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Ganoderma atrum Polysaccharide Induces Anti-Tumor
Activity Via the Mitochondrial Apoptotic Pathway Related
to Activation of Host Immune Response
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ABSTRACT

Ganoderma atrum polysaccharide (PSG-1), the major active ingredient isolated from Ganoderma atrum, has been suggested as a candidate for
cancer therapy. The aim of this study was to investigate the anti-tumor effect of PSG-1 using sarcoma 180 (S-180) transplanted mice and
further to examine the molecular mechanisms of PSG-1-induced anti-tumor effect. Results showed that PSG-1 significantly inhibited tumor
growth in S-180-bearing mice. PSG-1-induced tumor apoptosis was associated with the alteration of Bcl-2 family proteins, increase of
reactive oxygen species generation, loss of mitochondrial membrane potential (Ays,,), release of cytochrome ¢ from the mitochondria into
cytosol, and activation of caspase-3 and -9. Elevation of immune function was also shown during PSG-1-induced tumor apoptosis, as
evidenced by increase of spleen and thymus indexes, lymphocyte proliferation, concentrations of tumor necrosis factor (TNF)-«, and
interleukin-2 in serum. Furthermore, the combined treatment of PSG-1 and cyclophosphamide (CTX) results in an enhancement of the anti-
tumor effect of CTX alone via increased host immune response. These results suggested that PSG-1 had a potent anti-tumor activity by
induction of tumor apoptosis through mitochondrial pathways, and immunoenhancement effect of PSG-1 was related to its anti-tumor effect.

In addition, PSG-1 enhanced CTX-induced anti-tumor activity in S-180-bearing mice. J. Cell. Biochem. 112: 860-871, 2011. © 2010 Wiley-

Liss, Inc.
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C ancer is becoming a leading killer for humans. Surgery,
radiation, and chemotherapy are the mainstay of cancer
treatments [Sarkar and Li, 2006]. However, severe adverse effects
such as serious infection due to anticancer drugs are also major
problems in the clinical setting. In particular, side effects of drugs
might be fatal in immunocompromised patients. Immune-based
approaches that recruit the host anti-tumor immune response to the
therapeutic effort are particularly attractive strategies for improving
clinical outcomes in malignant disease [Eisenbrand, 2006; Vuja-
novic and Butterfield, 2007]. Therefore, drugs enhancing anti-tumor
activities and the condition of the immune system in tumor-bearing
organisms are of great interest. Screening for natural products
with specific health benefits for immunological activities has been
a fast growing sector in cancer research [Fidler and Ellis, 2006;
Xu et al., 2009].

Ganoderma atrum belongs to the polyporaceae family of
Basidiomycota. This fungus has been widely used in Asian countries
for centuries to prevent or treat a variety of diseases, especially
cancer. In the recent 30 years, many studies have demonstrated the
anti-tumor effect of G. atrum and attributed it to the activated host
immune response. Its polysaccharides have been regarded as the
major bioactive substances and responsible for the anti-tumor
effect of Ganderma atrum [Gao et al., 2004, 2005; Lin et al., 2006;
Paterson, 2006], but there is little investigation about the anti-tumor
effect of its polysaccharides and the mechanisms in this pathological
condition.

Sarcoma 180 (S-180) bearing mice have been one of the classical
solid tumor models for a very long time. Naturally occurring
polysaccharides have been reported to exert anti-tumor activity
in S-180 bearing mice [Yuan et al., 2006]. However, molecular
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mechanisms for the anti-tumor effect of polysaccharide are far
from clear. Apoptosis, or programmed cell death, is a physiological
process of cell death, which has been identified to be an important
molecular basis for both the initiation and progression of cancer
[Burger, 2004; Stein, 2005; Jiang et al., 2006; Mohapatra et al., 2009].
Two major pathways that are associated with apoptosis have been
reported: (a) mitochondria-dependent pathway (intrinsic pathway)
and (b) death receptor-dependent pathway (extrinsic pathway)
[Eichele et al., 2006; Nicolson, 2007]. It is well-established that the
mitochondria-dependent apoptotic pathway is stimulated in anti-
tumor treatment both in vitro and in vivo. Mitochondrial damage is
associated with the release of cytochrome ¢ and activation of caspase-
9. Activated caspase-9 leads to the activation of caspase-3, which
executes apoptosis [Chen and Chang, 2009; Dasgupta et al., 2009].

A polysaccharide, named PSG-1 with a purity of >99.8%, has been
recently isolated from G. atrum in our laboratory. Its primary structural
features and molecular weight were characterized [Chen et al., 2008].
Therefore, the present study was designed to evaluate the anti-tumor
effect of PSG-1 in vivo using S-180-bearing mice and further examined
the molecular mechanisms about the effect of PSG-1.

REAGENTS

PSG-1 was extracted and purified by our laboratory following a
published method [Chen et al., 2008]; Cyclophosphamide (CTX) was
purchased from Hualian Pharmaceutical Co. Ltd. (Shanghai, China).
Cell culture products were obtained from Life Technologies (Paisley,
Scotland); 2/,7’-dichlorofluorescein diacetate (DCFH-DA) and
Rhodamine-123 (Rho-123) were purchased from Molecular Probes
Inc. (OR); Annexin V-FITC apoptosis detection kits were obtained
from Becton Dickinson Biosciences (SD); The antibodies against Bcl-
2, Bax, cytochrome ¢, and B-actin, as well as the HRP-labeled
secondary antibody, were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). The anti-voltage-dependent anion channel
(VDACQ) 1 was purchased from Abcam (Cambridge, MA).

CELLS AND ANIMALS

Murine S-180 cell line was purchased from Type Culture Collection
of Chinese Academy of Sciences, Shanghai, China. These cells were
cultured in RPMI-1640 medium with 2.0 g/L sodium bicarbonate
plus 10% fetal bovine serum, 1 x 10° units/L penicillin, and 100 mg/
L streptomycin, and maintained in a humidified incubator with an
atmosphere of 95% air and 5% CO, at 37°C. Kunming mice, weighed
20.0+2.0¢ (grade II, Certificate Number SCXK (gan) 2006-0001)
were purchased from Jiangxi College of Traditional Chinese
Medicine, Jiangxi, China. All animals used in this study were cared
for in accordance with the Guide for the Care and Use of Laboratory
Animals published by the United States National Institute of Health
(NIH Publication No. 85-23, revised 1996), and all procedures were
approved by the Nanchang University Medical College Animal Care
Review Committee.

