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Polysaccharides from sporoderm-removed spores of
Ganoderma lucidum induce apoptosis in human gastric
cancer cells via disruption of autophagic flux
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Abstract. The sporoderm-broken spores of Ganoderma
lucidum (G. lucidum) polysaccharide (BSGLP) have been
demonstrated to inhibit carcinogenesis in several types of
cancer. However, to the best of our knowledge, the anticancer
effects of polysaccharides extracted from the newly developed
sporoderm-removed spores of G. lucidum (RSGLP) have not
been assessed. The present study first compared the anticancer
effects of RSGLP and BSGLP in three gastric cancer cell
lines and it was found that RSGLP was more potent than
BSGLP in decreasing gastric cancer cell viability. RSGLP
significantly induced apoptosis in AGS cells, accompanied by
downregulation of Bcl-2 and pro-caspase-3 expression levels,
and upregulation of cleaved-PARP. Furthermore, RSGLP
increased LC3-II and p62 expression, indicative of induction
of autophagy and disruption of autophagic flux in AGS cells.
These results were further verified by combined treatment of
AGS cells with the late-stage autophagy inhibitor chloroquine,
or early-stage autophagy inducer rapamycin. Adenoviral
transfection with mRFP-GFP-LC3 further confirmed that
autophagic flux was inhibited by RSGLP in AGS cells. Finally,
the present study demonstrated that the RSGLP-induced
autophagy and disruption of autophagic flux disruption was, at
least in part, responsible for RSGLP-induced apoptosis in AGS
cells. The results of the present study demonstrated for the first
time that RSGLP is more effective than BSGLP in inhibiting
gastric cancer cell viability, and RSGLP may serve as a prom-
ising autophagy inhibitor in the management of gastric cancer.
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Introduction

Gastric cancer is the fifth most commonly diagnosed cancer
and the third leading cause of cancer-related mortality in men
and women, with >1 million novel cases and ~783,000 deaths
in 2018 globally (1). At present, the pathogenesis of gastric
cancer remains incompletely understood. Dietary intake of
N-nitroso compounds is associated with the development of
gastric cancer (2). Other risk factors, including the presence
of Helicobacter pylori, genetics, alcohol consumption, obesity
and gastroesophageal reflux disease have all been demonstrated
to increase the incidence of gastric cancer (3). The therapeutic
regimens used for management of gastric cancer at present
are surgery, radiotherapy, chemotherapy and immunotherapy.
However, the efficacy of these is limited and patients may
exhibit side effects. Therefore, it is essential to identify novel
anticancer agents and investigate their anticancer mechanisms
to highlight novel treatment approaches for gastric cancer.
Macroautophagy (hereafter referred to as autophagy), or
‘self-eating’, is a conserved cellular pathway that controls
protein and organelle degradation. It is a process that not
only facilitates nutrient recycling from damaged organelles,
but is also an adaptive mechanism in response to different
stresses (4). Autophagy serves an important role in human
health and disease, and modulates numerous pathologies,
including neurodegeneration, infectious diseases, inflam-
mation, immunity and cancer (5). Autophagy has important
effects on the development of tumors; however, the role of
autophagy in cancer is complex and somewhat controver-
sial and may be cell-type dependent (6). A previous study
suggested that autophagy functions as a double-edged sword
in cancer, in that it suppresses tumor occurrence in the earlier
stages, but promotes cancer progression following tumor
formation (7). Several previous studies have demonstrated
that natural products may inhibit carcinogenesis through regu-
lating autophagy (8,9). For example, a recent study reported
that Apigetrin (a flavonoid) induced autophagic cell death via
the PI3K/AKT/mTOR pathway in AGS human gastric cancer
cells (10). At present, it is well established that autophagy may
serve as a novel and promising target for cancer treatment.
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Ganoderma lucidum (G. lucidum), also known as Linzhi
or Reishi, has been widely used in Asia for >2,000 years (11).
G. lucidum may inhibit tumor growth in several types of
cancer, including colorectal cancer (12), non-small cell lung
cancer (13) and breast cancer (14), amongst other types.
Furthermore, a previous clinical study confirmed that
G. lucidum may be an alternative or adjuvant agent to conven-
tional treatments as it stimulates host immunity without
notable toxicity (15). G. lucidum contains several bioactive
compounds, including polysaccharides, alkaloids, triterpe-
noids, lactones, steroids and other compounds (16). Amongst
all of these bioactive components, polysaccharides and trit-
erpenoids have been extensively studied and are considered
to be the primary contributors to the medicinal properties of
G. lucidum. Early studies investigated the anti-cancer effects
of G. lucidum polysaccharides (GLPs) that were extracted
primarily from the fruiting body of G. lucidum. Compared
with the fruiting body of G. lucidum, the spores of G. lucidum
also possess a higher percentage of bioactive substances and
exhibit higher bioactivity (17). Several studies have demon-
strated that the spores of G. lucidum exerted significant
anticancer activity (18,19). However, the sporoderm-broken
spores of G. lucidum (BSGL) still contain a high quantity
of indigestible sporoderm, which is primarily composed of
chitin (20). More recently, Li et al (21) reported for the first
time that the immunomodulatory effects of triterpenoids
extracted from sporoderm-removed spores of G. lucidum
(RSGL), which removed the sporoderm from BSGL, was
higher than that of BSGL. However, to the best of our knowl-
edge, the anti-cancer effects of the bioactive compounds,
including polysaccharides or triterpenoids, extracted from
RSGL have not been assessed.

