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Anticarcinogenic effects of water extract of
sporoderm-broken spores of Ganoderma lucidum
on colorectal cancer in vitro and in vivo
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Abstract. Ganoderma lucidum (G. lucidum) polysaccharides
(GLPs) have been used as traditional Chinese medicine for
cancer prevention for many years. However, the mechanism
by which GLP exerts its chemopreventive activities remains
elusive. In addition, it is unclear whether sporoderm-broken
spores of G. lucidum water extract (BSGLWE), which contains
mainly GLPs, has anticancer effects on colorectal cancer. The
present study investigated the anticancer effects and potential
mechanisms of BSGLWE on colorectal cancer in vivo and
in vitro. Our results showed that BSGLWE significantly inhib-
ited colorectal cancer HCT116 cell viability in a time- and
dose-dependent manner. Flow cytometry analysis indicated
that BSGLWE disrupted cell cycle progression at G2/M phase
via downregulation of cyclin Bl and cyclin A2, and upregu-
lation of P21 at mRNA levels. Moreover, BSGLWE induced
apoptosis by decreasing Bcl-2 and survivin at mRNA levels,
and reduced Bcl-2, PARP, pro-caspase-3 and pro-caspase-9
at protein levels. Furthermore, BSGLWE suppressed tumor
growth in vivo by regulating the expression of genes and
proteins associated with cell cycle and apoptosis, which was
further confirmed by a reduction of Ki67, PCNA, and Bcl-2
expression as determined by immunohistochemistry staining.
NSAID activated gene-1 (NAG-1), a pro-apoptotic gene, was
significantly upregulated in vivo and in vitro upon BSGLWE
treatment at both mRNA and protein levels. In addition, the
relative amounts of secreted NAG-1 in cell culture medium
or serum of nude mice were all upregulated upon BSGLWE
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treatments, suggesting a role of NAG-1 in BSGLWE-induced
anticolorectal cancer activity. This is the first study to show
that BSGLWE inhibits colorectal cancer carcinogenesis
through regulating genes responsible for cell proliferation,
cell cycle and apoptosis cascades. These findings indicate that
BSGLWE possesses chemopreventive potential in colorectal
cancer which may serve as a promising anticancer agent for
clinical applications.

Introduction

Colorectal cancer is one of the most common malignant
tumors and the fourth leading cause of cancer-related death
around the world, with roughly 1.4 million new cases and
nearly 700,000 deaths per year (1). According to research
prediction, colon cancer cases will increase to 2.2 million, and
the number of deaths may reach 1.1 million by 2030 (1). To
date, the pathogenesis of colorectal cancer is not completely
elucidated. Many factors including age, family heredity, diet,
inflammation, and obesity may all contribute to the develop-
ment and progression of colorectal cancer (2). Besides surgery,
the current means of treating colorectal cancer mainly are
radiotherapy, chemotherapy and immunotherapy, which are
associated with unwanted side effects and leading to decreased
life quality of patients. Therefore, the development of safe and
effective novel anticolorectal cancer agents from nature is
urgently needed.

In recent years, natural products have been widely
studied by researchers for their remarkable effects and less
side effect in the prevention and treatment of colorectal
cancer. For example, xanthones extracted from Garcinia
mengostana inhibited colon cancer tumorigenesis both
in vivo and in vitro (3). Resveratrol, mainly found in grapes,
has been shown to prevent the development and progression
of colorectal tumors by downregulating Kras expression (4).
Besides results from laboratory studies, a number of clinical
trials also demonstrated that nature compounds along or as
supplements have potential in treating colorectal cancer (5,6).
These studies suggest that nature compounds may serve as
promising anticancer agents in the prevention and treatment
of colorectal cancer.

Ganoderma lucidum (G. lucidum), also known as Lingzhi
or Reshi, is a traditional Chinese medicine that has been used
in East Asian countries for promoting health and longevity for
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over thousands of years (7). In the past few decades, many
researchers studied the biological function and examined
the responsible active components of G. lucidum. Many
studies reported that G. lucidum has numerous pharmaco-
logical effects, including immunomodulatory, antiallergenic,
anti-oxidative, cardiovascular protective, antidiabetic, and
antitumor effects (8,9). Modern uses of G. lucidum include
treatment of coronary heart diseases, arteriosclerosis, hepa-
titis, arthritis, nephritis, asthma, bronchitis and cancer (9). A
diverse group of active compounds including polysaccharide,
triterpenoids, alkaloids, fatty acids, lactones, steroids and
others were identified and isolated from G. lucidum (10). In
recent years, much attention has been focused on G. lucidum
polysaccharide (GLP), a structurally diverse class of biological
macromolecules, which contribute to numerous pharmacolog-
ical effects of G. lucidum. In particular, the antitumor effects
of GLP have attracted much attention.

A substantial number of studies demonstrated that GLP
inhibited carcinogenesis in many types of cancer, including
liver (11), breast (12,13), leukemia (14), ovarian (15),
lung (16,17), and colorectal cancer (18). Early studies suggest
that the anti-carcinogenic effects of GLP may be due to its
immunomodulatory activity (19). In addition, the study of
anticancer mechanisms of GLP was mainly restricted to GLP
extracted from fruiting body of G. lucidum or mycelia culti-
vated in liquid culture medium. Recently, with the advance
in sporoderm-breaking technology, much attention has been
paid to chemical components of the sporoderm-broken spores
of G. lucidum (BSGL) and their versatile biological activities.
One study found that the spores of G. lucidum contain a large
amount of bioactive substances and have a higher bioactivity
than the fruiting bodies of G. lucidum (20). Another study
showed the amount of polysaccharide of sporoderm-broken
spores is 1.7 times that of unbroken ones (21). Research has
suggested that the growth inhibition rate of BSGL on HepG2
cells was significantly higher than unbroken ones (22). These
studies suggest that BSGL may serve as promising anticancer
agent for cancer chemoprevention and therapy.

In this study, we examined the effects and mechanism
of BSGL water extract (BSGLWE), which mainly contains
GLP, on colorectal cancer development and progression
in vitro and in vivo. To our knowledge, this is the first study
to examine the effects of BSGLWE on colon cancer. Our data
suggest that BSGLWE is effective against colorectal cancer
development through regulating cell cycle, apoptosis, prolif-
eration and necrosis.

