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ABSTRACT
Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) induces 

apoptosis in various types of cancer cells without damaging normal cells. However, in 
terms of pancreatic cancer, not all cancer cells are sensitive to TRAIL. In this study, 
we examined a panel of human pancreatic cancer cell lines for TRAIL sensitivity and 
investigated the effects of Bcl-2 family inhibitors on their response to TRAIL. Both 
ABT-263 and ABT-737 inhibited the function of Bcl-2, Bcl-xL, and Bcl-w. Of the nine 
pancreatic cancer cell lines tested, six showed no or low sensitivity to TRAIL, which 
correlated with protein expression of Bcl-xL. ABT-263 significantly sensitized four cell 
lines (AsPC-1, Panc-1, CFPAC-1, and Panc10.05) to TRAIL, with reduced cell viability 
and increased apoptosis. Knockdown of Bcl-xL, but not Bcl-2, by siRNA transfection 
increased the sensitivity of AsPC-1 and Panc-1 cells to TRAIL. ABT-263 treatment had 
no effect on protein expression of Bcl-2, Bcl-xL, or c-FLIPs. In Panc-1 cells, ABT-263 
increased the surface expression of death receptor (DR) 5; the NF-κB pathway, but 
not endoplasmic reticulum stress, participated in the increase. In xenograft mouse 
models, the combination of TRAIL and ATB-737 suppressed the in vivo tumor growth 
of AsPC-1 and Panc-1 cells. These results indicate that Bcl-xL is responsible for TRAIL 
resistance in human pancreatic cancer cells, and that Bcl-2 family inhibitors could 
represent promising reagents to sensitize human pancreatic cancers in DR-targeting 
therapy.

INTRODUCTION

Apoptosis is primarily induced in cancer cells 
through two major pathways: extrinsic and intrinsic 
[1, 2]. Fas ligand (FasL) and tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand (TRAIL) 
can provide a death signal via the extrinsic apoptotic 
pathway. It is therapeutically important that only 
TRAIL can induce cancer cell death while causing 
almost no cytotoxicity to normal cells [3]. TRAIL 
receptors consist of positive and negative receptors; 
death receptor (DR)4 and DR5 provide pro-apoptotic 
signaling, whereas decoy receptor (DcR)1 and DcR2 
competitively inhibit apoptotic signaling [3]. Normal 
cells show TRAIL resistance with their preferential 
expression of DcRs [4]. Based on these lines of 

evidence, TRAIL and its DRs are expected to be 
promising target molecules in anti-cancer therapy [5, 6].

Many molecules are involved in apoptosis [7]. 
Among them, the Bcl-2 family of molecules is involved 
in intrinsic apoptosis via mitochondria [8, 9]. The family 
of Bcl-2-related anti-apoptotic proteins includes Bcl-2, 
Bcl-xL, Bcl-w, and Mcl-1. These proteins inhibit cell 
death by sequestering the pro-apoptotic proteins Bax and 
Bak and by preventing their oligomerization [10–13]. An 
increase in Bcl-2 expression protects cancer cells from 
apoptosis [14, 15], and the elevated expression of Bcl-2 
and Bcl-xL has been frequently observed in a variety of 
cancers [9]. Thus, the inhibition of Bcl-2 and/or Bcl-xL 
is hypothesized to potentiate the effect of chemotherapy 
and, consequently, several Bcl-2 family inhibitors have 
been developed. ABT-737 is a small molecule inhibitor 
of Bcl-2, Bcl-xL, and Bcl-w [16]. ABT-263 (Navitoclax) 
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is a clinically approved orally bioavailable inhibitor with 
the same specificity as ABT-737 [17, 18]. ABT-199 is 
a new, orally bioavailable inhibitor that inhibits Bcl-2 
and Bcl-w, but not Bcl-xL [19]. Several reports have 
demonstrated the efficacy of these inhibitors against 
hematological malignancies as well as solid tumors 
[20–26].

In this study, we investigated the effects of the 
Bcl-2 family inhibitors on TRAIL sensitivity using a 
panel of human pancreatic cancer cell lines. Of nine 
pancreatic cancer cell lines, six showed either no or low 
sensitivity to TRAIL, and this resistance was positively 
correlated with the protein expression of Bcl-xL. ABT-
263 significantly sensitized four cell lines to TRAIL, with 
reduced cell viability and increased apoptosis. Additional 
analysis of AsPC-1 and Panc-1 cell lines revealed that the 
inhibition of Bcl-xL, but not Bcl-2, increased the TRAIL 
sensitivity of these cells. In xenograft mouse models, the 
combination of TRAIL and ATB-737 exerted a significant 
antitumor effect on AsPC-1 and Panc-1. These results 
indicate that Bcl-xL is responsible for TRAIL resistance 
in human pancreatic cancer cells, and that the Bcl-2 family 
of inhibitors, such as ABT-263 and ABT-737, could be 
promising reagents to sensitize human pancreatic cancer 
cells to DR-targeting therapy.

RESULTS

Varied TRAIL sensitivity of human pancreatic 
cancer cell lines

Initially, we examined the sensitivity of nine 
human pancreatic cancer cell lines to TRAIL. The 
viability of three cell lines (BxPC-3, MiaPaCa-2, and 
SW1990) decreased in the presence of TRAIL in a dose-
dependent manner, whereas the other six lines showed 
no or low sensitivity to TRAIL (Figure 1A). We also 
examined the expression of the TRAIL receptors on 
these cells. Although both SW1990 and Panc10.05 were 
slightly positive for DR4, the other seven cell lines were 
negative for this receptor. All nine cell lines were positive 
for DR5 (Figure 1B). DcR1 and DcR2 were not detected 
on all cell lines (Supplementary Figure S1). These results 
indicated that DR5 expression does not reflect the TRAIL 
sensitivity of the human pancreatic cancer cell lines and 
that other regulatory mechanisms determine their TRAIL 
sensitivity.

