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Ginsenoside Rh2 activates a-catenin phosphorylation to
inhibit lung cancer cell proliferation and invasion
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Abstract. The efficacy of ginsenoside Rh2 (Rh2) in cancer
therapy has been reported; however, its function in lung cancer
remains unknown. To analyze the role of Rh2 in the inhibition
of lung cancer cell proliferation in the present study, protein
expression levels of E-cadherin, vimentin, (3-catenin, Smo,
Glil, and a-catenin were assessed by western blotting, whilst
mRNA expression levels of TCF7 FZD8, Smo, Glil, Gli2, and
Gli3 were determined by reverse transcription-quantitative
PCR in the A549 cell line. Phosphorylation sites were detected
by proteomic methods and cell proliferation was analyzed by
MTT assay. The present study revealed that Rh2 treatment
significantly inhibited cell proliferation. Western blotting indi-
cated that the expression levels of E-cadherin were increased
and vimentin was downregulated in Rh2-treated cells
compared with control cells. Treatment of A549 cells with
Rh2 suppressed phosphorylation of five distinct proteins and
increased phosphorylation of nine proteins. Among them, the
phosphorylation of a-catenin at S641 was significantly induced.
Rh2 treatment suppressed the expression levels of key genes
involved in Wnt (Wnt3, transcription factor 7 and frizzled class
receptor 8) and hedgehog [smoothened, frizzled class receptor
(Smo), GLI family zinc finger (Gli)l, Gli2, and Gli3] signaling.
Immunoblotting results indicated that (3-catenin, Smo and
Glil protein expression levels were also suppressed by treat-
ment with Rh2 compared with control treatment. Expression
of a-catenin S641D, a phosphomimetic form of a-catenin,
inhibited the accumulation of 3-catenin and Glil and inhibited
cell proliferation and invasion. Furthermore, knockdown of
pB-catenin (CTNNBI) or Glil with specific small interfering
RNAs inhibited cell proliferation, whereas overexpression of
these genes had an opposite effect. Additionally, overexpres-
sion of f3-catenin or Glil activated cell proliferation, even in
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the presence of Rh2, suggesting that Rh2 affects A549 cell
proliferation through inhibition of Wnt and hedgehog signaling
by phosphorylation of a-catenin at S641. Together, these data
suggested that Rh2 treatment may inhibit the proliferation
of A549 lung cancer cells. Further exploration of the under-
lying mechanism by which Rh2 inhibits cell proliferation is
warranted.

Introduction

Lung cancer is a major cause of cancer-related death, and the
5-year survival rate remains very low, as more than half of
patients are diagnosed too late for successful treatment (1).
Advances in molecular translational research have resulted
in greater understanding, diagnosis and management of lung
cancer, improving patient survival rates (2). To date, efforts
to develop innovative treatments have focused on targeting
key signaling pathways involved in lung cancer growth and
progression (3). Although considerable progress in targeted
therapies has been achieved, further advances are required to
improve prognosis and increase the overall life expectancy of
patients with lung cancer (4). Distinct types of cancer result
from the abnormal proliferation of different cells in the
organism, and their properties and responses to treatment
can vary substantially (5). Among the hallmarks of cancer
cells, insensitivity to anti-growth signals, evading apoptosis
and sustained angiogenesis are common in most, if not all,
types of cancer (5,6). Accordingly, an effective strategy to treat
cancer is the termination of out-of-control cell growth through
activation of the intrinsic mechanisms of cell death (7).
Panax ginseng, the most common species of ginseng, is a
herbal medicine that is widely applied in Asian countries (8).
P. ginseng has been suggested to possess numerous beneficial
properties, including anti-inflammatory, antioxidant and
anticancer activity (9). Ginsenosides, a form of triterpene
glycosides (saponins), are the major active components in
ginseng and have been extensively used in traditional Chinese
medicine as an anticancer agent (10). It has been suggested that
ginseng extract blocks the proliferation of mammalian tumor
cells by stimulating apoptosis (11). Ginsenoside Rh2 (Rh2)
is characterized by low toxicity, low molecular weight and
exhibits good solubility in lipids. Rh2 has been demonstrated
to inhibit proliferation and migration of tumor cells, as well as
angiogenesis. In addition, its inhibitory effect on angiogenesis
in prostate cancer is mediated by regulating the expression of
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the metal cation transporter CNNM1 (12). A previous study
suggested that, in liver cancer cells, Rh2 is able to regulate
the expression of a large number of non-coding RNAs (13),
and an additional study in breast cancer cells suggested that
Rh2 inhibits proliferation via epigenetic modifications of the
cell-mediated immune pathway (14). Rh2 has additionally been
suggested to inhibit the migration and invasion of lung cancer
cells by modulation of tumor-induced macrophages (15).
Pseudo-Rh2 has also been reported to induce apoptosis via the
Ras/Raf/ERK/p53 pathway in the A549 adenocarcinoma cell
line (16). Together, these findings suggest that Rh2 may exert
anticancer activity through a range of diverse mechanisms.

