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Abstract

Objective: PD98059 is a potent and selective inhibitor of mitogen-activated protein kinase.
Substantial preclinical evidence has shown an anti-tumor effect of curcumin on various solid
tumors. This study aimed to investigate whether curcumin synergistically acts with PD98059 in
exerting anti-gastric cancer effects.

Methods: The cell counting kit-8 assay was used to detect cell proliferation of the human gastric
cancer MGC-803 cell line. Flow cytometry was performed to detect apoptosis. Western blotting
was used to detect phosphatase and tensin homolog (PTEN) and phosphorylated Akt (p-Akt)
expression levels. Quantitative reverse transcription-polymerase chain reaction was used to
determine microRNA-21 (miR-21).

Results: A dose of 5 to 40 UM curcumin inhibited proliferation of MGC-803 cells in a dose- and
time-dependent manner. A high dose of curcumin strongly inhibited p-Akt protein expression.
With increasing curcumin levels, PTEN expression increased and miR-21 levels decreased. These
results suggest that curcumin negatively modulated the miR-21/PTEN/Akt pathway. Moreover,
after pretreatment with PD98059, cell apoptosis induced by curcumin was significantly increased.
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Additionally, the inhibitory effects of curcumin on the miR-21/PTEN/Akt pathway were signifi-

cantly enhanced.

Conclusion: PD98059 combined with curcumin may be a potential strategy for managing

gastric cancer.
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Introduction

Gastric cancer is one of the most common
malignant tumors worldwide. Gastric
cancer has a relatively poor prognosis in
the early stage and remains a serious
threat to human life in the advanced
stage. According to the statistics of the
International Agency for Research on
Cancer in 2012, there were approximately
951,000 new cases of gastric cancer world-
wide and approximately 723,000 cases of
gastric cancer death, with the ranking of
third in the incidence of cancer and fifth
for mortality rate." Although great progress
has been made in treating gastric cancer in
recent years, the overall 5-year survival rate
of patients with gastric cancer was less than
20% globally.” Gastric cancer is one of the
major life-threatening malignancies. Gastric
cancer initiates as a localized disease, but
may quickly spread to distant sites through
invasion and migration,’ making its preven-
tion and control arduous.

Accumulating data have shown that
chemical prevention is an economical and
realistic method of preventing gastric
cancer in high-risk groups.* Natural plants
and herbs with multiple biological activity
have long attracted the attention of phar-
macists and oncologists.” Curcumin, a type
of polyphenol that is extracted from the

root of turmeric rhizome, has a variety of
pharmacological effects, such as anti-
tumor,® anti-inflammation,” anti-oxidant,®
anti-atherosclerosis,” blood  lipid-lower-
ing,'” and anti-human immunodeficiency
virus.'" Several studies have shown that
curcumin has chemopreventive and thera-
peutic effects on a variety of human diges-
tive system tumors.*'*'* Curcumin can
selectively kill tumor cells by interfering
with cell cycle progression, proliferation,
autophagy, apoptosis, invasion and metas-
tasis, angiogenesis, drug resistance, and nat-
ural killer cell activity.'* Among these,
inducing tumor cell apoptosis and regulat-
ing apoptotic pathways are the most impor-
tant anti-tumor mechanisms of curcumin,
but the mechanism of inducing apoptosis
still needs to be further investigated.'”
MicroRNA-21 (miR-21) is a type of
onco-miRNA, which is upregulated in gas-
tric cancer cells.'® This miRNA targets a
panel of target genes involved in carcino-
genesis and progression of cancer.'’
Phosphatase and tensin homolog (PTEN),
which is a tumor suppressor that negatively
regulates the Akt/PKB signaling pathway
by inhibiting phosphoinositide 3-kinase
(PI3K), is a validated target of miR-21 in
cancer cells.'®!” The miR-21/PTEN/PI3K/
Akt pathway is involved in tumor growth,
migration, and invasion.'® Additionally,



1290

Journal of International Medical Research 47(3)

miRNA-21 promotes tumor proliferation
and invasion in gastric cancer by targeting
PTEN.!” Whether curcumin exerts its anti-
gastric cancer effect by interfering with the
miR-21/PTEN/PI3K/Akt pathway has not
been completely determined yet.