Materials and methods

Materials. Hoechst 33342 was purchased from Invitrogen
(Carlsbad, CA, USA). [3-(4, 5-dimethylthia-zol-2-yl)-2,
5-diphenyltetrazolium bromide] (MTT) was obtained from
HXBIO (Hangzhou, China). FITC Annexin V Apoptosis
Detection Kit I and propidium iodide (PI)/RNase staining kit
were purchased from BD Pharmingen (San Diego, CA, USA).
Polyclonal B-actin (#4967s), PARP (#9542), Bcl-2 (#2876s)
antibodies; monoclonal caspase-3 (#9665), caspase-9 (#9508),
Foxo3a (75D8) (#2497p) and horseradish peroxidase-conju-
gated secondary antibody were obtained from Cell Signaling
Technology (Danvers, MA, USA). The NAG-1 polyclonal
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rabbit antibody was generated in this laboratory as described
before (23). Human GDF15/NAG-1 ELISA kit (NAG-1 also
known as growth differentiated factor 15 GDF15) was from
R&D Systems (Minneapolis, MN, USA). RNA extraction kit
was from Aidlab Biotech (Beijing, China). The iScript cDNA
synthesis kit and SYBR master mix were purchased from
Bio-Rad (Hercules, CA, USA). The bicinchoninic acid (BCA)
assay kit was from Pierce (Rockford, IL, USA). The Western
Lightening™ Plus-ECL Enhanced chemiluminescence
Substrate assay kit was from Perkin-Elmer (Waltham, MA,
USA).

Water extract preparation of BSGLWE. The powder of
sporodum-broken spores of Ganoderma lucidum was
purchased from Taian Zhenxin LLC (Shandong, China). The
polysaccharides from the powder of sporoderm-broken spores
of G. lucidum were extracted by hot water extraction method.
Briefly, 5 g of sporoderm-broken spores of G. lucidum powder
was placed in 100 ml of double distilled water, and stirred
(300 rpm) at 70°C for 12 h. The solution was centrifuged
at 4000 rpm for 15 min to remove insoluble materials. The
supernatant was concentrated and freeze-dried using HO51
freeze dryer, ScanVac (LaboGene, Lynge, Denmark). For
subsequent cell culture experiment, the powder of sporoderm-
broken spores of G. lucidum water extract (BSGLWE) was
dissolved in Dulbecco's modified Eagle's medium (DMEM)
from Gibco (Gaithersburg, ML, USA) with 10% fetal bovine
serum (FBS) as stock solution of 10 mg/ml, and then passed
through 0.22-ym filter and diluted to required concentrations.

Cell culture. Human colorectal cancer cell line HCT116 was
purchased from the American Type Culture Collection (ATCC,
VA, USA). Cells were maintained in a humidified atmosphere
with 5% CO, at 37°C in DMEM supplemented with 10%
FBS. For experiments, cells were seeded in serum-containing
medium and at 60-80% confluence, cells were treated with
BSGLWE at different concentrations and treated for certain
time adjusted by each experiment.

Cell viability assay. Cell viability was assessed by MTT
assay. Briefly, cells (1x10%) were seeded in 96-well plates
and incubated in DMEM medium containing 10% FBS until
cells reach 50% confluence. HCT116 cells were than treated
with 0, 1.25, 2.5, 5, and 7.5 mg/ml BSGLWE for 24, 48 and
72 h. Then MTT solution (5 mg/ml) was added and incubated
for an additional 4 h. After incubation, supernatants were
removed and the remaining water-insoluble formazan crys-
tals were dissolved in 150 1 DMSO for 10 min with gentle
shacking. The optical density was measured at 490 nm using a
multi-well plate reader (Bio-Tek Instruments Inc., Winooski,
VT, USA). The percentage of viability was calculated and
compared with that of the control cells without BSGLWE
treatment. The 50% inhibitory concentration (ICs,) of
BSGLWE was calculated as the 50% decrease in the optical
density compared to untreated controls.

Hoechst 33342 staining. Nuclear fragmentation was exam-
ined by Hoechst 33342. Briefly, HCT116 cells treated with
BSGLWE at 0, 1.25,2.5, 5, 7.5 mg/ml for 24 h, and cells were
stained with Hoechst 33342 (10 pg/ml) for 15 min at room
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temperature. Cells were observed using a fluorescence micro-
scope (Olympus).

Flow cytometric analysis of cell cycle and apoptosis. Flow
cytometric assay was used for cell cycle and apoptosis assays.
Briefly, for cell cycle determination, equal numbers of HCT116
cells (2x10%) were seeded in 6-well plate per well and incubated
with different concentration of BSGLWE (0, 5, 7.5 mg/ml) for
36 h. The cells were washed with PBS and then collected,
and fixed in 70% ice cold ethanol, and storage at -20°C for at
least 2 h. Cells were then washed with PBS twice, and centri-
fuged for 10 min at 1200 rpm and aspirate the supernatant,
and resuspended cells in 0.5 ml of PI/RNase staining buffer
(BD Pharmingen) for 15 min at room temperature, and DNA
content was immediately analyzed using Guava Easycyte HT
flow cytometry system (Guava Technologies, Merck KGaA,
Darmstadt, Germany), and quantified using ModFit 3.2
software (Verity Software House, Topsham, ME, USA). For
apoptosis examination, approximately 2x10° cells per well
were also seeded in 6-well plates and treated with 0, 1.25,2.5,
5, and 7.5 mg/ml BSGLWE for 24, 36 and 48 h. Cells were
then collected and stained with Annexin V-FITC/PI at room
temperature in the dark and then analyzed by flow cytometer
(Guava Technologies, Merck KGaA). The percentage of
Annexin V/PI* (necrosis), Annexin V*/PI" (early apoptosis)
and Annexin V*/PI* (late apoptosis) cells were calculated
according to manufacturer's instruction (BD Pharmingen).
Samples were subsequently analyzed by flow cytometer
(Merck Millipore Corp., Darmstadt, Germany).

In vivo tumor xenograft study. All the experimental proce-
dures were conducted following the Guide for the Use and
Care of Laboratory Animals of the National Institutes of
Health. This study was approved by the Committee on the
Ethics of Animal Experiments of Zhejiang Chinese medical
University (Permit Number: SYXK 2012-0002). All proce-
dures in this protocol are in compliance with the Animal
Welfare Act Regulations. Four-week-old male BALB/C nude
mice were kept in Specific Pathogen Free (SPF) environ-
ment. After 2 weeks of adaptation, mice were randomly
divided by weight. HCT116 cells were injected subcutane-
ously (s.c.) into the left flank of each nude mouse (5x10° cells
in 200 ul PBS). The mice were randomized into treatment
and control groups: control group (saline, n=18), low dose
(150 mg/kg, n=18), high dose (300 mg/kg, n=18), 5-FU treat-
ment (20 mg/kg, n=8).

