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Ginsenoside Rg5 inhibits cancer cell migration by inhibiting
the nuclear factor-xB and erythropoietin-producing
hepatocellular receptor A2 signaling pathways
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Abstract. The majority of cancer-associated deaths are caused
by cancer metastasis, the first step of which is the acquisition
of migratory ability by cancer cells. Therefore, the suppres-
sion of cancer cell migration represents a potential efficient
strategy to inhibit cancer metastasis. Inflammation induces
cancer cell migration through the activation of nuclear
factor-kB (NF-kB), which is a transcription factor that serves
a central role in inflammatory signaling. Recent studies
have demonstrated that the phosphorylation of the receptor
tyrosine kinase erythropoietin-producing hepatocellular
receptor A2 (EphA2) at S897 promotes cancer cell migration.
Therefore, a compound with the ability to abolish these two
factors may suppress cancer metastasis. In the present study,
ginseng saponin ginsenoside Rg5 was found to inhibit the
phosphorylation of NF-xB and EphA2. Therefore, this study
aimed to elucidate the molecular mechanisms of ginsenoside
Rg5 and determine whether it inhibited cancer cell migration.
The results demonstrated that ginsenoside Rg5 inhibited the
activation of NF-xB by suppressing its upstream kinase trans-
forming growth factor f3-activated kinase 1 in TNF-a treated
HeLa or A549 cells compared with that in the untreated
control group. Furthermore, ginsenoside Rg5 attenuated
the expression of EphA2 by lysosomal degradation, which
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inhibited its phosphorylation. In addition, ginsenoside Rg5
suppressed inflammatory cytokine-induced cancer cell migra-
tion. In conclusion, the results of the present study provided a
scientific basis for the development of ginsenoside Rg5 as a
potential antimetastatic drug.

Introduction

Metastasis is responsible for ~90% of cancer-related deaths (1).
Metastasis is a multi-step process that begins with the acqui-
sition of migratory ability by tumor cells (1). Therefore, the
suppression of tumor cell migration may represent an efficient
strategy for the inhibition of cancer metastasis. Inflammation
is a critical factor for tumor malignancy, including cancer
cell migration and tumor metastasis (2-5). The transcription
factor nuclear factor-kxB (NF-kB) serves an essential role in
inflammatory signaling (3). Upon a stimulation by inflamma-
tory cytokines, such as tumor necrosis factor-o. (TNF-a) and
interleukin-1p (IL-1p), transforming growth factor (3-activated
kinase 1 (TAK1) is phosphorylated and induces the activation
of IxB kinases (IKKs) (4). IKKs subsequently phosphorylate
p65, the major component of NF-«kB, and IkBa, the inhibitor
of p65. At the same time, phosphorylated IkBa is ubiquiti-
nated and transferred to the ubiquitin-proteasome system for
degradation (4). Phosphorylated p65 then translocates from
the cytosol into the nucleus to activate the transcription of
genes that promote cell migration, such as matrix metallopro-
teinases and epithelial-to-mesenchymal transition-inducible
genes (3-5). Therefore, the suppression of p65 activation may
be an effective strategy for inhibiting cancer metastasis.
Erythropoietin-producing hepatocellular receptor A2
(EphA2) belongs to the receptor tyrosine kinase family and
maintains intercellular adhesion in normal cells (6,7). However,
it is upregulated in various types of malignant tumors, such
as lung and colorectal cancer, glioblastoma and melanoma,
particularly in metastatic tumors (6,7). Previous studies have
demonstrated that ligand- and tyrosine kinase-independent
EphA2 phosphorylation at S897, which is induced by the
activation of p90 ribosomal S6 kinase (RSK), controls cancer


https://www.spandidos-publications.com/10.3892/ol.2021.12713
https://www.spandidos-publications.com/10.3892/ol.2021.12713
https://www.spandidos-publications.com/10.3892/ol.2021.12713

2 SONG et al: GINSENOSIDE RG5 INHIBITS NF-«B AND EPHA2 PHOSPHORYLATION TO SUPPRESS CANCER MIGRATION

cell migration (6,8). In addition, the RSK-Eph A2 axis has been
implicated in the poor survival of patients with lung cancer,
suggesting its potential as a novel molecular target for phar-
macological interventions (8).