ESTABLISHMENT OF S-180 MODEL
The S-180 model used in the present study was in accordance with a
method reported previously [Pal et al., 2009]. Briefly, under sterile

conditions, the S-180 mouse sarcoma cells with ascites were
harvested, and diluted with sterilized saline. A 0.2 ml of S-180 cell
suspension (approximately 1 x 107 cells/ml) was subcutaneously
inoculated into mice in the axillary region.

EXPERIMENTAL GROUPS AND ASSAY OF ANTI-TUMOR ACTIVITY IN
S-180-BEARING MICE

After 1 week of acclimatization, intact mice were randomized into
five experimental groups (n = 8 per group). The experimental groups
were divided as follows: (i) Control group: after the day of
inoculation (day 1), the mice were injected intraperitoneally (i.p.)
once daily with the same volume of 0.9% sodium chloride for 10
consecutive days. (ii) PSG-1-25 group: after the day of inoculation
(day 1), PSG-1 (25 mg/kg body weight) was injected i.p. once daily
for 10 days in a volume of 0.2 ml. (iii) PSG-1-50 group: after the day
of inoculation (day 1), PSG-1 (50 mg/kg body weight) was injected
i.p. once daily with the same volume for 10 consecutive days. (iv)
PSG-1-100 group: After the day of inoculation (day 1), PSG-1
(100 mg/kg body weight) was injected i.p. once daily with the same
volume for 10 consecutive days. (v) Normal group: the mice without
inoculating received the same volume of sodium chloride 0.9%
injection. All the mice were sacrificed on day 11. The excised tumors
were weighted, and the inhibition rate (TIR) was calculated by the
following equation:

TIR (%) = chi

L% 100
C
where W¢ is the average tumor weight in the S-180-bearing control
group and Wr is the average tumor weight in the drug-treated
groups.

PREPARATION OF MURINE S-180 CELLS IN THE TUMOR OF
S-180-BEARING MICE

The tumor was harvested in a germ-free condition and placed in
calcium- and bicarbonate-free Hanks’ buffer with 4-(2-hydro-
xyethyl)-1-piperazineethanesulfonic acid (HEPES). The tumor
tissues were minced. Single-cell tumor suspensions were pooled
in a serum-free RPMI-1640 medium by filtering the suspension
through sieve mesh with the aid of a glass homogenizer to exert
gentle pressure on tissue fragments. Samples were washed twice in
phosphate buffered saline (PBS). After centrifugation (200g, 5 min),
the cells were resuspended to a concentration of 2 x 10° cells/ml in
RPMI 1640 medium supplemented with 10% fetal calf serum.

ANTIPROLIFERATIVE EFFECT OF PSG-1 IN THE TUMOR OF
S-180-BEARING MICE

Antiproliferative effect was determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolim bromide (MTT) assay. The S-180 cells
in the tumor of S-180-bearing mice were harvested and seeded in
96-well plates at 5 x 10*/well (100 wl/well). The S-180 cells in each
well were treated with 10 wl MTT dye (5 mg/ml). After additional 4 h
incubation, a total of 200 wl DMSO was added to each well and
shaken until the crystal were dissolved [Xu et al., 2008]. The purple
formazan crystals were detected at 570 nm using a microplate reader
(Bio-Rad Laboratories, CA) and the cell viability was expressed as
a percentage of the control.
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FLOW CYTOMETRIC ANALYSIS OF APOPTOSIS IN THE TUMOR OF
S-180-BEARING MICE

Apoptosis was determined by Annexin V and propidium iodides
(PI) double staining. The cells were washed twice and adjusted to a
concentration of 1 x 10° cells/ml with ice cold PBS, and stained with
Annexin V-FITC and PI in binding buffer (10 mM Hepes, 140 mM
NaCl and 2.5mM CaCl,). Ten thousand events were collected for
each sample. Stained cells were analyzed using a FACStar Plus flow
cytometry (Becton Dickinson).

DETERMINATION OF MITOCHONDRIAL MEMBRANE POTENTIAL
(Awy) IN THE TUMOR OF S-180-BEARING MICE

Changes in Ais,, were assayed by Rho-123 (Molecular Probe) staining
in accordance with a procedure described by Li et al. [2010]. Rho-123
fluorescence was measured using a FACStar Plus cell sorter with
excitation and emission wavelengths of 488 and 530 nm, respectively.
In total, >10,000 events were analyzed. Additionally, Ads,, depletion
was confirmed by another dye, 5,50',6,6'-tetrachloro-1,1’,3,3'-tetra-
ethylbenzimidazolyl-carbocyanine iodide (JC-1; Beyotime Institute of
Biotechnology, Shanghai, China). The Ais,, is detected according to the
changes of JC-1 fluorescence. The values of optical density (OD) at 590
and 530 nm were determined by a spectrofluorometry. As the Ay, is
proportional to the ratio of 0D590 to 0D530, the Ais,,, was expressed as
0D590/0D530 [Huang et al., 2010].

DETERMINATION OF Bcl-2, BAX AND CYTOCHROME C PROTEINS
EXPRESSION IN THE TUMOR OF S-180-BEARING MICE

Bcl-2, Bax, and cytochrome c proteins in tumor were assessed
by Western blotting. Briefly, the tumor was fractionated into
mitochondrial and cytoplasmic compartments with a mitochon-
drial/cytosol fractionation kit (Biovision, CA). Samples were mixed
with sample buffer (Laemmli sample buffer; Bio-Rad) and then
boiled for 5 min and loaded onto 12% or 15% SDS-polyacrylamide
gels. After electroblotted onto PVDF membranes, the sample blots
were blocked for 2 h with 5% non-fat milk powder in TBST solution
(25 mM Tris-HCI [pH 7.6], 0.2M NaCl, and 0.1% v/v Tween 20)
at room temperature. After blocking with 5% non-fat milk, the
membranes were incubated with a rabbit polyclonal anti-Bcl-2 (1:200
dilution), rabbit polyclonal anti-Bax (1:300 dilution), and mouse
monoclonal anti-cytochrome c (1:300 dilution) antibody, respectively.
To assure equivalent protein loading, the membranes were also
incubated with anti-a-tubulin mouse monoclonal antibody (1:500
dilution), and anti-VDACT1 rabbit polyclonal antibody (1:500 dilution),
and subsequently with a corresponding horseradish peroxidase-
conjugated second antibody IgG (1:5,000 dilution). The densitometric
analysis of bands was carried out using GDS-8000 UVP photo scanner
(Upland, CA) and LAB WORK45 Image software.

