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Cantharidin induces G2/M phase arrest and apoptosis in
human colorectal cancer colo 205 cells through inhibition of
CDK1 activity and caspase-dependent signaling pathways
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Abstract. Cantharidin (CTD) is a traditional Chinese medicine
and an effective component isolated from blister beetle, and it
has been demonstrated to have anticancer, antibiotic, antivirus
activities and immune-regulated functions. It has been reported
that CTD induces cell cycle arrest and apoptosis in many cancer
cell types. However, there are no reports showing that CTD
would induce cell cycle arrest and apoptosis in human
colorectal cancer colo 205 cells. In this study, we studied colo
205 cells which were treated with CTD and demonstrated its
molecular mechanisms in apoptosis. CTD induced growth
inhibition, G2/M phase arrest and apoptosis in colo 205
cells. The ICs,is 20.53 uM in CTD-treated colo 205 cells.
DAPI/TUNEL double staining and Annexin V assays were
used to confirm the apoptotic cell death in colo 205 cells after
CTD exposure. CTD caused G2/M arrest, down-regulated
CDKI1 activity, decreased Cyclin A, Cyclin B, CDK1 and
increased CHK1 and p21 protein levels. Colorimetric assays
also indicated that CTD triggered activities of casapse-8, -9
and -3 in colo 205 cells. Moreover, CTD increased ROS
production and decreased the level of mitochondrial
membrane potential (4¥m) in colo 205 cells. Consequently,
CTD-induced growth inhibition was significantly attenuated
by N-acetylcysteine (NAC, a scavenger). CTD stimulated the
protein levels of Fas/CD95, the caspase-3 active form,
cytochrome ¢ and Bax, but suppressed the protein levels of
pro-caspase-8, pro-caspase-9 and Bcl-2, determined by
Western blot analysis. Based on our observations, we suggest
that CTD is able to induce G2/M phase arrest and apoptosis
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in colo 205 cells through inhibition of CDKI1 activity and
caspase-dependent signaling pathways.

Introduction

Colorectal cancer is a frequent reason of cancer death in the
world and in Taiwan based on reports from the Department of
Health, R.O.C. (Taiwan) (http://www.doh.gov.tw/EN2006/
index_EN.aspx.). Colorectal cancer is a multistep process
including progressive disruption of intestinal epithelium
growth (1). The treatment of colorectal cancer in clinic
consists of surgery, radiation and chemotherapy, but these
treatments of colon cancer are limited and the result is not
acceptable. Induction of cell cycle arrest and apoptosis in
tumor cells may be a considered strategy for colon cancer.
The process of cell cycle has been investigated frequently,
particularly CDK1/Cyclin B complex play an important role
for regulation of G2/M phase (2,3). Much evidence shows that
tumor cells can be induced to cell death through cell arrest
and apoptosis (4,5).

Apoptosis (programmed cell death type I), is vital in
shaping an organism during embryonic development. Apoptosis
causes specific morphological modification such as cell
membraneblebbing,inducedtranslocationof phosphatidylserine
(PS) from inner membrane to the outer membrane, chromatin
condensation, caspases activation and DNA fragmentation
(6,7). Many studies have demonstrated that death-receptor,
mitochondria and endoplasmic reticulum played an important
role in apoptosis (8,9). The activation of effector caspases
such as caspase-3 and -7 by initiator caspases (caspase-8
and -9) are responsible for the cleavage of cellular substrates
degrading the chromosomes into nucleosomal fragments
during apoptosis (10,11). Two major pathways are involved
in cell apoptosis; the death receptor pathway and the
mitochondria-dependent pathway. The death receptor pathway
is involved in Fas/CD95 and caspase-8 activation and then
activates caspase-3. The mitochondrial signaling pathway is
mediated by the mitochondrial depolarization, decrease of
mitochondrial membrane potential (A4¥m), increase of reactive
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oxygen species (ROS) production, leading to the release of
cytochrome c, Apaf-1, AIF and procaspase-9, and combination
with Apaf-1 and procaspase-9 to form the apoptosome (12).
Therefore, many reports have focused on selectively killing of
cancer cells through the induction of apoptosis.