Combination effect of TRAIL and ABT-263 on 
TRAIL-insensitive human pancreatic cancer cell 
lines

Before testing the combination effect of TRAIL 
and the Bcl-2 family inhibitors, we examined the 
expression of anti-apoptotic Bcl-2 family proteins 
(Bcl-2, Bcl-xL, and Mcl-1) in nine cancer cell lines 

(Figure 2A). The expression levels of Bcl-2 and Mcl-1 
varied among the nine cancer cell lines, suggesting that 
it was not contributing to TRAIL resistance. In contrast, 
a higher expression of Bcl-xL was detected in the six 
TRAIL-insensitive cell lines compared with the three 
TRAIL-sensitive cell lines (BxPC-3, MiaPaca-2, and 
SW-1990). We examined the antitumor effect of TRAIL 
on the six TRAIL-insensitive pancreatic cancer cell 
lines when combined with orally bioavailable Bcl-2 
inhibitors, ABT-199 or ABT-263 (Figure 2B). ABT-
199 is an inhibitor of Bcl-2 and Bcl-w, and ABT-263 
is an inhibitor of Bcl-2, Bcl-xL, and Bcl-w [17–19]. 
In contrast to the no-combination effect of TRAIL and 
ABT-199, ABT-263 significantly augmented the TRAIL 
sensitivity of four of the cancer cell lines (AsPC-1, Panc-
1, CFPAC-1, and Panc10.05). Representative results are 
shown in Figure 2C. The two cell lines, CAPAN2 and 
HPAF-II, were highly sensitive to ABT-263 alone, and 
a dose of 0.5 or 2 μM reduced the cell viability of these 
lines by approximately 50%. The relationship between 
Bcl-xL expression and TRAIL sensitivity and the 
specificity of ABT-263 and ABT-199 suggest that Bcl-xL 
is responsible for TRAIL resistance in human pancreatic 
cancer cells and that inhibition of Bcl-xL by ABT-263 is 
a useful way to sensitize human pancreatic cancer cells 
to TRAIL.

Caspase-dependent apoptosis in human 
pancreatic cancer cells using a combination of 
TRAIL and ABT-263

We determined whether the effect seen with a 
combination of TRAIL and ABT-263 was the result of 
enhanced apoptosis in cancer cells. Compared with either 
TRAIL or ABT-263 alone, the combination increased the 
percentage of Annexin V+ cells in four of the pancreatic 
cancer cell lines (Figure 3A and 3B). Additional analysis 
was performed by focusing on two cell lines, AsPC-1 
and Panc-1. The combination of TRAIL and ABT-
263 increased the expression of cleaved caspase-3, 
caspase-8, and caspase-9 in AsPC-1 cells (Figure 4A). 
In terms of Panc-1 cells, the combination increased the 
expression of cleaved caspase-3 and caspase-8, but no 
clear cleavage of caspase-9 was observed. Bid is the link 
between extrinsic and intrinsic apoptosis [3]. TRAIL 
treatment slightly induced the expression of truncated 
Bid in both cell lines, but the addition of ABT-263 failed 
to enhance the TRAIL-induced expression of truncated 
Bid. Apoptosis by combination treatment of TRAIL and 
ABT-263 was inhibited by the addition of caspase-8, 
caspase-9, or pan-caspase inhibitors (Figure 4B and 
4C). Given that Bax oligomerization and translocation 
is essential for intrinsic apoptosis [10, 12] and that 
some small molecules sensitize pancreatic cancer cells 
to TRAIL via Bax oligomerization and translocation 
[27], we examined the expression and localization of 
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Bax in treated cancer cells. As a result, Bax localized 
to the mitochondria only when cancer cells were 
treated with both TRAIL and ABT-263 (Figure 4D) 
(Supplementary Figure S2). These results indicate that 

the combination of TRAIL and ABT-263 can induce 
caspase-dependent apoptosis in TRAIL-insensitive 
pancreatic cancer cell lines with Bax translocation to 
the mitochondria.

Figure 1: TRAIL sensitivity and expression of DRs on nine pancreatic cancer cell lines. A. Nine human pancreatic cancer 
lines were cultured in the presence of TRAIL (ng/mL). After 48 h, cell viability (%) was determined by the WST-8 assay. The data shown 
represent the mean of three wells. B. The expression of DR4 and DR5 on nine cell lines was examined by flow cytometry. The line 
represents staining with mAbs specific to either DR4 or DR5, followed by a FITC-conjugated secondary antibody. The solid gray represents 
staining with FITC-conjugated anti-mouse IgG alone.



Oncotarget41905www.impactjournals.com/oncotarget

Figure 2: ABT-263 sensitized four pancreatic cancer cell lines to TRAIL. A. The nine pancreatic cancer cell lines were examined 
for their expression of Bcl-2, Bcl-xL, and Mcl-1 by immunoblot. β-Actin was used as a loading control. B. Six pancreatic cancer cell lines 
were cultured with the indicated concentrations of TRAIL (ng/mL) with either ABT-199 or ABT-263 (μM). After 48 h, cell viability (%) 
was determined using the WST-8 assay. The results are shown as the mean ± SD of three wells. C. Selected results of four cell lines that 
were cultured with TRAIL and/or ABT-263 are shown. The following doses were used: TRAIL (100 ng/ml) and ABT-263 (10 μM) for 
AsPC-1 cells, and TRAIL (50 ng/ml) and ABT-263 (2.5 μM) for Panc-1, CFPAC-1, and Panc10.05 cells. *P < 0.05, **P < 0.01.
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Bcl-xL inhibition can sensitize TRAIL-resistant 
pancreatic cancer cells to TRAIL

The mechanism by which the combination of 
TRAIL with ABT-263 induced TRAIL sensitivity in 
TRAIL-resistant pancreatic cancer cells was investigated. 
Although AsPC-1 cells were negative for Bcl-2, 
transfection of Bcl-xL siRNA selectively reduced the 
Bcl-xL expression in AsPC-1 cells (Figure 5A). TRAIL 
significantly increased the percentage of Annexin V+ cells 

in Bcl-xL siRNA-transfected AsPC-1 cells compared with 
that of the control siRNA-transfected cells (Figure 5B and 
5C). Panc-1 cells were positive for both Bcl-2 and Bcl-
xL, and transfection of Bcl-2 or Bcl-xL siRNA selectively 
knocked down the respective molecule in Panc-1 cells 
(Figure 5D). Additionally, TRAIL significantly increased 
the percentage of Annexin V+ cells in Panc-1 cells that 
were pre-transfected with either Bcl-xL siRNA or both 
Bcl-xL and Bcl-2 siRNA (Figure 5E and 5F). These 
results indicated that Bcl-xL is responsible for the TRAIL 

Figure 3: Apoptosis in pancreatic cancer cell lines treated with the combination of TRAIL and ABT-263. A. Four 
pancreatic cancer cell lines were cultured with TRAIL and/or ABT-263 for 48 h. After staining with Annexin V-FITC/PI, flow cytometric 
analysis was performed. The numbers represent the proportions of each subset. B. The percentages of Annexin V (AV)+ cells were calculated. 
All data points shown represent the mean of three culture wells. The following doses were used: TRAIL (25 ng/ml) and ABT-263 (2.5 μM) 
for AsPC-1 cells, TRAIL (100 ng/ml) and ABT-263 (5 μM) for Panc-1 cells, and TRAIL (50 ng/ml) and ABT-263 (5 μM) for CFPAC-1 and 
Panc10.05 cells. *P < 0.05, **P < 0.01.



