Thymoquinone induces Caspase-independent, Autophagic Cell Death in CPT-11-resistant LoVo Colon Cancer via Mitochondrial Dysfunction and Activation of JNK and p38
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ABSTRACT:  Chemotherapy causes unwanted side effects and chemoresistance limiting its effectiveness. Therefore, phytochemicals are now used as alternative treatments. Thymoquinone is used to treat different cancers, including colon cancer. Irinotecan resistant (CPT-11-R) LoVo colon cancer cell line was previously constructed by step-wise CPT-11 challenges to un-treated parental LoVo cells. Thymoquinone dose-dependently increased total cell death index and activated apoptosis at 2 μM, which then diminished at increasing doses. The possibility of autophagic cell death was then investigated. Thymoquinone caused mitochondrial outer membrane permeability (MOMP) and activated autophagic cell death. JNK and p38 inhibitors (SP600125 and SB203580, respectively) reversed TQ-autophagic cell death. Thymoquinone was also found to activate apoptosis before autophagy and direction of cell death was switched towards autophagic cell death at initiation of autophagosome formation. Therefore, thymoquinone resulted in caspase-independent, autophagic cell death via MOMP and activation of JNK and p38 in CPT-11-R LoVo colon cancer cells.
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· INTRODUCTION
According to data bases from the World Health Organization, colon cancer is the fourth most commonly diagnosed cancer in the world and is more common in developed countries.1 Neoplasia in colon cancer patients are usually found in colon, rectum or vermiform appendix.2 In clinical practices, colon cancer can be removed by chemotherapy, radiation or surgery.
In clinical applications, chemotherapeutic drugs can effectively eliminate most tumor cells thus curing cancers. However, chemotherapy also has side effects and results in relapsed, chemoresistant tumors in treated patients limiting its curative effects.3 Therefore, there is a need for alternative cancer treatments.4 A number of naturally occurred compounds found in daily diets, termed phytochemicals, are now applied to treat or prevent colon cancer, such as curcumin, delphinidin, docosahexaenoic acid, emodin, lupeol and thymoquinone (TQ).5-8 The use of phytochemicals in cancer treatments is by means of targeted therapy.7,8 Commonly found molecular targets of phytochemicals include β-catenin, COX-2, EGFR, Hedgehog, NF-κB and STAT3. In addition, exact target of a phytochemical depends on cancer types, drug types, intracellular signaling pathways, etc.
Irinotecan, a topoisomerase I (Topo-I) inhibitor that unwinds supercoiled DNA and interferes with Topo-I activity by trapping Topo-I-DNA cleavage complexes, leading to lethal replication-mediated double-strand breaks, is a first-line chemotherapeutic drug that is used to treat colon cancer.9 LoVo colon cancer cell line was originally isolated from a metastatic tumor nodule in the left supraclavicular region a 56-year-old Caucasian male patient with a histologically proven diagnosis of adenocarcinoma of colon.10 The disease state of the Caucasian patient was stage IV colorectal adenocarcinoma, in which cancer cells have spread to nearby lymph nodes and other organs or tissues (common destinations: liver and lungs). Irinotecan resistant (CPT-11-R) LoVo colon cancer cell line was originally constructed by challenging parental LoVo cells with increasing doses of CPT-11.11
CPT-11-R cells were previously shown to activate EGFR/IKKα/β/NF-κB pathway, leading to increased basal autophagy.11 NF-κB mediates chemoresistance and activates autophagy in cancer cells.12-15 In addition, NF-κB is a molecular target in treatments of a variety of cancers, including colon cancer.16
TQ is a 164.2 g/mol phytochemical from Nigella sativa and displayed different pharmaceutical functions, such as analgesic, anti-cancer and antioxidation in the heart.17-19 TQ was shown to have anticancer effects against a variety of cancers, such as brain, breast, colon, liver, lung and prostate cancers.20-23 Moreover, TQ was shown to alter activity of different mitogen-activated protein kinases (MAPKs) in treating cancers.24-26
Certain cancer treatments, such as curcumin, genistein and resveratrol, are able to activate autophagy, leading to caspase-independent cancer cell death.27 Under stressful conditions, mitochondrial outer membrane can become permeabilized leading to abnormal mitochondrial membrane potential, namely MOMP.28 MOMP has been known to result in apoptosis. In addition, MOMP also causes mitophagy, a special type of autophagy which involves engulfment of permeabilized mitochondria into autophagosomes and subsequent degradation of the cargos and mitochondrial proteins.  LAMP2 is a lysosomal protein that mediates fusion of lysosome and autophagosome29 and SQSTM1/p62 is a receptor for mitophagy.30 These two serve as mitophagy markers. In addition, some phytochemicals, such as sulforaphane31 and pentagalloylglucose (PGG),32 were reported to induce caspase-independent, autophagic cell death (ACD) in cancer cells.
