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Cisplatin-mediated c-myc overexpression and cytochrome c (cyt c)
release result in the up-regulation of the death receptors DR4
and DRS and the activation of caspase 3 and caspase 9, likely
responsible for the TRAIL-sensitizing effect of cisplatin
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Abstract Tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL) reverses multidrug resistance (MDR)
and induces apoptosis in MDR gastric carcinoma cells. In
our previous study, cisplatin proved to be a sensitizing
agent for TRAIL. To study the synergistic effects of cis-
platin and TRAIL, we investigated the mechanism by
which TRAIL reverses multidrug resistance, the role of
c-myc in modulating the death receptors DR4 and DRS and
the relationship between cisplatin and cytochrome c (cyt c¢)
release in SGC7901/VCR and SGC7901/DDP cells. We
found that after treatment with TRAIL, the DNA-PKcs/
Akt/GSK-3p pathway, which is positively correlated with
the levels of MDR1 and MRP1, was significantly inhibited
and that this tendency can be abolished by Z-DEVD-FMK
(a specific caspase 3 inhibitor). We also found that sup-
pression of c-myc by siRNA reduced the expression of
DR4 and DRS5 and that transfection with a pAVV-c-myc
expression vector increased the expression of DR4 and
DRS. Moreover, cisplatin increased the expression of
c-myc in the presence of TRAIL, and there is a clear in-
crease in cyt c release from mitochondria with the in-
creasing concentrations of cisplatin. Meanwhile, the
intrinsic death receptor pathway of caspase 9, as well as the
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common intrinsic and extrinsic downstream target, caspase
3, was potently activated by the release of cyt c. Together,
we conclude that in TRAIL-treated MDR gastric carcino-
ma cells, cisplatin induces the death receptors DR4 and
DRS through the up-regulation of c-myc and strengthens
the activation of caspases via promoting the release of cyt
c. These effects would then be responsible for the TRAIL
sensitization effect of cisplatin.
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Introduction

Gastric cancer is one of the most common malignancies
and is the second leading cause of cancer-related death in
the world [1, 2]. In China, the morbidity and mortality of
gastric carcinoma represent the most common cause of
death [3]. At present, surgery combined with postoperative
chemotherapy is still the primary method used in the
treatment of gastric cancer. However, after receiving
multiple courses of chemotherapy, gastric cancer patients
often show resistance to the main anti-cancer drugs [4].
Reversing the multidrug resistance of gastric cancer and
improving patient prognosis are extremely urgent.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), a novel member of the tumor necrosis factor
(TNF) superfamily, is a promising protein for cancer
treatment. TRAIL has been shown not only to induce
apoptosis in various MDR cancer cells but also to sensitize
MDR cells to MDR-related drugs [5]. The mechanism by
which TRAIL reverses multidrug resistance has been
proved to be correlated with the down-regulation of ATP-
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dependent transporters known as ATP-binding cassette
(ABC) transporters, such as MDR1 and MRP1 [6, 7]. In
addition, the levels of MDR1 and MRP1 in MDR variants
were positively correlated with the levels of DNA-PKcs,
pAkt and pGSK-3p [8].

DNA-PKcs (catalytic subunit of the DNA-dependent
protein kinase) is the catalytic subunit of DNA-PK (DNA-
dependent protein kinase), a member of the PI3 K-related
kinase subfamily of protein kinases [9]. Suk-Bin Seo’s
research [8] shows that the expression of MDR1 (P-gp) is
positively correlated with the activity of the DNA-PKcs/
Akt/GSK-3p signaling pathway. The Akt phosphorylation
on Ser473 (S473) is required for the activation of Akt, and
a major Akt S473 kinase activity was found to be DNA-
PKcs. GSK-3f is a serine/threonine kinase that directly
participates in regulating the expression of MDR-related
proteins and the induction of cell death; it is also a
downstream target of pAkt and is inactivated by phos-
phorylation on Ser9 by pAkt. The death receptor-induced
extrinsic apoptotic signaling is also modulated by GSK-3f3
activity [10].

In the TRAIL signal transduction pathway [11], there
are two important aspects to decide the validity of its
function. The first is the expression level of the cell-
membrane death receptors DR4 and DRS5, which directly
determines the capacity for TRAIL-induced downstream
signaling; the other is the activation of the caspase cascade
inside the cell, which directly influences the effect of
TRAIL. The caspase cascade, in which caspase 3 and
caspase 9 play key roles, is the main component of the
TRAIL signal transduction pathway [12]. TRAIL-induced
apoptosis requires the contribution of the mitochondrial
pathway that is activated by caspase 8, leading to the ac-
tivation of caspase 9, which further activates caspase 3
[13]. Caspase 3 is the common downstream target of the
intrinsic and extrinsic apoptotic pathways [14-16].

