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Abstract

The tumor necrosis factor related apoptosis-inducing ligand (TRAIL) causes cancer cell death, but

many cancers, including pancreatic cancer, are resistant to TRAIL therapy. A combination of

TRAIL and the diterpene triepoxide, triptolide, is effective in inducing pancreatic cancer cell

death. Triptolide increases levels of death receptor DR5 and decreases the pro-survival FLICE-like

inhibitory protein (c-FLIP), which contribute to the activation of caspase-8. This combination

further causes both lysosomal and mitochondrial membrane permeabilization, resulting in cell

death. Our study provides a mechanism by which triptolide sensitizes TRAIL resistant cells, which

may become a novel therapeutic strategy against pancreatic cancer.
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1. Introduction

Pancreatic cancer is the fourth leading cause of cancer-related deaths in the United States

with a five year survival of less than 5% [17]. Over 44,000 cases were diagnosed in 2012,

and nearly the same number succumbed to the disease [33]. The poor outcome of this

disease is due to late stage diagnosis and lack of effective chemotherapeutic options [10,

14].
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TNF-related apoptosis-inducing ligand (TRAIL), a member of the TNF superfamily,

selectively kills a wide range of cancer cells, while leaving normal cells unaffected [30].

TRAIL initiates the extrinsic apoptotic pathway by activation of pro-caspase-8 [26].

Cleavage of pro-caspase-8 initiates apoptosis by directly activating the effector caspase-3 or

by triggering the intrinsic apoptotic pathway via Bcl-2 family members activation or

translocation [8, 24, 25]. Cellular FLICE-inhibitory protein (c-FLIP) is a caspase-8

homologue that lacks caspase activity. c-FLIP competes for the caspase-8 binding site on the

receptor, thereby preventing recruitment of pro-caspase-8 to DISC (Death Inducing

Signaling Complex) [22].

Triptolide, a diterpene triepoxide extracted from the Chinese herb Tripterygium wilfordii,

decreases viability of pancreatic cancer cells in vitro and reduces growth and metastases of

tumors in vivo [28]. Previous data from our group has shown that a combination of low

doses of TRAIL and triptolide induces significant pancreatic cancer cell death compared

with either treatment alone [3]; however, the underlying mechanism by which cell death is

induced remains unclear.

Permeabilization of the lysosome induces the cell death pathway in response to a variety of

cell death stimuli [4]. We have previously shown that a high dose of triptolide induces

lysosomal membrane permeabilization (LMP), resulting in pancreatic cancer cell death.

However, the mechanism responsible for apoptosis-associated LMP and the contribution of

LMP in TRAIL/triptolide-induced cell death remains to be explored [18].

In this study, we show that a combination of TRAIL and triptolide at low concentrations

induces caspase-8 dependent pancreatic cancer cell death. Triptolide treatment sensitizes

cells to TRAIL-induced death by down-regulation of c-FLIP and up-regulation of DR5.

Finally, in the presence of triptolide, low concentration of TRAIL activated the death

receptor pathway, resulting in LMP and MOMP mediated pancreatic cancer cell death.

Since TRAIL is already in use against several cancers, understanding the mechanism by

which triptolide sensitizes pancreatic cancer cells to TRAIL may result in a novel

therapeutic strategy against pancreatic cancer.

2. Materials and Methods

2.1 Cell Culture and viability

MIA PaCa-2 cells derived from a primary pancreatic tumor were obtained from ATCC and

cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine

serum and 1% penicillin-streptomycin. S2-VP10 cells (a gift from Dr. Masato Yamamoto,

University of Minnesota) were cultured in RPMI medium (Hyclone) supplemented with

10% Fetal Bovine Serum and 1% penicillin-streptomycin. All cells were maintained at 37°C

in a humidified air atmosphere with 5% CO2. Cell viability was measured as previously

described [29].

2.2 Transfection With Short Interfering RNA

ON-TARGET plus SMART Pool human caspase-8 short interfering RNA (siRNA)

(L-003466-00-0005) and human c-FLIP siRNA (L-003772-00-0005) were purchased from
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Thermo Scientific. Human Death Receptor 5 siRNA (S100056700) was purchased from

QIAGEN. Transfections were performed as previously described [1].

2.3 Chemicals and reagents

Triptolide (>99% pure) was purchased from Calbiochem, dissolved in DMSO, aliquoted,

and stored at −20°C. The caspase-8 inhibitor Z-IETD-FMK (cat #550380), caspase-9

inhibitor Z-LEHD-FMK (cat #550381) and negative control caspase inhibitors Z-FA-FMK

(cat #550411) were purchased from BD Pharmingen. The Cathepsin B inhibitor CA-074me

(620106) was purchased from Peptide Institute, INC. Primary antibodies used for western

blots were as follows: Caspase-8, Cleaved-caspase-3, Cleaved-capase-9, PARP, Bcl-2, Bid,

JNK, phosphorylated-JNK, DR5, cleaved Caspase-3 (Cell Signaling); BAX (N-20) (Santa

Cruz) and c-FLIP (ENZO life science). Primary antibodies against DR4 and DR5 for flow

cytometry were purchased from eBioscience.

