate the expression of P-gp 
also increase the expression of DR5 [30].  It 
would be interesting to investigate whether spe-
cific transcription factors upregulate both P-gp 
and DR5. 
 
In addition to upregulating DR5 and FADD, we 
found that the death receptor initiator caspases
-8 and -10 are activated during the selective 
TRAIL-induced apoptosis in CEM/VBL1000 MDR 
cells, but not in CEM/WT cells, indicating in-
volvement of the death receptor pathway in 
TRAIL-induced apoptosis in the MDR variant cell 
line. TRAIL-induced apoptosis also resulted in 
the release of cytochrome c and activation of 
caspases-9 and -3 only in CEM/VBL1000 cells.  
These results reveal that TRAIL-induced apop-
tosis in CEM/VBL1000 cells is mediated via 
both the DR5 and mitochondrial apoptosis cas-
cades.  
 
On the basis of the pattern of caspase cascade 
activation, two types of cells have been charac-
terized.  First, in type I cells, the caspase cas-
cade is triggered upon oligomerization of cell 
surface death receptors and undergoes a se-
quential activation of caspase-8 to the principal 
mediator of apoptosis, caspase-3 [31-33].  Sec-
ond, an alternative apoptotic pathway is seen in 
type II cells and involves mitochondrial damage 
and caspase-9 activation [31-33]. Upon receiv-
ing apoptotic stimuli, cytochrome c is release 
from the mitochondrial inner membrane and 
leads to the formation of the apoptosome, 
which in turn cleaves and activates caspase-9.  
Active caspase-9 then causes activation of cas-
pase-3, which in turn cleaves many cellular sub-
strates resulting in the biochemical and mor-
phological features characteristic of apoptosis 

[6, 34, 35]. Our results show that CEM/
VBL1000 cells have adopted a combination of 
apoptosis mechanisms operative in both type I 
and II cells.   
 
Our study for the first time shows that TRAIL-
induced apoptosis in P-gp-overexpressing CEM/
VBL1000 cells is mediated via DR5 and the 
mitochondrial apoptosis cascade.  Furthermore, 
our data on the selective sensitivity of the CEM/
VBL1000 variant and other MDR cells [22] to 
TRAIL and the effect of this cytokine on reducing 
P-gp expression in these MDR cells may have 
significant clinical implications for using TRAIL 
to eliminate MDR cancer cells.  Significantly, the 
recently published first Phase I clinical trial re-
vealed that recombinant TRAIL administration is 
safe and well tolerated, and that dose escala-
tion achieved peak TRAIL serum concentrations 
equivalent to those associated with preclinical 
antitumor efficacy [36].  
 
Acknowledgments  
 
The authors thank Dr. Mary D. Kraeszig for her 
editorial assistance. This work was supported by 
National Cancer Institute Grants CA 90878, CA 
080734, and CA 101743 (to A.R.S.). 
 
Please address correspondence to: Ahmad R. Safa, 
Department of Pharmacology and Toxicology and 
Indiana University Simon Cancer Center, 980 W. Wal-
nut Street, R3-C524, Indianapolis, IN 46202; Tel: 
(317) 278-4952; Fax: (317) 274-8046; E-mail: 
asafa@iupui.edu 
 
References 
 
[1] Buggins AG, Pepper CJ. The role of Bcl-2 family 

proteins in chronic lymphocytic leukaemia.  Leuk 
Res. 2010; 34(7):837-42.  

[2] Clarke R, Leonessa F, Trock B.  Multidrug resis-
tance/P-glycoprotein and breast cancer: review 
and meta-analysis.  Semin Oncol. 2005; 32(6 
Suppl 7):S9-15. 

[3] Türk D, Szakács G.  Relevance of multidrug resis-
tance in the age of targeted therapy.  Curr Opin 
Drug Discov Devel. 2009; 12(2):246-52. 

[4] Glavinas, H., Krajcsi, P., Cserepes, J., Sarkadi, B.  
The role of ABC transporters in drug resistance, 
metabolism and toxicity. Curr Drug Deliv. 2004; 
1(1) 27-42. 

[5] Roberti A, La Sala D, Cinti C.  Multiple genetic 
and epigenetic interacting mechanisms contrib-
ute to clonally selection of drug-resistant tumors: 
current views and new therapeutic prospective. J 
Cell Physiol. 2006; 207 (3) 571-81. 

