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Ganoderma lucidum polysaccharide enhances radiosensitivity
of hepatocellular carcinoma cell line HepG2
through Akt signaling pathway
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Abstract. Ganoderma lucidum polysaccharide (GLP) is
a well-known traditional Chinese medicine, known for its
anti-cancer and immunomodulatory properties. The present
study aims to investigate whether GLP has a therapeutic effect
on hepatocellular carcinoma (HCC) cells exposed to radiation.
Immunofluorescence was used to detect the nuclei, the protein
expression was measured by western blot analysis and flow
cytometry was used to detect the rate of cell apoptosis. GLP
treatment was demonstrated to enhance radiation-induced
growth inhibition and apoptotic death of HCC cells. At
a molecular level, GLP suppressed the activities of DNA
repair-associated proteins including ataxia-telangiectasia
mutated (ATM) and DNA dependent-protein kinase
(DNA-PK) in liver cancer cells under radiation conditions.
Furthermore, the addition of an Akt inhibitor elevated
the activities of DNA-PK and ATM and attenuated the
GLP-induced HepG2 cell injury under the radiation
condition. In conclusion, the present study demonstrates
that GLP enhances the radiosensitivity of HCC cells via the
regulation of Akt signaling pathways, implying a potential
therapeutic effect of GLP as a radiation sensitizer in HCC
treatment.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer-related mortality worldwide (1). It is estimated
that of >1,000,000 cases of patients diagnosed with HCC, <5%
survive beyond five years (2). Treatment of HCC primarily
consists of liver transplantation, surgical resection and chemo-
therapy. In addition, ionizing radiation is a well-established and
widely used therapeutic modality for patients with HCC (3).
However, the majority of the available natural or synthetic
compounds are not successful clinically due to their toxicity
and side effects. Therefore, novel and effective therapeutics
are urgently required for HCC treatment.

The fungi, Ganoderma lucidum (Leyss ex fr) Karst
(Lingzhi) has been used in China to treat various human
diseases such as hepatitis, bronchitis and tumorigenic
diseases (4). Polysaccharides, one of the major categories
of the bioactive ingredients of ganoderma lucidum, exhibit
multiple biological properties including the prevention of
oxidative damage and protection of the liver (5). Previous
studies have demonstrated that Ganoderma lucidum polysac-
charide (GLP) has antitumor effects, mediated by boosting the
activity of host immune cells (6). Furthermore, accumulating
evidence supports the hypothesis that GLP exhibits non-toxic
and reduced toxicity-related adverse effects compared with
chemotherapy or radiotherapy (7). Collectively, these studies
suggest that GLP may potentially serve as a chemotherapeutic
agent for cancer treatment. In the present study, the effects of
GLP on the radiosensitivity of HCC were assessed in addition
to its underlying mechanism.

Materials and methods

Cell culture and treatment. The human HCC cell line HepG2
was obtained from the Chinese Academy of Sciences (Beijing,
China). Cells were grown in Dulbecco's Modified Eagle
Medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) containing 10% fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
100 U/ml penicillin and 100 mg/ml streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.). Cells were cultured in in a
humidified incubator containing 5% CO,. For irradiation,
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Figure 1. Effect of GLP on radiation-induced inhibition of HepG2 cell growth. HepG2 cells were treated with GLP (10 #M) for 72 h and then with radiation
(6 Gy) for 30 min. Treated cells were stained with (A) DAPI (blue) and (B) anti-y-H2AX antibody (red). GLP, Ganoderma lucidum polysaccharide; DAPI, 4',
6-diamidino-2-phenylindole; IR, irradiation; DMSO, dimethyl sulfoxide. "P<0.05 vs. DMSO.

HepG2 cells were incubated with GLP (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) at 37°C for 72 h. Then, cells
were exposed to radiation using an X-RAD 320 Irradiator
(Precision X-Ray, Inc., North Branford, CT, USA) at 6 Gy for
30 min and collected for the subsequent experiments.

Immunofluorescence. HepG2 cells were fixed with
4% formaldehyde for 15 min at room temperature and
permeabilized with 0.04% Triton X-100. Then cells were
incubated with y-H2AX antibodies (1:1,000; ab2893; Abcam,
Cambridge, MA, USA) overnight at 4°C, washed in PBST
for 10 min three times and incubated with fluorescein
isothiocyanate (FITC)-conjugated secondary antibodies
(1:5,000; ab97050; Abcam) at 37°C for 2 h. The nuclei were
visualized by staining with 4',6-diamidino-2-phenylindole
(DAPI; Sigma-Aldrich; Merck KGaA). Images were captured
using fluorescence confocal microscopy (VF1000; Olympus
Corporation, Tokyo, Japan).

Apoptosis assay. HepG2 cells were exposed to radiation, GLP,
or GLP combined with Akt inhibitor A-674563 at 37°C for
72 h and then collected by centrifugation at 3,000 x g at room
temperature for 15 min. Cell apoptosis was detected by using
the Annexin V-FITC apoptosis detection kit (cat. no. 556547,
BD Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer's protocol. Apoptosis was determined by calcu-
lating the percentage of apoptotic cells relative to the total
number of cells.

