
Abstract. We previously demonstrated that combined
treatment with extracts of the medicinal mushroom
Ganoderma lucidum and the herb Duchesnea chrysantha
(GDE) significantly suppresses cell growth and selectively
induces apoptosis in human leukemia HL-60 cells, but not in
normal cells. GDE’s mechanism of action and its activity
against HL-60 cells suggest that it could be suitable for the
combined-modality treatment of hematological malignancies.
In the present study, we examined whether treatment with a
combination of GDE and ionizing radiation enhances the
therapeutic effect. We demonstrated that, when used in
combination with radiation at a clinically relevant dose of 2
Gy, GDE further suppressed cell proliferation and induced
apoptosis as well as micronuclei formation in HL-60 cells,
leading to increased cell death. Furthermore, GDE
pretreatment not only reduced radiation-induced G2/M-phase
arrest, but also induced G1-phase arrest. These events are
associated with the inhibition of cyclin-dependent kinase 1
(CDK1) phosphorylation and the dephosphorylation of
retinoblastoma protein (pRB). Collectively, these data show
that combined treatment with GDE and radiation enhances
radiation-induced apoptosis and overall cell death. These
findings may be clinically relevant and suggest a novel
therapeutic strategy for increasing the efficacy of
radiotherapy.

Introduction

Currently, radiotherapy is a mainstay of cancer therapy and is
used to treat ~50% of the cancer population. However, the

application and efficacy of radiotherapy are limited by
damage to normal tissue. Radiation can produce cell death by
one of two mechanisms: apoptosis or necrosis (1). Apoptosis
is a major form of cell death, and is a mechanism of radiation-
and/or chemotherapy-induced cell death in human hemato-
logical malignancies. An increase of the apoptotic threshold
in lymphoma and leukemia is a mechanism of resistance to
treatment (2). In addition to apoptosis, tumor cells can be
effectively eliminated after DNA damage by non-apoptotic
mechanisms, such as necrosis, senescence, autophagy, and
mitotic catastrophe (3). As the induction mechanism of
apoptosis by radiation may differ from the mechanism of
classical clonogenic cell death by radiation, it is possible that
these two end points of radiation action may be differentially
modifiable. Recently, the combination of radiation with
chemotherapy or molecular-targeted agents has become a
common strategy for the treatment of advanced cancer (4-6).
Biologically, chemotherapeutic agents interact with radiation
through a number of mechanisms, including an increase in
initial radiation damage, the inhibition of cellular repair, cell-
cycle redistribution, and the inhibition of tumor cell regen-
eration (4). Unfortunately, the available therapeutic agents
have been limited owing to their associated high toxicity,
lack of tumor selectivity, and low efficacy. Therefore, the
development of agents that will minimize toxicity while
maintaining efficacy is required. Increasing the incidence of
radiation-induced apoptosis selectively in tumor cells may
thus result in greater radiosensitivity and an improvement in
treatment outcomes. Another possible way to improve
therapeutic radiosensitivity may be through modulation of
the cell cycle, as cell-cycle regulation is perhaps the most
important determinant of ionizing radiation sensitivity.

The medicinal mushroom Ganoderma lucidum and the
herb Duchesnea chrysantha have been used traditionally in
East Asia for the prevention and treatment of various
diseases, including cancer. Ganoderma lucidum, which
belongs to the Polyporaeae family, contains a large variety of
biologically active polysaccharides and triterpenes with anti-
tumor activities (7). Currently, ~100 different triterpenoids,
which have a lanostane skeleton, are known to occur in
Ganoderma lucidum alone (8,9). Recent studies have shown
that Ganoderma lucidum induces apoptosis, inhibits cell
proliferation, and suppresses cell migration of highly
invasive human breast and prostate cancer cells (10,11). The
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medicinal plant Duchesnea chrysantha, which belongs to the
Rosaceae family, contains biologically active lectin and poly-
saccharides with antioxidative (12) and immunostimulatory
properties (G.J. Jeong, unpublished data). The physiologically
active compounds from Duchesnea chrysantha are known to
exert cytotoxic activities in human cancer cells (13).

A previous study in this laboratory demonstrated that
combined treatment with extracts of the medicinal mushroom
Ganoderma lucidum and the herb Duchesnea chrysantha
(GDE) causes an enhanced induction of mitochondrial
damage and apoptosis as well as growth inhibition in human
leukemia HL-60 cells (14). Moreover, the combination of
these extracts was selectively toxic to the leukemic cells,
whereas no cytotoxic effect was observed in the normal
human peripheral blood mononuclear cells, raising the
possibility that this strategy has the potential for therapeutic
selectivity. In this study, we tested whether treatment with a
combination of GDE and ionizing radiation (IR) would
enhance the therapeutic effect, as these extracts contain
biologically active compounds responsible primarily for anti-
tumor activities. The current study was performed with the
use of radiation at a clinically relevant dose of 2 Gy. The
TP53-deficient human promyelocytic leukemia cell line
HL-60 was used as an in vitro model to test the possible
interaction between GDE and IR. We demonstrate here that
the combination of GDE and IR is more effective than either
modality alone in reducing the proliferative potential of HL-60
cells and in increasing cell death. Taken together, these
findings suggest that this combination merits further invest-
igation as a potential therapeutic agent for the treatment of
cancer.