The present study first compared the anticancer effects of
polysaccharides extracted from BSGL (BSGLP) and RSGL
(RSGLP) in three gastric cancer cell lines. In addition, the
present study investigated the role of RSGLP in regulating
autophagy and apoptosis in gastric cancer cells. To the best
of our knowledge, the present study was the first to investigate
the anticancer effects and molecular mechanisms of RSGLP in
gastric cancer cells. The results of the present study supported
the requirement for further study of RSGLP as a potential
anti-gastric cancer drug, and it was shown that its effects were
mediated by regulation autophagy.

Materials and methods

Reagents and antibodies. MTT was obtained from HXBIO.
Hoechst 33342 was purchased from Invitrogen; Thermo
Fisher Scientific, Inc. Annexin V-FITC/PI apoptosis kit was
purchased from BD Pharmingen™. The mRFP-GFP-LC3
adenoviruses were purchased from Hanbio Biotechnology Co.
Ltd. Chloroquine (CQ) was purchased from MedChemExpress.
Rapamycin (Rap) was purchased from Sigma-Aldrich; Merck
KGaA. Antibodies against PARP (cat. no. 9542; polyclonal),
cleaved-PARP (cat. no. 5625; polyclonal), total PARP (cat.
no. 9532; polyclonal), pro-caspase-3 (cat. no. 9665; mono-
clonal), p62 (cat. no. 8025; polyclonal) and a secondary
anti-rabbit antibody (cat. no. 7074) were purchased from Cell
Signaling Technology, Inc. Bcl-2 (cat. no. db176; polyclonal),
LC3 (cat. no. db760; polyclonal) and [-actin (cat. no. db10001;

polyclonal) antibodies were purchased from Beijing
Jiachenhong Bio-Technology Co., Ltd. A bicinchoninic
acid (BCA) protein assay kit was purchased from Thermo
Fisher Scientific, Inc. Clarity Western™ ECL Substrate was
purchased from Bio-Rad Laboratories, Inc.

Cell culture. Human gastric cancer cell lines MKN28 (cat.
no. CL0368), AGS (cat. no. CL0031) and NCI-N87 (cat. no.
CLO0241), and noncancerous gastric GES-1 (cat. no. CL0352)
cell line were purchased from Hunan Fenghui Biotechnology
Co., Ltd., which were originally obtained from American
Type Culture Collection. The cells were authenticated using
the STR profiling method (22). All cells were tested for myco-
plasma and were confirmed to be free of contamination. Cells
were maintained in Gibco™ RPMI-1640 medium (Thermo
Fisher Scientific, Inc.), supplemented with 10% Gemini's fetal
bovine serum (Thermo Fisher Scientific, Inc.) and 1% Gibco™
penicillin-streptomycin. The cultures were incubated in a
humidified atmosphere of 5% CO, at 37°C, prior to the cells
being harvested and passaged at 80-90% confluence.

Preparation of G. lucidum polysaccharide. The powder of
BSGL and RSGL was obtained from the Shouxiangu Institute
of Rare Medicine Plant. The hot water extraction and alcohol
precipitation methods were used to prepare BSGLP and
RSGLP. In brief, ~5 g BSGL or RSGL was dissolved with
100 ml double-distilled water at 70°C for 12 h. Following
transfer to 50 ml centrifuge tubes, the solution was centri-
fuged at 2,700 x g for 15 min at room temperature to remove
the insoluble substance. Following hot water extraction, six
aliquots (v/v) of cold ethanol was added to precipitate the
polysaccharide for 24 h. Next, the crude polysaccharides were
purified to remove protein using the Sevag method (23). The
samples were then freeze-dried using the HO51 freeze dryer
(LaboGene) to obtain BSGLP and RSGLP for use in subse-
quent experiments.

Cell viability assay. The effects of BSGLP or RSGLP on inhi-
bition of gastric cancer cell growth were investigated using
an MTT assay. A preliminary study suggested that RSGLP
killed cells at lower concentrations, while BSGLP killed cells
at higher concentrations. In detail, GES-1, MKN28 and AGS
cells (1x10* cells/well) were plated onto 96-well plates in
RPMI-1640 medium and cultured until they reached 40-50%
confluence. Therefore, cells were treated with 0, 7.5, 10, 12.5
or 15 mg/ml BSGLP or 0, 2.0, 3.0, 4.0 or 5.0 mg/ml RSGLP
for 24, 48 or 72 h. NCI-N87 cells were seeded onto 96-well
plates at a density of 3x10* cells/well, and treated with 0, 7.5,
10, 12.5 or 15 mg/ml BSGLP or 0, 2.0, 3.0, 4.0 or 5.0 mg/ml
RSGLP for 24, 48 or 72 h. The aforementioned dose ranges of
RSGLP (0-5 mg/ml) and BSGLP (0-15 mg/ml) were selected
based on different sensitivity and 50% inhibitory concentra-
tion (ICs,) values of the three gastric cancer cell lines towards
the two GLPs. Following incubation, MTT solution (5 mg/ml)
was added to each well and incubated for a further 4 h. Next,
supernatants were carefully removed and the purple formazan
was dissolved using 150 gl dimethyl sulfoxide. Following
low-speed oscillation for 10 min on a rocker, absorbance was
measured at 490 nm using a Bio-Tek microplate reader (BioTek
Instruments, Inc.). Cell viability as a percentage and the ICs,
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Table I. IC,, of BSGLP and RSGLP against MKN28, NCI-N87
and AGS gastric cell lines.

