Cantharidin induces apoptosis through the calcium/PKC-regulated endoplasmic reticulum stress pathway in human bladder cancer cells
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Abstract
Bladder cancer is a common malignancy worldwide. However, there is still no effective therapy for bladder cancer. In this study, we investigated the cytotoxic effects of cantharidin [a natural toxin produced (pure compound) from Chinese blister beetles (Mylabrisphalerata or Mylabriscichorii) and Spanish flies (Cantharis vesicatoria)] in human bladder cancer cell lines (including: T24 and RT4 cells). Treatment of human bladder cancer cells with cantharidin significantly decreased cell viability. The expressions of increase in caspase-3 activity and cleaved form of caspase-9/-7/-3 were also increased in cantharidin-treated T24 cells. Furthermore, cantharidin increased the levels of phospho-eIF2 and Grp78 and decreased the protein expression of pro-caspase-12, which was accompanied by the increase in calpain activity in T24 cells. Cantharidin was capable of increasing the intracellular Ca2+ and the phosphorylation of protein kinase C (PKC) in T24 cells. Addition of BAPTA/AM (a Ca2+ chelator) and RO320432 (a selective cell-permeable protein kinase C (PKC) inhibitor) could effectively reversed the increases in caspase-3 and calpain activity, the phosphorylation levels of PKC and eIF2 and Grp78 protein expression, and the decrease in pro-caspase-12 expression induced by cantharidin. Importantly, cantharidin significantly decreased the tumor volume (a dramatic 71% reduction after 21 days of treatment) in nude mice xenografted with T24 cells. Taken together, these results indicate that cantharidin induced human bladder cancer cell apoptosis through a calcium/PKC-regulated ER stress pathway. These findings suggest that that cantharidin may be a novel and potential anti-cancer agent targeting on bladder cancer cells.
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Introduction
Bladder cancer is a major health problem worldwide. It has been reported that two-thirds of patients with bladder cancer suffer recurrence. Based on low-penetrance genes polymorphisms, males show high risk from smoking, and females show high risk from occupational exposure to aromatic amines, high levels of arsenic intake, and schistosomiasis infection (Mao and Huang, 2013). 
A previous study showed that calcium is an important regulator of cellular growth. It has been suggested that dysregulation of calcium homeostasis drives the expression of malignant phenotypes, including proliferation, migration, invasion and metastasis (Chen et al., 2013b). It has been shown that an increase in the intracellular calcium level is critical role for the initiation of apoptosis, which is associated with the induction of apoptosis (Zhu and Loh, 1995). Increases in cytosolic calcium induces apoptosis in many types of tumor cells, including myeloid leukemia cells (Angka et al., 2014), breast cancer cells (Ohkubo and Yamazaki, 2012), and oral cancer cells (Fan et al., 2011). Calcium is recognized as an important regulator in protein kinase C (PKC) activation. It has recently been shown that PKC, which is a family of phospholipid-dependent serine/threonine kinases, plays an important role in calcium-mediated apoptosis, and activation of PKC can induce superoxide production, leading to cytotoxicity (Parker and Murray-Rust, 2004; Oda et al., 2006; Pinton et al., 2008). Moreover, it has been reported that modulation of the PKC pathway was related to apoptosis in cancer cells (Mhaidat et al., 2007). Another study showed that activation of PKC caused its translocation to the plasma membrane and triggered apoptosis in prostate cancer cells (Gonzalez-Guerrico et al., 2005). Thus, blockade of calcium and the PKC pathway may be a useful strategy to prevent tumor growth and induce apoptosis in human bladder cancer T24 cells.
Recently, endoplasmic reticulum (ER) stress in apoptosis has been widely discussed. The ER is the site for the synthesis, folding, modification and trafficking of secretory and cell-surface proteins. The accumulation of unfolded proteins causes ER stress and activates apoptotic pathways (Li et al., 2006). In the ER, eukaryotic initiation factor 2 subunit  (eIF2) has a key role in mRNA translation. Phosphorylation of eIF2 at serine51 reduced its activity, which, in turn, impaired general protein synthesis and caused cell death (Sanchez and Dynlacht, 2005; Teng et al., 2014). It has been reported that phosphorylation of eIF2 induced apoptosis in leukemia cells and multiple myeloma cells (Drexler, 2009; Schewe and Aguirre-Ghiso, 2009; Teng et al., 2014). These cases demonstrate the unfolded protein response (UPR), in which excessive protein misfolding accumulates during biosynthesis. Glucose regulated protein (GRP) 78 is a key component of the UPR, which is related to the ER stress response. Prolonged and severe ER stress activates caspase-12 to mediate apoptosis (Tan et al., 2014).
In traditional Chinese medicine, dried bodies of blister beetles have been used as cancer therapy for over 2000 years (Wang, 1989; Kim et al., 2013). Recently, it has been shown that cantharidin (a pure compound), which is extracted and purified from blister beetles, can induce apoptosis in many types of cancers (Wang et al., 2000; Sagawa et al., 2008; Huang et al., 2011c; Li et al., 2011; Kim et al., 2013). However, the specific cytotoxic mechanisms of cantharidin in human bladder cancer T24 cells have not been identified. Therefore, in this study, we used T24 cells to study the possible therapeutic effects of cantharidin. Our results showed that cantharidin induces apoptosis through the calcium/PKC regulated ER stress pathway in human bladder cancer cells.



