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ABSTRACT

Although cannabinoids are associated with antineoplastic activity in a number of cancer cell types, the effect in gastric cancer cells has not

been clarified. In the present study, we investigated the effects of a cannabinoid agonist on gastric cancer cell proliferation and invasion. The
cannabinoid agonist WIN 55,212-2 inhibited the proliferation of human gastric cancer cells in a dose-dependent manner and that this effect
was mediated partially by the CB, receptor. We also found that WIN 55,212-2 induced apoptosis and down-regulation of the phospho-AKT
expression in human gastric cancer cells. Furthermore, WIN 55,212-2 treatment inhibited the invasion of gastric cancer cells, and down-
regulated the expression of MMP-2 and VEGF-A through the cannabinoid receptors. Our results open the possibilities in using cannabinoids
as a new gastric cancer therapy. J. Cell. Biochem. 110: 321-332, 2010. © 2010 Wiley-Liss, Inc.
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C annabinoids are the active components of Cannabis
sativa (marijuana) and its derivatives. Cannabinoids act by
activating specific cell surface G-protein-coupled cannabinoid
receptors [Di Marzo et al., 2004]. Two receptors are biologically
important and have been studied widely: type 1 receptor (CB,) and
type 2 receptor (CB,) [Matsuda et al., 1990; Munro et al., 1993]. CB,
is expressed abundantly in the brain and at many peripheral sites,
and CB, is expressed almost exclusively in the immune system
[Howlett et al., 2002].

Synthetic cannabinoids are used clinically. Synthetic A°-
tetrahydrocannabinol (Marinol™) and its analogue nabilone
(Cesamet™) are licensed in the USA, Canada, and the UK for their
palliative effects on chemotherapy-induced nausea and vomiting
[Guzman, 2003; Hall et al.,, 2005]. Rimonabant is also used in
treating obesity and related cardiometabolic disease [Pi-Sunyer
et al., 2006].

Since the first report of the antineoplastic activity of cannabi-
noids [Munson et al., 1975], it is now known that cannabinoids can
inhibit tumor cell growth by modulating different cell signaling
pathways in diverse cancer cells, such as lymphoma, prostate cancer,

breast cancer, pancreatic cancer, and skin cancer cells [Carracedo
et al., 2006a; Casanova et al.,, 2003; Gustafsson et al., 2006;
Ligresti et al.,, 2006; Sarfaraz et al., 2006]. In cancers of the
gastrointestinal tract, cannabinoids inhibit cancer cell growth,
migration, and induce apoptosis in colorectal cancer cells [Ligresti
et al., 2003; Joseph et al., 2004; Patsos et al., 2005; Greenhough
et al., 2007].

Although the antineoplastic activity of cannabinoids has been
reported in a wide spectrum of cancer cells, this effect on human
gastric cancer cells has been investigated in only a few reports.
Recent studies pointed that A°-tetrahydrocannabinol or ananda-
mide inhibited gastric cancer cell proliferation [Ligresti et al., 2006;
Miyato et al., 2009]. However, the mechanism leading to the
induction of apoptosis and decreasing the invasiveness of gastric
cancer cells exposed to cannabinoids has not been clarified.

To better understand the inhibitory mechanism of cannabinoids
on gastric cancer progression, we studied whether a cannabinoid
agonist inhibits human gastric cancer cell proliferation and induces
cancer cell apoptosis. We also studied whether a cannabinoid
agonist can inhibit invasions by human gastric cancer cells.
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DRUGS

The mixed CB,/CB, agonist (R)-(+)-WIN 55,212-2 ((R)-(+)-[2,3-
dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-
benzoxazin-6-yl]-1-naphthalenylmethanone mesylate, C,;H,6 N,
05CH;S0;H), CB;-selective receptor antagonist AM251 (N-(piper-
idin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3 carboxamide, C,, H,;Cl,IN,0), and CB,-selective
receptor antagonist AM630 (6-iodo-2-methyl-1-[2-(4-morpholiny-
1)ethyl]- 1H-indol-3-yl(4-methoxyphenyl) methanone, C,3H,5IN,05)
were purchased from Tocris Bioscience (Bristol, UK). Dimethyl
sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO).