Oncotarget41907www.impactjournals.com/oncotarget

Figure 4: Caspase-dependent apoptosis of AsPC-1 and Panc-1 cells after combination treatment with TRAIL and 
ABT-263. A. Cancer cells were treated with TRAIL and/or ABT-263. After 24 h, the cells were harvested and cell lysates were assayed 
for their expression of caspase-3, −8, −9, and Bid by immunoblot. α-Tublin was used as a loading control. The following doses were used: 
TRAIL (25 ng/ml) and ABT-263 (1 μM) for AsPC-1 cells, TRAIL (50 ng/ml) and ABT-263 (5 μM) for Panc-1 cells. B. Cancer cells were 
treated with TRAIL (25 ng/mL) and ABT-263 (1 μM) in the presence of several caspase inhibitors for 48 h. After staining with Annexin 
V-FITC/PI, flow cytometric analysis was performed. The numbers represent the proportions of each subset. panCi, pan-caspase inhibitor; 
C9i, caspase-9 inhibitor; C8i, caspase-8 inhibitor. As the vehicle control, the same volume of DMSO was added. C. The percentages of 
Annexin V (AV)+ cells were calculated. All data points shown represent the mean of three culture wells. *P < 0.05, **P < 0.01. D. AsPC-1 
cells were cultured with TRAIL (25 ng/mL) and/or ABT-263 (1 μM) for 12 h. After incubation with Hoechst 33342 and MitoTracker Red 
for 30 min, cells were stained with anti-Bax antibody followed by Alexa Fluor 488-conjugated anti-rabbit IgG F(ab’)2 fragment. Confocal 
imaging revealed nuclei (blue), mitochondria (red), and Bax (green). Yellow represents Bax that localized to the mitochondria.
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Figure 5: Protective role of Bcl-xL in TRAIL-treated AsPC-1 and Panc-1 cells. A. AsPC-1 cells were transfected with the 
indicated siRNA and analyzed for expression of Bcl-2 and Bcl-xL by immunoblot. α-Tubulin was used as a loading control. B. siRNA-
transfected AsPC-1 cells were cultured with TRAIL (25 ng/mL). After 48 h, cells were stained with FITC-conjugated Annexin V/PI and 
examined by flow cytometry. The numbers represent the proportions of each subset. C. The percentage of Annexin V (AV)+ cells was 
calculated. All data points shown represent the mean of three culture wells. The open and closed bars represent the results without and 
with TRAIL (25 ng/mL), respectively. **P < 0.01. D. Panc-1 cells transfected with the indicated siRNA were analyzed for their expression 
of Bcl-2 and Bcl-xL by immunoblotting. α-Tubulin was used as a loading control. E. siRNA-transfected Panc-1 cells were cultured with 
TRAIL (25 ng/mL). After 48 h, cells were stained with FITC-conjugated Annexin V/PI and examined by flow cytometry. The numbers 
represent the proportions of each subset. F. The percentage of Annexin V (AV)+ cells was calculated. All data points shown represent the 
mean of three culture wells. Open and closed bars represent the results without and with TRAIL (25 ng/mL), respectively. **P < 0.01.
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resistance of AsPC-1 and Panc-1 cells and that inhibition 
of this anti-apoptotic protein can effectively sensitize 
TRAIL-resistant pancreatic cancer cells to TRAIL.

Involvement of the NF-κB pathway, but not ER 
stress, in the increased expression of DR5 on 
ABT-263-treated Panc-1 cells

The mechanism by which ABT-263 sensitized 
pancreatic cancer cells to TRAIL was investigated. 
Treatment with ABT-263 showed no effect on the protein 
expression of Bcl-2 and Bcl-xL in AsPC-1 and Panc-1 
cells (Figure 6A). c-FLIPs are known to be inhibitors of 
caspase-8 [28], whereas their expression was not changed 
by ABT-263 treatment. We examined the expression of 
DRs on these cells and observed that ABT-263 increased 
the DR5 expression on Panc-1 cells only (Figure 6B). 
The ABT-263 showed no effect on DR5 expression on 
CFPAC-1 and Panc10.05 cells, whose sensitivity to 
TRAIL was induced by combining TRAIL with ABT-
263 (Figure 2B and 2C) (Supplementary Figure S3). 
Alternatively, ABT-737 has been reported to increase the 
DR5 expression on prostate, renal, and lung cancer cell 
lines at a transcriptional level as a result of stimulation of 
NF-κB activity [29]. Therefore, we examined the effect of 
pyrrolidine dithiocarbamate (PDTC), an NF-κB inhibitor 
[30], and found that PDTC inhibited an increase in the DR5 
expression on ABT-263-treated Panc-1 cells (Figure 6C). 
Additionally, because recent reports have revealed that 
endoplasmic reticulum (ER) stress can increase the DR5 
expression on/in human cancer cells [31, 32], we examined 
the effect of thapsigargin, an ER stress inducer [33], on 
the expression of DR5. As shown in Figure 6D, treatment 
with thapsigargin increased DR5 expression on Panc-1 
cells but not on AsPC-1 cells. Additionally, immunoblot 
experiments revealed that thapsigargin increased the 
expression of DR5 as well as CCAAT/enhancer-binding 
protein homologue protein (CHOP), an indicator of ER 
stress [34], on AsPC-1 and Panc-1 cells (Figure 6E). In 
contrast, ABT-263 increased the expression of DR5 only 
in Panc-1 cells in the absence of the increased expression 
of CHOP. ABT-263 treatment increased the expression of 
DR5 in Panc-1 cells, but the combination of ABT-263 and 
TRAIL unexpectedly reduced the expression of DR5. We 
hypothesized that this result was due to the preferential 
apoptosis of TRAIL-treated Panc-1 cells that express DR5 
at higher levels. These results indicate that the NF-κB 
pathway, but not ER stress, was involved in an increase in 
DR5 expression on ABT-263-treated Panc-1 cells.