Cantharidin (CTD) is extracted from mylabris (blister
beetle, a traditional Chinese medicine) and a type of terpenoid.
It has been demonstrated that CTD possesses antitumor,
antibiotic, antivirus and regulation of immunity (13,14). Also,
CTD has been used as a medical agent over 2,000 years and
there are many applications, including abortifacient, dropsy,
aphrodisiac and warts (13). In recent studies, CTD was shown
to be able to inhibit cell proliferation in many types of cancer
cell lines such as pancreatic cancer, hepatoma, bladder
carcinoma and breast cancer (15-17). CTD can also reduce the
activity of protein phosphatase 2A (PP2A) (15) which is likely
to suppress tumor proliferation and also used as a target
molecule to detect the suppression of tumor (17). Therefore,
the purpose of this study was to examine whether CTD might
inhibit proliferation and in vitro anticancer mechanisms of
apoptosis in human colorectal cancer colo 205 cells.

Materials and methods

Chemicals and reagents. Cantharidin (CTD, Fig. 1), MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide),
propidium iodide (PI), Tris-HC1, Triton X-100, N-acetylcysteine
(NAC) and RNase A were purchased from Sigma-Aldrich
Corp. (St. Louis, MO, USA). RPMI-1640 medium, L-glutamine,
fetal bovine serum (FBS), penicillin-streptomycin and trypsin-
EDTA were obtained from Invitrogen Corp. (Carlsbad, CA,
USA). The primary antibodies were obtained as follows:
antibodies for caspase-8, -9 and-3 were purchased from Cell
Signaling Technology (Beverly, MA, USA); antibodies for
Cyclin A, Cyclin B, CDK1, CHKI1, p21, cytochrome c, Bax,
Bcl-2, B-actin and horseradish peroxidase (HRP)-linked goat
anti-mouse IgG and goat anti-rabbit IgG were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Caspase-9,
-8 and-3 activity assay kits were obtained from R&D System
Inc. (Minneapolis, MN, USA). Terminal deoxynucleotidyl
transferase dUTP nick end-labeling (TUNEL) assay kit was
purchased from Roche Diagnostics Corp. (Indianapolis, IN,
USA). Annexin V assays kit and 4'-6-diamidino-2-phenylindole
(DAPI) were obtained from Invitrogen.

Cell culture. The human colorectal cancer cell line colo 205 was
purchased from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). Cells were plated onto 75 cm?
tissue culture flasks in RPMI-1640 medium supplemented
with 10% FBS, 100 U/ml penicillin, 100 ug/ml streptomycin
and 2 mM L-glutamine and grown at 37°C under a humidified
5% CO, and 95% air at one atmosphere (9).

Cell morphological examinations. Colo 205 cells (2.5x10° cells/
well) were seeded onto 24-well plates and then incubated
with 20 uM CTD for 24 h. Cells were directly examined and
photographed under a contrast-phase microscope (18).

Assay for cell viability. Colo 205 cells (2.5x10* cells/well)
were seeded onto 96-well plates and then treated with 0, 10,
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20 and 40 uM CTD for 24,48 and 72 h. After CTD incubation,
MTT (0.5 pg/ml, 100 ul) was added to each well and then
cells were incubated at 37°C for 4 h. One hundred microliters
of 0.04 N HCl/isopropanol was added and the absorbance at
OD570 nm was measured for each well. The cell survival ratio
was expressed as % of control. All results were performed in
three independent experiments (19,20).

Determinations of cell cycle distribution and apoptosis by flow
cytometric analysis. Colo 205 cells (2.5x10° cells/well) were
seeded onto 12-well plates and then incubated with 20 M
CTD for 12, 24 and 48 h. Cells were then harvested and washed
by centrifugation to determine the DNA content. Subsequently,
cells were fixed by 70% ethanol at -20°C overnight and then
re-suspended in PBS containing 40 pg/ml PI, 100 ug/ml
RNase A and 0.1% Triton X-100 in dark room for 30 min.
The cell cycle distribution and apoptotic cells (sub-G1 phase)
were determined by flow cytometry (FACSCalibur™ , Becton-
Dickinson, Franklin Lakes, NJ, USA). All results were performed
in three independent experiments (21,22).

