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Knockdown of RAP2A gene expression suppresses
cisplatin resistance in gastric cancer cells
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Abstract. Cisplatin (DDP) resistance is closely associated with
the failure of chemotherapy to manage various different types
of human cancer. The GTPase protein Ras-related protein
Rap-2a (RAP2A) regulates cancer cell proliferation, migra-
tion and invasion; however, little is currently known regarding
its role in cancer cell resistance to chemotherapy. The present
study investigated the potential roles of the RAP2A gene in
gastric cancer cell resistance to DDP treatment. The DDP half
maximal inhibitory concentration (IC,) values for the prolif-
eration inhibition of MGC803 and MGCS803/DDP gastric
cancer cells were determined by treating the cells with a DDP
concentration gradient and measuring their survival rates
using the Cell Counting Kit-8 (CCK-8) assay; cell viability
was also assessed using the CCK-8 assay. Cell migration and
invasion were assessed using Transwell Matrigel assays, and
apoptosis and DNA damage were evaluated using flow cytom-
etry and Hoechst staining. RAP2A expression was knocked
down by siRNA transfection, and RAP2A protein levels were
examined using western blotting. The DDP IC,, values for
DDP-resistant MGC803/DDP cells were greater than those
for MGC803 cells. Furthermore, MGC803/DDP cells exhib-
ited increased levels of viability, migration and invasion, and
decreased levels of apoptosis and DNA damage during DDP
treatment. Knockdown of RAP2A expression significantly
promoted MGC803/DDP cell apoptosis and DNA damage, and
decreased the viability and invasion capabilities of these cells
following treatment with DDP. The results of the present study
revealed that RAP2A expression promotes DDP resistance in
gastric cancer cells by increasing their viability, migration and
invasion capacities, and by suppressing apoptosis and DNA
damage.
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Introduction

Gastric cancer is a severe malignant disease that develops in the
lining of the stomach, and is the third leading cause of cancer-asso-
ciated mortality worldwide (1). In 2012, there were ~951,600 cases
of gastric cancer and 723,100 deaths (2). During the later stages
of disease, patients with gastric cancer usually display severe
symptoms, such as upper abdominal pain, weight loss and diffi-
culty swallowing, which results from metastasis to other organs,
such as the lymph nodes, liver and lungs (3). Previous epidemio-
logical studies demonstrated that gastric cancer development has
been associated with a number of causative factors, including
Helicobacter pylori infection, cigarette smoking, dietary habits
and genetic mutations, as well as pathogenic conditions such as
pernicious anemia, diabetes and chronic atrophic gastritis (4,5).
Among the causative factors, chronic infections induced by the
bacterium Helicobacter pylori have been established as the most
common cause of gastric cancer, and are responsible for ~90% of
noncardia gastric cancer worldwide (6). Due to a lack of specific
symptoms during the early stages of disease, gastric cancer is
often diagnosed at an advanced stage, and this late diagnosis
is the primary reason for the poor prognosis observed in the
majority of patients (7). There is an urgent requirement for the
development of new diagnostic methods and novel therapeutics
to decrease gastric cancer-associated mortality and improve the
clinical outcomes of patients.