Materials and methods
Materials 
Cantharidin (CAS number 56-25-7) and other chemicals (unless specified, otherwise) were purchased from Sigma-Aldrich (st. Louis, MO, USA). Laboratory plastic wares were obtained from Falcon Labware (Bectone-Diskinson, Franlin Lakes, NJ, USA). cCoy's 5A medium, fetal bovine serum (FBS), penicillin-streptomycin (Pen-Strep®) and L-glutamine were purchased from Gibco (Gibco BRL, Life Technologies, USA). CaspACETM fluorometric activity assay kit was purchased from Promega Corporation (Promega Corporation, Madison, WI, USA). A calpain protease substrate (Suc-Leu-Leu-Val-Tyr-AMC) was obtained from Biomol (Enzo Life Sciences, Inc., USA). Mouse- or rabbit-monoclonal antibodies specific for caspase-3, caspase-7, caspase-9, phospho-eIF2, and phospho-PKC were purchased from Cell signaling Technology (Cell signaling Technology, Inc., USA), and eIF2, Grp78, Grp94, Xbp-1, pro-caspase-12, -actin, and secondary antibodies (goat anti-mouse or anti-rabbit IgG-conjugated horseradish peroxidase (HRP)) were purchased from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Inc., USA).

Cell line 
Human bladder cancer cell lines (T24 cells (HTB-4TM; urinary bladder carcinoma cells) and RT4 cells (HTB-2 TM; urinary bladder papilloma cells)) were purchased from American Type Culture Collection (ATCC®). All cells were cultured in 90% McCoy's 5A medium with 1% penicillin-streptomycin (Pen-Strep®), 1.5 mM L-glutamine and 10% fetal bovine serum and maintained in a humidified chamber, with a 5% CO2 and 95% air mixture, at 37 °C.

Animal preparation 
Male BALB/c nude mice (6 weeks old) were purchased from BioLASCO Taiwan CO., Ltd., and maintained under pathogen-free conditions. The protocols used were approved by the Institutional Animal Care and Use Committee (IACUC), and the care and use of laboratory animals were conducted in accordance with the guidelines of the Animal Research Committee of China Medical University. Mice were housed five per cage under standard laboratory conditions at a constant temperature (23 ± 2 °C), 50 ± 20 % relative humidity, 12 h of light–dark cycles, and given a solid diet. For in vivo experiments, T24 cells (1x106 cells in 200 l) were injected subcutaneously (s.c.) into the flank of each mouse. After the tumors were allowed to develop for ~14 days until they reached a size of approximately 100 mm3, when treatment was initiated. The mice were treated with vehicle or 0.5 mg/kg/day [intraperitoneal (i.p.) injection; total volume 200 l] cantharidin for 21 consecutive days (12 mice/group). The volume of the implanted tumor in dorsal side of mice was measured twice per week with a caliper by using the formula V = (LW2)/6: where V, volume (mm3); L, biggest diameter (mm); W, smallest diameter (mm)] (Chen et al., 2010).

