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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

Wei Li,"?> Li Xie,"> Zheng Chen," Yi Zhu," Yujie Sun,?? Yi Miao,"* Zekuan Xu'3# and Xiao Han?**

Department of General Surgery, the First Affiliated Hospital of Nanjing Medical University, Nanjing; 2Key Laboratory of Human Functional Genomics of
Jiangsu Province and 3Cancer Center, Nanjing Medical University, Nanjing, China

(Received October 7, 2009/Revised January 21, 2010/Accepted January 26, 2010/0Online publication March 9, 2010)

Cantharidin is an active constituent of mylabris, a traditional Chi-
nese medicine. It is a potent and selective inhibitor of protein
phosphatase 2A (PP2A) that plays an important role in control of
cell cycle, apoptosis, and cell-fate determination. Owing to its anti-
tumor activity, cantharidin has been frequently used in clinical
practice. In the present study, we investigated the therapeutic
potential of cantharidin in pancreatic cancer. Cantharidin effi-
ciently inhibited the growth of pancreatic cancer cells, but pre-
sented a much lighter toxicity effect against normal pancreatic
duct cells. It caused G2/M cell-cycle arrest that was accompanied
by the down-regulation of cyclin-dependent kinase 1 (CDK1) and
up-regulation of p21 expression. It induced apoptosis and elevated
the expressions of pro-apoptotic factors tumor necrosis factor-o
(TNF-0), TNF-related apoptosis inducing receptor 1 (TRAILR1),
TRAILR2, Bad, Bak, and Bid, and decreased the expression of anti-
apoptotic Bcl-2. Activation of caspase-8 and caspase-9 suggested
that both extrinsic and intrinsic pathways are involved in the
induction of apoptosis. Interestingly, unlike previous studies on
other cancer cells, we found that the inhibitory role of cantharidin
is independent of oxidative stress in pancreatic cancer cells. Mito-
gen-activated protein kinases (MAPKs), including ERK, JNK, and
p38, were activated after treatment with cantharidin. Inhibition of
JNK, but not ERK or p38, alleviated the cytotoxity effect of can-
tharidin, suggesting cantharidin exerted its anticancer effect
through the JNK-dependent way. Hence, in addition to being an
attractive candidate compound with therapeutic potential, can-
tharidin also highlighted the possibility of using PP2A as a thera-
peutic target for pancreatic cancer treatment. (Cancer Sci 2010;
101: 1226-1233)

P ancreatic cancer is one of the most lethal human cancers
with average 4- to 6-month survival time after diagnosis. It
causes about 30 000 and 40 000 annual deaths in the USA and
Europe, respectively, and is currently the sixth leading cause of
death due to malignant diseases in China.""* These poor out-
comes can be attributed to obscure and nonspecific symptoms
and clinical manifestations that complicate the early diagnosis
of pancreatic cancer. At the time of diagnosis, 80% of the
patients could not be administered an effective curative surgical
treatment.’ Only palliative therapy was administered to these
patients, which actually does not provide sgmﬁcant improve-
ment in terms of the long-term survival rate."”” Therefore, new
treatments against this aggressive neoplasm are urgently needed.

Natural products and their derivatives have been used in can-
cer treatment. For instance, vinca alkaloids, taxanes, and camp-
tothecins have been used commonly in cancer chemotherapy. 4
The dried body of mylabris, which is a Chinese blister beetle,
has been used as a traditional Chinese medicine for more than
2000 years and is still being used as a folk medicine.® The
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active constituent of mylabris is cantharidin — a potent and
selective inhibitor of PP2A.©© PP2A plays an important role in
the regulation of cell cycle, apoptosis, growth, and cell-fate
determination.'”’ In recent studies, cantharidin and its deriva-
tives have shown strong in vitro antitumor act1v1ty against the
cells of various cancers such as leukemia,®™® colorectal carci-
noma,® hepatoma( bladder carcmoma,( D and breast can-
cer. (a3 In clinical trials, cantharidin and its analogs have shown
therapeutic effects against primary hepatoma, including cases at
the advanced stage without the suppression of the bone mar-
row,”'¥ suggesting the potential for applying cantharidin to the
treatment of Pancreatic cancer which nearly always has a late
diagnosis." ¥ In the present study, we have investigated the
possible antitumor function of cantharidin in pancreatic cancer
cells and the underlying mechanisms associated with this
activity.