The day after injection of tumor cells, the high and low
dose group mice were treated with BSGLWE intraperitone-
ally per day, while the control group mice were injected
saline per day, and 5-FU was given every two days through
intraperitoneal administration. However, 5-FU administra-
tion was reduced to every four days after a dramatic weight
loss at 2 weeks after HCT116 cell injection. Tumor volume
and body weights were measured twice a week and palpable
tumors were measured in two dimensions (length and width)
using a digital vernier caliper (0.01 mm). Tumor volume was
calculated using the equation V (mm?®) = length x width /2.
Six weeks after injection, all mice were sacrificed. At
necropsy, the xenograft tumors were carefully excised
and weighed. Half of all tumors were fixed in 10% neutral
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formalin and processed for hematoxylin and eosin (H&E)
and immunohistochemical staining. The rest of the tumor
tissue was snap-frozen in liquid nitrogen and stored at -80°C
for subsequent analysis. Terminal blood was collected by
cardiac puncture for the analysis of the circulating level of
NAG-1/GDF15 secreted from HCT116 xenografts.

RNA exaction and quantitative real-time PCR. Total RNA
was extracted from HCT116 cells and HCT116 xenograft
tumors by RNA extraction kit as described by Aidlab Biotech.
Both the quantity and quality of total RNA were analyzed
by the Agilent Bioanalyzer 2100 system. Total RNA (1 ug)
was reverse transcribed with an iScript cDNA synthesis kit
(Bio-Rad). Real-time PCR was performed to determine the
expression of listed genes using SYBR PCR master mix
(Bio-Rad) on CFX96 Real-time PCR system (Bio-Rad).
B-actin was used as the reference gene for all samples. The
PCR conditions consisted of 40 cycles, with 5 sec denatur-
ation at 95°C, 30 sec annealing at 60°C and 5 sec extension at
65°C. The relative expression of mRNA for each sample was
calculated as follows: ACt = Ct (sample) - Ct (B-actin), AACt
(sample) = ACt (sample) -ACt (calibrator). The fold change in
mRNA was calculated through relative quantification (2-24<"),
Table I shows the primer sequences of all the primers used in
this experiment.

Western blotting. Total protein from HCTI116 cells and
xenograft tumors were extracted using standard methods and
protein concentrations were determined by BCA protein assay
kit. A total of 40 ug of protein were loaded onto a 10 or 12%
SDS-polyacrylamide gel and electrophoresed at 100 V for
2 h. Separated proteins were transferred onto a PVDF (poly-
vinylidene difluoride) membrane at 100 V for 2 h on ice. After
transfer, membranes were blocked with 5% nonfat dry milk
in 1X TBST (Tris-buffered saline with Tween; 50 mmol/I of
Tris, pH 7.5, 150 mmol/I of NaCl, 0.1% Tween-20) at room
temperature for 1 h. The membrane was probed with NAG-1,
Bcl-2, PARP, Foxo3a or -actin primary antibodies overnight
at 4°C and then secondary antibody at RT for 1 h according
to manufacturer's instructions. The membrane was stripped
using Restore Western Blot Stripping Buffer according to
manufacturer's instruction. After stripping, the membrane was
re-probed for B-actin as a loading control. The signals were
detected using the Western Lightning Plus ECL-enhanced
chemiluminescence substrate according to manufacturer's
instruction. ImageJ 1.41 software (Bethesda, MD, USA) was
used for the calculation of the optical density.

Enzyme-linked immune sobert assay. HCT116 cells
(2x10° cells/well) were plated in 6-well plate and incubated
at 37°C. After treatment with BSGLWE for 48 h, cell culture
medium was collected for ELISA analysis. Total protein
concentrations were determined by BCA assay in cell lysates.
The quantification of GDF15/NAG-1 protein was determined
using the Quantikine GDF15/NAG-1 ELISA kit (R&D). The
concentration of NAG-1 in cell culture medium and serum
of nude mice were determined by comparing their optical
density to standard curve. Data were presented as normalized
by protein concentration in cell culture medium or by tumor
weights in serum of nude mice.
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Immunohistochemistry. Formalin-fixed tumor tissues were
embedded in paraffin and cut into 4-pm sections. The sections
were then stained with H&E for pathological evaluation. The
rest of the paraffin blocks were cut into 4-ym sections. The
sections were deparaffinized using citric acid buffer (pH 6.0)
and incubated for 8 min at 100°C. The slides were treated
with 3% hydrogen peroxide to block endogenous peroxidase
activity and then incubated with 1% bovine serum albumin
(BSA) for 25 min. Next, the slides were incubated overnight
at 4°C with anti-human primary antibodies: Bcl-2 (GB12008,
1/100 diluted in 1% BSA), Ki67 (GB13030-2, 1/1000 diluted
in 1% BSA), PCNA (GB11010, 1/500 diluted in 1% BSA).

p<0.001, as compared with control group.

All primary antibodies were obtained from Wuhan Goodbio
Technology Co., Ltd. (Wuhan, China). The slides were then
incubated with 5 yg/ml biotinylated anti-goat IgG secondary
antibody (Dako, Carpinteria, CA, USA) for 50 min at
room temperature. After washing, slides were stained with
3,3-diaminobenzidine (DAB) (Dako), washed and counter-
stained with hematoxylin, dehydrated, and then mounted
with a coverslip. All images were captured using an inverted
fluorescence microscope (Nikon, Japan).

Statistical analysis. GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA, USA) was used for all statistical analysis.
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Table I. Primers used in qRT-PCR.
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Primers Forward Reverse

[-actin CTGGAACGGTGAAGGTGACA AAGGAACTTCCTTGAACAATGCA
Bcl-2 AAGAGCAGACGGATGGAAAAAGG GGGCAAAGAAATGCAAGTGAATG
Surviving GCATGGGTGCCCCGACGT TGGCTCCGGCCAGAGGCCTCAA
NAG-1 CTCCAGATTCCGAGAGTTGC AGAGATACGCAGGTGCAGGT
NF-«xB ATGGCTTCTATGAGGCTGAG GTTGTTGTTGGTCTGGATGC
TNF-a AGAGGGAGAGAAGCAACTACA GGGTCAGTATGTGAGAGGAAGA
c-FOS GTGGCTTCCCTTGATCTGACTG AACAGGAAGTCATCAAAGGGCT
FOXO03 GCAAACCCTCTCGGACTCTC CCCACGTTCAAACCAACAAC
Cyclin A2 ATGTCACCGTTCCTCCTTG GGGCATCTTCACGCTCTATT
Cyclin B1 GCCAATAAGGAGGGAGCAGT ACCTACACCCAGCAGAAACC
Cyclin D1 GTGGCCTCTAAGATGAAGGAGA GGAAGTGTTCAATGAAATCGTG
P16 ACCAGAGGCAGTAACCATGC TGATCTAAGTTTCCCGAGGTTT
P21 TTAGCAGCGGAACAAGGAGT CGTTAGTGCCAGGAAAGACA
WEEI TGTGGTGGTGTGCTGCTTAT TTCAAAGGGAGGGTATGTCTG
E2F 1 CCAACTCCCTCTACCCTTGA GTCTCCCTCCCTCACTTTCC

RB1 ACTCTCACCTCCCATGTTGC TGCACTCCTGTTCTGACCTC
HIF-1a GGGCAATCAATGGATGAAAG AGTAATTCTTCACCCTGCAG
FADD ACGCTTCGGAGGTAGATG CCTGGTACAAGAGGTTCA
TRAF2 CACCGGTACTGCTCCTTCTG TGAACACAGGCAGCACAGTT
Caspase-8 CCAGAGACTCCAGGAAAAGAGA GATAGAGCATGACCCTGTAGGC

Data are expressed as mean + standard error (SE). Differences
between groups were examined for statistical significance
by t-test. Two-sided P-values were calculated, and a value of
P<0.05 was considered to be statistically significant.