CELL CULTURE

The human gastric cancer cell lines AGS and MKN-1 as well as
additional human colorectal carcinoma cell line HT-29 were
obtained from Korean Cell Line Bank (Seoul, Korea). RPMI 1640
medium, Dulbecco’s modified Eagle’s medium (DMEM), and fetal
bovine serum (FBS) were purchased from WelGENE (Daegu, Korea),
and penicillin-streptomycin was purchased from Sigma. AGS and
MKN-1 cells were cultured in RPMI 1640 medium, HT-29 cell was
cultured in DMEM, and all cells were supplemented with 10% heat-
inactivated FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomy-
cin. The cells were maintained under standard cell culture conditions
at 37°C and 5% CO, in a humid environment.

MTT ASSAY

The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) assay was performed to determine cell viability. WIN 55,212-
2, AM251, and AM630, all of which were dissolved in DMSO, were
added to the cell culture medium with serum. The final concentra-
tion of DMSO was 0.1% (v/v) for each treatment. Five thousand cells
were seeded in 96-well plates and stimulated with different
concentrations of the agents indicated, and control cells were
treated with an equivalent amount of vehicle (DMSO). After
incubation for the specified times at 37°C in a humidified incubator,
MTT reagent (50 wl, 2mg/ml in phosphate-buffered saline (PBS))
(Sigma) was added to each well and incubated for 3h. After
incubation, the MTT solution was removed from the wells by
aspiration, and the formazan crystals were dissolved in DMSO
(100 wl). Absorbance was recorded on a microplate reader (Spectra
Max 250, Molecular Devices, Sunnyvale, CA) at 550 nm. Six wells
were used for each treatment condition.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
ANALYSIS (RT-PCR)

RNA was isolated using Trizol reagent (Sigma). cDNA was obtained
using amfiRivert cDNA synthesis Premix (GenDEPOT, Barker, TX).
The following sense and antisense primers were used to amplify
human CB; (CGTGGGCAGCCTGTTCCTCA and CATGCGGGCTTG-
GTCTGG, 408-bp product); human CB, (CGCCGGAAGCCCTCATACC
and CCTCATTCGGGCCATTCCTG, 522-bp product); human vascular
endothelial growth factor-A (VEGF-A, GGGGGATCCGCCTCCGAA-
ACCATGAACTT and CCCGAATTCTCCTGGTGAGAGATCTGGTT,
786-bp product); and human glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH, AATGCATCCTGCACCACCAA and GTAGCCA-
TATTCATTGTCATA, 520-bp product). PCR reactions were
performed using the following parameters: 95°C for 5min, 94°C
for 30s, 57°C CB,, 57°C CB, or 60°C VEGF-A or 55°C GAPDH for
30s, and 72°C CB,, 72°C CB, for 1 min or VEGF-A and GAPDH for
30s, followed by a final extension step of 72°C for 5min. The
number of cycles (37 cycles for CB, and CB,, 35 cycles for VEGF-A,
30 cycles for GAPDH) was adjusted to allow detection in the linear
range. Finally, PCR products were separated on 1.0% agarose gels.

TISSUE PROTEIN PREPARATION

The rat brain and spleen, mouse brain and spleen were quickly
dissected and homogenized in lysis buffer (Cell Signaling
Technology, Beverly, MA) supplemented with protease inhibitors
(Sigma) on ice. Tissue homogenates were disrupted on ice for 15 min.
Later, the lysates were centrifuged at 14,000¢ for 15 min at 4°C. The
supernatants were used for Western blot analysis.

CELL PROTEIN PREPARATION

The cells were incubated with different concentrations of the agents
indicated or an equivalent amount of DMSO for the times indicated.
After incubation, cells were washed, harvested, disrupted on ice for
5 min using lysis buffer (Cell Signaling Technology) supplemented
with protease inhibitors (Sigma), and centrifuged at 14,0009 for
15 min at 4°C. The supernatants were used for Western blot analysis.

WESTERN BLOT ANALYSIS

The cell or tissue protein concentration was determined using the
Bio-Rad DC protein assay kit (Bio-Rad, Hercules, CA). Equal
amounts of protein were separated by 10% sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes, immunoblotted with specific primary
and secondary antibodies, and visualized using a West-Q
Chemiluminescent Substrate Plus Kit (GenDEPOT). CB; and CB,
antibodies were from Cayman (Ann Arbor, MI). Antibodies to
activated (cleaved) caspase-3, MMP-2, MMP-7, MMP-9, and p8
were from Abcam (Cambridge, UK). Antibodies to phospho-AKT
(Ser473) and AKT were from Cell Signaling Technology. Actin
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA).