Wht signaling is essential during embryonic development
and has a crucial role in the maintenance of the stem-like
properties of tissue cells, including cancer cells (17). Hedgehog
(Hh) signaling regulates diverse biological processes, among
them the development of invertebrate and vertebrate organ-
isms (18). The canonical Wnt signaling pathway, also known
as the Wnt/p-catenin or B-catenin/T-cell factor pathway (19),
performs its regulatory function by stabilizing the key tran-
scription factor, B-catenin, which activates downstream gene
expression (20-22). It is well documented that the activation
of Wnt signaling is closely associated with the development of
cancer in numerous types of tissue (23). Constitutive activation
of Hh signaling affects the development and progression of
cancer through several mechanisms (24). Aberrant activa-
tion of Hh signaling is required for almost all basal cell
carcinomas, rhabdomyosarcomas, medulloblastomas and
several other tumor types (18,25-27). The binding of Hh and
protein patched homolog 1 molecules results in activation of
the smoothened, frizzled class receptor (Smo) protein (26,28),
which subsequently upregulates the expression of downstream
transcriptional activator GLI-Kruppel family transcription
factors to stimulate Hh signaling (28). GLI family zinc finger
(Gli)1 has been demonstrated to function as a modulator of
cancer cell properties controlled by E-cadherin/f-catenin
signaling. Glil activates expression of the gel-forming mucin
gene, MUCS5AC, which in turn inhibits E-cadherin-dependent
cell-to-cell adhesion, activating migration and invasion of
pancreatic ductal adenocarcinoma cells (15). Together the
available evidence indicates the involvement of Wnt and Hh
signaling in cancer cell proliferation. However, whether a rela-
tionship exists between Rh2 and Wnt or Hh signaling remains
to be determined.

The present study aimed to investigate the impact of Rh2
on the proliferation of A549 lung cancer cells, and on the
expression of Wnt and Hh signaling markers. The relationship
between the expression of f3-catenin and Glil and the prolif-
eration of A549 cells in the presence or absence of Rh2 was
examined. The objective of this investigation was to establish
the mechanism by which Rh2 regulates Wnt and Hh signaling
and proliferation in A549 lung cancer cells.

Materials and methods

Cell culture and transfection assays. The human lung adeno-
carcinoma cell line A549 was obtained from the American
Type Culture Collection. The cells were grown in Dulbecco's
modified Eagle's medium, supplemented with glutamine,
10% fetal bovine serum, penicillin and streptomycin (Gibco;
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Thermo Fisher Scientific, Inc.). cDNA encoding S-catenin,
a-catenin S641D and Glil were synthesized by Sangon
Biotech. Co., Ltd. and pcDNA3.1 (+) (Invitrogen; Thermo
Fisher Scientific, Inc.) was used to construct overexpression
(OX) vectors. Small interfering RNA (siRNA) for 3-catenin
(ON-TARGETplus SMART pool; cat.no.L-004018),siRNA for
Glil (ON-TARGETplus SMART pool; cat. no. J-041026-05)
and ON-TARGETplus non-targeting pool (cat. no. D-001810)
were purchased from GE Healthcare Dharmacon, Inc. A
total of 1x10° cells were transfected with 2 ug -catenin,
a-catenin S641D or Glil OX plasmids, pcDNA3.1 (+) empty
vector (OX control) and 30 nM siRNAs on day 0 using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) and Opti-MEM® I Reduced Serum Medium (Gibco;
Thermo Fisher Scientific, Inc.), according to the manufacturers'
protocol. Cells reached ~30% confluence 24 h post-transfec-
tion and the transfection media were replaced with full growth
medium; cells were harvested for subsequent experiments and
72 h after transfection.

RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR) analysis. Total RNA was extracted using
TRIzol® Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) from A549 cells treated with Rh2 (cat. no. 209058;
Sigma-Aldrich; Merck KGaA) or transfected with f3-catenin,
a-catenin S641D and Glil OX plasmids, or 5-catenin and
Glil siRNAs for 72 h at 37°C in an incubator with 5% CO,,
according to manufacturer's protocol. A total of 2 yg RNA was
reverse-transcribed using GoScript™ Reverse Transcription
kit at 42°C for 1 h (Promega Corporation), according to the
manufacturer's instructions. SYBR® Green Master Mix
(Bio-Rad Laboratories, Inc.) was used to perform qPCR in an
[llumina Eco 3.0 Real-time PCR system (Illumina, Inc.). The
thermocycling conditions consisted of an initial denaturation
at 95°C for 3 min, followed by 40 cycles of denaturation for
30 sec at 95°C, annealing for 30 sec at 58°C and extension
at 72°C for 30 sec, ending with a final extension at 72°C for
5 min. The transcription levels were normalized against those
of GAPDH using the 2224 method (29). The sequences of
primers used are listed in Table I.

Western blot analysis. Both Rh2 treated and OX or siRNA
construct transfected A549 cells were harvested in ice-cold
lysis buffer (7 M urea, 2 M thiourea, 2% CHAPS, 40 mM Tris
base, 40 mM dithiothreitol and 1% protease inhibitor) to obtain
whole-cell extracts. Protein concentration was measured using
a Bicinchoninic Acid assay kit (Merck KGaA). The total
proteins were separated on a 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis gel at 100 V for 2 h following
extraction followed by transferal onto Immobilon-P Transfer
Membranes (EMD Millipore). The membranes were incubated
in TBS containing 5% skimmed milk and 0.05% Tween-20
(EMD Millipore) at 25°C for blocking for 1 h, followed by
incubation with the following primary antibodies at 25°C
for overnight: Anti-vimentin (cat. no. ab193555; 1:1,000;
Abcam), anti-E-cadherin (cat. no. ab194982; 1:1,000; Abcam),
anti-Smo (cat. no. ab8969; 1:1,000; Abcam), anti-B-catenin
(cat. no. ab16051; 1:2,000; Abcam), anti-Glil (cat. no. ab49314;
1:2,000; Abcam), anti-a-catenin (cat. no. 3240; 1:1,000; Cell
Signaling Technology, Inc.), anti-phosphorylated (p)-o-catenin
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Table I. Primer sequences.

Primer Sequences (5'-3")

Wnt3 F ATCATAAGGGGCCGCCTGGCGAAGGCTGG
Wnt3 R CTTGCAGGTGTGCACGTCGTAGA
TCF7F CTGCAGACCCCTGACCTCTCT

TCF7R ATCCTTGATGCTAGGTTCTGGTGT
FZD8 F CTGGTGGAGATCCAGTGCTC

FZD8 R TTGTAGTCCATGCACAGCGT

Smo F ACCTATGCCTGGCACACTTC

Smo R AGGAAGTAGCCTCCCACGAT

Glil F CCAGAGTTCAAGAGCCTGG

Glil R CCTCGCTCCATAAGGCTCAG

Gli2 F GTTCCAAGGCCTACTCTCGCCTG

Gli2 R 5'-CTTGAGCAGTGGAGCACGGACAT-3'
Gli3 F GGGTGAACAGCATCAAAATGGAG
Gli3 R CCGATAGCCATGTTGGTGG

B-catenin F TCGCCAGGATGATCCCAGC
-catenin R GCCCATCCATGAGGTCCTG
GAPDHF GACCTGCCGTCTAGAAAAAC
GAPDHR CTGTAGCCAAATTCGTTGTC

F, forward; FZDS, frizzled class receptor 8; Gli, GLI family zinc
finger; R, reverse; Smo, smoothened, frizzled class receptor; TCF,
transcription factor.

Ser641 antibody (cat no. 11330, 1:1,000; Signalway Antibody
LLC) and anti-GAPDH (cat. no. ab8245; 1:2,000; Abcam). The
membranes were washed twice with PBS and incubated with an
anti-mouse or anti-rabbit horseradish peroxidase-conjugated
secondary antibody (cat. no. 7074 and 7076; 1:2,000; Cell
Signaling Technology, Inc.) for 1 h at 25°C. Antigen-antibody
complexes were visualized using an electrochemiluminescence
kit (Beijing BioTrand, Inc.). Protein levels were normalized
against GAPDH and protein expression was analyzed using
ImageJ2 version 2.0 software (National Institutes of Health).

