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Abstract Cancer metastasis is represented by migration

and invasion of cancer cells. Cancer cells invade into the

blood or lymphatic vessels and this leads to the spread of

cancer into the organs in distant sites. For cancer cells to

migrate, extracellular matrix (ECM) must be degraded.

Cantharidin, a compound derived from blister beetles, is

known for its anti-cancer effect in several cancer cells.

Here we report that cantharidin inhibits migration and

invasion of A549 human lung cancer cell. We found that

cantharidin inhibits activation of phosphatidylinositol

3-kinase/Akt signaling pathway. This leads to the selective

attenuation of one of the gelatinases, matrix metallopro-

teinase 2, which can degrade components of ECM, and

inhibits migration and invasion of A549 human lung cancer

cell.

Keywords Cantharidin � Metastasis � Matrix

metalloproteinases � Human lung cancer

Introduction

Cancer metastasis is a process connected with various

independent events, such as invasion into adjacent cells,

migration to the remote sites through the artery system

or the lymphatic system, and angiogenesis (Sahai 2007;

Nyberg et al. 2008). Degradation of extracellular matrix

(ECM) has grasped attention as one of the most important

processes of metastasis. Since ECM blocks cell migration

biochemically and/or physically, degradation of ECM may

have to be preceded for cancer metastasis (Basset et al.

1997; Johnsen et al. 1998). Matrix metalloproteinases

(MMPs) destroy ECM components around the cancer cells

allowing cancer cells to invade into the blood vessels and

this leads to the spread of cancer into the organs in distant

sites (Nelson et al. 2000). There are more than 20 MMPs

known so far. Among them, MMPs-2 and -9 are gelatinases

which play critical role in metastasis (Deryugina and

Quigley 2006). Expressions of these two enzymes are

regulated independently by different regulatory elements

involved. Contrary to the constitutive expression of MMP-

2 in most cells, MMP-9 expression is regulated at the

transcription level through the controls of transcription

factors such as AP-1, NF-jB and Sp1 (Van den Steen et al.

2002; Sato and Seiki 1993).

Mitogen-activated protein kinases superfamily members

(MAPKs) are also well known to be closely related with

cell migration and invasion. Among the MAPKs, three
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MAPKs are known to be the major mammalian MAPKs;

extracellular signal regulated kinases 1 and 2 (ERK1/2),

c-Jun N-terminal kinase/stress-activated protein kinase

(JNK/SAPK), and p38 MAPK (Huang et al. 2004). ERK1/2,

JNK/SAPK and p38 MAPK are known to play important

roles in the regulation of activities and expressions of

MMPs (Westermarck and Kähäri 1999).

The phosphatidylinositol 3-kinase (PI3K)/Akt also plays

critical role in the cancer development (Carnero et al.

2008). PI3K/Akt signal pathway has been known for its

involvement in the regulation of transformation, prolifer-

ation and metastasis of various cancer cells including lung

cancer (Vivanco and Sawyers 2002). PI3K/Akt pathway

has also been known to be involved in the regulation

of MMPs and thus, affects metastasis of cancer cells

(Bae et al. 2006).

Cantharidin (7-oxabicyclo[2.2.1] heptanes-2,3-dicar-

boxylic acid derivative) is a terpenoid, derived from Chi-

nese blister (Fig. 1a). It has been reported that cantharidin

selectively inhibits protein phosphatase 2A, which is

known to be important for cell cycle control and apoptosis

(Li et al. 2010). For its possible implications in the onco-

genesis, cantharidin has been investigated as a strong

candidate for potential anti-cancer agent.

Earlier report indicated that norcantharidin, a derivative

of cantharidin, inhibits MMP-9 thus suppresses the

metastasis of colorectal cancer cell. Norcantharidin not

only inhibited gelatinase activity, but down-regulated the

expression of MMP-9 (Chen et al. 2009). In this study, we

investigated cantharidin as a strong candidate for the anti-

metastatic agent for lung cancer. Cantharidin suppresses

the activation of Akt in the A549 lung cancer cell and this

resulted in the inhibition of activity of only MMP-2 but not

MMP-9. Since degradation of ECM is critical step for the

migration and invasion of cancer, metastasis of A549 lung

cancer cell may be blocked due to the inhibitory effect of

cantharidin on MMP-2 activity. Here we report that

cantharidin selectively inhibits the activity of MMP-2, thus

blocks migration and invasion of A549 lung cancer cell.