MEASUREMENT OF CASPASE ACTIVITIES IN THE TUMOR OF
S-180-BEARING MICE

Caspase activitives were evaluated by the use of caspase-3 and -9
colorimetric assay kit (Biovision). The assay is based on spectro-
photometric detection of the chromophore p-nitroanilide (pNA) after
cleavage from the labeled substrate DEVD-pNA. The absorbance at
405 nm of the released pNA was monitored in a spectrophotometer.

DETERMINATION OF CLEAVED CAPASE-3 AND -9 PROTEINS
EXPRESSION IN THE TUMOR OF S-180-BEARING MICE

The tumor tissues were lysed with lysis buffer containing 50 mM
Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM EDTA, 1% (v/v) TritonX-100,
1 mM NaF, 1 mM Na;V0,, 0.2 mM phenylmethylsulfonyl fluoride,
10 pg/ml leupeptin, and 10 pg/ml aprotinin. Equivalent amounts
of protein were resolved on 10% SDS-PAGE and transferred to
PVDF membranes. After blocking with 5% non-fat milk, the
membranes were blotted with anti-cleaved capase-3 rabbit poly-
clonal antibody (1:1,000 dilution), anti-cleaved capase-9 rabbit
polyclonal antibody (1:1,000 dilution; Cell Signaling Technology,
Beverly, MA), and detected with a horseradish peroxidase-linked
secondary antibody (1:5,000 dilution). The specific bands
were detected using chemiluminescence reagents on a chemilumi-
nescence film. Densitometric analysis of the Western blot was
performed with GDS-8000 UVP photo scanner and LAB WOEK45
Image software (Bio-Rad). Normalization of results was ensured by
running parallel Western blots with anti-B3-actin antibody.

MEASUREMENT OF REACTIVE OXYGEN SPECIES (ROS)
GENERATION IN THE TUMOR OF S-180-BEARING MICE

The determination of intracellular ROS was based on the oxidation
of DCFH-DA to the fluorescent product, 2/,7’-dichlorofluorescein
(DCF). The cells were harvested and washed with cold PBS. Washed
cells were further incubated with10 puM of DCFH-DA at 37°C
for 20min. Then, DCF fluorescence was monitored by flow
cytometry with FACSort cell sorter (Becton Dickinson) at wave-
lengths of 480 &30 nm (excitation) and 535+ 40 nm (emission).

DETERMINATION OF THYMUS AND SPLEEN INDEXES

After 10 days of administration, mice were sacrificed by cervical
dislocation. Spleen and thymus weights of the mice were measured.
Thymus and spleen indexes were expressed as the thymus (or spleen)
weight (mg) over the body weight (g).

DETERMINATION OF TUMOR NECROSIS FACTOR-(TNF)-« AND
INTERLEUKIN (IL)-2 BY ELISA

The concentrations of IL-2 and TNF-« in serum were determined
using ELISA kits (SenXiong Biotech, Shanghai, China). All samples
and provided standards were analyzed in duplicate. A standard
curve was constructed using standards provided in the kits, and the
cytokine concentrations were determined from the standard curves
using linear regression analysis.

PREPARATION OF LYMPHOCYTE CELLS

The extirpated spleens were treated in germ-free condition. Single-
cell spleen suspensions were pooled in serum-free RPMI-1640
medium by filtering the suspension through sieve mesh with
the aid of a glass homogenizer to exert gentle pressure on the
spleen fragments. Samples were washed twice in PBS/0.1% bovine
serum albumin. After centrifugation (200g, 5min), the cells were
resuspended to a concentration of 2 x 10° cells/ml in RPMI 1640
medium supplemented with 10% fetal calf serum.
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ASSAY OF SPLENOCYTE PROLIFERATION INDUCED BY T- AND
B-CELL MITOGENS CONCANAVALIN A AND LIPOPOLYSACCHARIDE,
RESPECTIVELY

Splenocytes were placed into the 96-well flat-bottomed microplates
in triplicate at 5 x 10% cells/well, then 2.5 pug/well concanavalin
A (Con A) or 10 pg/well lipopolysaccharide (LPS) was added to the
wells. After incubation for 48h, 20wl MTT solution (5mg/ml)
was added to each well. After additional 4 h incubation, the cells
were lysed and the purple formazan crystals were solubilized
for detection at 570nm. The absorbance (A) was translated
into lymphocyte proliferation ratio for comparison: lymphocyte
proliferation ratio = testa/normal control, x 100%.

STATISTICAL ANALYSES

Values are expressed as means + SEM One-way analysis of variance
followed by the Student-Newman-Keuls test was applied to
determine the statistical significance between various groups. A
value of P < 0.05 was considered to be statistically significant.

EFFECTS OF PSG-1 ON THYMUS, SPLEEN INDEXES AND TUMOR
WEIGHTS IN S-180-BEARING MICE

As shown in Figure 1A,B, PSG-1 could significantly inhibit the
growth of mouse transplanted S-180. The groups treated with PSG-1
showed an increase of tumor inhibition rate compared to the control
group. These results showed that PSG-1 had a potent anti-tumor
effect. All the PSG-1 treated groups caused a significant increase in
the thymus and spleen indexes compared with control group
(Table I).

EFFECTS OF PSG-1 ON THE PROLIFERATION OF TUMOR IN
S-180-BEARING MICE

In our present study, we examined whether PSG-1 inhibited the cellular
proliferation of tumor in S-180-bearing mice by MTT assay. Compared
to control group, PSG-1 significantly inhibited the proliferation of
tumor (Fig. 1E). These results indicated that PSG-1 can exert
antiproliferative activity in the tumor of S-180-bearing mice.

APOPTOSIS IN THE TUMOR OF S-180-BEARING MICE OWING TO
PSG-1 ADMINISTRATION

We thought that the anti-tumor effect of PSG-1 might be mediated
through the initiation of apoptosis. Accordingly, the effect of PSG-1
on tumor apoptosis was further investigated by flow cytometric
analysis. Flow cytometric analysis using Annexin V and PI double-
staining, discriminates intact cells (AnnexinV /PI"), apoptotic
cells (AnnexinV'/PI"),
Compared to control group, both necrotic cells and apoptotic cells
were significantly increased in the tumor administered with PSG-1
(Fig. 1C,D). Therefore, PSG-1-induced anti-tumor effect was related
to apoptosis and necrosis in the tumor of S-180-bearing mice.

and necrotic cells (AnnexinV'/PI").