Materials and Methods

Cell lines and cultures. Human pancreatic cancer cell lines,
namely, PANC-1, CFPAC-1, BxPC-3, and Capan-1, were pur-
chased from the American Type Culture Collection (Manassas,
VA, USA) and maintained in DMEM (Gibco, Grand Island,
NY, USA) supplemented with 10% FCS (Hyclone, Logan, UT,
USA), 100 units/mL penicillin, and 100 mg/mL streptomycin.
The cultures were incubated at 37°C in a humidified atmosphere
with 5% CO,. Cells were passaged every 2-3 days to obtain an
exponential growth.

Isolation and culture of normal pancreatic duct cells. Human
and rat pancreatic duct cells were isolated with the help of Dr
Tao Yang (Department of Endocrinology, The First Affiliated
Hospital of Nanjing Medical University). The protocol on
human pancreatic duct cells of surgical samples was approved
by the Jiangsu Province Hospital Ethics Committee (The First
Affiliated Hospital of Nanjing Medical University). Animal
studies were performed according to guidelines established by
the Research Animal Care Committee of Nanjing Medical Uni-
versity. Human and rat pancreatic duct cells and islets isolation
and culture techniques have been described previously.’ 1413
Briefly, pancreata of surgical human samples and male Spra-
gue—Dawley rats (Shanghai Laboratory Animal Centre, Chinese
Academy of Sciences, Shanghai, China) were digested with
1.5 mg/mL collagenase P (Roche, Indianapolis, IN, USA), and
0.5 mg/mL collagenase V (Roche) respectively. After purifica-
tion on continuous Ficoll gradients (Sigma, St. Louis, MO,
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Table 1.

PCR primers of either cell-cycle- or apoptosis-associated genes

Primers (5-3")

Genes Product size (bp)
Sense Anti-sense
G2/M cell cycle
Cyclin A gctatcctcgtggactggtt cagcaataactgatggcaaatac 436
Cyclin B1 gtcaccaggaactcgaaaa tccagtgacttcccgacc 585
Cyclin B2 acggtgtccagtgatttg atcttcgttatcaatgtcctc 351
Cyclin H agccagcaatgccaagat cagaatgacatcgctccaact 633
p21 ggacctgtcactgtcttgtacc ttcctgtgggceggattag 177
CDK1 (CDC2) ccctcctggtcagtacatg gctaggcttcctggtttcc 468
CDK7 tgtgggctgttggctgta ttcttgggcaatcctect 442
Apoptosis
Death receptor pathway
Fas ttctgccataagceectgtc ttggtgttgctggtgagtg 320
FasL tcttcectgtccaacctct tgagttggacttgcctgtt 379
TNF-o ctccaggeggtgcttgttc tggtaggagacggcgatgc 414
TRAIL aagtggcattgcttgtttct ttgatgattcccaggagttta 320
TRAILR1 (DR4) ttgttgcatcggctcaggtt gaggcgttccgtccagtttt 489
TRAILR2 (DR5) acccttgtgctegttgtcge tgggctggaggtcaccgtct 498
DR6 gggaccaaggagacagacaacg ccacaatcaccacaagcaccag 493
Bcl-2 family
Anti-apoptosis
Bcl-2 tcgccctgtggatgactgag cagagtcttcagagacagccagga 143
Bcl-XI gggactgaatcggagatggaga gctggacggaggatgtggtg 650
MCL-1 isoform 1 cagcgacggcgtaacaaa ccaccctaccatcttcactaaatc 584
Pro-apoptosis
Bax tcaggatgcgtccaccaa gttgaagttgccgtcagaaa 166
Bcl-Xs gggactgaatcggagatggaga gctggacggaggatgtggtg 551
Bad tcccagagtttgagcecga ccaagttccgatcccacc 468
Bak ggacgacatcaaccgacgctat tctgaaccgggacccaaagg 424
Bid cagtgggagggctacgat taggtgcgtaggttctggtta 407
Bik ctggaccctatggaggactt cagtctggtcgtagatgaaagc 178
Bim ccctacagacagagccaca attcgtgggtggtcttcg 439
MCL-1 isoform 2 ccgcttgaggagatggaa ccaccctaccatcttcactaaatc 781
Internal control
B-Actin cccagagcaagagaggcatc catgatctgggtcatcttcteg 197

CDK, cyclin-dependent kinase; DR, death receptor; TNF-o, Tumor necrosis factor-o; TRAILR, TNF-related apoptosis inducing receptor.