Cell viability assay 
T24 and RT4 cells were cultured in 24-wellplates (2x105 cells/well) and then treated with cantharidin in various doses for 24 h. Next, the medium was replaced with medium containing 30 L of 2 mg/mL 3-(4, 5-dimethylthiazol-2-yl-)-2, 5-diphenyl tetrazolium bromide (MTT). After 4 h, the medium was removed, and 100 L of dimethyl sulfoxide was added to dissolve the blue formazan crystals. The absorbance at 570 nm was measured with an enzyme-linked immunosorbent assay microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). 

Caspase-3 activity analysis 
Cells were treated with cantharidin (3 and 5 M) in the absence or present of the caspase-3 inhibitor-Z-DEVD-FMK (20 M), the Ca2+chelator-BAPTA-AM (10 M), or the selective cell-permeable protein kinase C inhibitor-RO320432 (5 M), for 24 h. Then, the cell lysates were collected and incubated with 10 M Ac-DEVD-AMC, which is a caspase-3/CPP32 substrate for 1 h at 37 °C. The fluorescence of the cleaved substrate was measured with a spectrofluorometer (Spectramax, Molecular devices) with an excitation wavelength of 380 nm and an emission wavelength of 460 nm (Lu et al., 2014b).

Calpain activity analysis 
T24 cells were cultured in 24-wellplates (5x104 cells/well) and treated with cantharidin (3 and 5 M) in the absence or present of the Ca2+chelator-BAPTA-AM (10 M), or the selective cell-permeable protein kinase C inhibitor-RO320432 (5 M), for 4, 8, 16 and 24 h. Next, the calpain substrate (Suc-Leu-Leu-Val-Tyr-AMC; 5 l) was added in each well for 60 min at 37 °C. Then, the cells were washed twice with PBS, added with 70 l of RIPA buffer on ice, and cell lysates were centrifugation at 14,000 x g for 5 min at 4°C. The supernatant was aliquoted in to 96-well plates and analyzed for 7-amino-4-methylcoumarin (AMC) fluorescence with a spectrofluorometer (Spectramax, Molecular devices, USA) (Lu et al., 2014a).

Intracellular calcium levels analysis. 
T24 cells (2x105 cells/well) were cultured in 24-well plates. When wells were loaded with 5 µM fluo-3/acetoxymethyl ester (fluo-3/AM) in anhydrous dimethyl sulfoxide; the concentration was less 0.1% and had no effect on the basal intracellular calcium concentration. The intracellular calcium levels were measured with the calcium indicator fluo-3 from a fluorescence signal at 530 nm with excitation at 488 nm. The fluorescence was detected with the flow cytometer (Becton Dickinson, Franklin Lakes, NJ) (Huang et al., 2011).

Western blot analysis 
Western blotting was performed using standard protocols, as in previous study (Chen et al., 2013a; Liu et al., 2014). Cell lysates and tumor tissues were homogenized and equal amounts of protein (50 g per lane) were subjected to electrophoresis on 10% (W/V) SDS-polyacrylamide gels and transferred to polyvinylidenedifluoride (PVDF) membranes. Next, the membranes were blocked for 1 h with PBST (PBS with 0.05% Tween-20), containing 5% nonfat dry milk. Then, the membranes were washed twice with PBST, and incubated with specific antibodies against caspase-3, caspase-7, caspase-9, phospho-eIF2, phospho-PKC, eIF2, Grp78, Grp94, Xbp-1, pro-caspase-12, or -actin in 0.1% PBST (1:1000) for 1 h. Afterwards, the membranes were washed twice with 0.1% PBST for 15 min. Then, the membranes were incubated for 45 min with secondary antibodies conjugated to horseradish peroxidase. The antibody-reactive bands were revealed by chemiluminescence reagents (Perkin-ElmerTM, Life Sciences) and were exposed on Fuji radiographic film.

Statistical analysis
Data are presented as means ± standard deviation (S.D.). The significance of difference was evaluated by the Student’s t-test. When more than one group was compared with one control, significance was evaluated according to one-way analysis of variance (ANOVA) was used for analysis, and the Duncan’s post hoc test was applied to identify group differences. The p value less than 0.05 was considered significant.

