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Adenovirus-mediated IL-24 expression enhances
the chemosensitivity of multidrug-resistant
gastric cancer cells to cisplatin
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Abstract. Chemotherapy is one of the commonly used strate-
gies in gastric cancer, especially for unresectable patients, but
it becomes insensitive to repeated administration of even the
most effective chemotherapeutic agents, such as cisplatin. Given
this, there is an urgent need for developing chemosensitizers
to overcome acquired resistance to chemotherapeutic agents.
Interleukin-24 (IL-24), a cytokine-tumor suppressor, shows
broad-spectrum and tumor-specific antitumor properties, and
studies have demonstrated that IL-24 could conspicuously
restore the chemosensitivity of MDR cancer cells. Herein, we
developed ahuman MDR gastric cancer cell subline, SGC7901/
CDDP, by repeated selection of resistant clones of parental
sensitive cells, and further investigated the chemosensitizing
effects and the underlying mechanisms of adenovirus-medi-
ated IL-24 (Ad-IL-24) gene therapy plus CDDP for the human
MDR gastric cancer cells SGC7901/CDDP in vitro and in vivo.
The results demonstrated that the expression of IL-24 mRNA
and protein was profoundly downregulated in SGC7901/CDDP
cells by RT-PCR and western blot analysis. In addition, the cell
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viability assay showed that the ICy, of SGC7901/CDDP cells
to CDDP, 5-FU, ADM and MTX was significantly enhanced
compared to parental sensitive SGC7901 cells. Ad-1L-24-
induced IL-24 overexpression decreased the ICs, of the
above agents (not MTX), induced G,/M cell cycle arrest, and
Ad-IL-24 plus CDDP elicited significant apoptosis and tumor
suppression of SGC7901/CDDP cells in vitro and SGC7901/
CDDP cell xenograft tumors in vivo, respectively. Moreover,
our results demonstrated that the mechanisms of Ad-IL-24-
elicited chemosensitizing effects were closely associated with
a substantial upregulation of Bax and downregulation of P-gp
and Bcl-2 in SGC7901/CDDP cells in vitro and SGC7901/
CDDP xenograft tissues in vivo. Thus, this study indicates
that overexpression of IL-24 gene can significantly promote
chemosensitivity in MDR phenotype SGC7901/CDDP gastric
cancer cells.

Introduction

Gastric cancer is the fourth leading cause of cancer-related
death in the world (1). To date, chemotherapy is the most
frequently used fundamental treatment for gastric cancer.
However, the main barrier to successful chemotherapy is
MDR caused by insensitivity to multiple chemotherapeutic
agents after exposure to a single chemotherapeutic drug (2).
For decades, the most representative consensus is the over-
expression of drug efflux pumps (such as P-gp) occupying
a critical position in development of MDR. Consequently,
several innovative chemosensitizers against P-gp, such as vera-
pamil, trifluoperazine and cyclosporine, have been found to
enhance chemosensitivity of MDR phenotype cancer cells (3).
However, the clinical application of these chemosensitizers
showed disappointing results (4,5), indicating that there are
some unknown molecules and mechanisms also responsible
for MDR. Recent studies have verified that some novel factors
including defective apoptosis pathway, enhanced DNA repair
activity, or altered metabolism of drugs play a critical role
in promoting formation of MDR (6). Though the underlying
mechanisms have been deeply studied in vitro and in vivo (6-9),
the precise mechanisms involved in MDR have not been
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fully characterized. Evidence so far suggest that mechanisms
responsible for MDR in gastric cancer are likely to be multi-
faceted and extremely intricate. Thus, further investigation of
the MDR mechanisms to find acceptable chemosensitizers for
clinical application in human cancers, including gastric cancer
is required.

Interleukin-24 (IL-24), a novel member of interleukin-10
family of cytokines, also known as melanoma differen-
tiation associated gene-7 (mda-7), was first identified by using
subtraction hybridization of cDNA libraries from actively
proliferating human HO-1 melanoma cells versus interferon-3
and mezerein-treated HO-1 cells (10). It can specifically induce
apoptosis in a wide variety of malignant tumor cells exerting
no discernible toxic effects towards normal cells by eliciting
potent ‘antitumor bystander activity’ as a consequence of auto-
crine secretion (11), which has attracted particular attention
from researchers worldwide. Subsequently studies demon-
strated that expression of IL-24 was lost in a broad spectrum
of malignant tumors including gastric cancer, whereas ectopic
expression of this gene performed a ubiquitous growth inhibi-
tion, apoptosis induction, reversal malignant phenotype and
terminal differentiation in a variety of cancers (10,12-17).
These gratifying findings have led to the development of
INGN241, a replication-incompetent IL.-24-expressing adeno-
virus, which is currently in phase II/III clinical trials (18).

