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Calvatia lilacina Protein-Extract Induces Apoptosis
through Glutathione Depletion in Human Colorectal
Carcinoma Cells
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This paper reports that a novel protein extract isolated from Calvatia lilacina (CL) can induce cell
death against four types of human colorectal cancer cells. Importantly, CL was shown to be free of
apoptotic effects against normal rat liver cells. We have also identified that CL-induced glutathione
(GSH) depletion is the major contributor responsible for the apoptotic cell death induction of SW 480
cells, as evidencd by the observation that exogenously added N-acetylcysteine (NAC), or GSH, but
not vitamin C, could offer a near complete protection of CL-treated cells against apoptotic cell death.
Furthermore, the participation of reactive oxygen species (ROS) evoked a drop in the transmembrane
potential (AWy,) in the CL-induced apoptotic cell death. This observation can only be deemed as a
minor pathway due to the fact that cyclosporine A (CyA) could only partially rescue the CL-treated
cells from apoptotic cell death. Likewise, despite the fact that CL could induce the upregulation of
Bax, its knockdown via siRNA (48 h) failed to completely mitigate apoptotic cell death, indicating that
its role in this apoptotic process was insignificant. To further explore the possible underlying mechanism
associated with CL-induced GSH depletion, we proceeded to determine the effect of CL on the cellular
y-glutamylcysteine synthetase (y-GCS), a rate-limiting enzyme responsible for GSH biosynthesis,
and demonstrated that indeed y-GCS could be repressed by CL. Taken together, we report here for
the first time that the anticancer effect of CL on human colorectal cancer cells is mediated through
GSH depletion mechanism rather than a ROS-mediated killing process. This functional attribute of
CL can thus provide the basis for the strategic design of a treatment of colorectal cancer.
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INTRODUCTION

Calvatia lilacina (Mont. et Berk.) Lloyd (Fam. Lycoper-
daceae) is a medicinal and edible mushroom, which was
originally grown in China and Taiwan. It was widely used for
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the treatment of throat and nasopharyngeal pains, loss of voice,
coughing, hemorrhagic vomiting, nose bleeding, and traumatic
bleeding. The growing season of Calvatia lilacina is from July
to September. It takes only 4—5 days for the maturation of the
carpophores, which is the main portion for medicinal usage (1).
In the past decade, there were many reports that the extracts of
medicinal or edible mushrooms have therapeutic effects in
various cancer cells. Most of these edible mushroom extracts
contain water-soluble proteins or polypeptides. The chemical
substances in carpophore of Calvatia lilacina contain leucine,
tyrosine, urea, ergosterol, lipoid, gemmaetin, and calvacin (2).
Among them, calvacin is an antitumor agent.
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It is important to clarify the possible functional relation-
ships between GSH depletion and apoptosis. In view of the
GSH depletion, buthionine sulfoximine (BSO) is a GSH
synthase inhibitor, which causes GSH depletion. In the BSO-
induced apoptosis, mitochondrial dysfunction and Bax over-
expression have close functional relations (3). Proapoptotic
Bax is a requisite gateway for cell death. Enforced dimer-
ization of Bax results in its translocation, mitochondrial
dysfunction, and apoptosis. The mitochondrial GSH could
prevent cardiolipin peroxidation. Once GSH depletion occurs,
cardiolipin peroxidation will cooperate with oligomerized Bax
to cause mitochondrial outer membrane permeabilization
through destabilization of the lipid bilayer of mitochondria.
The translocation and integration of Bax into mitochondria
would induce cytochrome c to release that occurs before
mitochondrial dysfunction (4).

Several studies have reported that some mushrooms are cancer
fighting. It was reported that FA-2-b-f extracted from Agaricus
blazei in combination with 3’-azido-3’-deoxythymidine produced
a synergistic effect against the gastric cancer cells MKIN45 (5).
Antrodia camphorata crude extract inhibited androgen-respon-
sive LNCaP and -independent PC-3 prostate cancer cells through
G4/S phase arrest and G,/M phase arrest, respectively (6). The
extracts of Grifola frondosa and Phellinus linteus induced a
significant growth reduction in bladder cancer cells (7). The
water-soluble proteins or polypeptides extracted from Pleurotus
ostreatus produced a significant cytotoxicity and apoptosis of
PC-3 cells (8). The aqueous polysaccharide extract from
Pleurotus ostreatus also induced antiproliferative and pro-
apoptotic effects of HT-29 colon cancer cells (9). Coprinus
comatus, Coprinellus sp., and Flammulina velutipes contain
potent antitumor compounds against breast cancer (10). Polyo-
zellus multiplex was reported as a potent chemopreventive agent
against stomach cancer (/7). However, the study on the
anticancer effects of Calvatia lilacina is lacking. In this paper,
we report the anticancer effects of Calvatia lilacina protein-
extract (CL) on human colorectal SW480 cancer cells by
examining the induction of the glutathione (GSH) depletion and
the mitochondrial dysfunction dependent apoptosis.

MATERIALS AND METHODS

Experimental Material. Calvatia lilacina (Mont. et Berk.) Lloyd
(Fam. Lycoperdaceae) was collected from National Chiayi University,
Chiayi, Taiwan, July, 2007.