Materials and methods

Preparation of Duchesnea and Ganoderma extracts. The
extracts of Duchesnea chrysantha and Ganoderma lucidum
were isolated and characterized by the method described by
Kim et al (12) and Zhu et al (15), respectively. Briefly, for
the preparation of Duchesnea extracts, the whole parts (i.e.
leaves, roots and stems) of Duchesnea chrysantha were
extracted with boiling water. The aqueous solution was
extracted with an equal volume of chloroform and then
evaporated to remove the chloroform. The water-soluble
polysaccharide-enriched fraction was isolated from the
concentrated extract in two steps by precipitation with
ethanol. After removal of the fraction precipitated with an
equal volume of ethanol, the water-soluble polysaccharides,
precipitated by the addition of a further 3 volumes of ethanol,
were collected and lyophilized. For the preparation of
Ganoderma extracts, the fruiting bodies of Ganoderma
lucidum were boiled with water, and then the polysaccharide
fraction was removed by ethanol precipitation as described
above. The remaining aqueous solution was then partitioned
between water and chloroform. The chloroform layer
containing a triterpenoid-enriched fraction was evaporated
under reduced pressure and then lyophilized. The presence of
triterpenes was characterized by silica gel thin-layer
chromatography. In our experiments, we used the poly-
saccharide-enriched fraction of the Duchesnea extract and
the triterpenoid-enriched fraction of the Ganoderma extract.

All lyophilized samples were dissolved, sterilized by passage
through a 0.22-μm filter, and stored at -20˚C until use.

Cell culture, reagents, and irradiation conditions. Human
promyelocytic leukemia HL-60 cells were grown at 37˚C in a
humidified atmosphere containing 5% CO2 in RPMI-1640
medium supplemented with 10% fetal bovine serum,
penicillin (100 IU/ml), and streptomycin (100 μg/ml). HL-60
cells were plated at a density of 1x105 cells/ml in a T-25 flask
18 h before irradiation. Unless otherwise indicated, Duchesnea
extract (100 μg/ml) plus Ganoderma extract (150 μg/ml)
were added to cultures at least 1 h before irradiation. The
cells were irradiated with a dose of 2 Gy with the use of a
60Co γ-ray source at a dose rate of 0.2 Gy/min.

Survival assays. For a short-term cell survival assay, cell
survival was determined by the 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium, inner salt (MTS) assay or by trypan blue exclusion.
For the MTS assay, the cytotoxicity of the extracts was
assessed with the use of a cell proliferation assay developed
by Promega (CellTiter 96® AQueous One Solution Cell
Proliferation Assay). Briefly, 2x104 exponentially growing
cells were seeded in 96-well microculture plates with or
without extract treatment in a volume of 100 μl and
irradiated as described above. After a 48-h incubation at
37˚C, 20 μl of MTS was added to each well, and the samples
were incubated for a further 2 h at 37˚C. Plates were
analyzed on a microtiter plate reader at 492 nm. For the
trypan blue exclusion assay, cells were cultured and treated
in the same way. They were harvested, and trypan blue dye
solution was added to the cell suspension. Total cell counts
and viable cell numbers were determined with a
hemocytometer. For a long-term cell survival assay, a
clonogenic assay was performed in soft agar cultures, as
previously described (16). Briefly, 1,000 cells were plated in
1 ml of 0.3% agar in RPMI-1640 medium containing 15%
fetal bovine serum, and GDE was added 1 h before irra-
diation. After irradiation with a dose of 2 Gy, colonies,
defined as groups of ≥50 cells, were scored after 10-12 days
of incubation; clonogenic survival was expressed as a
percentage relative to the untreated controls.

Flow cytometric detection of cell cycle and apoptosis.
Untreated control and irradiated cells were collected, washed
with cold phosphate-buffered saline (PBS), and fixed with
70% ethanol at 4˚C for at least 1 h. Fixed cells were washed
with PBS and treated with RNase (30 min at 37˚C, 100 μg/ml),
and their DNA was stained with propidium iodide (PI;
50 μg/ml). The DNA content was measured with a FACScan
(EPICS XL; Beckman Coulter). A minimum of 10,000 cells
was counted for each sample. The percentage of cells in each
phase of the cell cycle was analyzed with the use of Phoenix
Multicycle software (Phoenix Flow Systems). The level of
apoptosis was quantified by measuring the number of
subdiploid (sub-G1) cells stained with PI as described above.