DAPI/TUNEL double staining. Colo 205 cells (2x10° cells/
well) were seeded onto 24-well plates and then exposed to
20 uM CTD for 24 h. After treatment, the cells were harvested
and immediately incubated with working strength terminal
deoxynucleotidyl transferase (Tdt) enzyme (Roche Diagnostics
Corp.) at 37°C for 1 h. The cells were immersed in stop/wash
buffer and gently rinsed with PBS. FITC-labeled anti-digoxigenin
conjugate was then applied to cells and incubated at 37°C
for 30 min in the dark. The cells were washed in PBS then
stained with DAPI and mounted with DABCO (Sigma-Aldrich
Corp.). DAPI and TUNEL positive cells were visualized with
a fluorescence microscope (23,24).

CDK] kinase activity. Colo 205 cells (1x107 cells) were seeded
onto 75 cm? tissue culture flask and then treated with 20 yuM
CTD for 0, 12 and 24 h. Cells were suspended in a buffer
containing, in a final volume of 0.2 ml, 50 mM Tris-HC1
(pH 7.5), 1 mM phenylmethylsulfonyl fluoride, 50 pg/ml
leupeptin, 10 mM 2-mercaptoethanol, 1 mM MgCl,, 2 mM
EGTA, 0.5 mM dithiothreitol, 0.01% Brij35, 25 mM
b-glycerophosphate, and 0.5 M NaCl. Cell suspensions were
sonicated and centrifuged at 10,000 x g for 30 min. To determine
the CDKI1 kinase activity condition using MV Peptide and
determined by measuring OD492 was as described previously
(25).

Annexin V assay and flow cytometry to detect apoptotic cells.
Colo 205 cells (2.5x10° cells/well) were seeded onto 24-well
plates and then incubated with 20 kM CTD for 12 h. The
harvested cells were then conjugated with Annexin V-FITC
(1 ug/ml) incubated for 30 min at room temperature in the
dark, and analyzed by flow cytometry (26,27).

Detection of reactive oxygen species (ROS) and mitochondrial
membrane potential (A¥m). Colo 205 cells were plated
onto 24-well plates and exposed to 20 xuM CTD for various
time periods before being harvested, washed twice, and
re-suspended in the 2,7-dichlorodihydrofluorescein diacetate
(H2DCF-DA, Invitrogen) and 3,3'-Dihexyloxacarbocyanine
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Figure 1. The structure of cantharidin (CTD).

iodide (DiOC6, Invitrogen) to determine the levels of ROS
and A¥m, respectively. Cells were then incubated at 37°C for
30 min and then measured by flow cytometry as previously
described (12,28).

Caspase-3, -8 and -9 activities. Colo 205 cells (5x10° cells)
were seeded in 6-well plates and treated with 20 uM CTD for
24 h. Cells were harvested and lysed in 50 ml lysis buffer
which contained 2 mM DTT for 10 min. The supernatant
containing protein was incubated with caspase-3 substrate
(Ac-DEVD-pNA), caspase-8 substrate (Ac-IETD-pNA) and
caspase-9 substrate (Ac-LEHD-pNA), respectively, in reaction
buffer. The samples were incubated in 96-well flat bottom
plate at 37°C for 1 h. The amounts of released pNA were
measured at OD405 nm with ELISA reader (19,29).

Western blot analysis. Colo 205 cells (2.5x107 cells) were
seeded in 75-T flask and treated with 20 M CTD for 0, 6, 12,
18 and 24 h. The cells were harvested and the total proteins
were collected. The protein concentration was measured by
using a BCA assay kit (Pierce Biotechnology Inc., Rockford,
IL, USA). Equal amounts of cell lysate were run on 10-12%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
electro-transferred to a nitrocellulose membrane by using
iBot™ Dry Blotting System (Invitrogen). The blot was soaked
in blocking buffer (5% non-fat dry milk/0.05% Tween-20 in
20 mM TBS at pH 7.6) at room temperature for 1 h and then
incubated with anti-caspase-8, -9, -3, Cyclin A, Cyclin B,
CDK1, CHKI, p21, cytochrome c, Bax, Bcl-2 and f-actin
antibodies in blocking buffer at 4°C overnight. Membranes
were washed three times with Tris-buffered saline/Tween-20
for 10 min and incubated with secondary horseradish peroxidase
(HRP)-conjugated antibody. The blots were developed using a
chemiluminescence (ECL) detection kit (Millipore, Billerica,
MA, USA) followed by development on Kodak Bio-MAX
MR film (Eastman Kodak, Rochester, NY, USA). All results
were performed in three independent experiments (23,30).

