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Recombinant protein TRAIL-Mu3 enhances the antitumor
effects in pancreatic cancer cells by strengthening
the apoptotic signaling pathway
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Abstract. Pancreatic cancer is a highly malignant type of
cancer and its treatment remains a major challenge. The novel
recombinant protein TNF-related apoptosis-inducing ligand
(TRAIL)-Mu3 has been shown to exert stronger tumor inhibi-
tory effects in colon cancer in vitro and in vivo compared with
TRAIL. The present study investigated the antitumor effects
of TRAIL-Mu3 on pancreatic cancer cells, and the possible
mechanisms were further examined. Compared with TRAIL,
TRAIL-Mu3 exhibited significantly higher cytotoxic effects
on pancreatic cancer cell lines. The inhibitory effect of
TRAIL-Mu3 on the viability of PANC-1 cells was shown to be
a caspase-dependent process. The affinity of TRAIL-Mu3 to
PANC-1 cell membranes was significantly enhanced compared
with TRAIL. In addition, TRAIL-Mu3 upregulated death
receptor (DR) expression in PANC-1 cells and promoted the
redistribution of DRS in lipid rafts. Western blotting results
demonstrated that TRAIL-Mu3 activated the caspase cascade
in a faster and more efficient manner compared with TRAIL
in PANC-1 cells. Therefore, TRAIL-Mu3 enhanced the
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antitumor effects in pancreatic cancer cells by strengthening
the apoptotic signaling pathway. The present study indicated
the potential of TRAIL-Mu3 for the treatment of pancreatic
cancer.

Introduction

Pancreatic cancer is a highly malignant type of tumor of
the digestive system, with a 5-year survival rate of 3% (1).
Most patients present with advanced stage disease at diag-
nosis, upon which surgery is no longer an option (2). Even
after surgical resection, the estimated overall survival rate
remains low (20%) and most patients will develop metastatic
disease within 5 years (3). The lethality of pancreatic cancer
is attributed to several factors, including the lack of effective
screening, delayed presentation and complex tumor biology
and genetics (4). At present, there is no effective treatment for
pancreatic cancer, especially in advanced stages, and there
has been no successful breakthrough in the development of
new targeted therapies (5). Therefore, there is an urgent need
to identify effective therapeutics for patients with pancreatic
cancer (6).

As a programmed death mechanism, apoptosis serves an
important role in maintaining homeostasis (7). A number of
oncogenic pathways inhibit apoptosis, and the imbalance of
apoptosis has an important role in tumor occurrence and devel-
opment (8). TNF-related apoptosis-inducing ligand (TRAIL)
can induce apoptosis of various cancer cells while sparing
most normal cells, and has been shown to be a relatively
promising and effective anticancer agent (9,10). TRAIL-
induced apoptosis is mediated by an extrinsic pathway via
death receptor (DR)4 and/or DRS5. The interaction between
the DR Fas-associated protein with death domain (FADD)
and pro-caspase-8 promotes the formation of death-inducible
signaling complex (DISC) (11). With the formation of DISC,
pro-caspase-8 is activated, which then activates caspase-3 (10).
Caspase-8 may also proteolytically process Bid to initialize the
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intrinsic pathway (12). However, a subsequent study found that
a multitude of cancer cells avoid TRAIL-induced apoptosis
in different ways, such as via loss of cell surface expression
of TRAIL receptors and imbalance of stoichiometric ratios
of pro- and anti-apoptotic proteins (12). Additionally, another
study has revealed that the function of lipid rafts is associ-
ated with TRAIL resistance in NSCLC cells (13). Lipid rafts
are membrane microdomains within the lipid bilayer struc-
ture containing special lipids and proteins, which provide a
membrane aggregation platform for DRs and serve an impor-
tant role in initiating death signaling transmission (14).

Most tumor cell membranes contain acid phospho-
lipids (3-9%), making the tumor cell surface negatively
charged (15,16). In a previous study (17), the soluble TRAIL
114-121 amino acid coding sequence (VRERGPQR) was
selected and constructed into the ‘RRRRRRRR’ sequence to
obtain a novel TRAIL mutant, TRAIL-Mu3. The antitumor
effects of TRAIL-Mu3 on colorectal cancer in vitro and
in vivo were significantly improved (18). The present study
investigated the antitumor effects of TRAIL-Mu3 on pancre-
atic cancer cells and its possible mechanism.