The combination effect of TRAIL and ABT-737 
in xenograft mouse models

We initially compared the in vitro antitumor effect 
of two orally bioavailable Bcl-2 inhibitors, ABT-263 and 
ABT-199, and found that ABT-263 was able to sensitize 

human pancreatic cancer cells to TRAIL. However, in 
xenograft mouse models, we used ABT-737 in place 
of ABT-263 because oral administration of ABT-263 
did not work in another xenograft mice model using 
human prostate cancer cells and an anti-cancer drug, 
docetaxel [35], and because ABT-737 can be administered 
systemically [16]. The combination of TRAIL and ABT-
737 synergistically reduced the viability of AsPC-1 and 
Panc-1 cells in vitro, as observed in the case with ABT-
263 (Figure 7A). We performed experiments in which 
tumor-bearing mice were injected intratumorally (i.t.) 
with TRAIL (1 μg in 50 μL) and/or intraperitoneally (i.p.) 
with ABT-737 (75 mg/kg) on days 0 and 3 after grouping 
(Figure 7B and 7C). In both experiments, the combination 
of TRAIL and ABT-737 significantly suppressed tumor 
growth on day 7 after grouping compared with the groups 
treated with either drug separately. Body weight was 
measured to evaluate the general condition of these mice, 
but no difference was observed among the four groups 
(Supplementary Figure S4). These results indicate that 
Bcl-2 family inhibitors, such as ABT-737, can sensitize 
TRAIL-resistant human pancreatic cancer cells to TRAIL 
in vivo.

DISCUSSION

The anti-apoptotic Bcl-2 family of proteins, 
including Bcl-2 and Bcl-xL, protect cancer cells from 
apoptosis [10–15]. Several reports have shown that Bcl-2 
family proteins contribute to TRAIL resistance [36–39]. 
Additionally, a report has suggested that knockdown of 
Bcl-xL or Mcl-1 can induce apoptosis in pancreatic cancer 
cells [40]. Furthermore, ABT-263 and ABT-737 induce 
apoptosis in prostate cancer, hepatocellular carcinoma, 
colon cancer, and glioblastoma when combined with 
TRAIL [29, 39, 41, 42]. In terms of human pancreatic 
cancer, ABT-737 and obatoclax, which inhibits Bcl-2, 
Bcl-xL, and Mcl-1, were shown to enhance the TRAIL 
sensitivity of pancreatic cancer cell lines [43, 44]. 
However, these studies were performed using only two 
pancreatic cancer cell lines, and the in vivo antitumor 
effect was not examined.

In this study, TRAIL sensitivity varied among the nine 
pancreatic cancer cell lines (Figure 1A). Many mechanisms 
are involved in TRAIL sensitivity [45]. We examined the 
expression of DRs and DcRs, but TRAIL sensitivity did not 
correlate with their expression (Figure 1B). Indeed, DR5, 
but not DR4, seems to be important in TRAIL sensitivity. 
We also found that the TRAIL sensitivity was inversely 
correlated with protein expression of Bcl-xL (Figure 2A). 
Additionally, knockdown of Bcl-xL by siRNA significantly 
increased the TRAIL sensitivity of AsPC-1 and Panc-1 
cell lines (Figure 5), which is consistent with a previous 
report that demonstrated that Bcl-xL protects pancreatic 
adenocarcinoma cell lines from apoptosis via CD95/DR 
signaling [38]. In this study, we utilized three Bcl-2 family 
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inhibitors: ABT-263 and ABT-737 are inhibitors of Bcl-
2, Bcl-xL, and Bcl-w [16–18], whereas ABT-199 inhibits 
Bcl-2 and Bcl-w, but not Bcl-xL [19]. A comparison of 
their effects enabled us to evaluate the role of Bcl-xL in 
TRAIL resistance in cancer cells. The results showed the 
synergistic or additive antitumor effects of TRAIL and 
ABT-263 in four TRAIL-resistant cancer cell lines (Figure 
2B and 2C). We previously examined the sensitivity of 

normal epithelial prostate cells to ABT-263 and found a 
similar sensitivity to ABT-263 in human prostate cancer cell 
lines [35], suggesting that its effect is not cancer-specific. 
Alternatively, ABT-737 has been reported to potentiate 
the TRAIL-induced apoptosis of human pancreatic cancer 
cells by conformationally changing Bax and disrupting 
the binding of Bak with Bcl-xL [43]. Furthermore, a 
survey of gene expression and response to chemotherapy 

Figure 6: Increased expression of DR5 on ABT-263-treated Panc-1 cells. A. AsPC-1 and Panc-1 cells were cultured with 
ABT-263 (2.5 μM), and the expression of Bcl-2, Bcl-xL, and c-FLIPs was examined by immunoblotting. β-Actin was used as a loading 
control. B. AsPC-1 and Panc-1 cells were cultured with ABT-263 (2.5 μM). After 24 h, expression of DR4 and DR5 was examined by flow 
cytometry. The line represents staining with mAb specific to either DR4 or DR5, followed by a FITC-conjugated secondary antibody. Solid 
gray represents staining with FITC-conjugated anti-mouse IgG alone. C. Similarly, Panc-1 cells were cultured with ABT-263 (2.5 μM) 
and/or PDTC (5 μM). After 24 h, expression of DR5 was examined by flow cytometry. D. AsPC-1 and Panc-1 cells were cultured with 
thapsigargin (TG) (5 μM). After 24 h, the expression of DR5 was examined by flow cytometry. E. AsPC-1 and panc-1 cells were cultured 
with TRAIL (25 ng/mL), ABT-263 (1 μM), or TG (5 μM). After 24 h, the expression of DR5 and CHOP was examined by immunoblotting. 
β-Actin was used as a loading control.
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agents in the NCI-60 panel identified Bcl-xL as a major 
cause of chemoresistance in epithelial cancer cells [46]. 
This indicates that the protective role of Bcl-xL is not 

limited to TRAIL-induced apoptosis but also occurs with 
chemoresistance. Additionally, we recently found that Bcl-
xL is responsible for the docetaxel resistance of human 

Figure 7: In vivo antitumor effect of DTX and ABT-737 on the growth of PC3 cells. A. AsPC-1 and Panc-1 cells were cultured 
with the indicated dose of ABT-737. After 48 h, cell viability (%) was assessed using the WST-8 assay. The results are shown as the means 
± SD of three wells. B. BALB nu/nu female mice were inoculated in their right flank with 3 × 106 AsPC-1 cells in Matrigel. When the tumor 
diameter reached around 5 mm, the mice were pooled and divided into four groups. On days 0 and 3 after grouping, these pancreatic cancer-
bearing mice were treated with i.t. injection of TRAIL (1 μg) and/or i.p. injection of ABT-737 (75 mg/kg). As a vehicle control for TRAIL, 
50 μL PBS was injected. As a vehicle control for ABT-737, 100 μL DMSO was administered. The tumor size was measured once or twice 
weekly. Each group contained six mice. C. BALB nu/nu female mice were inoculated in the right flank with 3 × 106 Panc-1 cells in Matrigel. 
On day 10, the mice were pooled and divided into four groups and treated similarly. *P < 0.05, **P < 0.01 (ANOVA with Bartlett’s test).
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prostate cancer cells [35]. Alternatively, without TRAIL, 
the simultaneous knockdown of Bcl-xL and Mcl-1 induced 
apoptosis via Bax activation in pancreatic cancer cells [40]. 
If this were the case, inhibition of both Bcl-xL and Mcl-
1 could sensitize TRAIL-resistant pancreatic cancer cells 
more efficiently than Bcl-xL alone.