Statistical analysis. Student's t-test was used to analyze the
differences between the CTD-treated groups and control
sample. All data were expressed as the mean + SD from at
least three independent experiments. “*p0.001 is indicative of
significant difference.
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Results

CTD decreases cell viability and increases morphological
changes in colo 205 cells. We investigated the cell growth
inhibition effects and cell viability of CTD in colo 205
cells. Cells were treated with different concentrations (0, 5,
10, 20 and 40 uM) of CTD, and then MTT assay was used to
detect cell viability at 0, 24,48 and 72 h. As shown in Fig. 2A,
the cell viability was significantly decreased in a dose- and
time-dependent manner in CTD-treated colo 205 cells. The
ICs, is 20.53 M in colo 205 cells at 24-h exposure, cell
morphological changes were observed, including cell rounding
and shrinkage after 24 h-incubation with 20 yM CTD as
shown in Fig. 2B.

CTD induces G2/M phase arrest and apoptosis in colo 205
cells. We investigated the CTD-induced cell growth inhibition
in colo 205 cells to evaluate whether it may be through the
cell cycle arrest and/or apoptotic mechanisms. Cells were
treated with 20 xuM CTD for 0, 12, 24, and 48 h, and then cell
cycle distribution was analyzed by flow cytometry. CTD
induced G2/M phase arrest and increased the apoptotic cells
in colo 205 cells (Fig. 3A). DAPI/TUNEL double staining
was used to confirm the CTD-induced DNA fragmentation
and apoptosis in colo 205 cells (Fig. 3B).

CTD reduces CDKI activity and G2/M phase-associated
protein levels in colo 205 cells. CTD-treated colo 205 cells
were arrested in G2/M phase and decreased CDKI1 activity at
12 and 24 h (Fig. 4A). We also determined the G2/M phase-
associated proteins by Western blot analysis as seen in Fig. 4B.
CTD caused decrease in protein levels of Cyclin A, Cyclin B
and CDKI1 and increase in CHK1 and p21 proteins. Our
results suggest that CTD is able to decrease the CDK1 activity
and induce G2/M phase arrest in colo 205 cells.

CTD induces phosphatidylserine (PS) exposure and
caspase-8, -9, -3 activities in colo 205 cells. To confirm the
CTD-induced early apoptotic characteristics in colo 205 cells,
cells were treated with 20 xM CTD for 12 h and the apoptotic
cells were determined by Annexin V analysis. Treatment of
colo 205 cells with CTD induced the exposure of
phosphatidylserine (PS) from inner side of the plasma
membrane to the outer layer of the cell membrane by Annexin
V (positive cells of CTD-treated colo 205 cells: 44.22+2.68%;
Fig. 5A). To investigate the mechanism of CTD-induced
apoptosis, we investigated caspase-8, -9 and -3 activities in
colo 205 cells. CTD caused an increase of caspase-8, -9 and-3
activities in 24-h treatment (Fig. 5B). Our results suggest that
caspase activation may be involved in CTD-induced apoptotic
cell death in colo 205 cells.

CTD-triggered apoptosis is accompanied by ROS production
and loss of mitochondrial membrane potential (A¥Wm). We
examined the effects of CTD on the ROS production and loss
of AWm by using the specific dye DCFH-DA and DiOC6,
respectively. Our results shown in Fig. 6 indicate a remarkable
increase of ROS production (Fig. 6A), and decrease the A¥m
was observed after 3, 6 and 12 h in CTD-treated colo 205
cells (Fig. 6B). Cells were pretreated with a ROS scavenger
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Figure 2. Effects of CTD on cell viability and morphological changes of colo 205 cells. Cells were treated with 0, 5, 10, 20 and 40 M CTD for 0, 24, 48 and
72 h and then harvested for determination of cell viability by using MTT assay (A). Cells were exposed to 20 uM CTD for 24 h, and then were examined and
photographed for morphological changes by a phase-contrast microscope (B). Data represent the mean + SD of three experiments.
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Figure 3. Effects of CTD on cell cycle distribution and apoptosis of colo 205
cells. Cells were treated with 20 M CTD for 0, 12, 24 and 48 h and then cell
cycle distribution was detected by flow cytometry (A). Apoptotic cells after
exposure to 20 uM CTD for 24 h were detected by DAPI/TUNEL double
staining, and then examined and photographed under a fluorescent
microscopy (x400) as described in Materials and methods (B).
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Figure 4. Effects of CTD on CDKI activity and G2/M-associated protein
levels of colo 205 cells. Cells were treated with 20 M CTD for 0, 12 and 24 h
and CDKI1 kinase activity was measured in cellular extracts for the ability to
phosphorylate the MV Peptide, a CDK1 kinase specific substrate according
to the manual of Medical & Biological Laboratory's CDK1 kinase assay kit
(A). Colo 205 cells were exposed to 20 uM CTD for 0, 6, 12, 18 and 24 h,
and then the total proteins were detected by Western blotting. Respectively,
primary antibodies for Cyclin A, Cyclin B, CDK1, CHK1 and p21 were
examined (B). “"p<0.001.
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specific substrates respectively (Ac-DEVD-pNA, Ac-LEHD-pNA and
Ac-IETD-pNA, respectively). The release of pNA was measured at 405 nm by
spectrophotometry (B). “**p<0.001.

