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Abstract

Most human pancreatic cancer cells are resistant to tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-
mediated apoptosis. However, the mechanisms by which pancreatic cancer cells utilize their extracellular molecules to
counteract the proapoptotic signaling mediated by the TNF family are largely unknown. In this study, we demonstrate for
the first time that DcR3, a secreted decoy receptor that malignant pancreatic cancer cells express at a high level, acts as an
extracellular antiapoptotic molecule by binding to TRAIL and counteracting its death-promoting function. The reduction of
DcR3 with siRNA unmasked TRAIL and greatly enhanced TRAIL-induced apoptosis. Gemcitabine, a first-line drug for
pancreatic cancer, also reduced the level of DcR3. The addition of DcR3 siRNA further enhanced gemcitabine-induced
apoptosis. Notably, our in vivo study demonstrated that the therapeutic effect of gemcitabine could be enhanced via further
reduction of DcR3, suggesting that downregulation of DcR3 in tumor cells could tip the balance of pancreatic cells towards
apoptosis and potentially serve as a new strategy for pancreatic cancer therapy.
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Introduction

The balance between proapoptotic and antiapoptotic factors is a

major determinant in the fate of tumor cells. These cells manage to

tip the balance towards survival by overexpressing antiapoptotic

molecules in intracellular and intercellular sites. A body of studies

has demonstrated that intracellular B-cell lymphoma 2 (Bcl-2)

promotes malignancy in several types of tumors, whereas blocking

its function enhances the effect of anticancer treatments [1,2,3].

Bcl-2 stabilizes the mitochondrial membrane and prevents the

release of cytochrome c from mitochondria and the formation of

apoptosomes in the cytoplasm [4,5], thereby reducing tumor cell

apoptosis and enhancing the ability of tumors to grow and

metastasize.

However, the majority of apoptotic signaling is activated

extracellularly via the binding of proapoptotic ligands from one

cell to death receptors on the surface of another cell [6,7]. For

example, the ligands of the tumor necrosis factor (TNF) family

bind to their receptors (e.g., TNF to TNFR, FasL to Fas, LIGHT

to HVEM/TR2) and then trigger apoptotic signaling in response

to unfavorable events [8,9]. The extracellular mechanism by

which cells protect themselves before death ligands bind to their

receptors has attracted much attention [10,11]. Although the

discovery of decoy receptors (e.g., DcR1, DcR2, and DcR3) has

shed some light on this phenomenon [8,12], a more detailed

understanding of these mechanisms is needed.

Tumor cells utilize 2 layers of protection: (1) an active defense

system in which decoy receptors block the death ligand before they

reach the receptors of the TNF family on the cell surface and

prevent the initiation of death signaling; and (2) a passive defense

system in which antiapoptotic machinery plays a role once the

death signal is triggered inside the cells. Since portions of the

molecules of type I cell-death receptors (e.g., DcR3, DR3, DR5,

TNFR1, OPG, and OX40) and death ligands (e.g., FasL, LIGHT,

TL1A, TRAIL, and LTA) share functionally similar domains,

especially among the 6 members of the TNFR family [13], we

used several approaches to explore the binding and interaction of

DcR3 with TNF-related apoptosis-inducing ligand (TRAIL). Our

results showed that DcR3 binds not only to FasL, TL1A (VEGI),

and LIGHT [14,15,16,17] but also to TRAIL, as evidenced by

results from several assays, including Biacore binding, flow

cytometry, immunoprecipitation, Western blotting, and enzyme-

linked immunosorbent assay (ELISA). Malignant pancreatic

cancer cells express a high level of DcR3, which can be

downregulated by DCR3 siRNA or chemotherapy drugs, such

as gemcitabine. The combination of DcR3 siRNA with TRAIL or

gemcitabine greatly enhances the apoptotic process in vitro and

slows tumor growth in vivo, suggesting that the downregulation of
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extracellular antiapoptotic DcR3 may enhance anticancer thera-

py. This is especially true for aggressive pancreatic cancer, which

utilizes DcR3 as the means for its progression.

Materials and Methods

Cell lines and reagents
Two human pancreatic cancer cell lines, AsPC-1 and MiaPaCa-

2, and a colon carcinoma cell line, SW480, were obtained from the

American Type Culture Collection (ATCC, Manassas, VA). Cells

were maintained as mono-layer cultures in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum, 100 mg/ml of streptomycin, and 100 U/ml of penicillin at

37uC in a humidified 5% CO2 atmosphere. DcR3-related reagents

were provided by BioPowerTech (Tuscaloosa, AL). Gemcitabine

was purchased from the pharmacy at the University of Rochester

Medical Center (Rochester, NY). The siRNA for DcR3 was

synthesized at Integrated DNA Technologies, Inc. (Coralville, IA).

Recombinant FasL and TRAIL and their antibodies were

purchased from R&D Systems (Minneapolis, MN) and BioLegend,

Inc. (San Diego, CA). Protein A Sepharose beads were purchased

from Pharmacia (Uppsala, Sweden). Anti-cleaved poly (ADP-

ribose) polymerase (PARP) polyclonal antibodies were purchased

from Cell Signaling Technology, Inc. (Beverly, MA) and anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) polyclonal

antibody was purchased from Santa Cruz, Inc. (Santa Cruz, CA).