[6] Safa AR, Day TW, Wu CH.  Cellular FLICE-like 



Upregulation of TRAIL receptor DR5 in MDR leukemia cells  

 
 
99                                                                                                     Int J Biochem Mol Biol 2010:1(1):90-100 

inhibitory protein (C-FLIP): a novel target for can-
cer therapy.  Curr Cancer Drug Targets. 2008; 8
(1):37-46.  

[7] Zhong X, Safa AR.  Phosphorylation of RNA heli-
case A by DNA-dependent protein kinase is indis-
pensable for expression of the MDR1 gene prod-
uct P-glycoprotein in multidrug-resistant human 
leukemia cells.  Biochemistry. 2007; 46
(19):5766-75.  

[8] Li Y, Yuan H, Yang K, Xu W, Tang W, Li X. The 
structure and functions of P-glycoprotein.  Curr 
Med Chem. 2010; 17(8):786-800.  

[9] Schulze-Bergkamen H, Krammer PH. Apoptosis 
in cancer--implications for therapy. Semin Oncol. 
2004; 31(1):90-119. 

[10] Zivny J, Klener P Jr, Pytlik R, Andera L.  The role 
of apoptosis in cancer development and treat-
ment: focusing on the development and treat-
ment of hematologic malignancies. Curr Pharm 
Des. 2010; 16(1):11-33. 

[11] Del Poeta G, Bruno A, Del Principe MI, Venditti A, 
Maurillo L, Buccisano F, Stasi R, Neri B, Luciano 
F, Siniscalchi A, de Fabritiis P, Amadori S. De-
regulation of the mitochondrial apoptotic ma-
chinery and development of molecular targeted 
drugs in acute myeloid leukemia.  Curr Cancer 
Drug Targets. 2008; 8(3):207-22.  

[12] Tan TT, White E. Therapeutic targeting of death 
pathways in cancer: mechanisms for activating 
cell death in cancer cells.  Adv Exp Med Biol. 
2008; 615:81-104.  

[13] Is TRAIL the holy grail of cancer therapy?  
Newsom-Davis T, Prieske S, Walczak H.  Apop-
tosis 2009; 14(4): 607-23. 

[14] Mahmood Z, Shukla Y.  Death receptors: targets 
for cancer therapy.  Exp Cell Res. 2010; 316(6): 
887-99. 

[15] Burz C, Berindan-Neagoe I, Balacescu O, Irimie 
A.  Apoptosis in cancer: key molecular signaling 
pathways and therapy targets.  Acta Oncol. 
2009; 48(6):811-21. 

[16] Ashkenazi, A. Targeting death and decoy recep-
tors of the tumour-necrosis factor superfamily. 
Nat Rev Cancer. 2002; 2(6):420-30. 

[17] Day TW, Huang S, Safa AR.  c-FLIP knockdown 
induces ligand-independent DR5-, FADD-, cas-
pase-8-, and caspase-9-dependent apoptosis in 
breast cancer cells. Biochem Pharmacol. 2008; 
76(12):1694-704.  

[18] Pennarun B, Meijer A, de Vries EG, Kleibeuker 
JH, Kruyt F, de Jong S. Playing the DISC: turning 
on TRAIL death receptor-mediated apoptosis in 
cancer. Biochim Biophys Acta. 2010; 1805
(2):123-40.  

[19] Muppidi JR, Lobito AA, Ramaswamy M, Yang JK, 
Wang L, Wu H, Siegel RM.  Homotypic FADD 
interactions through a conserved RXDLL motif 
are required for death receptor-induced apop-
tosis.  Cell Death Differ. 2006; 13(10):1641-50.  

[20] Collison A, Foster PS, Mattes J.Emerging role of 
tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL) as a key regulator of 

inflammatory responses. Clin Exp Pharmacol 
Physiol. 2009; 36(11):1049-53.  

[21] Colucci S, Brunetti G, Cantatore FP, Oranger A, 
Mori G, Pignataro P, Tamma R, Grassi FR, Zal-
lone A, Grano M. The death receptor DR5 is in-
volved in TRAIL-mediated human osteoclast 
apoptosis. Apoptosis. 2007; 12(9):1623-32. 

[22] Park SJ, Wu CH, Choi MR, Najafi F, Emami A, 
Safa AR. P-glycoprotein enhances TRAIL-
triggered apoptosis in multidrug resistant cancer 
cells by interacting with the death receptor DR5.  
Biochem Pharmacol. 2006; 72(3):293-307. 

[23] Wu CH, Kao CH, Safa AR.  TRAIL recombinant 
adenovirus triggers robust apoptosis in mul-
tidrug-resistant HL-60/Vinc cells preferentially 
through death receptor DR5.  Hum Gene Ther. 
2008; 19(7): 731-43. 