PD98059 is a potent and selective inhib-
itor of the mitogen-activated protein
(MAP) kinase kinases (MAPKKs) MEK1
and MEK2. PD98059 binds to the inactive
form of MAPKK and prevents activation
by upstream activators, such as c-Raf."” In
recent years, preclinical research has indi-
cated good anti-tumor effects of PD98059
alone and in combination with chemother-
apy drugs.’?! However, whether PD98059
can cooperate with curcumin to show multi-
channel blocking effects on gastric cancer
has not been reported yet. In this study,
we investigated whether PD98059 syner-
gizes with curcumin to induce apoptosis
and inhibit the miR-21/PTEN/Akt pathway
in human gastric cancer cells.

Materials and methods

Experimental materials

Curcumin (Sigma, St. Louis, MO, USA)
and  PD98059 (MCE, Monmouth
Junction, NJ, USA) were fully dissolved in
dimethyl sulfoxide (Sigma), and then dilut-
ed with Dulbecco’s modified Eagles
medium (Gibco, New York, NY, USA) as
stocks and stored at 4°C in the dark. These
solutions were taken out and diluted
accordingly to the required concentration.
Other materials used included electro-
phoresis  apparatus  (PowerPac, San
Francisco, CA, USA) and chemilumines-
cence apparatus (Bio-Rad, Hercules, CA,
USA). The primer sequences of hsa-miR-
21-5p and internal reference U6 for reverse
transcription (RT) and polymerase chain
reaction (PCR) were synthesized by
RiboBio Co., Ltd. (Guangzhou, China).

Cell culture

The gastric cancer cell line MGC-803
(Guangxi Normal University, Guilin,
China) was cultured in Dulbecco’s modified
Eagles medium containing 100 mL/L fetal
bovine serum (Gemini, Woodland, CA,
USA) at 37°C and 5% CO, in an incubator,
where the medium was displaced every day.
When the cells are 80% confluent, cells were
digested by 0.25% trypsin (Solarbio,
Beijing, China), followed by counting and
passage. When the cells had stabilized,
those in the logarithmic growth phase
were selected for experiments. Cells were
stored at —80°C or liquid nitrogen with
cryopreserve medium.

Cell viability assay

MGC-803 gastric cancer cells of 8 x 10°
cellsymL  were suspended in culture
medium containing different concentrations
of curcumin, and then 100 pL of suspension
solution was added to each well of a 96-well
culture plate. Each experimental group had
five replicate wells. Subsequently, cell culture
plates were placed in an incubator contain-
ing 5% CO, and indicators were measured
at 24, 48, and 72 hours. At 4 hours before
each time point, 10 uL of cell counting kit-
8 was added to each well, and the plate was
kept in the incubator at 37°C in 5% CO,
until the end of the experiments. The absor-
bance value of each well was measured with
an automatic microplate reader (wavelength
of 450 nm) (Bio-Rad). The cell growth inhi-
bition rate (GI) was calculated by the follow-
ing formula: GI (%)=1— optical density
value of the experimental group/optical den-
sity value of the control group. The experi-
ment was repeated three times.

Apoptosis assay

Cells (3 x 10° cells/well) were seeded onto a
six-well plate and incubated overnight.
Treatment with different concentrations of
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curcumin (0, 5, 10, 20, and 40uM) and
treatment with PD98059 10 uM or curcu-
min 20 uM + PD98059 10 uM for 24 hours
were performed. Cells were harvested, tryp-
sinized, and washed. The cells were stained
with Annexin V and propidium iodide for
30 minutes in the dark using an Annexin
V-FITC/PI Apoptosis Detection Kit
(Beyotime Institute of Biotechnology,
Shanghai, China). Finally, the samples
were evaluated by flow cytometry. This
experiment was repeated three times.

Quantitative RT-PCR analysis

Total RNA was extracted with Triozol
(Gibco/Life Technologies, Grand Island,
NY, USA) according to the manufacturer’s
protocol. Total miR-21 was reverse tran-
scribed to cDNA with miRNA-specific RT
primers (RiboBio) or random primers
(RiboBio). Gene expression was measured
by PCR using an Applied Biosystems 7300
Fast Sequence Detection System and
Bestar® SybrGreen gPCR Mastermix (No:
DBI-2043, DBI, Ludwigshafen, Germany)
under the following conditions: denatur-
ation at 95°C for 5 minutes, followed
by 40 cycles of denaturation at 95°C for
10 seconds and annealing and extension at
60°C for 30 seconds. Specificities were ana-
lyzed according to the melting curve and
triplicates were performed for each group.
Relative miRNA expression levels were
normalized to U6 expression.