Cisplatin is a commonly used anti-cancer drug that is
widely used because of its stability, anti-tumor effect and
low cost. In our previous study [17], we found that by
combining cisplatin and TRAIL, the inhibitory effect on a
multidrug resistance gene in gastric carcinoma, MDRI,
increased beyond that of the separate use of cisplatin or
TRAIL. The precise mechanism of the synergistic effects
of cisplatin and TRAIL remains unclear. Here, we inves-
tigated whether it correlates with the intracellular drug
concentrations of cisplatin, which might strengthen the
efficiency of TRAIL. It has been reported that TRAIL in-
hibited the efflux function of ABC transporters in MDR
cells by cleaving those transporters via caspase activation,
which might contribute to the accumulation of the effective
concentration of cisplatin in MDR cells [18].

The mechanism of a TRAIL-sensitizing agent should be
clarified before further studies using it in combination with
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TRAIL in clinical trials. In our study, we investigated the
mechanism underlying the synergistic effects of cisplatin
and TRAIL in multidrug-resistant gastric cancer cell lines.
We demonstrate the mechanism by which TRAIL reverses
multidrug resistance, identifies the role of c-myc in
modulating the death receptors DR4 and DR5 and de-
scribes the involvement of cisplatin in the acceleration of
cytochrome c (cyt c) release and the activation of caspases.

Materials and methods
Cell lines

The human gastric cancer cell line SGC7901, the vin-
cristine-resistant cell line SGC7901/VCR and the cisplatin-
resistant cell line SGC7901/DDP used in our experiments
were donated by Prof. Fan Daiming of the Institute of
Digestive Diseases, Xijing Hospital, Fourth Military
Medical University.

Reagents and antibodies

3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from Sigma-Aldrich (St.
Louis, MO). The DNA-PKcs, MDR1, MRP1, DR4, DRS5,
c-myc and B-actin primers were designed and compounded
by Sangon Biotech Co., Ltd. (Shanghai, China). The
RevertAid First Strand cDNA Synthesis Kit and PCR
amplification reagent kit were both purchased from Ther-
mo Scientific. The QuantiFast SYBR Green PCR kit was
purchased from QIAGEN. The human TRAIL protein was
purchased from Peprotech (USA). Mouse anti-human
monoclonal antibodies against DR4, DRS5, c-myc, DNA-
PKcs, MDR1, MRPI1, cyt c, caspase 3, caspase 9 and -
actin and rabbit anti-human monoclonal antibodies against
Akt, P-Akt (Ser 473), GSK-3, P-GSK-3B (Ser9) were
purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Lipofectamine™ 2000 was purchased from
Invitrogen (Carlsbad, UA). Control siRNA, c-myc siRNA
and transfection reagent were purchased from GenePharma
Co., Ltd. (Shanghai, China). Vincristine (VCR) was pur-
chased from Shenzhen Main Luck Pharmaceuticals Inc.;
cisplatin (DDP) was purchased from Nanjing Pharmaceu-
tical Factory Co., Ltd.

Cell culture

SGC7901, SGC7901/VCR and SGC7901/DDP cells were
maintained in complete RPMI 1640 culture medium con-
taining 10 % fetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin in a humidified
chamber at 37 °C in 5 % CO, with saturated humidity. For
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SGC7901/VCR cells, 1 pg/ml VCR was added to the cul-
ture solution and 1 pg/ml DDP was added to the culture
solution supplied for SGC7901/DDP to maintain the drug
resistance. VCR and DDP were removed 2 weeks before
the experiment.

Cell viability assay

Cell viability after treatment was analyzed using the MTT
assay. Briefly, 1 x 10* cells were plated into each well in
96-well plates and cultured overnight. The cells were cul-
tured with 100 pl/well culture media containing test com-
pound for 48 h. Then, the medium was replaced, and cells
were incubated with 100 pl/well fresh culture media con-
taining MTT (0.5 mg/ml) for another 4 h. The supernatants
were then discarded and replaced with 150 pl of DMSO to
dissolve crystals. Plates were protected from light and
shaken e at low speed for 10 min, and then the absorbance
(A) of each well was measured at 490 nm in a microplate
reader. The cell viability was calculated as (drug group
A/control group A) x 100 %. The IC50 value was calcu-
lated using SPSS 13.0 software based on the absorbance
(A) of each well.