USA), cells from the top (1.062 density) and middle (1.096 den-
sity) layers were harvested. Human pancreatic duct cells were
cultured in CMRL 1066 medium (Invitrogen, Carlsbad, CA,
USA) containing 5.6 mm glucose and 10% FCS (Hyclone). Rat
pancreatic duct cells were cultured in RPMI-1640 medium
(Invitrogen) supplemented with 20 ng/mL EGF (Sigma),
20 ng/mL bFGF (Sigma), 71.5 pum B-mercaptoethanol, and 10%
FCS (Hyclone).

Reagents. Cantharidin, okadaic acid (OA), PD98059,
SP600125 and SB203580 were purchased from Biomol Inter-
national (Plymouth Meeting, PA, USA). Further, NAC was
purchased from Sigma. Rabbit anti-cyclin A and rabbit
anti-cyclin B2 were purchased from Biosynthesis Biotechnol-
ogy (Beijing, China). Rabbit anti-CDKI1, rabbit anti-Bcl-2, rab-
bit anti-phospho-ERK (Thr202/Tyr204), rabbit anti-ERK,
rabbit anti-phospho-JNK (Thr183/Tyr185), rabbit anti-JNK,
rabbit anti-phospho-p38 (Thr180/Tyr182), and rabbit anti-p38,
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Mouse anti-p21, mouse anti-Bad, goat
anti-Bak, goat anti-TNF-o, goat anti-TRAILRI1, mouse anti-
TRAILR2, and mouse anti-B-actin antibodies were purchased
from Santa Cruz Biotechnologies (Santa Cruz, CA, USA).

MTT assay. Cellular growth was evaluated b3y MTT assay.'®
Cells were seeded at a concentration of 5 X 10”/well in 96-well
plates. After treatment for 24, 48, and 72 h, MTT (Sigma) was
added to each well at a final concentration of 0.5 mg/mL,
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followed by incubation at 37°C for 4 h. Then, the medium was
removed and 200 pl. of DMSO was added to each well. The
absorbance of the mixture was measured at 490 nm using a
microplate ELISA reader (Bio-Rad Laboratories, Hercules, CA,
USA). The inhibition rate was calculated as follows: inhibition
rate = [(mean control absorbance — mean experimental absor-
bance)/mean control absorbance] X 100 (%). To evaluate the
effect of cantharidin on celluar growth, the concentration that
caused 50% growth inhibition (ICsy) was calculated by the
modified Kirbers method'” according to the formula:
IC50 = log_l[Xk—i (ZP - 0.5)], in which X; represents the loga-
rithm of the highest drug concentration; i is that of ratio of adja-
cent concentration; and XP is the sum of the percentage of
growth inhibition at various concentrations.

Serine/threonine phosphatase assay. The activity of PP2A
was analyzed by using the nonradioactive serine/threonine-
phosphatase assay kit (Promega, Madison, WI, USA) according
to the manufacturer’s protocol. In brief, the supernatant of the
cell lysate was passed twice through a Sephadex G-25 spin col-
umn to remove the free phosphate. The eluant was added into
96-well plates, and the assay was performed in the presence of a
PP2A-specific  serine/threonine  phosphopeptide  substrate
(RRApTVA, in which pT represents phosphothreonine). Molyb-
date dye solution was then added to the wells and color develop-
ment was observed after incubation for 30 min at room
temperature. The absorbance was measured at 630 nm on a
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Fig. 1. Inhibitory effect of cantharidin on pancreatic cancer cell growth and protein phosphatase 2A (PP2A) activity. (a—f) Exposure to various

concentrations of cantharidin resulted in dose- and time-dependent growth inhibition of PANC-1, CFPAC-1, BxPC-3, and Capan-1 pancreatic
cancer cells, as well as human pancreatic duct cells (HPDEC) and rat pancreatic duct cells (RPDEC). Normal cells showed more resistance to the
cytotoxicity effect of cantharidin. (g,h) Cantharidin treatment inhibited clone-formation ability of both PANC-1 and CFPAC-1 cells in a dose-
dependant manner. (i,j) Treatment of both PANC-1 and CFPAC-1 cells with cantharidin lowered the activity of PP2A in a dose- and time-
dependant manner. (k1) Treatment with various concentrations of okadaic acid (OA) also resulted in dose- and time-dependent growth
inhibition of PANC-1 and CFPAC-1 cells. *P < 0.05, **P < 0.01, indicate significant differences from the respective control groups.

microplate ELISA reader (Bio-Rad Laboratories), and the
amount of phosphate released was calculated using the standard
curve. The relative activity of PP2A was calculated according to
the following equation: PP2A activity = (mean experimental
phosphate amount/mean control phosphate amount) x 100 (%).