Extraction and Isolation of Proteins. Calvatia lilacina (400—450
g) was washed twice with distilled water and then homogenized in
cold extraction buffer (50 mM KH,PO,, 150 mM NaCl, and 1 mM
EDTA, pH 7.3) at the highest speed in a Waring blender for 10 min.
The water-soluble protein-extract homogenate was filtrated through two
layers of surgical gauze, and the filtrate was centrifuged at 8900g for
20 min. The supernatants were precipitated by addition of ammonium
sulfate to 80% saturation and standing at 4 °C overnight and then
centrifuged at 8900g for 30 min. The protein-pellets were redissolved
in phosphate buffer solution (123 mM NaCl, 10.4 mM Na,HPO,, and
3.16 mM KH,PO,, pH 7.3) (weight/volume = 1:1) and centrifuged.
The supernatants were dialyzed against 50-fold volume of phosphate
buffer solution three times at 4 °C and clarified by centrifugation. The
supernatants were filtrated through 0.45 um Millex filter units (Milli-
pore) and concentrated by Amicon Ultra-4 (10 kDa cutoff, Millipore)
at 4000g for 20 min. The 1 mL concentrate was sterilized by 0.22 um
Millex filter units (Millipore) in a laminar flow chamber and exerted
freeze-drying to obtain powder and then stored at —80 °C as stocks.

Cell Lines and Reagents. Four human colorectal cancer cell lines
SW480, Colo 205, Colo 320 DM, and DLD-1 and one rat normal liver
cell line clone 9 were obtained from the Bioresource Collection and
Research Center (Hsinchu, Taiwan). The “Apo-BrdU” kit was bought
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from BD Pharmingen (San Diego, CA). The chloromethylflourescein
diacetate (CMF-DA) and lipofectactamine 2000 were acquired from
Invitrogen Corporation (Carlsbad, CA). The Bioxytech GSH/GSSG-
412 assay kit was bought from Oxis International Inc. (Foster City,
CA). Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were obtained from Hyclone (South Logan, UT).
Propidium iodide (PI), N-acetylcysteine (NAC), glutathione (GSH),
cyclosporin A (CyA), 2’,7’-dichlorodihydrofluorescein-diacetate (DCFH-
DA), rhodamine 123, 3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tetra-
zolium bromide (MTT), DNase-free RNase A, vitamin C (Vit C), and
other chemicals were purchased from Sigma Chemical Co. (St. Louis,
MO).

Cell Culture and Teatment. SW480 Cells were cultured in DMEM
medium containing 10% fetal bovine serum (FBS). Colo 205, Colo
320 DM, and DLD-1 cells were cultured in RPMI-1640 medium
containing 10% FBS. Clone 9 cells were cultured in F-12K medium
containing 10% FBS. The stock solution of CL was dissolved in the
phosphate buffer saline (PBS) (136.89 mM NaCl, 2.68 mM KCl, 10.14
mM Na,HPO,, and 1.76 mM KH,PO,, pH 7.4) and different concentra-
tions (ug/mL) were prepared in the DMEM, RPMI-1640, or F-12K
medium.

Cell Cycle and DNA Damage Analysis of Cells. The cell cycle
and DNA damage was measured with propidium iodide (PI) staining
and flow cytometry. PI is a specific fluorescence dye for double-stranded
DNA. In methanol-fixed cells, PI could penetrate into the nuclear region
and bind to DNA. The cells in G; and G,/M phases would be in the
diploid and the tetraploid regions of the DNA distribution histograms,
respectively. The cells in S phase would be located between in the
diploid and the tetraploid regions of the DNA distribution histograms.
Once DNA was damaged, the length of DNA in cells would be shorter
then that of cells in G, phase. The numbers of molecules of PI bound
to DNA-damaged cells would be less than that of the cells bound to
G, phase; the PI fluorescence intensity in DNA-damaged cells would
be weaker than that of the cells in G, phase. The percentage of cells
undergoing DNA damage was defined as the percentage of cells in the
subdiploid region (SubG,) of the DNA distribution histograms.

Cells (1 x 10° were cultured in 60 mm tissue-culture dishes for
24 h. The culture medium was replaced by new medium, and then
cells were exposed with or without various concentrations of CL for
24 h. After treatment, adherent and floating cells were pooled, washed
with PBS, fixed in PBS-methanol (1:2, volume/volume) solution, and
then maintained at 4 °C for at least 18 h. After one wash with PBS,
the cell pellets were stained with the fluorescent probe solution
containing PBS, 40 ug/mL PI, and 40 ug/mL DNase-free RNase A for
30 min at room temperature in the dark. DNA fluorescence of PI-stained
cells was analyzed by excitation at 488 nm and monitored through a
630/22 nm band-pass filter using a Becton-Dickinson FACSan flow
cytometer (Franklin Lakes, NJ). A minimum of 10000 cells was counted
per sample, and the DNA histograms were evaluated further using
Modfit software on a PC workstation to calculate the percentage of
cells in various phases of the cell cycle.