Ginseng is the rhizome of plants in the genus Panax, such
as South China ginseng (P. notoginseng), Korean ginseng
(P. ginseng) and American ginseng (P. quinquefolius), and is
traditionally used to treat various diseases, such as inflam-
mation, lung and colon cancer (9-11). Steaming and heating
processes have often been adopted to alter or enhance the phar-
macological activities of various natural medicines; steamed
or heat-processed ginseng has frequently been used in the
treatment of tumors (12), inflammation (13) and stress-related
conditions (14,15). Certain compounds in processed ginseng,
including ginsenoside Rh2 and Rg5, appear to exert inhibitory
effects against cancer cell migration (12,16). Ginsenosides, also
termed ginseng saponins, are the main bioactive ingredients
of ginseng (15). Various ginsenosides have been reported to
exert antimetastatic (17) and anti-inflammatory (16,18) effects.
However, sufficiently detailed research on ginsenosides,
particularly processed ginsenosides, at the molecular level has
not been performed to date. The present study screened ginsen-
osides that exerted inhibitory effects on NF-xB activity and
identified ginsenoside Rg5. The aim of the present study was
to elucidate the molecular mechanisms of ginsenoside Rg5 and
determine whether it could block the migration of A549 cells.

Materials and methods

Antibodies and reagents. Antibodies against phospho-p65
(S536; cat.no. 3033), phospho-ERK (T202/Y204; cat.no.4370),
phospho-RSK (S380; cat. no. 11989), phospho-TAK1 (T187,
cat. no. 4536), phospho-IKKa/f3 (S176/177; cat. no. 2697),
phospho-EphA2 (S897; cat. no. 6347), phospho-EphA2
(Y577, cat. no. 12677), TAK1 (D94D7; cat. no. 5206), TAK1
binding protein 1 (TAB1) (C25E9; cat. no. 3226), TAB2
(C88HI10; cat. no. 3745), IKKp (D30C6; cat. no. 8943),
ERK1/2 (137F5; cat. no. 4695), EphA2 (D4A2; cat. no. 6997)
and p-actin (D6AS; cat. no. 8457) were purchased from Cell
Signaling Technology, Inc. Antibodies against p65 (C-20;
cat. no. sc-372), IKKa (H-744; cat. no. sc-7218), IxkBa (C-21;
cat. no. sc-371), RSK1 (C-21; cat. no. sc-231), RSK2 (C-19;
cat. no. sc-1430) and Lamin B1 (8DI; cat. no. sc-56144) were
obtained from Santa Cruz Biotechnology, Inc. Recombinant
human TNF-a was obtained from R&D Systems, Inc., and
recombinant human IL-1§ from PeproTech, Inc. Ginsenoside
Rg5 was purchased from Biopurify Phytochemicals Ltd.
and dissolved in dimethyl sulfoxide (Sigma-Aldrich; Merck
KGaA). Cycloheximide, MG-132 and bafilomycin Al were
purchased from Sigma-Aldrich; Merck KGaA, and the cells
were treated for 2-6 h at 37°C.

Cell culture and treatment. HeLa, A549 and 293T cells were
purchased from Shanghai Fan Shuo Biological Technology,
and 293 cells were obtained from ATCC. These cells were
maintained in high-glucose Dulbecco's modified Eagle's
medium (Thermo Fisher Scientific, Inc.) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin and
100 pg/ml streptomycin at 37°C in 5% CO,. A549 cells were
cultured in RPMI-1640 medium (Thermo Fisher Scientific,

Inc.) supplemented with 10% FBS, 100 U/ml penicillin and
100 pug/ml streptomycin at 37°C in 5% CO,.

Cells were stimulated with recombinant human TNF-a
(10 ng/ml) or IL-1B (10 ng/ml) for 24 h at 37°C with 5% CO,.
Ginsenoside Rg5 or an equal volume of DMSO was added for
30 min before the TNF-a or IL-13 stimulation.