FLOW CYTOMETRY

The phycoerythrin (PE)-annexin V apoptosis detection kit was from
BD Biosciences (Bedford, MA) and was used according to the
manufacturer’s instructions. Briefly, the cells were treated with WIN
55,212-2 (1, 5, or 10 wM) or an equivalent amount of DMSO for 24 h.
The cells were then washed twice with cold PBS and resuspended
cells in 1x binding buffer (0.01 M HEPES (pH 7.4), 0.14M NaCl,
2.5mM CaCl,) at a concentration of 1 x 10° cells/ml. One hundred
microliters of the cell suspension was transferred to a 5ml culture
tube, and 5 pl of PE-annexin V and 5 pl of 7-amino-actinomycin D
(7-AAD) were added. The cells were incubated at room temperature
for 15 min in the dark, and 400 pl of 1x binding buffer was added.
Apoptosis was analyzed by flow cytometry using a FACSCalibur
apparatus (Becton Dickinson, San Jose, CA).
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MATRIGEL MIGRATION AND INVASION ASSAYS

Cell migration and invasion assays were performed in 24-well plates
containing either 8 wm pore size BioCoat control inserts (migration
assays) or Matrigel-coated inserts (28.4 wg Matrigel, invasion
assays) according to the manufacturer’s instructions (BD Bios-
ciences). Briefly, 2.5 x 10° cells in 0.5 ml of serum-free RPMI 1640
culture medium were added to each insert and WIN 55,212-2 (0.1, 1,
or 2 uM) or the equivalent amount of DMSO was added. To address
the role of CB; and CB,, cells were pretreated for 1h with 1 uM of
AM251, AM630, or equivalent amount of DMSO, followed by
incubation with 2 pM WIN 55,212-2 or DMSO for 48 h. RPMI 1640
containing 10% FBS was used as a chemoattractant in the
companion plate. The cells were incubated in a humidified incubator
at 37°C in 5% CO, for 48 h, and after the noninvading cells on the
upper surface of the membrane were removed with a cotton swab,
viable cells on the lower surface of membrane were stained with
crystal violet (Sigma). The chambers were washed twice with water
and allowed to air dry. The membranes were then removed and
mounted in immersion oil, and the number of invading cells was
counted in five microscopic fields (200x) per membrane. Invasion is
expressed as the invasion index, which is calculated as the number
of cells that invaded through the Matrigel-coated inserts divided by
the number of cells that migrated through the uncoated control
inserts with equal treatment ([invasion/migration] x 100%).

IMMUNOCYTOCHEMISTRY

The cells were treated with WIN 55,212-2 (1 or 10uM) or an
equivalent amount of DMSO for 48h. The cells were washed,
harvested, centrifuged at 4°C for 10 min at 1,500¢, and fixed in
periodate-lysine-2% paraformaldehyde. The resuspended aliquots
were cytocentrifuged (Cytospin 2, Shandon, Frankfurt, Germany)
onto microscope slides for 5min at 5009 and processed for

A HT-28 AGS MKN-1

immunocytochemistry. After endogenous peroxidase quenching
and serum blocking, microscope slides were incubated with
antibodies to cleaved caspase-3 (Abcam) at 4°C overnight. The slides
were washed, incubated with peroxidase-conjugated donkey anti-
rabbit IgG Fab fragment (Jackson ImmunoResearch Laboratories,
West Grove, PA) for 1 h, and then incubated with peroxidase substrate
solution (0.05% DAB and 0.01% H,0,) for 5 min at room temperature.
Slides were sealed with coverslips, and observations and photography
were performed using an Axio Imager A1 (Zeiss, Germany).

STATISTICAL ANALYSIS

Statistical analysis was performed with SAS software (SAS Institute,
Cary, NC). Data were analyzed using the two-tailed Student’s -
test. P<0.05 was considered significant. Data are expressed as
mean =+ standard error of the mean (SEM).

HUMAN GASTRIC CANCER CELL LINES EXPRESSED THE
CANNABINOID RECEPTORS

We examined the expression of the cannabinoid receptors, CB;
and CB,, in human gastric cancer cell lines. HT-29 cell, rat brain and
spleen, mouse brain and spleen were used as appropriate positive
controls for cannabinoid receptors expression. RT-PCR (Fig. 1A) and
Western blot analysis (Fig. 1B,C) showed that both human gastric
cancer cell lines AGS and MKN-1 expressed the CB; and CB,.