Rt-PCR and Rt-qPCR experiment

Total RNA was extracted with Trizol Reagent, and the
concentration and purity of RNA were detected by a spec-
trophotometer. 2.5 pg of the total cellular RNA was used to
synthesize first-strand cDNA by using first-strand cDNA
Synthesis Kit. B-actin was used as the internal reference. The
indicated genes primer sequence is show in Table 1 below.
RT-PCR for indicated genes was done with the GeneAmp

PCR System 9700 using Thermo PCR Master Mix; the PCR
products were visualized on 5 % agarose gels with ethidium
bromide staining under UV transillumination with a digital
camera system. RT-qPCR was performed with the 7500
Real-time PCR System using the QuantiFast SYBR Green
PCR kit. The expression levels of the indicated genes were
normalized to B-actin, and the cycle threshold (Ct) value of
the sample was used to calculate the relative gene expression
level = 2~ (¢t target=Ct acti) " The relative change in gene
expression compared with the control group was expressed
as fold change, calculated by the 2747 method. The
sequences of primers used in reverse transcription PCR are
listed in Table 1.

Western blot experiment

Cells were lysed in ice-cold RIPA buffer containing pro-
tease inhibitors. The supernatants of all samples were
collected after centrifugation. The BCA protein assay kit
was used to measure the protein concentration. Equal
amounts of proteins were separated on 10-12 % SDS-
PAGE and transferred onto PVDF membranes. The mem-
branes were blocked for 4 h at 4 °C using blocking buffer.
Then, membranes were incubated with primary antibody
overnight at 4 °C, followed by incubation with a horse-
radish peroxidase-conjugated secondary antibody for 4 h at
room temperature. Then, the protein bands were visualized
on the ImageQuant LAS 4000 mini (GE Healthcare Swe-
den) using the SuperSignal West Femto Maximum Sensi-
tivity Substrate (Thermo Fisher Scientific, US). To verify
equal protein loading and transfer, f-actin was used as a
protein loading control.

Table 1 PCR primers used in

the experiments Target Primers Size of amplified fragments (bp)

DR4 5'-TGCTGATGAAATGGGTCAAC-3’ 126
5'-TTCCAGAGTCCACCAAGAGG-3’

DRS5 5'-CACCACGACCAGAAACACAG-3’ 122
5'-AATCACCGACCTTGACCATC-3'

c-myc 5'-CCTCCACTCGGAAGGACTATC-3 135
5'-TTCGCCTCTTGACATTCTCC-3’

DNA-PKcs 5'-CCAGCTCTCACGCTCTGATATG-3' 247
5'-GCGTGTACCATGATGCTGTACA-3'

GSK-3p 5'-CACCTCTGGCTACCATCCTTAT-3' 118
5'-ATTATTGGTCTGTCCACGGTCT-3'

MDRI1 5'-GGAAGCCAATGCCTATGACT-3' 195
5'-GAACCACTGCTTCGCTTTCT-3'

MRP1 5'-GATTCAGCCACAGGAGGTAGAGAGCA-3’ 234
5'-ACTTCCACATCTGCTTCGTCAGTGG-3'

B-actin 5'-TTGCCGACAGGATGCAGAAGG-3’ 100

5'-GCCGATCCACACGGAGTACTT-3'
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RNA interference

The expression of c-myc was lowered using predesigned
target-specific siRNA oligofectamine; the sequence of
c-myc siRNA is 5-CACAUCUCAUUUUUCCGUAJdTAT-
3'. In brief, 2 x 10° cells/well were seeded in 6-well plates,
and then, c-myc or control siRNA/oligofectamine complex
was transfected into cells using 12 pl HiPerFect Trans-
fection Reagent. After 48 h, the cells were collected for
RT-PCR and Western blot analysis.

Transfection

The pAVV-c-myc expressed vectors were employed for
transfection using Lipofectamine™ 2000. Cells were
seeded at 2 x 10° cells/well in 6-well plates in complete
medium overnight and then transfected with 20 pg of
control or c-myc expression vectors in serum-free medium
for 48 h. After transfection, the cells were collected for
RT-PCR and Western blot analysis.

Statistical analysis

Each experiment was repeated at least three times. The
results obtained are expressed as the mean + S.D. Differ-
ences between control and different treatment groups were
analyzed using two-tailed Student’s ¢ tests. *P < (.05,
**P < 0.0l and ***P < 0.001 were considered statisti-
cally significant in all experiments.

Result

TRAIL potentiated the cytotoxicity of cisplatin
in SGC7901/VCR and SGC7901/DDP cells

To examine the cytotoxicity of cisplatin following treat-
ment with TRAIL in human MDR gastric cancer cells, the
SGC7901/VCR and SGC7901/DDP cell lines were ana-
lyzed by morphological analysis and MTT assays. Treat-
ment with 0-2 pg/ml cisplatin combined with 5 ng/ml
TRAIL for 48 h induced abnormal cellular morphology,
which was observed using phase-contrast in an inverted
microscope for both SGC7901/VCR and SGC7901/DDP
cells (Fig. 1a). Figure 1b shows that the cytotoxicity of
cisplatin (0-2 pg/ml) was significantly enhanced in both
SGC7901/VCR and SGC7901/DDP cells by pre-treatment
with a low dose of TRAIL (5 ng/ml) in a concentration-
dependent manner.
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The enhancement of the TRAIL-induced reversal
of MDR in drug-selected cell lines by cisplatin