Biacore assay
The binding of recombinant human TRAIL to human DcR3

was analyzed on a Biacore 3000 instrument (Biacore Inc.,

Piscataway, New Jersey). DcR3 was covalently conjugated to

Biacore sensor flow cells (CM5 chip) via amine groups using N-

ethyl-N’-(dimethylaminopropyl) carbodiimide/N-hydroxysuccini-

mide. Various dilutions of TRAIL (1 to 2048 nM) were passed

through the conjugated flow cell and blank surface at 20 ml/

minute for a total volume of 70 ml. The amount of bound protein

was determined during washing of the flow cell with HBS-EP

buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3.4 mM EDTA,

0.005% Surfactant P20). To regenerate the flow-cell surface, the

bound proteins were washed with 20 mM of NaOH. Recombi-

nant human LIGHT diluted in HBS-EP buffer (1 to 512 nM) was

used as a positive control. The association, dissociation, and

equilibrium constants were determined with a kinetic evaluation

program in the Bia Evaluation software (Biacore, Inc.) using a 1:1

binding model and the global analysis method.

Cell-surface binding analysis
AsPC-1 and MiaPaCa-2 cells were incubated with or without

recombinant DcR3 (5 mg/ml), TRAIL (5 mg/ml), or murine anti-

TRAIL monoclonal antibody (1 mg/ml) in the same or different

tubes for 1 hour at 4uC, followed by biotinylated DcR3

monoclonal antibody (0.5 mg/ml), and then fluorescein isothiocy-

anate (FITC)-conjugated streptavidin secondary antibody for

1 hour at 4uC. After washing, the bound DcR3 on the cell surface

was detected with FACStarPlus (BD Inc., Franklin Lakes, NJ).

Data were expressed as the percentage of positively stained cells.

Immunoprecipitation and Western blotting
The physical association of DcR3 with TRAIL was examined

with immunoprecipitation (IP) and Western blotting in 3 different

settings. To examine the interaction between 2 pure recombina-

tion proteins, 100–ml mixture of DcR3 with TRAIL (1 mg/ml) was

precipitated with either anti-DcR3 or anti-TRAIL (3–5 mg) with

20 ml of protein A beads slurry. After washing, the bound DcR3-

TRAIL complex on the beads was eluted with 30 ml of 1X non-

denatured Laemmli sample buffer, electrophoresed on 12%

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE), transferred to a nitrocellulose membrane, detected with

biotinylated anti-TRAIL or anti-DcR3 (1–2 mg/ml) followed by

streptavidin (SA)-HRP, and visualized with a sensitive chemilu-

minescent substrate (Pierce, Rockford, IL). To detect soluble

DcR3-TRAIL complex in cell culture media and the membrane-

bound complex in cell lysate, samples with protease inhibitor

cocktail (50 mg/ml of PMSF, 1 mg/ml of aprotinin, leupetin, and

pepstatin) were cleaned with protein A beads and then incubated

with either anti-DcR3 or anti-TRAIL at 4uC overnight while

being gently shaken. The bound DcR3-TRAIL complex on the

beads was subjected to Western blotting in a manner similar to

that described above.

ELISA-like binding assay
The binding of DcR3 with TRAIL was examined with a

modified ELISA. Wells were coated with recombinant FasL or

TRAIL (100 ml of 1 mg /ml). After the plates were washed with

washing buffer (0.01% Tween 20 in PBS) and blocked with 5%

PBS-T (5% Tween 20 in PBS), 100 ml of recombinant DcR3

(1 mg/ml) with or without recombinant TRAIL or FasL (10–

20 mg/ml, for competition) was added to each well and incubated

at 4uC overnight. After washing, biotinylated-DcR3 antibody

(0.2 ng/ml) was added to each well and incubated at 37uC for

1 hour; thereafter, 100 ml of 1:4000 streptavidin-horseradish

peroxidase (SA-HRP) was added and incubated in wells for

45 minutes at 37uC, washed, visualized with 3, 39, 5, 59

tetramethyl benzidine (TMB), and read at a wavelength of

450 nm. In reverse, the plates were coated with DcR3 (100 ml of 2

mg/ml) and then incubated with recombinant FasL or TRAIL

(100 ml of 1 mg/ml) with or without DcR3 (20–50 mg/ml, for

competition), followed by biotinylated anti-FasL or anti-TRAIL

(0.5 mg/ml), SA-HRP, TMB and read at A450.

ELISA for DcR3
DcR3 was quantitatively measured, as described previously 17].

Since DcR3 is a secreted protein, 100 ml of culture media was

used. Briefly, it was incubated overnight with an ELISA plate

coated with anti-DcR3 McAb (2 mg/ml) at 4uC. After miscella-

neous proteins were washed off, the bound DcR3 was detected

with biotinylated anti-DcR3 McAb and SA-HRP and visualized

with TMB substrate. The unknown sample concentration was

determined from the standard curve, which was calculated

simultaneously.