The purpose of this study was to investigate the mechanism through which TQ induces death of CPT-11-R LoVo colon cancer cells.


· MATERIALS AND METHODS

   Cell Culture. LoVo colon cancer cell line was purchased from Bioresource Collection and Research Center (BCRC) (Hsinchu, Taiwan). CPT-11-R LoVo colon cancer cell line was constructed by step-wise challenges of CPT-11 (described previously).11 CPT-11-R cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, St. Louis, MO) with 10% cosmic calf serum (CCS; HyClone, Logan, UT) in humidified air with 5% CO2 at 37°C. Cell medium was changed 48 hours after sub-cultivation. 3.5 ml Dulbecco’s phosphate-buffered saline (PBS; GIBCO, Auckland, New Zealand) was used to wash each 10-cm culture plate or vessel. CPT-11-R cells were treated with bafilomycin-A1 (Baf-A1; lysosome inhibitor; Calbiochem, Billerica, MA), LY294002 (class I and III PI3K inhibitor; Promega, Madison, WI), 3-methyladenine (3-MA; class III PI3K inhibitor; Sigma, St. Louis, MO), SB230580 (p38 inhibitor; Promega, Madison, WI), SP600125 (JNK inhibitor; Sigma-Aldrich, St. Louis, MO) TQ (Sigma-Aldrich, St. Louis, MO) or z-DEVD-fluoromethylketone (z-DEVD-fmk; caspase 3 inhibitor; BioVision, Milpitas, CA) for later experiments. 
Immunofluorescence Microscopy. CPT-11-R cells were grown in a 12-well plate (1 × 105 cells/well) containing DMEM (10% CCS). 12 hours later, different doses of TQ (2, 4, 6 and 8 μM) were added to appropriate wells. 24 hours after administration of TQ, the plates were washed with 1×PBS (0.5 ml/well) 3 times. Then, 0.5 ml fixation solution (4% paraformaldehyde in 1×PBS) was added to each well to fix the cells for 1 hour at room temperature (RT). In the process of cell permeabilization, 0.5 ml permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) was added to cells in each well and the plate was rest on ice for 2 minutes without shaking. 10% CCS was added to well to prevent non-specific binding. Stock primary antibody solution was diluted 100× with 1×PBS and the diluted solution was added to each well (500 μl/well). Then the plate was sealed in a plastic wrap, shaken for 20 seconds at RT and stored at 4°C for at least 24 hours. The diluted primary antibody solution was then recycled. Stock secondary antibody solution was diluted 100× with 1×PBS and the diluted solution was added to each well (500 μl/well). Then the plate was sealed in a tin foil, shaken for 20 seconds at RT and stored at RT. The diluted secondary antibody solution was discarded. 500 μl 10000× diluted DAPI was added to each well. The plate was covered with a tin foil and rested for 30 minutes at RT. Then each well was washed with 0.5 ml 1×PBS three times at RT and added with 0.6 ml 1×PBS. Finally, the cells were observed under a confocal microscope.