Clone-formation assay. Plate clone-formation assay was per-
formed to evaluate the effect of cantharidin on cellular growth.
In brief, cells were seeded at a density of 100 cells/well in six-
well plates, and were cultured in media containing 1 pm or 3 um
cantharidin. After 10 days, the cells were washed with PBS and
stained with 1% methylrosanilinium chloride solution. The num-
ber of visible colonies was counted and the clone-formation rate
was calculated according to the following equation: clone for-
mation rate = (the number of colonies) X 100 (%).

Cell cycle anal 5|s Cell cycle was analyzed as described by
Nicoletti er al."® Before treatment serum was deprived for
24 h to synchronize cell cycle.” Then, serum was added back,
and meanwhile various concentrations of cantharidin were
added. After treatment with cantharidin for 24 and 48 h, the
cells were fixed with 80% cooled ethanol, and incubated with
0.5% Triton X-100 solution containing 1 mg/mL RNase A at
37°C for 30 min. Next, PI (Sigma) was added into the wells at a
final concentration of 50 pg/mL, followed by 30-min incubation

1228

in the dark. Cellular DNA content was analyzed by a FACS
(Becton Dickinson, Franklin Lakes, NJ, USA). Data were pro-
cessed using WinMDI29 software (Becton Dickinson).

Apoptosis assays. Apoptosis was studied by using an Annex-
in V-EGFP/PI Apoptosis Detection Kit (KeyGen, Nanjing,
China) according to the manufacturer’s instructions. This assay
is based on the translocation of phosphatidylserine from the
inner leaflet of the plasma membrane to the cell surface in early
apoptotic cells.?” Briefly, after treatment with cantharidin for
24 h, cells were resuspended in a binding buffer. Next, annexin
V-EGFP and PI were added and the solution was incubated at
room temperature for 15 min in the dark; subsequently, flow
cytometry analysis was performed by a FACS (Becton Dickin-
son). The percentage of apoptosis was computed using Cell-
Quest software (Becton Dickinson).

Caspase-8 and caspase-9 activity assays. Caspase-8 and cas-
pase-9 activities were analyzed using the caspase-8 and caspase-
9 activity assay kits (Beyotime, Nantong, China) according to
the manufacturer’s protocol. Cells were lysed and total cellular
protein extracts were quantified using a protein-assay kit (Bio-
Rad Laboratories). Next, an equal amount of total protein extract
was incubated at 37°C overnight with either Ac-IETD-pNA for
caspase-8 assay or Ac-LEHD-pNA for caspase-9 assay. The
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Fig. 2. G2/M cell-cycle arrest after cantharidin treatment. (a,b) DNA histogram showed that cantharidin induced dose- and time-dependent
accumulation of cells in the G2/M phase and reduced the number of cells in the GO/G1 and S phases in both PANC-1 and CFPAC-1 cells.
*P < 0.05, **P < 0.01, indicate significant differences from the respective control groups. (c) Treatment with 10 um cantharidin induced time-
dependent alterations of mRNA levels of G2/M cell-cycle regulatory genes. The expressions of cyclin B2 and p21 were elevated while that of
cyclin-dependent kinase 1 (CDK1) was reduced markedly in both PANC-1 and CFPAC-1 cells. The expression of cyclin A was up-regulated in
PANC-1 cells. The expression of cyclin B1 was augmented in CFPAC-1 cells. The expressions of the other investigated genes did not show any
significant changes. (d) Cantharidin (10 um) treatment induced time-dependent up-regulation of p21 and down-regulation of CDK1 in both cell
lines at the protein level. But the expressions of cyclin A and cyclin B2 did not show significant changes.

release of pNA was estimated by determining the absorbance at
405 nm on a microplate ELISA reader (Bio-Rad Laboratories).
The relative activity of caspases was calculated as follows: cas-
pase activity = (mean experimental absorbance/mean control
absorbance) x 100 (%).

RT-PCR. RT-PCR was performed to estimate the mRNA
expressions of genes associated with cell-cycle regulation or
apoptosis. In brief, total RNA was extracted using Trizol reagent
(Invitrogen). Reverse transcription was performed using the
A3500 AMV RT-PCR system (Promega). The primers used in
PCR are shown in Table 1. The products of the RT-PCR reac-
tion were electrophoresed on 1% agarose gels, visualized by
ethidium bromide staining, and quantified using Quantity One
software (Bio-Rad Laboratories). B-Actin was used as the inter-
nal positive control and reference gene for the normalization of
PCR cycle numbers, which ensures a linear amplification of
templates in each experiment.