Currently, the primary methods used to treat gastric cancer are
surgery, chemotherapy and radiotherapy (8-10). The only known
curative therapies for gastric cancer are surgical procedures such
as endoscopic mucosal resection and endoscopic submucosal
dissection (11); however, these methods are only suitable for
patients with early-stage gastric cancer. Chemotherapy, radio-
therapy and newly developed targeted therapies have primarily
been used to treat patients with later stage disease or those
where the cancer has metastasized to other organs (10,12,13). In
addition, chemotherapy has been used to shrink gastric tumors
prior to surgery, or to eradicate any remaining cancerous cells
following surgery (10). A number of different chemotherapeutic
agents have been used in the treatment of gastric cancer, including
fluorouracil, carmustine, doxorubicin, mitomycin C, taxotere and
cisplatin (DDP) (10,14). DDP is one of the chemotherapy agents
most widely used to treat number of different types of cancer, but
its use is limited by the occurrence of multiple side effects and the
frequent development of resistance (15).
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DDP resistance has been associated with changes in its
cellular uptake and efflux, increased DNA repair efficiency,
decreased rates of cell apoptosis and increased cellular detoxi-
fication activity (15,16). A number of reports have provided new
insights into the molecular processes that mediate DDP resistance
in gastric cancer cells; microRNA (miR)-21 was demonstrated
to promote DDP resistance in gastric cancer cells by suppressing
the expression of the phosphatase and tension homolog deleted on
chromosome 10 gene and activating the protein kinase B (AKT)
signaling pathway (17). Furthermore, AKT signaling cascades,
together with hypoxia-inducible factor la, may enhance the
expression of the survivin gene, which contributes to the devel-
opment of DDP resistance in gastric cancer cells (18). Other
molecular factors that may contribute to DDP resistance in these
cells include miR-1271 (19), X-ray repair cross complementing
group 1, thioredoxin-like protein 1 (20) and numerous other func-
tional proteins associated with cell proliferation and apoptosis.
However, the mechanisms of DDP resistance in gastric cancer
cells are yet to be fully elucidated.

Ras-related protein Rap-2A (RAP2A), is a member of
the small GTPase protein superfamily and a target of the
p53 transcription factor, which is associated with multiple
cellular processes including cell proliferation, adhesion and
migration (21,22). Furthermore, RAP2A was demonstrated
to promote cancer cell migration, invasion and metastasis by
activating the AKT signaling pathway (21,22). However, the
role of RAP2A in the development of cellular resistance to
chemotherapy remains largely unknown. In the present study,
the potential roles of RAP2A in regulating the induced resis-
tance of gastric cancer cells to DDP were investigated, with the
aim of gaining new insights into the molecular mechanisms
underlying chemotherapy resistance.

Materials and methods

Cell culture and reagents. The human gastric cancer cell
line MGC803 (BNCC100665) was purchased from the BeNa
Culture Collection and cultured in RPMI-1640 medium
(Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; cat. no. 26140079; Gibco; Thermo Fisher
Scientific, Inc.), at 37°C in a humidified atmosphere (5% CO,).
MGCS803/DDP cells with induced resistance to cisplatin
(DDP; cat. no. 15663-27-1; Sigma-Aldrich; Merck KGaA)
were obtained by exposing MGCS803 cells to a concentration
gradient of DDP as previously described (23).

RAP2A knockdown. In order to suppress RAP2A expression,
cultured gastric cancer cells were transfected with RAP2A
small interfering (si)RNA. The siRNAs targeting the RAP2A
gene were designed using the Whitehead Institute Web
Server (http:/jura.wi.mit.edu/bioc/siRNAext) and synthesized
by Sangon Biotech Co., Ltd. An additional non-targeting
scrambled siRNA served as a negative control (NC) was also
designed and synthesized by Sangon Biotech Co., Ltd. The
sequences of the RAP2A and NC siRNAs were as follows:
RAP2A siRNA #1, 5~ AUACUUCUCUCUCACUUUCCA-3’;
RAP2A siRNA #2, 5~ ACUCUUAGCGGAAGUUUC
CAU-3’; RAP2A siRNA #3, 5-UCGUAUUUCUCGAUG
AAGGUG-3’; NC siRNA, 5’-UUCGUCUGUACUCCACAU
ATT-3’. Gastric cancer cells were transfected with the siRNAs
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using Lipofectamine® 2000 transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer’s protocol. At 2-7 days post-transfection, the levels of
RAP2A protein expression were determined using western
blot analyses, and further cellular assays were subsequently
conducted. All experiments were independently repeated =3
times.