Previous studies showed that combination of chemo-
therapy, radiotherapy and other conventional therapies
with gene therapy is a promising practice in cancer treat-
ment (19-21). Furthermore, adenoviral p53 gene was in
adjuvant use with conventional chemotherapy, radiation
therapy, and surgery of lung and head and neck cancers (22).
IL-24 has been reported to sensitize human colorectal cancer
cells to doxorubicin and 5-fluorouracil, human melanoma
cells to dacarbazine, and human hepatocellular carcinoma
cells to 5-fluorouracil, respectively (3,17,23,24). In addi-
tion, our laboratory demonstrated that adenovirus-mediated
IL-24 gene therapy could enhance chemosensitivity of MDR
phenotype colon cancer cells to oxaliplatin (25). However, its
chemosensitizing effects for human MDR phenotype gastric
cancer cells so far have not been reported. Given this, we
successfully established the CDDP-induced MDR phenotype
gastric cancer cell subline and hypothesized that IL-24 gene
may sensitize these human gastric cancer cells to cisplatin
therapy. In this study, we also investigated the possible role of
IL-24 in chemosensitizing of human gastric cancer cells and
its underlying mechanisms.

Materials and methods

Adenoviral vectors, cell lines, reagents and mice. The
Ad-IL-24 and Ad-GFP adenoviral vectors were constructed
in our laboratory (26). The human embryonic kidney cell line
QBI-293A was kindly provided by Professor Jiang Zhong
of Fudan University (Shanghai, China). The human gastric
cancer cell line SGC7901 was purchased from the American
Type Culture Collection (ATCC, Rockville, MD, USA). The
QBI-293A and SGC7901 cell lines were cultured in RPMI-
1640 medium (Gibco, Shanghai, China) supplemented with
10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA).
The TRIzol reagent and the reverse transcriptase MuMLV
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were purchased from Invitrogen (Shanghai, China). The cell
counting kit-8 was purchased from the subsidiary of Dojindo
Laboratories (Shanghai, China). The Annexin V-PE/7-AAD
apoptosis detection kit was purchased from BD Biosciences
(Shanghai, China). The in situ cell death detection kit was
purchased from Roche Applied Science (Shanghai, China).
The monoclonal anti-IL-24 antibody and human IL-24
enzyme-linked immunosorbent assay (ELISA) kit were
purchased from R&D Systems (Shanghai, China). The anti-
bodies specific for P-gp, Bax, Bcl-2 were from Cell Signaling
Technology (Boston, MA, USA). The SuperEnhanced chemi-
luminescence detection kit was from Applygen Technologies
Inc. (Beijing, China). The UltraSensitive™ SP kit was obtained
from Maixin (Fuzhou, China). Chemotherapeutical drugs
cisplatin (CDDP), 5-fluorouracil (5-FU), adriamycin (ADM)
and methotrexate (MTX) were kindly provided by The First
Hospital Affiliated of Soochow University (Suzhou, China).
Additionally, female athymic nude mice were purchased from
Shanghai Experimental Animal Center (Shanghai, China)
and maintained in the animal facility at Soochow University
according to the animal research committee's guidelines of
Soochow University.

Development of the MDR phenotype human gastric cancer
cell subline SGC7901/CDDP. Gastric cancer SGC7901 cells
were cultured in RPMI-1640 supplemented with 10% FBS
overnight and then changed to cisplatin-containing medium
to induce MDR by repeated selection of resistant clones
of parental sensitive SGC7901 cells to stepwise increasing
concentrations of cisplatin. After 4 months, the SGC7901 cells
could stably grow in 1 yg/ml cisplatin-containing medium. To
maintain the MDR phenotype, the 1 #g/ml cisplatin-containing
medium was used in later MDR phenotype cell culture.

Transfection. To assess the optimal multiplicity of infection
(MOI) for a maximal infection and transgene expression,
human gastric cancer cells SGC7901/CDDP were infected
with Ad-IL-24 and Ad-GFP at various MOIs (0, 1, 10, 25, 50,
100 and 200) for 24 h. The adenoviral infection efficiency
was analyzed according to GFP expression by fluorescence
microscopy. Furthermore, the IL-24 transgene expression
mediated by adenoviral infection in SGC7901/CDDP cells
was determined by using RT-PCR and western blot analysis.