WIN 55,212-2 INHIBITED THE PROLIFERATION OF HUMAN
GASTRIC CANCER CELLS AND THIS EFFECT OCCURRED THROUGH
THE CB, RECEPTOR

To evaluate the effect of WIN 55,212-2 on viability of the human
gastric cancer cell lines, we treated AGS and MKN-1 cells with
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Fig. 1. The cannabinoid receptors expressed in human gastric cancer cell lines. A: RT-PCR analysis of the cannabinoid receptors expressed in gastric cancer cell lines AGS,
MKN-1, and colorectal carcinoma cell line HT-29. B: Western blot analysis of the cannabinoid receptors expressed in AGS, MKN-1, and HT-29 cells. HT-29 cell was taken as
positive control for the cannabinoid receptors expression. C: Western blot analysis of the cannabinoid receptors expressed in AGS, MKN-1, rat brain and spleen, mouse brain and
spleen. Rat brain and spleen, mouse brain and spleen were taken as positive controls for the cannabinoid receptors expression. GAPDH and actin were used as loading control.

Here, representative images from three independent experiments with similar results are shown.
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different concentrations of WIN 55,212-2 for 72h. As shown in
Figure 2A, WIN 55,212-2 dose-dependently decreased cell
survival. When the concentration of WIN 55,212-2 was increased
to 2.5uM, percentages of surviving cells relative to control
values were 72.7 4 1.8% in AGS cells (P<0.01) and 78.6 & 1.7%
in MKN-1 cells (P<0.01). Increasing the concentration of WIN
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55,212-2 to 10 wM decreased the percentages of surviving cells to
15.6 +0.4% in AGS cells (P<0.001) and 20.4 4+0.5% in MKN-1
cells (P < 0.001).

We next examined whether WIN 55,212-2 can reduce human
gastric cancer cell survival through the CB; or CB,. As shown in
Figure 2B, the reduction in cell survival induced by WIN 55,212-2
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Effect of WIN 55,212-2 on human gastric cancer cell proliferation. A: AGS and MKN-1 cells were treated with WIN 55,212-2 (1, 2.5, 5, 7.5, and 10 M) or equivalent

DMSO as indicated for 72 h. Cell survival was determined using the MTT assay. Results are shown as percentage cell survival relative to controls. The data are expressed as
mean = SEM of six experiments. Statistical analyses were conducted by comparisons with vehicle values (P < 0.01, **P< 0.001). B: AGS and MKN-1 cells were pretreated for
1 h with 1 wM of AM251 or equivalent DMSO, followed by incubation with 5 .M WIN-55,212-2 or equivalent DMSO for 48 h. Cell survival was determined using the MTT assay.
Results are shown as percentage cell survival relative to controls. The data are expressed as mean = SEM of six experiments. Statistical analyses were conducted by comparisons
with vehicle or WIN 55,212-2 alone values (*P < 0.001). C: AGS and MKN-1 cells were pretreated for 1 h with 1 .M of AM630 or equivalent DMSO, followed by incubation with
5 wM WIN-55,212-2 or equivalent DMSO for 48 h. Cell survival was determined using the MTT assay. Results are shown as percentage cell survival relative to controls. The data

are expressed as mean + SEM of six experiments (*P< 0.001).
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was rescued partially by blocking the CB; receptor with CB, receptor
antagonist AM251. The percentages of surviving cells relative to the
control values were 47.7 +0.9% for WIN 55,212-2 treatment and
66.0 = 0.4% for WIN 55,212-2 treatment after AM251 pretreatment
in AGS cells (P < 0.001); the respective values were 45.6 4+ 0.6% and
71.0+ 1.3% in MKN-1 cells (P < 0.001). By contrast, cell survival
did not be rescued by WIN 55,212-2 in the presence of CB, receptor
antagonist AM630 (Fig. 2C).