2.4 Cathepsin B Activity Assay

The cytosolic cathepsin B activity assay was performed as previously described [9]. To

measure cytosolic Cathepsin B activity, cells were permeabilized using bacterial toxin

Streptolysin O, which preferentially interact and permeabilized plasma membrane. Briefly,

cells were suspended in the cytosolic buffer (120mM KCl, 0.15mM CaCl2, 10mM

K2HPO4, 25mM HEPES, 2mM EGTA, 5mM MgCl2, 2mM ATP, pH 7.6) containing 20

ug/mL Streptolysin O (Sigma, St. Louis, MI). This was incubated for 20 minutes on ice.

Cells were separated, suspended Streptolysin O free buffer and incubated at 37°C for 20

min. The suspension was centrifuged at higher speed to get cytosol and pellet containing cell

organelles. The Streptolysin O concentration and treatment times were optimized to result in

permeabilization of the cells without disrupting the lysosomes. Cathepsin B activity was

determined using N-carbobenzoxy-arginyl-arginine-naphthylamide as the substrate,

according to the method of McDonald and Ellis[27].

2.5 Immunofluorescence

To analyze cellular distribution of BAX, Cytochrome c and Cathepsin B, pancreatic cancer

cells grown in chamber slides were treated with TRAIL/triptolide for 24 hours. Cells for

BAX (N20) or Cytochrome c immunostaining were incubated with 100 nM of Mitotracker

Red 30 minutes prior to fixation. Cells were fixed with 2% paraformaldehyde for 10

minutes, and permeabilized with 0.1% Triton X-100 for 10 minutes at room temperature

(RT). Cells were blocked with 2% BSA at RT for 1 hour. The cells were then incubated with

a 1:800 dilution of mouse monoclonal anti–cytochrome c antibody (BD Pharmingen,

556432) or 1:200 dilution of rabbit polyclonal anti-BAX (N20) (Santa Cruz, sc-493) at 4°C

overnight. After three 5-minute washes with phosphate-buffered saline (PBS), cells were

incubated with secondary antibodies: 1:200 dilution of Alexa-488–conjugated donkey anti-

mouse IgG (Molecular Probes) or 1:1000 dilution of Alexa-488–conjugated donkey anti-

rabbit IgG (Molecular Probes) for 1 hour at RT.

Cells for Cathepsin B immunostaining were incubated with 2μM of Lysotracker RED for 2

hours before fixation. Cells were fixed with 2% paraformaldehyde + 0.19% picric acid for

20 minutes at 37°C, and permeabilized with 0.0125% CHAPS in fixation buffer for 10
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minutes at 37°C. The cells were blocked with PBS containing 5% FBS+5% glycerol,

incubate at 37°C for 1 hour. The cells were then incubated with a 1:100 dilution of mouse

monoclonal anti–Cathepsin B antibody (EMD Millipore IM27L) at 4°C overnight. After

three 5-minute washes with PBS, cells were incubated with secondary antibodies: 1:1000

dilution of Alexa-488–conjugated donkey anti-mouse IgG (Molecular Probes) for 1 hour at

37°C. All samples were then washed and mounted using Prolong Gold anti-fade agent with

DAPI (Molecular Probes).

2.6 Immunoprecipitation of Active BAX

Cells were lysed in RIPA buffer containing protease inhibitor and phosphatase inhibitor.

After 1h pre-clean with 40 μl of protein A/G Agarose (Roche), an aliquot of 500 μg total

protein was incubated with 2 μg of anti-BAX (clone 6A7) antibody (Exalpha, A105M) for 4

hours at 4°C, followed by another 40 μl of protein A/G Agarose for an additional 2h to

precipitate the conformational changed BAX protein. The beads were washed with RIPA

buffer three times and were resuspended in Laemmli sample buffer (Sigma Aldrich) and

boiled for 5 min. The eluted proteins were subjected to SDS-PAGE immunoblot analysis

with anti-BAX (N-20) (Santa Cruz) antibody.

2.7 Western blot assay

Western Blot for protein measurement was performed as previously described [29]. The

blots were re-probed with an antibody against β-actin (Santa Cruz) to ensure equal loading

of proteins.

2.8 Measurement of Caspase-3, 8, 9 activation

Caspase-3, 8, 9 activity was analyzed using the Caspase-Glo luminescent-based assays

(Promega) according to the manufacturer’s instructions. Cells (3× 103) were seeded into 96-

well white opaque plates and a corresponding optically clear 96-well plate. After 48 hours,

cells were treated at concentrations and times indicated. At the end of the incubation, 100 μl

of Caspase-Glo reagent was added to each well containing 100 μl of cells in culture medium.