In addition to the effect on Bcl-xL, we investigated 
other mechanisms by which ABT-263 induced or restored 
the TRAIL sensitivity of pancreatic cancer cells. Several 
possibilities could be proposed as TRAIL-resistant 
mechanisms: expression of DcRs, dysfunction of DR4/
DR5, loss or down-regulation of FADD or caspase-8, 
overexpression of c-FLIP, overexpression of anti-apoptotic 
proteins (e.g., Bcl-2 and Bcl-xL) or mutation of pro-
apoptotic proteins (e.g., Bax and Bak), and overexpression 
of inhibitors of apoptosis (IAP) [36, 37]. Among these 
possibilities, we examined the effects of ABT-263 on the 
expression of Bcl-2, Bcl-xL, c-FLIPs, and DR4/DR5 by 
focusing on two cell lines, AsPC-1 and Panc-1. We found that 
ABT-263 failed to influence the expression of Bcl-2, Bcl-xL, 
and c-FLIPs (Figure 6A), but it did reduce the expression of 
DR5 on only Panc-1 cells (Figure 6B). In this regard, ABT-
737 has been reported to increase the expression of DR5 on 
prostate, renal, and lung cancer cell lines at a transcriptional 
level as a result of stimulation of NF-κB activity [29]. We 
tested this possibility and found that PDTC inhibited the 
increased expression of DR5 on ABT-263-treated Panc-1 
cells (Figure 6C). Alternatively, several chemotherapeutic 
drugs and stress inducers have been reported to increase the 
expression of DR4 and DR5 on cancer cells [47, 48]. ER 
stress is induced when protein-folding stress at the ER is 
generated [49]. ER stress increases the protein expression of 
DR5 via the unfolded protein response mediator CHOP [31, 
32, 34]. Additionally, Bcl-2 inhibitors, such as ABT-737 and 
obatoclax, induce ER stress in human melanoma cells [50]. 
Therefore, we determined whether ER stress was involved 
in the increased expression of DR5 on ABT-263-treated 
Panc-1 cells, but the result was negative (Figure 6D and 6E). 
Totally, our results indicate that the NK-κB pathway, but not 
ER stress, may be involved in increased expression of DR5 
on ABT-263-treated Panc-1 cells.

In conclusion, we found that Bcl-xL is responsible for 
TRAIL resistance in human pancreatic cancer cells and that 
the Bcl-2 family inhibitors, including ABT-263 and ABT-
737, induce/restore the TRAIL sensitivity of pancreatic 
cancer cell lines both in vitro and in vivo. The Bcl-2 family 
of inhibitors could be promising reagents to sensitize human 
pancreatic cancer cells in DR-targeting therapy.

MATERIALS AND METHODS

Cell lines

Seven human pancreatic cancer cell lines (BxPC-3, 
SW1990, CAPAN-2, CFPAC-1, Panc10.05, AsPC-1, 

and HPAF-II) were purchased from the American Type 
Culture Collection (Manassas, VA, USA). Two other 
human pancreatic cancer cell lines (MiaPaCa-2 and Panc-
1) were kindly provided by Dr. K. Takenaga (Shimane 
University Faculty of Medicine) [51]. These cell lines 
were maintained in DMEM (Sigma-Aldrich, St. Louis, 
MO, USA) supplemented with 10% fetal calf serum 
(Invitrogen, Grand Island, NY, USA) and 20 μg/ml 
gentamicin (Sigma-Aldrich).

Cell viability assay

Cell viability was analyzed using the WST-8 
assay (Nacalai Tesque, Kyoto, Japan). At the end of the 
incubation period, 10 μl WST-8 solution was added to 
each well, and the plates were incubated for an additional 
3 h. Absorbance in each well was measured at 560 nm 
using a microplate reader (Beckman Coulter, Brea, CA, 
USA).

Detection of DR and DcR expression on cells

To examine the expression of DR4 (CD261) and 
DR5 (CD262), cells were incubated with either anti-
DR4 (eBioscience, San Diego, CA, USA) or anti-DR5 
(eBioscience), followed by staining with FITC-conjugated 
goat anti-mouse IgG (H+L) (KPL, Gaithersburg, MD, 
USA). To examine the expression of DcR1 (CD263) 
and DcR2 (CD264), cells were stained with either 
FITC-conjugated anti-DcR1 (CD263) (GeneTex, Irvine, 
CA, USA), or FITC-conjugated anti-DcR2 (CD264) 
(GeneTex). For these incubations, isotype-matched FITC-
conjugated mouse IgG1 was used as a control. Analysis 
was performed using a FACSCalibur flow cytometer 
(Becton Dickinson, Franklin Lakes, NJ, USA).

Immunoblotting

Cells were lysed with a mammalian protein 
extraction reagent (M-PER; Thermo Scientific, Rockford, 
IL, USA) containing a protease-inhibitor cocktail (Nacalai 
Tesque). Equal amounts of protein were resolved on 
4–12% gradient or 12% SDS-PAGE gels and transferred to 
polyvinylidene fluoride membranes. The membranes were 
blocked and the blots incubated with the following primary 
antibodies: anti-Bcl-2 (sc-492; Santa cruz biotechnology 
(SCB), Dallas, Texas, USA, anti-Bcl-XS/L (#633901; 
BioLegend, San Diego, CA, USA), anti-Mcl-1 (sc-819; 
SCB), anti-FLIPS/L (sc-5276; SCB), anti-DR5 (#8074; Cell 
signaling technology (CST), Danvers, MA, USA), anti-
CHOP (#2895; CST), anti-caspase-3 (#9668; CST), anti-
caspase-8 (M032–3; Medical and Biological Laboratories, 
Nagoya, Japan), anti-caspase-9 (#9508; CST), anti-Bid 
(#2002; CST), anti-β-actin (BioLegend), or anti-α-tubulin 
(SCB). After washing, room temperature incubation of 
membranes for 30 min with either goat anti-rabbit or goat 



Oncotarget41913www.impactjournals.com/oncotarget

anti-mouse alkaline phosphatase-conjugated secondary 
antibodies (Invitrogen) was used to detect the primary 
antibodies. Protein bands were visualized using CDP-star 
chemiluminescence and imaged using an ImageQuant 
LAS-4000 system (FujiFilm, Tokyo, Japan).