The following primary antibody was used in this assay for different experiments: anti-LC3 (Cell Signaling, Boston, MA). The following fluorescent secondary antibodies was used in this assay for different experiments: Alexa Fluor®488 goat anti-rabbit IgG (H+L) *2mg/mL* (green) (Invitrogen, Carlsbad, CA).
JC-1 staining assay. CPT-11-R cells were grown in 12-well plates (1 × 105 cells/well) containing DMEM (10% CCS). 12 hours later, different doses of TQ (2, 4, 6 and 8 μM) were added to appropriate wells. 24 hours after administration of TQ, 25 μl 200× JC-1 stock solution (1 mg/ml) (Sigma, St. Louis, MO) was mixed with 4 ml de-ionized distilled water (DDW) and 1 ml 5× JC-1 Staining Buffer (avoiding light) (Sigma, St. Louis, MO) to make JC-1 staining mixture. 0.5 ml JC-1 staining mixture per well was added. The plates were covered with tin foils and placed in humidified air with 5% CO2 at 37°C for 30 minutes. During incubation, 5× JC-1 staining buffer was mixed with DDW in 1:4 ratio (= washing buffer). Each well was washed with 0.5 ml washing buffer 3 times after incubation. Finally 3 ml DMEM (10% CCS) was added to each well and then observe cells under a fluorescent microscope using Cy3 (red; excitation: 525 nm, emission: 590 nm) and FITC (green; excitation: 490 nm, emission: 530 nm).
TUNEL assay. CPT-11-R cells were grown in a 12-well plate (1 × 105 cells/well) containing DMEM (10% CCS). 12 hours later, different doses of TQ (2, 4, 6 and 8 μM) were added to appropriate wells. 24 hours after administration of TQ, each well was washed with 1×PBS (1 ml/well) and incubated with fixation solution (1 ml/well) (4% paraformaldehyde in 1×PBS, pH7.4) at RT for 1 hour. Blocking buffer (3% H2O2 in 100% methanol) was added (1 ml/well) and the plate was rested for 10 minutes at room temperature. Permeabilization solution (0.1% Triton X-100 in 0.1% sodium citrate) was added (0.5 ml/well) and the 12-well plate was placed on ice for 2 minutes without shaking. 10× diluted TUNEL reagent (Enzyme Solution and Label Solution (In Situ Cell Death Detection Kit); Roche, Indianapolis, IN) was added (200-250 μl/well) and the plate was placed in humidified air at 37°C avoiding light for 1 hour for the reagent to react with cell nuclei. 10000× diluted DAPI per well was added (200 μl/well) and the plate was covered with tin foil and rested for 25 minutes. Finally, the cells were observed under a fluorescent microscope. 
Western Blotting. CPT-11-R LoVo colon cancer cells were grown in 10-cm culture dishes containing DMEM (10% CCS) at 80-90% confluency. 12 hours later, different doses of TQ (2, 4, 6 and 8 μM) were added to appropriate plates. 24 hours after administration of TQ, cells from each plate were collected with cell lysis buffer (50mM Tris-base (pH7.5), 0.5M NaCl, 1mM EDTA (pH8.0), 1 mM β-mercaptoethanol, 1% NP40, 1% glycerol, protease inhibitor) (100 μl /plate). Equal amounts of protein samples (40 μg) were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (75V, 2.5 hours) in running buffer (0.3% Tris-base, 1.47% glycine, 0.1% SDS) and then transferred to polyvinylidene difluoride (PVDF) membranes (2 hours, 100V) in transfer buffer (0.3% Tris-base, 1.44% glycine, 20% methanol), which were incubated in blocking buffer (5% milk in 1X TBS (0.13% Tris-base, 0.9% NaCl, 0.05% Tween-20)) for 1 hour at RT. PVDF membranes were rocked in 1:1000 primary antibody solutions for at least one overnight at 4°C. Then PVDF membranes were incubated in 1:1000 secondary antibody solutions for 1 hour at RT. Finally, the results were detected with LAS-3000 Luminescent Image Analyzer (Fujifilm, Tokyo, Japan).