Downregulation of DcR3 with Small Interfering RNA
(siRNA)

Small interfering RNA sequences for human DcR3 were

designed using the BLOCK-iT RNAi Designer (Invitrogen Life

Technologies, Carlsbad, CA). The siRNA sequence was 59-

CGCUGCAGCCUCUUGAUGGAGAUGUCC-39, and the con-

trol siRNA sequence was 59-AGGUAGUUCCAGAACUGCGU-

GUAGUGG-39. They were chemically synthesized for transient

knockdown of DcR3 in cell culture. In addition, similar sequences

were inserted into the pSilencer expression vector for a stable low-

DcR3 expresser. Transfection was carried out with Lipofectamine

LTX reagent (Invitrogen Life Technologies) and Opti-MEM

media, according to the manufacturer’s instructions. The cells with

transient knockdown of DcR3 were used within 3 days. The stable

transfectants were selected in 50 mg/ml of hygromycin B. The
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surviving cells were pooled to avoid colony variation and use for in

vivo study.

Apoptosis assays
Apoptotic cells were detected with 3 assays. Cells were harvested

at 24–48 hours and stained with Annexin V/propidium iodide (PI)

for apoptotic cells or fixed in 75% alcohol followed by PI staining

for the sub-G1 fraction, according to standard protocol from the

manufacturers. The results were analyzed by flow cytometry.

Western blotting was performed for cleaved PARP. The harvested

cells were lysed with 1% NP-40-Tris lysis buffer containing a

cocktail of protease inhibitors, and the protein concentration of

lysate was determined with the BCA method (Pierce, Rockford,

IL). Protein (30 mg) was loaded onto 10% SDS-PAGE, electro-

phoresed, transferred to a nitrocellulose membrane, incubated

with 0.5 mg/ml of rabbit anti-cleaved PARP or anti-GAPDH (as

loading control) followed by anti-rabbit-HRP, and visualized with

ECL chemiluminescent substrate.

Animal ethics
This study was performed in strict accordance with and

approved by the University of Rochester (Rochester, NY)

Institutional Animal Care and Use Committee (IACUC), the

University Committee on Animal Resources (UCAR), as outlined

in the Manual on the Responsible Care and Use of Laboratory Animals. All

efforts were made to minimize suffering and limit animal numbers.

Any animals that showed signs of weakness and dehydration due

to treatment received a wet food diet. Animals that continued to

exhibit signs of weakness were humanely euthanized through

cervical dislocation.

Tumor growth in nude mice
Control transfectants or transfectants with low DcR3 expression

(26106 in 0.2 ml saline) were injected subcutaneously into the

hind legs of athymic nude mice (5–6 weeks old) with a 27.5-gauge

needle. Tumors were allowed to grow for 7 days (approximately

0.1 cm3) before treatment. Mice bearing tumors formed by either

control transfectants or transfectants with low DcR3 expression

were randomly divided into 2 groups (8 mice/group), treated with

saline as a control or gemcitabine (IV 100 mg/kg) twice a week for

4 weeks. For the tumor growth curve, tumor size was measured

twice weekly with vernier calipers. The tumor volumes were

calculated according to the formula (L x W2)/2 by measuring

tumor length (L) and width (W). At the end of experiment, the

tumors were removed and weighed. An ELISA was used to assess

the DcR3 level in tumor homogenate (30 mg). Western blotting

was performed for DcR3, TRAIL, and cleaved PARP.

Statistical analyses
All data were expressed as the mean 6 standard deviation (SD)

of at least 3 determinations, unless otherwise stated. The

differences among or between the control and treatment groups

were determined by Student’s t-test or analysis of variance

(ANOVA). P,0.05 indicated statistical significance.

Results

DcR3 bound to TRAIL
TRAIL is a membrane-bound death ligand with low levels

under normal culture conditions, and DcR3 is a secreted decoy

receptor. Although FasL, TL1A, and LIGHT have been identified

as ligands of DcR3 [14,15,16,17,18], the interaction of DcR3 with

TRAIL has not been studied in great detail. Because TRAIL

shares functionally similar domains with FasL, TL1A, and

LIGHT, we speculated that DcR3, which binds to FasL, TL1A,

and LIGHT, might also bind to TRAIL.

To determine whether DcR3 binds to TRAIL, we conducted

state of the art Biacore binding analysis. The recombinant pure

DcR3 was covalently linked on the flow chip surface, and the pure

recombinant TRAIL and LIGHT (as a positive control) were

flushed through the surface at various concentrations. Figure 1
shows the binding curve of TRAIL to DcR3 at different

concentrations (1–2048 nM). As shown in Table 1, although

the control equilibrium constant (Keq) of recombinant human

LIGHT to DcR3 was 13.2 nM, the association rate constant (Ka)

and disassociation rate constant (Kd) for recombinant human

TRAIL to DcR3 were 1.976104 1/Ms and 1.0461023 1/s,

respectively, and the Keq was 52.8 nM, indicating binding between

TRAIL and DcR3; however, the affinity was lower than that of

LIGHT to DcR3.

To determine whether DcR3 binds to TRAIL, we preincubated

AsPC-1 human pancreatic cancer cells with or without recombi-

nant DcR3, TRAIL, or anti-TRAIL McAb, and then stained

them with biotinylated anti-DcR3 followed by streptavidin-FITC.

Flow cytometry (Fig 1B) demonstrated that, while biotinylated

anti-DcR3 and streptavidin-FITC alone result in little staining of

DcR3, recombinant DcR3 could bind to the cell surface and be

detected with anti-DcR3. Due to the competition between free

TRAIL and membrane-bound TRAIL, recombinant TRAIL

reduced DcR3 cell-surface binding. This binding was also reduced

by preincubation with anti-TRAIL, which blocked the accessibility

of DcR3 to membrane-bound TRAIL. Together, the data indicate

that recombinant DcR3 binds to TRAIL on the surface of AsPC-1

cells.