Cell Counting Kit-8 (CCK-8) assay and determination of the
half maximal inhibitory concentration (ICs,) of DDP. Cell
viability was analyzed using the CCK-8 assay (Beyotime
Institute of Biotechnology) according to the manufacturer’s
protocol. For the determination of the ICs, value of DDP,
MGC803 and MGC803/DDP cells (3,000 cells/well) were
seeded into 96-well plates and treated with a DDP concentra-
tion gradient of 0,0.5, 1,2, 4, 6, 8 and 10 pg/ml for 24 h. After
cultivation in RPMI-1640 medium (Thermo Fisher Scientific,
Inc.) with 10% FBS (cat. no. 26140079; Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified incubator with 5%
CO, for 24 h, CCK-8 solution was added to each well and
subsequently incubated at the same culture conditions for 3 h.
The absorbance of each well at 450 nm (OD,5,) was measured
with a microplate reader, and SPSS software (version 18.0;
SPSS Inc.) was used to calculate the ICs, value. In order to
assess the influence of DDP on cell viability, MGC803 and
MGCS803/DDP cells were treated with 2 yg/ml DDP for 24, 48
and 72 h, respectively, after which their viability was assessed
using the aforementioned CCK-8 method.

Cell migration and invasion. The migration and invasion
capabilities of gastric cancer cells treated with DDP and/or
RAP2A siRNAs were determined using the Transwell system
(Corning Inc.) as previously described (24), but with minor
modifications. For the migration assay, the treated MGC803
cells were starved overnight in serum free medium then
seeded (200 pl; 1x10° cells/ml) in the upper chamber of the
Transwell system, and 500 yl RPMI-1640 medium (Thermo
Fisher Scientific, Inc.) with 15% FBS (cat. no. 26140079;
Gibco; Thermo Fisher Scientific, Inc.) was plated in the lower
chamber. After cultivation at 37°C with 5% CO2 for 24 h,
the cells were then allowed to vertically migrate through the
membrane and into the lower chamber. The migrated cells
in the lower chamber were fixed with 4% paraformaldehyde
(cat. no. P1110; Beijing Solarbio Science and Technology Co.,
Ltd.) at room temperature for 10 min and stained with 0.5%
crystal violet (cat. no. C-6158; Sigma-Aldrich; Merck KGaA)
at room temperature for 5 min. The results were carefully
counted under an inverted light microscope (Olympus IX 73;
Olympus Corporation) at x100 magnification. For the analysis
of invasion capability, the treated MGC803 cells in serum-free
medium were seeded (1x10° cells/ml) into the upper chambers
of a Corning Transwell system coated with Matrigel. Invaded
cells were also stained with crystal violet (5%) at room
temperature for 5 min. The remaining steps were the same
as the migration assay. The numbers of cells in <8 randomly
selected visual fields were counted and each experiment was
performed in triplicate.

Cell apoptosis assay. The apoptotic rates of gastric cancer
cells were determined via flow cytometry using the Dead
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Cell Apoptosis kit (Thermo Fisher Scientific, Inc.), containing
Annexin V FITC and propidium iodide (PI) according to
the manufacturer’s protocol. Following treatment with DDP,
gastric cancer cells were washed three times in PBS solution
and resuspended in Annexin-binding buffer, and subsequently
incubated with FITC Annexin V and PI solution for 14 min
at room temperature. The cells were incubated in 300 ul
Annexin-binding buffer, and the numbers of apoptotic cells
were determined by a FACS Calibur flow cytometry (BD
Biosciences). The apoptosis rate was quantitatively analyzed
using BD CellQuest software version 3.3 (BD Biosciences).
The percentage of apoptotic cells was determined for at <3
independent experiments.

DNA damage assay. As previously described (25), the degree
of DNA damage in the gastric cancer cells was determined by
staining with Hoechst 33342 and DAPI (both Thermo Fisher
Scientific, Inc.). Briefly, the treated cells were fixed with 4%
paraformaldehyde (cat. no. P1110; Beijing Solarbio Science
and Technology Co., Ltd.) at room temperature for 20 min, and
then stained with Hoechst 33342 Working Solution at room
temperature in the dark for 10 min. After washing with PBS,
the fixed cells were stained with DAPI at room temperature
in the dark for 5 min. The level of DNA damage was assessed
using a laser confocal microscope (Al; Nikon Corporation) at
x200 magnification.