Results
Effects of cantharidin on cell viability and apoptosis in human bladder cancer cells
MTT assays were used to determine the cytotoxicity of cantharidin in human bladder cancer cells (T24 cells). T24 cells were treated with or without cantharidin (1, 3, 5 or 10 M) for 24 h. Cell viability was significantly decreased in groups treated with cantharidin, and the LD50 (lethal dose, 50 %) was determined to be approximately 3.8 M (Fig. 1A). Next we investigated the anti-cancer effect of cantharidin in other human bladder cancer cell line (RT4 cells). As shown in Figure 1B, the cell viability of RT4 cells after exposure to cantharidin was reduced; but T24 cells were more sensitivity to cantharidin-induced cytotoxicity than RT4 cells. Therefore, T24 cells were used in this study for investigating the therapeutic mechanisms of cantharidin in anti-human bladder cancer cells.  
It has been shown that apoptosis may be a useful strategy for cancer therapy (Huang et al., 2012). Thus, in the following experiments, we investigated the effects of cantharidin on caspase-3 activity. After T24 cells were treated with cantharidin (3 and 5 M), caspase-3 activity was significantly increased. Moreover, pretreatment of cells with the caspase-3 inhibitor-Z-DEVD-FMK (20 M) significantly reduced cantharidin-induced caspase-3 activity (Fig. 2A). We further investigated the caspase family in cantharidin-treated T24 cells. Cantharidin treatment significantly decreased the protein expression levels of pro-caspase-9, pro-caspase-7, and pro-caspase-3, and it increased the levels of cleaved-caspase-9, cleaved-caspase-7, and cleaved-caspase-3 (Fig. 2B). These results indicated that exposure of cantharidin to human bladder cancer cells can cause apoptosis.

Effects of cantharidin on ER-stress signals in T24 cells
A previous study confirmed that ER stress regulated apoptotic pathway plays an important role in chemicals-caused T24 cell death (Zheng et al., 2013). To further investigate the apoptotic signals in cantharidin-treated T24 cells, we examined the effects of cantharidin on signs of ER stress (including the phosphorylation levels of eIF2, Grp78, Grp94, and the unspliced form of Xbp-1 (Xbp-1u)). Cells were treated with cantharidin (3 and 5 M) or vehicle for different time intervals. Cantharidin significantly increased the levels of protein phosphorylation of eIF2 (for 1h; Fig. 3A) and the activation of Grp78 and caspase-12 protein expressions, but not those of Grp94 and Xbp-1 (for 24 h; Fig. 3B). We next investigated whether if cantharidin induced calpain activity in human bladder cancer T24 cells. Cantharidin treatment for 4 h significantly increased the calpain activity in a dose-dependent manner and maintained to 24 h (Fig. 4).

Effects of the intracellular calcium and PKC on cantharidin-induced signals in T24 cells
To further investigate the signaling in response to cantharidin, we pretreated with the intracellular calcium chelator-BAPTA/AM (10 M) and the PKC inhibitor-RO320432 (5 M) in cantharidin-treated T24 cells. BAPTA/AM and RO320432 each significantly decreased the cantharidin-induced caspase-3 activity (Fig. 5A). These results suggested that cantharidin-induced apoptosis in T24 cells might occur through the calcium/PKC-regulated pathway. Therefore, we next investigated the relationship between the calcium/PKC and eIF2/Grp 78 signals. Both BAPTA/AM and RO320432 significantly reversed the cantharidin-induced decreased in pro-caspase-12 protein expression (Fig. 5B). Moreover, BAPTA/AM and RO320432 decreased calpain activity, which was induced by cantharidin-treated T24 cells (Fig. 5C). In further experiments, we found that the cantharidin-induced increases in the phosphorylation levels of PKC and eIF2, and Grp78 were significantly decreased by pretreated with BAPTA/AM (Fig. 5D, a). RO320432 also decreased the levels of PKC and eIF2 protein phosphorylation and Grp78 in cantharidin-treated T24 cells (Fig. 5D, b). Furthermore, BAPTA/AM and RO320432 dramatically decreased the increase in the intracellular calcium concentration, which was induced by cantharidin treatment (Fig. 5E). Taken together, these results indicated that cantharidin induced apoptosis in T24 cells through calcium/PKC-regulated ER stress pathways.