To better observe the interaction between TRAIL and DcR3,

we used gemcitabine, a first-line antipancreatic cancer drug and

known TRAIL inducer, to upregulate TRAIL. Due to drug

sensitivity differences, AsPC-1 cells (Fig 1C) required a 10-fold

higher level of gemcitabine to increase the expression of TRAIL,

as compared to MiaPACa-2 cells (Fig 1D). We hypothesized that

soluble DcR3 would mask TRAIL on the cell surface; thus, the

reduction of DcR3 would reduce the masking and enhance the

staining of exposed TRAIL. To test this hypothesis, we utilized the

DcR3 siRNA approach. The reduction of DcR3 reduced masking

of TRAIL and increased accessibility of anti-TRAIL in AsPC-1

cells (Fig 1C), while the control siRNA did not have such an effect.

Likewise, we hypothesized that increased DcR3 surrounding the

cells would enhance the masking and reduce the accessibility of

anti-TRAIL to TRAIL. Recombinant DcR3 was added to the

cells, thereby causing reduced TRAIL staining as detected by flow

cytometry (Fig 1C). A similar pattern was observed in MiaPaCa-2

(Fig 1D), suggesting that the phenomenon of masking TRAIL

with DcR3 is common in the tested cell line. These results strongly

support the notion that DcR3 is associated with TRAIL on the cell

surface.

To further determine the binding of DcR3 to TRAIL, we used

gemcitabine to trigger the overexpression of TRAIL [19,20] and

added recombinant DcR3. Double staining with anti-TRAIL-PE

(red) and anti-DcR3-FITC showed an enhanced colocalization

(Fig 1F), as compared to the control (Fig 1E), suggesting that

DcR3 is physically associated with TRAIL.

To confirm the physical association of DcR3 with TRAIL, we

performed immunoprecipitation and Western blotting. FasL, a

known ligand for DcR3, was used as a positive control. The results

showed that the anti-DcR3-captured DcR3-TRAIL complex

(approximately 70 kDa MW under mildly denaturing conditions)

could be detected by anti-TRAIL in a mixture of pure

recombinant DcR3 and TRAIL (Fig 1G), lysate (Fig 1I), or

DCR3 Reduction Enhances TRAIL-Mediated Apoptosis
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Figure 1. Interaction of DcR3 with TRAIL. Biocore assays, flow cytometry, Western blot, and ELISA-like binding assays were performed to
determine the physical interaction between DcR3 and TRAIL. (A) Biacore analysis. The binding curve of TRAIL to DcR3 was determined at different
concentrations (1–2048 nM). The control Keq of recombinant human LIGHT to DcR3 was 13.2 nM, while the Keq of TRAIL to DcR3 was 52.8 nM. (B)

DCR3 Reduction Enhances TRAIL-Mediated Apoptosis
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conditioned media (Fig 1K) of AsPC-1 cells that expressed both

DcR3 and TRAIL. Likewise, the anti-TRAIL-captured DcR3-

TRAIL complex could be detected by anti-DcR3 in the same 3

settings (Fig 1H, 1J, and 1L). As a side-by-side positive control,

FasL exhibited a pattern similar to that of the anti-FasL-captured

DcR3-FasL complex detected by anti-DcR3 (Fig 1G, 1I, and

1K), which strongly supports the notion that TRAIL and FasL

bind to DcR3. Notably, the DcR3-TRAIL complex formed not

only in a pure protein condition (Fig 1G and 1H) but also in a

natural condition in the membrane-bound form (in lysate, Fig 1I
and 1J) and in the secretory form (in media, Fig 1K and 1L). The

bands of DcR3-TRAIL complex in media were much finer than

the bands in lysate, indicating that the complex was membrane

bound. These results were consistent with those obtained through

flow cytometry.

To further confirm the association of DcR3 with TRAIL, we

performed an ELISA-like assay. When TRAIL or FasL was coated

onto ELISA plates, the binding of DcR3 to these ligands could be

detected with anti-DcR3 and reduced by the addition of free

recombinant TRAIL or FasL, which competed with DcR3 for the

immobilized TRAIL or FasL (Fig 1M). In contrast, when DcR3

was coated onto ELISA plates, the recombinant TRAIL or FasL

bound to immobilized DcR3 and was detected by anti-TRAIL or

anti-FasL, which was also partially blocked by the free form of

DcR3 (Fig 1N).

In all tests, the FasL-DcR3 complex served as a side-by-side

positive control and showed a pattern similar to that of the DcR3-

TRAIL complex (Fig 1G, 1I, 1K. 1L and 1M), strongly

supporting that TRAIL is indeed a new ligand of DcR3.

Alteration of DcR3 affected gemcitabine-induced
apoptosis

To study the biological function of DcR3 in pancreatic cancer,

we measured the level of DcR3 by a quantitative ELISA for DcR3

[21] in AsPC-1 and MiaPaCa-2 pancreatic cancer cells.