Phosphopeptide isolation and analysis. Total protein
was extracted from control and Rh2-treated A549 cells
and the protein concentration determined by bicincho-
ninic acid assay. A total of 1 mg extracted protein was
digested overnight using trypsin (1:50 wt/wt) at 37°C.
Digested peptides were extracted and incubated at 25°C
for 15 min in 25 mM ammonium bicarbonate, and then for
15 min in 5% formic acid. Samples were desalted on a C18
column (cat no. IQLAALGABXFANUMBBD, Lancompare)
according to the manufacturer's instructions and dried using
a SpeedVac. Phosphopeptides were enriched according to a
previously published protocol (30). Prior to binding phospho-
peptides, the TiO, beads were equilibrated with 200 130 mg/ml
2,5-dihydroxybenzoic acid in 80% acetonitrile and 0.1% TFA,
and the pH of the digested peptide lysate was adjusted to <1.9
with 1% TFA. The peptide mixture was then added to a 2-ml
reaction tube containing 10 mg TiO, beads, and each batch
was incubated for 30 min at 25°C with end-over-end rotation.
Subsequently, the beads were spun down at 500 x g at 4°C for

2915

15 min and briefly washed once with 80% acetonitrile and
0.1% TFA, and once with 10% acetonitrile and 0.1% TFA.
Finally, the bound peptides were eluted from the beads using
200 ul NH,OH in 30% acetonitrile (pH>10.0). The eluate was
immediately neutralized with 5% TFA and dried.

The TiO, enriched phosphopeptides (4 ul) were subjected
to on-line nanoflow liquid chromatography (LC) using the
EASY-Nano LC system (Proxeon Biosystems; Thermo Fisher
Scientific, Inc.) with 10-cm capillary columns of an internal
diameter of 75 ym filled with 3 ym Reprosil-Pur C18-A2 resin
(Dr.Maisch HPLC GmbH). The sequence of gradients consisted
of 10-30% (v/v) CAN in 0.1% (v/v) formic acid at the flow rate of
200 nl/min for 45 min, 30-100% (v/v) CAN in 0.1% (v/v) formic
acid at a flow rate of 200 nl/min for 1 min, and 100% CAN in
0.1% formic acid at a flow rate of 200 nl/min for 10 min. The
elution was electrosprayed using a Proxeon nanoelectrospray
ion source by electrospray ionization (ESI). The ESI-tandem
mass spectrometry (MS/MS) analysis was performed using
a Thermo Fisher LTQ Velos Pro (Thermo Fisher Scientific,
Inc.) using full ion scan mode over the m/z range of 200-1,800.
Collision-induced dissociation (CID) was performed in the
linear ion trap using a 4.0-Th isolation width and 35% normal-
ized collision energy with helium as the collision gas. Five
independent MS/MS scans were performed on each ion using
dynamic exclusion. Additionally, the precursor ion selected for
CID was dynamically excluded from further MS/MS analysis
for 30 sec. The MS/MS spectra were processed using Proteome
Discoverer (Version 1.3; Thermo Fisher Scientific, Inc.), and the
database search was performed using the Mascot search engine
(Mascot 2.3; Matrix Science) against a concatenated target
decoy approach. The Uniprot-KB/Swiss-Prot protein sequence
database (release 54.5; https://web.expasy.org/docs/swiss-prot_
guideline.html) was searched, with corresponding taxonomy
selection for different samples. The following search param-
eters were applied: Mass error tolerance for the precursor ions,
1 Da; mass error tolerance for the fragment ions, 0.8 Da; fixed
modifications, carbamidomethylation (C); variable modifica-
tions, oxidation (M), phosphorylation (S, T, Y); number of
missed cleavages, 1; significance threshold, P<0.05; type of
instrument, ESI-TRAP. Protein identifications were validated
only if they met the following three requirements: i) Their
score was significant (P<0.05) with cut-off criteria; ii) one
peptide had a score >15; iii) proteins were identified in at least
two out of the three runs. Proteins identified by a set or subset
of peptides used for identification of another protein were not
considered.