Apoptosis assay

Apoptosis was assessed using the Annexin V-FITC 
Apoptosis Detection Kit (BioVision, Mountain View, 
CA, USA) and PI. Each caspase inhibitor (20 μM), or 
the same volume of DMSO as a vehicle control, was 
added 1 h before the addition of TRAIL. After staining 
with annexin V-FITC/PI, flow cytometric analysis was 
performed. Analysis was performed using a FACSCalibur 
flow cytometer.

Reagents

For inhibition assays, the following inhibitors were 
added 1 h before the addition of TRAIL: pan-caspase 
inhibitor Z-VAD-FMK (Enzo Life Sciences, Farmingdale, 
NY, USA), caspase-8 inhibitor Z-IETD-FMK (R&D 
Systems, Minneapolis, MN, USA), and caspase-9 inhibitor 
Z-LEHD-FMK (R&D Systems). Thapsigargin was 
purchased from Nacalai Tesque. PDTC was purchased 
from Calbiochem (La Jolla, CA, USA).

Confocal imaging

Cancer cells were seeded onto round microscope 
cover glasses in 24-well plates and cultured with TRAIL 
(25 ng/mL) and/or ABT-263 (1 μM) for 12 h. After 
incubation with Hoechst 33342 (5 μg/ml) and MitoTracker 
Red (20 nM) (#9082; CST) for 30 min, cells were fixed 
and permeabilized with 3% formalin and 1% Triton X, 
respectively, and stained with anti-Bax antibody (D2E11) 
(#5023; CST) followed by Alexa Fluor 488-conjugated 
anti-rabbit IgG F(ab’)2 fragment (CST). The cover glasses 
were then placed on slides with 4 μl of mounting medium 
for fluorescence (Vectashield; Vector Laboratories, Inc., 
Burlingame, CA, USA). Confocal imaging was performed 
using an Olympus FV1000-D laser scanning microscope 
(Olympus, Tokyo, Japan).

Transfection of small interfering RNA (siRNA)

Transfection of siRNA was performed using 
LipofectamineTM RNAiMAX (Invitrogen, Grand Island, 
NY, USA) according to the manufacturer’s instructions. 
Bcl-2 and Bcl-xL siRNAs were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA) and 
Invitrogen, respectively. Control siRNA (#6568) was 
purchased from Cell Signaling Technology (Danvers, MA, 
USA). The transfected cells were used for the experiments 
3 days after siRNA transfection.

In vivo xenograft models

Female BALB nu/nu mice, purchased from CLEA 
Japan (Tokyo, Japan), were maintained under specific 
pathogen-free conditions. The protocol was approved 
by the Committee on the Ethics of Animal Experiments 
of the Shimane University Faculty of Medicine (Permit 
Number: IZ26–103). All efforts were made to minimize 
suffering. Mice were inoculated in the right flank with 
3 × 106 pancreatic cancer cells and Matrigel (Japan BD 
Biosciences, Tokyo, Japan) at a 1:1 volume ratio in a total 
volume of 100 μL. When the tumor diameter reached 
approximately 5 mm, the mice were pooled and divided 
into four groups. On days 0 and 3 after grouping, the 
pancreatic cancer-bearing mice were administered an 
intratumoral (i.t.) injection of TRAIL (1 μg) and/or an 
intraperitoneal (i.p.) injection of ABT-737 (75 mg/kg). 
As a vehicle control for TRAIL, 50 μL PBS was injected. 
As a vehicle control for ABT-737, 100 μL DMSO was 
administered. The tumor size was measured once or twice 
weekly. Each group contained six mice.

Statistical analysis

Data were evaluated statistically using an unpaired 
two-tailed Student’s t-test or an ANOVA together with 
Bartlett’s test. A P-value < 0.05 was considered to indicate 
significance.

ACKNOWLEDGMENTS AND FUNDING

The authors are grateful to Ms. Tamami Moritani for 
her technical assistance.

This study was supported in part by grants from 
the Ministry of Education, Science, Sport, Culture, and 
Technology of Japan (no. 24501331 to M. Harada, and 
no. 25430150 to N. Harashima) and from the Shimane 
University “SUIGANN” Project.

CONFLICTS OF INTEREST

The authors declare no competing interest.

REFERENCES

1. Konopleva M, Zhao S, Xie Z, Segall H, Younes A, 
Claxton DF, Estrov Z, Kornblau SM, Andreeff M. 
Apoptosis. Molecules and mechanisms. Adv Exp Med Biol. 
1999; 457:217–236.

2. Fiandalo MV, Kyprianou N. Caspase control: protagonists 
of cancer cell apoptosis. Exp Oncol. 2012; 34:165–175.

3. Almasan A, Ashkenazi A. Apo2L/TRAIL: apoptosis sig-
naling, biology, and potential for cancer therapy. Cytokine 
Growth Factor Rev. 2003; 14:337–348.



Oncotarget41914www.impactjournals.com/oncotarget

4. Pan G, Ni J, Wei YF, Yu G, Gentz R, Dixit VM. An antago-
nist decoy receptor and a death domain-containing receptor 
for TRAIL. Science. 1997; 277:815–818.

5. Herbst RS, Eckhardt G, Kurzrock R, Ebbinghaus S, 
O’Dwyer PJ, Gordon MS, Novotny W, Goldwasser 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; 
28:2839–2846.

6. Soria JC, Márk Z, Zatloukal P, Szima B, Albert I, Juhasz E, 
Pujol JL, Kozielski J, Baker N, Smethurst D, Hei YJ, 
Ashkenzazi A, Stern H, Amler L, Pan Y, Blackhall F. 
Randomized phase II study of dulanermin in comina-
tion with paclitaxel, carboplatin, and bevacizumab in 
advanced non-small-cell lung cancer. J Clin Oncol. 2011; 
29:4442–4451.

7. Konopleva M, Zhao S, Xie Z, Segall H, Younes A, 
Claxton DF, Estrov Z, Kornblau SM, Andreeff M. 
Apoptosis, molecules and mechanisms. Adv Exp Med Bio.l. 
1999; 457:217–236.