Materials and methods

Chemicals and reagents

Cantharidin was obtained from the Korea Research

Institute of Chemical Technology (Daejeon, Korea).

Dulbecco’s Modification of Eagle’s Medium (DMEM)

with 10 % fetal bovine serum, penicillin–streptomycin and

trypsin–EDTA were purchased from Cellgro (Manassas,

VA, USA). Antibodies against Akt and p-Akt were pur-

chased from Cell Signaling Technology (Danvers, MA,

USA). Antibodies against ERK, p-ERK, JNK, p-JNK, p38,

p-p38, PI3K p85a, p-PI3K p85a were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-

rabbit IgG-HRP, anti-mouse IgG-HRP and -goat IgG-HRP

were from Santa Cruz Biotechnology (Santa Cruz, CA,

USA).

Cell culture

The human lung cancer A549 cells were provided from the

Korea Research Institute of Chemical Technology (Daej-

eon, Korea). A549 cells were cultured on 100 mm culture

dishes with DMEM (Cellgro). The cell medium was

adjusted to contain 10 % fetal bovine serum (Cellgro), and

1 % penicillin–streptomycin and grown at 37 �C under a

humidified 5 % CO2 atmosphere.

Cell viability assay

Cells were plated at a density of 104 cells per well into

96-well plates in DMEM with 10 % fetal bovine serum.

After 24 h of incubation, cells were exposed to different

Fig. 1 Effect of cantharidin on the viability of A549 lung cancer cell.

a Chemical structure of cantharidin. b Viability of A549 cells treated

with various dosages of cantharidin (0, 1, 3, 10, 30 and 100 lM) for

24 h. A549 cells were viable with treatment of cantharidin up to

30 lM. Cells were incubated with various concentrations of canthar-

idin for 24 h as described in ‘‘Materials and methods’’ section

480 Y. M. Kim et al.

123



concentrations of cantharidin (0, 1, 3, 10, 30, 100 lM) in

5 % CO2 incubator at 37 �C for 24 h. Then, the viable cell

numbers were counted spectrophotometrically using a Cell

Counting Kit-8 system (Dojindo Technologies, Kumamoto,

Japan) at 450 nm.

Wound-healing assay

Cells were plated in 96-well culture plate and incubated in

5 % CO2 at 37 �C for 24 h. Single layer confluent cells

were wounded by scraping using 200P micropipette tip,

then washed by DPBS and incubated in DMEM containing

10 % FBS with various concentrations (0, 1, 3, 10 lM) of

cantharidin for 16–20 h.

Boyden chamber assay

The invasiveness of A549 cell was tested by the Boyden

chamber invasion assay (Attiga et al. 2000). A549 cells

were seeded to the upper part of Boyden chamber at a

density of 106 cells/ml in 50 ll of 10 % FBS DMEM and

10 % FBS DMEMs treated with various concentrations of

cantharidin at various concentrations (0, 1, 3, 10, 30 lM)

were loaded at the bottom part of Boyden chamber.

A gelatin-coated polycarbonate membrane with 8-lm pore

size was placed in between the upper and the bottom parts.

After 6 h incubation, the cells that had invaded to the lower

surface of the membrane were stained with Diff-Quik stain

solution. The numbers of invaded cells were counted in

randomly selected fields.

Gelatin zymography

Gelatin zymography was performed to determine the effect

of cantharidin on the activity of MMPs-2 and -9 (Chu et al.

2004). A549 cells were treated with various concentrations

of cantharidin (0, 1, 3, 10, 30 lM) in 0.1 % FBS DMEM

for 24 h, and the supernatants were collected to prepare

samples with loading buffer. Proteins were subjected to

8 % SDS-PAGE that had been cast in the presence of

0.15 % gelatin. After electrophoresis, the gels were washed

with 2.5 % Triton X-100 solution, and then gels were

incubated for 18 h in 50 mM Tris–HCl buffer containing

5 mM CaCl2 at 37 �C. Then, the gels were stained with

Coomassie Brilliant Blue R, followed by destaining with

10 % acetic acid and 20 % methanol. The gelatinolytic

activities were detected as clear bands against the blue

background.