Cell proliferation analysis. To determine cell proliferation
rate, cells were plated in a volume of 150 ul at a density of
2,000 cells/well in 96-well plates. Cell proliferation was
analyzed following treatment with 50 or 100 M Rh2,
or transfections with siRNAs and OX plasmids using a
CCK-8 kit (Dojindo Molecular Technologies, Inc.) as
previously described (31). At each indicated time point
(0, 24, 48,72 and 96 h), MTT solution (Beyotime Insitute of
Biotechnology) was added to each well to a final concentration
of 5 mg/ml followed by incubation at 37°C for 4 h. A total
of 100 pl acidic isopropanol (10% SDS, 5% isopropanol and
0.01 M HCI) was then added into each well to stop the reaction
and the plates were incubated at 37°C overnight.
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Cell invasion assay. The invasive properties of A549 cells
treated with 100 #M Rh2 or transfected with a-catenin S641D
were assessed using a 96-well 3D spheroid cell invasion assay
(cat. no. 3500-096-K; Trevigen Inc.; Bio-Techne), according to
the manufacturer's instructions.

Statistical analysis. Statistical analysis was performed with
Prism 5 software package (GraphPad Software, Inc.). The data
are presented as the mean + SEM with at least three experi-
mental replicates. Comparisons between two groups and the
determination of statistical significance was done by Student's
t-test. Comparisons between more than two groups were
performed using one-way ANOVA, followed by Bonferroni's
multiple comparison test.

Results

RA2 inhibits the proliferation of A549 lung cancer cells.Rh2 is
well established as an anticancer molecule and is widely used
in cancer therapy in China, but its function in lung cancer cells
remains unclear (10,11). Cell proliferation is a key process of
spreading of cancer in human tissues and is directly associated
with the severity of the disease (5). To analyze the function
of Rh2 in lung cancer cells, the A549 cells were treated with
Rh2 for 24, 48 and 72 h. In comparison with untreated cells,
exposure to 50 or 100 xM Rh2 led to significant inhibition of
the proliferation of A549 cells (Fig. 1A). Since E-cadherin and
vimentin levels are related to the migration of cancer cells,
the impact of Rh2 on these proteins was analyzed. Western
blotting indicated that treatment with 50 and 100 M Rh2
increased the expression levels of E-cadherin ~3.5-fold and
reduced the expression levels of vimentin by ~50% compared
with untreated cells (Fig. 1B and C).

Rh2 reduces the expression of Wnt and Hh signaling genes in
A549 lung cancer cells. Wnt and Hh signaling serve a critical
role in the proliferation of hepatocellular carcinoma (32). To
analyze whether Rh2 regulates Wnt and Hh signaling genes in
A549 cells, the expression levels of key genes implicated in the
two signaling pathways were analyzed. The mRNA expres-
sion levels of Wnt signaling genes [Wn¢3, transcription factor 7
(TCF7) and frizzled class receptor 8 (FZDS8)] and Hh signaling
genes (Smo, Glil, Gli2, and Gli3) were measured by RT-qPCR.
The results indicated that, in comparison with untreated cells,
Rh2 reduced the expression of both Wnt signaling genes (Wnt3,
TCF7 and FZDS8) and Hh signaling genes (Smo, Glil, Gli2 and
Gli3) (Fig. 2A and B). In addition, the protein expression levels
of the key Wnt signaling regulator -catenin and Hh signaling
regulator Smo, and the expression of Glil were analyzed by
western blotting. In agreement with the results of RT-qPCR,
the protein expression levels of B-catenin, Smo and Glil were
reduced with Rh2 treatment compared with untreated cells
(Fig. 2C and D).

Rh2 induces the phosphorylation of a-catenin at S641.
To further analyze the mechanisms implicated in the
effects of Rh2, phosphopeptides were analyzed using the
TiO,-enrichment method. Significant changes in the levels
of phosphorylation were identified in 14 phosphopeptides.
Among them, the phosphorylation level of five proteins was
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Figure 1. Rh2 treatment inhibits the proliferation of A549 lung cancer cells.
(A) MTT assay was performed to analyze the effects of Rh2 on A549 cell
proliferation at 0, 24 and 48 h after treatment with 50 and 100 M Rh2.
Data represent the mean values + SE of 20 replicates. "P<0.05 vs. Control.
(B) Western blot analysis was performed to assess the protein expres-
sion levels of E-cadherin and vimentin. GAPDH was used as an internal
control. (C) Densitometry of bands shown in (B). Data represent the mean
values = SE (n=3). "P<0.05 and “P<0.01 vs. Control. OD, optical density;
Rh2, ginsenoside Rh2.