Results

BSGLWE inhibits cell viability in a dose- and time-dependent
manner. To explore the growth inhibitory potential of
BSGLWE against colon cancer, HCT116 cells were treated
with BSGLWE at various concentrations for 24, 48 and 72 h.
MTT assays revealed that cell viability was significantly
decreased upon BSGLWE treatment in a time- and dose-
dependent manner in HCT116 cells (Fig. 1). Specifically,
at 24 h, with the increase of BSGLWE from 0 to 7.5 mg/ml,
cell viability decreased from 100 to 68.36% in HCT116 cells
(p<0.001, Fig. 1A). This inhibitory effect was further enhanced
upon 48 and 72 h of treatments (p<0.001, Fig. 1B and C). Using
highest concentration as example, HCT116 cells treated with
7.5 mg/ml BSGLWE reduced cell proliferation to 68.36+3.02,
32.66+4.66 and 23.59+2.81% at 24, 48 and 72 h, respectively
(p<0.001), suggesting that longer incubation with BSGLWE
could markedly increase cytotoxicity of BSGLWE to HCT116
cells. The IC, was determined to be 2.24 mg/ml and 2.40 mg/
ml at 48 and 72 h, respectively (data not shown).

BSGLWE induces cell cycle arrest at G2/M phase. In order to
investigate the anticancer mechanism of BSGLWE in HCT116
cells, we determined the effects of BSGLWE on cell cycle
distribution by flow cytometry analysis. As shown in Fig. 2A
and 2B, the ratio of HCT116 cells in GO/G1 phase slightly

decreased upon BSGLWE treatments at non-significant level,
while the ratio of cell population in S phase significantly
decreased (p<0.05). Compared to control cells, BSGLWE
significantly increased percentage of G2/M phase from
12.00£1.09 to 23.75+2.21% and to 32.20+8.85% upon 5 and
7.5 mg/ml of treatments, respectively (p<0.05, Fig. 2B).

To confirm this result, the expression levels of G2/M
checkpoint regulators such as cyclin Bl and cyclin A2 were
examined. As shown in Fig. 2C, the expression of cyclin Bl and
cyclin A2 at mRNA levels were significantly downregulated
by BSGLWE treatments (p<0.001). In addition, the mRNA
level of P21, a cell cycle arresting protein, was significantly
upregulated (p<0.001, Fig. 2C). Taken together, our results
indicate that BSGLWE may inhibit HCT116 cell proliferation
through regulating key genes involved in arresting cell cycle
progression at G2/M phase.

BSGLWE induces apoptosis in vitro. To further elucidate the
mechanism of cell death induced by BSGLWE in HCT116
cells, Hoechst 33342 staining was carried out. The changes
in the cell nuclei were observed under the fluorescence
microscope. As shown in Fig. 3A, the nuclei of HCT116 cells
had blue fragmentation compared with control cells as indi-
cated by distinct features of condensation, coagulation, and
fragmentation of the nuclear chromatin, as well as typical
apoptotic bodies as highlighted in circles (Fig. 3A). We also
used flow cytometry analysis to further study the ability of
BSGLWE in inducing apoptosis in HCT116 cells. As shown in
Fig. 3B, we observed that the amount of Annexin V*/PI (early
apoptosis) and Annexin V*/PI* (late apoptosis) stained cells
were both increased significantly upon BSGLWE (1.25,2.5, 5,
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Figure 3. BSGLWE induces apoptosis in HCT116 cells. (A) Cells were treated with different concentration of BSGLWE for 24 h. Hoechst 33342 staining
was used to analyze the apoptotic cells. (B) BSGLWE (0, 1.25, 2.5, 5, 7.5 mg/ml) induced apoptosis in HCT116 at 24, 36 and 48 h. Apoptosis was quanti-
fied by Annexin V/FITC flow cytometry. (C) The apoptosis ratio of HCT116 cells increased in dose-/time-dependent manner with BSGLWE treatment.
(D and E) Quantification of the mRNA levels of apoptosis-related genes after treatment with BSGLWE. (F) The expression of apoptosis-associated proteins,
Bcl-2, PARP, NAG-1, caspase-3 and caspase-9 were assessed by western blotting. B-actin used as an internal control. (G) Concentration of NAG-1 in cell
culture medium was examined by ELISA assay, data presented was normalized by concentration of protein lysates. Data are present as mean + SE of three
independent experiments, ‘p<0.05; “p<0.01; ““p<0.001, as compared with control group.
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and 7.5 mg/ml) treatments dose-dependently, and in a time-
dependent manner at 24, 36 and 48 h (p<0.001). The rate of
early and late apoptotic cells were quantified and depicted in
Fig. 3C.

The relative mRNA expression levels of different regula-
tory genes involved in apoptosis were then determined by
qRT-PCR.Treatment with different concentrations of BSGLWE
(1.25-7.5 mg/ml) upregulated the expression of survivin and
reduced the expression of Bcl-2 (p<0.001, Fig. 3D). However,
the mRNA level of bax was not changed upon BSGLWE treat-
ment (data not shown). Additionally, the expression of Bcl-2 at
protein level was also reduced by BSGLWE at dose-dependent
manner upon 48 and 72 h of treatments as determined by
western blotting (Fig. 3F). In particular, higher concentrations
of BSGLWE (5 and 7.5 mg/ml) seemed to have more effects
then lower doses in inducing apoptosis in HCT116 cells.

In addition, BSGLWE treatment downregulated the pro-
caspase-3 and pro-caspase-9 expression at protein levels as
determined by western blotting in a time-dependent manner
(Fig. 3F), suggesting caspase activation. We also found total
PARP was cleaved and cleaved-PARP was significantly
increased by BSGLWE in HCT116 cells at 48 and 72 h (Fig. 3F).