Western blot analysis. Total protein was extracted using a
lysis buffer containing 50 mm Tris—HCI (pH 7.4), 150 mm NaCl,
1% Triton X-100, 0.1% SDS, 1 mm EDTA, supplemented with
protease inhibitors (10 mg/mL leupeptin, 10 mg/mL aprotinin,
10 mg/mL pepstatin A, and 1 mm 4-[2-aminoethyl] benze-
nesulfonyl fluoride) and phosphatase inhibitors (1 mm NaF and
1 mm NazVO,). The protein extract was loaded, size-fraction-
ated by SDS—polyacrylamide gel electrophoresis and transferred
to PVDF membranes (Bio-Rad Laboratories). After blocking,
the membranes were incubated with primary antibodies at 4°C
for overnight. The protein expression was determined using
horseradish peroxidase-conjugated antibodies followed by
enhanced ECL detection (Amersham Pharmacia Biotech, Buck-
inghamshire, UK). B-Actin was used as internal control.

Oxidative stress assays. The level of oxidative stress was
measured by estimating the production of ROS using DCFH-DA
methods.?! Briefly, cells were treated with cantharidin for
24 h, harvested, and incubated with DCFH-DA (Sigma) at a
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final concentration of 10 pm at 37°C for 15 min in the dark. The
fluorescence intensity was measured by a FACS (Becton Dickin-
son) at an excitation wavelength of 488 nm and emission wave-
length of 525 nm.

Statistical analysis. Each experiment was performed at least
in triplicate. Results were expressed as the mean + SD. Statisti-
cal analysis was performed using unpaired Student’s #-test.
A P-value less than 0.05 was considered significant.

Results

Inhibitory effect of cantharidin on pancreatic cancer cell
growth and PP2A activity. The inhibitory effects of cantharidin
on the growth of pancreatic cancer cells and normal pancreatic
duct cells were evaluated using MTT assays. Cantharidin treat-
ment inhibited the growth of PANC-1, CFPAC-1, BxPC-3, and
Capan-1 cells in a dose- and time-dependent manner (Fig. la—
d). And the ICsq values at 72 h after treatment were 9.42, 7.25,
6.09, and 5.56 um respectively. Normal pancreatic duct cells
showed more resistance to the cytotoxicity effect of cantharidin.
The ICsq values at 72 h were 23.56 um for human pancreatic
duct cells and 24.47 pwm for rat pancreatic duct cells (Fig. le,f).
The dose-dependent inhibitory activity of cantharidin on the
growth of PANC-1 and CFPAC-1 cells was also confirmed by
clone-formation assays (Fig. 1g,h).

As shown in Figure 1(i,j), cantharidin inhibited the activity of
PP2A in a dose- and time-dependent manner. OA, a classical
PP2A inhibitor,?® also presented time- and dose-dependent
inhibition on the growth of PANC-1 and CFPAC-1 cells
(Fig. 1k,1), suggesting the anti-cancer effect of cantharidin is
probably due to the inhibition of PP2A.

Cantharidin induced G2/M cell-cycle arrest. To further con-
firm the antimitogenic effect of cantharidin, we performed a
cell-cycle analysis. Cantharidin induced the accumulation of
cells in the G2/M phase and decreased the cell population in the
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Fig. 3. Induction of apoptosis by cantharidin.

V+/propidium iodide [PI]-) and late apoptosis (annexin V+/Pl+) stages increased significantly in a dose-dependent manner.

(e)

Bcl-2+»

PANC-1 CFPAC-1
Oh 1.5h 3h 6h 12h 24h Oh 1.5h 3h 6h 12h 24h

_MCL-1
isoform 1™

Bel-X1»

Bel-Xs»
Bax+
Bad~
Bak->

Bid

o —————
[ ————

|soform 2™

PANC-1 CFPAC-1
Oh 6h 12h 24h Oh  6h 12h 24h

TRAILR2*
Bcl-2»
Bad |

Bak

(a) After cantharidin treatment, the cell populations at both early apoptosis (annexin

*P < 0.05,

**P < 0.01, indicate significant differences from the respective control groups. (b,c) Caspase-8 and caspase-9 were activated after treatment of

cells with cantharidin. *P < 0.05, **P < 0.01,

indicate significant differences from the respective control groups. (d) Incubation with 10 pm

cantharidin led to time-dependent alteration of mRNA levels of genes related to extrinsic pathway. The expressions of tumor necrosis factor-o
(TNF-o), TNF-related apoptosis inducing receptor 1 (TRAILR1)/death receptor 4 (DR4), and TRAILR2/DR5 increased markedly. (e) Treatment with
10 um cantharidin altered the expression pattern of genes associated with intrinsic pathway in a time-dependent manner. The expressions of the
anti-apoptotic gene (Bc/-2) and pro-apoptotic genes (Bad, Bak, and Bid) were respectively down-regulated and up-regulated. PANC-1 cells did
not express Bik. The expressions of the other investigated genes did not show significant changes. (f) Cantharidin (10 pum) treatment induced
time-dependent up-regulation of TNF-o, TRAILR1, TRAILR2, Bad, and Bak, and down-regulation of Bcl-2 in both cell lines at the protein level.