ICyy, mg/ml
Group Hour MKN28 NCI-N87 AGS
BSGLP 24h  18.88+1.58 1344+0.73 11.76x1.16
48h  14.83x149 12.09+1.76 9.03+£2.08
72h  10.58+2.89  10.36+2.54 8.56+1.36
RSGLP 24h 5.03+1.62 8.08+1.39 3.76£2.85
48 h 4.68+2.58 5.36+2.58 3.26+1.24
72 h 3.88+1.09 3.50+0.95 2.60+1.47

Data are presented as the mean + SE of three independent experi-
ments (n=10/plate; 3 plates). ICs), 50% inhibitory concentration;
BSGLP, sporoderm-broken spores of G. lucidum polysaccharide;
RSGLP, sporoderm-removed spores of G. lucidum polysaccharide.

of each GLP was calculated. When investigating the effects of
CQ or Rap on RSGLP-induced cell viability, AGS cells were
treated with CQ (5 uM) or Rap (2 uM) with or without RSGLP
(3.0 mg/ml) for 36 h.

Hoechst 33342 staining assay. Hoechst 33342 was used for
staining the nuclei of AGS cells. In brief, AGS cells were
treated with RSGLP at 0, 2.0, 2.5, 3.0 or 3.5 mg/ml for 24 h,
and cells were stained with Hoechst 33342 (10 pug/ml) for
10 min at room temperature in the dark. Following washing
samples, apoptotic cells were detected using an EVOS FL Cell
Imaging System (Thermo Fisher Scientific, Inc.).

mRFP-GFP-LC3 adenovirus transfection and colocal-
ization analysis. The effect of RSGLP, CQ or Rap on
the autophagosome-lysosome fusion was determined by
mRFP-GFP-LC3 adenovirus transfection and colocalization
analysis. A total of 1x10* AGS cells/well were seeded into a
4-chamber glass-bottom dish with RPMI-1640 medium until
cells reached 40% confluence. It has been well recognized
that among all currently available viral vectors, adenovirus is
the most efficient gene delivery system that can deliver genes
directly into target cells (24). Hence, AGS cells for all treat-
ments, including the control, were then transfected directly
with the mRFP-GFP-LC3 adenoviruses (without any transfec-
tion reagent) in cell culture medium at 37°C for 6 h. Following
washing with PBS twice, the cells were cultured for an addi-
tional 24 h in RPMI-1640 medium. Next, cells were treated
with RSGLP (3 mg/ml), Rap (2 uM) or CQ (5 M) for an addi-
tional 24 h. Following incubation, a Zeiss LSM880 confocal
microscope (magnification, x630) (Zeiss GmbH) was used to
acquire images. When mRFP and GFP was overlayed, yellow
fluorescence spots and red fluorescence spots indicated early
autophagosomes and late autolysosomes, respectively (25).

Flow cytometry. The effect of RSGLP on the induction of
apoptosis in AGS cells was determined using flow cytometry.
In brief, AGS cells (1x10* cells/well) were seeded into 6-well
plates and treated with 0, 2.0, 2.5, 3 or 3.5 mg/ml of RSGLP

for 24 or 36 h. The cells were dissociated by trypsinization and
washed with PBS. According to the manufacturer's protocols,
the cells were resuspended in 1X binding buffer to a density
of 1x10° cells/ml and 5 pl Annexin V-FITC and 10 ul PI
was added to each tube, and further incubated for 5 min at
room temperature in the dark. Samples were analyzed using
a Beckman Coulter flow cytometer (Beckman Coulter, Inc.).
The percentage of early, late and total apoptotic cells between
different groups were calculated and compared. When investi-
gating the effects of CQ or Rap on RSGLP-induced apoptosis,
AGS cells were treated with CQ (5 uM) or Rap (2 uM) with or
without RSGLP (3.0 mg/ml) at room temperature for 36 h. The
data analysis was performed using CytExpert v.2.3 software
(Beckman Coulter, Inc.).

Western blot analysis. Following treatment of AGS cells
as described earlier, cells were lysed on ice using RIPA
lysis buffer (PBS, 1% Igepal, 10% SDS, 0.5% Sodium
Deoxycholate). A BCA assay was used for measuring the
total protein concentration. A total of 25 ug of protein/lane
was resolved by electrophoresis on a 10 or 12% SDS-gel.
Following separation, the proteins were transferred to a PVDF
membrane at 100 V for 2 h on ice. Membranes were blocked in
5% skimmed dry milk in 1X TBST for 1 h at room tempera-
ture. Subsequently, the membranes were incubated overnight
at 4°C with the following primary antibodies: PARP (dilution,
1:1,000), cleaved-PARP (dilution, 1:1,000), total PARP (dilu-
tion, 1:1,000), pro-caspase-3 (dilution, 1:1,000), p62 (dilution,
1:1,000). Bcl-2 (dilution 1:1,000), LC3 (dilution, 1:1,000) and
B-actin (dilution, 1:2,000). Following washing with 1X TBST
3 times, 7 min per wash, the membranes were incubated with
a secondary anti-rabbit antibody (dilution, 1:2,000) at room
temperature for 1 h. Signals were visualized using Clarity™
Western ECL substrate and examined using a Minichemi™
610 chemical imaging system. Densitometric analysis was
performed using ImageJ version 1.41 software (National
Institutes of Health).