8. Jäättelä M. Escaping cell death: survival proteins in cancer. 
Exp Cell Res. 1999; 248:30–43.

9. Yip KW, Reed JC. Bcl-2 family proteins and cancer. 
Oncogene. 2008; 27:6398–6406.

10. Chittenden T, Flemington C, Houghton AB, Ebb RG, 
Gallo GJ, Elangovan B, Chinnadurai G, Lutz RJ. A con-
served domain in Bak, distinct from BH1 and BH2, medi-
ates cell death and protein binding functions. EMBO J. 
1995; 14:5589–5596.

11. Diaz JL, Oltersdorf T, Horne W, McConnell M, Wilson 
G, Weeks S, Garcia T, Fritz LC. A common bind-
ing site mediates heterodimerization and homodimer-
ization of Bcl-2 family members. J Biol Chem. 1997; 
272:11350–11255.

12. Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L, 
Czabotar PE, Ierino H, Lee EF, Fairlie WD, Bouillet P, 
Strasser A, Kluck RM, Adams JM, Huang DC. Apoptosis 
initiated when BH3 ligands engage multiple Bcl-2 homo-
logs, not Bax or Bak. Science. 2007; 315:856–859.

13. Letai A, Bassik MC, Walensky LD, Sorcinelli MD, 
Weiler S, Krosmeyer SJ. Distinct BH3 domains either sen-
sitize or activate mitochondrial apoptosis, serving as pro-
totype cancer therapeutics. Cancer Cell. 2002; 2:183–192.

14. Karmak D, Xu L. Chemosensitization of prostate cancer 
by modulating Bcl-2 gamily proteins. Curr Drug Targets. 
2010; 11:699–707.

15. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, 
Peng TI, Jones DP, Wang X. Prevention of apoptosis by 
Bcl-2: release of cytochrome c from mitochondria blocked. 
Science. 1997; 275:1129–1132.

16. Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong 
RC, Augeri DJ, Belli BA, Bruncko M, Deckwerth TL, 
Dinges J, Hajduk PJ, Joseph MK, Kitada S, Korsmeyer SJ, 

Kunzer AR, Letai A, Li C, et al. An inhibitor of Bcl-2 fam-
ily proteins induces regression of solid tumours. Nature. 
2005; 435:677–681.

17. Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, 
Jin S, Johnson EF, Marsh KC, Mitten MJ, Nimmer P, 
Roberts L, Tahir SK, Xiao Y, Yang X, Zhang H, Fesik S, et 
al. ABT-263: a potent and orally bioavailable Bcl-2 family 
inhibitor. Cancer Res. 2008; 68:3421–3428.

18. Shoemaker AR, Mitten MJ, Adickes J, Ackler S, Refici M, 
Ferguson D, Oleksijew A, O’Connor JM, Wang B, 
Frost DJ, Bauch J, Marsh K, Tahir SK, Yang X, Tse C, 
Fesik SW, et al. Activity of the Bcl-2 family inhibitor ABT-
263 in a panel of small cell lung cancer xenograft models. 
Clin Cancer Res. 2008; 14:3268–3277.

19. Souers AJ, Leverson JD, Boghaert ER, Ackler SL, 
Catron ND, Chen J, Dayton BD, Ding H, Enschede SH, 
Fairbrother WJ, Huang DC, Hymowitz SG, Jin S, Khaw SL, 
Kovar PJ, Lam LT, et al. ABT-199, a potent and selective 
BCL-2 inhibitor, achieves antitumor activity while sparing 
platelets. Nat Med. 2013; 19:202–208.

20. Parrondo R, de las Poza A, Reiner T, Perez-Stable C. ABT-
737, a small molecule Bcl2/Bcl-xL antagonist, increases 
antimitotic-mediated apoptosis in human prostate cancer 
cells. PeerJ. 2013; 1:e144.

21. Wong M, Tan N, Zha J, Peale FV, Yue P, Fairbrother WJ, 
Belmont LD. Navitoclax (ABT-263) reduced Bcl-xL-
mediated chemoresistance in ovarian models. Cancer Res. 
2012; 11:1026–1035.

22. Tan N, Malek M, Zha J, Yue P, Kassees R, Berry L, 
Faibrother WJ, Sampath D, Belmont LD. Navitoclax 
enhances the efficacy of taxanes in non-small cell lung can-
cer models. Cancer Res. 2011; 17:1394–404.

23. Chen J, Jin S, Abraham V, Huang X, Liu B, Mitten MJ, 
Nimmer P, Lin X, Smith M, Shen Y, Shoemaker AR, 
Tahir SK, Zhang H, Ackler SL, Rosenberg SH, Maecker H, 
et al. The Bcl-2/Bcl-X(L)/Bcl-w inhibitor, navitoclax, 
enhances the activity of chemotherapeutic agents in vitro 
and in vivo. Mol Cancer Ther. 2011; 10:2340–2349.

24. Vaillant F, Merino D, Lee L, Breslin K, Pal B, Ritchie ME, 
Smyth GK, Christie M, Phillipson LJ, Burns CJ, Mann GB, 
Visvader JE, Lindeman GJ. Targeting BCL-2 with the BH3 
mimetic ABT-199 in estrogen receptor-positive breast can-
cer. Cancer Cell. 2013; 24:120–129.

25. Wilson WH, O’Connor OA, Czuczman MS, LaCasce AS, 
Gerecitano JF, Leonard JP, Tulpule A, Dunleavy K, 
Xiong H, Chiu YL, Cui Y, Busman T, Elmore SW, 
Rosenberg SH, Krivoshik AP, Enschede SH, et al. 
Navitoclax, a targeted high-affinity inhibitor of BCL-2, in 
lymphoid malignancies: a phase 1 dose-escalation study of 
safety, pharmacokinetics, pharmacodynamics, and antitu-
mour activity. Lancet Oncol. 2010; 11:1149–1159.

26. Gandhi L, Camidge DR, Ribeiro de Oliveira M, 
Bonomi P, Gandara D, Khaira D, Hann CL, McKeegan 
EM, Litvinovich E, Hemken PM, Dive C, Enschede SH, 



Oncotarget41915www.impactjournals.com/oncotarget

Nolan C, Chiu YL, Busman T, et al. Phase I study of 
Navitoclax (ABT-263), a novel Bcl-2 family inhibitor, in 
patients with small-cell lung cancer and other solid tumors. 
J Clin Oncol. 2011; 29:909–916.