1071

(NAC) to block CTD-induced growth inhibition and cell death
by MTT assay (Fig. 6C). Our results suggest that CTD-promoted
ROS production and CTD-induced growth inhibition was
significantly attenuated by NAC and loss of A4%m. Therefore,
CTD-induced apoptotic cell death in colo 205 cells is mediated
through ROS and mitochondria-dependent pathways.

CTD affectes the levels of apoptosis-associated proteins in
colo 205 cells. We investigated the protein levels of Fas/CD95,
caspase-8, -3, cytochrome c, caspase-9, Bax and Bcl-2 proteins
by using Western blot analysis. As shown in Fig. 7A, CTD
increased the levels of Fas/CD95, cleavage of caspase-3 and
decreased the levels of pro-caspase-8. CTD also promoted the
levels of cytochrome ¢, Bax and attenuated the levels of
pro-caspase-9 and Bcl-2 (Fig. 7B). Our results suggest that
CTD-induced cell death in colo 205 cells is through the death
receptor and mitochondria-mediated apoptotic pathways.

Discussion

In this study, we investigated the anti-colorectal cancer activity
of CTD on colo 205 cells in vitro and focused on cell cycle
arrest, cell apoptosis and its apoptotic signaling pathways.
Our results indicated CTD induced growth inhibition and
cell death in colo 205 cells in a dose- and time-dependent
manner (Fig. 2A). Colo 205 cells treated with CTD resulted in
G2/M phase arrest in cell cycle distribution (Fig. 3A). After
exposure to CTD in colo 205 cells, the CDKI1 kinase activity
was reduced, leading to broken G2/M progression. Our results
also showed that the protein levels of CDKI1, Cyclin A and
Cyclin B were decreased after treatment with CTD in colo 205
cells. Moreover, the level of p21 was up-regulated. It was
also reported that the G2/M checkpoint plays an important
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Figure 6. Effects of CTD on ROS production and loss of mitochondrial membrane potential (4%m) of colo 205 cells. Cells were treated with 20 uM CTD for
0, 3, 6 and 12 h and then the changes of ROS production (A) and loss of A¥m (B) was determined by DCFH-DA and DiOC6 specific dyes, respectively, by
flow cytometry. Cells were pretreated with N-acetylcysteine (NAC), a ROS scavenger, for 1 h and then treated with 20 M CTD for 24 h. Cells were harvested

for determination of cell viability by using MTT assay (C). ““p<0.001.
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Figure 7. Effects of CTD on apoptosis-related protein levels of colo 205
cells. Western blot analysis was used for protein levels of Fas/CD95,
caspase-8, caspase-3 (A) and cytochrome ¢, caspase-9, Bax, Bcl-2 (B) in
CTD-treated colo 205 cells.

role for DNA damage-induced apoptosis. The CDK1/Cyclin B
complex is the major regulator leading the G2 to M phase
progression (2,9). Recently, it was reported that p21, a potent
cyclin-dependent kinase inhibitor (CKI), is a key regulator,
and it can inhibit the CDK1 activity and strengthen the G2/M
arrest of cell cycle distribution (15,31). It was also reported
that CTD is a potent inhibitor of PP2A, which may block the
antigen-presenting cell (APC) activity (32). Cdhl can inhibit
CDKI1 activity and it is a co-activator of APC (33). Our results
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suggest that colo 205 cells, after treatment with CTD, might
be able to induce APC through inhibition of PP2A and down-
regulation of CDKI1.