Materials and methods

Cell culture and treatment. MIAPaca-2 cells (Shanghai
Institutes for Biological Sciences; Chinese Academy of
Sciences) were maintained in RPMI-1640 medium (Thermo
Fisher Scientific, Inc.) supplemented with 1 mM sodium pyru-
vate and 10% fetal bovine serum (Thermo Fisher Scientific,
Inc.). PANC-1 and PA-TU8988S cells (Shanghai Institutes
for Biological Sciences; Chinese Academy of Sciences) were
maintained in low-glucose DMEM (Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum. All cells
were incubated in 5% CO, at 37°C. Cytotoxicity was evaluated
using medium containing 10% Cell Counting Kit-8 reagent
(Dojindo Molecular Technologies, Inc.) for 1.5 h at 37°C.
Pancreatic cancer cells were treated with TRAIL-Mu3 (Initial
concentration 0.1/1/100 pg/ml) or TRAIL (Initial concentra-
tion 100/100/300 pg/ml) (Chengdu Huachuang Biotechnology
Co., Ltd.) for 48 h at 37°C. A microplate reader was used to
measure the raw values at a wavelength of 490 nm (Infinite
F50; Tecan Group, Ltd.). The criterium for sensitivity or
resistance was the half maximal inhibitory concentration
(IC4y <10 pg/ml, the cell was sensitive to the protein sample;
ICy, =10 pug/ml, the cell was resistant to the protein sample).
Cytotoxicity assays were performed in triplicate and repeated
at least three times.

Assessment of apoptosis. PANC-1 cells (2x10%/ml) were
seeded in 6-well plates and incubated with TRAIL-Mu3 or
TRAIL (0.0025 pg/ml) for 24 h at 37°C. Subsequently, the
cells were collected and washed twice with cold phosphate-
buffered saline (PBS). The cells were resuspended in 500 pl
1X Annexin V binding buffer containing 5 ul Annexin V-FITC
and 5 pl PI solution (Dojindo Molecular Technologies, Inc.). The
percentage of early and late apoptotic cells was evaluated with
a FACSCalibur instrument (Cytoflex; Beckman Coulter, Inc.)
and analyzed using CytExpert 2.0 (Beckman Coulter, Inc.).
PANC-1 cells (5x10°/ml) were seeded in 96-well plates,
pretreated with or without the broad-spectrum caspase

inhibitor Z-VAD-FMK (10 uM; Selleck Chemicals) and
incubated with TRAIL-Mu3 (initial concentration 0.1 pg/ml)
or TRAIL (initial concentration 0.1 pg/ml) for 48h at 37°C.
Cytotoxicity was evaluated using the Cell Counting Kit-8, as
aforementioned.

Analysis of affinity by immunofluorescence. The Pierce FITC
Antibody Labeling kit (Thermo Fisher Scientific, Inc.) was
used to label TRAIL-Mu3 or TRAIL according to the manu-
facturer's instructions. PANC-1 cells (5x10*/ml) were seeded
in 24-well plates that contained slides and then incubated
with labeled TRAIL-Mu3 or TRAIL. After 1 h at 37°C, cells
were washed with PBS and fixed with 4% paraformaldehyde
for 20 min at room temperature. Cells were then stained
with Dil (Beyotime Institute of Biotechnology) for 10 min
and Hoechst 33342 (Beyotime Institute of Biotechnology)
for 5 min at room temperature. Antifade mounting medium
(Beyotime Institute of Biotechnology) was used to mount
the cells, and the samples were analyzed by fluorescence
microscopy (magnification, x400; AX10 Imager A2; Carl
Zeiss AG).

Analysis of the distribution of DRs in lipid rafts by immu-
nofluorescence. PANC-1 cells (5x10*/ml) were seeded and
incubated with TRAIL-Mu3 or TRAIL (0.0025 pg/ml) in
24-well plates with slides and fixed in 4% paraformaldehyde
at 4°C. After 20 min, cells were blocked with 3% bovine serum
albumin (BSA; Thermo Fisher Scientific, Inc.) for 30 min at
room temperature. For double staining, anti-DR4 or anti-DRS5
mouse monoclonal primary antibodies (1:100; cat. nos. sc-8411
and sc-166624, respectively; Santa Cruz Biotechnology, Inc.)
were used to label the cells at 4°C. After 1 h, the cells were
incubated with rhodamine-conjugated goat anti-mouse IgG
secondary antibody (1:62.5; cat. no. sc-358922; Santa Cruz
Biotechnology, Inc.) for 45 min at 4°C. FITC-conjugated
rabbit anti-choleratoxin B (12.5 yg/ml; cat. no. C1655; Sigma-
Aldrich; Merck KGaA) was simultaneously added with the
secondary antibody to stain the membrane rafts. Fluorescence
microscopy (magnification, x400; AX10 Imager A2/AX10
Cam HRC; Carl Zeiss AG) was used to analyze the cells.