[24] Rachner TD, Benad P, Rauner M, Goettsch C, 
Singh SK, Schoppet M, Hofbauer LC.   Osteopro-
tegerin production by breast cancer cells is sup-
pressed by dexamethasone and confers resis-
tance against TRAIL-induced apoptosis.  J Cell 
Biochem. 2009; 108(1):106-16. 

[25] Frese-Schaper M, Schardt JA, Sakai T, Carboni 
GL, Schmid RA, Frese S. Inhibition of tissue 
transglutaminase sensitizes TRAIL-resistant lung 
cancer cells through upregulation of death re-
ceptor 5.  FEBS Lett. 2010; 584(13):2867-71.  

[26] Schüler S, Fritsche P, Diersch S, Arlt A, Schmid 
RM, Saur D, Schneider G. HDAC2 attenuates 
TRAIL-induced apoptosis of pancreatic cancer 
cells. Mol Cancer. 2010; 9:80. 

[27] Pellerito O, Calvaruso G, Portanova P, De Blasio 
A, Santulli A, Vento R, Tesoriere G, Giuliano M.  
The synthetic cannabinoid WIN 55,212-2 sensi-
tizes hepatocellular carcinoma cells to tumor 
necrosis factor-related apoptosis-inducing ligand 
(TRAIL) induced apoptosis by activating p8/
CCAAT/enhancer binding protein homologous 
protein (CHOP)/death receptor 5 (DR5) axis. Mol 
Pharmacol. 2010; 77(5):854-63. 

[28] Lin YD, Chen S, Yue P, Zou W, Benbrook DM, Liu 
S, Le TC, Berlin KD, Khuri FR, Sun SY.  CAAT/
enhancer binding protein homologous protein-
dependent death receptor 5 induction is a major 
component of SHetA2-induced apoptosis in lung 
cancer cells.  Cancer Res. 2008; 68(13):5335-
44. 

[29] Lu M, Xia L, Hua H, Jing Y.  Acetyl-keto-beta-
boswellic acid induces apoptosis through a 
death receptor 5-mediated pathway in prostate 
cancer cells. Cancer Res. 2008; 68(4):1180-86. 

[30] Singh TR, Shankar S, Chen X, Asim M, Srivastava 
RK.  Synergistic interactions of chemotherapeu-
tic drugs and tumor necrosis factor-related apop-
tosis-inducing ligand/Apo-2 ligand on apoptosis 
and on regression of breast carcinoma in vivo. 
Cancer Res. 2003; 63(17):5390-400. 

[31] Barnhart BC, Alappat EC, Peter ME.  The CD95 
type I/type II model. Semin Immunol. 2003; 15
(3):185-93. 

[32] Wilson TR, McEwan M, McLaughlin K, Le Cloren-



Upregulation of TRAIL receptor DR5 in MDR leukemia cells  

 
 
100                                                                                                     Int J Biochem Mol Biol 2010:1(1):90-100 

nec C, Allen WL, Fennell DA, Johnston PG, Long-
ley DB.  Combined inhibition of FLIP and XIAP 
induces Bax-independent apoptosis in type II 
colorectal cancer cells. Oncogene. 2009; 28
(1):63-72.  

[33] Maas C, Verbrugge I, de Vries E, Savich G, van 
de Kooij LW, Tait SW, Borst J. Smac/DIABLO 
release from mitochondria and XIAP inhibition 
are essential to limit clonogenicity of Type I tu-
mor cells after TRAIL receptor stimulation. Cell 
Death Differ. 2010 Apr 16. [Epub ahead of print] 

[34] Pradelli LA, Bénéteau M, Ricci JE Mitochondrial 
control of caspase-dependent and independent 
cell death.  Cell Mol Life Sci. 2010; 67(10):1589
-97.  

[35] Caroppi P, Sinibaldi F, Fiorucci L, Santucci R.  
Apoptosis and human diseases: mitochondrion 
damage and lethal role of released cytochrome c 
as proapoptotic protein.  Curr Med Chem. 2009; 
16(31):4058-65. 

[36] Herbst RS, Eckhardt SG, Kurzrock R, Ebbinghaus 
S, O'Dwyer PJ, Gordon MS, Novotny W, Gold-
wasser MA, Tohnya TM, Lum BL, Ashkenazi A,  
Jubb AM, Mendelson DS. Phase I dose-
escalation study of recombinant human Apo2L/
TRAIL, a dual proapoptotic receptor agonist, in 
patients with advanced cancer. J Clin Oncol. 
2010;28(17):2839-46.  

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