Compared with SW480, a human colon adenocarcinoma cell

line that is known to express high levels of DcR3, as compared to

other 13 cell lines [22], the AsPC-1 and MiaPaCa-2 cells had an

even higher level of DcR3 (Fig 2 A), which is consistent with other

reports [23,24]. Both DcR3 and TRAIL expressed at a high level

on the same cells, suggesting that antiapoptotic and proapoptotic

molecules are balanced at a high level to counteract each other.

The natural expression of high levels of both molecules makes the

study of their interaction much easier.

To determine the interactive effect of DcR3 and TRAIL on

cancer cells, gemcitabine and siRNA for DcR3 were used to

regulate the level of DcR3. The AsPC-1 and MiaPaCa-2 cells were

treated with different doses of gemcitabine for 48 hours, and the

level of DcR3 in the media was measured with an ELISA. The

results showed that gemcitabine reduced DcR3 in a dose-

dependent manner in both cell lines (Fig 2B and C). A similar

reduction was observed with siRNA (Fig 2D).

If the function of gemcitabine-reduced DcR3 is to tip the

balance towards apoptosis, then the addition of DcR3 should

reverse gemcitabine-induced apoptosis. Thus, AsPC-1 and Mia-

PaCa-2 cells were treated with different doses of gemcitabine with

or without recombinant DcR3 for 48 hours, and then the

apoptotic cells were measured with Annexin V staining. The

results showed that 5–8% of cells were apoptotic in the control,

which increased to approximately 30% in the gemcitabine group.

This gemcitabine-induced apoptosis was reduced by the addition

of recombinant DcR3 (0, 0.5, 1, and 2 mg/ml) in a dose–

dependent manner (Fig 3A and 3B). Similarly, the gemcitabine-

induced increase of caspase 3 activity was reversed by DcR3

(Fig 3C and 3D). These results suggest that DcR3 plays a critical

role in the inhibition of apoptosis and that the gemcitabine-

induced reduction of DcR3 might be related to its antitumor

activity.

Downregulation of DcR3 with siRNA promoted TRAIL-
mediated apoptosis in vitro

To test if the unmasking of TRAIL could increase its

accessibility to its receptor and enhance this death pathway, we

examined the effect of DcR3 on TRAIL-mediated apoptosis. The

DNA fragmentation (sub-G1) assay showed that when AsPC-1

cells were treated with FasL or LIGHT plus control siRNA or

DcR3 siRNA, apoptosis did not increase significantly. However,

when treated with TRAIL and DcR3 siRNA, AsPC-1 cells

exhibited a dramatic increase in apoptosis, as compared to cells

treated with TRAIL plus control siRNA (Fig 4A). MiaPACa-2

cells exhibited a similar pattern (Fig 4C). The enhanced apoptosis

was further confirmed by increased cleaved PARP, as determined

Flow cytometry for DcR3 with TRAIL on the cell surface. Suspended AsPC-1 cells were incubated first with PBS, TRAIL (5 mg/ml) without (lane
2) or with DcR3 (lane 4), recombinant DcR3 (lane 3), or mouse anti-TRAIL MAb (1 mg/ml) with DcR3 (lane 5). Thereafter, 5 mg/ml of biotinylated anti-
DcR3 was added to determine the binding of DcR3 on cell surface with flow cytometry. (C and D) Flow cytometry for exposed TRAIL.
Gemcitabine was added to AsPC-1 (0–1000 nM) or MiaPaCa-2 (0–100 nM) cells to stimulate the expression of TRAIL. Cells were also treated with PBS,
10 nM of DcR3 siRNA (to reduce the binding and masking of TRAIL), or additional recombinant DcR3 (to block the accessing of anti-TRAIL) to detect
TRAIL by flow cytometry. (E and F) Colocalization of DcR3 and TRAIL. AsPC-1 cells treated without (as control) or with 500 nM of gemcitabine
(to enhance the expression of TRAIL) were stained with anti-TRAIL-PE and anti-DcR3-FITC. Doublestained cells were assessed with flow cytometry. (G
to L) Immunoprecipitation and Western blotting for DcR3-TRAIL complex. 70-kDa DcR3-TRAIL complex in 100 ml of pure DcR3 and TRAIL
mixture (G and H), lysate (I and J), or culture media (K and L) of AsPC-1 cells was captured with McAb anti-DcR3 (G, I, K) or anti-TRAIL (H, J, L) McAb
and immobilized with 30 ml of protein A beads. The complex of McAb-DcR3-TRAIL was eluted with Laemmli buffer and subjected to Western blotting
with biotinylated anti-TRAIL (G, I, K) or anti-DcR3 (H, J, L) followed by SA-HRP and ECL detector. (M and N) Binding competition between free
and immobilized forms of DcR3 and TRAIL. M: After 100 ml of 1 mg/ml recombinant TRAIL or FasL was immobilized on an ELISA plate, 1 mg/ml
of DcR3 was added without (no competition group) or with 10 mg/ml of TRAIL or FasL (competition group) or boiled TRAIL or FasL (no function
protein control), followed by biotinylated anti-DcR3 and SA-HRP and TMB substrate. N: DcR3 was immobilized on an ELISA plate. TRAIL and FasL were
used as ligands without or with boiled or functional 10 mg/ml of TRAIL or FasL in the presence of DcR3, followed by biotinylated anti-TRAIL or anti-
FasL, and SA-HRP and TMB substrate.
doi:10.1371/journal.pone.0074272.g001

Table 1. Biacore analysis for TRAIL or LIGHT binding to
Recombinant DcR3.