Western blot analysis. Cultured gastric cancer cells were
collected and the total proteins were extracted using cell lysis
buffer (Beyotime Institute of Biotechnology) according to the
manufacturer’s protocol. The protein concentration of each
extract was determined using a Modified Bradford Protein
Assay kit (Sangon Biotech Co., Ltd.). Aliquots of total protein
(25 pg per lane) were boiled at 100°C in loading buffer (cat.
no. P0015; Beyotime Institute of Biotechnology), and then
separated via 10% SDS-PAGE. The separated proteins were
transferred onto a PVDF membrane (EMD Millipore) that was
then blocked with a 5% lipid-free milk solution for 2 h at room
temperature with gentle rotation. The membrane was incu-
bated with the appropriate primary antibodies diluted in TBST
for 1-2 h at room temperature, after which it was washed three
times with TBST, and then incubated with goat anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody
(dilution, 1:3,000; cat. no. ab6721; Abcam) and goat anti-mouse
HRP-conjugated secondary antibody (dilution, 1:3,000; cat.
no. ab205719; Abcam) at room temperature for 1 h. The
membranes were developed using Pierce™ ECL Plus Western
Blotting Substrate (Pierce; Thermo Fisher Scientific, Inc.) and
a total of three independent experiments were performed with
GAPDH as the internal standard. The primary antibodies
used were as follows: Anti-RAP2A (dilution, 1:1,000; cat.
no. ab49685; Abcam), anti-multidrug resistance-associated
protein (MRP; dilution, 1:1,000; cat. no. PA5-18315; Thermo
Fisher Scientific, Inc.), anti- cleaved caspase-3 (dilution,
1:1,000; cat. no. ab2302; Abcam), and anti-GAPDH (dilution,
1:4,000; cat. no. ab9483; Abcam).

Statistical analysis. All statistical analyses were performed
using SPSS Statistics for Windows (version 18.0; SPSS
Inc.). Quantitative data are presented as the mean =+ standard
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deviation. Differences between groups were analyzed using
the unpaired Student’s t-test or analysis of variance, as
appropriate. P<0.05 was considered to indicate a statistically
significant result.

Results

DDP-resistant MGC803/DDP cells exhibit increased
viability and migrational capacity. The present study used the
MGC803 and corresponding DDP-resistant MGC803/DDP
cell lines to investigate the molecular processes that mediate
DDP resistance in gastric cancer cells. Both cell lines were
treated with a DDP concentration gradient for 24 h, after
which viability was assessed using the CCK-8 method, and
the DDP IC,, values were determined. The ICy, values for
DDP when treating MGC803 and MGC803/DDP cells were
2.21+£0.13 and 5.02+0.10 ug/ml, respectively, reflecting a
higher level of resistance to DDP in the MGC803/DDP
cells (P<0.01; Fig. 1A). Furthermore, following treatment
with 1.8 ug/ml (0.8-fold of ICs,) DDP for 24, 48 and 72 h
according to the cell growth rate, the MGC803/DDP cells
were significantly more viable than the MGC803 cells,
further reflecting their increased resistance to DDP (Fig. 1B).
In order to further elucidate the cellular processes associ-
ated with DDP tolerance, Transwell matrigel assays were
performed to investigate the migration and invasion capa-
bilities of the two cell lines. The results revealed that the
migration capability of the MGC803 cells was significantly
decreased by DDP (P<0.01) while the MGC803/DDP cells
exhibited no significant change in their ability to migrate
following treatment with DDP (Fig. 1C). The matrigel assays
demonstrated that the invasive capability of MGC803/DDP
cells was relatively insensitive to DDP when compared with
that of the MGCB803 cells (P<0.01; Fig. 1D). These results
demonstrated that elevated levels of cell viability, and also
elevated migration and invasion capabilities, were associated
with DDP resistance in gastric cancer cells.