Plates were gently mixed and incubated for 45 minutes at room temperature, and

luminescence was then read on a luminometer. The corresponding 96-well clear plates were

used to measure the number of viable cells with the CCK-8 reagent, and caspase activity

was normalized to these values.

2.9 Statistical Analysis

All values are expressed as the mean +/↕ standard error of the mean. All experiments using

cell lines were repeated of a minimum 3 times. Statistical significance was reported if p-

value was < 0.05 using an unpaired Student t-test.

3. Results

3.1 Combination of TRAIL and triptolide activates Caspase-8 in pancreatic cancer cells

Previous studies from our group have shown that treatment of pancreatic cancer cells with a

combination of TRAIL and triptolide at low concentrations results in cell death [3].

Consistent with these results, we have confirmed that cell viability decreased significantly
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and increase in pro-apoptotic markers were detected in MIA PaCa-2 and S2-VP10

pancreatic cancer cells treated with a combination of 1.25ng/ml TRAIL and 50nM triptolide

(Supplemental Figure 1A/1B). However, the viability of primary mouse acinar cells and

human pancreatic duct epithelial cells (HPDEC) did not decrease in the presence of a

combination of TRAIL and triptolide (Supplemental Figure 1C). Previous studies suggest

that caspase-8 is involved in the release of apoptotic factors from mitochondrial or

lysosomes [6, 35]. We therefore assessed its activation in the presence of TRAIL or

triptolide in pancreatic cancer cells. As shown in Figure 1A, caspase-8 was cleaved only in

cells treated with both TRAIL and triptolide, but not with either treatment alone. We further

tested whether caspase-8 activation was required for TRAIL/triptolide mediated cell death

by the introduction of a caspase-8 specific inhibitor, Z-IETD-FMK [31]. Caspase-8

activation induced by TRAIL and triptolide (711 ± 133.8%) was significantly inhibited by

Z-IETD-FMK (76 ± 0.18%), compared to its negative control Z-FA-FMK, demonstrating

the efficacy of the inhibitor. Importantly, while the combination of TRAIL and triptolide

resulted in decreased cell viability to 38.98 ± 3.93% vs. control untreated cells (100%),

nearly 73% cells were viable when a combination of TRAIL and triptolide were used in the

presence of the caspase-8 inhibitor (Figure 1B), suggesting that caspase-8 activation causes

pancreatic cancer cell death (p<0.01). Since inhibitors may have off-target effects, we

decreased caspase-8 expression using siRNA (Figure 1C). While treatment of cells

transfected with non-silencing siRNA with a combination of TRAIL and triptolide resulted

in a decrease in cell viability to 37.6 ± 1.8%, loss of caspase-8 protected cells against cell

death, as indicated by an increase in cell viability to 61.56 ± 5.78% (p<0.01; Figure 1C).

We further evaluated markers of apoptotic cell death in the presence or absence of the

caspase-8 inhibitor in MIA PaCa-2 and S2-VP10 treated with TRAIL and triptolide. As

shown in Figure 1D, lesser cleavage of both PARP and caspase-3 was observed in TRAIL

and triptolide treated cells in the presence of Z-IETD-FMK in both MIA PaCa-2 and S2-

VP10 cells. Our data, taken together, show that caspase-8 activation is required for the

combination of TRAIL and triptolide to induce apoptotic pancreatic cancer cell death.

3.2 Triptolide-induced increase in Death Receptor 5 expression is required for caspase-8
activation in pancreatic cancer cells

Oligomerization of death receptors by binding of death ligands results in transduction of

either apoptotic or survival signals [23]. Using flow cytometry, we assessed the effect of

triptolide on the death receptors DR4 and DR5. Treatment of MIA PaCa-2 cells with

triptolide for 24 hours led to a significant increase in the number of DR5 positive events

(28.2 ± 6.43 %) compared to untreated cells (3.77 ± 1.0 %) (Fig. 2A). This increase in DR5

expression was caused by triptolide treatment alone since no further increase in DR5

expression was observed in the combination group (21.63 ± 1.59 %). However, no

significant difference in the number of DR4 positive events were observed in the cells

treated with TRAIL or triptolide or a combination of both. Similar results were obtained

with S2-VP10 cells (data not shown).