To determine the effect of TRAIL-induced reversal of
multidrug resistance in drug-selected cell lines, the IC50
values (the concentration of 50 % inhibition of cell viabi-
lity) of multiple anti-cancer drugs were determined using
MTT assays in SGC7901, SGC7901/VCR and SGC7901/
DDP cells and these cells pre-treated with the indicated
compounds. As shown in Table 2, compared with their
parental cell line (SGC7901), SGC7901/VCR and
SGC7901/DDP showed higher resistance to VCR, DDP,
ADM and 5-FU. TRAIL at 5 ng/ml decreased the 1C50
values of VCR, DDP, ADM and 5-FU in SGC7901/VCR
and SGC7901/DDP cells. However, in combination with
0.1 pg/ml cisplatin, TRAIL significantly reversed the re-
sistance to VCR, DDP, ADM and 5-FU in both the
SGC7901/VCR and SGC7901/DDP cell lines.

Increased expression levels of DNA-PKcs, MDR1
and MRP1 were associated with multidrug
resistance in MDR gastric cancer cells

To demonstrate the decisive effect of ABC transporters on
multidrug resistance, we compared the expression levels of
MDRI1 and MRP1 in SGC7901/VCR and SGC7901/DDP
cells with their parental cell line SGC7901. Our results
show that the expression levels of MDR1, MRP1 and
DNA-PKcs in SGC7901/VCR and SGC7901/DDP cells
were significantly higher than in their parental cell line
SGC7901, making them more efficient at pumping the anti-
cancer drugs out of the cytoplasm and avoiding cyto-
toxicity from anti-cancer drugs (Fig. 2).

The cisplatin-induced enhancement of TRAIL-
induced down-regulation of the DNA-PKcs/Akt/
GSK-3p pathway, of the expression levels of MDR1
and MRP1 and of the activation of caspase 3

in MDR gastric cancer cells

To examine the induction of DNA-PKcs/Akt/GSK-3[3
pathway and its downstream targets following treatment
with TRAIL or TRAIL plus cisplatin, the mRNA and
protein levels of caspase 3, DNA-PKcs, Akt, pAkt, pGSK-
3B, GSK-3, MDRI1 and MRP1 in SGC7901/VCR and
SGC7901/DDP cells were analyzed by real-time PCR and
Western blot assays, respectively. As shown in Fig. 3b, the
level of the active form of caspase 3 was increased fol-
lowing treatment with 0-50 ng/ml of TRAIL for 24 h; after
TRAIL combined with 0.4 pg/ml cisplatin, the activation
of caspase 3 was significantly enhanced. We also found
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Fig. 1 Cisplatin sensitizes A
SGC7901/VCR and SGC7901/ (A)

Cisplatin(ag/ml,48h)

DDP cells to TRAIL-induced
apoptosis. a SGC7901/VCR and
SGC7901/DDP cells were
treated with 0-2 pg/ml cisplatin
with or without 5 ng/ml TRAIL
for 48 h, and then, the cell
morphology was observed using
an inverted microscope.
Representative cell morphology
data are shown from one of the
three separate experiments with
similar findings. b The cell
viability was measured using
the MTT assay. The results were
obtained from three independent
experiments, and the bar
represents the mean + SD.
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that treatment with 0-50 ng/ml of TRAIL for 24 h inhib-
ited the DNA-PKcs/Akt/GSK-3f pathway and reduced the
expression of MDR1 and MRPI; in combination with
0.4 pg/ml cisplatin, these functions of TRAIL were
markedly amplified (Fig. 3).

TRAIL-induced caspase 3 activation shows its key
role in the regulation of the DNA-PKcs/Akt/GSK-3f
pathway

To further determine the role of caspase 3 in regulating the
DNA-PKcs/Akt/GSK-3B pathway, the SGC7901/VCR
cells were pre-treated with 50 um Z-DEVD-FMK, a
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specific caspase 3 inhibitor, for 3 h and then with TRAIL
(50 ng/ml) for 24 h. Then, the protein levels of DNA-PKcs
and caspase 3 were detected by Western blotting. Our data
show that the levels of activated caspase 3 induced by
TRAIL were reduced by treatment with Z-DEVD-FMK in
SGC7901/VCR cells; meanwhile, the protein levels of
DNA-PKcs were significantly increased (Fig. 4).