DDP-resistant MGC803/DDP cells exhibit suppressed
levels of apoptosis and DNA damage. Apoptotic retarda-
tion is a common feature of chemo-resistant cancer cells. In
order to test the involvement of apoptotic regulation in the
DDP-induced resistance of gastric cancer cells, MGC803 and
MGCS803/DDP cells were treated with DDP, and their respec-
tive apoptotic rates were determined. The results revealed
that treatment with DDP significantly increased the apoptotic
rate of MGC803 cells, but not MGC803/DDP cells (P<0.01;
Fig. 2A). Hoechst staining was then used to evaluate DNA
damage, and it was observed that the degree of DNA damage
caused by DDP treatment in MGC803/DDP cells was less than
that in MGC803 cells (P<0.01; Fig. 2B). Furthermore, the levels
of MRP in the MGC803/DDP cells were higher than those
in the MGCS803 cells, and no DDP-induced upregulation of
cleaved-caspase-3 expression was observed in MGC803/DDP
cells; this further confirmed the roles of apoptosis regulation
in the induction of DDP resistance. Furthermore, it was also
observed that the levels of RAP2A protein in MGC803/DDP
cells were higher than those in the MGC803 cells, suggesting
an association between RAP2A expression and DDP resis-
tance in gastric cancer cells (Fig. 2C).
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Figure 1. Enhanced viability and invasion capabilities of DDP-resistant gastric cancer cells. (A) ICs, values of DDP when added to MGC803 and MGC803/DDP
cells. DDP IC,, values were determined by measuring the viability of cells via the CCK-8 method following treatment with a concentration gradient of DDP.
(B) Suppression of MGC803 and MGC803/DDP cell viability by DDP treatment. Cells were treated with 1.8 xg/ml DDP for 24, 48 and 72 h, and viability was
determined using the CCK-8 assay. The (C) migration and (D) invasion capabilities of MGC803 and MGC803/DDP cells were influenced by DDP treatment
(x100 magnification). Transwell assays were performed to analyze the migration and invasion capabilities of gastric cancer cells following treatment with
1.8 ug/ml DDP for 24 h. "P<0.05,”P<0.01 vs. MGC803 group; *P<0.01 vs. MGC803/DDP group. DDP, cisplatin; ICs,, half maximal inhibitory concentration;

CCK-8, Cell Counting Kit-8.

RAP2A silencing attenuates DDP resistance in
MGC8033/DDP cells. In order to investigate the potential
role of the RAP2A gene in DDP resistance, siRNA transfec-
tion was used to knock down the expression of RAP2A in
DDP-resistant MGC8033/DDP cells. siRNA #1, #2 and #3
were used to knock down RAP2A, and the results revealed
that siRNA #3 effectively targeted and blocked the expression
of RAP2A (Fig. 3A). Therefore, siRNA #3 was used for subse-
quent experimentation. The suppression of RAP2A protein
expression in gastric cancer cells was confirmed via western
blotting (Fig. 3B and C). The expression levels of MRP were
notably decreased by RAP2A siRNA in MGC8033/DDP cells,
when compared with those in MGC8033/DDP cells transfected
with the NC siRNA (Fig. 3B). By contrast, the expression level
of cleaved-caspase-3 in MGC8033/DDP cells was significantly
increased by transfection with RAP2A siRNA compared with
DPP+NC (P<0.05; Fig. 3B and C). The molecular phenotypes
induced by RAP2A siRNA also suggested that alterations
in cellular function had occurred. It was observed that the

viability of DDP-treated MGC8033/DDP cells was decreased
by RAP2A knockdown, when compared with the viability of
MGC8033/DDP cells treated with the NC siRNA (Fig. 3D).
Furthermore, the migrational capability of RAP2A knock-
down MGC8033/DDP cells was suppressed following DDP
treatment, when compared with that of cells transfected with
the NC siRNA (Fig. 3E). Similarly, the invasion capability
of DDP-treated MGC8033/DDP cells was also decreased
by RAP2A siRNA when compared with that of cells trans-
fected with the NC siRNA (P<0.05; Fig. 3E). These results
directly indicate that RAP2A expression in gastric cancer
cells promotes the induction of DDP resistance, which may be
mediated by the enhanced migration and invasion capabilities
of cancerous cells.