Statistical analysis. Statistical analysis was performed using
GraphPad Prism version 6.0 (GraphPad Software, Inc.). Data
are presented as the mean + standard error of the mean of
at least three experiments. Differences in data sets were
compared using a one-way analysis of variance (ANOVA)
or two-way ANOVA for multiple comparisons, followed by
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

RSGLP is more effective than BSGLP in inhibiting cell
viability in three gastric cancer cell lines. To begin with, the
inhibitory effects of BSGLP and RSGLP on cell viability in
MKN?28, NCI-N87 and AGS gastric cancer cell lines were
compared. MTT assays demonstrated that BSGLP and RSGLP
significantly decreased cell viability, and this inhibitory effect
was time- and dose-dependent (Fig. 1). In addition, the inhibi-
tory effects on cell viability were notably greater after 48 and
72 h of treatment with the two GLPs (Fig. 1). Compared with
BSGLP, RSGLP was more effective in inhibiting cell viability,
which was evidenced by the much lower ICs, values of RSGLP
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Figure 1. BSGLP and RSGLP decrease the viability of gastric cancer cells. Effects of BSGLP or RSGLP on cell viability in MKN28, NCI-N87 and AGS
cells. Cells were treated with (A) BSGLP or (B) RSGLP for 24, 48 or 72 h, and cell viability was assessed using an MTT assay. Data are presented as the
mean + standard error of the mean (n=10/plate; 3 plates). A one-way analysis of variance, followed by a Tukey's post-hoc test, was used to compare the different
groups. "P<0.05, “P<0.01, ““P<0.001 vs. control. BSGLP, sporoderm-broken spores of G. lucidum polysaccharide; RSGLP, sporoderm-removed spores of

G. lucidum polysaccharide.

(Table I). For RSGLP, the 1Cs, values for MKN28, NCI-N8&7
and AGS cells were 5.03+1.62 mg/ml, 8.08+1.39 mg/ml and
3.76+2.85 mg/ml after 24 h; 4.68+2.58 mg/ml,5.36+2.58 mg/ml
and 3.26+1.24 mg/ml after 48 h; and 3.88+1.09 mg/ml,
3.50+0.95 mg/ml and 2.60+1.47 mg/ml after 72 h, respectively
(Table I).

Subsequently, whether the cytotoxic effects of the two
GLPs are specific to gastric cancer cells was investigated.
The results of the present study demonstrated that BSGLP
(<10 mg/ml) and RSGLP (<3 mg/ml) had no toxicity effect
in GES-1 cells (Fig. S1). However, 4 mg/ml RSGLP and
12.5 mg/ml BSGLP demonstrated cytotoxic effects in GES-1
cells at 48 h and at 72 h. Subsequently, concentrations of
the two GLPs were extended to a wider range. For RSGLP,
0, 2, 3,4, 8, 16 or 32 mg/ml were used and for BSGLP, 0,
7.5, 10, 12.5, 15, 30 or 60 mg/ml were used. The MTT assay
was conducted to compare the IC5, of RSGLP and BSGLP
in GES-1 cells with that of the three cancer cell lines. As
demonstrated in Table SI, the ICy, of the two GLPs in GES-1
cells are much higher than that in the three cancer cell lines.
These results suggested that RSGLP was more potent in
inhibiting gastric cancer cell viability than BSGLP, and the
two GLPs demonstrated fewer cytotoxic effects in normal
cells. In particular, the AGS cell line was more sensitive to
GLPs than the other two gastric cancer cell lines. For these
reasons, RSGLP and AGS cells were used in subsequent
experiments on the underlying mechanisms.

RSGLP induces apoptosis in AGS cells. Cell apoptosis
serves an important role in cancer cells following treatment
with anticancer agents. Therefore, the present study inves-
tigated the mechanism of cell death induced by RSGLP
in AGS cells by examining cell apoptosis. To begin with,
AGS cells were stained with Hoechst 33342. Compared
with the control cells, the presence of typical apoptotic
bodies, nuclei coagulation and fragmentation were observed
following treatment with RSGLP for 24 h (Fig. 2A). Next,
flow cytometric analysis was used to further determine
whether RSGLP induced apoptosis in AGS cells. The results
demonstrated that 3.0 and 3.5 mg/ml RSGLP significantly
increased the proportion of cells in early apoptosis from
4.93 to 14.25 and 14.99% after 24 h, respectively (Fig. 2B).
The percentage of late apoptotic cells was increased notably
following treatment with RSGLP for 36 h, particularly by
3.0 and 3.5 mg/ml RSGLP. Early, late and total apoptotic
cell proportions were quantified and are presented in Fig. 2C
(n=3). Since Bcl-2, pro-Caspase-3 and cleaved PARP proteins
are the key players in the apoptotic pathway, the levels of
these proteins were determined. RSGLP dose-dependently
downregulated the levels of Bcl-2 and pro-Caspase-3
as determined by western blotting (Fig. 2D; left panel).
Treatment with RSGLP for 24 h increased the expression
of cleaved-PARP in a dose-dependent manner (Fig. 2D).
Fig. 2D (right panel) presents the densitometric analysis of
Bcl-2, pro-Caspase-3 and cleaved- PARP, using f-actin as
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Figure 2. RSGLP induces apoptosis in AGS cells. (A) Hoechst 33342 staining. AGS cells were treated with 0, 2.0, 2.5, 3 or 3.5 mg/ml RSGLP for 24 h. Scale
bar, 100 ym. (B) Flow cytometric analysis of apoptosis. AGS cells were treated with 0, 2.0, 2.5, 3 or 3.5 mg/ml RSGLP for 24 or 36 h. (C) Percentage of
early apoptotic, late apoptotic and total apoptotic cells in AGS cells following RSGLP treatment. (D) Expression of the apoptosis-associated proteins Bcl-2,
pro-Caspase-3 and cleaved-PARP was determined by western blotting (left panel). Densitometric analysis of the relative intensities of all proteins following
normalization against f-actin (right panel) of three individual blots. Data are presented as the mean + standard error of the mean (n=3). A one-way analysis of
variance, followed by a Tukey's post-hoc test was used to compare the data. "P<0.05, “P<0.01, ““P<0.001 vs. control. RSGLP, sporoderm-removed spores of
G. lucidum polysaccharide.