The expression of the death receptors DR4 and DRS
was positively correlated with the levels of c-myc

As shown in Fig. 2, the basal levels of c-myc, DR4 and
DR5 were somewhat higher in SGC7901/VCR and
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Table 2 Effect of TRAIL and TRAIL unite cisplatin on reversing MDR in drug-selected cell lines (Mean + SD, n = 3)

Drugs ICs (ng/ml)
SGC7901  SGC7901/ SGC7901/ SGC7901/ SGC7901/ SGC7901/ SGC7901/
VCR VCR+TRAIL ~ VCR-+(TRAIL+DDP) DDP DDP+TRAIL ~ DDP+(TRAIL+DDP)
VCR 3.58 + 0.69 25.15 £ 0.98* 16.12 & 1.40* 1052 + 1.11° 1022 + 1.74*  6.17 £ 0.38°  3.75 £ 0.52¢
DDP  1.254 027 458 & 1.45% 293 £ 0.61° 1.71 £ 0.49° 1421 &+ 1.38% 1029 &+ 0.83°  7.85 & 0.39¢
ADM 0754 0.15 5.14 £ 0.74* 330 £ 0.41° 1.65 £ 0.18° 344 £ 047% 243 £0.60°  1.57 + 0.61¢
5-FU  3.67 + 047 1245+ 1.98* 7.68 + 1.70° 431 £1.23° 17.51 £ 0.83* 1330 &+ 1.19°  9.48 &+ 1.17¢
IC50 values are represented the mean = SD
* P < 0.01, versus the SGC7901 group
* P <0.01,° P <0.0l, versus the SGC7901/VCR group, ¢ P < 0.01, * P < 0.01, versus the SGC7901/DDP group
& & & &£
NS N
NN A AW N
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10 s A SGC7901/VCR

Fig. 2 mRNA and protein levels of DNA-PKcs, MDR1, MRPI,
DR4, DR5, c-myc and p-actin in SGC7901, SGC7901/VCR,
SGC7901/DDP cells. Total RNA was isolated from each sample
and then converted to cDNA. The mRNA levels of the indicated
genes were assessed by RT-PCR (RT), using B-actin as the internal
control. Total cellular protein extracts were subjected to Western blot
(WB) analysis using anti-DNA-PKcs, anti-MDR1, anti-MRP1, anti-

SGC7901/DDP cells than those in SGC7901 cells. We then
examined whether the increased levels of the death re-
ceptors DR4 and DRS5 were well correlated with the level
of c-myc in the SGC7901/VCR and SGC7901/DDP cells.
To further evaluate the direct role of c-myc in regulating
the expression of the death receptors DR4 and DRS, we
used siRNA to knock-down c-myc expression and assessed
the effect of c-myc suppression on the expression of the
death receptors DR4 and DRS in SGC7901/VCR and
SGC7901/DDP cells. After transfecting SGC7901/VCR
and SGC7901/DDP cells with siRNA against c-myc, using
scrambled siRNA as a control, the expression levels of
DR4, DRS and c-myc were detected by RT-PCR and
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Relative expression of protein

DR4, anti-DRS5, anti-c-myc and anti-B-actin antibodies. [B-actin
protein was the internal control. The bands in the Western blots
were quantified using Quantity One software. Relative protein
expression was normalized to B-actin. Representative data are shown
from one of the three independent experiments with similar findings,
and the bar represents the mean £ SD. ***P < 0.001 indicates a
significant difference compared to the SGC7901 cells

Western blot analysis. The results show that suppression of
c-myc expression significantly attenuated the expression of
the death receptors DR4 and DRS in both SGC7901/VCR
and SGC7901/DDP cells (Fig. 5a, b). Next, we transfected
a c-myc expression vector (pAVV-c-myc) into SGC7901/
VCR and SGC7901/DDP cells to overexpress c-myc and
evaluate the effects of c-myc overexpression on the ex-
pression of DR4 and DRS. RT-PCR and Western blot
analysis were used to detect the expression levels of DR4,
DRS and c-myc. Our results show that the overexpressed
c-myc significantly increased the expression of DR4 and
DRS (Fig. 5c, d). These results suggest that the expression
of DR4 and DRS5 was positively regulated by c-myc.
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Fig. 3 TRAIL reduces the protein expression of MDR1 and MRP1,
inhibits the DNA-PKcs/Akt/GSK-3 pathway and reduces the levels
of cleaved caspase 3 in SGC7901/VCR and SGC7901/DDP cells.
Cisplatin can strengthen those functions of TRAIL. a SGC7901/VCR
and SGC7901/DDP cells were treated with 0-50 ng/ml TRAIL, with
or without 0.4 pg/ml cisplatin, for 24 h. Total RNA was isolated from
each sample and then converted to cDNA. The mRNA levels of
indicated genes were detected using real-time PCR. Relative mRNA
expression was calculated using the 274 method. Fold change was
calculated by normalizing all values to the untreated group. The bar
represents the mean & SD from three independent experiments.
Comparisons between groups are indicated by brackets. NS indicates