WIN 55,212-2 INDUCED APOPTOSIS IN HUMAN

GASTRIC CANCER CELLS

To ascertain whether WIN 55,212-2 can reduce human gastric
cancer cell survival by inducing apoptosis, we treated human gastric
cancer cells with WIN 55,212-2 and measured the proportion of
apoptotic cells by flow cytometry. Figure 3A shows the flow
cytometry results with dual parameters, including PE-annexin V
and 7-AAD. In AGS cells treated with vehicle, 7.5% of the cells were
PE-annexin V positive/7-AAD negative, and 15.5% of cells were
both PE-annexin V and 7-AAD positive. In cells treated with 1 uM of
WIN 55,212-2, 8.5% of cells were PE-annexin V positive/7-AAD
negative, and 16.9% of cells were both PE-annexin V and 7-AAD
positive. In cells treated with 5 uM of WIN 55,212-2, 10.2% of cells
were PE-annexin V positive/7-AAD negative and 14.0% of cells
were both PE-annexin V and 7-AAD positive. The percentages of
PE-annexin V positive/7-AAD-negative and double-positive cells
increased to 26.1% and 28.6%, respectively, after treatment with
10 M of WIN 55,212-2 for 24 h.

In MKN-1 cells treated with vehicle, 5.3% of cells were PE-
annexin V positive/7-AAD negative, and 7.3% of cells were both PE-
annexin V and 7-AAD positive. In cells treated with 1 uM of WIN
55,212-2, 3.7% of cells were PE-annexin V positive/7-AAD negative
and 8.6% of cells were both PE-annexin V and 7-AAD positive. In
cells treated with 5 M of WIN 55,212-2, 6.9% of cells were PE-
annexin V positive/7-AAD negative and 9.6% of cells were both PE-
annexin V and 7-AAD positive. The percentages of PE-annexin V
positive/7-AAD-negative and double-positive cells increased to
20.7% and 18.5%, respectively, after treatment with 10 wM of WIN
55,212-2 for 24 h.

The cleaved activated form of caspase-3, a key effector of
apoptosis, was detected by Western blotting (Fig. 3B) and
immunocytochemistry (Fig. 3C). Treatment of AGS and MKN-1
cells with different concentrations WIN 55,212-2 for 24 h led to a
dose-dependent increase in the cleaved of caspase-3 protein
products (Fig. 3B). As shown in Figure 3B, cleaved caspase-3 level
was increased after treatment with WIN 55,212-2 at a concentration
5uM in AGS and MKN-1 (mean expression levels relative to vehicle,
257.6 + 16.6% and 141.2 + 11.19%, respectively; both P < 0.05). As
shown in Figure 3C, treatment of AGS and MKN-1 cells with WIN
55,212-2 at concentrations of 1 and 10 uM for 48 h increased the
cleaved of caspase-3, as determined by immunostaining.

WIN 55,212-2 TREATMENT DOWN-REGULATED PHOSPHO-AKT
(Ser473) IN HUMAN GASTRIC CANCER CELLS

We next examined the effect of WIN 55,212-2 on protein expression
of p8 and AKT. As shown in Figure 4, phospho-AKT (Ser473) protein
level was decreased after treatment with WIN 55,212-2 at a

concentration of 5 uM in AGS and MKN-1 (mean expression levels
relative to vehicle, 73.6 & 2.0% and 69.5 + 3.19%, respectively; both
P<0.01).

WIN 55,212-2 INHIBITED HUMAN GASTRIC CANCER CELL
INVASION AND THIS EFFECT OCCURRED THROUGH THE
CANNABINOID RECEPTORS

We examined the effect of WIN 55,212-2 on human gastric cancer
cell invasion after treatment with WIN 55,212-2 at concentrations of
0.1, 1, and 2 uM for 48 h. As shown in Figure 5A, in AGS cells, the
invasion index relative to the vehicle was 82.0 +2.7% in cells
treated with 0.1 wM of WIN 55,212-2 (P < 0.01), 73.6 & 3.7% in cells
treated with 1 uM of WIN 55,212-2 (P < 0.001), and 57.5 #+ 7.2% in
cells treated with 2 wM of WIN 55,212-2 (P < 0.001). In MKN-1 cells,
the invasion index relative to vehicle was 76.5+ 5.5% in cells
treated with 1 pM of WIN 55,212-2 (P < 0.01) and 56.0 + 4.4% in
cells treated with 2 puM of WIN 55,212-2 (P < 0.001).

Next, we investigated which cannabinoid receptor was involved
in the gastric cancer cell invasiveness. As shown in Figure 5B, the
reduction in cell invasion induced by WIN 55,212-2 was rescued by
treating AM251 and AM630 either simultaneously or separately. In
AGS, inhibition of cell invasion by WIN 55,212-2 was rescued using
AM251, AM630, or both AM251 and AM630 (invasion indices
relative to vehicle, 99.1 +3.1%, 101.4 =3.1%, and 100.3 =+ 2.49%,
respectively; all P < 0.001). These rescue was also observed in MKN-
1 cells with AM251, AM630, and both with AM251 and AM630
(invasion indices relative to vehicle, 99.6 & 2.1%, 103.8 & 3.3%, and
109.4 £ 4.7%, respectively; all P < 0.001, respectively).