GO0/G1 and S phases in a dose- and time-dependent manner
(Fig. 2a,b).

The cell cycle is regulated by cyclin, CDKs, and
CKIs.?** n line with the abovementioned observations, we
observed differential expression patterns of cyclins, CDKs,
and CKI, which are associated with G2/M cell-cycle regula-
tion.** 24) The mRNA expressions of genes encoding cyclin
A, cyclin Bl1, cyclin B2, and p21 were increased, while that
of the gene encoding CDK1 was markedly reduced (Fig. 2c).
The up-regulation of p21 and down-regulation of CDK1 were
further confirmed using western blotting (Fig. 2d). However,
Figure 2(d) did not present escalated expressions of cyclins,
indicating that a protein stability-related mechanism may be
involved.

Induction of apoptosis by cantharidin. The pro-apoptotic
effect of cantharidin was quantified by using annexin V-
EGFP/PI double-staining and flow-cytometric analysis. The per-
centages of cell populations at various stages of apoptosis are
shown in Figure 3(a). After cantharidin treatment, the number
of cells that underwent apoptosis (early apoptosis, annexin
V+/PI- and late apoptosis, annexin V+/PI+) increased signifi-
cantly in a dose-dependent manner.

Activation of caspases plays a central role in the execution
of apoptosis.*> Both caspases 8 and 9 were activated upon
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cantharidin treatment, suggesting the participation of the DR
(extrinsic pathway) and mitochondrial pathways (intrinsic path-
way) in cantharidin-induced apoptosis (Fig. 3b,c). This was fur-
ther confirmed by the alterations in the mRNA express10ns of
genes related to both the pathways.?>*® The expressions of
TNF-o, TRAILR1/DR4, and TRAILR2/DRS that mediate the
extrinsic pathway were markedly increased (Fig. 3d) and that
of the anti-apoptotic gene (Bcl-2) and pro-apoptotic genes
(Bad, Bak, and Bid) of the intrinsic pathway were down-regu-
lated and up-regulated, respectively (Fig. 3e). Similar patterns
of protein expression were also evidenced by western blotting
(Fig. 3f).

Induction of oxidative stress by cantharidin. The cytotoxic
effect of cantharidin was believed to be related to oxidative
stress.*” For conﬁrming and quantifying the oxidative stress
triggered by cantharidin in pancreatic cancer cells, the produc-
tion of ROS was measured using the DCFH-DA method.
Cantharidin treatment at 10 um srgniﬁcantly stimulated ROS
production. Pretreatment for 3 h using 1 mm NAC, a common
antioxidant,®® decreased the generation of ROS (Fig. 4a,b).

Since NAC reduced cantharidin-induced ROS production, an
MTT assay was performed for further confirming whether the
cantharidin-induced growth inhibition could also be attenuated
by NAC. Treatment with 10 pum cantharidin markedly inhibited
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Fig. 4. Induction of oxidative stress by cantharidin. (a,b) A 24-h

treatment with 10 um cantharidin induced increased production of
reactive oxygen species (ROS) that was attenuated by pretreatment
with 1 mm  N-Acetyl- L-cysteine (NAC). (c,d) Time-dependent
cantharidin-induced growth inhibition of pancreatic cancer cells was
not alleviated after treatment with 1 mm NAC (P > 0.05).

cellular growth, while pretreatment with NAC showed no signif-
icant protective function against the antitumor effect of canthari-
din (Fig. 4c.d).