Cell Viability Assays. Cell viability was determined by MTT assay.
MTT assay can be used to determine cell death but not cellular DNA
damage caused by potential medicinal agents and other toxic materials.
Yellow MTT is reduced to purple formazan in the mitochondria of
living cells. A solubilization agent such dimethyl sulfoxide (DMSO)
or sodium dodecyl sulfate (SDS) is added to dissolve the insoluble
purple formazan product into a colored solution. The absorbance of
this colored solution can be quantified by measuring at a certain
wavelength (usually between 500 and 600 nm) by a spectrophotometer.
‘When the amount of purple formazan produced by cells treated with a
potential medicinal agent or other toxic material is compared with the
amount of formazan produced by untreated cells, the effectiveness of
the potential medicinal agents or other toxic materials in causing cell
death can be deduced through the production of a dose—response curve.

Cells (1 x 10% were cultured in 60 mm tissue-culture dishes for
24 h. The culture medium was replaced with new medium and then
exposed to 150 ug/mL of CL for 0.5, 1, 3, 6, 12, or 24 h. After the
indicated treatments, cells were incubated for 2 h with 0.5 mg/mL of
MTT reagent and lysed with DMSO. Absorbance was measured at 595
nm in a microplate reader (Bio-Rad, Richmond, CA).
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Measurement of Intracellular ROS by Flow Cytometry. Produc-
tion of intracellular ROS was detected by flow cytometry using DCFH-
DA. After treatment, cells were treated with 10 uM DCFH-DA for 30
min in the dark, washed once with PBS, detached by trypsinization,
collected by centrifugation, and suspended in PBS. The intracellular
ROS, as indicated by the fluorescence of dichlorofluorescein (DCF),
was measured with a Becton-Dickinson FACSan flow cytometer.

Measurement of GSH Depletion and GSSG/GSH Ratio. After
treatment, the SW480 cells were incubated with 25 uM CMF-DA for
20 min at 37 °C in a CO, incubator. Once CMF-DA is inside the cell,
cytosolic esterase cleaves their acetates, and then the chloromethyl group
reacts with intracellular thiols, changing the probe into a cell-
impermeable fluorescent dye-thioether adduct, chloromethylflourescein
(CMF). The CMF fluorescence is directly related to intracellular GSH
level. After CMF-DA staining, the cells were washed with PBS,
collected by centrifugation, and then measured with a Becton-Dickinson
FACSan flow cytometer. For GSSG/GSH ratio, the SW480 cells were
extracted with protein extraction buffer after CL treatment. Then 100
ug of total proteins was analyzed by Bioxytech GSH/GSSG-412 assay
kit with the standard protocol supplied by the manufacturer.

Measurement of AW, by Flow Cytometry. After treatment, the
SW480 cells were trypsinized and then incubated with 5 M rhodamine
123 for 30 min at 37 °C in a CO; incubator. Following the incubation
step, AWy, as indicated by the changed fluorescence level of rhodamine
123, was analyzed using a Becton-Dickinson FACScan flow
cytometer.

Measurement of Cytosolic Cytochrome ¢ by Western Blot. After
treatment, cells were washed with PBS, resuspended in a homogenized
buffer (0.25 M sucrose, 10 mM HEPES and 1 mM ethylene glycol
bis(B-aminoethylether)-N,N,N’,N'-tetraacetic acid, pH 7.4), and subjected
to 40 strokes of homogenization in a glass homogenizer. The homo-
genates were centrifuged at 1000g for 15 min at 4 °C to precipitate
nuclei and unbroken cells. The supernatant was then centrifuged at
10000g for 15 min at 4 °C to obtain cytosolic fraction. Protein
concentrations were measured with a Bio-Rad protein assay reagent
(Bio-Rad, Richmond, CA). The cytochorme c in cytosolic fraction was
evaluated by Western blot analysis.

Bax siRNA Transfection. For silencing of gene expression of Bax,
small interference RNAs (siRNA) oligonucleotides with the following
5’-ACUUUGCCAGCAAACUGGUGCUCAA-3’ (sense) and 5'-UUGAG-
CACCAGUUUGCUGGCAAAGU-3’ (antisense) were designed and
purchased from Invitrogen Corporation (Carlsbad, CA). SW480 cells
(4 x 10°) were cultured in 60 mm dishes in 5 mL of DMEM medium
complemented with 10% FBS and transfected at 40% of confluency
by adding lipofectactamine 2000 transfection agent and 10 uL of 200
pM Bax siRNA. Control cells were treated with lipofectactamine 2000
transfection agent alone. Cells were rinsed with the medium after 25
min of incubation and then maintained in culture for additional 48 h.
The Bax expression was evaluated by Western blot.

Measurement of the Cleavage of Poly ADP Ribose Polymerase
(PARP), Bax, and y-GCS by Western Blot. After treatment, cells
were washed with PBS, resuspended in a protein extraction buffer for
10 min, and then centrifuged at 12000g for 10 min at 4 °C to obtain
total extracted proteins (supernatant). The protein concentrations were
measured with a Bio-Rad protein assay reagent (Bio-Rad, Richmond,
CA). The Bax, PARP, y-GCS, and actin expressions were evaluated
by Western blot analyses. Briefly, the total extracted proteins were
boiled in loading buffer, and an aliquot corresponding to 50 ug of
protein was separated by 12% SDS- polyacrylamide gel. After
electrophoresis, proteins were electrotransferred onto a polyvinylidene
fluoride transfer membrane. After blotting, the membranes were
incubated with anti-Bax, anti-PARP, anti-y-GCS, and antiactin antibod-
ies (Laboratory Vision, Santa Cruz, CA) overnight and then washed
with PBST solution (0.05% Tween 20 in PBS). Following washing,
the second antibody labeled with horseradish-peroxidase was adjacently
incubated for 1 h and then washed with PBST solution (0.05% Tween
20 in PBS). The antigen—antibody complexes were detected by the
enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscat-
away, NJ) with a chemiluminescence analyzer.