Since triptolide increased levels of DR5 in pancreatic cancer cells, we further tested the

importance of this event in the ability of triptolide to sensitize pancreatic cancer cells to

Chen et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2015 June 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



TRAIL mediated cell death. DR5 expression was down-regulated using DR5-specific

siRNA (Figure 2B) 24h prior to treatment of cells with TRAIL and triptolide. DR5 siRNA

transfected cells showed an increase in cell viability (64.81 ± 1.17 %) compared to non-

silencing siRNA transfected cells (42.9 ± 0.99%) when treated with TRAIL and triptolide

(p<0.01). We therefore concluded that a loss of DR5 resulted in a significant rescue of cell

viability in pancreatic cancer cells treated with a combination of TRAIL and triptolide

(Figure 2C). This was confirmed by a decrease in levels of cleaved PARP and caspase-3 in

cells treated with DR5 siRNA and a combination of TRAIL and triptolide (Fig. 2D). To

further determine the effect of loss of DR5 on TRAIL/triptolide induced cell death, we

assessed the activation of caspase-8, which was significantly lower in both MIA PaCa-2 and

S2-VP10 cells transfected with DR5 siRNA (352.9 ± 80.6 and 701 ± 154.1) compared with

those transfected with non-silencing siRNA (805.99 ± 76.8 in MIA PaCa-2 and 1445.75 ±

174.94 in S2-VP10) when treated with a combination of TRAIL and triptolide (Fig. 2E). Our

data, taken together, show that triptolide increases levels of DR5 and loss of DR5 decreases

levels of downstream effectors and rescues cells from TRAIL/triptolide mediated cell death.

3.3 Triptolide-mediated decrease of c-FLIP is essential for TRAIL induced caspase-8
activation in pancreatic cancer cells

Cleavage of pro-caspase-8 results in activation of caspase-8, ultimately leading to cell death.

c-FLIP is an anti-apoptotic factor which competes with pro-caspase 8 in binding to the

DISC, thereby preventing caspase-8 activation in malignant cells [32]. We therefore

evaluated levels of c-FLIP to explore its role, if any, in TRAIL/triptolide induced pancreatic

cancer apoptosis. As shown in Figure 3A, c-FLIP levels were significantly down-regulated

by treatment with triptolide in both MIA PaCa-2 and S2-VP10 cells. In order to assess the

importance of c-FLIP down-regulation in TRAIL/triptolide mediated cell death, we used c-

FLIP specific siRNA, thereby mimicking the effect of triptolide on c-FLIP expression. A

significant decrease in c-FLIP levels was observed after c-FLIP specific siRNA transfection

in MIA PaCa-2 cells, indicating a total knockdown of c-FLIP (Figure 3B). When c-FLIP

siRNA transfected MIA PaCa-2 or S2-VP10 cells were treated with TRAIL, the decrease in

cell viability was greater with the combination of c-FLIP siRNA and TRAIL (14.81 ± 0.833

% in MIA Paca-2 and 47.25 ± 2.17 % in S2-VP10 cells) than with either c-FLIP siRNA

(66.36 ± 1.3 % in MIA PaCa-2 and 90.2 ± 6.4% in S2-VP10 cells) or TRAIL treatment

(MIA PaCa-2 92.95 ± 0.42 %; S2-VP10 88.07 ± 3.02%) alone (p<0.01) (Figure 3C). c-FLIP

knockdown cells treated with TRAIL also showed PARP and caspase-3 cleavage,

confirming apoptotic cell death (Figure 3D). Since c-FLIP significantly decreases activation

of procaspase-8, we further tested if down-regulation of c-FLIP by triptolide could sensitize

cells to TRAIL induced caspase-8 activation. Significant caspase-8 activation was observed

after treatment with a combination of TRAIL and c-FLIP siRNA in both MIA PaCa-2 (522.4

± 66.69 %) and S2-VP10 (544 ± 38.9 %) cells compared to either treatment alone. From the

data above, we conclude that down-regulation of c-FLIP by triptolide contributes to TRAIL-

induced caspase-8 activation, which results in cell death.
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3.4 Combination of TRAIL and triptolide induces lysosomal membrane permeabilization in
pancreatic cancer cells

Cell death occurs via activation of several cascades, one of which is events leading to the

permeabilization of the lysosome. [4]. Previous data from our group has shown that high

concentrations (200nM) of triptolide induce LMP in pancreatic cancer cells [9]. To evaluate

if LMP plays a role in TRAIL/triptolide mediated cell death, we measured release of

Cathepsin B, an enzyme localized to the lysosome, into the cytosol, as a marker of

lysosomal permeabilization. As shown in Figure 4A, treatment of MIA PaCa-2 cells with

either TRAIL or triptolide resulted in an increase of cytosolic Cathepsin B activity (163.533

± 51.48 % and 237.9 ± 109.7 % respectively vs. control (100%)). However, treatment with

the combination of TRAIL and triptolide significantly increased cytosolic cathepsin B

activity (831.01 ± 193.82 %). The purity of cytosolic and lysosomal fraction was confirmed

by isolating the fractions and western blotting with GAPDH (cytosolic marker) and

LAMP1/2 (lysosomal markers) (Supplemental Figure 2). To confirm that the combination of

TRAIL and triptolide results in LMP, localization of Cathepsin B was observed by

immunostaining cells with a Cathepsin B-specific antibody using confocal microscopy. As

shown in Figure 4B, cathepsin B (green) shows punctuate staining in control cells that co-

localizes with lysosomal (lysotracker Red, a lysosomal marker). However, treatment of cells

with a combination of TRAIL and triptolide leads to a diffused cytoplasmic staining of

cathepsin B with decreased co-localization with Lysotracker Red, demonstrating that, in

treated cells, Cathepsin B is released from the lysosome into the cytosol.