Nonsteroidal anti-inflammatory drug-activated gene
(NAG-1) or growth differentiated factor 15 (GDF15), a pro-
apoptotic gene, is a divergent member of the transforming
growth factor  (TGF-f3) superfamily (24). Previous studies
have reported that NAG-1 plays an important role in inhibiting
tumor growth (25-28). It has been well studied that many natural
products demonstrate their anticancer effects through upregu-
lating NAG-1 expression (24). Our previous studies and results
from many other laboratories suggest that NAG-1 plays a key
role in inhibiting cancer cell proliferation through inducing
apoptosis (24,25). For example, Piyanuch er al demonstrated
that berberine-induced apoptosis of colon cancer cells was
through upregulating the expression of NAG-1 (29). Therefore,
we also determined effects of BSGLWE on NAG-1 induction
in HCT116 cells. As shown in Fig. 3E and F, BSGLWE signifi-
cantly induced the expression of NAG-1 at both mRNA and
protein levels (p<0.001). Since NAG-1 is a secreted protein, we
used ELISA to quantify NAG-1 concentration in cell culture
medium. After normalized by total protein concentration in
cell lysates, our results showed a positive correlation between
the secretion of NAG-1 in cell culture medium and the concen-
tration of BSGLWE at 5 and 7.5 mg/ml (p<0.01) (Fig. 3G).
However, low doses (1.25 and 2.5 mg/ml) of BSGLWE seemed
not potent enough to induce NAG-1 secretion in HCT116
cells. Taken together, these results suggest that BSGLWE
significantly induced apoptosis in colorectal cancer HCT116
cells through regulating key molecules involved in apoptosis
cascades. NAG-1 may play an important role in BSGLWE-
induced apoptosis and growth inhibition in HCT116 cells.

BSGLWE reduces tumor growth in colon cancer xenograft
in nude mice. To evaluate the antitumor effects of BSGLWE
in vivo, we examined the effects of low dose and high dose of
BSGLWE (150 mg/kg vs. 300 mg/kg) by oral gavage on tumor
growth in a mouse tumor xenograft model. 5-FU was used as
positive control. Fig. 4A shows two representative photograph
of the average size of the tumor volume from each group, which
indicates reduced tumor volume in BSGLWE treated group
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compared with control group. Both lower dose and higher
dose of BSGLWE inhibited HCT116 xenograft tumor growth
and decreased the final tumor volume in dose-dependent
manner by 23.8 and 47.8% (P<0.05), respectively (Fig. 4C).
The final tumor weights at necropsy of the two doses were
all significantly lower than control group (p<0.05, Fig. 4B).
Final tumor weights of the four groups were 2.22+0.11 g
(control), 1.27+0.19 g (150 mg/kg), 1.00+0.21 g (300 mg/kg)
and 1.28+0.23 g (5-FU) (p<0.05) (Fig. 4B).

Compared with the control group, the body weight of
BSGLWE treated mice did not change significantly, while the
body weights of 5-FU treated group decreased significantly
two weeks after injection (Fig. 4D). Therefore, we had to
reduce the frequency of 5-FU administration to nude mice.
In addition, no other adverse effects such as skin ulcerations
or toxic death were observed in BSGLWE groups. This
result suggests that BSGLWE may have less toxicity to mice
compared to 5-FU.

In order to study how BSGLWE inhibited tumor develop-
ment in vivo, we examined the expression of related genes and
proteins that regulate the cell cycle, proliferation, and apop-
tosis by qRT-PCR and western blotting in xenograft tumor
samples. As shown in Fig. 4E, we found the relative expression
of cell cycle inhibitors, P16 and the retinoblastoma gene (RB1)
at mRNA levels, were significantly increased in 300 mg/kg
BSGLWE treated tumors compared to controls, while the
expression of P21, also a cell cycle inhibitor, was increased
but at non-significant level. In addition, WEE1, E2F1 mRNAs
were significantly decreased in HCT116 xenograft tumors upon
BSGLWE treatments (p<0.05) (Fig. 4E). It was reported that
WEETL is upregulated in several types of cancer, and inhibition
of WEEI in tumor could cause mitotic catastrophe in glioblas-
toma cancer (30-32). E2F1 transcription factor plays a positive
role in G1/S phase progression (33). Moreover, both mRNA
and protein levels (as depicted in histograph) of FOXO3a, a
cycle progression inhibitor, were significantly upregulated in
xenograft tumors by BSGLWE treatment in a dose-dependent
manner (Fig. 4E and H). The high expression of FOXO3a not
only causes cell cycle stagnation in the mitotic phase, but also
make the cells more susceptible to injury and apoptosis (34).
We also examined the expression of cyclin DI and cyclin Bl,
and found they were reduced upon BSGLWE treatment, but
at non-significant levels (Fig. 4E). These results indicate that
BSGLWE may inhibit HCT116 xenograft tumor development
through inhibiting cell cycle progression.

In addition, we examined the expression of apoptosis related
genes such as Bcl-2, TNF-a, NF-«B, HIF-1a, FADD, TRAF2,
caspase-8 and c-FOS by qRT-PCR. As shown in Fig. 4F,
BSGLWE significantly reduced the expression of anti-apoptosis
genes including Bcl-2, NF-«xB, and c-FOS in xenograft tumors
compared to controls in a dose-dependent manner (p<0.05)
(Fig. 4F), while the pro-apoptotic gene TNF-a, caspase-8,
TRAF2, and FADD were significantly induced by BSGLWE.
We also found PARP expression was downregulated slightly as
determined by western blotting (p>0.05, Fig. 4G).

To further examine whether NAG-1 may also play a role
in the antitumor effects of BSGLWE in vivo, we examined the
expression of NAG-1 in xenograft tumors and serum samples.
Interestingly, we found that NAG-1 protein expression was
significantly upregulated in a dose-dependent manner in


https://www.spandidos-publications.com/10.3892/ijo.2017.3939

1548

NA et al: Ganoderma lucidum SPORES INHIBIT COLORECTAL CANCER CARCINOGENESIS in vivo AND in vitro

B 4 c 3,0007 -+ control
A g ‘ i = -E -= 150 ma/kg
J 2 - _— =+ 300 mg'kg
] z 3 E = 5FU
= o 2,000
9 7]
- ; z 2 . . 5
: e \ 5 : S \
>
i E1 & 1,000
} N, . f = E
P I y'} W » 5
» ' control 150 300 5-FU = N
BSGLWE (mg/kg) 1 2 3 _" 3 :
control 150 mg/kg 300 mg/kg 5-FU Time (week)
28 I 2 %1 S eontrol g : © control
: ::Eun?gmg g - ;% mﬂ“:ﬂ ] = 133101 mgikg
- -
5 26] - 300 mgkg _52.0 malka 2 malkg
= - 5FU - 22
52 £15 = .
<
E 22 z10 -]
h=] E E1
@ o s .
20 ; 0.54 -
3 3
18 ; x T T r v @ 0.0-8 ’ ® g
1 2 3 4 5 6 cyclin D1 cyclin B1 P21 P16 WEE1 E2F1 FOXO3a RB1 Bcl-2 TNF-a NF-xB HIF-la c-FOS FADD TRAFZ Caspase-8

Time (week)

G H

control| 150 | 300 control| 150 | 300

BSGLWE (mg/kg)