Recombinant
Protein Ka (1/Ms) Kd (1/s) Keq (nM)

TRAIL 1.946104 1.0461023 52.8

LIGHT 4.156104 5.4761023 13.2

Ka, association rate constant; Kd, dissociation rate constant; Keq, equilibrium
constant.
doi:10.1371/journal.pone.0074272.t001
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by Western blotting (Fig 4B and 4D). The results indicate that

reduced DcR3 could greatly enhance the proapoptotic effect of

TRAIL in these 2 pancreatic cancer cell lines (as compared to

FasL and LIGHT), whereas DcR3 is utilized by these cells to

counteract the proapoptotic effect of TRAIL.

Figure 2. High level of DcR3 in pancreatic cancer cells and downregulation by siRNA and gemcitabine. (A) Expression of DcR3 in AsPC-1,
MiaPaCa-2, and SW480 cells (as positive control). The DcR3 level in 100 ml of conditioned media from cells that were cultured in 6-well plates (4 ml)
was measured with an ELISA. (B and C) Gemcitabine reduced DcR3 expression. AsPC-1 and MiaPaCa-2 cells were treated with gemcitabine at the
indicated concentrations for 48 hours. The DcR3 level was measured in 100 ml of media from each group. (D) siRNA knocked down DcR3 expression.
Cells (16105) in 6-well plates were transfected with 10 nM of DcR3 siRNA or control siRNA in Transfectin LTX (6.25 ml/well). After 24 hours, DcR3 in
culture media was measured with an ELISA.
doi:10.1371/journal.pone.0074272.g002

Figure 3. DcR3 reduced gemcitabine-induced apoptosis. Gemcitabine was added to media of AsPC-1 (500 nM) or MiaPaCa-2 cells (50 nM)
incubated with 0, 0.5, 1, or 2 mg/ml of recombinant DcR3 for 24 hours. Cells were then subjected to flow cytometry for the sub-G1 fraction (A and B)
or an enzyme assay for caspase 3 activity (C and D). Gemcitabine-triggered apoptosis was decreased by the addition of DcR3 in a dose-dependent
manner (P,0.01).
doi:10.1371/journal.pone.0074272.g003
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DcR3 affected gemcitabine-mediated apoptosis in vitro
DcR3 siRNA and gemcitabine reduced the expression level of

DcR3 (Fig 3 and 4). We wanted to determine if further

downregulation of DcR3 via the combination of these 2 factors

could enhance the proapoptotic effect, as compared to a single

factor alone. After cells were treated with either siRNA or

gemcitabine alone or in combination, DNA fragmentation and

cleaved PARP were measured. The results showed that while

gemcitabine alone caused increased apoptosis (Fig 5A and 5C)

and cleaved PARP levels (Fig 5B and 5D), its combination with

siRNA further increased apoptosis and cleaved PARP levels

(Fig 5). Without a proapoptotic ligand with which to bind and

counteract, DcR3 siRNA alone had no effect; however, when

TRAIL was upregulated by gemcitabine, the reduction of DcR3

decreased the masking of TRAIL, thereby promoting apoptosis.

These results are consistent with those in Figure 3. In

conjunction with the results shown in Figures 1 and 4, the data

suggest that DcR3 binding to TRAIL reduces TRAIL-induced

apoptosis and protects tumor cells, which might account for the

resistance of tumors to TRAIL treatment.

Downregulation of DcR3 enhanced the
chemotherapeutic effect on tumor growth in vivo

Encouraged by promising in vitro results, we wanted to

determine if the reduction of DcR3 could enhance the effective-

ness of chemotherapy in vivo. AsPC-1 cells were transfected with a

mammalian expression vector that contained siRNA to knock-

down the expression of DcR3 and a cassette for G418 selection.

The pooled vector mock-transfection cells (as control), or DcR3

siRNA transfected cells with low DcR3 expression (confirmed by

ELISA) were injected into nude mice, and the established tumors

(60 mm3) were then treated with gemcitabine. The results showed

that DcR3 siRNA alone did not slow tumor growth (Fig 6A) or

reduce tumor weight (Fig 6B); however, DcR3 siRNA enhanced

the inhibitory effect of gemcitabine, which is related with the

enhanced downregulation of DcR3 in the tumor tissue as

measured by an ELISA (Fig 6C).

In addition, the levels of DcR3 and TRAIL and their complex

in the lysate of tumor tissues were examined by Western blotting.

Similar to the results found in in vitro cell culture lysate (Fig 1I and
1J), anti-DcR3 and anti-TRAIL staining resulted in 2 bands

(Fig 6D), indicating that the DcR3-TRAIL complex exists in

tumors. The level of DcR3 was reduced by siRNA, and the level of

TRAIL was increased in the gemcitabine-treated group (with or

without siRNA), as compared to the vehicle alone or siRNA alone,

indicating that gemcitabine upregulates TRAIL and that the

downregulation of DcR3 unmasks TRAIL (allowing anti-TRAIL

to access TRAIL as evidenced by a strong band in lane 4 of

Fig 6D). Consistent with the in vitro data, TRAIL-induced

apoptosis in vivo was evidenced by increased cleaved PARP

(Fig 3, 4, and 5).