To further confirm the results of apoptosis analysis, we
stained cells with fluorescein isothiocyanate-conjugated
annexin V and PI, with the use of the Annexin V-FITC
Apoptosis Detection Kit (Alexis Biochemicals) according to
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the manufacturer’s instructions. For these experiments,
1-2x105 cells per condition were harvested. Analysis was
carried out with the use of a Coulter EPICS XL flow
cytometer.

Micronuclei assay. The cells were seeded in duplicate into
T-25 flasks and treated either with the combination of
GDE+1 Gy irradiation or 1 Gy alone for up to 48 h. Final
concentrations of GDE were 75 μg/ml Duchesnea extract
plus 100 μg/ml Ganoderma extract. GDE was added to the
medium 1 h before irradiation. Cytochalasin B (Sigma) was
added at a final concentration of 3 μg/ml for 24 h culturing
before cell harvest. Cells were fixed into fixative solution
(methanol:acetic acid, 3:1). Slides were made by dropping
the cell suspension on clean object glasses and staining the
cells in Giemsa solution. A total of 1,000 binucleated cells
were scored for the presence of micronuclei (17).

Detection of mitochondrial membrane potential. HL-60 cells
were treated with radiation (2 Gy) alone, or the combination
of GDE and radiation, for up to 48 h. The integrity of
mitochondrial membranes was measured with the use of a
JC-1 probe (Molecular Probes) as described (18). The
percentage of red fluorescence (FL3) was estimated by flow
cytometry.

Measurement of caspase-3 activity. Caspase-3 activity was
measured with the use of the Caspase-3 Colorimetric Assay
Kit (Alexis Biochemicals) according to the recommended
protocol. Briefly, 7x105 exponentially growing HL-60 cells
in RPMI-1640 medium were treated with the extract at the
indicated concentration for 48 h at 37˚C. The cell pellet
(1-5x106 cells) was re-suspended in 50 μl of chilled cell lysis
buffer, and then incubated on ice for 10 min. The cell lysate
was spun at 10,000 x g for 1 min, and the supernatant was
used to estimate the caspase activity. The equivalent of 100 μg
of protein from the cell lysate was pipetted into each well of
a 96-well plate; then 50 μl of 2X reaction buffer (containing
10 mmol/l dithiothreitol) and 5 μl of the 4 mmol/l DEVD-
pNA substrate were added to each sample. After 1 h of
incubation at 37˚C, the formation of p-nitroanilide was
measured at 405 nm with the use of a microtiter plate reader.

Subcellular fractionation and Western blot analysis. Cells
were re-suspended in cell lysis buffer (1% Triton X-100,
0.15 mol/l NaCl, 10 mmol/l Tris-HCl, pH7.4, 1 mmol/l
EDTA, 1 mmol/l phenylmethylsulfonyl fluoride, 10 μg/ml
each of leupeptin and pepstatin A) and then incubated on ice
for 20 min. The cell lysates were centrifuged at 10,000 x g
for 10 min at 4˚C, and the supernatants were used for Western
blot analysis. The protein concentration was determined with
the use of the Micro Protein Determination Kit (Sigma
Chemical). Nuclear and cytoplasmic extracts were prepared
by using the Nuclear Extraction Kit (Chemicon) according to
the manufacturer’s protocol. For the immunoblotting analysis,
proteins in whole lysates, nuclear fractions, or cytoplasmic
fractions were run on sodium dodecylsulfate-polyacrylamide
gel and then transferred onto polyvinylidene difluoride
membrane. Non-specific binding was blocked by incubation
with 5% nonfat milk in Tris-buffered saline containing 0.1%

Tween 20 (TBST) for 1 h at room temperature. The blots
were incubated in fresh blocking solution at room temperature
for 1 h with primary antibodies directed against the following
proteins: Bcl-2 (Santa Cruz Biotechnology), Bax and
caspase-3 (Upstate Biotechnology), Smac/DIABLO (BD
Pharmingen), phospho-Akt (Ser473) (Cell Signaling
Technology), under-phosphorylated retinoblastoma (BD
Pharmingen), Cdk4 and Cdk2 (Santa Cruz Biotechnology),
Cdc2 and phospho-cdc2 (Tyr 15) (Cell Signaling
Technology), cyclin E (BD Pharmingen), and cyclin B1
(Santa Cruz Biotechnology). The blots were washed three
times with TBST and incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling Technology) for 1 h. Blots were washed again and
detected with the use of an enhanced chemiluminescence
system (Amersham).

Statistical analysis. All the results are expressed as the mean
± SD of at least three separate experiments. Statistical
comparison between the experimental groups was performed
with the Student's t-test. A value of p<0.05 was considered
significant.