Western blot analysis

Cells were treated with different concentra-
tions of curcumin and PD98059 for
24 hours, and then harvested and lysed in
cell lysis buffer containing Tris-HCI and
Triton X-100 to extract total protein. An
equal amount of denatured protein was
decentralized on a sodium dodecyl sulfate-
polyacrylamide gel that was transferred to a
nitrocellulose membrane. The membrane

was sealed by 5% non-fat milk in TBS con-
taining 0.05% Tween-20. A specific primary
antibody (PTEN and p-Akt, 1:500 dilution;
beta-actin, 1:1000 dilution) (Cell Signaling,
Boston, MA, USA) was added to the mem-
brane and incubated at 4°C overnight, and
then washed by TBS containing 0.05%
Tween-20. The samples were then incubated
with a horseradish peroxidase-conjugated
second antibody (goat anti-rabbit IgG,
1:500 dilution) at room temperature for
30 minutes. Protein bands were visualized
using enhanced chemiluminescent reagents
(7 Sea Biotech, Shanghai, China) and
detected by a ChemiDoc XRS+ Imaging
System (Bio-Rad). Images were converted
to digital images and Image J software
(https://imagej.nih.gov/ij/) was used to per-
form semi-quantitative analysis of protein
bands. f-actin was used as a control. The
experiment was repeated three times.

Statistical analysis

Statistical analyses were performed using
SPSS 19.0 software (IBM Corp., Armonk,
NY, USA). Measurement data are expressed
as mean =+ standard deviation. Statistical sig-
nificance of differences between two or more
groups was analyzed by one-way analysis of
variance (ANOVA). Statistical significance
was set at P < 0.05.

Results

Cytotoxic effects of curcumin on gastric
carcinoma cells

Cell viability was investigated to determine
the cytotoxic effects of curcumin on the gas-
tric cancer cell line MGC-803. With an
increase in curcumin concentrations, the
inhibitory effect of gastric cancer cells grad-
ually increased. With an extension of the
treatment time, the inhibitory rate was
gradually increased. The inhibitory effect
was strongest at each time point when the
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curcumin concentration was 40 uM, where
the cell inhibition rate was more than 80%.
The cell inhibition rate was 28.1% +2.6%
with a curcumin concentration of 5puM,
which was significantly lower than that
with 40uM (82.4% +5.4%) at 24 hours
(P<0.01, Figure 1). In the present study,
we also observed the inhibitory effect of cur-
cumin on proliferation of SGC-7901 gastric
cancer cells and HepG2 hepatoma cells. The
inhibition rate was gradually increased with
increased curcumin concentration and treat-
ment time (data not shown).

Effect of curcumin and PD98059 on
cellular morphology

MGC-803 cells in the blank control group
grew densely, and displayed a polygonal
shape with good growth status. However,
growth of cells in the curcumin alone
group and PD98059 alone group were
loose, and displayed abnormal morpholo-
gy, such as rounding, shrinking, and
detachment, with no adhesion. In the com-
bined treatment group, there were fewer
cells than in the other groups, and the
cells were round and smaller, and a large
number of cells were detached. The
number of adherent cells was lower in the
combined treatment group than in the other
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Figure I. Effect of curcumin at different concen-
trations on cell proliferation of gastric cancer cells
(MGC-803) at different times (24, 48, 72 hours).
*P < 0.05, **P < 0.01 compared with 24 hours

groups. Some cells showed lysis-like
changes in the cytoplasm. Morphological
changes in each group are shown in
Figure 2.