TUNEL Assay for Apoptosis. Following incubation of various
reagents, TdT-mediated dUTP-biotin nick end labeling (TUNEL) was
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performed using the “Apo-BrdU” kits (BD Pharmingen, San Diego,
CA), with the standard protocol supplied by the manufacturer. Both
floating and adherent cells were harvested and fixed using 1%
paraformaldehyde for 30 min at 4 °C. After fixation, cells were
permeated with 70% ethanol for 30 min at 4 °C, followed by two
washes with PBS. To label DNA strand breaks, 1—2 x 10° cells were
incubated with 50 4L of TUNEL reaction buffer containing terminal
deoxynucleotidyl transferase and fluorescein-BrdUTP, and it was then
incubated for 1 h at 37 °C in a humidified 5% CO,-in-air atmosphere.
Cells were washed twice with PBS, suspended in PBS containing 50
ug/mL of PI and 50 ug/mL of DNase-free RNase A for 30 min at
room temperature in the dark and then analyzed by a Becton-Dickinson
FACSan flow cytometer.

Cellular Morphology Examination. SW480 cells were treated with
150 ug/mL of CL for 24 h. After treatment, the cellular morphology
was examined with a light microscope.

Statistical Analysis. Data were presented as means =+ standard
deviation from at least three independent experiments and analyzed
using Student’s 7 test. A P value of less than 0.05 was considered as
statistically significant (/2).

RESULTS

CL Induced DNA Damage and Cytotoxic Effect in Colorec-
tal Cancer Cells. To evaluate whether CL induces apoptosis,
we exposed SW480 cells to 50, 75, and 150 ug/mL CL for
24 h. The cell cycle of SW480 cells was evaluated by flow
cytometry. The percentage of cell cycle phases (SubG, Gy,
G,/M, S) are analyzed by Modfit software. The total cells
are separated by DNA damaged group (cells with a subG,
DNA content) and normal cell cycle group. The normal cell
cycle group includes G;, Go/M, and S content. Under the
definition of Modfit software, the total percentage of G;, G/
M, and S must equal 100%. As to the SubG, percentage, it
is calculated as: (cells in SubG; x 100)/(total number of
modeled cells, including SubGy, G, Go/M, and S). As shown
in Figure 1A, the untreated cells expressed 51.5% of G,
352% of S, 13.3% of G,/M, and 4.6% of SubG,. The
percentages of SubG; dose-dependently increased after
treatment of SW480 cells with CL at 50, 75, and 150 ug/mL
for 24 h (Figure 1C). The study focused on the main
apoptotic mechanisms of CL in SW480 colorectal cells. We
first used the propidium iodide (PI) staining and flow
cytometry to find an effective dose to induce obvious DNA
damage (an apoptotic event) in SW480 cells. In Figure 1A,
the dose of 150 ug/mL induced half of the total cells to DNA
damage (50.1% of SubGy). The PI staining is a chief method
to evaluate the DNA damage but not able to see the cell
death; however, the MTT assay is used to analyze the cell
death. To evaluate the level of cell death or cytotoxicity of
CL in the effective dose to induce cellular DNA damage,
the dose of 150 ug/mL was used for MTT assay. As indicated
in Figure 1D, SW 480 cells were treated with CL extract
(150 ug/mL) for 0.5, 1, 3, 6, 12, and 24 h, resulting in a
time-dependent decrease in cellular viability. Three other
human colorectal cancer cell lines, Colo-205, Colo-320 DM,
and DLD-1, were selected to evaluate the anticancer effect
of CL. As shown in Figure 1E, the cell viabilities of Colo-
205, Colo-320 DM, and DLD-1 were less than 30% after
24 h of CL treatment. The flow cytometry analysis also
demonstrated that the percentage of Sub G, increased in CL-
treated Colo-205, Colo-320 DM, and DLD-1 cells (Figure
1F), indicating the anticancer effect of CL works more than
one human colorectal cancer cell line. Because the liver is
an important detoxifying or metabolic organ, many drugs or
toxic substances would be detoxified or metabolized in liver
cells. For this reason, we used the clone 9, a rat liver cell
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Figure 1. DNA damage and cell viability analysis in CL-treated SW480 cell line. (A) SW480 and (B) Clone 9 cells were plated in 60 mm cultured dishes
at 80% confluence and then treated with 0, 50, 75, or 150 ug/mL of CL for 24 h. Adherent and floating cells were harvested, fixed in PBS-methanol (1:2,
volume/volume) solution, and stained with propidium iodide, followed by flow cytometric analysis. (C) The percentage of total cells in SubGs, G4, S, and
G/M phases of cell cycle in CL-treated SW480 cells. (D) SW480 cells were treated with 150 x«g/mL of CL for 0.5, 1, 3, 6, 12, or 24 h. (E) SW480, Colo
205, Colo 320 DM, and DLD-1 cells were treated with 150 xg/mL of CL for 24 h. The MTT reagent (0.5 mg/mL) was added to the cells for 2 h at 37
°C and then lysed with DMSO. The absorbance was measured at 595 nm. (F) The percentage of total cells in SubG; phases in CL-treated SW480, Colo
205, Colo 320 DM, and DLD-1 cells. The values shown are mean = standard deviation (n = 5—8). Significant differences from the untreated group are