reduced, whereas the phosphorylation of nine proteins was
induced by Rh2 (Tables IT and III). The five proteins displaying
reduced phosphorylation levels were ACTA, ITGAS, RACKI,
ARHGEF6 and FAM129B, while the nine with higher levels
of phosphorylation were PPP1R12A, FERMT?2, a-catenin,
CCDC6, LIMCHI, GRHPR, STEAP3, PPP3CA and HS1BP3.
Given the suppression of Wnt signaling by Rh2, the phos-
phorylation of a-catenin was evaluated further. LC/MS
data for histogram of p-peptide showed that a-catenin at the
S641 residue exhibited the highest peak (691.70), suggesting
that a-catenin phosphorylation may be at the S641 residue
(Fig. 3A). To verify further, the phosphorylation level of
a-catenin at the S641 residue, western blotting using a specific
p-a-catenin S641 antibody confirmed that Rh2 treatment
significantly increased the levels of p-a-catenin S641 without
changing the levels of total a-catenin (Fig. 3B). Expression of
a-catenin S641D, a phosphomimetic form of a-catenin S641,
reduced the accumulation of -catenin and Glil in A549 cells
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Figure 2. Rh2 suppresses the expression of genes implicated in Wnt and Hh signaling. (A) Expression of Wnt signaling genes Wnt3, TCF7 and FZD$, and
(B) Hh signaling genes Smo, Glil, Gli2 and Gli3 in A549 cells after treatment with 100 xM Rh2. GAPDH was used as an internal control to normalize expres-
sion levels. Error bars indicate mean + SE (n=3). (C) §-catenin, Smo and Glil protein levels in the presence or absence of 100 xM Rh2 examined by western
blot analysis. GAPDH was used as the loading control. (D) Relative levels of proteins shown in (C). "P<0.05 vs. Control. FZDS, frizzled class receptor 8; GLI,
Gli family zinc finger; Hh, hedgehog; Rh2, ginsenoside Rh2; Smo, smoothened, frizzled class receptor; TCF7, transcription factor 7.

(Fig. 3C). Additionally, RT-qPCR indicated that the expression
levels of Wnt signaling genes (Wnt3, TCF7 and FZDS8) and Hh
signaling genes (Smo, Glil, Gli2 and Gli3) in A549 cells were
suppressed by the expression of a-catenin S641D (Fig. 3D).
Furthermore, a-catenin S641D expression significantly inhib-
ited cell proliferation (Fig. 3E). The results of a cell invasion
assay suggested that a-catenin S641D expression or treatment
with 100 uM Rh2 significantly reduced the invasiveness of
A549 cells. White dashed circles mark the borders of cell
invasion area in each cell (Fig. 3F and G).

B-catenin and Glil positively regulate lung cancer cell prolif-
eration. As Rh2 treatment appeared to reduce the expression
of key genes involved in Wnt and Hh signaling, the role of
these pathways in A549 cell proliferation was analyzed.
p-catenin and Glil levels were reduced by siRNA or overex-
pressed post-transfection with OX plasmids compared with
control levels. RT-qPCR results revealed that transfection with
the siRNA duplex and OX plasmid significantly suppressed
or induced, respectively, the expression of 5-catenin (Fig. 4A)
and Glil (Fig. 4C). Comparison of cell proliferation among
the control, siRNA and OX groups indicated that -catenin
knockdown by siRNA inhibited proliferation, whereas OX
enhanced proliferation of A549 cells (Fig. 4B). Similar results
were obtained with Glil knockdown and OX (Fig. 4D).

B-catenin or Glil OX blocks the inhibition of A549 cell
proliferation by ginsenoside Rh2. As Rh2 reduced the expres-
sion of B-catenin and Glil, and levels of these proteins were
positively associated with A549 cell proliferation, whether OX
of -catenin or Glil could counteract the inhibitory effect of

Rh2 on A549 cell proliferation was tested. RT-qPCR results
suggested that 3-catenin and Glil were highly expressed in
cells transfected with OX plasmids compared with the control
group (Fig. 5A and C). The treatment with Rh2 inhibited the
rate of cell proliferation, whereas OX of f-catenin and Glil
had an opposite effect. Furthermore, OX of (-catenin and
Glil reversed the inhibitory effect of Rh2, accelerating the
proliferation of A549 cells (Fig. 5B and D).