RT-PCR analysis. Total RNA was extracted from Ad-1L-24-
or Ad-GFP-infected and uninfected SGC7901/CDDP cells
using TRIzol and then reversely transcribed into cDNA using
Oligo d(T)18 as primer according to the manufacturer's
protocol. PCR amplification was carried out using these cDNA
samples as templates and IL-24 primers (5'-GCACTCGAGC
CATGAATTTTCAACAGAGGCTGCA-3' and 5'-GCTTCT
AGATCAGAGCTTGTAGAATTTCTG-3") under conditions
of an initial cycle at 94°C for 2 min and 72°C for 10 min
followed by 35 cycles at 94°C for 50 sec, 58°C for 50 sec and
72°C for 55 sec and a final extension at 72°C for 10 min. The
PCR products were separated in 1% agarose gels using elec-
trophoresis with ethidium bromide staining. Subsequently,
The GAPDH as well as multidrug resistant- and apoptosis-
related genes MDRI1, Bax and Bcl-2 were detected as the
above protocols, the PCR reaction was carried out using the
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following primers (5'-GCGGCTCCGATACATGGTT-3' and
5"TGGCGAGCCTGGTAGTCAAT-3' for MDRI; 5-GGA
TGCGTCCACCAAGAA-3' and 5'-GCACTCCCGCCA
CAAAGA-3' for Bax; 5"-TGTGGCCTTCTTTGAGT TCG-3'
and 5'-CTACCCAGCCTCCGTTATCC-3' for Bcl-2;
5S"TTACTCCTTGGAGGCCATGTGGGCC-3" and 5'-ACT
GCCACCCAGAAGACTGTGGATGG-3' for human
GAPDH).

Western blot analysis. Total proteins was isolated from Ad-IL-
24- or Ad-GFP-infected and uninfected SGC7901/CDDP cells
and resolved in 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and subsequently trans-
ferred onto a polyvinylidene difluoride membrane. After that,
the membrane was incubated in 5% (w/v) non-fat dry milk
in Tris-buffered saline containing 0.05% Tween-20 (TBST)
for 1 h at 37°C and then further with a panel of primary
antibodies specific for IL-24, P-gp, Bax, Bcl-2 and GAPDH
(an internal control) in blocking solution for 1 h at 37°C. The
membrane was then washed with TBST and incubated with
a peroxidase horseradish peroxidase-conjugated secondary
antibody in blocking solution for another 1 h at 37°C. After
three washes with TBST, the positive bands were developed
by using a SuperEnhanced chemiluminescence detection kit
and visualized after exposure of the membranes to Kodak
X-ray film.

ELISA analysis. The adenovirus-mediated secretory expres-
sion of IL-24 in SGC7901/CDDP cells was detected by
ELISA analysis. Briefly, the SGC7901/CDDP cells (2.5x10°)
were infected with 100 MOI Ad-1L-24, Ad-GFP or without
adenovirus (PBS) in 10 ml medium, respectively. After 24 h of
treatment, the cellular culture supernatants generated from the
three groups were collected, and the amount of IL.-24 in above
culture supernatants was analysed by ELISA using human
IL-24 ELISA kit according to the manufacturer's instructions.

CCK-8 assay. The in vitro resistance index of SGC7901/CDDP
cells were analyzed by CCK-8 assay. Briefly, SGC7901 and
SGC7901/CDDP cells (1x10* per well) were seeded in 96-well
culture plates and incubated for 24 h at 37°C and then treated
with CDDP, 5-FU, ADM and MTX in seven different concen-
trations for 48 h (see Results). The viability of SGC7901 and
SGC7901/CDDP cells were then analyzed by using CCK-8 kit
according to the manufacturer's protocol. Similarly, the cells
infected with Ad-IL-24 and Ad-GFP were also included for
CCK-8 assay. The SGC7901/CDDP cells were infected with
100 MOI Ad-IL-24 or Ad-GFP or without adenovirus (PBS)
for 24 h and then treated with CDDP, 5-FU, ADM and MTX
for 48 h and then subjected to CCK-8 assay. Inhibitory rate (%)
was calculated using the formula: 1 - (OD,, e imens/OD
x100%; Resistance index: 1Csysccer901/cppryICsosceroor, and
Reversion index: ICsypps)/ICs0ad.11.24)-

comrols)