P < 0.05 (*).

line, as normal somatic cells to evaluate the effect of DNA
damage in CL treatment. As shown in Figure 1B, there are
no significant differences in DNA damage (the percentage
of SubG) between CL-treated and untreated clone 9 cells.
The percentages of SubG; are 1.1% and 0.7% in CL-treated
and untreated clone 9 cells, respectively, after 24 h of
treatment. These results indicate that CL could not induce
obvious DNA damage in the normal liver cell line. To study
the apoptotic mechanisms of CL, an effective dose to induce
apoptosis should be selected. Because the dose of 150 ug/
mL could induce a large number of cells showing DNA
damage (50.1% of SubG), we selected this dose to study
the detailed mechanisms of CL-induced apoptosis in SW480
cells.

CL Induced ROS in SW480 Cells. Reactive oxygen species
(ROS) were known as important mediators of apoptosis induced
by various stimuli including many drugs. For this reason, the
intracellular ROS production was measured by DCF fluores-
cence assay following CL treatment. As indicated in Figure 2,
SW480 cells were exposed to CL (150 ug/mL) for different
times (3—24 h). The DCF fluorescence increased significantly
from 102.13 & 18 and 102.74 £ 14 to 232.46 £ 15 and 355.47
=+ 17 after 12 and 24 h of treatment, respectively.

CL Induced GSH Depletion in SW480 Cells. GSH plays
an important role in protection against oxidative stress-induced
injury. Intracellular GSH depletion would proceed to apoptosis.
We, therefore, analyzed the changes of GSH level in SW480
cells by a flow cytometer using CMF fluorescence. SW480 cells
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Figure 2. Evaluation of intracellular ROS in CL-treated SW480 cells. Cells
were plated in 60 mm cultured dishes. The culture medium was replaced
with new medium when the cells were 80% confluence and then exposed
to 150 ug/mL of CL for 3, 6, 12, and 24 h. Production of intracellular
ROS was detected by flow cytometry using DCFH-DA. The intracellular
fluorescence of dichlorofluorescein (DCF) was measured with a Becton-
Dickinson FACScan flow cytometer. Data in each panel represent the
DCF fluorescence intensity within the cells. The values shown are mean
+ standard deviation (n = 5—8 of individual experiments). Significant
differences from the untreated group are P < 0.05 (*).

were treated with 150 ug/mL of CL for different times. Results
were shown in Figure 3A. The percentage of intracellular GSH-
depletion cells significantly increased to 10.98 £ 0.5, 52.39 £
3.5, 90.46 £ 3.2, and 99.57 + 5.4 after 3, 6, 12, and 24 h of
treatment, as compared with untreated cells. The GSSG/GSH
ratio was evaluated by Bioxytech GSH/GSSG-412 assay Kkit,
which is a colorimetric determination of reduced and oxidized
glutathione. When cells exposed to CL for 6 h, the GSSG/GSH
ratio in the untreated cells was about 2 and was about 5 in the
CL-treated group. The GSSG/GSH ratio increased to 2.5-fold
at 6 h in CL-treated SW480 cells as compared with the untreated
cells, suggesting large amount of GSH was depleted or changed
to GSSG. These results demonstrated that an increased GSSG/
GSH ratio induced an intracellular oxidative stress in CL
treatment.

CL Induced Mitochondrial Dysfunction in the SW480
Cells. Mitochondrial dysfunction usually triggers specific cel-
lular signaling to induce apoptosis. Cytochrome c releasing to
cytosol and AW, decreasing are two common parameters of
mitochondrial dysfunction. To evaluate the effects of CL on
cytosolic cytochrome ¢ and AW,,,, SW480 cells were exposed
to 150 ug/mL of CL for various times. The AW, and cytosolic
cytochrome ¢ were detected by rhodaminel23 staining and
Western blot, respectively. As indicated in Figure 4A, the
percentage of AW -decreased cells significantly increased to
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Figure 3. GSH depletion analysis and GSSG/GSH ratio in CL-treated
SW480 cells. Cells were plated in 60 mm cultured dishes. The culture
medium was replaced with new medium when the cells were 80%
confluence and then treated with 0 (untreated) and 150 zg/mL of CL for
3,6, 12, and 24 h. (A) After treatment, the cells were incubated with 25
uM CMF-DA for 30 min in a 37 °C CO, incubator and then measured
with a flow cytometer. Data show the percentage of cells displaying
intracellular GSH-negative cells. (B) After treatment, the cells were
extracted with protein extraction buffer. To evaluate the GSSG/GSH ratio,
100 ug of proteins was analyzed by Bioxytech GSH/GSSG-412 assay
kit. The values shown in (A) and (B) are mean + standard deviation (n
= 5—8). Significant differences from the untreated group are P < 0.05