RAP2A knockdown promotes MGC803/DDP cell apoptosis
during DDP treatment. In order to gain additional infor-
mation regarding the cellular mechanisms underlying
RAP2A-regulated DDP resistance in gastric cancer cells,
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cells following DDP treatment. Cell apoptosis following DDP treatment (1.8 ug/ml for 48 h) was evaluated via flow cytometry. (B) DNA damage in MGC803
and MGC803/DDP cells treated with DDP. DNA damage following DDP treatment (1.8 pg/ml for 48 h) was analyzed by Hoechst 33342 staining and flow
cytometry. (C) Levels of RAP2A, MRP and cleaved-caspase-3 in MGC803 and MGC803/DDP cells treated with DDP. Relative levels of protein expression
were determined via western blotting, using GAPDH as an internal standard. “P<0.01 vs. Blank. DDP, cisplatin; MRP, multidrug resistance-associated protein;

NS, not significant; RAP2A, Ras-related protein Rap-2A.

the apoptotic rates of RAP2A knockdown MGC803/DDP
cells were further analyzed using flow cytometry. The results
revealed that the percentage of apoptotic MGC803/DDP cells
during DDP treatment was significantly elevated following
RAP2A siRNA transfection, when compared with cells trans-
fected with the NC siRNA (P<0.05; Fig. 4A). Furthermore,
Hoechst 33342 staining revealed that the degree of DNA
damage in MGC803/DDP cells under DDP treatment was
higher following RAP2A knockdown, which was in contrast
to the results of the NC siRNA group (P<0.01; Fig. 4B).
These results suggested that RAP2A repressed DDP-induced
gastric cancer cell apoptosis and DNA damage, which were
both closely associated with the development of resistance to
various chemotherapeutic agents, including DDP. Collectively,
the present study suggested that RAP2A promoted DDP resis-
tance in gastric cancer cells, potentially by modulating cellular
proliferation, migration and invasion, as well as apoptosis and
DNA damage during DDP treatment.

Discussion

Chemotherapy is a major type of cancer treatment that
uses a single drug or the combination of multiple agents. It
has been widely applied in clinical oncology as a means of
curative therapy, or to decrease the symptoms and prolong
the survival time of cancer patients (26,27). Chemotherapy
has also been administered in combination with other cancer
treatments, such as surgery and radiation, or as neoadjuvant
or adjuvant therapy given prior to or following other types of
cancer treatment (28). However, resistance to chemotherapy is
a primary cause of treatment failure, an issue that has become
the focus of research in recent decades (29). Previous studies
have suggested that specific pump proteins on the surface of
cancerous cells (such as p-glycoprotein, which effectively
transports chemotherapeutic agents back out of the cell)
are critically involved in the resistance to various chemo-
therapeutic drugs, including DDP (30,31). Further cellular
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Figure 3. RAP2A promotes migration, invasion and DDP resistance in MGC803/DDP cells. (A) RAP2A expression was knocked down by siRNA.
(B and C) Levels of RAP2A, MRP and cleaved-caspase-3 in RAP2A-knockdown MGC803/DDP cells during DDP treatment. Relative levels of protein
expression were determined via western blotting, with GAPDH serving as an internal standard. (D) Effect of RAP2A siRNA knockdown on MGC803/DDP
cell viability during DDP treatment. Cell viability was measured using the Cell Counting Kit-8 assay. (E) Migration and invasion of MGC803/DDP cells with
RAP2A siRNA knockdown during DDP treatment for 24 h (x100 magnification). Cell migration and invasion were analyzed using the Transwell system.
Statistical analysis of MGC803/DDP cell migration and invasion.”P<0.05, *P<0.01 vs. cisplatin+NC group. RAP2A, Ras-related protein Rap-2a; DDP,
cisplatin; siRNA, small interfering RNA; MRP, multidrug resistance-associated protein; NC, negative control; OD, optical density.

and molecular events, including gene amplification, defective
cell apoptosis and the promotion of DNA damage repair, also
mediate DDP resistance in cancer cells (32-34). Despite recent
progress, the underlying molecular mechanisms responsible
for the high adaptability of cancer cells and the development
of cancer cell resistance to chemotherapeutic agents have only
been investigated to a limited extent.