Discussion

The majority of lung cancer cases worldwide, are diagnosed
as non-small-cell lung cancer; accounting for 85% of lung
cancer-related deaths (33). The identification of an effective
therapeutic approach to lung cancer is therefore an urgent
issue. Rh2 has been suggested to act as an anticancer molecule
that affects diverse types of cancer cells. However, the mecha-
nism by which it regulates the proliferation of lung cancer cells
is not yet known.

The present study sought to determine whether Rh2 could
regulate the proliferation of A549 cells and to identify the
molecular mechanism involved. Treatment with Rh2 signifi-
cantly inhibited cell proliferation, upregulated E-cadherin
expression and downregulated vimentin compared with in
untreated cells, suggesting that this molecule affects the
behavior of A549 lung cancer cells. Subsequent experiments
elucidated the role of Wnt and Hh signaling in mediating
the effects of Rh2. This was an essential question, since the
Wnt (23) and Hh signaling pathways are known to be associated
with cancer development and progression (24). Rh2 treatment
suppressed key Wnt signaling genes, Wnt3, TCF7 and FZDS8,
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Figure 3. Rh2 treatment increases the level of p-o-catenin S641 in A549 cells. (A) Phosphopeptide diagram for a-catenin showed phosphorylation of the S641
residue. (B) p-a-catenin S641 and a-catenin levels were analyzed by western blotting following treatment with 0, 50 and 100 M Rh2. GAPDH was used as
the loading control. (C) a-catenin, f-catenin and GLI1 levels were examined by western blot analysis in pcDNA3.1 empty vector transformed and a-catenin
S641D-overexpressing A549 cells. GAPDH was used as the internal control. (D) Expression levels of Wnt signaling genes (Wnt3, TCF7 and FZDS8) and Hh
signaling genes (Smo, Glil, Gli2 and Gli3) were assessed in the pcDNA3.1 empty vector transformed and o-catenin S641D-expressing A549 cells. "P<0.05 vs.
pcDNA3.1 empty vector. (E) Cell proliferation rate was measured in the pcDNA3.1 empty vector transformed and a-catenin S641D-expressing A541 cells.
“P<0.05 vs. pcDNA3.1 empty vector. (F) Cell invasion assay using A549 cells transformed with the pcDNA3.1 empty vector, expressing a-catenin S641D
or treated with Rh2 (100 xM) for 3 days. The images of cells invading into the surrounding matrix were acquired at days 0, 1, 2 and 3. White dashed circles
indicate the area invaded by the cells. Bar, 500 ym. (G) Measurement of cell invasion areas depicted in (F). Data are presented as the mean values + SE of 10
replicates. "P<0.05 vs. pcDNA3.1 empty vector. FZDS, frizzled class receptor 8; GLI, GLI family zinc finger; OD, optical density; p, phosphorylated; Rh2,
ginsenoside Rh2; Smo, smoothened, frizzled class receptor; TCF7, transcription factor 7.
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Figure 4. Role of -catenin and Glil in A549 cell proliferation. (A) 5-catenin expression was analyzed in the pcDNA3.1 empty vector, NC siRNA, -catenin
siRNA and f3-catenin OX cells. Error bars indicate the mean + SE (n=3). "P<0.05 and “P<0.01 vs. NC siRNA. (B) Cell proliferation rate was analyzed in the
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proliferation rate in the pcDNA3.1 empty vector, NC siRNA, Glil siRNA and Glil OX cells. Data represent the mean + SE of 6 replicates. "P<0.05 vs.
pcDNA3.1 empty vector. GLI, GLI family zinc finger; NC, non-targeting control; OD, optical density; OX, overexpression; siRNA, small interfering RNA.
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Figure 5. Effects of 3-catenin or Glil OX on the impact of Rh2 on the proliferation of A549 cells. (A) 5-catenin expression was analyzed in A549 cells treated
with the -catenin OX plasmid, 100 xM Rh2, or Rh2 together with the 5-catenin OX plasmid. pcDNA3.1 empty vector transformed cells were used as control.
(B) Cell proliferation in A549 cells treated with the pcDNA3.1 empty vector, -catenin OX plasmid, 100 zM Rh2, or a combination of Rh2 and f-catenin OX
plasmid. (C) Glil expression was analyzed in A549 cells treated with the Glil OX plasmid, 100 zM Rh2, or a combination of Rh2 and the Glil OX plasmid.
(D) Cell proliferation in A549 cells treated with the pcDNA3.1 empty vector, 100 uM Rh2, Glil OX plasmid, or a combination of Rh2 and G/i/ OX plasmid.
P<0.0.5 at 'a' vs. 'b', 'b' vs. 'c', and P<0.01 at 'a' vs. 'c' Data are presented as the GLI, GLI family zinc finger; OD, optical density; OX, overexpression; Rh2,
ginsenoside Rh2.