EFFECTS OF PSG-1 ON A¥,, AND THE RELEASE OF CYTOCHROME
C INTO THE CYTOSOL IN THE TUMOR OF S-180-BEARING MICE

Recent studies have suggested that mitochondria play an essential
role in death signal transduction. Mitochondrial dysfunctions

induce the release of several apoptogenic proteins, which
subsequently causes apoptosis. The loss of Ays,, is associated with
mitochondrial dysfunctions [Kluck et al., 1997]. The Ay, was
detected with Rho123 staining by flow cytometric analysis. As
shown in Figure 2A,B, PSG-1 caused a marked loss of Rho123
fluorescence. Moreover, PSG-1 caused the loss of Ay, was
confirmed by JC-1 staining (Fig. 2C). JC-1 is a cationic dye
that exhibits potential-dependent accumulation in mitochondria,
indicated by a fluorescence emission shift from green (~529 nm)
to red (~590 nm). Mitochondria depolarization is indicated by a
decrease in the red to green fluorescence intensity ratio. The
Ays,, was expressed as the ratio of 0D590/0D530 in accordance
with literature. This was in accordance with the result of Rho123
staining (Fig. 2C). Taken together, these results suggest that PSG-1
is capable of inducing mitochondrial dysfunction.

Mitochondrial dysfunction releases several apoptogenic proteins,
most notably cytochrome c, from the mitochondria into the cytosol.
Western blot revealed that PSG-1 led to the release of cytochrome
¢ from the mitochondria into the cytosol (Fig. 3A). These results
indicate that PSG-1-induced apoptosis is associated with the
mitochondrial dysfunction and the release of cytochrome c in
the tumor of S-180-bearing mice.

EFFECTS OF PSG-1 ON CASPASE ACTIVITY IN THE TUMOR OF
S-180-BEARING MICE

Caspases are a family of cysteine proteases that are synthesized
as inactive zymogens and are proteolytically cleaved into
subunits during apoptosis [Lin et al., 2009]. We therefore elected
to investigate the ability of PSG-1 to modulate caspase-3 and -9
activity. As shown in Figure 4A, Western blot analysis revealed that
PSG-1 markedly promoted both caspase-3 (17/19kDa) and -9
(37 kDa) activation [Lin et al., 2009]. In addition, we next examined
the caspase-9 and -3 activities by using caspase-3 and -9
colorimetric assay kit. Both caspase-3 and -9 activities increased
after administration of PSG-1 in the S-180-bearing mice (Fig. 4B,C).
These results suggested that PSG-1-induced apoptosis is associated
with the activation of caspase-3 and -9 in the tumor of S-180-
bearing mice.

EXPRESSION OF APOPTOSIS-ASSOCIATED PROTEINS IN THE
TUMOR OF S-180-BEARING MICE

To investigate the molecular mechanism of PSG-1-induced
apoptosis, the expression of several apoptosis-associated
proteins was examined. The expression of Bcl-2 was decreased
by PSG-1 treatment (Fig. 3B). Western blot analysis also revealed
that mitochondrial Bax protein increased after the administration
of PSG-1, together with a decrease in cytosolic Bax (Fig. 3B).
These data indicate that PSG-1 induced the loss of Bcl-2 from
mitochondria and Bax translocation in the tumor of S-180-bearing
mice.

EFFECTS OF PSG-1 ON ROS PRODUCTION IN THE TUMOR OF
S-180-BEARING MICE

Mitochondrial production of ROS also seems to play a role in
apoptosis [Li et al., 2010]. ROS, the byproducts of mitochondria, has
been suggested to regulate the process involved in the initiation
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Fig. 1. PSG-1 inhibits the tumor growth of S-180-bearing mice via the induction of apoptosis. A: The tumor weight in S-180-bearing mice. B: The inhibition rate of PSG-1on
tumor. C,D: Detection of apoptotic cells by AnnexinV and Pl double staining. C: S-180 tumor cells stained with AnnexinV-FITC and Pl labeling and analyzed by flow cytometry. D:
Column bar graph of apoptosis. E: Cell proliferation was determined by MTT assay. Values are mean + SEM of eight mice. “P< 0.01 versus control group.

of apoptotic signaling. We conducted experiments to analyze EFFECTS OF PSG-1 ON CON A OR LPS-INDUCED LYMPHOCYTES
ROS production in the tumor of S-180-bearing mice. As shown in PROLIFERATION IN S-180-BEARING MICE

Figure 2D,E, PSG-1 caused a rapid and significant increase in The normal murine lymphocyte proliferation ratio induced by Con A
DCF fluorescence. These findings indicate that PSG-1-induced or LPS and treated with RPMI 1640 medium was regarded as 100%.
apoptosis was associated with the elevation of ROS production. The proliferate responses of lymphocytes to both T-cell and B-cell
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TABLE I. Effects of PSG-1 on Immune Function in S 180-Bearing Mice

Lymphocyte proliferation

rate (%)
Thymus index Spleen index TNF-a IL-2

Group (mg/g) (mg/g) (pg/ml) (pg/ml) Con A-induced LPS-induced
Normal n.d. n.d. n.d. n.d. 100 100
Control 2.37+0.11 3.60+0.35 19.70 + 1.20 27.65+ 1.85 70.48 £+ 5.19 76.65 + 5.06
PSG-1-25 2.86+0.15% 4.7140.48" 22.78 +1.98 33.27 +2.02"* 99.28 + 6.94™* 100.43 4 3.59™
PSG-1-50 3.3240.18 5.5140.57*" 26.83 +2.44™ 36.48 +1.91™ 109.75 4 5.87* 114.98 +6.51*
PSG-1-100 3.60 +0.20™ 5.71+0.64" 27.83 4 2.06™ 38.96 4+ 2.13** 111.25+7.29" 118.74+£7.14™
CTX 1.66 £0.16" 2.88+0.32° 16.76 + 1.34" 23.94 4 2.07°* 60.98 + 5.50" 67.57 +3.47"
PSG-1+ CTX 3.07+0.11° 4.81+0.51% 22.60 + 1.63° 32.8142.22%° 97.84 4 5.94%% 96.77 +4.80%°

S-180-bearing mice were administered intraperitoneally (i.p.) with the test compounds for 10 days once daily. S180-bearing control group and normal group received the
same volume of sodium chloride 0.9% injection. Thymus, spleen indexes, concentration of TNF-a and IL-2 were determined on day 11. Values are expressed as
mean + SEM of eight mice for each group; *P < 0.05, **P<0.01 compared to control group; *P < 0.05, **P < 0.01 compared to CTX group. n.d., not determined.

mitogens (Con A and LPS, respectively) were reduced markedly in
control group, compared with normal group (Table I). Meanwhile,
when the S-180-bearing mice were administrated with PSG-1, their
lymphocyte proliferation activities were increased significantly in
S-180-bearing mice group.