Western blot analysis

A549 cells were treated with 0, 1, 3, 10 lM cantharidin for

24 h. Then the cells were harvested and lysed with RIPA

buffer containing 0.1 % Triton X-100 (Sigma), 0.01 %

SDS, 5 mM Tris–HCl pH 7.4, 0.1 mM EDTA, 15 mM

NaCl, 0.05 % sodium deoxycholate, Complete Mini Pro-

tease Inhibitor Cocktail Tablets (Roche), Halt Phosphatase

Inhibitor Cocktail (Thermo) and protein extraction reagent.

The cell lysates were denatured in a sample buffer and

separated in 12 % Tris–glycine–SDS–polyacrylamide gels

and transferred to nitrocellulose membranes (Millipore,

Bedford, MA, USA). After blocking with skim milk,

membranes were incubated with appropriate primary anti-

bodies, secondary antibodies and detected with ECL

reagent. For control experiment, anti-b-tubulin antibody

(Santa Cruz) was used as a loading control.

Results and discussion

Cytotoxicity of cantharidin on A549 lung cancer cells

Cantharidin has been investigated for its possible roles in

the tumorigenesis, especially for cell cycle control and

apoptosis (Li et al. 2010). We raised a question if can-

tharidin also affects migration and invasion of human lung

cancer cell, thus possibly inhibits metastasis of human lung

cancer. In regard to the possible cytotoxicity of cantharidin

to cells reported so far, we tried to investigate the effect of

cantharidin on the viability of A549 human lung cancer

cells. As indicated in the Fig. 1b, the viability of A549

cells was not critically affected by the treatment of can-

tharidin up to 30 lM. This may indicate that apoptosis of

A549 lung cancer cells may be induced when the con-

centration of cantharidin reaches to 100 lM concentration.

Cantharidin blocks invasion and migration of A549

cells

To test the effect of cantharidin on migration of human

lung cancer cell, we performed wound-healing assay. A549

cells in monolayer were wounded by scraping and

ascending dosages of cantharidin were treated to each well.

As seen Fig. 2a, cantharidin blocked migration of A549

cells in a dosage dependent manner. The number of cancer

cells in the areas scraped on the well is significantly

decreased as the dosage of cantharidin treated got

increased. This may indicate that cantharidin blocked

migration of A549 cells in a dosage dependent manner.

We employed Boyden chamber invasion assay to test

the effect of cantharidin on the invasion of A549 cells. In

the upper chamber, equal numbers of A549 cells were

seeded and the various dosages (0, 1, 3, 10 and 30 lM) of

cantharidin were placed at the bottom chamber. A gelatin-

coated polycarbonate membrane with 8-lm pore size was

placed in between the upper and the bottom parts, thus

Anti-metastatic effect of cantharidin 481

123



invading cells would be associated onto the downside of

the membrane. After 6 h, the numbers of invading A549

cells, which are represented by the numbers of membrane-

associated cells, were counted under light microscopy. As

seen in Fig. 2b, the numbers of invaded cells were reduced

by the treatment of cantharidin in a dosage dependent

manner, indicating the blockade of invasive ability of A549

cells by cantharidin.

Cantharidin inhibits MMP-2 but not MMP-9

Degradation of ECM must be preceded for the tumor

metastasis (Basset et al. 1997; Johnsen et al. 1998). The

MMPs are essential enzymes for the degradation of com-

ponents of ECM (Nelson et al. 2000). Among the various

MMPs, which are composed of collagenases, elatases,

gelatinases and other enzymes, MMPs-2 and -9 are criti-

cally important for the tumor metastasis since they possess

gelatinase activity and degrade ECM (Deryugina and

Quigley 2006). The expression profiles of the two proteins

are different. While MMP-2 is expressed in most cells, the

transcription of MMP-9 is tightly regulated by a promoter

region of the MMP-9 coding gene. Before, it has been

known that norcantharidin, which is a derivative of can-

tharidin, suppresses the metastasis of colorectal cancer cell

by specifically inhibiting MMP-9. Norcantharidin inhibited

gelatinase activity of MMP-9. In addition, the expression

of MMP-9 is also down-regulated by the transcriptional

suppression of MMP-9 coding gene, which is achieved by

the inhibition of Sp1 transcription factor activity (Chen

et al. 2009).

To investigate whether cantharidin dependent down-

regulation of PI3K/Akt affected activities of MMPs,

especially gelatinases, thus inhibited migration and inva-

sion of A549 lung cancer cell, we performed gelatin-

zymography assay. As seen in the Fig. 3a, b, gelatinase

activity of MMP-2 was selectively inhibited by cantharidin

in a dosage dependent manner while MMP-9 was not

affected. This may indicate the selective attenuation of

MMP-2 by cantharidin. The expression levels of MMPs-2

and -9 were not affected by the treatment of various dos-

ages of cantharidin (Fig. 3c). This may indicate that can-

tharidin only inhibits the gelatinase activity of MMP-2 but

not affects the expression of MMP-2.