Once we had established that cathepsin B is released into the cytosol upon treatment of cells

with a combination of TRAIL and triptolide, we further investigated if this release was

responsible for combination treatment-induced cell death. For this purpose, we down-

regulated cathepsin B using either the Cathepsin B inhibitor (CA-074me) or cathepsin B-

specific siRNA in pancreatic cancer cells. We confirmed that the Cathepsin B inhibitor was

functional by measurement of Cathepsin B activity in the absence (823.32 ± 73.1 %) and

presence (12.8 ± 4.6 %) of inhibitor, and siRNA-mediated loss of expression by western

blot. We found that down-regulation of Cathepsin B by CA-074me or siRNA significantly

reduced cell death induced by TRAIL/triptolide in MIA PaCa-2 cells (p<0.01) (Figure 4C/

4D). We further demonstrated that cytosolic cathepsin B activity is significantly down-

regulated in the presence of the caspase-8 inhibitor (Z-IETD-FMK) in MIA PaCa-2 cells

treated with a combination of TRAIL and triptolide.

Our data, taken together, suggest that the combination of TRAIL and triptolide causes

caspase-8 dependent lysosomal membrane permeabilization, which leads to pancreatic

cancer cell death.

3.5 Mitochondrial outer membrane permeabilization is required for TRAIL/triptolide
induced apoptosis

Mitochondrial outer membrane permeabilization (MOMP) is an important component of the

apoptotic cell death mechanism [13]. Since inhibition of cathepsin B was unable to

completely rescue cells from TRAIL/triptolide mediated cell death, we further tested if

MOMP was involved in TRAIL/triptolide-induced apoptosis.
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Using release of mitochondrial membrane bound Cytochrome c as a measure of MOMP, we

observed Cytochrome c (green) co-localization with Mitotracker Red (red) in untreated MIA

PaCa-2 pancreatic cancer cells, represented as a yellow color in the overlay images (Fig.

5A). However, Cytochrome c release from the mitochondria to the cytosol was only

observed in cells treated with the combination of TRAIL and triptolide. In agreement with

this observation, activation of caspase-9, an event that occurs downstream from MOMP, was

present only in cells treated with a combination of TRAIL and triptolide in both MIA

PaCa-2 and S2-VP10 cells (Fig. 5B). This finding is also consistent with our previously

published data [3]. The importance of MOMP was underscored by inhibition of caspase-9

activity using a caspase-9 specific inhibitor (Z-LEHD-FMK). Cells treated with this

inhibitor together with a combination of TRAIL and triptolide showed a significant increase

in cell viability (71.85 ± 3.55%) compared to those not treated with inhibitor (45.04 ± 6.224

%) (p<0.01) (Figure 5C). Further analysis of events downstream from death receptor

pathway activation showed a decrease in cleavage of both PARP and caspase-3 (Figure 5D)

in the presence of the caspase-9 inhibitor in both MIA PaCa-2 and S2-VP10 cells suggesting

that caspase-9, a component of MOMP mediated apoptosis, regulates caspase-3 and its

downstream targets. Since caspase-8 is also involved in MOMP mediated cell death, we

further explored the relationship between caspase-8 activation and the mitochondrial

apoptotic pathway by inhibiting caspase-8. Cells treated with caspase-8 inhibitor showed a

decrease in TRAIL/triptolide mediated caspase-9 activity in both MIA PaCa-2 (91 ± 14.3%

vs. 1302.8 ± 458 % in the absence of inhibitor) and S2-VP10 cells (208 ± 38.89% vs. 881.5

± 283.6 % in the absence of inhibitor) (Figure 5E).

3.6 BAX activation and Bid cleavage is involved in TRAIL/triptolide induced apoptosis

Previous studies show that under certain stimuli, the pro-apoptotic Bcl-2 family protein

BAX undergoes a conformational change, detected by an active form-specific antibody

(6A7) [5, 37, 38]. Upon treatment of either MIA PaCa-2 or S2-VP10 cells with a

combination of TRAIL and triptolide, there was no change in the levels of BAX protein

(Fig. 6A), but there was an increase in the active form of BAX. (Fig. 6B). In order to

establish that BAX activation was a downstream event linked to the activation of the death

receptor pathway, cells were treated with caspase-8 siRNA prior to TRAIL/triptolide

treatment. BAX activation was observed in cells containing non-silencing siRNA but not

those with caspase-8 siRNA (Supplemental Figure 3A).