EFFECTS OF PSG-1 ON CYTOKINE PRODUCTION IN SERUM OF
S-180-BEARING MICE

Effects of PSG-1 on IL-2 and TNF-a level in murine serum were
determined by ELISA. As shown in Table I, the IL-2 and TNF-« levels
in control group were significantly lower than normal group. At the
same time, administration of PSG-1 significantly increased the IL-2
and TNF-a level in serum of S-180-bearing mice.

PSG-1 MARKEDLY ENHANCED THE CTX-MEDIATED ANTI-TUMOR
ACTIVITY IN S-180-BEARING MICE

CTX is a mainstay cancer chemotherapy agent, its immunosuppres-
sing activity represents a major clinical challenge and main limiting
factor for sustained clinical use. As shown in Table I, CTX resulted in
immunosuppressive effects, as evidenced by the decrease of spleen
index, lymphocyte proliferation and concentrations of TNF-a and
IL-2 in serum. But the PSG-1 could renew it (Table I). Meanwhile,
PSG-1 (25 mg/kg body weight) and CTX (20 mg/kg body weight)
both showed a lower inhibition rate of S-180 tumor and apoptosis
when they were used alone. But when they were mixed at the same
dose, the anti-tumor activity was raised rapidly (Fig. 5A,B). We also
found that the combination of PSG-1 and CTX caused a significant
increase in apoptosis (AnnexinV*/PI"), necrosis (AnnexinV"/PI*)
and antiproliferative effect compared with PSG-1 and CTX
treatment alone in the tumor of S-180 bearing mice (Fig. 5C-E).
These results suggest that PSG-1 enhanced the anti-tumor activities
of CTX by activating host immune response.

Ganoderma atrum has played an important role as an ancient
medicine/health food for centuries and there is a growing trend for
its medical use. The polysaccharide has been recognized as one of
the main active components in G. atrum, but there is little
information about polysaccharide of G. atrum on anti-tumor
activity [Chen et al., 2009]. In the present study, we isolated the

polysaccharide (PSG-1) from G. atrum and investigated its anti-
tumor activity using S-180-bearing mice in vivo. Our results
indicate that PSG-1 showed a strong anti-tumor effect, as evidenced
by the inhibition of tumor growth in S-180-bearing mice.

Cancer is a disease that involves excessive proliferation of
cells and abandonment of their ability to die [Croci et al., 2008;
Malikova et al., 2008; Pratap et al., 2009]. Normally, cells can
kill themselves in a balanced process known as ‘apoptosis.” Growing
evidence indicates that anti-tumor therapy involves the triggering
of tumor cells to undergo apoptosis [Altieri et al., 2009]. In
this study, antiproliferative action on murine Sarcoma S-180
and tumor apoptosis are shown during PSG-1-induced anti-tumor
effect. Additionally, it has been reported that anti-tumor therapy
not only causes apoptosis, but other forms of cell death as well,
such as necrosis [Sasi et al., 2009]. A significant increase of
necrosis was also shown in PSG-1 treatment groups, indicating
that the potential mechanisms of PSG-1 against tumor may be
complex.

Apoptosis is a process of gene-mediated programmed cell death
for the elimination of unwanted cells in various biological systems
and is the key phenomenon in cell death induced by anti-tumor
treatment [Aqeilan et al., 2004; Li et al., 2008]. It is now well-
established that apoptosis occurs through two major signaling
pathways, which are mitochondria-mediated apoptotic pathway and
death receptor-mediated apoptotic pathway [Henson et al., 2003].
Currently available data indicate that elimination of malignant cells
often depends on mitochondria apoptotic pathway [Ghosh et al.,
2006]. More recently, our results have also shown that mitochon-
drial apoptotic pathway was related to anti-tumor effect in human
hepatoma cells [Li et al., 2009]. Therefore, several apoptosis-
associated parameters of mitochondrial pathway were investigated
in this study.

Studies have shown that disruption of Ay, may lead to the
release of several apoptogenic proteins, initiating the cascade of
events that result in caspase activation during mitochondria-
dependent apoptotic pathway [Nakazato et al., 2005]. Flow
cytometric studies revealed a very significant depletion of Ay,
in PSG-1 treatment groups. Mitochondrial dysfunction releases
several apoptogenic proteins, most notably cytochrome c. The
release of cytochrome ¢ from the mitochondria into the cytosol was
found in the PSG-1 treatment groups. These findings suggest that
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PSG-1 induces anti-tumor effect through mitochondrial-mediated
apoptosis pathway.

The release of the mitochondrial protein cytochrome ¢ precedes
the downstream event of caspase activation. Caspases play an
important role in the execution of apoptosis. Caspases transduce the
apoptotic signal cascade and engage cellular targets leading to
apoptosis. Caspase-3, one of the key effectors, might be activated by
caspase-9, through the mitochondrial pathway [Giagkousiklidis
et al., 2005; Hossain et al., 2009]. Consistent with previous studies,
our current results demonstrated that the tumor apoptosis induced
by PSG-1 was accompanied by an increase of caspase-9 and -3
activities.

It is well-known that production of ROS is a common mechanism
in one of the representative pathways of apoptosis [Liu and Chang,
2009]. In the present study, the results showed that mitochondria
were related to PSG-1-induced tumor apoptosis. As the mitochon-
drial respiratory chain on the inner mitochondrial membrane is a
major intracellular source of ROS, we investigated the relevance
of ROS generation to apoptosis. The results showed that PSG-1-
induced apoptosis in the tumor of S-180-bearing mice was in
association with the elevation of ROS production, suggesting
that ROS production is related to PSG-1-induced mitochondrial-
mediated apoptosis.