27. Chen Z, Sangwan V, Banerjee S, Chugh R, Dudeja V, 
Vickers SM, Saluja AK. Triptolide sensitizes pancreatic 
cancer cells to TRAIL-induced activation of the Death 
Receptor pathway. Cancer Lett. 2014; 348:156–166.

28. Safa AR, Day TW, Wu CH. Cellular FLICE-like inhibitory 
protein (c-FLIP): a novel target for cancer therapy. Current 
Cancer Drug Targets. 2008; 8:37–46.

29. Song JH, Kandasamy K, Kraft AS. ABT-737 induces 
expression of the death receptor 5 and sensitizes human 
cancer cells to TRAIL-induced apoptosis. J Biol Chem. 
2008; 283:25003–25013.

30. Liu SF, Ye X, Malik AB. Pyrrolidine dithiocarbamate pre-
vents I-kappaB degradation and reduces microvascular 
injury induced by lipopolysaccharide in multiple organs. 
Mol Pharmacol. 1999; 55:658–667.

31. Lu M, Lawrence DA, Marsters S, Acosta-Alvear D, 
Kimming P, Menderz AS, Paton AW, Paton JC, Walter P, 
Ashkenazi A. Opposing unfolded-protein-response signals 
coverge on death receptor 5 to control apoptosis. Science. 
2014; 345:98–101.

32. Abdelrahim M, Newman K, Vanderlaag K, Samudio I, 
Safe S. 3,3′-diindolylmethane (DIM) and its derivatives 
induce apoptosis in pancreatic cancer cells through endo-
plasmic reticulum stress-dependent upregulation of DR5. 
Carcinogenesis. 2006; 27:717–728.

33. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, Lee AS. 
ATF6 as a transcription activator of the endoplasmic reticu-
lum stress element: thapsigargin stress-induced changes and 
synergistic interactions with NF-Y and YY1. Mol Cell Biol. 
2000; 20:5096–5106.

34. Yamaguchi H, Wang HG. CHOP is involved in endoplas-
mic reticulum stress-induced apoptosis by enhancing DR5 
expression human carcinoma cells. J Biol Chem. 2004; 
279:45495–45502.

35. Tamaki H, Harashima N, Hiraki M, Arichi N, Nishimura N, 
Shiina H, Naora K, Harada M. Bcl-2 family inhibition sen-
sitizes human prostate cancer cells to deocetaxel and pro-
motes unexpected apoptosis under cancsaspe-9 inhibition. 
Oncotarget. 2014; 5:11399–11412.

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

37. Mori T, Doi R, Toyoda E, Koizumi M, Ito D, Kami K, 
Kida A, Masui T, Kawaguchi Y, Fujimoto K. Regulation of 
the resistance to TRAIL-induced apoptosis as a new strat-
egy for pancreatic cancer. Surgery. 2005; 138:71–77.

38. Hinz S, Trauzold A, Boenicke L, Sandberg C, Beckmann S, 
Bayer E, Walczak H, Kalthoff H, Ungefroren H. Bcl-XL 
protects pancreatic adenocarcinoma cells against CD95- and 

TRAIL-receptor-mediated apoptosis. Oncogene. 2000; 
19:5477–5486.

39. Sun SY, Yue P, Zhou JY, Wang Y, Choi Kim HR, Lotan R, 
Wu GS. Overexpression of Bcl2 Blocks TNF-Related 
Apoptosis-Inducing Ligand (TRAIL)-Induced Apoptosis 
in Human Lung Cancer Cells. Biochem Biophys Res 
Commun. 2001; 280:788–797.

40. Takahashi H, Chen MC, Pham H, Matsuo Y, Ishiguro H, 
Reber HA, Takeyama H, Hines OJ, Eibl G. Simultaneous 
Knock-down of Bcl-xL and Mcl-1 induces apoptosis 
through Bax activation in pancreatic cancer cells. Biochem 
Biophys Acta. 2013; 1833:2980–2987.

41. Sinicrope FA, Penington RC, Tang XM. Tumor necrosis 
Factor-related apoptosis-inducing ligand-induced apoptosis 
is inhibited by Bcl-2 but Restores by small molecule Bcl-2 
inhibitor, HA14–1, in human colon cancer. Clin Cancer 
Res. 2004; 10:8284–8292.

42. Cristofanon S, Fulda S. ABT-737 promotes tBid mitochon-
drial accumulation to enhance TRAIL-induced apoptosis in 
glioblastoma cells. Cell Death Dis. 2012; 3:e432.

43. Huang S, Sinicrope FA. BH3 mimetic ABT-737 potenti-
ates TRAIL-mediated apoptosis signaling by unsequester-
ing Bim and Bak in human pancreatic cancer. Cancer Res. 
2008; 68:2944–2951.

44. Huang S, Okumura K, Sinicrope FA. BH3 mimetic 
Obatoclax enhances TRAIL-mediated apoptosis in human 
pancreatic cancer. Clin Cancer Res. 2009; 15:150–159.

45. Röder C, Trauzold A, Kalthoff H. Impact of death receptor 
signaling on the malignancy of pancreatic ductal adenocar-
cinoma. Eur J Cell Biol. 2011; 90:450–455.

46. Amundson SA, Myers TG, Scudiero D, Kitada S, Reed JC, 
Fornace AJ Jr. An informatics approach identifying markers 
of chemosensitivity in human cancer cell lines. Cancer Res. 
2000; 60:6101–6110.

47. Mahalingam D, Szegezdi E, Keane M, de Jong S, Samali A. 
TRAIL receptor signalling and modulation: Are we on the 
right TRAIL?. Cancer Treat Rev. 2009; 35:280–288.

48. van Roosmalen IA, Quax WJ, Kruyt FA. Two death-induc-
ing human TRAIL receptors to target in cancer: similar or 
distinct regulation and function? Biochem Pharmacol. 2014; 
91:447–456.

49. Walter P, Ron D. The unfolded protein response: from 
stress pathway to homeostatic regulation. Science. 2011; 
334:1081–1086.

50. Wroblewski D, Jiang CC, Croft A, Farrelly ML, Zhang XD, 
Hersey P. OBATOCLAX and ABT-737 induce ER stress 
responses in human melanoma cells that limit induction of 
apoptosis. PLOS One. 2013; 8:e84073.

51. Shimojo Y, Akimoto M, Hisanaga T, Tanala T, Tajima Y, 
Hinma Y, Takenaga K. Attenuation of reactive oxygen spe-
cies by antioxidants suppress hypoxia-induced epithelial-
mesenchymal transition and metastasis of pancreatic cancer 
cells. Clin Exp Metastasis. 2013; 30:143–154.