Cantharidin inhibited pancreatic cancer cell growth through
activation of the JNK pathway Cantharidin has been proved to
be the inhibitor of PP2A,® a multimeric serine/threonine phos-
phatase, the inhibition of which could 1nduce phosphorylation
and activation of several substrate kinases.*” Although most of
these kmases accelerate growth 29 MAPKs,®? 1nclud1ng
ERK,“V INK, ® and p38,"® have been revealed to be responsi-
ble for the growth inhibition effect of cantharidin. As shown by
western blot analysis in Figure 5(a), ERK, JNK, and p38 were
time-dependently phosphorylated in PANC-1 cells upon the
treatment of cantharidin or OA. These two PP2A inhibitors also
increased the expression of ERK. SP600125 (JNK inhibitor), but
not PD98059 (ERK pathway inhibitor) or SB203580 (p38 inhib-
itor), could attenuate the growth inhibition triggered by PP2A
inhibitors (Fig. 5b,c), indicating the cytotoxicity effect of PP2A
inhibitors was executed through activation of JNK, but not ERK
or p38.

Discussion

In this study, we investigated the antitumor activity of canthari-
din on pancreatic cancer cell lines. Treatment with cantharidin
induced substantial growth inhibition in pancreatic cancer cells,
as indicated by MTT assay (Fig. 1a—d) and plate clone-forma-
tion assay (Fig. 1g,h). Importantly, cantharidin was much less
cytotoxic to normal pancreatic duct cells (Fig. le,f), suggesting
that cantharidin induces selective cytotoxicity in pancreatic can-
cer cells. OA, the classical PP2A inhibitor, also presented simi-
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dependent growth inhibition of PANC-1 cells triggered by PP2A
inhibitors could be attenuated by SP600125 (JNK inhibitor), but not
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**P < 0.01 indicates significant differences from the cantharidin- or
OA-treated groups.

lar toxicity effects on pancreatic cancer cells. Furthermore, the
activity of PP2A could be inhibited by cantharidin. So we specu-
late that the cytotoxicity effect of cantharidin is probably due to
the inhibition of PP2A. We further investigated the molecular
mechanisms associated with the inhibitory role of cantharidin
with focus on four main cellular aspects, including cell-cycle
arrest, apoptosis, oxidative stress, and activation of MAPK path-
ways.

First, we showed that cantharidin treatment resulted in a
marked G2/M cell-cycle arrest (Fig. 2a,b) and altered the
mRNA and protein levels of cell-cycle regulatory genes
(Fig. 2c,d). The mRNA and protein levels of CDKI, which is
specifically required for G2/M progression,**** were reduced
after cantharidin treatment. Moreover, the express10n of p21
(Waf1/Cipl), which is a blocker of CDKI activity,?>** was
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up-regulated; this effect may further strengthen the G2/M cell-
cycle arrest that resulted from the decrease of CDK1 expression.
Although, the mRNA levels of cyclins were elevated (Fig. 2c¢),
the protein levels did not show remarkable changes (Fig. 2d).
Such discrepancies between the mRNA and protein levels may
be a result of protein degradation through the APC-triggered
ubiquitination during the progression of mitosis.**** Actually,
CDKI1 suppression activates Cdhl, which is a co-activator of
APC.*? In addition, cantharidin is a potent inhibitor of PP2A,
which may block the APC activity.®*® Taken together, treat-
ment with cantharidin might be able to vitalize APC through
inhibition of PP2A and down-regulation of CDKI1. The activa-
tion of APC may explain the increased mRNA levels of cyclins
and the unchanged protein expressions.

Second, similar to previous reports on other cancer cells, we
found that cantharidin induced apoptosis and activated caspase-
8 and caspase-9 (Fig. 3a—c), thereby suggesting simultaneous
participation of both the extrinsic and intrinsic pathways.®* The
extrinsic pathway is activated by the binding of an extracellular
death ligand to its cell-surface DR.®® The level of TNF-a,
which has been reported to induce apoptosis in pancreatic
cells,® increased remarkably after treatment with cantharidin
(Fig. 3d,f). While there was no apparent change in the TRAIL
mRNA level, the levels of both TRAILR1/DR4 and
TRAILR2/DRS, which are the receptors of TRAIL, increased
markedly after cantharidin treatment (Fig. 3d,f). This is an
important result since both PANC-1 and CFPAC-1 cells express
low levels of TRAILR1 and TRAILR2, which is presumably
responsible for the resistance to apoptosis and the lack of sensi-
tivity to chemotherapy.®®*” Similar to the extrinsic pathway,
there were obvious changes in the expressions of the genes
involved in the intrinsic apoptotic pathway (Fig. 3e,f). The
expression of Bcl-2, an antiapoptotic protein, decreased dramati-
cally after cantharidin treatment, which is consistent with the
findings of other groups.'"*”” The expressions of proapoptotic
proteins like Bad, Bak, and Bid was also increased. Moreover,
since activated caspase-8 can further promote caspase-9 activa-
tion through Bid,(z‘) a crosstalk between the extrinsic and intrin-
sic pathways may be involved.