There was no difference in tumor growth between the vector-

alone mock transfectants and the DcR3 siRNA-transfected cells,

suggesting that the existence of proapoptotic molecules (induced

by chemotherapeutic agents) is a prerequisite for the action of

DcR3. The dual action of gemcitabine, the induction of TRAIL,

and the downregulation of its antagonist DcR3 reveal a new

mechanism by which gemcitabine exerts its powerful antipancrea-

tic cancer effect.

Discussion

Pancreatic cancer is a devastating and particularly malignant

cancer with a very low 14% 5-year survival rate for stage 1A and

an abysmal 1% for stage IV [25]. We speculate that this poor

prognosis might be associated with pancreatic cancer’s strong

ability to resist apoptosis. Using Biacore binding analysis, ELISA,

flow cytometry, immunoprecipitation, and Western blotting, we

demonstrated that DcR3 binds to TRAIL and decreases TRAIL-

mediated apoptosis (Fig 1). The reduction of DcR3 unmasks

Figure 4. DcR3 siRNA enhanced TRAIL-induced apoptosis. AsPC-1 or MiaPaCa-2 cells were transfected with 10 nM of control siRNA or DcR3
siRNA, respectively. After 24 hours, the cells were treated with recombinant FasL, LIGHT, or TRAIL (100 ng/ml for AsPC-1 and 20 ng/ml for MiaPaCa-2
cells) for 24 hours. Cells were harvested and subjected to flow cytometry for the sub-G1 fraction (A and C) or Western blotting for cleaved PARP (B
and D). DcR3 siRNA significantly enhanced TRAIL-induced apoptosis (P,0.05).
doi:10.1371/journal.pone.0074272.g004
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TRAIL on the cell surface and promotes apoptotic signaling of

pancreatic cancer cells both in vitro and in vivo.

Based on the finding that transformed cells and normal cells

possess the DR4/DR5 receptors for TRAIL, several studies have

determined that TRAIL is a promising molecule for controlling

cancer progression [6,12,20,26,27,28]. However, because of its

antagonist decoy receptor, TRID, which is expressed in normal

cells and blocks the apoptotic signaling of DR4/DR5 but is not

well expressed in cancer cells [29,30,31], the apoptotic signaling of

TRAIL is decreased in normal cells but not in tumor cells

[23,24,32,33], While the TRAIL-related therapeutic approach has

been shown to control the growth of certain types of cancer

[31,34], it has been ineffective for pancreatic cancer [35].

Moreover, its underlying mechanism is largely unknown.

Our study reveals that DcR3 is an antagonist decoy receptor

that confers pancreatic cancer cells with resistance to proapoptotic

TRAIL. The overexpression of DcR3 has been observed in

malignant tumor types, such as pancreatic and ovarian cancer

[22,36]. These highly malignant cells express a higher level of

DcR3, as compared to other tumor cells with low malignancy

[22,36,37]. For example, STS26T, a malignant peripheral nerve

sheath tumor cell line that forms aggressive tumors in nude mice,

expresses a high level of DcR3, while the T265 and ST88-14 cells

that do not form tumors under the same conditions express a low

level of DcR3 (our unpublished data). Functionally, the level of

DcR3 seems to correlate with resistant to the chemotherapy. To

achieve an apoptotic effect similar to that of MiaPACa-2 cells,

AsPC-1 cells required 10-fold the amount of gemcitabine. These

results demonstrate that AsPC-1 cells with a higher level of DcR3

are more resistant to gemcitabine than MisPACa-2 cells with a

lower level of DcR3 (Fig 3). The knockdown of DcR3 level

enhanced gemcitabine-induced apoptosis both in vitro and in vivo

(Fig 4, 5 and 6), which is related to an increased level of TRAIL

on the cell surface (Fig 1B and 1C). In contrast, the addition of

DcR3 reduced gemcitabine-induced apoptosis (Fig 3) via reduc-

tion of functionally active TRAIL on the cell surface (Fig 1B–1D).

DcR3 extracellularly binds to TRAIL, thereby masking it and

blocking the interaction between TRAIL on the surface of one cell

with DR4/DR5 on another.

The binding of DcR3 and TRAIL was seen not only in the

setting with 2 pure recombinant proteins but also in the culture

media and the lysate of AsPC-1 and MiaPACa-2 cells (Fig 1G-
1L). The exogenous addition of recombinant DcR3 enhanced the

masking of TRAIL on the cell surface, while the reduction of

DcR3 unmasked TRAIL, leading to its easy access (Fig 1B and

1C). Furthermore, the enhanced interaction of TRAIL and its

receptor led to enhanced activation of apoptosis, as evidenced by

increased cleaved PARP and apoptotic cells (Fig 3, 4, 5, and 6).

These results indicate that the physical binding of DcR3 to TRAIL

confers an antiapoptotic effect.

Although FasL, LIGHT, and TRAIL interacted with DcR3, the

reduction of DcR3 with siRNA did not seem to affect FasL-

mediated and LIGHT-mediated apoptosis in AsPC-1 and

MiaPACa-2 cells. This reduction did dramatically increase

TRAIL-mediated cleavage of PARP and the number of apoptotic

cells (Fig 4), suggesting that TRAIL exerts a dominate apoptotic

effect and is sensitive to the masking effect of DcR3 in these 2

pancreatic cancer cell lines.