the loading control. Taken together, these results demonstrate  proteins (LC3-II and p62) was determined by western blot
that RSGLP induced apoptosis in AGS cells. analysis. The levels of LC3-II were notably increased in a

dose-dependent manner in cells treated with RSGLP for 24 h
RSGLP induces autophagy and inhibits autophagic flux  (Fig. 3A). This suggests that RSGLP induced autophagy or
in AGS cells. To investigate whether RSGLP may regulate  autophagosome accumulation in AGS cells. Notably, RSGLP
autophagy in AGS cells, the expression of autophagy-related  also dose-dependently increased p62 expression (Fig. 3A),
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Figure 3. RSGLP induces autophagy and inhibits autophagic flux. (A) AGS cells were treated with 0,2.0,2.5, 3 or 3.5 mg/ml RSGLP for 24 h. Western blotting
of LC3-II and p62 expression. (B) Densitometric analysis of the relative intensities of all proteins following normalization against -actin. Data are presented
as the mean=standard error of the mean (n=3). (C) Effects of the early and late autophagy inhibitors, Rap and CQ, on RSGLP-mediated LC3-II and p62. AGS
cells were treated with RSGLP (3 mg/ml), with or without CQ (5 #uM) or Rap (2 uM) for 24 h. (D) Densitometric analysis of the relative intensities of LC3-1I
and p62 following normalization against $-actin. Data are presented as the meanzstandard error of the mean (n=3). A one-way or two-way analysis of variance,
followed by a Tukey's post-hoc test, was used to compare the data. “P<0.01, ““P<0.001 vs. control; “P<0.05, “P<0.01, #*P<0.001 vs. RSGLP alone. ns, not
significant vs. control. RSGLP, sporoderm-removed spores of G. lucidum polysaccharide; Rap, rapamycin.

suggesting that autophagic flux was disrupted by RSGLP.
Densitometric analysis of LC3-1I and p62 is shown in Fig. 3B.
Similar results were observed in MKN28 and NCI-N87 cells
(Fig. S2).

To further clarify these results, the late-stage autophagy
inhibitor, CQ (5 #M), and the autophagy inducer, Rap (2 uM),
were used to investigate the effects of RSGLP on autophagy
initiation and flux. As shown in Fig. 3C, RSGLP alone increased
LC3-II and p62 levels significantly. Similarly, but to a much
lower extent than RSGLP, CQ alone also increased LC3-II
and p62 levels, suggesting autophagosome accumulation and
autophagic flux impairment. In addition, CQ treatment further
increased RSGLP-induced levels of LC3-1I and p62, which
confirmed that RSGLP induced autophagy initiation, and also
inhibited autophagic flux. As expected, Rap slightly upregulated
the expression of LC3-II but did not increase the expression of
p62, suggesting induction of autophagy but normal autophagic
flux. However, Rap did not decrease the RSGLP-induced

accumulation of p62 (Fig. 3C), suggesting the effects of RSGLP
on autophagy were very potent, which could not be reversed
by Rap treatment. Densitometric analysis of LC3-II and p62
is shown in Fig. 3D. Based on the densitometrric analysis,
Rap co-treatment with RSGLP further increased p62 expres-
sion (Fig. 3D). Taken together, the results of the present study
demonstrated that RSGLP induced autophagy initiation and
autophagosome accumulation, and inhibited autophagic flux in
AGS cells.

RSGLP blocks autophagosome-lysosome fusion in AGS cells.
Autophagosome-lysosome fusion is an important process
during autophagy. To further confirm the results of the western
blot analysis showing that RSGLP impaired autophagic flux in
AGS cells, AGS cells were transfected with mRFP-GFP-LC3
adenoviruses to monitor autophagosome-lysosome fusion. As
shown in Fig. 4, the autophagy inducer Rap enhanced the pres-
ence of green and red puncta, with an increase in the number
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Figure 4. RSGLP blocks autophagosome-lysosome fusion. AGS cells were transfected with mRFP-GFP-LC3 adenoviruses, and subsequently treated with
RSGLP (3 mg/ml) or CQ (5 uM) or Rap (2 uM) for 24 h. Cells were observed to distinguish between autophagosome (yellow puncta) and autolysosome
(red puncta) formation following colocalization analysis using a confocal microscope. Scale bar, 20 gm. BSGLP, sporoderm-broken spores of G. lucidum
polysaccharide; RSGLP, sporoderm-removed spores of G. lucidum polysaccharide. RSGLP, sporoderm-removed spores of G. lucidum polysaccharide; CQ,

chloroquine; Rap, rapamycin.