Cantharidin retarded tumor growth in the mouse xenograft model of T24 cells
Based on the apoptotic effects of cantharidin in T24 cells, we further investigated the effects of cantharidinon anti-tumor activities in vivo. T24 cells were xenografted to nude mice, and the tumors were allowed to grow until they reached 100 mm3. Mice were treated with cantharidin (0.5 mg/kg) or vehicle for 21 days. The results showed that the tumor volume was significantly decreased in the cantharidin group compared with the vehicle control group and revealed a dramatic 71% reduction after 21 days of treatment (Figs. 6A and 6B). As in the in vitro experiments, it was significantly increased the cleaved form of caspase-3 and caspase-7, the phosphorylation levels of PKC and eIF2, and the activation of Grp78 and caspase-12 proteins and increased the levels of cleaved caspase-3 and cleaved caspase-7 in cantharidin-treated tumor tissues as compared to age-matched control (Fig. 6C). These results suggested that cantharidin inhibited tumor growth through the induction of T24 cells apoptosis in vivo. 





Discussion
It has been reported that bladder cancer is one of major causes of death worldwide. Although there are many treatments for bladder cancer, including surgery, radiotherapy, and chemotherapy, there is still no complete cure for bladder cancer (Kuo et al., 2010). Cantharidin (exo,exo-2,3-dimethyl-7-oxabicyclo[2.2.1]heptane-2,3-dicar-boxylic acid anhydride) is an active constituent (a pure compound) of mylabris (Honkanen, 1993). It has been reported that cantharidin induces cell-cycle arrest and apoptosis in many human cancer cells, including hepatoma, colon cancer, breast cancer, oral cancer, and leukemia cells (Kuo et al., 2010). In human bladder cancer T24 cells, cantharidin induced G2/M phase cell-cycle arrest, COX-2 over expression, PGE2 production and apoptosis (Huan et al., 2006). Thus, this study wanted to investigate whether cantharidin could be a new medical agent for more effective cytotoxicity to inhibit cell growth in bladder cancer and to fine the possible mechanisms by which it might act.
A previous study has shown that cantharidin induced apoptosis was associated with increase in reactive oxygen species (ROS), disruption of mitochondrial membrane in the human bladder cancer cells (Kuo et al., 2010). In our experiments, we found that cantharidin significantly decreased cell viability and increased caspase-3 activity in human bladder cancer T24 cells, which could be effectively reversed by Z-DEVD-FMK (a specific caspase-3 inhibitor) (Figs. 1 and 2A). Moreover, the expression levels of caspase family proteins, including the cleaved form of caspase-9, caspase-7 and caspase-3 were significantly increased (Fig 2B). Thus, these results also demonstrated that cantharidin induced apoptosis in T24 cells.
    Recently, it has been indicated that ER stress plays an important role in chemicals-induced apoptotic-related caspase activation. The ER is a protein folding compartment and a calcium store. Disruption of protein folding and accumulation of unfolded proteins induce ER stress (Fribley et al., 2009). Pro-apoptotic signals induced alterations in the ER membrane conformation, leading to calcium efflux into the cytoplasm. Elevation of cytosolic calcium activates the calcium-dependent cysteine protease calpain. Calpain then activates the ER-resident procaspase-12, and then activated caspase cascades lead to apoptosis (Nakagawa and Yuan, 2000; Rao et al., 2001; Fribley et al., 2009). Some studies have reported that ER responses are regulated by 3 stress-sensing ER transmembrane proteins: IRE1 (inositol-requiring protein-1), PERK (PKR-like ER kinase) and activating transcription factor (ATF)-6. In an unstressed state, the 3 sensor proteins form a complex; under stress, they dissociate from each other (Wiseman et al., 2010; Gentz et al., 2012). It has been shown that activation of PERK leads to phosphorylation of eIF2, and to decrease the general protein synthesis. The phosphorylation of eIF2 induces the activation of ATF-4 and C/EBP homologous protein (CHOP) activation (Fribley et al., 2009). Increasing of CHOP expression leads to cell death via the elevation of gene transcription and protein synthesis, and the increasing protein load then has a deleterious effect on protein homeostasis (Han et al., 2013; Leitman et al., 2014), and overexpression of CHOP has also been reported to induce cell-cycle arrest and promote apoptosis (Fribley et al., 2009; Huang et al., 2011). Furthermore, Grp78 (glucose-regulated protein 78) is a calcium-dependent molecular chaperone in ER, belonging to the heat-shock chaperone family. Under stress, expression of Grp78 increases and it then translocates to cell surface, where it serves as a receptor for proapoptotic ligands to promote apoptosis. Thus, it has been discussed that blocking Grp78 expression may be an attractive target for cancer therapy (Chen et al., 2010 and 2014; Schonthal, 2012). In a previous study, cantharidin-induced apoptosis via G2/M phase cell-cycle arrest, COX-2 overexpression, and PGE2 production has been indicated (Huan et al., 2006); however, the signaling pathway by which cantharidin induced apoptosis in bladder cancer cells remains unclear. Therefore, we hypothesize that it acts through the ER stress pathway. The present results demonstrated that treatment of T24 cells with cantharidin (3 and 5 µM) revealed significant increase in the expression levels of phospho-eIF2 and Grp78 (but not those of Grp94 and Xbp-1) and decrease in procaspase-12 protein expression (Figs. 3A and 3B). In addition, calpain activity also significantly increased after cantharidin treatment for 4 to 24 hours (Fig. 4). These results suggest that the activation of ER stress pathway is involved in apoptotic signaling mechanism in cantharidin-induced T24 cell death.