Cantharidin affects the PI3K/Akt signal pathway

and in A549 cells

MMPs are known to be regulated at multiple steps

including transcriptional and/or post-transcriptional levels

and the transcriptional regulation has been known to

implicate MAPK and/or PI3K/Akt pathways (Westermarck

and Kähäri 1999; Bae et al. 2006). Thus, we tested the

effect of cantharidin on the expressions and/or the

Fig. 2 Effects of cantharidin on

migration and invasion of A549

lung cancer cell. a Migration of

A549 cells treated with various

concentrations of cantharidin

(0, 1, 3 and 10 lM) for 16–20 h.

The number of cells in the

scraped area of plates is

decreased by cantharidin in a

dosage dependent manner.

b Invasion of A549 cells treated

with various dosages of

cantharidin. The number of

membrane-associated cells,

which represent invading cells,

is decreased by cantharidin in a

dosage dependent manner (0, 1,

3, 10 and 30 lM)
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activations of the signaling molecules involved in PI3K/

Akt and MAPK signaling. As seen in Fig. 4a, activation of

Akt was significantly inhibited by cantharidin. Level of

p-Akt, which is an active form of Akt, was decreased as the

concentration of cantharidin was increased. This strongly

indicates that cantharidin inhibits the PI3K/Akt signaling

pathway, and this leads to the suppressed migration and

invasion of A549 lung cancer cells. However, cantharidin

did not affect the activation of representative MAPKs,

ERK, JNK and p38 (Fig. 4b). This may indicate canthari-

din dependent inhibition of metastasis of A549 cells are

due to the selective down-regulation of PI3K/Akt signaling

pathway but not of MAPK signaling pathway.

Cantharidin has been known for its anti-motility effect

of cancer cells. However, it has been reported that can-

tharidin has toxic side effects such as renal toxicity

(Massicot et al. 2005). To minimize the renal toxicity,

cantharidin analogs were synthesized and one of them

showed to have relatively less toxic effect in vitro while

keeping comparable activity to cantharidin (Kok et al.

2006). Also, it was recently reported that the application of

Fig. 3 Selective attenuation of MMP-2 by cantharidin. The effect of

cantharidin on activities of MMPs was investigated by gelatin

zymography. A549 human lung cancer cells were treated with

cantharidin in a dosage dependent manner (0, 1, 3, 10 and 30 lM) and

the activities of gelatinases (MMPs-2 and -9) were investigated. a The

gelatinase activity of MMP-9 was not affected by cantharidin. b The

gelatinase activity of MMP-2 selectively attenuated by cantharidin in

a dosage dependent manner. c The expression levels of MMPs-2

and -9 were not affected by the treatment of cantharidin in dosage

dependent manner (0, 1, 3 and 10 lM)

Fig. 4 Effects of cantharidin on PI3K/Akt and MAPK signaling

pathways in A549 lung cancer cells. A549 cells were treated with

various concentrations (0, 1, 3 and 10 lM) of cantharidin for 24 h,

then the cells were harvested and lysed for the analysis of activations

of Akt, ERK, JNK and p38, represented by the phosphor-forms of

each protein. a The phosphorylation of Akt was down-regulated in a

dosage dependent manner of cantharidin indicating inhibition of

PI3K/Akt pathway by cantharidin. b The phosphorylations of MAPKs

(ERK, JNK and p38) were not affected by cantharidin
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semi-synthetic derivative of cantharidin in combination

with chemotherapy could reduce side effects of chemo-

therapy (Zhan et al. 2012). These may indicate that

cantharidin deserves to be investigated further.

Here, we report the alternative mechanism of anti-met-

astatic effect of cantharidin in lung cancer cell. While anti-

metastatic effect of norcantharidin in colorectal cancer cell

is based on the selective down-regulation of MMP-9,

cantharidin selectively attenuates the gelatinase activity of

MMP-2 in lung cancer cell by suppressing of PI3K/Akt

signaling pathway. This may implicates that cantharidin

inhibits metastasis of various cancer cells by affecting

different molecules involved in migration and invasion of

cancer cells.
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