Western blot analysis. PANC-1 cells were seeded in a
60-mm culture dish and incubated with TRAIL-Mu3 or
TRAIL (0.0025 pg/ml) at 37°C. After 2, 4 and 6 h, cells
were collected and lysed at 4°C with 200 pl buffer containing
1% Triton X-100 and protease and phosphatase inhibitors.
Protein concentration was determined using a bicinchoninic
acid assay. Proteins (50 ug/lane) from lysed cells were sepa-
rated via 15% SDS-PAGE and transferred to polyvinylidene
difluoride membranes, which were blocked with TBS buffer
containing 3% BSA (Thermo Fisher Scientific, Inc.) for 2 h
at room temperature and subsequently probed with primary
antibodies overnight at 4°C, followed by secondary antibodies
for 2 h at 4°C. Protein bands were visualized by electroche-
miluminescence (Thermo Fisher Scientific, Inc.). Primary
antibodies for caspase-3 (cat. no. 9665; 1:1,000), caspase-8
(cat. no. 9746; 1:1,000), B-actin (cat. no. 4970; 1:1,000)
and poly (ADP-ribose) polymerase (PARP; cat. no. 9542;
1:1,000) were purchased from Cell Signaling Technology, Inc.
HRP-conjugated anti-mouse IgG (cat. no. 7076; 1:1,000) and
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Figure 1. Antitumor activity of TRAIL-Mu3 in pancreatic cancer cell lines. (A) MIAPaca-2, (B) PA-TU8988S and (C) PANC-1 cells. TRAIL-Mu3, recombi-

nant TNF-related apoptosis-inducing ligand.

Table I. Comparison of ICy, values between pancreatic cancer
cell lines.

ICsp, pg/ml
Cell line TRAIL TRAIL-Mu3
MIAPaca-2 5.7252+0.9613 0.0008+0.0002*
PA-TU8988S 128.4667+2.2460 30.4600+2.7700°
PANC-1 145.1920+5.5636 0.0028+0.0017¢

“P<0.001, "P<0.00001 and °P<0.000001 vs. TRAIL. ICs,, half
maximal inhibitory concentration; TRAIL-Mu3, recombinant
TNF-related apoptosis-inducing ligand.

anti-rabbit IgG (cat. no. 7074; 1:1,000) secondary antibodies
were purchased from Cell Signaling Technology, Inc. Imagel.
JS (powered by ImJoy) was used for densitometry.

In parallel, PANC-1 cells (5x10°/ml) were seeded in 96-well
plates, incubated with TRAIL-Mu3 or TRAIL (0.0025 ug/ml)
for 2,4 and 6 h at 37°C. Cytotoxicity was evaluated using the
Cell Counting Kit-8, as aforementioned.

Flow cytometric analysis of DRs. PANC-1 cells (2x106/ml)
were seeded in 6-well plates and incubated with TRAIL-Mu3
or TRAIL (0.0025 pg/ml) for 24 h at 37°C. Subsequently, cells
were collected and resuspended in PBS containing 1% BSA.
Next, FITC-labeled mouse anti-human DR4 (cat. no. A15746)
or DR5 monoclonal antibodies (cat. no. A15750) (both 1:20;
both from Thermo Fisher Scientific, Inc.) were added for
30 min at 4°C. FITC-labeled control IgG isotypes (1:20;
cat. no. MA5-18096; Thermo Fisher Scientific, Inc.) were
used to assess non-specific staining at 4°C. After 30 min, a

FACSCalibur instrument (CytoFlex; Beckman Coulter, Inc.)
and CytExpert 2.0 (Beckman Coulter, Inc.) were used to
analyze the cells.

Statistical analysis. SPSS software (version 19.0; IBM Corp.)
or OriginPro software (version 9.0; OriginLab) were used
to perform computer-based statistical analysis. Results were
presented as the mean + SD of at least three different experi-
ments. Statistical significance was evaluated using unpaired
Student's t-test for comparisons between 2 groups and one-way
ANOVA followed by Tukey's post-hoc test for comparisons
among >2 groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Cytotoxic ability of TRAIL-Mu3. The present study assessed
the cytotoxic ability of TRAIL-Mu3 in MIAPaca-2,
PA-TU8988S and PANC-1 cells. TRAIL-Mu3 exhibited
markedly higher cytotoxicity on pancreatic cancer cell lines
compared with TRAIL (Fig. 1A-C). A significant decrease in
the IC,, of TRAIL-Mu3 was observed in the three cancer cell
lines compared with TRAIL (Table I).