BSGLWE (mg/kg)

control| 150 | 300 J

» =P
cleavea.paRp == M == S == S G FOXO3a Y 8 AR R S 8 f57-92kDa  NAG-Lm e s e el 36 102
B-actirl A5KDa  B-actin e s s s s mw s w45 kD2 B-actin 4skpa D
= - _ 30
s’ 82 - B2 s
t IS c 3
g S . 5 15 * 320
o 10 o 15 o -
- = = o
5 ] 5 10 =
g 210 8 -E 10
& 3 5 o 5 2
< o] -
a S z ¢
control %30 300 w control 150 300 control 150 300 - congosIGLwS?m K ?uo
BSGLWE (mglkg) BSGLWE (mg/kg) BSGLWE (mglkg) 9%

Figure 4. BSGLWE inhibits tumor growth in HCT116 xenograft nude mice. (A) Representative image of the average tumor volume from control, 150 mg/ml,
300 mg/ml and 5-FU groups. (B) Average final tumor weight of each group. (C) Growth curve of tumor volume in nude mice. (D) Effect of BSGLWE and 5-FU
treatment on body weight of nude mice. (E) Expression of cell cycle regulatory genes in xenograft tumors as determined by qRT-PCR. (F) Quantification of the
mRNA levels of apoptosis-associated genes treatment with different doses of BSGLWE in xenograft tumors as determined by gqRT-PCR. (G-I). Expression of
PARP, NAG-1, and Foxo3a in xenograft tumor at protein levels as determined by western blotting. Densitometry analysis is presented; and f-actin was used as
internal control. (J) Concentration of NAG-1 in serum of nude mice was detected by ELISA assay, data were normalized by tumor weights. Data are presented
as mean = SE of three independent experiments, “p<0.05; “p<0.01, as compared with control group.

HCT116 xenograft tumors upon BSGLWE treatment (p<0.01,
Fig. 41). We then measured the concentration of NAG-1 in
serum of tumor-bearing mice by ELISA, and found that after
normalized by tumor weights, the relative concentration of
NAG-1 protein was increased upon BSGLWE treatment
with a significant upregulation by 300 mg/kg treatment
(p<0.01, Fig. 4)).

Immunohistochemistry was done to determine expres-
sion of PCNA and Ki67, which are important cell nuclear
proliferation markers. The expression of PCNA and Ki67
were markedly decreased in BSGLWE treatment groups
dose-dependently compared with control group (Fig. 5A),
indicating that the BSGLWE effectively inhibit proliferation
of colon tumor cells in vivo. In addition, we found anti-apop-
totic marker Bcl-2 was markedly reduced in tumor sections
of BSGLWE treatment groups (Fig. 5B). Taken together,
these data suggest that the inhibitory effects of BSGLWE
on colorectal tumorigenesis in xenograft model may be
through regulating key molecules involved in inhibition of
cell proliferation, increase of cell cycle arrest and induction
of apoptosis.

BSGLWE induces necrosis in nude mouse xenograft tumors.
H&E was used to observe the pathological changes in xeno-
graft tumors after different treatments. Compared with control
group, the tumor necrosis area increased in the xenograft
tumors treated with BSGLWE. The pictures indicate that
BSGLWE obviously induced necrosis in a dose-dependent
manner in the xenograft tumors compared with control group
(Fig. 6A and B). The zoomed-in image from 300 mg/kg treated
(Fig. 6A upper right image), necrotic area was mainly char-
acterized by large blurred, massive, unstructured red-stained
material, mixed with blue-stained nucleus fragments in the
tumor tissue as compared with dark purple stained living cells
in non-necrotic area (Fig. 6C and D).

Discussion

In recent years, the interest in natural compounds for
prevention and treatment of cancer has increased. Various
classes of anticancer agents derived from plants including
alkaloids, saponins, polysaccharides, terpenoids and
flavonoids have been extensively studied in laboratories
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Figure 5. BSGLWE reduces cell proliferation and apoptosis markers as determined by immunohistochemical staining, including Ki67 and PCNA (A); and
Bcl-2 (B). Compared with control group, proliferation markers Ki67 and PCNA were significantly reduced, as well as apoptosis markers Bcl-2 significantly
decreased. Sections were observed under a microscope (x100, x400, and x400 digital zoom-in).

and clinical investigations. The anticancer activities of
the water-soluble extract of G. lucidum, which mainly
contains GLP, has also been recognized. Available studies
suggest that the anticancer mechanism of GLP may
include immunomodulation (35,36), suppression of tumor
angiogenesis (16), inhibition of cancer cell invasion and
metastasis (37), inhibition of tumor cell proliferation and
induction of tumor cell apoptosis (38), as well as reduction of
the anticancer drug resistance (39). However, GLP is a mixture
of peptidoglycan, glucose, heteropolysaccharide and other
polysaccharides (8,10). Due to the complex structure of GLP
and the limitation of separation and analysis, the composition
of GLP has not yet been fully identified. Bioactive GLP has
been isolated from the fruiting bodies of G. lucidum, from
the mycelia cultivated in liquid culture medium, and from
the spores of G. lucidum (19). Recently, studies found that the
BSGL possesses more bioactive GLP than fruiting bodies of
G. lucidum or mycelia and also showed more potent ability in
inhibiting cancer cell growth than unbroken spores (20-22).

In this study, we demonstrate that BSGLWE (mainly
contains GLP) is potent in inhibiting colorectal cancer cell
growth and tumor development through causing cell cycle
arrest, inhibiting cell proliferation and inducing apoptosis both
in vitro and in vivo. NAG-1 gene, which plays an important
role in inhibiting carcinogenesis in many cancers, may be a
key target of BSGLWE for its chemopreventive activity in
colorectal cancer. To our knowledge, this is the first study to
examine the anticarcinogenic effects and mechanisms exerted
by BSGLWE in colorectal cancer, and first to show NAG-1
could be induced by BSGLWE in cancer cells.

Cancer is caused by the imbalance of cell proliferation and
cell death, and is considered as a genetic disease that occurs
with increased genetic instability involved in regulation of

many cellular processes (13). These processes include prolif-
eration, apoptosis, angiogenesis, cell cycle progression and
invasion (40). Cell cycle disorder is one of the main contribu-
tors to carcinogenesis (41,42). The normal cells operate in the
exact chronological order through G1-S-G2-M phase under the
precise control by cell cycle molecular network system (41,42).
Deregulation of cell cycle would cause imbalance between
cell proliferation and apoptosis, which may eventually lead
to cancer. Our results suggest that BSGLWE could arrest
cell cycle at G2/M phase as determined by flow cytometry
in HCT116 cells. BSGLWE significantly decreased mRNA
levels of cyclin A2, cyclin Bl and increased the expression
of P21 in HCT116 cells. Both downregulation of cyclin A2
and cyclin Bl induced cell cycle arrest at G2/M phase (43).
P21 has a wide range of kinase inhibitory activity inhibiting
the activity of various cyclin-CDK complexes that cause
primarily GI1 arrest (44,45). However, some studies suggest
that upon upregulation, P21 also plays an important role in
G2/M arrest (46). These results suggest that BSGLWE may
cause HCT116 cell G2/M phase arrest through upregulating
P21 and downregulating cyclin Al and cyclin B2. Consistent
with our study, Zhao et al found that G. lucidum whole extract
induced cell cycle arrest at G2/M phase in ovarian cancer
cells (47). Wang et al found that GLP extracted from fruiting
body of G. lucidum could inhibit breast cancer cell prolifera-
tion through G2/M phase cell cycle arrest (48). However, at
present, no study examined effects of GLP extracted from
sporoderm-broken spores on cell cycle arrest.