The Bcl-2 family, which possesses both anti- and pro-apoptotic
members, acts as a checkpoint upstream of mitochondria dysfunc-
tion [Tyagi et al., 2006]. Bcl-2 can prevent ROS generation and
control the mitochondrial permeability by opposing the effect of
Bax, thereby blocking cytochrome c release [Chan et al., 2007]. The
anti-apoptotic function of Bcl-2 is thought to be primarily derived
from Bcl-2 resided in the mitochondria. Under normal conditions,
Bax exists as a soluble monomer in cytosol. However, upon
stimulation, Bax translocates to mitochondria and the level of
mitochondrial Bcl-2 decreases [An et al., 2004; Dai and Grant,
2007]. In this study, Western blot analysis revealed that admin-
istration of PSG-1 resulted in the reduction of mitochondrial Bcl-2
and the Bax translocation from cytosol to mitochondria. These
results indicate that Bcl-2 family proteins may play a critical role in
regulating tumor apoptosis induced by PSG-1.

Our results, together with the results of previous studies, suggest
that PSG-1 induce tumor apoptosis through mitochondrial death
pathways, as evidenced by the alteration of Bcl-2 family proteins,
elevation of ROS production, loss of Ays,, release of cytochrome
¢ and activation of caspase-3 and -9.

An increasing number of studies indicate that many poly-
saccharides isolated from plants, animals, and microorganisms

Fig. 2. Effect of PSG-1 on the loss of Als,, and generation of ROS in the
tumor of S-180-bearing mice. AB: Flow cytometric analysis of Ay, as
estimated by the Rho 123 fluorescence. A: Flow cytometric analysis of A,
as estimated by the Rho 123 intensity. B: Column bar graph of cell fluorescence
for Rho 123. C: Confirmation that PSG-1 caused As,, depolarization by JC-1
staining. The values of OD at 590 and 530 nm were determined by a spectro-
fluorometry. The Als,,, was expressed as the ratio of 0D590/0D530. D,E: Flow
cytometric analysis of ROS generation as estimated by the fluorescence of
2/,7'-dichlorofluorescein (DCF). D: Flow cytometric histograms of DCF fluor-
escence in cardiomyocytes. E: Column bar graph of cell fluorescence for DCF.
Values are mean + SEM of eight mice. “*P< 0.01 versus control group.
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Fig. 3. Effect of PSG-1 on cytochrome c release and the expression of Bel-2 family in the tumor by Western blot analysis. A: The cytosolic and mitochondrial proteins were
analyzed by Western blot with anti-cytochrome c, anti-a~tubulin, anti-VDAC1, and anti-B-actin antibodies. B: The cytosolic and mitochondrial proteins were analyzed by

Western blot with anti-Bax, -Bcl-2, -a-tubulin, -VDAC1, and -B-actin antibodies.

have potent immunotherapeutic properties with respect to the
prevention and treatment of cancer [Niizuma et al., 2007]. The
occurrence, development and prognosis of cancer are closely related
to the immune status of the cancer patients. Further study is
thus required to investigate the effect of PSG-1 on immune function
in S-180-bearing mice. Immune response of body is composed of
specific and non-specific immunity. The specific immune response
includes humoral immunity and cellular immunity [Ooi and Liu,
2007]. The humoral defense through antibody response is regulated

by B cells and other immune cells involved in antibody production
and immunization. Cell-mediated immune defense was mediated
specifically by T cells including nature killer cells [Barber and
Sentman, 2009]. In this work, T- and B-cell proliferation activity
of the control group was significantly lower than normal
group. When transplanted S-180 tumor mice were administrated
with PSG-1, the T- and B-cell proliferation activities were increased
significantly than control group. The thymus and spleen are two
important immune organs. The thymus and spleen indexes were
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Fig. 4. Effect of PSG-1 on the activation of caspases in the tumor of S-180-bearing mice. A: The proteins were analyzed by Western blot with anti-cleaved capase-3, anti-
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eight mice. “"P< 0.01 versus control group.

important index for non-specific immunity [Kim et al., 2001].
The thymus and spleen were markedly increased in S-180-bearing
mice treated with PSG-1 compared with control group. Cytokines
are soluble glycoproteins that are crucial in the induction
and regulation of immune response. IL-2 and TNF-a are two
important cytokines mediating the immune response. IL-2 produces
a significant activity through the receptor system with distribution
in the T cells, B cells, NK cells, and monocytes [Xu et al., 2008].
TNF-a is a cytokine with anti-tumor and immunomodulatory

properties. It has been recognized as an important host defense
cytokine that affects tumor cells [Terlikowski, 2002; Dhanji and
Teh, 2003; Yuan et al., 2006]. In the present study, both IL-2 and
TNF-a levels in PSG-1 test group were significantly higher than
control group. In a word, these data suggest that PSG-1 induces
antineoplastic action of S-180-bearing mice related to activation
of host immune response.

CTX is the most widely used alkylating agent in cancer
chemotherapy to date. The anti-tumor effect of CTX is in proportion
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to the dose of CTX administered, often resulting in immunosup-
pressive effects [Aneja et al., 2007; Segers et al., 2008]. Our
results have also shown that spleen index, T- and B-cell proliferation
and concentrations of IL-2 and TNF-a in the CTX group were
significantly decreased compared with the control group.
Meanwhile, the PSG-1 could restore the immunity of mice, which
was depressed by CTX. Additionally, we found that the combination
of CTX and PSG-1 resulted in a significant increase in anti-tumor
activity compared with CTX or PSG-1 treatment alone in S-180-
bearing mice. These findings imply that PSG-1 increases the
anti-tumor activity of CTX by regulating the immune system.

Taken together, the present study has for the first time provided
unequivocal evidence that polysaccharide from G. atrum (PSG-1)
possesses potent anti-tumor activity. In this study, the most
important observations were that PSG-1 markedly suppressed the
tumor growth, and induced tumor apoptosis through mitochondrial
pathways, and these effects may be achieved through modifying
the immune function in S-180-bearing mice. Furthermore, the
combination of PSG-1 and chemotherapeutic agent (CTX)
may provide a new strategy to enhance therapeutic activity.
In conclusion, PSG-1 may have potential as a novel therapeutic
agent to replace or augment more cytotoxic agents currently used to
treat the carcinoma patients.