Flow cytometric analysis of cell cycle alteration. The
SGC7901/CDDP human gastric cancer cells (1x10%) were
cultured with 100 MOI Ad-IL-24, Ad-GFP or without
adenovirus (PBS), respectively. After 48 h, the infected and
uninfected SGC7901/CDDP cells were trypsinized and
washed in cold PBS, then subjected to cold 70% ethanol for
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12 h, and the cells were stained with propidium iodide for
cell cycle analysis by flow cytometry. All experiments were
repeated three times.

Analysis of in vitro and in vivo chemosensitizing effects. To
test the chemosensitizing effects of Ad-1L-24 in vitro and
in vivo, the following groups were studied: PBS+SGC7901/
CDDP (PBS), Ad-GFP+SGC7901/CDDP (Ad-GFP), Ad-IL-
24+SGC7901/CDDP (Ad-IL-24), CDDP+SGC7901/CDDP
(CDDP), Ad-GFP+CDDP+SGC7901/CDDP (Ad-GFP+CDDP)
and Ad-IL-24+CDDP+SGC7901/CDDP (Ad-IL-24+CDDP).
Firstly, we investigated in vitro effects. The SGC7901/CDDP
cells (2.5x10°%) were cultured in 6-well culture plates (marked
A, B, C, D, E and F, respectively), After 24 h, 100 MOI
Ad-IL-24 was added in A and B well, 100 MOI Ad-GFP was
added in C and D well, equivalent PBS was added in E and F
well as controls. After next 24 h, 2.5 yg/ml CDDP was added
in A, C and E wells. Two days later, all treatment groups were
harvested and washed in cold PBS, the apoptosis rate was
assessed by flow cytometry using the Annexin V-PE/7-AAD
apoptosis detection kit according to the manufacturer's
protocol. Briefly, the SGC7901/CDDP cells (2.5x10°%) were
incubated with 5 gl of Annexin V-PE and 5 ul 7-AAD in
100 gl of 1X Annexin V-binding buffer at room temperature.
After incubating for 15 min, 400 ul of 1X binding buffer
was added, and the apoptotic cells were analyzed by flow
cytometry.

Secondly, we investigated in vivo effects. The female
athymic nude mice were subcutaneously (s.c.) inoculated into
the armpits of their right anterior limbs with 2x10°® human
SGC7901/CDDP cells. After the tumor mass reached a mean
tumor volume of ~100 mm?, Ad-1L-24, Ad-GFP or PBS were
given once every 3 days by intratumoral injection for 36 days.
From days 7-14 and 21-28, 4.5 mg/kg of CDDP was given via
tail vein injection weekly. Tumor progression and regression
were monitored and tumor volume was measured with a
caliper every four days. The tumor volume was calculated by a
formula, i.e., ab*/2, where a is the larger and b is the smaller of
the two dimensions. The tumor-bearing mice were then sacri-
ficed at day 36 after the treatments and tumor xenograft tissues
were removed, weighed, fixed by 10% neutral formalin, and
then embedded in paraffin for hematoxylin and eosin staining
and immunohistochemical analysis.

Immunohistochemistry. Expression of P-gp, Bax and Bcl-2
proteins of PBS, Ad-GFP and Ad-IL-24 groups in human
gastric cancer xenograft tissues was analyzed by using immu-
nohistochemistry with an UltraSensitive SP kit according
to the manufacturer's instructions. The presence of buffy or
brown diaminobenzidine precipitates is indicative of positive
reactivity. The integral optical density (IOD) of immunohis-
tochemical intensity was analyzed by Image-Pro Plus 6.0
software (Media Cybernetics, Bethesda, MD, USA).

Statistical analysis. All data were presented as the mean +
SD. The significant difference between two groups was evalu-
ated by using Student's t-test and one-way or two-way repeated
measures analysis of variance and multiple comparisons with
SPSS 10.0 software (SPSS, Chicago, IL, USA). A value of
P<0.05 was considered to be significant.
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Figure 1. Identification of the chemosensitivity of gastric cancer cell sub-
line SGC7901/CDDP to chemotherapeutic drugs, The ICy, of SGC7901 and
SGC7901/CDDP cells to CDDP, 5-FU, ADM and MTX were determined
by using CCK-8 assay as described in Materials and methods. "P<0.05 com-
pared to parental sensitive SGC7901 cells. Data shown are representative
of three independent experiments. Statistical analysis was performed by
Student's t-test.