We also found that the expression of WEEI and E2F were
significantly downregulated while the expression of P16,
FOXO3a and RB1 were significantly upregulated in the xeno-
graft tumors of the nude mice upon BSGLWE treatment. P16
can compete with cyclin D1 binding to CDK6 or CDK4 and
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Figure 6. BSGLWE induces necrosis in xenograft tumors. Histological analysis of tumor tissue samples from each treatment group. Tumor tissues were
stained with hematoxylin and eosin (H&E). Images captured at x40 (A), x100 (B). Representative image from 300 mg/kg treatment group showing living cells

(C, x400) and necrotic cells (D, x400).
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Figure 7. Working model of molecular mechanisms by which BSGLWE exerts its anticancer activity in colorectal cancer HCT116 cells and xenograft tumors.
The induction of NAG-1 by BSGLWE may play a role in BSGLWE-induced cell cycle arrest and apoptosis in colorectal cancer.

thus specifically inhibit CDK4 or CDKG6 activity, eventually
leading to cell cycle arrest at G1 phase (49,50). WEETI is a key
gene for G2/M phase arrest, inhibition or downregulation of
WEEI] kinase could lead to mitotic catastrophe in glioblas-
toma cancer cells (31,32). E2F transcription factor and Rb gene
family play an important role in regulating cell cycle progres-
sion from the G1 phase to the S phase (51). These results
suggest that BSGLWE may cause cell cycle arrest at different
check points in HCT116 xenograft tumors.

GLP has also been reported to induce apoptosis in several
cancer cells (13,18). Apoptosis is regulated by a number of genes
and is a precise process. In our study, BSGLWE downregulated
the expression of Bcl-2, a key anti-apoptosis molecule, both in
HCT116 cells and xenograft tumors as determined by western
blotting, qRT-PCR and immunostaining. The poly(ADP-ribose)
polymerase (PARP), an apoptosis marker, was cleaved both in
HCT116 cells and xenograft tumors upon BSGLWE treatment.
The transcription factors, Forkhead box O (FOXO) genes, are
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involved in multiple signaling pathways and play critical roles in
a number of physiological and pathological processes, including
cancer (52). One family member, FOXO3a, has been well defined
to be involved in cell cycle arrest and apoptosis induction, and
FOXO3a induction is important for tumor suppression (53). In
our study, BSGLWE treatment significantly increased FOXO3a
expression both at mRNA and total protein levels in xenograft
tumors, suggesting FOXO3a may be a potential molecular
target of BSGLWE. Study by Dey et al demonstrated that both
upregulation of mRNA and total protein levels of FOXO3a,
but not the phosphorylated form, play a key role in 33-Adiol-
induced apoptosis in prostate cancer cells (54). As mentioned
earlier, transcription factor NF-kB and cytokine TNF-a both
play a key role in cellular processes including inflammation,
apoptosis and cell cycle arrest.

Several studies have demonstrated that there is a signaling
interplay between FOXO3a, TNF-a, and NF-«B in regulating
physiological and pathological diseases (55-57). For example,
Lee et al found that FOXO3a promoted remarkable apoptosis
in human endothelial cells (HUVECS) through upregulating
of TNF-a and suppression of NF-kB (58). Correlating with
these observations, we found BSGLWE also increased TNF-a
expression and decreased NF-kB expression in xenograft
tumors, suggesting that the FOXO3a-TNF-a-NF-kB network
may also be important molecular targets for BSGLWE
induced apoptosis and cell cycle arrest in colorectal cancer.
However, apoptosis is a complex biological process which
can be divided into two paths: the extrinsic and the intrinsic
pathways, function via mitochondrial and death receptor,
respectively (59). In this study, we found that BSGLWE also
induced FADD, TRAF2, and caspase-8 expression, key regu-
lators of death-receptor-induced apoptosis pathway, suggesting
a more complex regulation of apoptosis by BSGLWE during
colorectal cancer carcinogenesis. More studies are needed to
further differentiate the two pathways and the exact regulating
mechanisms elicited by BSGLWE.

In the xenograft tumor study, we found both high and low
doses of BSGLWE treatment significantly reduced xenograft
tumor size and tumor weights compared to control group. At
0-4 weeks, the difference of tumor size was not quite obvious
between treatment and control group. However, the growth
rate of tumors in BSGLWE groups, especially the 300 mg/kg
group, was significantly slowed down at the fifth week until
end of the study. These results suggest that BSGLWE may be
more effective in inhibiting colorectal tumor progression at
late stage but not being quite effective in inhibiting the initia-
tion and early development of colorectal cancer in this study.
This observation may also suggest a long-term treatment with
BSGLWE might be necessary for colorectal cancer prevention
and therapeutic purpose in clinical practices. In agreement with
our study, Shi and Qing (60) found that long-term treatment
with G. lucidum significantly reduced death rate in late phase
cancer patients as compared with short-term treatment (9).
Few clinical studies in general suggest that G. lucidum is safe
to either normal population or patients with disease (61,62).
However, the safety and potential toxicity of long-term use
of G. lucidum for therapeutic purpose or prevention purpose
need to be evaluated in future studies.

Cell death has been mainly categorized into apoptosis,
autophagy and necrosis based on morphological features and
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biochemical characteristics. Recently, a growing number
of studies indicate necroptosis, distinct from apoptosis and
necrosis, as a new mechanism of cell death (63). Cells can
readily switch from one form of death to another (64). In this
study, we found that the xenograft tumor of mice treated with
BSGLWE showed more necrosis in a dose-dependent manner
than the control group as depicted in Fig. 6. Necrosis is often
observed in the internal regions of tumors where nutrient
and oxygen supplies are limited (65). Necrosis is considered
to be a form of cell death characterized by early plasma
membrane permeabilization and organelle swelling and is
accompanied by a significant inflammatory response (66).
Traditionally, apoptosis and autophagy were considered as
the most prominent cell death or cell death-related mecha-
nisms (67). By now, multiple other cell death modalities such
as necrosis were described and necrosis is recognized to be
most likely involved in the response to chemotherapeutic
treatments (67). Other than inducing apoptosis or autophagy
as their anticancer mechanisms, many natural compounds
including genistein, curcumin and Berberine have been
reported to induce necrosis in cancer cells as reviewed by
Gali-Muhtasib et al (68). It is reported that approximately
90% of cancer patients die of metastasis due to the resis-
tance of cancer cells to apoptosis inducing drugs (69).
Kim et al reported that for prognosis, the higher the rate of
necrosis area adjusted by tumor volume after chemotherapy
the better the prediction of metastasis-free survival of local-
ized osteosarcoma patients (70). Therefore, it is critical to
discover anticancer drugs that induce alternative modes of
cell death such as necrosis for cancer chemoprevention and
therapy. Our results suggest that BSGLWE could induce both
apoptosis and necrosis in HCT116 xenograft tumors and thus
slow down the rate of tumor growth.