()-

20.43 £ 0.8, 26.57 £ 0.9, 54.41 &+ 1.7, and 91.57 &£ 2.2 after
3, 6, 12, and 24 h of CL treatment as compared to untreated
cells, respectively. In Figure 4B, cytosolic cytochrome c initially
increased at 3 and 6 h and markedly increased at 12 h of CL
treatment. To evaluate the role of GSH depletion and Bax on
CL-induced AW,, disruption, NAC (an intracellular GSH
complement), GSH, and SiBax (Bax inhibition) were used. As
shown in Figure 4C, pretreatment with NAC and GSH
markedly prevented the CL-induced AW,, reduction, but the
decreased AW, effect did not recover by SiBax.
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Figure 4. The analysis of mitochondrial transmembrane potential (AWy,) and cytsolic cytochrome ¢ in CL-treated SW480 cells. Cells were plated in 60
mm cultured dishes at 80% confluence and then treated with 150 ug/mL CL for 3, 6, 12, or 24 h. (A) After drug treatment, the culture medium was
replaced with new medium with 5 «M rhodamine 123 for 20 min in the dark. Values in each panel express cellular percentages of decreased AWp,. (B)
After drug treatment, the cytosolic fractions were isolated and examined for cytochrome ¢ and actin expressions by Western blot. (C) The SW480 cells
were treated with 0 (untreated) or 150 ug/mL CL alone for 6 or 12 h, pretreated with 10 mM N-acetylcysteine (NAC) or 10 mM glutathione (GSH) for
1 h or Bax siRNA (SiBax) for 48 h followed by 150 x«g/mL CL treatment for 6 or 12 h and then proceeded to the AW, assay by rhodamine 123 staining.
Values in each panel express cellular percentages of decreased AW,,. The values shown are mean =+ standard deviation (n = 5—8). Significant

differences from the untreated group are P < 0.05 (¥).

CL Induced PARP Cleavage in SW480 Cells. An important
factor in inducing apoptosis is the enzyme PARP, which has
been widely studied. To evaluate the effect of CL on PARP
cleavage, the Western blot was employed. As shown in Figure
5, PARP cleavage appeared after 6 and 12 h of CL treatment.

Evaluation of Critical Pathway in CL-Induced Apoptosis.
We used the TUNEL analysis to evaluate the percentage of
cellular apoptosis in SW480 cells treated with CL and in the
meantime studied the critical pathway of apoptosis. As shown
in Figure 6A, there were 57.8% of apoptotic cells after treatment
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Figure 5. PARP cleavage in CL-treated SW480 cell line. Cells were plated
in 60 mm cultured dishes at 80% confluence and then treated with 150
ug/mL CL for 3, 6, and 12 h. After treatment, cells were washed with
PBS and extracted with protein extraction buffer. Then 50 ug of proteins
were loaded on a 12% SDS-polyacrylamide gel. The expressions of PARP
and actin were evaluated by Western blot analysis. These experiments
were performed at least three times and a representative experiment is
presented.

with CL 150 ug/mL for 24 h as compared with 0.8% of
untreated cells. To evaluate the critical pathway, several agents
were employed in the study (/): cyclosporin A (Cy A), a
mitochondrial permeability transition opening inhibitor, was
used to find the AW,, decreased pathway (2); N-acetylcysteine
(NAC), an intracellular GSH synthetic agent, and GSH were
used to discover the GSH depletion pathway (3); vitamin C (Vit
C), an antioxidant, was used to discover the ROS overproduction
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pathway. SW480 cells were treated with these agents for 1 h
before the addition of CL. As shown in Figure 6A, NAC and
GSH exhibited greatest inhibition to the CL induced apoptosis;
the percentage of apoptotic cells decreased to 5.1 + 2 and 4.5
=+ 1, respectively. Cy A displayed a moderate inhibitory effect;
the percentage of apoptotic cells was 30.9 £ 4.5. The apoptotic
effect induced by CL was not prevented by Vit C; the percentage
of the apoptotic cells was 61.1 + 4.3. In Figure 6B, the
untreated cells displayed intact cellular morphology, whereas
the CL-treated cells were undergoing apoptosis. In NAC and
GSH-pretreated cells, the intact cellular morphology was similar
to untreated cells, suggesting that the NAC and GSH prevented
the cellular morphology damaged by CL.

The Bax Expression of the Cells Treated with the CL. To
evaluate the Bax expression of the cells treated with the CL,
the Western blot assay was used. SW 480 cells were treated
with CL (150 ug/mL) for O, 3, 6, and 12 h. As shown in Figure
7A, the Bax expression markedly increased 6 h after the
treatment of SW 480 cells with CL. As expected, most of CL-
treated cells had been dead at 24 h. The decreasing of Bax
expression at 24 h treatment might be due to the large number
of dead cells induced by CL. In Figure 6, NAC and GSH
prevented the apoptosis induced by CL treatment. To evaluate
whether NAC or GSH inhibited the Bax expression and then
prevented the CL-induced apoptosis, the Western blot assay was
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Figure 6. Evaluation of critical event in CL-induced apoptosis. (A)
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(untreated) or 150 ug/mL CL alone for 24 h,