no significant difference (P > 0.05). **P < 0.01 and ***P < 0.001
indicate significant differences compared to the control. b Total
cellular protein extracts were subjected to Western blot (WB) analysis
using anti-caspase 3, anti-DNA-PKcs, anti-Akt, anti-pAkt, anti-
pGSK-3f, anti-GSK-3, anti-MDR1, anti-MRP1 and anti-f-actin
antibodies. B-actin was used as the internal control. Representative
data are shown from one of the three independent experiments with
similar findings. ¢ Relative protein expression was normalized to -
actin. The bar represents the mean £ SD. Comparisons between
groups are indicated by brackets. NS no significant difference
(P > 0.05). ***P < 0.001 indicates a significant difference compared
to the control
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Fig. 4 TRAIL inhibits the DNA-PKcs/Akt/GSK-3 pathway by
activating caspase 3. a The cell lysates of the SGC7901/VCR cells
treated with TRAIL (50 ng/ml) for 24 h or pre-treated with 50 pm
Z-DEVD-FMK, a specific caspase 3 inhibitor, for 3 h and then with
TRAIL (50 ng/ml) for 24 h were subjected to Western blot analysis to
monitor levels of DNA-PKcs, caspase 3 and B-actin. B-actin protein
was used as the internal control. Representative data are shown from

Cisplatin increased the expression of the death
receptors DR4 and DRS by up-regulating c-myc
expression in TRAIL-treated MDR cells

To further examine the relationship between cisplatin and
c-myc, we treated the SGC7901/VCR and SGC7901/DDP
cells with 0-0.5 pg/ml cisplatin, with or without 10 ng/ml
TRAIL, for 24 h. Then, the mRNA and protein levels of
DR4, DR5 and c-myc were detected by real-time PCR and
Western blot assays. The results showed that cisplatin in
combination with TRAIL increased the expression of
c-myc compared with cisplatin alone in a dose-dependent
manner in both SGC7901/VCR and SGC7901/DDP cells.
Further, as expected, the cisplatin-mediated up-regulation
of c-myc resulted in significant increases in both DR4 and
DRS5 expression in SGC7901/VCR and SGC7901/DDP
cells (Fig. 6). Based on these results, it could be suggested
that the cisplatin-mediated c-myc overexpression, which
resulted in the increased expression of DR4 and DRS,
would be responsible for the TRAIL sensitization effect of
cisplatin.
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one of the three independent experiments with similar findings. b The
bands from the Western blot were quantified using Quantity One
software. Relative protein expression was normalized to (-actin. The
bar represents the mean £ SD from three independent experiments.
*#**P < (0.001 indicates a significant difference between the
Z-DEVD-FMK-treated and Z-DEVD-FMK-untreated groups

Cisplatin enhanced the release of cyt ¢
and the activation of caspase 3 and caspase 9
in TRAIL-treated MDR cells

Because our data show that the activity of the DNA-PKcs/
Akt/GSK-3pB pathway was well correlated with the
cleaved form of caspase 3 in both SGC7901/VCR and
SGC7901/DDP cells, we investigated whether the levels
of cyt ¢ and caspase 9 (a downstream target of cyt c)
and caspase 3 (a downstream target of caspase 9)
are modulated after treatment of SGC7901/VCR and
SGC7901/DDP cells with cisplatin with or without
TRAIL. SGC7901/VCR and SGC7901/DDP cells were
treated with 0-0.5 pg/ml cisplatin, with or without 10 ng/ml
TRAIL, for 24 h, and then, the protein levels of cyt c,
caspase 9 and caspase 3 were detected using Western blot
assays. The expression levels of cyt ¢ and the active forms
of caspase 9 and caspase 3 were increased after treatment
with 0-0.5 pg/ml cisplatin combined with 10 ng/ml
TRAIL for 24 h in both SGC7901/VCR and SGC7901/
DDP cells compared with those in cells treated with
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«Fig. 5 c-myc regulates the expression of the death receptors DR4 and
DRS5 in SGC7901/VCR and SGC7901/DDP cells. a The mRNA/
protein levels of DR4, DRS, c-myc and B-actin in SGC7901/VCR,
SGC7901/DDP, SGC7901/VCR and SGC7901/DDP cells transfected
with scrambled siRNA and in SGC7901/VCR and SGC7901/DDP
cells transfected with c-myc siRNA were determined by RT-PCR
(RT) and Western blotting (WB). B-actin was used as the internal
control. Representative data are shown from one of the three
independent experiments with similar findings. b The protein
expression of the death receptors DR4 and DRS5 and of c-myc was
normalized to B-actin. The bars represent the mean + SD from three
independent experiments. Comparisons between groups are indicated
by brackets. NS no significant difference (P > 0.05). ***P < 0.001
indicates a significant difference compared to the control. ¢ The
mRNA and protein levels of DR4, DRS, c-myc and B-actin in
SGC7901/VCR and SGC7901/DDP cells, in SGC7901/VCR and
SGC7901/DDP cells transfected with pAVV-c-myc, and in SGC7901/
VCR and SGC7901/DDP cells transfected with pAVV-Blank were
determined by RT-PCR (RT) and Western blotting (WB). B-actin was
used as the internal control. Representative data are shown from one
of the three independent experiments with similar findings. d The
protein expression levels of the death receptors DR4 and DRS and of
c-myc were normalized to B-actin. The bars represent the mean £+ SD
from three independent experiments. Comparisons between groups
are indicated by brackets. NS no significant difference (P > 0.05).
*##%P < (0.001 indicates a significant difference compared to the
control