Third, it has been reported that the cytotoxicity of cantharidin
was dependent on the induction of oxidative stress,®” which
could induce subsequent apoptosis and cell-cycle arrest;*® in
this study, we examined the feasibility of this mechanism in pan-
creatic cancer cells. While cantharidin increased the ROS levels
in both cell lines (Fig. 4a,b), growth inhibition was not allevi-
ated in any cell line after treatment with NAC (Fig. 4c.d). These
data suggest that cantharidin may induce apoptosis and cell-
cycle arrest in PANC-1 and CFPAC-1 cells in an oxidative
stress-independent pathway. It has been confirmed that the toxic
oxidative stress is associated with p53 expression;®?”) mutations
of this gene are present in approximately 50-75% of pancreatic
cancers and are responsible for the resistance against many che-
motherapeutic agents.®” Both PANC-1 and CFPAC-1 cell lines
express a mutant form of p53,“”’ which might be able to explain
that the oxidative stress induced by cantharidin had no relation-
ship with the growth inhibition. The findings of our study also
emphasize on the potential of the therapeutic effect of canthari-
din for the treatment of pancreatic cancers with p53 mutation
and those that are insensitive to the current chemotherapeutics.

Interestingly, PP2A is always thought to be a cancer suppress-
er, as inhibition of PP2A can induce phosphorylation and activa-
tion of substrate kinases, most of which can further accelerate
growth.(zg"”) ERK, JNK, and p38 kinase, the three members of
the MAPK family,*” present to be the direct substrates of
PP2A.*” Although activation of MAPKs promotes growth in
most cases, sustained activation of these kinases can also
restrain proliferation and induce apoptosis in malignant tumor
cells.®? So finally, we tried to investigate whether the cytotox-
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ixity of cantharidin was related to MAPK pathways in pancre-
atic cancer cells. In the present study, ERK, JNK, and p38 were
all found to be activated in PANC-1 cells when treated with can-
tharidin or OA. Inhibition of JNK, but not ERK or p38, allevi-
ated the growth inhibition effect of PP2A inhibitors, suggesting
that the cytotoxicity effect of cantharidin is dependent on the
JNK pathway.

JNK is evolutionarily-conserved in animals, and extensive
work has been done to confirm the participation of INK in trig-
gering cell-cycle arrest and apoptosis.“**® Importantly, it has
been reported that activation of JNK can increase the expres-
sions of p21,(44) TNF-0,*> Bad,*® and Bak,*” which were
found to be escalated when treated by cantharidin, suggesting
that the cytotocity of cantharidin could be due to the PP2A inhi-
bition-induced JNK activation and the subsequent up-regulation
of downstream genes which can further trigger G2/M cell-cycle
arrest and apoptosis.

In summary, we have obtained convincing evidence that can-
tharidin efficiently inhibits the growth of pancreatic cancer cells.
Moreover, several features of its antitumor mechanisms make it
an attractive candidate compound for pancreatic cancer therapy.
Further investigation on both in vivo and in vitro pancreatic can-
cer models is warranted. And more clarification of the specific
mechanism of cell signal transduction involved is still needed.
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Abbreviations

Ac-IETD-pNA  Acetyl-Ile-Glu-Thr-Asp p-nitroanilide
Ac-LEHD-pNA  Acetyl-Leu-Glu-His-Asp p-nitroanilide
APC Anaphase-promoting complex

bFGF Basic fibroblast growth factor

CAN Cantharidin

CDK Cyclin-dependent kinase

CKI Cyclin-dependent kinase inhibitor
DCFH-DA 2’,7-Dichlorodihydrofluorescein diacetate
DMEM Dulbecco’s minimum essential medium
DMSO Dimethyl sulphoxide

DR Death receptor

ECL Enhanced chemiluminescence

EGF Epidermal growth factor

EGFP Enhanced green fluorescent protein

ERK, Extracellular signal-regulated kinase

FACS Fluorescence-activated cell sorter

FCS Fetal calf serum

JNK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase

MTT 3-(4,5-dimethyltiazol-2-yl) 2,5-diphenyl-tetrazolium
bromide

NAC N-Acetyl- L-cysteine

OA Okadaic acid

PBS Phosphate-buffered saline

PI Propidium iodide

pNA p-Nitroanilide

PP2A Protein phosphatase 2A

ROS, Reactive oxygen species

TNF-a Tumor necrosis factor-o

TRAILR TNF-related apoptosis inducing receptor.
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