of red puncta being visible, following merging of the images.
This suggested that Rap increased autolysosome fusion
normally in AGS cells without impairing autophagic flux.
By contrast, the late-stage autophagy inhibitor CQ showed
yellow rather than red puncta following merging of images,
suggesting disrupted autophagic flux (Fig. 4). Similar to CQ,
treatment with 3 mg/ml RSGLP also induced formation of
yellow rather than red puncta following merging, suggesting
that RSGLP blocked autophagosome-lysosome fusion and
thus impaired autophagic flux (Fig. 4). Notably, more yellow
puncta were observed in AGS cells treated with RSGLP when
compared with CQ treatment, suggesting that RSGLP may be
a more potent autophagy inhibitor than CQ.

Autophagosome accumulation and autophagic flux disrup-
tion confers induction of apoptosis in AGS cells. The
association between autophagy and apoptosis is complex. The
present study investigated whether accumulation of autopha-
gosome and disruption of autophagic flux were involved in
RSGLP-induced apoptosis in the AGS cells. Following AGS
cells being treated with RSGLP (3 mg/ml) with or without
Rap 2 uM) or CQ (5 uM) for 36 h, flow cytometric analysis
was used to assess the role of autophagy in RSGLP-induced
apoptosis in AGS cells. Compared with RSGLP alone, RSGLP
co-treatment with CQ (5 uM) or Rap (2 uM) all further signifi-
cantly increased the proportions of late apoptotic cells from
12.99 to 26.91 or 20.27%, and increased the percentages of
total apoptotic cells from 19.61 to 34.53 or 31.41%, respectively

(Fig. 5A and B). CQ or Rap alone had no effects on apoptosis.
Total, early and late apoptotic cells were quantified and are
presented in Fig. 5B. Subsequently, the effects of CQ or Rap
co-treatment with RSGLP on cell viability were investigated.
As shown in Fig. 5C, CQ or Rap alone has little effect on cell
viability. However, compared with RSGLP alone, RSGLP
co-treatment with CQ or Rap further decreased cell viability
in AGS cells (Fig. 5C). Furthermore, as shown in Fig. 5D,
RSGLP-induced PARP cleavage was upregulated at the
protein level following combined treatment with CQ (5 uM)
or Rap (2 uM) with RSGLP for 24 h. Using specific anti-
bodies for total PARP and cleaved-PARP, similar results were
obtained (Fig. S3). Densitometric analysis of cleaved-PARP is
presented in Fig. 5D. Taken together, these results suggested
that RSGLP-induced cell death and apoptosis was mediated
at least in part through autophagosome accumulation and
autophagic flux disruption in AGS cells.

Discussion

G. lucidum has numerous pharmacological properties,
including immunomodulatory, antioxidative, antidiabetic,
antiallergenic, cardiovascular protective and anticancer
effects (26). G. lucidum contains several bioactive compounds,
including polysaccharide, alkaloids, triterpenoids, lactones
and steroids (16). It is known that the antitumor activity of
G lucidum is primarily attributed to polysaccharides and trit-
erpenoids (27). Several studies have investigated the effects of
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Figure 5. Autophagosome accumulation and autophagy flux disruption further increases RSGLP-induced cell apoptosis in AGS cells. (A) Flow cytometric
analysis of apoptosis. AGS cells were treated with RSGLP (3 mg/ml) with or without CQ (5 #M) or Rap (2 uM) for 36 h. (B) Percentage of early, late and
total apoptotic cells from three individual experiments. (C) MTT analysis of cell viability. AGS cells were treated with RSGLP (3 mg/ml) with or without CQ
(5 uM) or Rap (2 uM) for 36 h. (D) PARP and cleaved-PARP expression as determined by western blotting. AGS cells were treated with RSGLP (3 mg/ml)
with or without CQ (5 M) or Rap (2 uM) for 36 h. Densitometric analysis of the relative intensities of cleaved-PARP following normalization against 3-actin.
Data are presented as the mean + standard error of the mean (n=3). A two-way analysis of variance, followed by a Tukey's post-hoc, test was used to compare
the data. "P<0.05, “P<0.01, ""P<0.001 vs. control; “P<0.05, “P<0.01, “*P<0.001 vs. RSGLP alone. ns, not significant vs. control. RSGLP, sporoderm-removed

spores of G. lucidum polysaccharide; CQ, chloroquine; Rap, rapamycin.

GLPs extracted from the fruiting body or mycelia of G. lucidum.
Recently, more attention has been focused on BSGL, which
contains a greater quantity of bioactive compounds and
possesses more potent biological effects (28,29). However,
there are no studies investigating the anticancer effects of GLP
extracted from RSGLP, or comparing the anticancer effects of
BSGLP and RSGLP, in particular in gastric cancer.