Body weight change is important in evaluating toxicity
and side effects of a chemotherapy drug or nature product
in animal studies. Our study indicates that BSGLWE had
no negative effects on body weights of nude mice. During
the study, tumor-bearing mice in control group began to lose
weight (a hallmark of cachexia) at the fifth week and body
weights of control group were lowest among all groups at the
end of study. Cachexia is common in cancer patients and is
characterized by weight loss due to skeletal muscle wasting
and fat depletion (71). Cachexia causes weakness, immobility,
low tolerance to anticancer therapy, and poor quality of life,
which significantly contributes to cancer-related deaths in
cancer patients (71). In contrast, the body weights of 150 and
300 mg/kg BSGLWE treated mice maintained a continuous
increase of body weight throughout the whole experiment,
suggesting BSGLWE may have a beneficial effect on attenu-
ating cancer-induced cachexia in nude mice.

It is worth noting that lower dose of BSGLWE (150 mg/kg)
may even have a protective effect since the body weight of this
group was maintained at the highest level among all groups
throughout the study. On the contrary, 5-FU, a commonly
used chemotherapy agent, markedly induced weight loss and
severe side effects in nude mice two weeks after injection of
HCT116 cells. Therefore, we had to reduce the frequency of
5-FU administration to nude mice at week 2. Surprisingly, we
found that after reducing 5-FU administration, tumor growth
rate sharply accelerated at week 5, suggesting relapse may
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occur upon reduction of 5-FU treatment. However, BSGLWE
at either low or high doses did not show any of the side effects
or signs of weight loss, indicating that BSGLWE might be a
safer anticancer agent compared to 5-FU.

The combination of benefit without toxicity represents the
desired end result in the development of effective therapeutic
agents. G. lucidum has been used for thousands of years as a
health promotion and treatment strategy. Other than studies
from laboratories, there are also some published reports of
human trials in the assessment of G. lucidum for treating
several diseases, including cancer. In the process of clinical
treatment of cancer, G. lucidum spore powder is combined
with anticancer drugs to reduce reaction with radiotherapy
and chemotherapy in patients. G. lucidum used as one of
the component of a Chinese medicine herb complex which
significantly improved immune function, overall health and
ability to fight cancer in patients receiving chemotherapy or
radiotherapy medications (72).

A recent meta-analysis which included five randomized
controlled trials (RTC) with a total of 373 cancer patients
showed that patients who had been given G. lucidum alongside
chemo/radiotherapy were more likely to respond positively
compared to chemo/radiotherapy alone (RR 1.50; 95%
CI 0.90-2.51, P=0.02) (73). Among these five RTCs, four
studies showed that patients treated with G. lucidum had
relatively improved quality of life compared to controls (73).
Our study also showed that BSGLWE protected tumor-
bearing mice from weight loss and reduced the degree of
malignancy compared to 5-FU or control groups. However,
evidence from well-designed human clinical trials is still
scarce. In addition, one question is whether antitumor effects
of G. lucidum is a direct activity or is mediated through effects
on immune system modulation, which still is a key question to
be addressed in future studies (19). Therefore, more clinical
human trials are needed to better understand the bioactivity
of G. lucidum, especially GLP from the sporoderm-broken
spores. Investigation can progress in order to use G. lucidum
as new nutraceutical or drug for the prevention and treatment
of colorectal cancer in near future.

NAG-1, a pro-apoptotic gene, is a divergent member of
TGF-f superfamily. Many studies have shown that NAG-1
acts as a tumor suppressor protein by inhibiting tumor growth
and inducing apoptosis in the early stages of cancer (24-27).
NAG-1 induction may be associated with cell cycle arrest
and apoptosis in a variety of cancer cells (24-27). NAG-1
is upregulated in human colorectal cancer cells by several
NSAIDs, as well as by dietary compounds including resvera-
trol, genistein, diallyl disulfide, conjugated linoleic acid, green
tea catechins, epigallocatechin-3-gallate (EGCG), indole-
3-carbinol, capsaicin and other anticancer agents (24). In this
study, BSGLWE upregulated the expression of NAG-1 both
in vitro and in vivo which have never been reported before.

In HCT116 cell culture medium, NAG-1 concentration
was increased dose-dependently upon BSGLWE treatment as
compared to control cells. In nude mice, the source of serum
NAG-1 was derived from human HCT116 cells. We found
NAG-1 protein secreted into serum of nude mice was also
induced upon BSGLWE treatment. Laboratory studies overall
suggest that NAG-1 has an anticancer effect in many types of
cancer primarily through induction of apoptosis (24). However,
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clinical studies have shown that the expression of NAG-1 in
cancer patient, including colon cancer, were elevated, espe-
cially positively correlated with tumor stage and grade (24,74).
Unfortunately, the exact role of NAG-1 during tumorigenesis
in cancer patients is unknown. In agreement with results from
laboratory studies, our study suggests that NAG-1 induction
by BSGLWE may play a partial role in BSGLWE-induced
apoptosis and cell death in colorectal cancer. However, more
studies are needed to definitively determine whether the
BSGLWE-induced cell death in HCT116 cells is through
NAG-1 induction.

In conclusion, the present study demonstrated that
BSGLWE significantly inhibited colorectal cancer cell prolif-
eration and tumor growth through deregulating expression of
the key molecules of cell cycle, apoptosis and proliferation
as depicted in Fig. 7. BSGLWE induced NAG-1 expression
in HCT116 cancer cells and NAG-1 induction may be closely
related to reduced cell viability and increased apoptosis and
possibly cell cycle arrest upon BSGLWE treatment as modeled
in Fig. 7. To our knowledge this is the first study showing
that BSGLWE could inhibit cell proliferation in colorectal
cancer cells, which may involve NAG-1 induction. However,
definitive role of NAG-1 in BSGLWE induced cytotoxicity
in colorectal cancer need to be further elucidated in future
studies. Our results also indicate that BSGLWE may serve as a
novel anticancer agent for colorectal cancer chemoprevention
and therapy.
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