We further examined BAX localization using confocal microscopy. As shown in Figure 6C,

BAX was located predominantly in cytosol in untreated MIA PaCa-2 cells. Incubation of

cells with a combination of TRAIL and triptolide resulted in colocalization of BAX with

mitochondria. Our biochemical and microscopy data support the conclusion that a

combination of TRAIL and triptolide leads to a conformational change in BAX and its

translocation into the mitochondria.

In order to investigate the mechanism by which BAX is activated during apoptotic events

we assessed the cleavage of Bid, a pro-apototic protein known to trigger BAX activation [2,

34]. As shown in Figure 6D, cleavage of Bid was observed in both MIA PaCa-2 and S2-

VP10 cells treated with the combination of TRAIL and triptolide. Since activated caspase-8
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amplifies the death receptor signal by cleaving Bid [11, 24], we further investigated Bid

cleavage in the presence of the caspase-8 inhibitor and found it to be significantly inhibited,

suggesting that Bid cleavage is a consequence of the activation of the death receptor

pathway (Supplemental Figure 3B).

4. Discussion

Pancreatic cancer, the fourth leading cause of cancer related deaths, has a five-year survival

of less than 5% [19]. Resistance to conventional chemotherapy remains a significant

obstacle in long-term survival of pancreatic cancer patients. We have previously shown that

triptolide, and its water soluble pro-drug, Minnelide, induces pancreatic cancer cell death in

vitro. Minnelide also causes tumor regression and prevents tumor progression in several

preclinical mouse models [28, 29]. We have also previously shown that low dose of

triptolide in combination with TRAIL induces significant pancreatic cancer cell death [3].

However, the mechanism of TRAIL/triptolide combination induced pancreatic cancer cell

death remains unclear.

The focus of the present study is therefore to elucidate the mechanism by which triptolide

sensitizes pancreatic cancer cells to TRAIL. This is the first study, to our knowledge, that

has shown the mechanism of caspase-8 activation in triptolide/TRAIL mediated cell death,

thereby suggesting that low doses of triptolide allow TRAIL to activate the death receptor

pathways. Since inhibition of caspase-8 prevented TRAIL mediated cell death, we conclude

that the death receptor pathway plays a key role in TRAIL/triptolide induced apoptosis.

Initiation of the death receptor pathway occurs when TRAIL binds to the death receptors

DR4 and DR5, causing oligomerization of the receptors [15], leading to the recruitment of

FADD, followed by binding of procaspase-8, thereby forming the DISC [16]. Cleavage of

DISC associated pro-caspase-8 leads to activation of downstream events, and finally, cell

death. Since inhibition of caspase-8 prevented TRAIL/triptolide mediated cell death, we

hypothesized that the effect of triptolide on TRAIL mediated cell death occurred upstream

of caspase-8 activation. We therefore studied the effect of triptolide on levels of DR4 and

DR5 and found that DR5, but not DR4, was up-regulated by triptolide in pancreatic cancer

cells (Figure 2A), which contributed to the activation of caspase-8 (Figure 2E). Furthermore,

an important modulator of caspase-8, c-FLIP, plays a key role in resistance to death

receptor-mediated apoptosis in many cancer cells. c-FLIP is over-expressed in pancreatic

cancer tissue compared to normal pancreatic ducts [12]. We therefore evaluated the effect of

triptolide on c-FLIP and found that triptolide down-regulates c-FLIP in pancreatic cancer

cells (Figure 3A). This down-regulation of c-FLIP alone allowed TRAIL to induce

caspase-8 activation (Figure 3E).

In the presence of a low dose of TRAIL, the effect of triptolide on c-FLIP and DR5 becomes

necessary for the death receptor pathway to result in caspase-8 activation. Previous studies

from our lab and others have shown that TRAIL or triptolide induces LMP in cancer cells

[1, 36]. In this study, we found that only the combination of TRAIL and triptolide, but

neither treatment alone induces LMP in pancreatic cancer cells (Figure 4A/4B). Loss of

cathepsin B was able to partially decrease the effect of the TRAIL/triptolide combination on
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cell death (Figure 4C/4D), which further confirmed that LMP contributes to TRAIL/

triptolide induced pancreatic cancer cell death. Further studies also show that TRAIL/

triptolide combination induced LMP was caspase-8 dependent in pancreatic cancer cells

(Figure 4E).