RSGLP is a more recently discovered G. lucidum
constituent, in which the sporoderm is completely removed
from the spores. The present study reported that RSGLP was
more potent than BSGLP in inhibiting gastric cancer cell
viability. The ICs, values were considerably lower for RSGLP
than the IC,, of BSGLP when assessing their cytotoxic effects
on gastric cancer cell lines. A recent study by Li er al (21)
reported that the immunomodulatory effects of triterpenoids
extracted from RSGLP were higher than that of BSGLP.
The present study further investigated the mechanisms of
the anticancer effects elicited by RSGLP. RSGLP induced
apoptosis in gastric cancer AGS cells, which was mediated by

RSGLP-induced autophagosome accumulation and disruption
of autophagic flux. To the best of our knowledge, the present
study was the first to examine the anti-cancer effects and
mechanisms of GLPs extracted from the sporoderm-removed
spores of G. lucidum in gastric cancer. The results suggested
that inhibiting autophagy may be an important anticancer
mechanism of GLPs against gastric cancer.

Using multiple well-characterized gastric cancer cell lines
to reflect the diversity of tumor phenotypes may provide a
more accurate means of investigating the anticancer mecha-
nism of potential anticancer drugs (30). To investigate the
cytotoxic effects of BSGLP and RSGLP in vitro, three human
gastric cell lines, MKN28, NCI-N87 and AGS, were used. The
MKN28 cell line is a moderately-differentiated tubular adeno-
carcinoma, which first originated from a Japanese 70-year-old
female patient in 1975 (31). NCI-N87 was derived from
well-differentiated adenocarcinomas, which was established
from a liver metastasis of a gastric carcinoma from a Caucasian
patient (32). The moderately-differentiated AGS cell line was
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Figure 6. Molecular mechanism by which RSGLP exerts its anticancer effect in

human gastric AGS cells. RSGLP induces autophagy and blocks autophagic

flux in AGS cells, which serves a positive role in RSGLP-induced apoptosis in AGS cells. RSGLP, sporoderm-removed spores of G. lucidum polysaccharide.

derived from fragments of a tumor resected from a female
Caucasian patient with gastric cancer (32). Among these three
cell lines, AGS has been the most extensively studied, and is
suitable for in vitro and in vivo xenograft tumor models (33,34).
The present study assessed the effects of RSGLP and BSGLP
in these three cell lines, and these compounds were more
effective in inhibiting cell viability in AGS cells, which had
the lowest IC;, value. Therefore, subsequent experiments were
performed on AGS cells.

Autophagy is a complex process, which consists of several
steps, including the formation of autophagosomes, fusion with
lysosomes and degradation of autophagosomes, also termed
autophagic flux (35). LC3-II, a key player of autophagy, and
is localized to autophagosomes and autolysosomes, and
is finally degraded by lysosomal hydrolases (36). P62 is a
ubiquitin-binding scaffold protein, which binds with LC3-II in
autophagosomes and is degraded in autolysosomes (37). Since
p62 accumulation is considered as impairment of autophagic
flux, whereas decreased levels are indicative of autophagy
activation, p62 is regarded as a monitor of autophagic degrada-
tion (38). GLPs induce their anti-cancer effects through various
mechanisms, including immune-regulation, inhibition of
migration, induction of apoptosis, suppression of proliferation
and suppression of tumor angiogenesis (39-41). Furthermore,
targeting autophagy is a relatively novel therapeutic strategy for
treating cancer (42). However, whether targeting of autophagy
is a potential anticancer mechanism of GLPs in gastric cancer
remains largely unknown.

The results of the present study demonstrated that RSGLP
induced autophagy and inhibited autophagic flux in AGS

cells by increasing the expression of LC3-II and p62. CQ
was first synthesized as an antimalarial drug in 1946 but was
commonly used as a late-stage autophagy inhibitor, exerting
its effects through neutralizing lysosomal pH (43). CQ and
hydroxychloroquine (HCQ) are two of the most widely
tested drugs for inhibition of autophagy, both of which have
been used in several clinical trials (44,45). A meta-analysis
demonstrated that co-treatment with CQ and HCQ exerted
better clinical responses compared with chemotherapy or
radiation therapy alone in different types of cancer (46).
Based on the results of the present study, combined treatment
of AGS cells with CQ and RSGLP increased the expression
of LC3-II and p62 compared with RSGLP alone, suggesting
that RSGLP induced autophagy and impaired autophagic
flux. Notably, RSGLP inhibited the increase in expression of
LC3-II and p62 compared with CQ alone, suggesting that
RSGLP may serve as a promising autophagy inhibitor. In
line with the results of the present study, previous studies
have also demonstrated that BSGLP blocks autophagy in
human colorectal cancer and osteosarcoma cancer in vitro
and in vivo (47,48). Ginsenoside Compound K, an active
metabolite of ginsenosides isolated from Panax ginseng
C.A, has been reported to block autophagic flux in human
neuroblastoma cells in vitro and in vivo (49). However,
the role of autophagy in cancer is complex and context-
dependent (50). In contrast to our results, the methanolic
extract of G. lucidum also increased LC3-II, but decreased
p62 at the protein level, demonstrating that the methanolic
extract of G. lucidum causes induction of autophagic flux
rather than inhibition (51).
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It has been proposed that the interplay between autophagy
and apoptosis may contribute toward the anti-cancer effects of
several anti-cancer agents (52,53). Although there have been
several studies showing the association between autophagy
and apoptosis, the association has not been demonstrated
clearly, and the crosstalk between autophagy and apoptosis in
cancer is controversial (54). The present study reported that
treating AGS cells with RSGLP together with either Rap or
CQ further increased RSGLP-induced PARP cleavage and
the rate of apoptotic cells, compared with RSGLP alone. In
addition, it was revealed that CQ or Rap alone has minimal
effects on cell viability. Notably, RSGLP co-treatment with
CQ or Rap further decreased cell viability in AGS cells.
These results suggested that RSGLP-induced autophagosome
accumulation and autophagic flux disruption contributed
toward BSGLP-induced apoptosis and cell death in AGS cells.
However, exactly how much apoptosis or autophagy contribute
toward cell death remains unclear. More recently, it was also
reported that BSGLP induced accumulation of autophago-
somes and this disruption of autophagy was responsible for
BSGLP-induced apoptosis in colorectal cancer cells, mediated
via the MAPK/ERK signaling pathway (47). Consistent with
the results of the present study, a substantial number of studies
have indicated that excessive accumulation of autophagosomes
may induce cell apoptosis (55-58). Marsdenia tenacissima
extracts induced apoptosis and suppressed autophagy through
ERK activation in lung cancer cells (59). Scutellaria Radix
has been demonstrated to promote apoptosis in non-small cell
lung cancer cells via the induction of the AMPK-dependent
autophagy (60).