The ER is a dynamic compartment for the storage and release of calcium (de la Cadena et al., 2014). Moreover, the intracellular free calcium level is a key element in apoptotic pathways (Olofsson et al., 2008). The literatures also have indicated that cytosolic calcium elevation would induce caspase-7 to translocate from the cytosol to the cytoplasmic side of the ER, cleaving the activating caspase-12 and leading to cell death (Rao et al., 2001; de la Cadena et al., 2014). Thus, it has been suggested that decreased cytosolic calcium concentration might reduce the apoptosis-inducing effects of ER stress. Furthermore, PKC is a phospholipid-dependent serine/threonine protein kinase that is activated by calcium (Takaiet et al., 1977; Musashi et al., 2000). PKC isoforms are divided into three classes: classical, novel and atypical isoforms. The classical PKC (cPKC) isoforms, which are play important roles in cell proliferation, differentiation and apoptosis (Musashi et al., 2000; Mhaidat et al., 2007). It has been reported that PKC isoforms can have a dual function in apoptosis, including protect or induce cell death (Pinton et al., 2008). Musashi et al. (2000) and Bluwstein et al. (2013) have indicated that PKC activation can prevent irradiation-induced apoptosis in MRC-5 and IMR-90 lung fibroblast cells. On the other hand, activated PKC, which is related to the activation of caspases cascade signals leading to promote apoptosis, has been reported (Nagata, 1997). The activation of PKC-mediated JNK-pathway or decreased mitochondrial functions involves of inducing pro-apoptotic effects in many types of mammalian cells, such as melanoma cells and platelet cells (Mhaidat et al., 2007; Zhao et al., 2013). In addition, PKC isoforms also play a crucial role in ER stress-mediated apoptotic signaling pathway. Recently, some reports in the literature have indicated that pathophysiological or toxic insults (such as oxidized LDL and repurified lipopolysaccharide) can induce PKCs activation which regulates ER stress responses and downstream mediates apoptosis in vivo and in vitro (Qi and Mochly-Rosen, 2008; Larroque-Cardoso et al., 2013; Yang et al., 2014). In this study, we used the intracellular Ca2+ chelator-BAPTA/AM and the PKC inhibitor-RO320432 on cantharidin-induced caspase-3 activity in human bladder cancer T24 cells, to investigate the role of calcium/PKC in cantharidin-induced apoptosis. Both BAPTA/AM and RO320432 significantly prevented the cantharidin-induced caspase 3 activity (Fig. 5A). Pre-treatment of cells with BAPTA/AM and RO320432, respectively, effectively reversed the protein activations of PKC, eIF2, Grp78, and caspase-12 and the increase in calpain activity and the intracellular calcium levels (Figs. 5B-E). These results suggest that cantharidin causes human bladder cancer cell apoptosis by calcium/PKC-regulated ER stress signaling pathway. To further investigate the effects of cantharidinon anti-tumor activities in vivo, T24 cells were xenografted to nude mice and assayed for the apoptotic signals identified in T24 cells. Our results revealed that tumors volume was significantly decreased (a dramatic 71% reduction after 21 days of treatment) in cantharidin groups compared with the age-matched control group (Figs. 6A and 6B). Moreover, it was also showed the significant increase in the levels of cleaved form of caspase-3, caspase-7, Grp78, and caspase-12 and the protein activations of PKC and eIF2 in cantharidin-treated tumor tissues (Fig. 6C). These results indicate that cantharidin causes apoptosis in human bladder cancer cells in vitro and in vivo. 
In conclusion, the results of this study indicate that cantharidin induced cytotoxicity, upregulated caspases family proteins and increased ER stress-related signals in vitro and in vivo. More importantly, these aforementioned observations provide evidence that cantharidin induced human bladder cancer cell apoptosis through calcium/PKC-regulated ER stress pathway and demonstrate that cantharidin may be a novel and potential anti-cancer agent in the treatment of bladder cancer cells.
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Figure legends
Figure 1. Cantharidin reduced cytotoxicity in cultured human bladder cancer cells. T24 (A) and RT4 (B) cells were treated with cantharidin (0, 1, 3, 5 and 10 M) for 24 h, and the cell viability was determined by MTT assay. Data are presented as the means ± standard deviation (S.D.) of triplicate samples determination per experiment form 5 independent experiments. *p < 0.05 as compared with control.