Western blot analysis. HepG2 cells were incubated with
different doses of GLP (0, 10, and 100 M) alone or in combi-
nation with Akt inhibitor A-674563 (50 uM). Afterwards,
HepG2 cells were harvested, washed twice with PBS for
10 min, and lysed in radioimmunoprecipitation assay lysis

buffer (Sigma-Aldrich; Merck KGaA). The cell lysates were
centrifuged at 12,000 x g for 5 min at 4°C. Protein concen-
tration was quantified using a Bradford Protein kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Samples with 20 ug
of protein were separated by 12% SDS-PAGE, and then the
proteins were transferred onto a nitrocellulose membrane. The
membrane was blocked with 5% not-fat milk in tris-buffered
saline and Tween-20 (TBST) and incubated with primary
antibodies against pPDNA-PK (1:200 dilution; sc-101664; Santa
Cruz Biotechnology, Inc., Dallas, TX, USA), DNA-PK (1:2,000
dilution; sc-390698; Santa Cruz Biotechnology, Inc.), pATM
(1:200 dilution; sc-47739; Santa Cruz Biotechnology, Inc.) and
ATM (1:200 dilution; sc-7230; Santa Cruz Biotechnology, Inc.)
overnight at 4°C. The membrane was washed with TBST three
times and incubated with a goat anti-mouse IgG secondary
antibody that was conjugated with horseradish peroxidase
(1:5,000 dilution; sc-5362; Santa Cruz Biotechnology, Inc.) for
1 h. The proteins were detected using an enhanced chemilu-
minescence detection kit (cat. no. 5384; Roche Diagnostics,
Basel, Switzerland). Three replicate blots were analyzed using
Quantity One 4.2.1 software (Bio-Rad Laboratories, Hercules,
CA, USA).

Statistical analysis. Data were expressed as mean + standard
deviation and statistical comparisons were performed using
one-way analysis of variance. P<0.05 was considered to repre-
sent statistically significant differences.

Results

Effects of GLP on radiation-induced growth inhibition of
HepG?2 cells. HepG2 cells treated with DMSO or GLP were
exposed to radiation at 6 Gy. DAPI staining indicated that
administration of GLP had no significant effect on cell number
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Figure 2. Effects of GLP on radiation-induced apoptosis of HepG2 cells.
HepG2 cells were treated with GLP (10 xM) for 72 h and then with radiation
(6 Gy) for 30 min. Flow cytometry was performed to measure HepG2 cell
apoptosis. GLP, Ganoderma lucidum polysaccharide; IR, irradiation; DMSO,
dimethyl sulfoxide; FITC, fluorescein isothiocyanate; PI, propidium iodide.

without radiation exposure. However, GLP in combination
with radiation significantly reduced the HepG2 cell number
compared with the control (P<0.05; Fig. 1A). In addition,
immunofluorescence staining for y-H2AX foci revealed that
tumor cells treated with GLP exhibited an increased proportion
of nuclei under the radiation condition (P<0.05; Fig. 1B). These
data suggest that GLP treatment enhances radiation-induced
growth inhibition of HCC cells.

Effects of GLP on radiation-induced apoptosis of HepG2
cells. It was demonstrated that radiation treatment alone (6 Gy)
does not significantly affect the apoptosis rate of HepG2
cells. However, in combination with GLP, radiation treatment
significantly promoted HepG2 apoptosis death (23.2%)
compared with radiation (7.7%) or GLP (6.7%) alone (P<0.05;
Fig. 2). These results demonstrate that GLP co-administration
with radiation promotes HCC cell apoptosis under the radiation
condition.

Effects of GLP on DNA repair associated proteins expression.
In order to investigate the role of GLP in DNA damage
upon radiation, the expression of DNA repair associated
proteins such as ataxia-telangiectasia mutated (ATM) and
DNA dependent-protein kinase (DNA-PK) was assessed.
HepG2 cells were incubated with different doses of GLP
and then exposed to radiation at 6 Gy. Western blot analysis
demonstrated that the phosphorylation of DNA-PK was
markedly reduced in GLP-treated HepG2 cells.

In addition, the co-administration of GLP and radiation
also inhibited the ATM activities compared with HepG2 cells
treated with radiation alone (Fig. 3). These data suggest that
GLP may suppress the activity of DNA repair associated
proteins in liver cancer cells under the radiation condition.