Inhibition of Cathepsin B did not completely rescue cells from TRAIL/triptolide induced

cell death, suggesting that LMP may only be one of the players in causing TRAIL/triptolide

mediated apoptosis [7, 28]. Studies from our group and others show that both triptolide and

TRAIL independently have an effect on MOMP [7]. Here we found that low doses of

TRAIL and triptolide were able to induce Cytochrome c release and caspase-9 activation,

suggesting that mitochondrial events are also required to engage the apoptotic program

(Figure 5A/5B). Importantly, inhibition of caspase-9 rescued TRAIL/triptolide induced

pancreatic cancer cell death (Figure 5C). Furthermore, down-regulation of caspase-8 inhibits

TRAIL/triptolide mediated caspase-9 activation; indicating caspase-8 is up-stream of the

mitochondrial apoptotic pathway (Figure 5E).

Previous studies show that the pro-apoptotic Bcl-2 family member, Bid, is the link between

the death receptor and mitochondrial apoptotic pathways [40], and initiation of

mitochondrial dysfunction requires BAX/BAK activation [21]. Activation and

oligomerization of BAX results in permeabilization of the mitochondrial membrane [20],

inducing cytochrome c release [39]. In accordance with these observations, we observed Bid

cleavage and BAX translocation in response to TRAIL/triptolide (Figure 6D).

In conclusion, in this study we have shown that triptolide mediated modulation of DR5 and

c-FLIP expression contributes to activation of the death receptor pathway as evidenced by

caspase-8 activation in pancreatic cancer cells. Collectively, our data show that low doses of

triptolide sensitize cancer cells to TRAIL mediated death by various mechanisms (Figure 7).

Since both TRAIL and triptolide are already being tested in the clinic, the understanding of

TRAIL and triptolide-induced pancreatic cancer cell death holds important implications for

the translation of this combination into the clinic.
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Figure 1. Caspase-8 activation is required for the combination of TRAIL and triptolide to induce
cell death. Pancreatic cancer cells were treated with either TRAIL or triptolide or a combination
of both for 24h
A. Caspase-8 cleavage was detected in MIA PaCa-2 and S2-VP10 cells by western blot. β-

actin expression was used as loading control.

B. Treatment with specific caspase-8 inhibitor (Z-IETD-FMK, 40μM) in MIA PaCa-2 cells

results in a significant decrease in caspase-8 activity (left panel) and increase in viability

(right panel) when treated with a combination of TRAIL and triptolide. The bars represent

mean ± SEM, n≥3. **p< 0.01.
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C. MIA PaCa-2 cells treated with caspase-8 siRNA show a significant decrease of caspase-8

expression and increase in viability when treated with a combination of TRAIL and

triptolide. The bars represent mean ± SEM, n≥3. **p< 0.01.

D. PARP and caspase-3 cleavage was assessed in MIA PaCa-2 and S2-VP10 cells using

western blots. β-actin expression was used as loading control.
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Figure 2. Triptolide induced increase in DR5 expression sensitizes pancreatic cancer cells to
TRAIL mediated cell death. MIA PaCa-2 and S2-VP10 cells were treated with TRAIL or
triptolide or a combination of both and harvested 24h post treatment
A. DR4 and DR5 levels were evaluated using flow cytometry.

B. Knockdown of DR5 by DR5 siRNA 24h prior to treatment was confirmed by western

blot. β-actin expression was used as loading control.

C. Loss of DR5 rescues cells from TRAIL and triptolide mediated cell death. The bars

represent mean ± SEM, n≥3. **p< 0.01.

D. PARP and caspase-3 cleavage was assessed using western blots. β-actin expression was

used as loading control.

E. Loss of DR5 decreases caspase-8 activity in TRAIL and triptolide treated cells.
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Figure 3. Triptolide induced decrease in c-FLIP expression sensitizes pancreatic cancer cells to
TRAIL mediated cell death
A. c-FLIP expression was detected by western blot MIA PaCa-2 and S2-VP10 cells treated

with TRAIL or triptolide or a combination of both for 24h. β-actin expression was used as

loading control.

B. Knockdown of c-FLIP by siRNA in MIA PaCa-2 and S2-VP10 cells was confirmed by

western blot. β-actin expression was used as loading control.

C. Treatment of MIA PaCa-2 and S2-VP10 cells with a combination of TRAIL and c-FLIP

siRNA significantly decreases cell viability after 24 hours of treatment. The bars represent

mean ± SEM, n≥3. **p< 0.01.
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D. PARP and caspase-3 cleavage was assessed in MIA PaCa-2 and S2-VP10 cells after

treatment with TRAIL or c-FLIP siRNA or both using western blot. β-actin expression was

used as loading control.

E. Treatment of MIA PaCa-2 and S2-VP10 cells with TRAIL or c-FLIP siRNA or a

combination of both shows a significant increase in caspase-8 activation 24 hours post

treatment. The bars represent mean ± SEM, n≥3. **p< 0.01.
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Figure 4. Combination of TRAIL and triptolide increases lysosomal membrane permeabilization
in pancreatic cancer cells
A. MIA PaCa-2 cells treated with either TRAIL or triptolide or their combination show an

increase in cytosolic cathepsin B activity, suggesting lysosomal permeabilization. Cytosolic

cathepsin B values are expressed as a percentage of control. Data are expressed as the mean

± SEM of 6 independent experiments. **p <0.01.