pretreated with 5 «M cyclosporin A (CyA), 10 mM N-acetylcysteine (NAC), 10 mM glutathione (GSH), or 1 mM Vitamin C (Vit C) for 1 h, followed by
150 pug/mL CL treatment for 24 h and then proceeded to the TUNEL assay. The representative plots depict DNA content on the X-axis and BrdU-
FITC-labeled apoptotic DNA strand breaks on the Y-axis. Data represent the percentage of cells in the upper box of apoptosis. (B) After treatment, the
cellular morphology was evaluated with a light microscope (magnification 200x ). These experiments were performed at least three times, and a representative

experiment is presented.
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Figure 7. (A) CL-induced Bax expression; (B) and (C) Bax siRNA (SiBax), NAC, or GSH in CL-induced Bax expression and cellular viability. (A) The
SW480 cells were treated with 0 (untreated) or 150 «g/mL CL alone for 3, 6, 12, and 24 h. The expressions of Bax and actin were evaluated by Western
blot analysis. (B) Pretreated with siBax for 48 h, 10 mM NAC, or 10 mM GSH for 1 h, followed by 150 x«g/mL CL treatment for 6 h, or siBax alone and
CL alone for 6 h, and then evaluated the Bax and actin expressions by Western blot analysis. (C) Pretreated with siBax for 48 h, 10 mM NAC, or 10
mM GSH for 1 h, followed by 150 ug/mL CL treatment for 24 h, and then proceeded to the MTT assay. The values shown are mean =+ standard
deviation (n = 5—8). Significant differences from the CL group are P < 0.05 (*). These experiments were performed at least three times and a representative

experiment is presented.

used. In Figure 7B, the CL-induced Bax expression was not
drastically inhibited by NAC or GSH, suggesting that the
prevention of NAC or GSH on CL-induced apoptosis is
independent of Bax inhibition. We further evaluated whether
the Bax expression was a main pathway in CL-induced SW480
cell death, and the Bax siRNA and MTT assays were conducted.
As shown in Figure 7B, the Bax expression was markedly
inhibited by Bax siRNA in CL-treated cells. In Figure 7C, the
cell viability was not recovered by Bax siRNA in CL-treated
cells. However, the cell viability could be effectively recovered
by NAC and GSH treatment. These results suggested that GSH
depletion but not Bax expression was a critical event in CL-
induced cell death.

The y-GCS Expression of the Cells Treated with the CL.
y-Glutamylcysteine synthetase (y-GCS) is the rate-limiting
enzyme for GSH synthesis. To evaluate the y-GCS expression
of the cells treated with the CL, the Western blot assay was
used. As shown in Figure 8, the y-GCS expression markedly
decreased as early as 0.5 h after treatment of SW480 cells with
CL. The y-GCS expression was less than 50% after 3 and 6 h
of CL treatment. These results suggested that CL-induced GSH
depletion in SW480 cells was related to the y-GCS inhibition.

DISCUSSION

Many anticancer substances can induce large amounts of
intracellular ROS to kill cancer cells (3, 10, 11). The cellular
damages of ROS include apoptosis and necrosis. Our results
found that CL induced large amounts of intracellular ROS after
12 and 24 h of treatment (Figure 2). The ROS production of
CL treatment appeared at a later period and seemed to depend
on the intracellular GSH depletion. At 12 and 24 h of treatment
of CL, the percentages of GSH-depletion cells were >90%
(Figure 3). The GSH depletion appeared before the intracellular
ROS overproduction. Moreover, the antioxidant Vit C could
not effectively prevent the cells from CL-induced apoptosis
(Figure 6). These results likely explain that the ROS production

is not the major event in CL-induced cell death in SW480 cells.
Changes in the intracellular redox surroundings of cells have
been shown to generate two important events (/): the activation
of apoptotic enzymes (2) and the progression of programmed
cell death (/2). In our previous studies in treating cancerous
cells, we found that many substances extracted from plants
induce the intracellular ROS production immediately and then
GSH depletion appeared afterward (13, 14). This phenomenon
seems different with the present data. In CL-treated SW480 cells,
the GSH depletion occurred as early as 6 h and was retained to
24 h (Figure 3). However, ROS overproduction in CL treatment
only appeared at 12 h and lasted until 24 h (Figure 2). Some
studies have reported that GSH depletion was an early trademark
detected in apoptosis and the GSH loss was independent of the
ROS generation (/5). Our results are in agreement with the
report showing that CL-induced GSH depletion in SW480 cells
was independent of the ROS generation. Our data also dem-
onstrated that pretreatment with NAC or GSH could significantly
decrease the cell population undergoing apoptosis in CL-treated
SW480 cells. It was suggested that the GSH depletion was a
critical event in CL-induced apoptosis.