Further studies are still required to investigate the potential
signaling pathways responsible for RSGLP-induced autopha-
gosome accumulation and autophagic flux disruption in AGS
cells. Furthermore, the signaling pathway that from RSGLP
stimulation to Bcl-2 reduction and pro-Caspase cleavage
requires further investigation. It has been well established
that Bcl-2 may protect cells from apoptosis by acting at a
point downstream from releasing mitochondrial cytochrome
C, thereby preventing a Caspase-3-dependent proteolytic
cascade (61,62). The release of cytochrome c into the cytosol
triggers Caspase-3 activation through the formation of the
cytochrome-C/Apaf-1/caspase-9-containing apoptosome
complex (62). However, Kirsch et al (63) reported that due to
a positive feedback regulatory mechanism, cleavage of Bcl-2
is dependent on caspase-3 activation, and thus may further
promote apoptosis. Further studies are required to investigate
the signaling cascades between Bcl-2 and caspase-3 upon
RSGLP treatment in AGS cells, which may aid in identifying
the molecular targets of RSGLP against gastric cancer.

The antitumor effects of RSGLP in gastric cancer should
also be investigated in vivo in the future. Another limitation
of the present study was that, at present, it is not clear exactly
how RSGLP stimulates p62 accumulation and LC3-II activa-
tion. It has been reported that several anticancer agents exert
anticancer effects through inducing oxidative stress and via
activation of the nuclear factor erythroid 2-related factor 2
(Nrf2), a transcription factor that protects cells against oxida-
tive stress (64). Furthermore, p62 is transcriptionally regulated
by Nrf2, and forms a positive feedback loop with Nrf2 and
Kelch-like ECH-associated protein 1 (Keapl), to regulate

autophagy and cell apoptosis upon oxidative stress (65,66).
Whether accumulation of p62 was the result of RSGLP-induced
oxidative stress, and whether the Nrf2-Keap-p62 feedback
loop was involved requires further investigation.

It is worth investigating whether RSGLP enters the gastric
cancer cells via specific receptors. It has been reported that
polysaccharides may bind to receptors on immune cells,
including B-cell (67) and macrophages (68). However, at
present how polysaccharides enter the cell membrane in cancer
cells and whether polysaccharides may bind to certain recep-
tors in cancer cells have not been reported. Further studies are
required to address this question. Another limitation of the
present study is that the majority of the mechanism studies are
performed only in AGS cells. As shown in the supplemental
materials, RSGLP also induced LC3 and p62 upregulation in
MKN28 and NCI-N87 cell lines, suggesting that autophago-
some accumulation and autophagy flux disruption are common
in gastric cancer cells upon RSGLP treatment.

Several studies have demonstrated that GLP exhibits
excellent anti-cancer effects; however, clinical studies inves-
tigating the anti-cancer effects of GLP are very limited. A
meta-analysis, which included five randomized controlled
trials (RTCs) with a total of 373 patients with cancer reported
that patients who had been given G. lucidum alongside
chemo/radiotherapy were more likely to respond positively,
compared with chemo/radiotherapy alone (69). Among these
five RTCs, four studies demonstrated that patients treated with
G. lucidum had relatively improved qualities of life, compared
with the control group (70-73). However, these studies also
reported that if G. lucidum was used alone, it did not exert any
beneficial effects when used for treatment of advanced cancer.
A more recent meta-analysis, which included 23 trials revealed
that C. versicolor- and G. lucidum-related natural products
were significantly associated with a lower risk of mortality
and higher total efficacy but was not associated with control
rate compared with the control treatment (74). Nevertheless,
clinical studies investigating the anticancer effects of GLPs
are still lacking. Therefore, the antitumor effects of GLPs,
particularly RSGLP against gastric cancer should be investi-
gated in clinical studies.

In conclusion, the results of the present study indicated
that RSGLP is more potent at inhibiting gastric cancer cell
viability than BSGLP. Additionally, RSGLP disrupted
autophagic flux and induced autophagosome accumulation,
which contributed toward RSGLP-induced apoptosis in AGS
cells (Fig. 6). These observations suggested that targeting
autophagic flux and inducing autophagosome accumulation
may serve as an effective strategy to inhibit carcinogenesis.
The results provide a theoretical basis for the development of
RSGLP as an autophagy inhibitor to treat gastric and possibly
other types of cancer.
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