Figure 2. Cantharidin-induced apoptosis in T24 cells. (A) T24 cells were treated with cantharidin (0, 3 and 5 M)for 24 h in the absence or presence of the specific caspase-3 inhibitor (Z-DEVD-FMK; 20 M) for 1 h (prior to treat with cantharidin), and the caspase-3 activity was detected by using CaspACETM fluorometric activity assay. (B) Cells were treated with cantharidin (3 M) for different time intervals, and the activation of caspase cascades were examined by Western blot analysis. Data in A are presented as the means ± standard deviation (S.D.) of triplicate samples determination per experiment form 5 independent experiments. *p < 0.05 as compared with control. Results shown in B are representative of at least three independent experiments.

Figure 3. Effects of cantharidin-induced the expression of ER stress-related molecules in T24 cells. Cells were treated with cantharidin (3 and 5 M) for different time intervals, and the expression levels of (A) eIF2 phosphorylation (for 1 h) and (B)Grp78, Grp94, Xbp-1u and pro-caspase-12 (for 24 h) were detected by Western blot analysis. All data are representative of at least three independent experiments.

Figure 4. Cantharidin induced calpain activation in T24 cells. Cells were treated with cantharidin (3 and 5 M) for 4, 8, 16 and 24 h, and calpain activity was measured with the fluorescent calpain substrate. Data are presented as means  standard deviation (S.D.) of triplicate samples determination per experiment form 5 independent experiments. *p < 0.05 as compared with control.

Figure 5. Intracellular calcium- and PKC-mediated signaling played the critical roles in cantharidin-induced apoptosis in T24 cells. Cells were treated with cantharidin (3 and 5 M) for different time intervals in the absence or presence of intracellular Ca2+chelator-BAPTA/AM (10 M; a) or selective cell-permeable PKC inhibitor-RO320432 (5 M; b) for 1 h (prior to treat with cantharidin), and (A) the caspase-3 activity was detected by using CaspACETM fluorometric activity assay (for 24 h); (B) the protein expression of pro-caspase-12 was detected by Western blot analysis (for 24 h); (C) calpain activity was measured with the fluorescent calpain substrate (for 24 h); (D) the activation levels of phospho-PKC, phospho-eIF-2 and Grp78 were determined by Western blot analysis; and (E) the intracellular calcium levels were detected by flow cytometer. Data in A, C, and E are presented as means  standard deviation (S.D.) of triplicate samples determination per experiment form 5 independent experiments. *p < 0.05 as compared with control. #p < 0.05 as compared with cantharidin group. Results shown in B and D are representative of at last three independent experiments.

Figure 6. Cantharidin inhibited growth of T24 cells in nude mice. (A-B) mice were injected s.c. with human bladder cancer T24 cells. After the tumors reached 100 mm3 in size, cantharidin (0.5 mg/kg; i.p. injection) or vehicle was administrated daily for 21 consecutive days. Mean of tumor volume measured at the indicated number of days after implant (n = 10). Data are presented as means  standard deviation (S.D.). *p < 0.05 as compared with vehicle control. (C) Western blot analysis for detection of the expressions of cleaved form of caspase-3 and caspase-7, and Grp78 and caspase-12, and the phosphorylation levels of PKC and eIF2 in tumor tissue with or without cantharidin treatment was examined. Results were representative of three independent experiments.
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