Results

GDE increases the anti-proliferative and cytotoxic effects of
γ-irradiation. We investigated the effects of GDE on the
cytotoxicity of γ-irradiation in HL-60 cells. As HL-60 cells
do not form appreciable colonies, we monitored their
survival by trypan blue exclusion. We treated the HL-60 cells
with GDE at least 1 h before irradiation, irradiated the cells
with the clinically relevant dose of 2 Gy, and then incubated
them for 48 h. As shown in Fig. 1A, γ-irradiation (2 Gy)
reduced the total number of cells to 68%. GDE further
decreased the total number of cells to 29% compared with
untreated controls. Concordant results were obtained when
cell proliferation was monitored at 48 h by MTS assay (data
not shown). The effect of GDE+2 Gy irradiation was similar
to ~5 Gy irradiation alone (data not shown), suggesting an
enhancement of the radiation effect by GDE pretreatment.
Short-term assays or assays of apoptosis alone cannot be
expected to measure overall cell death, as defined by the
inability of a cell to continue unlimited proliferation, and
defined operationally as the ability to form a colony. To
establish the long-term proliferation effects of the
combination of GDE and radiation on viable cell numbers,
we also performed a clonogenic assay as an end point for
cytotoxicity, in which not just apoptosis but all the
parameters related to cellular growth and death can be
simultaneously assessed. We found that HL-60 cells were
more sensitive to γ-irradiation in the presence of GDE.
Combined GDE and radiation treatment was estimated to
reduce colony formation by 60%, whereas GDE or radiation
(2 Gy) alone reduced colony formation by 40 and 24%,
respectively (Fig. 1B). Taken together, our results illustrate
that GDE can increase the anti-proliferative effect and
cytotoxicity of γ-irradiation in HL-60 cells.

Combined treatment with GDE and radiation enhances
apoptosis and micronuclei formation in HL-60 cells. Cell
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death in response to irradiation occurs more frequently as a
result of mitotic death, because of irreparable chromosome
damage (1). Therefore, we examined the induction of
micronuclei frequency in HL-60 cells treated with IR or the
combination of GDE and IR. As shown in Fig. 2A, we found
that 1 Gy alone led to a 4.1-fold increase in micronuclei
frequency compared with the basal level in the unirradiated
control cells. This effect was more prominent in the case of
GDE combined with radiation (7.1-fold), suggesting an
increase in toxicity for the combined treatment compared

with IR alone. We next investigated whether the reduced
clonogenic survival by combined treatment of GDE and
γ-radiation was associated with the induction of apoptosis.
Flow cytometric analysis after PI staining was performed to
evaluate the extent of apoptosis. There was a significant
difference in the level of apoptosis after irradiation in the
presence and absence of GDE (49 compared with 13%;
Fig. 2B). Treating cells with GDE alone resulted in about
30% of the cells undergoing apoptosis after 48 h of treatment
(14). Combining GDE with 2 Gy of γ-radiation increased the
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Figure 1. GDE increases the antiproliferative and cytotoxic effects of γ-irradiation in HL-60 cells. Cells were treated with radiation (2 Gy) alone, or the
combination of 150 μg/ml Ganoderma extract plus 100 μg/ml Duchesnea extract (GDE) and radiation (GDE+2 Gy). (A) Effects of GDE and radiation on the
viability of HL-60 cells. Cell viability was determined by trypan blue exclusion. Points are the mean of at least four separate experiments. (B) The number of
colony-forming units of HL-60 cells after exposure to GDE, radiation, or GDE plus radiation. After treatment, the cells were plated in soft agar as described in
Materials and methods. After 10-12 days of incubation, the colonies were scored, and colony formation for each condition was expressed relative to untreated
control cells. Values represent the mean ± SD for three separate experiments.

Figure 2. Combined treatment with GDE and radiation enhances apoptosis and micronuclei formation in HL-60 cells. (A) Micronuclei frequency in HL-60
cells irradiated in the presence or absence of GDE. Cells were treated with radiation (1 Gy) alone, or the combination of 100 μg/ml Ganoderma extract plus
75 μg/ml Duchesnea extract (GDE) and radiation (GDE+1 Gy), and harvested 48 h after irradiation. Micronuclei were analyzed as described in Materials and
methods and reported per 1,000 nuclei. (B) Flow cytometric analysis of hypodiploid cells after irradiation with or without GDE. Cells were treated with
radiation (2 Gy) alone, or the combination of 150 μg/ml Ganoderma extract plus 100 μg/ml Duchesnea extract (GDE) and radiation (GDE+2 Gy). The
percentage of the apoptotic cells was assessed by flow cytometry.
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amount of apoptosis to 49%, resulting in an additive increase
in apoptosis. These results were further evaluated by annexin
V/PI analysis, which distinguishes between early apoptosis
(in which cells stain positively for annexin V) and late
apoptosis (in which cells stain positively for both annexin V
and PI). It is noteworthy that at later time points (e.g. 36-48 h
after exposure), a marked increase in late apoptosis was
observed in cells treated with GDE and IR (data not shown).
In accordance with these results, exposure to GDE with IR for
24-48 h resulted in a marked loss of mitochondrial membrane
potential (Fig. 3A), a hallmark of mitochondrial injury. Thus,
the combined exposure of human leukemia cells to GDE and
to IR resulted in a dramatic increase in mitochondrial injury.
The effects of exposure of HL-60 cells to IR with or without
GDE were then examined in relation to the expression of
proteins implicated in mitochondrial injury and apoptotic
regulation. Co-exposure of cells to GDE in combination with
IR resulted in an increase in levels of the pro-apoptotic