and Hh signaling genes, Smo, Glil, Gli2 and Gli3. Moreover,
it decreased the protein expression levels of f-catenin (Wnt
signaling), Smo (Hh signaling) and GLI1 (Hh signaling) in
AS549 cells, suggesting that Rh2 suppresses both signaling
pathways. The phosphoproteomic study revealed that the phos-
phorylation of 14 distinct peptides was significantly altered by
treatment with Rh2. Among them, phosphorylation levels of

five peptides were suppressed, and phosphorylation levels of
nine peptides were increased. Further analysis demonstrated
that phosphorylation of the a-catenin S641 residue was signifi-
cantly increased and that the expression of a-catenin S641D,
a phosphomimetic of a-catenin S641, markedly reduced the
levels of -catenin and Glil. a-catenin S641D expression
additionally significantly suppressed key Wnt signaling genes,
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Wnt3, TCF7 and FZDS8, as well as Hh signaling genes, Smo,
Glil, Gli2 and GIi3. These findings indicated that the expres-
sion of a-catenin S641D may inhibit Wnt and Hh signaling
in A549 cells. Previously, a-catenin was reported as a tumor
suppressor acting as an inhibitor of the inflammatory response
in breast cancer cells (34). However, a-catenin phosphorylation
signaling has not been extensively investigated. The present
results indicated that Rh2 stimuli may activate the phosphory-
lation of a-catenin, which, in turn, inhibits the accumulation
of B-catenin and Glil. In addition, expression of a-catenin
S641D severely attenuated the proliferation and invasion of
A549 cells, resembling the effect of Rh2 on lung cancer cells.
The roles of Wnt and Hh signaling in A549 cell proliferation
were also investigated. The data suggested that suppression
of the expression of f3-catenin and Glil by siRNAs inhibited
cell proliferation, whereas OX of these genes promoted cell
proliferation, indicating that Wnt and Hh signaling cascades
exert positive control on the proliferation rate of A549 cells.
To test the possibility that Rh2 might suppress Wnt and Hh
signaling to inhibit lung cancer cell proliferation, 3-catenin
and Glil were overexpressed in A549 cells. Administration
of Rh2 did not change f-catenin and Glil levels in overex-
pressing cells but downregulated the expression of these genes
in untransfected A549 cells. This finding suggested that Rh2
might control activities of the promoters of 5-catenin and
Glil genes. It will be of interest to further dissect the regu-
latory mechanism by which Rh2 affects the transcription of
pB-catenin and Glil. These data indicated that 3-catenin and
Glil promoted proliferation not only of control cells, but also
of cells treated with Rh2, suggesting that -catenin and Glil
may function downstream of Rh2 signaling in the control of
lung cancer cell proliferation.

The obtained results indicated that Rh2 suppressed both
Wnt and Hh signaling in the A549 lung cancer cell line. A
previous study on skin fibroblasts reported that [3-catenin
complex directly activates two Hh signaling genes, Smo and
Glil, via promoter binding (35). Thus, it may be hypothesized
that, in lung cancer cells, Rh2 regulates Wnt directly and it
is the modification of Wnt signaling that affects the activity
of genes involved in Hh signaling. It is apparent that further
experiments are needed to define the regulatory model. In
conclusion, the present study documented that Rh2 may
suppress Wnt and Hh signaling via the activation of a-catenin
S641 phosphorylation, inhibiting lung cancer cell proliferation
and invasion. These findings expand our understanding of the
regulatory mechanism controlled by Rh2 and its anticancer
activity.
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