cisplatin alone (Fig. 7). This result confirmed that cisplat-
in-mediated cyt c release, which resulted in the activation
of caspase 3 and caspase 9, would also contribute to the
TRAIL sensitization effect of cisplatin.

Discussion

Although targeted drugs for oncotherapy have been de-
veloped and used in clinical treatment [19], general
chemotherapeutic drugs are still widely used for the treat-
ment of gastric cancer, not only because of their low cost
but also because they kill cancer cells. However, acquired
resistance against anti-cancer drugs is a serious problem in
the management of gastric cancer patients. Altered ex-
pression of various enzymes and other proteins would be
responsible for the drug resistance of multidrug-resistant
gastric cancer cells [20-23]. Some studies have shown that
TRAIL, a new member of the TNF superfamily, down-
regulates the expression of MDRI1 and thereby sensitizes
MDR cells to anti-cancer drugs [8]. The molecular
mechanism by which TRAIL down-regulates MDRI1 ex-
pression has been characterized as occurring through in-
hibition of the DNA-PKcs/Akt/GSK-3f pathway and
activation of caspase 3 in the multidrug-resistant human
lymphoblastic leukemia CCRF-CEM (CEM) line [8]. In
the present study, we suggest the same conclusion for
multidrug-resistant human gastric cancer cells. In our

previous study [17], we found a synergistic effect of
TRAIL and cisplatin in reverse multidrug resistance, and
we considered that it might correlate well with the ex-
pression of the death receptors DR4 and DRS and the ac-
tivation of caspase 3 and caspase 9.

Our present study showed that the sensitizing effect of
cisplatin on the TRAIL-induced reversal of multidrug
resistance of MDR gastric cancer cells can be achieved
through two mechanisms. First, in the presence of TRAIL,
cisplatin can promote the expression of c-myc, resulting
in the up-regulation of the death receptors DR4 and DRS,
thereby increasing the sensitivity of MDR gastric cancer
cells to TRAIL and enhancing the effect of TRAIL. Se-
cond, in the presence of TRAIL, cisplatin can promote the
release of cyt ¢ from the mitochondria, greatly increasing
the activation of caspase 9 and caspase 3. The activation
of caspase 3 played the key role in the down-regulation of
the DNA-PKcs/Akt/GSK-33 pathway, thereby down-
regulating the expression of MDR1 and MRPI1.

We also observed that the tendency of cisplatin-me-
diated c-myc overexpression and cyt c release can only
be seen upon combined treatment with cisplatin and
TRAIL, whereas in the absence of TRAIL, cisplatin did
not have the same effect. We consider that this may
correlate with the expression of ATP-binding cassette
(ABC) transporters, which function to pump anti-cancer
drugs out of the cytoplasm. In the absence of TRAIL, the
MDR gastric cancer cells express high levels of ABC
transporters such as MDR1 and MRP1. Their function of
pumping anti-cancer drugs out of the cytoplasm makes it
impossible to maintain a functional concentration of cis-
platin in the cytoplasm. When the efflux activity and the
expression of ABC transporters were reversed by TRAIL
treatment, the concentration of cisplatin in cytoplasm was
greatly improved, thus inducing the expression of c-myc
and cyt c.