WIN 55,212-2 DECREASED THE EXPRESSION OF MMPs AND
VEGF-A IN HUMAN GASTRIC CANCER CELLS AND THIS EFFECT
OCCURRED THROUGH THE CANNABINOID RECEPTORS

Because MMPs and VEGF-A play important roles in tumor invasion
and metastasis, we analyzed the changes in MMP-2, MMP-7, MMP-
9, and VEGF-A expression after treatment with WIN 55,212-2. As
shown in Figure 6A, MMP-2 protein level decreased after treatment
with WIN 55,212-2 at a concentration as low as 0.1 wM in AGS cells
(mean expression levels relative to vehicle, 90.1 4 2.9%; P < 0.05)
and 1 pM in MKN-1 cells (mean expression level relative to vehicle,
79.7 £+ 1.5%; P < 0.001). By contrast, MMP-7 and MMP-9 protein
levels did not change. Next, we investigated the role of cannabinoid
receptors in MMP-2 pathway. As shown in Figure 6B, the reduction
in MMP-2 protein level induced by WIN 55,212-2 was rescued by
blocking with AM251 and AM630 either alone or together. In
AGS cells, inhibited MMP-2 protein level by WIN 55,212-2 was
rescued with using AM251, AM630, and both AM251 and AM630
(invasion indices relative to vehicle, 118.5 =+ 2.8%, 118.2 4 5.9%,
and 109.4 + 3.9%, respectively; all P<0.001). In MKN-1 cells, the
change of MMP-2 protein level was also observed with AM251,
AMG630, and both (invasion indices relative to vehicle, 112.7 4= 4.8%,
112.6 & 1.6%, and 114.3 4 5.1%, respectively; all P < 0.001).

As shown in Figure 7, VEGF-A mRNA level decreased after
treatment with 2 uM of WIN 55,212-2 in AGS cells (mean expression
level relative to vehicle, 28.8 + 5.0%; P < 0.001) and with 2 WM WIN
55,212-2 in MKN-1 cells (mean expression level relative to
vehicle, 49.3 & 3.6%; P < 0.001). Next, we investigated the role of
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cannabinoid receptors in VEGF-A expression. The reduction in VEGF-
A mRNA level induced by WIN 55,212-2 was rescued by blocking with
AM251, AM630, and both AM251 and AM630. In AGS cells, inhibited
VEGF-A mRNA level by WIN 55,212-2 was rescued with AM251,
AMG630, and both AM251 and AM630 (invasion indices relative to
vehicle, 98.3 4= 3.4%, 92.9 & 2.9%, and 92.5 =+ 3.4%, respectively; all
P <0.001). In MKN-1 cells, the change of VEGF-A mRNA level was
also observed with AM251, AM630, and both AM251 and AM630
(invasion indices relative to vehicle, 100.5 = 0.8%, 99.1 = 1.4%, and
98.9 + 5.0%, respectively; all P < 0.001).

This study showed that the cannabinoid agonist inhibited the
proliferation of human gastric cancer cells and that this effect was
mediated partially by the CB; receptor. We also found that the
cannabinoid agonist induced apoptosis and down-regulated
phospho-AKT expression in human gastric cancer cells. Cannabi-
noid treatment inhibited invasion of gastric cancer cells, down-
regulated MMP-2 and VEGF-A expression, and these effects
occurred through the cannabinoid receptors CB; and CB,.

The presence of CB, receptors was reported in the parietal cells of
human gastric mucosa and in human gastric cancer cell HGC-27
[Pazos et al., 2008; Miyato et al., 2009]. A previous study reported
that there was no CB; and CB, using the RT-PCR method in AGS cell
line, which is the same cell line used in this study [Ligresti et al.,
2006]. On the contrary, we could confirm the expression of the
cannabinoid receptors, CB, and CB,, in AGS and MKN-1 gastric
cancer cell lines by RT-PCR and Western blot analysis.