proteins Smac/DIABLO and Bax, but no change in the
expression of Bcl-2 (Fig. 3B). The status of caspase-3
protein, a key protease in the pathway to apoptosis, was also
examined, because caspase-3 is activated by cleavage from the
32-kDa proenzyme to the active 20-kDa and 17-kDa subunits
during apoptosis (19). As shown in Fig. 3B, both the partially
processed (20 kDa) and fully processed (17 kDa) forms of
caspase-3 were clearly observed at 48 h after irradiation in the
presence of GDE. Moreover, the relative activity of caspase-3
was increased 4.4-fold at 48 h after GDE+2 Gy of IR
treatment compared with 2.1-fold after 2 Gy alone (Fig. 3C).
These data indicate that treatment with this combination
induces apoptosis through the mitochondrial intrinsic pathway.

One of the most important survival signaling pathways is
mediated by phosphoinositide-3 kinase (PI3K) and its
downstream target Akt (20). Recent studies have identified
PI3K and Akt signaling as likely contributors to enhanced
radiation survival (21). We investigated the effect of GDE on
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Figure 3. GDE/IR-mediated apoptosis is associated with mitochondrial damage and caspase-3 activation. Cells were treated with radiation (2 Gy) alone, or the
combination of 150 μg/ml Ganoderma extract plus 100 μg/ml extract (GDE) and radiation (GDE+2 Gy), and harvested 48 h after irradiation. (A) Changes in
mitochondrial membrane potential over time (left) and quantitative analysis of changes in mitochondrial membrane potential at 24 h after treatment (right)
were examined by measuring the ability to retain JC-1. Numbers indicated in each graph are percentages of red fluorescence (FL3), which reflects functioning
mitochondria. (B) Expression of apoptosis-regulating proteins. Expression of Bcl-2, Bax, procaspase-3 cleavage, and phospho-Akt was analyzed by Western
blotting with the use of whole-cell lysate. Western blotting detection of Smac/DIABLO protein was observed in the cytoplasmic fraction. (C) A caspase-3
activity assay was performed as described in Materials and methods, and expressed as a fold increase over untreated control. Values represent the mean of at
least six separate experiments.

A
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Akt activation after radiation exposure. Although irradiation
left phospho-Akt levels unchanged or even increased
phospho-Akt levels, treatment with GDE in combination
with IR strongly reduced levels of active Akt (Fig. 3B). Our
data suggest a role for the inhibition of Akt-mediated anti-
apoptotic signaling in the increased efficacy of the
combination.

GDE blocks cells in G1 phase and releases γ-radiation-
induced G2-phase arrest. We also compared the cell-cycle
redistribution of HL-60 cells irradiated with 2 Gy in the
presence and absence of GDE. To determine the cell-cycle
response of HL-60 cells to the clinically relevant dose of 2 Gy,
we used flow cytometric analysis of DNA content. As shown
in Fig. 4, IR (2 Gy) clearly induced a transient arrest in G2/M
that was first detected 6 h after treatment and was most
pronounced at 12 h in cells. By 36 h, the percentage of G2/M-
phase cells returned to baseline values. In contrast, the
fraction of cells in G2/M phase at 12-24 h after irradiation
was reduced by approximately 23-47% in the cells treated
with GDE relative to the cells treated with radiation only.
Furthermore, the G2/M arrest was no longer apparent at 24 h
after irradiation, suggesting alteration of the level and the
duration of G2/M-phase arrest by GDE pretreatment. It is
noteworthy that at a later time point (i.e. 48 h), GDE
treatment induced accumulation of cells in G1 in unirradiated
controls and reduced the number of cells in S phase. When
combined with radiation, GDE increased the number of cells
in G1 phase, with a further reduction in the S-phase fraction
(Fig. 4). Taken together, these results show that the treatment
of HL-60 cells with GDE not only induces cell-cycle arrest in
the G1 phase, but also inhibits the radiation-induced G2-phase
checkpoint.