Luciferase assay. HeLa cells were transferred with a lucif-
erase reporter plasmid provided by Professor Hiroaki Sakurai
(University of Toyama, Toyama, Japan) under the control of
four sites containing a neomycin resistance gene (19). A stable
clone was isolated in DMEM containing 500 pg/ml G418
(Thermo Fisher Scientific, Inc.). The transfected cells (5x10%)
were seeded in a 96-well plate and stimulated with TNF-a. for
6 h at 37°C with 5% CO,. Luciferase activity was measured
using a Dual-Luciferase Reporter Assay system (Promega
Corporation). The experiments were conducted in triplicate.

Immunoblotting. Whole-cell lysates of HeLa, A549, 293 and
293T cells were prepared using a whole-cell lysate buffer
[1.0 M HEPES-NaOH, pH 7.7;0.3 M NaCl; 0.1 M MgCl,; 0.5 M
EDTA, pH 8.0; 10% Triton X-100; and protease/phosphatase
inhibitor cocktails (Roche Diagnostics)]. The concentration of
lysates was measured by BCA assay (Thermo Fisher Scientific,
Inc.), and each sample was adjusted to the same concentration.
Each sample was mixed with an equal volume of SDS-PAGE
sample buffer (195 mM Tris-HCI, pH 6.8; 3% SDS; 15%
DTT; 30% glycerol; and 0.10% bromophenol blue) and heated
at 95°C for 5 min. The samples (5-20 ng) were separated
by 7.5 or 10% SDS-PAGE and transferred to Immobilon-P
nylon membranes (EMD Millipore). The membranes were
treated with SuperBlock (Thermo Fisher Scientific, Inc.) or
BlockAce (KAC Co., Ltd.) overnight at 4°C and probed with
primary antibodies (dilution, 1:1,000-2,000) for 2 h at room
temperature. The antibodies were detected using a horseradish
peroxidase-conjugated anti-rabbit, anti-mouse or anti-goat
secondary antibody (dilution, 1:5,000; cat. nos. 7074 and 7076;
Cell Signaling Technology, Inc.; and cat. no. PA1-28664;
Thermo Fisher Scientific, Inc.) for 1 h at room temperature
and visualized by Immobilon Western Chemiluminescent
HRP Substrate (EMD Millipore) on Amersham Imager 600
(Cytiva) or X-ray film. Analyses were performed using Adobe
Photoshop CC (Ver. 14.2.1, Adobe, Inc.) or ImageJ (Ver. 1.52;
National Institutes of Health) and GraphPad Prism 7
(Ver. 7.0.0.159; GraphPad Software, Inc.) at least three times,
and representative images are presented.

Thermal shift assay. Samples of HeLa, A549 or 293T cells
were prepared as described previously (20) and analyzed by
immunoblotting as aforementioned.

Transfection of plasmid DNA. 293T and 293 cells at 50%
confluency were transfected using Effectene Transfection
Reagent (Qiagen, Inc.) and Lipofectamine® 2000 reagent
(Thermo Fisher Scientific, Inc.), respectively, according to the
manufacturer's instructions. Expression vectors for human
TAKI1, TABI, TAB2, EphA2, RSK1 and p65 were provided
by Professor Hiroaki Sakurai (University of Toyama, Toyama,
Japan). The amount of plasmid DNA was 0.5 ng. After 24-h
incubation at 37°C with 5% CO,, the transfected cells were
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used in subsequent experiments. Successful transfection was
determined by immunoblotting.

Reverse transcription-quantitative (RT-q)PCR analysis. Total
RNAs were extracted from HeLa and A549 cells using RNA
Faster200 reagent (Shanghai Fastagen Biotechnology Co.,
Ltd.) according to the manufacturer's instructions. RNA was
reverse-transcribed to generate first-strand cDNAs using the
PrimeScript™ RT Master Mix Kit (Takara Bio, Inc.); the reac-
tion conditions were 37°C for 15 min and 85°C for 5 sec. The
gPCR analysis was performed using the SYBR® Premix Ex
Taq™ (Tli RNaseH Plus) Kit (Takara Bio, Inc.) according to the
manufacturer's instructions on a 6000 Real-Time PCR System
(Thermo Fisher Scientific, Inc.), and the relative expression
levels were quantified using the 224°4 method (21). The cycle
threshold values of the target genes were normalized to those
of GAPDH from the same sample. The primer sequences were
as follows: EPHA?2 forward, 5-CCATCCATCCTGTGTCA-3'
and reverse, 5-TCGCTGCTTCTCTGTGT-3"; and GAPDH
forward, 5'-GGGAAGGTGAAGGTCGGAGT-3' and reverse,
5-GGGGTCATTGATGGCAACA-3.