Results

Development of the CDDP-induced MDR phenotype gastric
cancer cell subline SGC7901/CDDP. To obtain CDDP-induced
MDR phenotype gastric cancer cell subline SGC7901/CDDP,
we selected the SGC7901 cells repeatedly under increased
cisplatin concentrations from 0.04 pg/ml to 1 pg/ml in a 4
months period. The MDR phenotype gastric cancer cells
could grow stably in 1 ug/ml cisplatin-containing medium. To
maintain the MDR phenotype, 1 ug/ml cisplatin-containing
medium was used in later MDR phenotype cell cultures. We
first performed CCK-8 assay to detect the changed viability
in SGC7901/CDDP cells. The data showed that SGC7901/
CDDRP cells acquired 14.03-, 6.47-, 5.06- and 1.94-fold resis-
tance to CDDP, 5-FU, ADM and MTX compared to parental
SGC7901 cells, respectively (P<0.05; Fig. 1).

Stable expression of IL-24 in vitro. To assess the optimal MOI
for a maximal transgene expression with minimal adeno-
virus itself-caused cytotoxicity, SGC7901/CDDP cells were
infected with Ad-IL-24 or Ad-GFP at different MOIs (see
Materials and methods) and examined under fluorescence
microscopy. More than 90% of GFP expression was found
in the Ad-IL-24- or Ad-GFP-infected SGC7901/CDDP cells
at MOI of 100 or above, whereas the GFP expression was
not found in uninfected SGC7901/CDDP cells. Additionally,
there was rarely adenovirus-elicited cytotoxic effect in
100 MOI blank Ad-GFP-infected SGC7901/CDDP cells (data
not shown). Furthermore, adenovirus-mediated exogenous
IL-24 tumor suppressor gene and protein was significant
expressed at 100 MOI in Ad-IL-24-infected SGC7901/CDDP
cells but not in Ad-GFP-infected and uninfected SGC7901/
CDDRP cells (Fig. 2a and b), indicating that IL.-24 is expressed
in Ad-IL-24-transfected SGC7901/CDDP cells at transcrip-
tional and translational levels. In addition, a significant
amount of secreted IL-24 was found in the culture superna-
tants of Ad-IL-24 infected SGC7901/CDDP cells but not in
the Ad-GFP infected or uninfected SGC7901/CDDP cells
(P<0.05; Fig. 2c). These results suggested that 100 MOI can
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Figure 2. Adenovirus-mediated IL-24 expression in SGC7901/CDDP gas-
tric cancer cells. (a) RT-PCR. Total RNA was obtained from Ad-IL-24- or
Ad-GFP-infected and uninfected SGC7901/CDDP cells and subjected to
RT-PCR. A housekeeping gene GAPDH was used as an internal control. (b)
Western blotting. Total cellular lysates of Ad-IL-24- or Ad-GFP-infected
and uninfected SGC7901/CDDP cells were analyzed by immunoblotting
with an anti-IL-24 or anti-GAPDH antibody. (¢) Adenovirus-mediated
IL-24 secretory expression by ELISA analysis. The cellular culture super-
natants generated from Ad-IL-24- and Ad-GFP-infected and uninfected
SGC7901/CDDP cells were collected, and the amount of IL-24 in the cul-
ture supernatants was detected by ELISA using human IL-24 ELISA kit.
“P<0.05 compared with PBS and Ad-GFP group, one-way repeated mea-
sures ANOVA and multiple comparisons, n=3 replicates per condition, n=3
replicates per sample. Data shown are representative of three independent
experiments.

be used as an optimal dose for the adenovirus-mediated IL-24
gene induction and transgene expression in human gastric
cancer SGC7901/CDDP cells.