Effect of curcumin and PD98059 on
apoptosis of human gastric cancer
MGC-803 cells

Apoptosis of gastric cancer cells was signif-
icantly induced by treatment of curcumin at
concentrations of 20 UM and 40 uM. When
the curcumin concentration was 20 uM, the
number of cells was highest in the Q4 quad-
rant, which indicated the largest amount of
early apoptotic cells. When the curcumin
concentration was 40 uM, the number of
cells in the Q2 quadrant was increased,
which indicated a rapid increase in late apo-
ptotic cells and dead cells. There was no
significant difference in the rate of apopto-
sis between the SuM and 10 uM curcumin
groups and the blank control group.
However, the rate of apoptosis in the
20 uM and 40 pM curcumin groups was sig-
nificantly higher compared with that in the
control group (both P < 0.05). The sum of
early and late apoptotic rates of MGC-803
cells peaked at 58.5% +£4.3% in the
PD98059 (10 uM) combined with curcumin
(20 uM) group. This rate was significantly
higher than that in the 20puM curcumin
group (25.2% +4.1%) and 40 uM curcumin
group (30.4% +£3.7%) (both P <0.05,
Figure 3).

Effect of curcumin and PD98059 on
miR-2 1 expression

Expression of miR-21 gradually decreased
when MGC-803 cells were treated with
increased concentrations of curcumin. This
decrease was significant after the cells were
treated with 40 uM curcumin for 24 hours
(P<0.01, Figure 4). Notably, pretreatment
with PD98059 (10 uM) partially upregu-
lated miR-21 expression. We found that
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Figure 2. Morphological changes of cells in different groups (x 100). (A) Blank control group.
(B) Curcumin alone group (20 pM). (C) PD98059 alone group (10 uM). (D) Combined drug group (curcumin

20 1M + PD98059 10 uM)
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Figure 3. The apoptotic rate of MGC-803 cells in different groups was determined by flow cytometry

miR-21 expression in the combined
treatment group was significantly higher
than that in the curcumin alone group
at all concentrations (all P <0.05)
Expression levels of miR-21  were

even higher than those in the no
treatment group and PD98059+ OuM
curcumin group compared with treatment
with  PD98059+5uM  curcumin  or
PD98059 + 10 uM curcumin.
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Figure 4. Levels of miR-21 in MGC-803 cells after
treatment with curcumin at different concentra-
tions (0, 5, 10, 20, 40 M) alone or PD98059

(10 uM) alone, and with a combination of these
drugs were analyzed by quantitative reverse
transcription-polymerase chain reaction. *P < 0.05,
P < 0.01. miR-21: microRNA-21

Expression levels of p-Akt and PTEN after
curcumin and PD98059 treatment

MGC-803 cells were treated for 24 hours
with different curcumin concentrations to
detect p-Akt expression Western blot anal-
ysis showed that curcumin significantly
downregulated p-Akt expression in a
concentration-dependent manner ranging
from 5 to 40 uM (P < 0.01). Phosphorylated
Akt showed the lowest expression level at
a curcumin concentration of 40uM
(Figure 5a, 5b).

MGC-803 cells were also treated for 24
hours with curcumin (20uM) alone,
PD98059 (10 uM) alone, and curcumin
(20 uM) combined with PD98059 (10 uM)
to detect p-Akt protein levels. One-way
ANOVA of Western blot results showed
that p-Akt protein expression levels were
significantly lower in the curcumin alone,
PD98059 alone, and combined treatment
groups (all P<0.01) compared with the
blank control group. Furthermore, p-Akt
protein expression levels were significantly
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Figure 5. Protein expression levels of p-Akt and
PTEN in MGC-803 cells that were incubated with
different concentrations (0, 5, 10, 20, 40 uM) of
curcumin for 24 hours were determined by west-
ern blotting. **P < 0.01. p-Akt: phosphorylated Akg;
PTEN: phosphatase and tensin homolog

lower in the combined treatment group
than in other treatment groups (P <0.01,
Figure 6a, 6b).

PTEN expression levels significantly
gradually increased with increased curcu-
min concentrations (P <0.01, Figure 5a,
5b). PTEN protein expression was observed
after treatment of cells with the MEK-
specific inhibitor PD98059 combined with
curcumin. Furthermore, curcumin alone
(P <0.01) and PD98059 alone upregulated
PTEN expression. However, combined
treatment slightly downregulated PTEN
expression compared with curcumin alone
treatment (P < 0.05).

Discussion

Our in vitro study showed that curcumin
inhibited proliferation and induced apopto-
sis of MGC-803 cells in a concentration-
and time-dependent manner. We also
found that expression of components of



Qiang et al.