DNA-PKcs is a member of the PI3 K protein family
[24] that is mainly engaged in the repair of double-s-
tranded DNA. Its function of repairing DNA damage [25,
26] is important for maintaining normal cellular function.
Studies have shown that DNA-PKcs plays a key role in
cancer and aging. It has also been reported that [27, 28]
the level of DNA-PKcs was reduced in the early stage of
cell malignant transformation and increased after the
malignant transformation. This phenomenon has been
confirmed in a variety of cancers [28, 29]. When cells
become malignant, double-stranded DNA can have irre-
versible damage such that the repair function of DNA-
PKcs promotes cell malignancy. Further, due to the repair
function of DNA-PKcs, apoptosis induced by the DNA
damage caused by chemotherapy can be avoided, allow-
ing cancer cells with high levels of DNA-PKcs expression
to become multidrug resistant. That is likely why the
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«Fig. 6 Cisplatin increases the expression of the death receptors DR4
and DR5 and of c-myc in TRAIL-treated SGC7901/VCR and
SGC7901/DDP cells. a SGC7901/VCR and SGC7901/DDP cells
were treated with 0-0.5 pg/ml cisplatin, with or without 10 ng/ml
TRAIL, for 24 h. The mRNA levels of the indicated genes were
detected using real-time PCR. Relative mRNA expression levels were
calculated using the 2~**¢" method. Fold change was calculated by
normalizing all values to the untreated group. The bars represent the
mean + SD. Comparisons between groups are indicated by brackets.
*##%P < 0.001 indicates a significant difference compared to the
control. b Total protein extracts were subjected to Western blot
analysis using anti-DR4, anti-DR5 and anti-c-myc antibodies. B-actin
was used as the internal control. Representative data are shown from
one of the three independent experiments with similar findings. ¢ The
relative protein expression levels of DR4, DRS and c-myc were
normalized to B-actin. The bars represent the mean & SD from three
separate experiments. NS no significant difference (P > 0.05).
*##%kP < (0.001 indicates a significant difference between the two
groups indicated by the brackets
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Fig. 7 Increase in cyt c release from mitochondria with the increase
in cisplatin is clear, and cisplatin strengthens the activation of caspase
9 and caspase 3 in TRAIL-treated SGC7901/VCR and SGC7901/DDP
cells. a SGC7901/VCR and SGC7901/DDP cells were treated with
0-0.5 pg/ml cisplatin, combined with or without 50 ng/ml TRAIL for
24 h. Total cellular protein extracts were subjected to Western blot
analysis using anti-cyt c, anti-caspase 9 and anti-caspase 3 antibodies.
B-actin was used as the internal control. Data shown are from one of

multidrug-resistant cell lines express more DNA-PKcs
than their parental cell line.

C-myc is a proto-oncogene that plays an important role
in the processes of tumor cell proliferation, migration and
apoptosis [30-32]. We found that c-myc can modulate the
sensitivity of MDR gastric cancer cells to TRAIL by
regulating the expression of the cell-membrane death re-
ceptors DR4 and DRS. Dae-Young Kim [5] found similar
results in breast cancer cells. Blanc [33] found that c-myc
expression was closely correlated with the expression of
MDR-related proteins and could promote the expression of
MDR-related proteins. Labisso also found that [34] the
expression of MCL1 was regulated by c-myc and the
suppression of c-myc by siRNA inhibited the expression of
MCLI1.

SGC7901/VCR
Cisplatin(ug/ml) 0 025 0.5 0 025 05
TRAIL - + + +
F % s s | Cytc

Relative expression of protein

S WD S S S e [ pro-caspase 9
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- - — =7 pro-caspase 3
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— -.-..| 8 -actin

SGC7901/VCR

Wl Cisplatin Oug/ml
Cisplatin 0.25pg/ml
EA Cisplatin 0.5pg/ml

1.0 9

0.8 1

the three independent experiments with similar findings. b The
protein expression levels of cyt c, pro-caspase 9, active caspase 9,
pro-caspase 3 and active caspase 3 in cells co-treated with TRAIL
(50 ng/ml) and the indicated dose of cisplatin were normalized to B-
actin. The bars represent the mean £ SD of triplicate experiments.
Each group was compared to the other two using the SNK test;
significant differences are indicated
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Fig. 8 Model of cisplatin
induction of the death receptors
DR4 and DRS and of the
cleaved forms of caspases in l
TRAIL-treated MDR gastric

cancer cells
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Some research has shown that [11, 35-38] MCLI1 in-
terferes with the release of cyt ¢ and therefore inhibits the
activity of mitochondrial apoptosis pathway, resulting in
reducing the susceptibility of MDR cells to TRAIL. This
mechanism proved to be the pivotal role in connection
with TRAIL resistance and the activation of the STAT3
signaling pathway [39, 40]. It has been reported that
chrysin overcomes the TRAIL resistance of cancer cells
through the down-regulation of MCL1 by inhibiting
STAT3 phosphorylation and that the expression of MCL1
positively correlated with the activity of STAT3 signaling
pathway [11]. In our study, cisplatin increased the ex-
pression of c-myc in TRAIL-treated MDR cells. Mean-
while, the release of cyt ¢ was not significantly decreased;
instead, the expression of cyt ¢ was significantly in-
creased. We hypothesize that the accelerating effect of
cisplatin on cyt c release may be greater than the in-
hibitory effect of MCLI.

In conclusion, as depicted in Fig. 8, we have
demonstrated that cisplatin-mediated c-myc overexpres-
sion and cyt c release resulted in the up-regulation of the
death receptors DR4 and DRS5 and the activation of
caspase 3 and caspase 9, and this activity underlies the
TRAIL sensitization effect of cisplatin. Our work sug-
gests the potential of cisplatin for use as a TRAIL
sensitizer.
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