Wound healing assay. A549 or 293 cells were cultured in a
3.5 cm dish until they formed a monolayer, which was scratched
using a 200-u1 pipette tip. Cells were washed to remove cellular
debris, fresh medium with 10% FBS was added, and the cells
were allowed to migrate for 24 h at 37°C with 5% CO,. Due to
the high toxicity of ginsenoside Rg5 and the low cell viability in
presence of lower amounts of FBS, the assays were performed
using complete medium. Images were captured by an Olympus
CKX53 (magnification, x10; Olympus Corporation) or a Nikon
Diaphot (magnification, x4; Nikon Instruments, Inc.) phase
contrast microscope at the same position within the wound
region at 0 and 24 h, and the distance of cell migration was
measured using ImageJ. Analyses were performed at least
three times and representative results are shown.

Migration assay. A migration assay was performed using
Transwell chambers (Costar; Corning, Inc.), and the lower
surface was pre-coated with 1.25 ug fibronectin for 2 at
room temperature (Sigma-Aldrich; Merck KGaA). A549
cells (2x10° cells/well) pre-treated with ginsenoside Rg5 and
TNF-a or IL-1p were added to the upper compartment of
the chamber. Following 8-h incubation at 37°C with 5% CO,,
the cells were fixed with 100% methanol for 1 min at room
temperature and stained with hematoxylin and eosin (3 min at
room temperature). The non-migrated cells were removed by a
cotton swab. Images of the migrated cells were captured in five
fields by an Olympus CKX53 microscope (magnification, x10)
and counted manually.

Cell viability assay. A549 cells (2x10* cells/well) treated with
ginsenoside Rg5, and subsequently incubated at 37°C with
5% CO,. After 24 h, cells were subjected to Cell Counting
Kit-8 (Dojindo Molecular Technologies, Inc.) according to the
manufacturer's instructions (incubated at 37°C for 30 min).
Absorbance at 450 nm was assessed using a microplate reader.

Statistical analysis. Data are presented as the mean + SD.
Statistical analyses were performed using GraphPad Prism 7
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software (GraphPad Software, Inc.). The differences between
two groups were analyzed by Student's t-test. Differences
among multiple groups were analyzed by one-way ANOVA
with Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Ginsenoside Rg5 suppresses TNF-a-induced p65 activation.
Ginsenosides were screened to identify compounds that exert
inhibitory effects on p65 activation using HeLa cells stably
transfected with a p65-dependent reporter plasmid (data not
shown), and the results demonstrated that ginsenoside Rg5
(Fig. 1A) inhibited TNF-a-induced p65 activation compared
with that in untreated cells (Fig. 1B). Following TNF-a
stimulation, p65 is phosphorylated and transferred to the
nucleus (3,5). As presented in Fig. 1C-E, the phosphorylation of
p65 (Figs. 1C and D, and S1A and B) and its nuclear transloca-
tion (Figs. 1E and S1C) were inhibited by the ginsenoside Rg5
pretreatment. Ginsenoside Rg5 inhibited not only the TNF-a-,
but also the IL-1p-induced phosphorylation of p65 in A549
cells (Figs. 1F, S1D, S2 and S3). These results suggested that
ginsenoside Rg5 suppressed the activation of p65 by inhibiting
the phosphorylation of p65 and nuclear translocation of p65
independently of cell and cytokine types.