1295

the miR-21/PTEN/Akt pathway were dis-
rupted by curcumin (Figures 4 and 5).

PI3K/Akt/mTOR is a classical anti-
apoptotic and pro-survival signal transduc-
tion pathway, which regulates many
physiology and pathophysiology processes,
such as cell proliferation, survival, and
migration.”> The Akt signaling pathway is
frequently activated in gastric cancer and
plays an important role in regulating gastric
cancer cell proliferation and growth.”
Inhibition of the Akt signaling pathway
can significantly promote apoptosis of gas-
tric cancer cells.**

MicroRNA modulates gene expression
post-tanscriptionally. Recent studies have
shown that miR-21 is frequently
upregulated and functions as an oncogene

in multiple malignacies.”> PTEN, which
is a validated target of miR-21,
dephosphorylates phosphatidylinositol-

3.4,5-trisphosphate in cells and functions
as a tumor suppressor by negatively regu-
lating the Akt/protein kinase B signaling
pathway. In gastric cancer, miR-21 is upre-
gulated, and the miR-21/PTEN/Akt molec-
ular pathway plays an essential role in
carcinogenesis and progression of gastric
cancer.'” Inhibitors of miR-21 markedly
suppress proliferation, migration, invasion,
and colony formation of gastric cancer
cells.”® Our study showed that curcumin
inhibited miR-21 and p-Akt expression,
while it increased PTEN protein expression
in MGC 803 cells. These findings suggested
that curcumin effectively inhibited the
miR-21/PTEN/Akt molecular pathway.
Furthermore, curcumin significantly inhib-
ited proliferation (as shown in Figure 1)
and induced apoptosis (Figures 2 and 3)
in MGC 803 cells. These results suggest
that the anti-cancer effects of curcumin
may function through inhibiting the miR-
21/PTEN/Akt molecular pathway in gas-
tric cancer.

The MAPK pathway regulates physio-
logical and pathophysiological processes,

including proliferation, gene expression,
differentiation, mitosis, cell survival, and
apoptosis.”” The MAPK pathway is consti-
tutionally activated in many malignancies,
including gastric cancer.”® Several MAPK
inhibitors are effective in animal models of
disease and have advanced to clinical trials
for treating inflammatory diseases and
cancer.”” PD98059 is a potent and selective
inhibitor of the MAPKKs MEKI1 and
MEK?2. PD98059 induces apoptosis in gas-
tric cancer cells when combined with other
drugs.?' In our study,when combined with
curcumin, PD98059 drastically increased
the apoptosis-inducing effect of curcumin
in MGC803 cells (Figure 3). PD98059 also
increased the inhibitory effects of curcumin
on expression of components in the
miR-21/PTEN/Akt molecular pathway
(Figure 6). These findings suggest that
there was a synergistic effect between cur-
cumin and PD98059 on apoptosis of
MGC803 cells. Consistent with our find-
ings, PD98059 can cooperate with curcumin
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Figure 6. Protein expression levels of p-Akt and
PTEN in MGC-803 cells that were incubated with
curcumin (20 pM) alone, PD98059 (10 uM) alone,
or a combination of curcumin and PD98059 for
24 hours were determined by western blotting.
*P < 0.05, P < 0.01. p-Akt: phosphorylated Akt;
PTEN: phosphatase and tensin homolog
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to induce apoptosis of human leukemia
HL-60 cells.™

There are multiple levels of cross-talk
between the PI3K/AKT/mTOR pathway
and MAPK pathway.?! Therefore, block-
ade of both pathways with combinations
of signaling inhibitors might result in a
more efficient anti-tumor effect compared
with a single agent.*> Our study showed
that curcumin combined with PD98059 effi-
ciently induced apoptosis in MGC-803
cells. PD98059 enhanced the inhibitory
effects of curcumin on miR-21/PTEN/Akt
signaling. However, the underlying mecha-
nism still needs to be determined in detail.

In conclusion, curcumin shows potent
anti-cancer effects by inhibiting the miR-21/
PTEN/Akt molecular pathway. PD98059
enhances curcumin’s  apoptosis-inducing
effects and Akt signaling-inhibiting effects in
MGC-803 cells. Therefore, PD98059 com-
bined with curcumin may be a potential strat-
egy in cancer therapy.
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