Pro-apoptotic effects of TRAIL-Mu3 are significantly
improved and TRAIL-Mu3-induced PANC-1 cell apoptosis is
dependent on the caspase cascade. The present study selected
the PANC-1 cell line, which is TRAIL-resistant and TRAIL-
Mu3-sensitive, for subsequent experiments. The apoptosis rate
was significantly higher in the TRAIL-Mu3 group compared
with in the TRAIL group (Fig. 2A). TRAIL-Mu3 exhibited
significantly higher antitumor activity compared with TRAIL
at each tested dose (Fig. 2B). However, when PANC-1
cells were pretreated with the broad-spectrum caspase
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inhibitor Z-VAD-FMK, the antitumor activity of TRAIL and
TRAIL-Mu3 was inhibited (Fig. 2B).

Affinity of TRAIL-Mu3 to PANC-1 cell membranes is signifi-
cantly enhanced. Immunofluorescence assays were performed
to assess the difference in affinity between TRAIL-Mu3
and TRAIL in PANC-1 cells. Following exposure to labeled
TRAIL-Mu3 and TRAIL for 1 h, PANC-1 cells were found
to combine with a large amount of Green fluorescence in the
TRAIL-Mu3 group, but this was not observed for the TRAIL
group (Fig. 3A). The quantification of the signal expressed as
aratio of TRAIL or TRAIL-Mu3-positive cells to the number
of nuclei is shown in Fig. 3B, indicating that the ratio of
TRAIL-Mu3-positive cells/nuclei was significantly increased
compared with the ratio of TR AIL-positive cells/nuclei.

TRAIL-Mu3 upregulates DR expression and promotes DRS
clustering into lipid rafts in PANC-1 cells. TRAIL-induced
apoptosis is mediated by an extrinsic pathway via DR4 and
DRS5 (11). Therefore, the cell surface expression levels of DR4
and DRS5 were evaluated by flow cytometry. Compared with
the TRAIL group, DR4 and DRS5 expression was increased in
the TRAIL-Mu3 group (Fig. 4A). Cells treated with or without
TRAIL or TRAIL-Mu3 for 24 h were assessed by immunoflu-
orescence. The samples were stained using antibodies against
DR4, DRS5 and FITC-coupled choleratoxin B (FITC-Ctx),
which forms a complex with the raft GMI-ganglioside
component. In the TRAIL-Mu3 group, DR5 colocalized with
FITC-Ctx, but this was not observed in the TRAIL group;
no DR4 colocalization with FITC-Ctx was observed in both
TRAIL and TRAIL-Mu3 groups (Fig. 4B and C).
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TRAIL-Mu3 activates the caspase cascade in a faster and
more efficient manner compared with TRAIL in PANC-1 cells.
Based on the western blot analysis, treatment with TRAIL did
not result in caspase cleavage (mainly of caspase-3), while
TRAIL-Mu3 induced cleavage of both caspases-8 and -3 as
early as 2 h (Fig. 5A). In a parallel experiment, the inhibition
rate increased gradually after 2,4 and 6 h in the TRAIL-Mu3
group (Fig. 5B). Cleavage of caspase-3 in PANC-1 cells may be
essential in the TRAIL-Mu3 group, since its substrate PARP
was also cleaved in the TRAIL-Mu3 group and the inhibition
rate increased (Fig. 5A and B).

Discussion

Pancreatic cancer is one of the most lethal types of malignant
tumor, with rising death rates (19). Due to late detection of
pancreatic cancer in advanced stages, minimal efficacy
of currently available therapies and its extremely aggres-
sive nature, it remains a challenging problem in the clinical
field (20). TRAIL can induce apoptosis of cancer cells without
causing toxicity in mice, which has led to the in-depth study
of pro-apoptotic TRAIL receptor (TRAIL-R) signaling (9). To
date, numerous biotherapeutic drug candidates that activate
TRAIL-Rs have been developed (10,21). However, the results
of clinical trials with TRAIL-R agonists have been disap-
pointing, due to inadequate delivery methods, poor agonistic

activity of these agents and TRAIL resistance (22,23). To
translate these promising agents into clinical application,
studies have aimed to develop TRAIL derivatives with higher
therapeutic effects (24,25).