Ginsenoside Rg5 inhibits TAKI phosphorylation. To eluci-
date the molecular mechanism by which ginsenoside Rg5
inhibits the activation of p65, the phosphorylation levels
of the upstream molecules of p65, namely TAK1, IKK and
IkBa, were evaluated (Figs. 2A and S4A-C). TAK1 and IKK
were phosphorylated 5 min post-TNF-a stimulation, whereas
ginsenoside Rg5 moderately inhibited the phosphorylation
of these kinases. A band shift in IxkBa, which indicated the
phosphorylation of IkBa, occurred after 5 min and completely
degraded after 10 min; ginsenoside Rg5 inhibited the phos-
phorylation and degradation of IxkBa (Figs. 2A and S4A-C).
Similar results were obtained in the TNF-a- or IL-13-treated
A549 cells (Figs. S5A and B, and S6A and B). These results
demonstrated that ginsenoside Rg5 inhibited the phosphory-
lation of TAKI to suppress the activation of p65. TAKI is
stabilized by binding with its adaptor proteins TAB1 and TAB2;
to investigate the potential interactions between ginsenoside
Rg5 and the TAK1 complex, the present study used a cellular
thermal shift assay, which identifies compound-protein inter-
actions based on increased stability of the complex compared
with that of a single protein at the expected denaturation
temperature, resulting in higher protein expression levels
in the complex-forming sample compared with those in
the non-forming sample at a specific temperature (20). As
presented in Figs. 2B and S4D-F, denaturation of TAK1 was
observed at 46°C, and TAK1 was mostly denatured at 49°C. At
46-49°C, the expression levels of TAK1 were higher in ginsen-
oside Rg5-treated cells compared with those in untreated
cells, suggesting that ginsenoside Rg5 bound to the TAK1
complex. The expression levels of TAB1 and TAB2 were also
higher in ginsenoside Rg5-treated cells compared with those
in untreated cells at 49°C and 43-46°C, respectively. Similar
results were obtained for A549 cells (Figs. S5C and S6C-E) or
TAKI1-, TABI- or TAB2-overexpressing 293T cells (Figs. S5D
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Figure 1. Inhibitory effects of ginsenoside Rg5 on cytokine-induced p65 activation. (A) The chemical structure of ginsenoside Rg5. (B) Luciferase activity of
HeLa cells transfected with NF-«xB luciferase reporter plasmids treated with DMSO or 50 uM ginsenoside Rg5 for 30 min and stimulated with TNF-a. The
ratio represents NF-kB activity in the ginsenoside Rg5 pre-treated sample vs. control. n=3. "P<0.0001. (C and D) Western blotting analysis of p635 expression
and phosphorylation levels in the lysates of HeLa cells treated with DMSO and (C) 50 uM or (D) the indicated concentrations of ginsenoside Rg5 for 30 min
and stimulated with TNF-a. (E) Western blotting analysis of p65 expression and phosphorylation levels in the nuclear extracts of HeLa cells treated with
DMSO or 50 uM ginsenoside Rg5 for 30 min and stimulated with TNF-o for 10 min. (F) Western blotting analysis of p65 expression and phosphorylation
levels in A549 cells treated with DMSO or 50 M ginsenoside Rg5 for 30 min and stimulated with TNF-a or IL-1f. pp65, phosphorylated p65.
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Figure 2. Molecular mechanisms by which ginsenoside Rg5 inhibits p65 activation. (A) Western blotting analysis of TAKI and IKK expression levels in
HeLa cells treated with DMSO or 50 uM ginsenoside Rg5 and exposed to TNF-a for the indicated time periods. (B) Thermal shift assay analysis of TAKI,
TABI and TAB2 expression levels in HeLa cells were treated with DMSO or 50 uM ginsenoside Rg5. TAK1, transforming growth factor -activated kinase 1;
IKK, IxB kinase; TABI, TAK1-binding protein 1; TAB2, TAK1-binding protein 2.

and E and S6F-H). Therefore, these results suggested that
ginsenoside Rg5 directly interacted with the TAK1 complex
to inhibit TAK1 phosphorylation and suppress its downstream
NF-«B signaling.