Ad-IL-24 significantly enhances chemosensitivity of SGC7901/
CDDP cells to cisplatin in vitro and in vivo. Based on the
development of MDR phenotype SGC7901/CDDP cells, we
further explored whether Ad-IL-24 had chemosensitizing
effects on SGC7901/CDDRP cells. In vitro, Annexin V-PE and
7-AAD double-positive staining by flow cytometry showed
that Ad-IL-24 plus CDDP could induce greater early apoptosis
(28.13%) than Ad-IL-24 (9.77%) or CDDP (10.83%) alone
(P<0.05 Fig. 3a), indicating that Ad-IL-24 treatment could signif-
icantly enhance the chemosensitivity of SGC7901/CDDP cells
to cisplatin. To further address the potential chemosensitizing
effects of Ad-IL-24 on SGC7901/CDDP cells, in vivo, we
injected SGC7901/CDDP cells into athymic nude mice and then
injected Ad-IL-24, Ad-GFP or PBS and treatment continued
with or without CDDP. The data showed that Ad-IL-24 plus
CDDP significantly reduced tumor volume from days 12-36
compared to the other groups (P<0.05; Fig. 3b). Similarly, the
tumors weight also showed a difference in Ad-1L-24 plus CDDP
treatment group (P<0.05; Fig. 3¢), indicating that Ad-IL-24 also
has a robust chemosensitizing effect on gastric cancer SGC7901/
CDDP cell xenografts in vivo in an athymic nude mouse model.
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Figure 3. Chemosensitizing effects of Ad-IL-24 on SGC7901/CDDP
cells in vitro and in vivo. (a) Flow cytometric analysis of apoptosis using
Annexin V-PE and 7-AAD double staining. The Annexin V single-positive
cells in the total population represented early apoptotic cells. “P<0.05 com-
pared with PBS and Ad-GFP groups; “P<0.05 compared with Ad-IL-24
and CDDP groups, one-way repeated measures ANOVA and multiple
comparisons, n=3 replicates per condition. (b and ¢) Tumor volume and
weight. The athymic nude mice bearing gastric cancer cell SGC7901/CDDP
xenograft tumors were intratumorally injected with Ad-IL-24 (1x10® GTU),
Ad-GFP(1x10® GTU), PBS or CDDP alone, or CDDP plus intratumoral
injection of Ad-IL-24 (1x10® GTU) or Ad-GFP (1x10® GTU) as described in
Materials and methods. The tumor volume (b) before and after treatment,
and tumor weight (c) at 36 days after treatment."P<0.05 compared to PBS
and Ad-GFP groups; “"P<0.05 compared to Ad-IL-24 and CDDP groups,
respectively. One-way and two-way repeated ANOVA measures and multiple
comparisons (n=5 mice per condition). Data shown are representative of
three independent experiments.

Ad-IL-24 elicits chemosensitizing effect by induction of cell
cycle alteration and reversal of expression of multidrug resis-
tant- and apoptosis-related proteins. We first investigated
the changes in IC, elicited by Ad-IL-24 in MDR phenotype
gastric cancer cells. The SGC7901/CDDP cells were infected
with Ad-IL-24 or Ad-GFP at 100 MOI, cell viability
was determined on the fourth day by using CCK-8 assay.
Compared with Ad-GFP and PBS treatment groups, the IC,
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(Fig. 4a) of the Ad-IL-24-infected SGC7901/CDDP cells to
CDDP, 5-FU, ADM (not MTX) was significantly decreased.
To further address the underlying mechanisms that may be
responsible for Ad-IL-24-mediated chemosensitizing effect.
We analyzed the cell cycle distribution and the changes of
multidrug resistant- and apoptosis-related protein expres-
sion. The cell cycle alteration of SGC7901/CDDP cells in
Ad-IL-24 or Ad-GFP or PBS treatment group was analyzed
by flow cytometry.

As shown in Fig. 4b and c, the proportion of
SGC7901/CDDP cells in the G,/M phase was significant
increased in Ad-IL-24 treatment group compared with
Ad-GFP and PBS groups (P<0.05). Subsequently, the
expression of MDR- and apoptosis-related genes/proteins
(MDR1/P-gp, Bax/Bax and Bcl-2/Bcl-2) were detected by
RT-PCR and western blot analysis in these cells. Our results
showed that MDR1/P-gp and Bcl-2/Bcl-2 were downregu-
lated, whereas Bax/Bax was upregulated in Ad-IL-24-treated
SGC7901/CDDP cells compared to PBS and Ad-GFP groups
(P<0.05; Fig. 5a and b). Furthermore, expression of multidrug
resistant-related proteins P-gp and apoptosis-related proteins
Bax and Bcl-2 was also modulated in nude xenograft tissues
(P<0.05; Fig. 6). Those results indicate that Ad-IL-24 is a
strong chemosensitizer for MDR phenotype gastric cancer
SGC7901/CDDP cells.