We also evaluated the effects on cell viability of the cannabinoid
agonist WIN 55,212-2 in human gastric cancer cell lines. As shown
in Figure 2A, AGS and MKN-1 cells treated with WIN 55,212-2 (1,
2.5, 5, 7.5, and 10 M) showed a dose-dependent decrease in cell
survival, which was significant in AGS and MKN-1 cells tested

at concentration of 2.5uM and above. Although a different
cannabinoid agonist, A°-tetrahydrocannabinol was used in a
previous study of a colon cancer cell line, the concentration of
this agonist also reduced cell survival at similar doses [Greenhough
et al., 2007]. WIN 55,212-2 at a concentration of 1 uM had no
discernable effect on cell proliferation in our study. This result is
similar to a previous result showing that cell viability did not
decrease in hepatoma HepG2 cells incubated with 1 M of WIN
55,212-2 [Giuliano et al., 2009]. As shown in Figure 2B, the
reduction in cell survival induced by WIN 55,212-2 was rescued
partially by blocking the CB; receptor with AM251, but not by
blocking the CB, receptor antagonist AM630 (Fig. 2C). This might
indicate that the CB; receptor is involved in inhibition of gastric
cancer cell growth. However, the reversal of cell survival was
incomplete and the percentage of surviving cells did not recover to
the baseline value. Possible explanations are as follows. First,
AM251 may be toxic to gastric cancer cell lines. We assessed cell
viability after treatment with AM251 alone, which decreased cell
number in a dose-dependent manner (data are not shown). This
finding is consistent with previous studies [Fogli et al., 2006; Lee
et al., 2008].

Second, the concentrations needed for WIN55,212-2 to inhibit
proliferation were too high, considering that the Ki for CB; and CB,
receptors for this compound in the nmolar range. A possible
explanation for this is that the compound is inhibiting proliferation
in part via CB, receptors and in part via other mechanisms, as shown
by the fact that the authors can only reverse in part its effect using a
relatively high concentration of AM251 (Fig. 2B) Experimental data
suggest that the WIN 55,212-2 at high pM concentrations
possibly interact with CB, receptors and transient receptor potential
vanilloid 1 (TRPV1) receptors, which may induce cellular apoptosis
[Contassot et al., 2004; Akopian et al., 2009]. However, our study
revealed that the CB, receptor was not involved in the cell survival,
as shown in Figure 2C, which could explain the importance of CB,
receptor pathway in determining the action of cannabinoid agonist.
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assays were conducted as described in the Materials and Methods Section. AGS and MKN-1 cells were treated with WIN 55,212-2 (0.1, 1, and 2 uM) or equivalent DMSO for
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55,212-2 (2 uM) or equivalent DMSO for 48 h. Results are obtained from three independent experiments. Data reflect the mean + SEM. Statistical analyses were conducted by
comparisons with vehicle or WIN 55,212-2 alone values (*P< 0.001) (original magnification, 200x).

Other reports suggest that other pathways might be responsible for
the cannabinoid effects [Hinz et al., 2004; Eichele et al., 2006; Fogli
et al., 2006], and this was also viewed by the data of Ligresti et al.
[2006], which suggested non-CB; and non-CB, dependent pathways
for THC inhibition of proliferation. Furthermore, it is possible that
high concentrations of WIN55,212-2 are needed because the
expression levels of CB, are relatively low as shown in Figure 1C and
depending on cell passages, culture media, etc. as discussed by the
previous article [Ligresti et al., 2006].

Experimental reports have suggested that cannabinoids could
inhibit cell growth and induce apoptosis by modulating several
signaling pathways in cancer cells. Recently, accumulation of de
novo synthesized ceramide, up-regulation of the stress protein p8
and inhibition of AKT have been proposed to mediate cannabinoid
antitumoral action in rhabdomyosarcoma, pancreatic cancer, and
gliomas tumor cells [Carracedo et al., 2006a,b; Oesch et al., 2009].
We could show the inhibition of phospho-AKT also in the gastric
cancer cells. AKT phosphorylation is well documented as one of the
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Statistical analyses were conducted by comparisons with vehicle or WIN 55,212-2 alone values (*P< 0.001).

signaling pathways involved in controlling cell survival, apoptosis,
and migration [Brunet et al., 1999; Cardone et al., 1998; Cheng et al.,
2005]. Cannabinoids down-regulate phosphoinositide 3-kinase
(PI3K)/AKT signaling pathway leading to the induction of apoptosis
[Ellert-Miklaszewska et al., 2005] Thus, this result suggested that
AKT phosphorylation could mediate cannabinoid antitumoral
action in the gastric cancer. However, we could not detect p8 in
the gastric cancer cell lines with or without WIN 55,212-2. There has
been no report on the presence of p8 in the gastric cancer. Thus, we
postulated that gastric cancer cell lines we used may not have the
p8 pathway or that the cannabinoid may not affect the p8
pathway.