Ginsenoside Rg5 inhibits the phosphorylation of EphA2
at §897. The inhibition of NF-kB signaling represents one
strategy for suppressing cancer metastasis; however, our
previous study demonstrated that TNF-a-induced activa-
tion of the RSK-EphA2 pathway promoted cell motility (8).
Therefore, the effects of ginsenoside Rg5 on the RSK-EphA2
pathway were further investigated. As demonstrated in
Figs. 3A and S7A, 50 uM ginsenoside Rg5 inhibited the levels
of TNF-a-induced S897 phosphorylation compared with those
in the DMSO-treated cells. However, the phosphorylation of
RSK and its upstream kinase ERK was not suppressed by

ginsenoside Rg5. The expression levels of Eph A2 were slightly
suppressed by treatment with ginsenoside Rg5 compared with
those in the DMSO group (Figs. 3A and S7B). These effects
were also observed in TNF-a- and IL-13-stimulated A549
cells (Figs. 3B, S7TC-E, S8A and B and S9A-F). To elucidate
the molecular mechanisms underlying the suppression of
EphA2 by ginsenoside Rg5, the mRNA levels of EphA2
were determined in HeLa (Fig. S8C) and A549 (Fig. S8D)
cells, and the results demonstrated that they were not reduced
by ginsenoside Rg5 treatment compared with those in the
DMSO-treated cells. A previous study reported that the EphA2
ligand-mediated tyrosine phosphorylation of EphA2 promoted
EphA2 endocytosis to induce the proteasomal degradation
of EphA2 (6). As demonstrated in Figs. SSE and F, and S9G
and H, EphA2 phosphorylation at Tyr-588 was not induced
by ginsenoside Rg5. Protein degradation is mediated through
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Figure 3. Effects of ginsenoside Rg5 on the RSK-EphA2 pathway. (A and B) Western blotting analysis of the expression and phosphorylation levels of proteins
involved in the RSK-EphA?2 pathway in (A) HeLa cells were treated with various concentrations of ginsenoside Rg5 and stimulated with TNF-a, and (B) A549
cells treated with DMSO or 50 yM ginsenoside Rg5 and exposed to TNF-a or IL-1f. (C and D) Expression levels of EphA2 in HeLa cells (C) pre-treated with
50 ug/ml CHX and 10 nM MG-132 or (D) 10 nM BA1 for the indicated times at 37°C and treated with DMSO or 50 uM ginsenoside Rg5 for 30 min. Cell
lysates were immunoblotted with anti-EphA2 and anti-p-actin antibodies. EphA2, erythropoietin-producing hepatocellular receptor A2; RSK, p90 ribosomal

S6 kinase; CHX, cycloheximide; BA1, bafilomycin Al; p, phosphorylated.

the ubiquitin/proteasome or lysosomal system. To establish
whether ginsenoside Rg5 reduces EphA2 protein expression
by these two pathways, HeLa and A549 cells were pre-treated
with the proteasome inhibitor MG-132 and protein synthesis
inhibitor cycloheximide or a specific inhibitor of vacuolar-type
H#)-ATPase to block lysosomal trafficking bafilomycin Al.
Co-treatment with MG-132 and cycloheximide did not inhibit
the reduction of EphA2 expression levels in HeLa compared
with that in the ginsenoside Rg5-treated cells (Figs. 3C
and S7F) or A549 (Figs. S8G and S9I) cells, indicating that
the suppression of EphA?2 expression was not dependent on the
ubiquitin/proteasome system. By contrast, following pre-treat-
ment with bafilomycin Al and treatment with ginsenoside Rg5
in HeLa (Figs. 3D and S7G) or A549 (Figs. S8H and S9J) cells,
the reduction of EphA2 expression in ginsenoside Rg5-treated
cells was gradually inhibited, and it was completely inhibited
following 6 h pre-treatment. Therefore, these data suggested
that ginsenoside Rg5 induced the degradation of EphA2
through the lysosomal system, and, as a result, ginsenoside
Rg5 inhibited the phosphorylation of EphA2 at S897.