GSH is synthesized intracellularly by two GSH synthesizing
enzymes, Y-GCS and glutathione synthetase. y-GCS is the key
enzyme for the GSH-synthesis (/6). GSH synthesis is also
thought to be an important event in cellular defense against
stresses such as radiation and drug damage (/7). GSH depletion
characterizes a potentially important strategy to sensitize tumors
to cytotoxic drugs (/8). Other studies have reported an increased
synthesis of y-GCS and GSH in drug-resistant malignant cells
and suggested that increased GSH synthesis might play a role
in drug resistance (/9). The inhibition of y-GCS would result
in GSH depletion and be an important screen model for
anticancer substances. We are the first to demonstrate that CL
treatment markedly decreased the y-GCS expression as early
as 3 h (Figure 3). The effect might result in obvious intracellular
GSH depletion at 6 h and might, therefore, provoke the later
apoptotic effect after 24 h of treatment.
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Figure 8. y-Glutamylcysteine synthetase (y-GCS) expression in CL-
treated SW480 cell line. Cells were plated in 60 mm cultured dishes at
80% confluence and then treated with 150 «g/mL CL for 0.5, 1, 3, and
6 h. After treatment, cells were washed with PBS and extracted with
protein extraction buffer. Then 50 ug of proteins were loaded on a 12%
SDS-polyacrylamide gel. The expressions of y-GCS and actin were
evaluated by Western blot analysis. A densitometer was used to quantify
the expression of v-GCS. Data are normalized for actin. These experiments
were performed at least three times and a representative experiment is
presented.
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Figure 9. Schematic illustration of a proposed model of CL-induced
apoptosis in human colorectal SW480 cancer cells. The “+"and “—” signs
represent “increase” and “decrease”, respectively. CL decreased y-GCS
and GSH depletion is the critical pathway. Mitochondrial dysfunction (AW,
decreasing and cytosolic cytochrome c releasing) is the secondary
pathway. Bax expression and ROS are the accompanying events but not
the main pathways.

Mitochondria play a central role in the regulation of apoptotic
signaling (20). The decreased AW,, is related to the cellular
apoptosis (27, 22). In spite of the fact that AW, decrease was
time-dependent in the CL-treated SW480 cells, the CyA
pretreatment could partially prevent the apoptosis induced by
CL treatment (Figure 6A). We presume that the decreased AW,
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may be a secondary pathway in apoptotic process of the CL-
induced cell death.

GSH depletion is important in inducing mitochondrial
dysfunction. A significant depletion of GSH in the neurons of
Parkinson’s disease would result in oxidative stress, mitochon-
drial dysfunction, and ultimately cell death (23). The mitochon-
drial complex I is believed to be the central player to the
mitochondrial dysfunction (23). GSH depletion could impair
the activity of mitochondrial complex I. Mitochondrial dysfunc-
tion in response to diamide occurs in stages, progressing from
oscillations in AW, to sustained depolarization, which is in
association with GSH depletion. The thiol redox status is
systematically clamped at GSH/GSSG ratios. In cardiomyocytes,
the GSH/GSSG ratio decreasing from 300:1 to 50:1 would
irreversibly depolarize AW, and induce maximal rates of
reactive oxygen species (ROS) production and loss of matrix
constituents (24). These reports indicate an interdependence of
mitochondrial dysfunction with GSH depletion.

Bax is an important pro-apoptotic protein (25, 26). Bax is
always overproduction in cancer cells treated with various
anticancer drugs (27, 28). In our present studies, the Bax
overexpression and mitochondrial dysfunction simultaneously
occurred at 3 h of CL treatment (Figures 4A and 7A). However,
pretreatment with SiBax for 48 h could not prevent the CL-
induced mitochondrial dysfunction (Figure 4C). It explains that
Bax overexpression has no relationship with mitochondrial
dysfunction in CL-induced apoptosis. Moreover, the SiBax
treatment could not recover the cell viability induced by CL
(Figure 7C). In addition, NAC or GSH pretreatment also could
not inhibit the Bax overexpression in CL-treated cells (Figure
7B). These results implied that the Bax expression was
independent of GSH depletion in CL treatment. The Bax
overexpression was not the main pathway during CL-induced
cell death in SW480 cells. The decreased AW,, could be
prevented by the pretreatment of NAC or GSH in CL-treated
SW480 cells (Figure 4C). These results indicate that GSH
depletion is a critical inducer in CL-induced mitochondrial
dysfunction.

CL decreased the y-GCS expression as early as 0.5 h would
suggest that CL induced apoptosis via inhibiting y-GCS in
SW480 cells. The effect of CL is similar to the L-buthionine-
S-sulfoximine (L-BSO)-induced apoptosis in other cancer cells.
L-BSO has been studied in both preclinical and early clinical
trials for anticancer study (/8). It has been discovered that
L-BSO strongly and irreversibly inhibits y-GCS (29) and
induces a novel pathway of apoptosis dependent on GSH loss,
ROS formation, and independent of Bax levels in neuroblastoma
cells (30).

In conclusion, CL decreased the y-GCS expression and
eventually led to GSH depletion and is the critical event to
induce apoptosis in SW480 cells. The second important event
is mitochondrial dysfunction such as decreased AW, and
cytochorme c released to cytosol. The GSH depletion is
independent of Bax expression in the apoptotic event. This
proposed model of the CL-induced apoptosis in SW480 cells
is shown in Figure 9.

ABBREVIATIONS USED

CL, Calvatia lilacina protein-extract; ROS, reactive oxygen
species; NAC, N-acetylcysteine; GSH, glutathione; DCF, 2°,7’-
dichlorofluorescein; CMF, chloromethylfluorescein; PARP, poly
ADP ribose polymerase; PI, propidium iodide, DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum;
AW ,,, mitochondrial transmembrane potential; y-GCS, y-glutamyl-
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cysteine synthetase; CyA, cyclosporine A; Vit C, vitamin C;
siRNA, small interference RNAs; TUNEL, TdT-mediated
dUTP-biotin nick end labeling; MTT, 3-(4,5-cimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide.
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