ACKNOWLEDGMENTS

The financial supports for this study by the National High
Technology Research and Development Program of China (863 Pro-
gram; 2008AA10Z325), and Objective-Oriented Project of State
Key Laboratory of Food Science and Technology (SKLF-MB-
200806) and Key Science and Technique Project of Jiangxi
Provincial Department of Science, are gratefully acknowledged.

REFERENCES

Altieri DC, Languino LR, Lian JB, Stein JL, Leav I, van Wijnen AJ, Jiang Z,
Stein GS. 2009. Prostate cancer regulatory networks. J Cell Biochem
107:845-852.

An J, Chen Y, Huang Z. 2004. Critical upstream signals of cytochrome ¢
release induced by a novel Bcl-2 inhibitor. J Biol Chem 279:19133-19140.

Aneja R, Kalia V, Ahmed R, Joshi HC. 2007. Nonimmunosuppressive che-
motherapy: EMO11-treated mice mount normal T-cell responses to an acute
lymphocytic choriomeningitis virus infection. Mol Cancer Ther 6:2891-
2899.

Agqeilan RI, Palamarchuk A, Weigel RJ, Herrero JJ, Pekarsky Y, Croce CM.
2004. Physical and functional interactions between the Wwox tumor sup-
pressor protein and the AP-2gamma transcription factor. Cancer Res
64:8256-8261.

Barber A, Sentman CL. 2009. Chimeric NKG2D T cells require both T cell- and
host-derived cytokine secretion and perforin expression to increase tumor
antigen presentation and systemic immunity. J Immunol 183:2365-2672.
Burger MM. 2004. Meeting report-UICC study group on basic and clinical
cancer research: Apoptosis. J Cell Biochem 92:641-645.

Chan WH, Wu HJ, Shiao NH. 2007. Apoptotic signaling in methylglyoxal-
treated human osteoblasts involves oxidative stress, c-Jun N-terminal
kinase, caspase-3, and p21-activated kinase 2. J Cell Biochem 100:1056-
1069.

Chen KC, Chang LS. 2009. Arachidonic acid-induced apoptosis of human
neuroblastoma SK-N-SH cells is mediated through mitochondrial alteration
elicited by ROS and Ca®"-evoked activation of p38alpha MAPK and JNK1.
Toxicology 262:199-206.

Chen Y, Xie MY, Nie SP, Li C, Wang YX. 2008. Purification, composition
analysis and antioxidant activity of a polysaccharide from the fruiting bodies
of Ganoderma atrum. Food Chem 107:231-241.

Chen Y, Xie MY, Wang YX, Nie SP, Li C. 2009. Analysis of the mono-
saccharide composition of purified polysaccharides in Ganoderma Atrum by
capillary gas chromatography. Phytochem Anal 20:503-510.

Croci DO, Cogno IS, Vittar NB, Salvatierra E, Trajtenberg F, Podhajcer OL,
Osinaga E, Rabinovich GA, Rivarola VA. 2008. Silencing survivin gene
expression promotes apoptosis of human breast cancer cells through a
caspase-independent pathway. J Cell Biochem 105:381-390.

Dai Y, Grant S. 2007. Targeting multiple arms of the apoptotic regulatory
machinery. Cancer Res 67:2908-2911.

Dasgupta S, Hoque MO, Upadhyay S, Sidransky D. 2009. Forced cytochrome
B gene mutation expression induces mitochondrial proliferation and pre-
vents apoptosis in human uroepithelial SV-HUC-1 cells. Int J Cancer
125:2829-2835.

Dhanji S, Teh HS. 2003. IL-2-activated CD8+ CD44 high cells express both
adaptive and innate immune system receptors and demonstrate specificity
for syngeneic tumor cells. J Immunol 171:3442-3450.

Eichele K, Weinzierl U, Ramer R, Brune K, Hinz B. 2006. R(+)-methananda-
mide elicits a cyclooxygenase-2-dependent mitochondrial apoptosis signal-
ing pathway in human neuroglioma cells. Pharm Res 23:90-94.

Eisenbrand G. 2006. Glycyrrhizin. Mol Nutr Food Res 50:1087-1088.

Fidler 1J, Ellis LM. 2006. Chemotherapeutic drugs—More really is not better.
Nat Med 6:500-502.

Gao Y, Chan E, Zhou SF. 2004. Inmunomodulating activities of Ganoderma,
a mushroom with medicinal properties. Food Rev Int 20:123-161.

Gao Y, Tang WB, Gao H, Chan E, Lan J, Li XT. 2005. Antimicrobial activity of
the medicinal mushroom Ganoderma. Food Rev Int 21:211-229.

Ghosh JC, Dohi T, Raskett CM, Kowalik TF, Altieri DC. 2006. Activated
checkpoint kinase 2 provides a survival signal for tumor cells. Cancer Res
66:11576-11579.

Giagkousiklidis S, Vogler M, Westhoff MA, Kasperczyk H, Debatin KM, Fulda
S. 2005. Sensitization for gamma-irradiation-induced apoptosis by second
mitochondria-derived activator of caspase. Cancer Res 65:10502-10513.

Henson ES, Gibson EM, Villanueva J, Bristow NA, Haney N, Gibson SB. 2003.
Increased expression of Mcl-1 is responsible for the blockage of TRAIL-
induced apoptosis mediated by EGF/ErbB1 signaling pathway. J Cell Bio-
chem 89:1177-1192.

Hossain K, Kawamoto Y, Hamada M, Akhand AA, Yanagishita T, Hoque MA,
Tsuboi H, Kato M, Nakashima L. 2009. 1,4-butanediyl-bismethanethiosulfo-
nate (BMTS) induces apoptosis through reactive oxygen species-mediated
mechanism. J Cell Biochem 108:1059-1065.

Huang QR, Li Q, Chen YH, Li L, Liu LL, Lei SH, Chen HP, Peng WJ, He M. 2010.
Involvement of anion exchanger-2 in apoptosis of endothelial cells induced
by high glucose through an mPTP-ROS-Caspase-3 dependent pathway.
Apoptosis 15:693-704.

Jiang DJ, Jia SJ, Dai Z, Li YJ. 2006. Asymmetric dimethylarginine induces
apoptosis via p38 MAPK/caspase-3-dependent signaling pathway in
endothelial cells. J Mol Cell Cardiol 40:529-539.