The novel recombinant protein TRAIL-Mu3 used in the
present study exhibited significantly higher cytotoxicity
compared with TRAIL. TRAIL-Mu3 considerably decreased
the ICs, in all cell lines tested, and was able to overcome
TRAIL resistance of several pancreatic cancer cell lines. In
addition, experimental results revealed that TRAIL-Mu3-
induced apoptosis in PANC-1 cells was greater compared with
that induced by TRAIL. Our previous study demonstrated that
TRAIL-Mu3 repressed the growth of PANC-1 xenografts in
nude mice and investigated the possible mechanism of this
effect (17). The present study then assessed the underlying
mechanism of action of TRAIL-Mu3 to further understand the
improvement in the biological activity of TRAIL-Mu3.

Based on immunofluorescence results, it was revealed that
the affinity of TRAIL-Mu3 to PANC-1 cell membranes was
markedly enhanced compared with that of TRAIL. Aside from
the N-terminal amino acid coding sequence, TRAIL-Mu3
has a similar structure to soluble TRAIL. The N-terminal
of the TRAIL-Mu3 sequence (amino acids 114-121) was
constructed into the ‘RRRRRRRR’ sequence, thereby
increasing the positive charge of TRAIL-Mu3 (17). It has been
found that most tumor cell membranes contain acid phos-
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pholipids (3-9%), making the tumor cell surface negatively
charged (15,16). Electrostatic interactions may enhance the
affinity of TRAIL-Mu3 to cell membranes. A previous study
has confirmed that one class of cell-penetrating peptides,
including Arg-rich peptides, may penetrate cells through
electrostatic interactions and hydrogen bonding, and seem to
be energy-independent (26). TRAIL-Mu3 is Arg-rich with
an increased positive charge, which may contribute to the
enhanced affinity of TRAIL-Mu3 to cell membranes. With
the increased affinity, the chance of TRAIL-Mu3 binding to
the receptor is also increased, which may activate the extrinsic
pathway inducing tumor cell apoptosis (27).

TRAIL-induced apoptosis is mediated by an extrinsic
pathway via DR4 and DRS5 (22). The flow cytometry assay
results revealed that treatment with TRAIL-Mu3 increased
DR4 and DRS cell surface expression. Previous studies
revealed that TRAIL toxicity in tumors can be regulated by
TRAIL-R expression. Hu et al (28) reported that chaetospi-
rolactone reversed the apoptotic resistance towards TRAIL
in pancreatic cancer by upregulating DR4 expression. In
addition, Yang et al (29) found that high HOX transcript anti-
sense RNA (HOTAIR) expression increased the resistance
of pancreatic cancer cells to TRAIL-induced apoptosis,
and short hairpin RNA-mediated HOTAIR-knockdown in
TRAIL-resistant PANC-1 cells sensitized them to TRAIL-
induced apoptosis via upregulation of DR5 expression.
Notably, in the present study, TRAIL-Mu3 promoted DRS5
clustering into lipid rafts. A previous study has confirmed
that various compounds that promote the clustering of DRs
into lipid rafts can account for TRAIL sensitization (13).
Xu et al (30) reported that 3-elemene increased the sensi-
tivity of gastric cancer cells to TRAIL by promoting DRS5
clustering and translocation of caspase-8, DR5 and FADD
into lipid rafts.

A time-course assay was performed in PANC-1 cells
in the present study. Cells were incubated with TRAIL and
TRAIL-Mu3, followed by western blot analysis of activated
caspase-8, caspase-3 and the corresponding substrate PARP.
Compared with TRAIL, TRAIL-Mu3 activated the caspase
cascade in a faster and more efficient manner. Caspase-8 acti-
vation following ligation of DR4/DRS5 by TRAIL is the apical
caspase in the extrinsic pathway; subsequently, caspase-3 is
cleaved by activated caspase-8, followed by the cleavage of
death substrates and cell death (31). PARP inactivated by
caspase cleavage serves an important role in DNA repair (32).
PARP cleavage by caspase-3 is an important signal of apop-
tosis (33). In the present study, TRAIL-Mu3 enhanced the
cleavage of caspase-3 and its substrate PARP. A previous study
has suggested that combined use of PARP inhibitors may
sensitize pancreatic cancer cells to TRAIL (34).

In conclusion, the TRAIL-Mu3-enhanced pro-apoptotic
potential in pancreatic cancer cells may be associated with the
strengthening of the apoptotic signaling pathway by increased
affinity to the cell membrane, upregulation of DR4 and DR5
expression, clustering of DRS5 in lipid rafts and efficient
caspase activation. However, there were several limitations
in the present study. The molecular mechanisms by which
TRAIL-Mu3 induced the redistribution of DRS in lipid rafts
were not very clear. Mechanistic studies should be performed
in the future. Overall, the present study provided insight into

the clinical application of TRAIL-Mu3 in the treatment of
pancreatic cancer.
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