Ginsenoside Rg5 inhibits cell migration. The NF-xB and
RSK-EphA2 pathways have been reported to induce cell migra-
tion (3,5,8). We hypothesized that the activation of the NF-kB
and RSK-EphA2 pathways may exert addictive effects on cell
migration. To analyze this, p65-, RSK- and EphA2-expressing
plasmids were transfected into 293 cells, and cell migration was
detected by wound healing assay. The expression levels of p65,
RSKI1 and EphA?2 are presented in Fig. SIOA. As presented in
Figs. 4A and S10B, cell migration appeared to be promoted in
the p65- and EphA2+RSK-transfected cells compared with
that in the control group. In addition, migration was strongly
promoted in both p65- and EphA2+RSK1 co-overexpressing

cells compared with that in the control, p65 and EphA2+RSK1
single transfection groups. To clarify whether NF-kB and
RSK-EphA?2 signaling induced by inflammatory cytokines
promoted cell migration, and whether ginsenoside Rg5 inhib-
ited these effects, A549 cells were pre-treated with ginsenoside
Rg5 and stimulated with TNF-o. TNF-a significantly promoted
cell migration, whereas ginsenoside Rg5 pre-treatment
suppressed TNF-a-induced cell migration without affecting
cell viability (Figs. 4B and C, and S10C). Similarly, a migra-
tion assay using Transwell chambers revealed that ginsenoside
Rg5 inhibited TNF-a- and IL-1p- induced cell migration
(Figs. 4D and S10D). These results demonstrated that the acti-
vation of p65 and the RSK-EphA?2 signaling pathway exerted
additive effects on cell migration, whereas ginsenoside Rg5
attenuated cell migration by inhibiting NF-xB and EphA2
signaling.

Discussion

The results of the present study demonstrated that ginsenoside
Rg5 inhibited p65 and EphA2 phosphorylation by suppressing
TAKI activity and EphA2 expression levels, respectively,
compared with those in untreated cells. In addition, the NF-xB
and RSK-EphA2 pathways exerted additive effects on cell
migration. To the best of our knowledge, the present study is
the first study to directly demonstrate these effects, suggesting
that the inhibition of these two pathways may be crucial for
abolishing cancer migration. The present results suggest that
ginsenoside Rg5 may be a powerful compound for inhibiting
cancer migration.

Previous studies have reported that ginsenoside Rg5 inhibits
the NF-xB signaling pathway. Lee et al (17) have demon-
strated that ginsenoside Rg5 exerts anti-inflammatory effects
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Figure 4. Ginsenoside Rg5 inhibits cell migration. (A) Migration of 293 cells transfected with p65, RSK1 and EphA2 expression plasmids determined by
wound healing assay. The ratio of cell migration distance is indicated (vs. p65 + EphA2 + RSK|-transfected cells). (B) The viability of A549 were treated
with DMSO or 50 uM ginsenoside Rg5 measured by Cell Counting Kit-8. The ratio of cell viability is presented (vs. untreated cells). (C) Migration of A549
cells treated with DMSO or 50 M ginsenoside Rg5 followed by a TNF-a stimulation determined by wound healing assay. The ratio of cell migration distance
is indicated (vs. DMSO-treated cells). (D) Transwell migration assay of A549 cells treated with DMSO or 50 M ginsenoside Rg5, followed by TNF-a or
IL-1p stimulation. Migrated cell numbers are presented as a ratio to the untreated control group. (E) Schematic diagram of the effects of ginsenoside Rg5
on NF-xB and EphA2 signaling. ns, non-significant; “P<0.05. EphA2, erythropoietin-producing hepatocellular receptor A2; RSK, p90 ribosomal S6 kinase;
TAKI, transforming growth factor B-activated kinase 1; TAB1, TAK1-binding protein 1; TAB2, TAK1-binding protein 2; pS, phosphorylation at S897.

by inhibiting the phosphorylation of NF-«B in BV2 cells, and
Kim et al (18) reported that ginsenoside Rg5 suppresses the phos-
phorylation of NF-kB and translocation of p65 into the nucleus
in breast cancer cells with inflammation. However, the molec-
ular mechanisms by which ginsenoside Rg5 inhibits the NF-xB
pathway currently remain unclear. The results of the present
study demonstrated that ginsenoside Rg5 inhibited NF-xB
signaling by suppressing the activation of TAKI. Furthermore,
these results demonstrated that ginsenoside Rg5 directly bound
to the TAK1 complex. TAK1 serves multiple functions in
inflammation and is associated with a number diseases, such
as tumors and diabetes (4). The present study not only revealed
the effects of ginsenoside Rg5 on the TAK1 complex, but also
provided an important strategy for the development of TAK1
inhibitors; however, the structural properties of ginsenoside
Rg5 binding the TAK1 complex was not elucidated. Further
studies are needed to determine the 3-dimensional structure
of the TAK1/TAB1/TAB2 protein bound to ginsenoside Rg5
using X-ray crystallography to validate these results in order to
develop specific TAK1 inhibitors for clinical applications.
Accumulating evidence has demonstrated the importance of
EphAZ2 expression and phosphorylation at S897 in tumor malig-
nancy, including tumor metastasis, the properties of cancer stem
cells and antitumor drug resistance (6,7). Regarding the relation-
ship between the NF-xB and EphA?2 pathways, Hong et al (22)
have reported that the expression of EphA2 and its ligand
Ephrin-A1l is induced in mice with lipopolysaccharide-induced
lung injury, and an EphA2 monoclonal antibody inhibits the
activation of NF-kB as well as AKT, SRC proto-oncogene and
ribosomal protein S6 kinase Bl in a mouse model. By contrast,