Discussion

Chemotherapy is one of the most conventional therapeutic
strategies for human cancers, but MDR is frequently a major
impediment to the successful use of cancer chemotherapy (27).
MDR refers to phenomenon by which cancer cells that have
been exposed to a certain chemotherapeutic drug, develop
cross-resistance to a variety of functionally unrelated reagents.
Naturally, MDR plays a mainstay role in chemoresistance
of gastric cancer treatment. Different drugs may finally
induce the MDR phenotype but through various signaling
pathways, consequently leading to apparently different expres-
sion or functional changes of involved molecules. Previous
studies have shown that several known proteins (such as
P-glycoprotein, RhoE, GASI, thymidylate synthase Bax and
Bcl-2) play an important role in development of VCR-, 5-fluo-
rouracil- or doxorubicin-based MDR phenotype gastric cancer
cells (6,28-31), therefore, we speculate that different chemo-
sensitizers may work through these known or some unknown
ways to restore chemosensitivity of tumor MDR cells.
Cisplatin, cis-diamminedichloroplatinum (CDDP), is deemed
to be the ‘penicillin of cancer drugs’ due to its universal, early,
and effective treatment for many cancers, including gastric
cancer (32). However, the inherent or acquired resistance of
tumors to CDDP therapy is a major clinical problem. The dose
that is necessary to overcome even a small increase in cellular
resistance can result in severe cytotoxicity in normal cells.
Given this, it is imperative to explore novel chemosensitizers
to reduce drug dosage, minimize side effects, enhance the
efficacy of therapy, and promote the application of cisplatin in
MDR phenotype cancer therapy.

Gene therapy provides a viable option, especially when
used with a cancer-selective apoptosis-inducing gene, such as
interleukin-24 (IL-24), a unique member of the IL-10-related
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Figure 4. Ad-IL-24 modulates ICs, and cell cycle in SGC7901/CDDP cells. (a) Cell viability CCK-8 assay. The ICy, of SGC7901/CDDP infected with Ad-GFP
or Ad-IL-24 and then treated with CDDP, 5-FU, ADM and MTX were evaluated by CCK-8 assay. “P<0.05 compared to Ad-GFP and PBS groups, “P>0.05
also compared to PBS and Ad-GFP groups, respectively, using one-way repeated ANOVA measures and multiple comparisons. n=3 replicates per conditions.
(b and ¢) Cell cycle analysis using propidium iodide staining. Ad-IL-24 significantly induced G,/M phase arrest in SGC7901/CDDP cells. "P<0.05 compared
to Ad-GFP and PBS groups. one-way repeated ANOVA measures and multiple comparisons. n=3 replicates per conditions.
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Figure 5. The in vitro chemosensitizing mechanisms of Ad-IL-24 in SGC7901/CDDP cells (a) MDR1, Bax and Bcl-2 transcriptional expression was detected
by RT-PCR analysis, ‘P<0.05 compared to Ad-GFP and PBS groups. One-way repeated ANOVA measures and multiple comparisons. n=3 replicates per condi-
tions. (b) P-gp, Bax and Bcl-2 proteins expression were detected by western blot analysis, “P<0.05 compared to Ad-GFP and PBS groups. One-way repeated
ANOVA measures and multiple comparisons. n=3 replicates per conditions.
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Figure 6. The in vivo chemosensitizing mechanisms of Ad-IL-24 in SGC7901/CDDP cells of nude mouse xenografts. Representative images of immuno-
histochemical detection of P-gp, Bax, and Bcl-2 in gastric cancer SGC7901/CDDP xenograft tissues. Consequently, the integral optical density (IOD) of
immunostaining intensity was quantified by using Image-Pro Plus 6.0 software. “P<0.05 compared to PBS and Ad-GFP groups by using one-way repeated
ANOVA measures and multiple comparisons (n=6 replicates per condition, n=5 observations per representative section). The original magnification was x400.

Data shown are representative of three independent experiments.

cytokine gene family, exhibits nearly ubiquitous antitumor
properties in vitro and in vivo (11). Unlike other tumor suppres-
sors, the IL-24 unique aspects lie in its selective induction of
apoptosis in cancer cells, profound ‘bystander’ activity by the
secreted IL-24 protein, potent antitumor immune response.
Some studies demonstrated that the cytotoxic activity of IL-24
gene did not depend on the status of other tumor suppressor
genes, such as p53, Rb and ras (33). Furthermore, IL-24 exhibits
strong chemosensitizing effects in broad-spectrum MDR
phenotype cancer cells (3,17,23,24) and promising results
in patients with multiple solid tumors in phase I clinical
trials (34). These exciting findings indicate that IL-24 is likely
to be a potent nontoxic chemosensitizer for eliminating MDR
in tumor cells.