Although the primary action of gemcitabine is to interrupt

cellular DNA synthesis, it also indirectly promotes apoptosis. This

study indicates that the underlying mechanism by which

gemcitabine induces apoptosis is related to its ability to reduce

DcR3 and to increase TRAIL expression (Fig 2B, 2C, and 6D),

which allows more TRAIL exposed on the cell surface to exert its

proapoptotic function. The reduction of DcR3 with siRNA

resulted in a further increase in exposed TRAIL (Fig 2B and

Figure 5. DcR3 siRNA enhanced gemcitabine-induced apoptosis. AsPC-1 or MiaPaCa-2 cells were transfected with 10 nM of control siRNA or
DcR3 siRNA, respectively. After 24 hours, the cells were treated with gemcitabine (250 or 25 nM, respectively) for 24 hours. Cells were harvested and
subjected to flow cytometry for the sub-G1 fraction (A and C) or Western blotting for cleaved PARP (B and D). The combination of DcR3 siRNA and
gemcitabine significantly enhanced the proapoptotic effect.
doi:10.1371/journal.pone.0074272.g005
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C), which translated into the enhancement of TRAIL-induced

apoptosis (Fig 4). The combination of gemcitabine with siRNA

strongly enhanced apoptosis; this was observed not only in vitro

(Fig 4 and 5) but also in vivo, as evidenced by the slow growth and

lower weight of primary tumors (Fig 6). All data indicate that the

combination of gemcitabine and DcR3 siRNA reduce the masking

of TRAIL and dramatically enhance the drug’s therapeutic effect.

It is possible that a lower dose of gemcitabine would enhance the

effect of the combined treatment, while reducing side effects.

Further studies are warranted to examine this possibility.

Notably, our binding data are inconsistent with the finds of Piiti

et al [22]. TRAIL is most homologous to FasL, sharing 28% of the

amino acid sequence identity in their extracellular domains. Their

study proved that DcR3 binds to FasL, whereas the TRAIL-Fc

overexpression in human 293 cells did not exhibit the same

binding [22]. The inconsistence of our observation with the Pitti

report might be due to a difference in our assay systems. It remains

to be studied whether the machinery required for the formation of

the DcR3-TRAIL complex is fully possessed by AsPC-1 pancreatic

cancer cells but is missing in TRAIL-Fc overexpressing 293 cells,

which might account for the different binding phenotypes. Based

on the results of crystal structure analysis and homolog compar-

isons, the death receptors of type I cells (e.g., DcR3, DR3, DR5,

and TNFR) and the death ligands (e.g., FasL, LIGHT, TL1A, and

TRAIL) do share functionally similar domains [13]; therefore, it is

likely that DcR3 could bind to FasL, LIGHT, TL1A, and TRAIL

with different levels of affinity.

The function of DcR3 varies with the cell lines. For example,

DcR3 induces apoptosis of dendritic cells, but it protects cancer

cells and inversely correlates with the overall survival time of

pancreatic cancer patients [38], which may be related to

weakening the immune response to tumors. The signaling pathway

for the expression of DcR3 might also vary with different cells.

Chen et al reported that the expression of DcR3 in AsPC-1 cells is

related to phosphatidylinositol 3-kinase-, Akt-, and NF-kappaB-

dependent pathways [39], which are upregulated in AsPC-1.

Taken together, our data strongly support the notion that tumor

cells utilize binding of DcR3 to TRAIL to escape TRAIL-

mediated apoptosis, an extracellular protection system for

malignancy. As the reduction of DcR3 is likely to tip the balance

from antiapoptosis to proapoptosis, it represents a new potential

approach to treat pancreatic cancer.

Figure 6. DcR3 siRNA enhanced the antitumor effect of gemcitabine. Control siRNA and DcR3 siRNA-transfected AsPC-1 cells (26106/site)
were subcutaneously injected into nude mice (8 mice/group) and allowed to establish for 7 days. Thereafter, the established tumors were treated
with 100 mg/kg of gemcitabine or vehicle (PBS) via intravenous injection twice weekly for 4 weeks. (A) The tumor growth curve was calculated from
tumor sizes measured twice weekly. The reduction of DcR3 enhanced the antitumor effect of gemcitabine. (B) Tumors were weighed at the end of
the experiment. * P,0.05, tumors in the gemcitabine-treated groups versus in untreated groups in vector-transfected AsPC-1 cells; $* P,0.05, tumors
in siRNA transfectants versus in vehicle transfectants with gemcitabine treatment. (C) The reduction of DcR3 in tumor tissues with different
treatments determined with an ELISA. * P,0.05, DcR3 in untreated tumors versus in gemcitabine-treated tumors formed by vector-transfected AsPC-
1 cells; ** P,0.05, DcR3 in tumor control siRNA versus in DcR3 siRNA-transfected AsPC-1 cells; $ P,0.05, DcR3 in untreated tumors versus in
gemcitabine-treated tumors formed by DcR3 siRNA-transfected AsPC-1 cells. (D) Western blotting was performed in tumor lysate (30 mg/sample)
collected from each group and stained with primary antibodies of anti-TRAIL, anti-DcR3, anti-cleaved PARP, and anti-GAPDH (as loading control).
doi:10.1371/journal.pone.0074272.g006
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