Kim KD, Choi SC, Kim A, Choe YK, Choe IS, Lim JS. 2001. Dendritic cell-

tumor coculturing vaccine can induce antitumor immunity through both NK
and CTL interaction. Int Immunopharmacol 1:2117-2129.

870 ANTI-TUMOR ACTIVITY OF PSG-1 IN VIVO

JOURNAL OF CELLULAR BIOCHEMISTRY



Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. 1997. The release of
cytochrome ¢ from mitochondria: A primary site for Bcl-2 regulation of
apoptosis. Science 275:1132-1136.

LiY, Song Y, Zhao L, Gaidosh G, Laties AM, Wen R. 2008. Direct labeling and
visualization of blood vessels with lipophilic carbocyanine dye Dil. Nat
Protoc 3:1703-1708.

Li WJ, Nie SP, Qu Q, Xie MY. 2009. (—)-Epigallocatechin-3-gallate induces
apoptosis of human hepatoma cells by mitochondrial pathways related to
reactive oxygen species. J Agric Food Chem 57:6685-6691.

Li WJ, Nie SP, Chen Y, Xie MY, He M, Yu Q, Yan Y. 2010. Ganoderma atrum
polysaccharide protects cardiomyocytes against anoxia/reoxygenation-
induced oxidative stress by mitochondrial pathway. J Cell Biochem 110:
191-200.

Lin KI, Kao YY, Kuo HK, Yang WB, Chou A, Lin HH, Yu AL, Wong CH. 2006.
Reishi polysaccharides induce immunoglobulin production through the
TLR4/TLR2-mediated induction of transcription factor Blimp-1. J Biol Chem
281:24111-24123.

Lin KH, Hsiao G, Shih CM, Chou DS, Sheu JR. 2009. Mechanisms of
resveratrol-induced platelet apoptosis. Cardiovasc Res 83:575-585.

Liu WH, Chang LS. 2009. Reactive oxygen species and p38 mitogen-activated
protein kinase induce apoptotic death of U937 cells in response to Naja
nigricollis toxin-gamma. J Cell Mol Med 13:1695-1705.

Malikova J, Swaczynova J, Kolar Z, Strnad M. 2008. Anticancer and anti-
proliferative activity of natural brassinosteroids. Phytochemistry 69:418-
426.

Mohapatra S, Chu B, Zhao X, Djeu J, Cheng JQ, Pledger WJ. 2009. Apoptosis
of metastatic prostate cancer cells by a combination of cyclin-dependent
kinase and AKT inhibitors. Int J Biochem Cell Biol 41:595-602.

Nakazato T, Ito K, Teda Y, Kizaki M. 2005. Green tea component, catechin,
induces apoptosis of human malignant B cells via production of reactive
oxygen species. Clin Cancer Res 11:6040-6049.

Nicolson GL. 2007. Metabolic syndrome and mitochondrial function: Mole-
cular replacement and antioxidant supplements to prevent membrane per-
oxidation and restore mitochondrial function. J Cell Biochem 100:1352-
1369.

Niizuma H, Nakamura Y, Ozaki T, Nakanishi H, Ohira M, Isogai E, Kageyama H,
Imaizumi M, Nakagawara A. 2007. Bcl-2 is a key regulator for the retinoic acid-
induced apoptotic cell death in neuroblastoma. Oncogene 25:5046-5055.

Ooi VE, Liu F. 2007. Immunomodulation and anti-cancer activity of poly-
saccharide-protein complexes. Curr Med Chem 7:715-730.

Pal A, Bhattacharya I, Bhattacharya K, Mandal C, Ray M. 2009. Methyl-
glyoxal induced activation of murine peritoneal macrophages and surface
markers of T lymphocytes in sarcoma-180 bearing mice: Involvement of
MAP kinase, NF-kappa beta signal transduction pathway. Mol Immunol
46:2039-2044.

Paterson RR. 2006. Ganoderma—A therapeutic fungal biofactory. Phyto-
chemistry 67:1985-2001.

Pratap J, Imbalzano KM, Underwood JM, Cohet N, Gokul K, Akech J, van
Wijnen AJ, Stein JL, Imbalzano AN, Nickerson JA, Lian JB, Stein GS. 2009.
Ectopic runx2 expression in mammary epithelial cells disrupts formation of
normal acini structure: Implications for breast cancer progression. Cancer
Res 69:6807-68014.

Sarkar FH, Li Y. 2006. Using chemopreventive agents to enhance the efficacy
of cancer therapy. Cancer Res 66:3347-3350.

Sasi N, Hwang M, Jaboin J, Csiki I, Lu B. 2009. Regulated cell death pathways:
New twists in modulation of BCL2 family function. Mol Cancer Ther 8:1421-
1429.

Segers J, Di Fazio V, Ansiaux R, Martinive P, Feron O, Wallemacq P, Gallez B.
2008. Potentiation of cyclophosphamide chemotherapy using the anti-
angiogenic drug thalidomide: Importance of optimal scheduling to exploit
the ‘normalization” window of the tumor vasculature. Cancer Lett 244:129-
135.

Stein GS. 2005. Mechanogenomic control of DNA exposure and sequestra-
tion. Am J Pathol 166:1187-1203.

Terlikowski SJ. 2002. Local immunotherapy with rhTNF-alpha mutein
induces strong antitumor activity without overt toxicity. Toxicology 174:
143-152.

Tyagi N, Ovechkin AV, Lominadze D, Moshal KS, Tyagi SC. 2006. Mitochon-
drial mechanism of microvascular endothelial cells apoptosis in hyperho-
mocysteinemia. J Cell Biochem 98:1150-1162.

Vujanovic L, Butterfield LH. 2007. Melanoma cancer vaccines and anti-
tumor T cell responses. J Cell Biochem 102:301-310.

Xu L, Chen H, Xu H, Yang X. 2008. Anti-tumour and immuno-modulation
effects of triptolide-loaded polymeric micelles. Eur J Pharm Biopharm
70:741-748.

Xu G, Guan L, Sun J, Chen ZY. 2009. Oxidation of cholesterol and beta-
sitosterol and prevention by natural antioxidants. J Agric Food Chem 57:
9284-9292.

Yuan H, Song J, Li X, Li N, Dai J. 2006. Imnmunomodulation and antitumor
activity of kappa-carrageenan oligosaccharides. Cancer Lett 243:228-234.

JOURNAL OF CELLULAR BIOCHEMISTRY

871

ANTI-TUMOR ACTIVITY OF PSG-1 IN VIVO