B. MIA PaCa-2 cells treated with a combination of TRAIL and triptolide were evaluated for

presence of cytosolic cathepsin B using confocal microscopy. Cathepsin (green) colocalizes

with lysosomal (lysotracker red) in a punctuate fashion in control cells, suggesting intra-

lysosomal location. The nuclei have been stained with 4′, 6-diamidino-2-phenylindole

(DAPI) (blue). Treatment with TRAIL and triptolide results in diffused staining of cathepsin

B and reduced co-localization with the lysosome, suggesting release of cathepsin B into the

cytosol. Scale bar, 10 micron/L.
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C. MIA PaCa-2 cells treated with the cathepsin B specific inhibitor, CA-074me, show a

significant decrease in cathepsin B activity (left) and an increase in cell viability (right)

when treated with TRAIL and triptolide. Data are expressed as the mean ± SEM of three

independent experiments. *p < 0.01.

D. MIA PaCa-2 cells treated with a cathepsin B specific siRNA show a significant decrease

in cathepsin B expression (left) and an increase in cell viability (right) when treated with

TRAIL and triptolide. Data are expressed as the mean ± SEM of 3 independent. *p < 0.01.

E. MIA PaCa-2 cells treated with a caspase-8 inhibitor, Z-IETD-FMK and TRAIL and

triptolide for 24 hours show a significant decrease in Cathepsin B activation when compared

to control untreated cells. The bars represent mean ± SEM, n≥3. **p < 0.01.
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Figure 5. Combination of TRAIL and triptolide induces mitochondrial membrane
permeabilization in pancreatic cancer cells
A. MIA PaCa-2 cells treated with a combination of TRAIL and triptolide for 24h show

release of cytochrome c from mitochondrial into the cytosol as evaluated by confocal

microscopy. Cytochrome c (green) colocalizes with mitochondrial (mitochondrial red) in a

punctuate fashion in control cells, suggesting intra-mitochondrial location. The nuclei have

been stained with DAPI (blue). Scale bar, 10 micron/L.

B. MIA PaCa-2 and S2-VP10 cells treated with either TRAIL or triptolide or a combination

of both for 24h show cleavage of caspase-9 as evaluated by western blot. β-actin expression

was used a loading control.
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C. Treatment of MIA PaCa-2 and S2-VP10 cells with caspase-9 inhibitor (Z-LEHD-FMK)

leads to rescue of cells from TRAIL/triptolide mediated cell death compared to those treated

with a negative control. The bars represent mean ± SEM, n≥3. **p<0.01.

D. PARP and caspase-3 cleavage was assessed in samples treated as described in (C), using

western blots. β-actin expression was used as loading control.

E. Treatment of MIA PaCa-2 and S2-VP10 cells with caspase-8 inhibitor (Z- IETD-FMK)

leads to decrease in TAIL/triptolide mediated caspase-9 activation compared to those treated

with a negative control. The bars represent mean ± SEM, n≥3. **p<0.01.
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Figure 6. Pancreatic cancer cells treated with either TRAIL or triptolide or their combination
induce a conformational change in BAX and cleavage of Bid
A. Total BAX expression was detected by western blot with anti-BAX (N20) antibody in

MIA PaCa-2 and S2-VP10 cells treated with TRAIL or triptolide or both. β-actin expression

was used as loading control.

B. Conformational change in BAX protein was detected by western blot with anti-BAX

(6A7) antibody in MIA PaCa-2 and S2-VP10 cells treated with TRAIL or triptolide or both.

β-actin expression was used as loading control.

C. Mitochondrial translocation of BAX was evaluated with confocal microscopy. BAX

(N20) (green) colocalizes with mitochondrial (MitoTracker red) in TRAIL/triptolide treated

MIA PaCa-2 cells, suggesting a translocation of BAX from cytosol to the mitochondria.

Scale bar, 10 micron/L.

D. Bid cleavage was evaluated by western blot with anti-Bid antibody in MIA PaCa-2 and

S2-VP10 cells treated with TRAIL or triptolide or both. β-actin expression was used as

loading control.
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Figure 7. Schematic diagram of the mechanism by which a combination of TRAIL and triptolide
cause cell death in pancreatic cancer cells
Triptolide treatment sensitizes cells to TRAIL-induced death by down-regulation of c-FLIP

and up-regulation of DR5. Finally, in the presence of triptolide, low concentration of TRAIL

activated the death receptor pathway, resulting in LMP and MOMP mediated pancreatic

cancer cell death.
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