In the present study, DDP resistance in MGC803/DDP cells
was confirmed by verifying their increased viability, migration
and invasion capabilities, and decreased levels of apoptosis and
DNA damage while under treatment with DDP. Subsequent
western blot analyses demonstrated increased levels of RAP2A
expression in DDP-resistant cells, suggesting that RAP2A may
be a GTPase protein able to regulate DDP resistance in gastric
cancer cells. Small GTPases, also known as G-proteins, consti-
tute a large group of hydrolase enzymes that hydrolyze GTP
to form GDP, and are associated with a number of biological
processes, such as cell growth, proliferation, differentiation,
movement, lipid vesicle transport and tumorigenesis (35).
Notably, numerous members of the G-protein family are
reportedly involved in cancer chemotherapy resistance. For
example, Rho GTPase enhances the rigidity of ovarian cancer
cells and regulates the actin remodeling mechanism to promote

resistance to DDP (36). Furthermore, downregulation of RhoB
GTPase expression levels in laryngeal carcinoma cells was
demonstrated to promote the development of acquired DDP
resistance (36). Finally, Rho GDP dissociation inhibitor 2, a
regulator of the Rho family of GTPases, contributes to DDP
resistance in gastric cancer cells by enhancing the expression
of the Bcl-2 gene (37). GTPases and their activating proteins,
such as the 76 kDa Ral-binding GTPase activating protein,
are involved in the development of resistance to multiple
chemotherapeutic drugs (including vinorelbine, doxorubicin
and DDP) via their ability to transport these drugs back out
of cancerous cells (38-40). Furthermore, autophagy and other
cellular processes regulated by GTPase members such as
the Rac3 GTPase (41,42), were demonstrated to mediate the
development of cancer cell resistance to antitumor drugs such
as DDP (43,44). As a GTPase family member, the significant
increase of RAP2A expression levels in MGC803/DDP cells
suggested that RAP2 contributes to the resistance of gastric
cancer cells to DDP treatment.

To test this hypothesis, the present study knocked down
RAP2A in DDP-resistant MGC803/DDP cells via transfection
with specific siRNAs. In addition to the subsequent decrease in
RAP2A expression level, the viability and invasion capabilities
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Figure 4. RAP2A inhibits apoptosis and DNA damage in MGC803/DDP cells. (A) Percentages of apoptotic MGC803/DDP cells with RAP2A siRNA
knockdown following DDP treatment. Cell apoptosis following DDP treatment was analyzed via flow cytometry. (B) DNA damage in MGC803/DDP cells
with RAP2A siRNA knockdown during DDP treatment. DNA damage was evaluated via Hoechst 33342 staining and flow cytometry. "P<0.05, #P<0.01 vs.
cisplatin+NC group. RAP2A, Ras-related protein Rap-2a; DDP, cisplatin; siRNA, small interfering RNA; NC, negative control.

of the MGC803/DDP cells were also suppressed by RAP2A
siRNA under DDP treatment. The inhibition of DDP resis-
tance in RAP2A-knockdown MGC803/DDP cells was also
confirmed by increases in cell apoptosis and DNA damage.
The cellular analysis of DDP-resistant cells demonstrated
that RAP2A may be a positive regulator of DDP resistance
in gastric cancer cells. A previous study demonstrated that
p53 was able promote RAP2A expression in cancer cells,
and that this further activated the matrix metalloproteinase
(MMP) enzymes MMP2 and MMP9 via phosphorylation of
AKT (22). In addition, the RAP2A protein can be specifically
ubiquitinated by E3 ubiquitin ligase neuronal precursor cell
expressed and developmentally downregulated protein 4-1,
and subsequently contributes to the increased migration and
invasion capabilities of glioma cells (45). These mechanisms
that enable RAP2A to regulate tumor development may also
mediate gastric cancer progression and the development of

DDP resistance, and therefore deserve further investigation.
Additional investigation into the roles of RAP2A expression
in the resistance to other chemotherapeutic drugs may also
broaden the current understanding of cancer chemotherapy
resistance.

In summary, the present study demonstrated that RAP2A
gene expression was increased in DDP-resistant gastric cancer
cells. This enhanced level of RAP2A expression promoted
gastric cancer cell resistance to DDP by regulating cell
viability, migration, invasion, apoptosis and DNA damage.
These findings provide novel insights into the molecular
mechanisms underlying DDP resistance in gastric cancer, as
well as the pathogenic roles played by GTPase proteins during
the development of chemotherapy resistance. However, the
present study was not performed in vivo, and further studies
are required in order to demonstrate the effects of RAB2P
expression on drug resistance in gastric cancer.
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