Although the apoptotic and antiproliferative actions of canna-
binoids have been studied, there are only a few reports on the anti-
invasive properties of the cannabinoids [Casanova et al., 2003;
Portella et al.,, 2003; Nithipatikom et al., 2004, 2005; Grimaldi
et al., 2006; Blazquez et al., 2008; Ramer and Hinz, 2008]. In our

study, WIN 55,212-2 treatment led to significant dose-dependent
decreases in cancer cell invasion (Fig. 5A). Cancer cell invasion is
one of the crucial events in local spreading, growth, and metastasis
of tumors. MMPs are a group of enzymes that exert an important
function during tumor invasion and metastasis by degrading
extracellular matrix components such as collagens and proteogly-
cans. The expression and activity of MMPs such as MMP-2, MMP-7,
and MMP-9 are increased in almost every type of human cancer
including gastric cancer [Egeblad and Werb, 2002]. Furthermore, in
cancer cells, overexpression of MMPs is linked closely with invasion
and metastasis of malignancy [Rundhaug, 2005]. In particular,
MMP-2 expression is up-regulated in almost all human cancers, and
the observation for tumor cells expressing MMP-2 provides direct
evidence for a role of MMP-2 in tumor progression [Egeblad and
Werb, 2002; Overall and Kleifeld, 2006]. In gastric cancer, MMP-2
also plays an important role in tumor invasion and metastasis
[Nomura et al., 1996]. Our data showed that WIN 55,212-2 treatment
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resulted in the dose-dependent down-regulation of MMP-2
expression in gastric cancer cells, but not in the levels of MMP-7
and MMP-9 protein. This result is similar to that of a previous study
on cervical cancer cells [Ramer and Hinz, 2008] and glioma cells
[Blazquez et al., 2008]. However, the role of MMPs in tumor invasion
is a complex issue, and further studies are needed.

Cancer cells invade either the blood or lymphatic vessels to access
the general circulation and establish themselves in other tissues.
VEGF and its receptors play the most important role in vessel
formation, and VEGF is expressed abundantly by a wide variety of
human tumors. Furthermore, VEGF stimulation can enhance
the motility of targeted tumor cells in cooperation with MMPs
and urokinase plasminogen activator (uPA)-mediated pathways
[McCawley and Matrisian, 2001]. Inhibition of VEGF activity by
immunoneutralizing antibody has been reported to inhibit primary
tumor growth and metastasis in fibrosarcoma [Asano et al., 1995],
colon, and gastric carcinoma [Kanai et al., 1998]. VEGF-A is the
most prominent and biologically active member of the VEGF family.
VEGF-A is accepted as the important molecule in angiogenesis,
which is crucial for metastasis in solid tumors. In gastric cancer, the
overexpression of VEGF-A is positively correlated with metastasis
and prognosis [Saito et al., 1999; Karayiannakis et al., 2002; Kondo
et al., 2007]. We found that WIN 55,212-2 treatment down-
regulated VEGF-A expression in gastric cancer cells, this effect
might be useful in preventing cancer metastasis. This is similar to the
observed effects of WIN 55,212-2 in prostate cancer cells [Sarfaraz
et al.,, 2005]. However, tumor cell invasion and metastasis is a
complex process, and further studies are needed on the effects of
cannabinoids on metastasis in gastric cancer.

In our study, decreased expression of MMP-2 and VEGF-A, which
was induced by WIN 55,212-2, was rescued by blocking with
AM251, AM630, or both AM251 and AM630. These results could
suggest that the CB; and CB, receptors are involved in inhibition of

gastric cancer cell invasion and metastasis. However, further
evaluation will be needed to confirm this hypothesis.

We studied the influences of WIN 55,212-2 on human gastric
cancer cells in vitro. Clinical relevance will be increased and should
be followed by in vivo experiments in tumor xenografts, in which
the ability of WIN 55,212-2 to reduce tumor growth, inhibit invasion
of tumor cells or reduce tumor angiogenesis is investigated.

In conclusion, we found that the cannabinoid agonist can induce
apoptosis and inhibit invasion of human gastric cancer cells. Our
results open new possibilities for the use of cannabinoids as a
therapy for gastric cancer.
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