GDE induces dephosphorylation of retinoblastoma protein
(pRB) and inhibits the phosphorylation of cyclin-dependent
kinase 1 (CDK1) in irradiated HL-60 cells. To investigate
the mechanism through which IR-induced G2/M arrest is
abrogated by GDE, proteins related to the G2/M and G1 cell-
cycle checkpoints were evaluated. As pRB functions as a
regulator of cell-cycle progression at the late G1 phase (22),

and because G1 cyclin and cyclin-dependent kinases (CDKs)
can regulate the activity of pRB, we examined the effects of
GDE and IR on G1 CDK expression and pRB phosphorylation.
As shown in Fig. 5A, Western blot analysis using an antibody
specific for the under-phosphorylated form of pRB revealed
that the level of the under-phosphorylated form of pRB
increased markedly in GDE-treated HL-60 cells at 48 h after
irradiation, suggesting that GDE may inhibit HL-60 cells
through the inhibition of pRB phosphorylation. Fig. 5A also
shows that GDE treatment resulted in a marked decrease in
the protein expression of CDK2 and cyclin E. These results
suggest that CDK2 and cyclin E are major targets of GDE
action in HL-60 cells, which may be, at least in part,
responsible for the inhibition of GDE-induced pRB phos-
phorylation. CDK inhibitors, including p21(WAF1/CIP1),
p27(Kip1), and p16(Ink4), also contribute to the regulation of
cell-cycle progression by controlling CDK activity. p21
inhibits a wide variety of cyclin-CDK complexes in vitro,
including CDK4 and CDK2 complexes. In addition, the
overexpression of these proteins blocks the progression of
cells through G1 (23). In our assay system, p21 was expressed
in irradiated HL-60 cells at a moderate level and did not
show obvious response to GDE treatment (data not shown),
indicating that p21 is not involved in the GDE inhibition of
cell growth in HL-60 cells. Taken together, these findings
indicate that GDE can inhibit the growth of human leukemia
HL-60 cells through the induction of G1 cell-cycle arrest
caused by the inhibition of pRB phosphorylation.

Radiation-induced G2-phase arrest involves a mechanism
of cyclin B1/CDK1 kinase inhibition (24,25). The cyclin
B1/CDK1 kinase activity depends on the availability of
cyclin B1 and the phosphorylation status of CDK1 (26,27).
The localization of cyclin B1 may also contribute to its
regulation (28). As the GDE used in this study had effects on
the radiation-induced G2 phase, we examined the levels of
cyclin B1 protein in the nucleus and cytoplasm after radiation
treatment in the presence or absence of GDE. As shown in
Fig. 5B, a 2-Gy dose of radiation stimulated the nuclear
accumulation of cyclin B1. Cyclin B1 localized to the
nucleus in HL-60 cells within 2 h of radiation exposure. The
cyclin B1 level in the nucleus was still increased, relative to
the control, up to 24 h after radiation. In the irradiated cells
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Figure 4. Comparison of the cell-cycle distribution of HL-60 cells irradiated with 2 Gy in the presence or absence of GDE. Cells were treated with 150 μg/ml
Ganoderma extract plus 100 μg/ml Duchesnea extract (GDE), radiation (2 Gy) alone, or the combination of GDE and radiation (GDE+2 Gy), and then
collected at designated times for DNA content analysis with the use of flow cytometry. Data represent the mean of six independent experiments.
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with GDE, however, the levels of cyclin B1 protein
decreased, relative to cells treated only with radiation, at 12 h
after radiation, corresponding to the beginning of the exit of
the cells from the radiation-induced G2 block. At 24 h after
radiation, by which time cyclin B1 had returned to control
levels, there was little evidence of G2/M arrest (Fig. 4). These
findings support the suggestion that, although the presence of
cyclin B1 is required for entry into mitosis, its destruction is
required for exit from mitosis (29). These data show that, at a
clinically relevant dose of IR (2 Gy), GDE inhibits the
radiation-induced G2 checkpoint in HL-60 cells. Although

nuclear localization of cyclin B1 controls mitotic entry after
DNA damage, the nuclear localization of cyclin B1 alone is
insufficient to trigger premature mitotic events (29). Previous
reports indicate that Tyr-15 phosphorylation of CDK1 is
required to arrest cells in G2 in response to radiation (30). To
examine the mechanism by which γ-radiation inhibited
CDK1 activity, we determined the phosphorylation status of
CDK1 in the nucleus and cytoplasm by using an antibody
specific for the phosphotyrosine 15 form of CDK1.
Irradiation led to the marked nuclear accumulation of Tyr-15-
phosphorylated CDK1 protein. As shown in Fig. 5C, the
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Figure 5. Expression of cell-cycle-regulating proteins in HL-60 cells irradiated with or without GDE. Cells were treated with radiation (2 Gy) alone, or the
combination of 150 μg/ml Ganoderma extract plus 100 μg/ml Duchesnea extract (GDE) and radiation (GDE+2 Gy). (A) Expression of under-phosphorylated
pRB (Under-p-pRB), CDK4, CDK2, and cyclin E was analyzed by Western blotting with the use of whole-cell lysate 48 h after irradiation. Western blotting
detection of cyclin B1 (B) and Tyr-15-phosphorylated CDK1 (C) protein at subcellular levels was observed both in the cytoplasmic (Cyt) and nuclear (Nuc)
fractions. Expression of total CDK1 (C) was observed in whole-cell fraction at each of the indicated time points. Results are representative of three separate
experiments.
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level of the tyrosine-phosphorylated CDK1 protein in the
nucleus increased up to 24 h after irradiation; this effect was
attenuated by GDE pretreatment. Our results demonstrate
that GDE can inhibit IR-induced CDK1 phosphorylation,
which could account for, or contribute to, the reduction of
cell proportion in the radiation-induced G2/M phase (Fig. 4).
Taken together, these findings indicate that GDE induces the
dephosphorylation of pRB and inhibits the phosphorylation
of CDK1 in irradiated HL-60 cells.