Activation of caspase is one of the major mechanisms that
promotes cell apoptosis responding to death receptor signal
(extrinsic or death-receptor pathway) and mitochondrial stress
(intrinsic or mitochondrial pathway) (34). In this study, we first
demonstrated that CTD-reduced cell growth and cell death in
colo 205 cells is through induction of cell apoptosis. We
provided strong evidence that CTD induced apoptosis
through the death receptor and mitochondrial apoptotic
pathways in colo 205 cells. We showed in the present study
that CTD: i) decreased the percentage of viable cells by MTT
assay (Fig. 2A); ii) triggered apoptotic morphological
changes (Fig. 2B); iii) induced DNA condensation and DNA
fragmentation by DAPI/TUNAL staining (Fig. 3B); iv)
stimulated translocation of phosphatidylserine (PS) from inner
membrane to the outer membrane by Annexin V analysis
(Fig. 5A); v) increased the protein levels of Fas/CD95,
cleavage caspase-3, cytochrome ¢, Bax (Fig. 7); vi) promoted
caspase-8, -9 and -3 activities (Fig. 5B).

Previous studies have demonstrated that Bcl-2 and Bax
locate in the mitochondrial outer-membrane and the Bcl-2/Bax
ratio regulates the release of mitochondrial cytochrome c to
cytosol (24,35). Our results showed that CTD promoted the
expression of Bax (a pro-apoptotic protein) and suppressed
the levels of Bcl-2 (an anti-apoptotic protein) by Western
blotting (Fig. 7B). Furthermore, CTD increased the level of
cytochrome ¢ and decreased the level of pro-caspase-9 (Fig. 7B)
in colo 205 cells. This is in agreement with another report that
CTD treatment led to dramatically decreased expression of
Bcl-2 in human bladder carcinoma cells (36,37). It was reported
that CTD-induced growth inhibition was not mitigated in
pancreatic cancer cells with NAC (15). In our study, pretreatment
with NAC protected apoptosis against CTD-induced
production of ROS (Fig. 6A) and growth inhibition in colo 205
cells. This is in agreement with a previous report that the
cytotoxic effect of cantharidin was believed to be related to
oxidative stress (38).

Cantharidin (CTD; 20 uM)

CHK1 % Mitochondrial pathway
p21 ¢ Death-receptor pathway Cytochrome ¢
Fas/CD95 % Bax 1
l Pro-caspase-8 | Bel-2 |
Caspase-8 activity 1 Pro-caspase-9 |
CDKI1 activity | Caspase-9 activity 1
Cyclin A |
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Caspase-3 active form ¢
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Figure 8. The proposed model of CTD-mediated G2/M arrest and apoptosis in human colorectal cancer colo 205 cells.
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In conclusion, based on these observations, we have

obtained convincing evidence that CTD efficiently inhibits
the growth of a human colorectal cancer cell line (colo 205)
through inhibiting CDKI1 activity and caspase-dependent
signal pathway as shown in Fig. 8. Further investigation on
in vivo colorectal cancer models is necessary to clarify the
biological activity of CTD.

Acknowledgments

This study was supported by a grant from CMU 95-118 and
CMU 99-TC-05 of China Medical University, Taiwan and
grants from the NSC 96-2320-B039-014-MY2 and NSC
97-2320-B-039-004-MY3 of National Science Council,
Taiwan.

References

10.

11.

12.

13.

14.

15.

16.

. Ceelen W, van Nieuwenhove Y and Pattyn P: Surgery and intra-

cavitary chemotherapy for peritoneal carcinomatosis from
colorectal origin. Acta Gastroenterol Belg 71: 373-378, 2008.

. Chou LC, Yang JS, Huang LJ, et al: The synthesized 2-(2-

fluorophenyl)-6,7-methylenedioxyquinolin-4-one (CHM-1)
promoted G2/M arrest through inhibition of CDK1 and induced
apoptosis through the mitochondrial-dependent pathway in
CT-26 murine colorectal adenocarcinoma cells. J Gastroenterol
44: 1055-1063, 20009.