Funk ez al (23) have suggested that Ephrin-Al does not affect
the activation of the NF-kB signaling pathway in human aortic
endothelial cells. The present study also attempted to clarify the
potential crosstalk between the NF-«kB and EphA2 signaling
pathways. In the cells used in the present study, TNF-a-induced
NF-«xB phosphorylation was not affected by the knockdown
of EphA2 (data not shown). Therefore, there appeared not to
be any overlap between NF-kB and EphA2 signaling in these
cells. However, these experiments were limited and may have
not provide enough data to fully elucidate this. The signaling
cascade is complex and exhibits different reactions in various
cell types or stimuli; therefore, to determine the relationship
between the NF-kB and EphA2 signaling pathways, further
evidence is needed, for instance, by using EphA2 and p65
knockout cell lines to analyze the two signaling cascades.

The results of the present study suggested that the induc-
tion of RSK phosphorylation was promoted by ginsenoside
Rg5 (Figs. 3A and B). A previous study has reported that
ginsenoside Rg5 induces the activation of insulin-like growth
factor-1 receptor (IGF-1R) and promotes the phosphorylation
of ERK in human umbilical vein endothelial cells (24). HelLa
and A549 cells also express IGF-1R (25). Therefore ginsen-
oside Rg5 may also induce the phosphorylation of ERK by
activating IGF-1R in these cells. In A549 cells harboring a
KRAS mutation, the basal level of ERK phosphorylation is
high (26). Furthermore, in the present study, the induction of
ERK phosphorylation by ginsenoside Rg5 was weak (data not
shown); difficulties were associated with detecting the induc-
tion of ERK phosphorylation in A549 cells. Therefore, its
induction in A549 cells treated with ginsenoside Rg5 was not
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clear (Fig. 3B). In the present study, the induction of ERK phos-
phorylation following ginsenoside Rg5 treatment was detected
in HeLa cells (data not shown). Therefore, ginsenoside Rg5
may induce the activation of IGF-1R and ERK, followed by the
phosphorylation of its downstream kinase RSK.

To the best of our knowledge, the present study was the first
to demonstrate that ginsenoside Rg5 suppressed the expression
of EphA2 by promoting its degradation using the lysosomal
system. Although other ginsenosides that have been demon-
strated to exert anti-inflammatory effects were also tested in the
present study (data not shown), only ginsenoside Rg5 promoted
the degradation of EphA2. In addition, the expression of other
receptor tyrosine kinases, such as epidermal growth factor
receptor, was detected in ginsenoside Rg5-treated cells (data
not shown), and the results revealed that their expression was not
reduced, suggesting that ginsenoside Rg5 specifically induced
the degradation of EphA2. Previous studies have reported that
the ubiquitin/proteasome system degrades specific proteins; by
contrast, the lysosomal system performs non-specific protein
degradation (27,28). Therefore, further studies are needed to
fully elucidate the molecular mechanisms of action of ginsen-
oside Rg5 on the lysosomal system.

Ginseng and its main components ginsenosides have been
reported to exert antimetastatic effects; however, further
evidence is needed to elucidate the underlying mechanisms.
Although in vivo studies are required, the results of the present
study provide a scientific basis for the potential development of
ginsenoside Rg5 as an antimetastatic drug.
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