Discussion

In the current study, we evaluated the therapeutic effect of
GDE combined with radiation in human leukemia HL-60
cells. Our results showed that the combined treatment with
GDE and γ-radiation is more cytotoxic than radiation alone.
Further analyses revealed that GDE pretreatment enhances
the radiation-induced cell death of human leukemia HL-60
cells in vitro by affecting the cell cycle and by inducing
apoptosis. A similar result was observed even when GDE
was added several hours after irradiation, although the
magnitude of the response was lower (data not shown).
These findings suggest that GDE could be useful as a
cytotoxic agent in combination with radiation.

To investigate the potential mechanisms and genes that
may be involved in these processes, we examined several
regulatory proteins associated with the cell cycle and
radiation-induced apoptosis. The induction of apoptosis has
been linked to mitochondrial damage, including loss of the
mitochondrial membrane potential or release of pro-apoptotic
proteins from the mitochondria, such as cytochrome c and
Smac/DIABLO (31), a pro-apoptotic protein that acts by
antagonizing the actions of members of the XIAP family of
caspase inhibitors (32). The present findings clearly show
that Ganoderma/Duchesnea-induced apoptosis in irradiated
cells is associated with a change in mitochondrial membrane
potential, Bax induction, Smac/DIABLO release, and
caspase-3 activation, suggesting that apoptosis by this
combination occurs through the mitochondria-dependent
pathway. Such findings are consistent with previous reports
demonstrating that Bax overexpression produces cell death
upon induction of mitochondrial permeability transition (33)
and that mitochondrial levels of Bcl-2 family proteins may
determine the sensitivity of leukemic cells to apoptosis (34).

In addition to pro- and anti-apoptotic proteins (35),
apoptosis is also regulated by multiple signal transduction
cascades. Recently, the Ras/PI3K/Akt signal transduction
pathway has become the focus of intense interest as a critical
regulator of cell survival/death decision (36). More recent
studies have demonstrated that Akt maintains mitochondrial
integrity by increasing hexokinase association with
mitochondria, and inhibits apoptosis by preventing changes
in the permeability of the outer mitochondrial membrane and
cytochrome c release after exposure to apoptotic stimuli (37).
We can identify Akt as an important target of the pro-
apoptotic effects of GDE upstream of the mitochondria.
Although irradiation increased the level of active Akt,
treatment with GDE before radiation strongly inhibited the
activation of Akt in irradiated HL-60 cells, as indicated by
the reduced expression of phosphorylated Akt at serine-473

(Fig. 3B). It is, therefore, possible that Akt inhibition by
GDE could contribute to the potentiation of IR-mediated
apoptosis. However, further studies are required to define the
multiple mechanisms by which GDE modulates the
PI3K/Akt pathway signaling.

Apoptosis is a common mode of cell death after the
exposure of tumor cells to radiation and/or chemotherapy. On
the other hand, there is also evidence suggesting that
apoptosis does not always affect clonogenic survival.
Previous studies have shown that apoptosis alone is not
sufficient to explain all of the radiation-induced loss of
clonogenic survival in HL-60 cells (38-40). Moreover, in a
review of the effect of radiation on normal and malignant
tissues, Gudkov and Komarova (41) demonstrated that
apoptosis has a relatively modest role in the tumor response
to radiation; most tumors lose the ability to induce apoptosis.
Furthermore, although in the present study, GDE by itself
resulted in a marked increase in apoptosis in HL-60 cells, the
connection between clonogenic cell death and apoptosis by
GDE alone was not apparent, as in the case of GDE
combined with radiation (Fig. 1B). Using a clonogenic assay,
we confirmed that GDE combined with radiation caused
greater inhibition in HL-60 colony formation compared with
GDE or radiation alone. Cellular death induced by ionizing
radiation includes both apoptosis and mitosis-linked death, as
well as the loss of reproductive capacity. The most frequent
mode of cell death after irradiation is mitosis-linked death
(42), which is associated with micronuclei formations.
Micronuclei are formed from the nuclear membrane
encapsulation of chromatin and chromosomal fragments that
fail to properly segregate after mitosis (43). Using a
micronuclei assay, we found that radiation exposure of GDE-
treated cells further enhanced micronuclei formation.
Furthermore, combined treatment with GDE and IR (1 Gy)
was effective in inducing micronuclei even at lower doses
than those used to induce apoptosis. These data suggest that
the increased cell death by the combined treatment could be
accounted for by the sum of the micronucleated and
apoptotic cells in the irradiated population. This observation
is in agreement with Abend et al (39), who found that for
three cell lines, including HL-60, the summation of two kinds
of cellular damage, micronuclei production and apoptosis,
correlated well with cell clonogenic survival.