Akt is associated with the GLP-regulated radiosensitivity
in HepG2 cells exposed to radiation. It was then assessed
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Figure 3. Effects of GLP on DNA repair-associated proteins expression.
HepG2 cells were treated with GLP (10 #M) for 72 h and then with radiation
(6 Gy) for 30 min. Western blot analysis was performed to detect the protein
expression of ATM and DNA-PK and their phosphorylation levels. GLP,
Ganoderma lucidum polysaccharide; ATM, ataxia-telangiectasia mutated;
DNA-PK, DNA dependent-protein kinase; IR, irradiation; p, phosphorylated;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

IR
GLP
+
Non-IR GLP A-674563 A-674563
PDNA-PK e S S
DNA-PK ~ . S =
pPATM e e
ATM —— e —
GAPDH < eamw e aw

Figure 4. Akt is associated with GLP-regulated ATM activity in HepG2
cells. HepG2 cells were treated with GLP (10 #M) alone or combined with
Akt inhibitor A-674563 for 72 h and then with radiation (6 Gy) for 30 min.
Western blot analysis was performed to detect the protein expression of
ATM and DNA-PK and their phosphorylation levels. Akt, protein kinase B;
GLP, Ganoderma lucidum polysaccharide; ATM, ataxia-telangiectasia
mutated; DNA-PK, DNA dependent-protein kinase; pDNA-PK, phosphory-
lated DNA-PK; pATM, phosphorylated-ATM; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.

whether Akt was associated with GLP-mediated ATM activity
in HepG2 cells exposed to radiation. HepG2 cells were incu-
bated with Akt inhibitor A-674563 alone or in combination
with GLP. Western blot analysis indicated that the phosphory-
lation level of DNA-PK and ATM was elevated following
treatment with A-674563 (Fig. 4). In addition, it was demon-
strated that GLP treatment enhanced the apoptotic death of
HepG2 cells under radiation compared with DMSO-treated
cells (11.13 vs. 8.81%). However, addition of the Akt inhibitor
suppressed the GLP-induced HepG2 cell injury under radiation
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Figure 5. Akt participates in GLP regulated apoptosis in HepG2 cells. HepG2 cells were treated with GLP (10 #M) alone or combined with Akt inhibitor
A-674563 for 72 h and then with radiation (6 Gy) for 30 min. Flow cytometry was performed to measure HepG2 cell apoptosis. Akt, protein kinase B; GLP,
Ganoderma lucidum polysaccharide; DMSO, dimethyl sulfoxide; IR, irradiation; FITC, fluorescein isothiocyanate; PI, propidium iodide.

condition (7.38 vs. 11.13%; Fig. 5). These results suggest that
Akt participates in GLP-mediated radiosensitivity of HepG2
cells exposed to radiation.

Discussion

Over the past 30 years, a wide range of traditional Chinese
herbs and botanical formulations have been identified as
radiosensitizers in cancer treatment (8-10). A number of these
even have undergone clinical trials and exhibited favorable
therapeutic effects with safety and lower toxicity (8). GLP, an
extract of a basidiomycete fungus, possesses various phar-
macologic properties including antitumor effects (5,11,12).
In the current study, treatment with GLP was demonstrated
to significantly promote the apoptosis of HepG2 cells under
radiation condition, which may be mediated by the Akt
signaling pathway. These findings suggest that GLP has a
potential radiosensitization effect on HepG2 cells exposed
to radiation.

Polysaccharides widely exist in microorganisms, algae,
plants and animals. Together with polynucleotides and
proteins, they are essential biomacromoleules in the biological
processes and serve critical roles in cell growth, adhesion,
and apoptosis (13). Previously, polysaccharides extracted
from natural sources have attracted attention in the field of
cancer therapy due to their antitumor properties (14). In the
present study, GLP treatment was identified to promote
radiation-induced growth inhibition and apoptotic death of
HCC cells.

DNA damage response (DDR) serves a critical role
in the maintenance of genome integrity (15). During
cancer therapy, DDR attenuates the efficiency of radio- or

chemotherapeutic agents and thus induces drug resistance of
tumor cells to genotoxic stress (16). Therefore, inhibition of
DNA repair-associated enzymes may be a promising strategy
to increase the sensitivity of ionizing radiation on cancer
cells. Cancer cells exposed to radiation exhibit DNA lesions
and double strand breaks, which are repaired by ATM and
DNA-PK (17).In order to examine the effects of GLP on DDR
in HCC cells, the protein expression of ATM and DNA-PK
in HepG2 cells exposed to radiation was measured. Results
indicated that the phosphorylation of ATM and DNA-PK was
markedly suppressed following the administration of GLP,
suggesting that GLP may inhibit radiation-induced DNA
repair.

The Akt signaling pathway has been demonstrated
to regulate multiple biological activities, including
cell proliferation, apoptosis and differentiation (18,19).
Upregulation of Akt is observed in numerous types of cancer,
and it may be associated with uncontrolled cell growth (20).
In addition, the Akt signaling pathway has been implicated in
a number of processes associated with cell cycle regulation,
including DNA replication and damage repair (21). As
demonstrated in Figs. 4 and 5, the addition of Akt inhibitor
was demonstrated to elevate the activities of DNA-PK and
ATM and suppress the GLP-induced HepG2 cell injury under
radiation condition. These results indicate that Akt signaling
regulated the GLP-mediated radiosensitivity in HepG2 cells
exposed to radiation.

In conclusion, the present study demonstrated that GLP
treatment may enhance the radiosensitivity of HCC cells
via regulation of the Akt signaling pathway. These findings
suggest that GLP may be developed into a potential radiation
sensitizer to improve the therapeutic efficacy of HCC.
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