In the current study, we first established a CDDP-induced
MDR phenotype gastric cancer subline SGC7901/CDDP by
repeated selection and found that MDR promoted resistance
of gastric cancer cells to 20 times CDDP treatment or other
anticancer drugs, such as 5-FU, ADM or MTX. Then, we
assessed the chemosensitizing effects of Ad-IL-24 gene in
gastric cancer cells in vitro and in vivo. The results demon-
strated that ectopic IL-24 expression decreased the ICs,
of CDDP, 5-FU, and ADM (not MTX). Generally, cellular
apoptosis often occurs after cell cycle arrest (35), and the
anticancer and chemosensitizing mechanism of many treat-
ments is mediated by the induction of cell cycle-specific
apoptosis. In our study, we found that Ad-IL-24 significantly
increased the percentage of SGC7901/CDDP cells in G,/M

phase. Ad-IL-24 plus CDDP enhanced the induction of
apoptosis in SGC7901/CDDP cells in vitro, and elicited a
significant tumor suppression effect in vivo further indicating
that Ad-IL-24 could be a potent model of adjuvant chemo-
therapy for gastric cancer.

Of the 48 human ATP-binding cassette transport
proteins (36), P-glycoprotein (P-gp) is the best-known and
principal mediator of MDR (37,38). It extrudes the chemo-
therapeutic agents out of cancers by using the energy of ATP
hydrolysis, resulting in lower intracellular drug concentration
and the decline of drug efficacy (39), therefore, is a thorny
problem in cancer chemotherapy and inhibition of P-gp
expression may restore chemosensitivity of cancer cells
to anticancer drugs. In our study, overexpression of IL-24
downregulated P-gp expression, and Ad-IL-24 decreased the
IC;, of gastric cancer cells SGC7901/CDDP to CDDP, 5-FU,
ADM (not MTX). These results demonstrated that decreased
expression of P-gp could be a mainstay chemosensitizing
pathway. Additionally, Bcl-2 family is a key player in the
mitochondrial pathway of apoptosis, which consists of more
than 20 members of pro-apoptotic proteins and anti-apoptotic
proteins (40). A previous study showed that apoptosis-related
proteins (such as Bax and Bcl-2) are also key factors respon-
sible for MDR (30,41-43). The ratio of Bcl-2 family molecules,
such as Bcl-2/Bax constitutes the threshold of susceptibility
to apoptosis, which promotes pore formation in the mito-
chondrial outer membrane, loss of mitochondrial integrity,
and the release into the cytosol of cytochrome ¢ followed
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by the cleavage of caspase-9, leading to the activation of
intrinsic apoptotic pathway. Our current study demon-
strated that Ad-IL-24 significantly induced expression
of pro-apoptotic Bax protein, but inhibited expression of
apoptosis-suppressing proteins Bcl-2 in vitro and in vivo.
Furthermore, Ad-IL-24 plus CDDP enhanced induction
of apoptosis in vitro SGC7901/CDDP cells and elicited
significant tumor suppression of in vivo of SGC7901/CDDP
xenograft tissues. These results demonstrated that intrinsic
apoptotic pathway could be another key pathway for Ad-IL-
24-elicited chemosensitizing in gastric cancer.

Recent evidence has shown that PI3K/Akt, a crucial
effectors of the oncogenic signaling pathway, plays a key
role in the MDR of gastric cancer cells, and altered expres-
sion of P-gp, Bax, and Bcl-2 might be responsible for the
PI3K/Akt-induced drug resistance in AGS cells (44-46).
Coincidentally, our investigation demonstrated that Ad-IL-24
restores chemosensitivity via modulating the expression
of P-gp, Bax, and Bcl-2 in MDR phenotype gastric cancer
cells. On the basis of the above evidence, it is believed that
PI3K/Akt pathway is very likely to be involved in the Ad-IL-
24-mediated chemosensitizing effects for gastric cancer.
However, our study is just a proof-of-principle and further
study will be performed to verify whether PI3K/Akt or some
other unknown signaling pathways participate in 1L-24-
enhanced chemosensitivity in gastric cancer cells.
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