The mechanism by which this enhanced effect was
produced was determined by cell-cycle analysis. We found
that irradiating HL-60 cells in the presence of GDE altered
the level and the duration of G2/M-phase arrest, and affected
the sensitivity of the cells to radiation, suggesting that
modulation of the G2/M-phase checkpoint might be useful for
sensitizing tumor cells to radiotherapy. Although G2/M arrest
after exposure to radiation appears to result from multiple
mechanisms, it is widely believed that the CDK1/cyclin B1
complex plays a central role (30). During the G2 phase, the
CDK1/cyclin B1 complex is held in an inactive state by
phosphorylation of CDK1 on threonine 14 and Tyr-15
residues (44). It has been suggested that Tyr-15 has a more
significant role in maintaining a G2 arrest after irradiation
(30). We demonstrated in this study that GDE can inhibit the
radiation-induced phosphorylation of CDK1 on Tyr-15,
which may be responsible for the reduction of G2/M-phase
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arrest. It would appear, therefore, that inhibition of CDK1
phosphorylation by GDE would activate the CDK1 kinase,
thereby leading to abrogation of G2 arrest and premature
entry into mitosis. This premature entry of cells into mitosis,
without the complete repair of DNA damage, increases the
likelihood of a lethal mitosis (45). Previous studies suggest
that the initiation of abortive mitosis through the premature
activation of CDK1 kinase may be a general mechanism for
the induction of apoptosis (46). Thus, because G2-phase
arrest is considered to be a period of recovery and repair, the
attenuation of G2/M-phase arrest would decrease the
opportunity for DNA repair and thereby potentiate radiation-
induced cell killing. This hypothesis is supported by the
finding that agents that can effectively abrogate the G2

checkpoint result in synergistic cytotoxicity with DNA-
damaging agents such as radiation (47-49). However, the role
of G2/M checkpoint abrogation as a mechanism to potentiate
radiotherapy remains controversial, although the G2 check-
point abrogation as a therapeutic target appears to be very
promising.

On the other hand, the inhibition of cell-cycle progression
is considered a potential therapy for various cancers (50). In
addition to the dysregulation of the G2 phase, we found that
GDE induced a G1-phase arrest. Further analyses revealed
that accumulation of an under-phosphorylated form of pRB
by GDE accompanied G1 arrest in HL-60 cells (Figs. 4 and
5A). Here we demonstrated that this G1-phase arrest appears
to be due to the reduction of the G1-related CDK2 and cyclin
E, which may be responsible for the inhibition of pRB phos-
phorylation. These data are consistent with the view that pRB
dephosphorylation is required for G1 arrest in p53-negative
cells (51). Our data show that GDE induced pRB dephospho-
rylation, G1 arrest, and apoptosis in irradiated HL-60 cells.
As the p53-independent apoptosis is tightly associated with
G1 arrest (51,52), it is possible that pRB dephosphorylation
by GDE might also be involved in regulating programmed
cell death in these cells.

In conclusion, our study shows that GDE pretreatment
sensitizes cancer cells to radiation-induced growth inhibition
and apoptosis. Furthermore, the enhanced induction of
mitochondrial damage and apoptosis by this combination was
also observed in IR-treated U-937 monocytic leukemia cells
(data not shown). We also found that, although GDE
pretreatment failed to enhance IR-mediated apoptosis in
multiple solid tumor cell lines, including HT-1080, MCF-7,
HT-29 and A549 cells, it did lead to a significant reduction in
proliferation in cancer cell lines irradiated with γ-radiation
(our unpublished data). This finding indicates that our treatment
strategy could be more broadly applied to cancer therapy.
Importantly, GDE-induced radiosensitization was observed
in combination with a clinically relevant dose of 2 Gy. These
results suggest that the combination tactic could be more
potent than each modality alone. These extracts have been
shown to be safe when taken over long treatment periods,
and more significantly, they appear to reduce the adverse
effects of radiotherapy. Taken together, these findings may
be relevant to the clinical application of a combination
therapy of GDE and radiation, and represent a novel thera-
peutic strategy for increasing the efficacy of radiotherapy.
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