. Malumbres M and Barbacid M: Cell cycle, CDKs and cancer: a

changing paradigm. Nat Rev Cancer 9: 153-166, 20009.

. Vazquez A, Bond EE, Levine AJ and Bond GL: The genetics of

the p53 pathway, apoptosis and cancer therapy. Nat Rev Drug
Discov 7: 979-987, 2008.

. Lo C, Lai TY, Yang JH, et al: Gallic acid induces apoptosis in

A375.52 human melanoma cells through caspase-dependent and
-independent pathways. Int J Oncol 37: 377-385, 2010.

. Tang YJ, Yang JS, Lin CF, et al: Houttuynia cordata Thunb

extract induces apoptosis through mitochondrial-dependent
pathway in HT-29 human colon adenocarcinoma cells. Oncol
Rep 22: 1051-1056, 20009.

. Visconti R and Grieco D: New insights on oxidative stress in

cancer. Curr Opin Drug Discov Dev 12: 240-245, 2009.

. Murgia M, Giorgi C, Pinton P and Rizzuto R: Controlling

metabolism and cell death: at the heart of mitochondrial calcium
signalling. J Mol Cell Cardiol 46: 781-788, 20009.

. Yang JS, Chen GW, Hsia TC, et al: Diallyl disulfide induces

apoptosis in human colon cancer cell line (COLO 205) through
the induction of reactive oxygen species, endoplasmic reticulum
stress, caspases casade and mitochondrial-dependent pathways.
Food Chem Toxicol 47: 171-179, 2009.

Schauer T, Tombacz I, Ciurciu A, Komonyi O and Boros IM:
Misregulated RNA Pol II C-terminal domain phosphorylation
results in apoptosis. Cell Mol Life Sci 66: 909-918, 20009.

Ip SW, Lan SH, Huang AC, et al: Capsaicin induces apoptosis
in SCC-4 human tongue cancer cells through mitochondria-
dependent and -independent pathways. Environ Toxicol (In
press).

Wen YF, Yang JS, Kuo SC, et al: Investigation of anti-leukemia
molecular mechanism of ITR-284, a carboxamide analog, in
leukemia cells and its effects in WEHI-3 leukemia mice. Biochem
Pharmacol 79: 389-398, 2010.

Dorn DC, Kou CA, Png KJ and Moore MA: The effect of
cantharidins on leukemic stem cells. Int J Cancer 124: 2186-2199,
2009.

Huh JE, Kang KS, Chae C, Kim HM, Ahn KS and Kim SH:
Roles of p38 and JNK mitogen-activated protein kinase pathways
during cantharidin-induced apoptosis in U937 cells. Biochem
Pharmacol 67: 1811-1818, 2004.

Li W, Xie L, Chen Z, et al: Cantharidin, a potent and selective
PP2A inhibitor, induces an oxidative stress-independent growth
inhibition of pancreatic cancer cells through G2/M cell-cycle
arrest and apoptosis. Cancer Sci 101: 1226-1233, 2010.

Nickolls LC and Teare D: Poisoning by cantharidin. Br Med J 2:
1384-1386, 1954.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

1073

Yeh CB, Su CJ, Hwang JM and Chou MC: Therapeutic effects of
cantharidin analogues without bridging ether oxygen on human
hepatocellular carcinoma cells. Eur ] Med Chem 45: 3981-3985,
2010.

Ho YT, Yang JS, Li TC, et al: Berberine suppresses in vitro
migration and invasion of human SCC-4 tongue squamous
cancer cells through the inhibitions of FAK, IKK, NF-kappaB,
u-PA and MMP-2 and -9. Cancer Lett 279: 155-162, 2009.

Lin SS,Huang HP, Yang JS, et al: DNA damage and endoplasmic
reticulum stress mediated curcumin-induced cell cycle arrest
and apoptosis in human lung carcinoma A-549 cells through the
activation of caspases cascade- and mitochondrial-dependent
pathway. Cancer Lett 272: 77-90, 2008.

Lu HF, Wang HL,, Chuang Y, et al: Danthron induced apoptosis
through mitochondria- and caspase-3-dependent pathways in
human brain glioblastoma multiforms GBM 8401 cells. Neurochem
Res 35: 390-398, 2010.

Chen JC, Lu KW, Tsai ML, et al: Gypenosides induced GO/G1
arrest via CHk2 and apoptosis through endoplasmic reticulum
stress and mitochondria-dependent pathways in human tongue
cancer SCC-4 cells. Oral Oncol 45: 273-283, 20009.

Huang WW, Chiu YJ, Fan MJ, er al: Kaempferol induced
apoptosis via endoplasmic reticulum stress and mitochondria-
dependent pathway in human osteosarcoma U-2 OS cells. Mol
Nutr Food Res (In press).

Chung JG, Yang JS, Huang LJ, et al: Proteomic approach to
studying the cytotoxicity of YC-1 on U937 leukemia cells and
antileukemia activity in orthotopic model of leukemia mice.
Proteomics 7: 3305-3317, 2007.

Yang JS, Hour MJ, Huang WW, Lin KL, Kuo SC and Chung JG:
MJ-29 inhibits tubulin polymerization, induces mitotic arrest,
and triggers apoptosis via cyclin-dependent kinase 1-mediated
Bcl-2 phosphorylation in human leukemia U937 cells. J
Pharmacol Exp Ther 334: 477-488, 2010.

Yang JS, Hour MJ, Kuo SC, Huang LJ and Lee MR: Selective
induction of G2/M arrest and apoptosis in HL-60 by a potent
anticancer agent, HMJ-38. Anticancer Res 24: 1769-1778, 2004.
Liu B, Wang T, Qian X, Liu G, Yu L and Ding Y: Anticancer
effect of tetrandrine on primary cancer cells isolated from ascites
and pleural fluids. Cancer Lett 268: 166-175, 2008.

Kuo TC, Yang JS, Lin MW, et al: Emodin has cytotoxic and
protective effects in rat C6 glioma cells: roles of Mdrla and
nuclear factor kappaB in cell survival. J Pharmacol Exp Ther
330: 736-744, 2009.

Lu CC, Yang JS, Huang AC, et al: Chrysophanol induces
necrosis through the production of ROS and alteration of ATP
levels in J5 human liver cancer cells. Mol Nutr Food Res 54:
967-976, 2010.

Wu PP, Kuo SC, Huang WW, et al: (-)-Epigallocatechin gallate
induced apoptosis in human adrenal cancer NCI-H295 cells
through caspase-dependent and caspase-independent pathway.
Anticancer Res 29: 1435-1442, 2009.

Kuo HM, Tsai HC, Lin YL, et al: Mitochondrial-dependent
caspase activation pathway is involved in baicalein-induced
apoptosis in human hepatoma J5 cells. Int J Oncol 35: 717-724,
2009.

Stark GR and Taylor WR: Control of the G2/M transition. Mol
Biotechnol 32: 227-248, 2006.

Honkanen RE: Cantharidin, another natural toxin that inhibits
the activity of serine/threonine protein phosphatases types 1 and
2A.FEBS Lett 330: 283-286, 1993.

Baker DJ, Dawlaty MM, Galardy P and van Deursen JM: Mitotic
regulation of the anaphase-promoting complex. Cell Mol Life
Sci 64: 589-600, 2007.

Eeva J, Nuutinen U, Ropponen A, et al: The involvement of
mitochondria and the caspase-9 activation pathway in rituximab-
induced apoptosis in FL cells. Apoptosis 14: 687-698, 2009.

Wu SH, Hang LW, Yang JS, et al: Curcumin induces apoptosis
in human non-small cell lung cancer NCI-H460 cells through
ER stress and caspase cascade- and mitochondria-dependent
pathways. Anticancer Res 30: 2125-2133, 2010.

Huan SK, Lee HH, Liu DZ, Wu CC and Wang CC: Cantharidin-
induced cytotoxicity and cyclooxygenase 2 expression in human
bladder carcinoma cell line. Toxicology 223: 136-143, 2006.
Kuo JH, Chu YL, Yang JS, et al: Cantharidin induces apoptosis
in human bladder cancer TSGH 8301 cells through mitochondria-
dependent signal pathways. Int J Oncol 37: 1243-1250, 2010.
Rauh R, Kahl S, Boechzelt H, Bauer R, Kaina B and Efferth T:
Molecular biology of cantharidin in cancer cells. Chin Med 2: 8,
2007.