Statistical analysis. Each sample was analyzed based on results that were repeated at least three times and SigmaPlot 10.0 software and standard t-test was used to analyze each numeric data. In all cases, differences at p < 0.05 were regarded as statistically significant; ones at p < 0.01 or p < 0.001 were considered higher statistical significances. 


· RESULTS

TQ resulted in ACD in CPT-11-R cells via activation of JNK and p38 and MOMP. In a traditional view, cancer treatments are known to cause apoptosis in cancer cells. However, since certain phytochemicals were shown to induce caspase-independent ACD in cancers. Therefore, the authors investigated which type of cell death (i.e. apoptosis or ACD) was caused by TQ in CPT-11-R cells.
Firstly, TQ dose-dependently elevated total cell death index (166.4%, 534.54%, 653.79% and 853.94% increased compared to control, respectively) (Figure 1(A)). TQ increased un-phosphorylated BAD and reduced phosphorylated BAD (Figure 1(B)). However, TQ only caused increased cytochrome c, caspase 9 and caspase 3 at 2 μM which then decreased at increasing doses. Effect of TQ on mitochondrial membrane potential and autophagy in CPT-11-R cells were investigated. JC-1 staining assay was conducted to access TQ-induced MOMP and western blotting was conducted to investigate TQ-induced autophagy. TQ caused a dose-dependent increase in FITC (JC-1 monomer) signal and a dose-dependent decrease in Cy3 (JC-1 aggregate) signal (Figure 2(A)). Further, TQ upregulated protein levels of Atg5, Atg7, Atg12, Beclin-1, LAMP2, LC3-II and SQSTM1/p62 while that of Atg3 was reduced (Figure 2(B)). TQ also dose-dependently increased cellular expression of LC3 (Figure 2(C)). Therefore, TQ induced ACD via MOMP.
Finally, TQ was found to activate JNK and p38, which are stress-activated protein kinases, it was assumed that JNK or p38 mediated TQ-induced ACD. 8μM TQ reduced cytochrome c and cleaved caspase 3 but increased Atg5, Atg7, Beclin-1, LAMP2, LC3, SQSTM1/p62 and ULK1 (Figure 3(A)). 1μM SP600125 along restored protein levels of cytochrome c and cleaved caspase 3 while deducted those of Atg5, Atg7, Beclin-1, LAMP2, LC3, SQSTM1/p62 and ULK1, which were lower than the control. SP600125 also reversed TQ-induced ACD. SB203580 also had similar effects on TQ-induced ACD in CPT-11-R LoVo colon cancer cells (Figure 3(B)) and therefore reversed the effect of TQ. Therefore, JNK and p38 mediated TQ-induced ACD in CPT-11-R cells. 
Relationship between TQ-induced apoptosis and ACD. In Figures 1 and 2, TQ resulted in increased total cell death, an initial activation of apoptosis, increased autophagy activity and increased expression of mitophagy markers (LAMP2 and SQSTM1/p62). TQ induced apoptosis and autophagy at 2 μM, and then at increasing doses, apoptosis was decreased while autophagy was elevated. Therefore, the authors attempted to determine the relationship between and TQ-induced apoptosis and ACD. 
TQ activated Atg7, Beclin-1, caspase 3 and LC3 at 2 μM (Figure 4). Co-treating with 50μM 3-MA resulted in decreased Atg7, Beclin-1 and LC3 and increased caspase 3 activation. Baf-A1 caused increased accumulation of Atg7, Beclin-1 and LC3, but didn’t increase caspase 3 in the presence of 2μM TQ. 1μM LY294002 resulted in reduced Beclin-1 and LC3 but didn’t reduce Atg7 or increase caspase 3 when co-administered with TQ. Finally, 2μM z-DEVD-fmk caused increased Atg7 and LC3 and decreased c-caspase 3 but didn’t upregulate Beclin-1. Therefore, TQ activated apoptosis prior to initiation of ACD in CPT-11-R LoVo cells and the key switching step must had occurred early in formation of autophagosome.


· DISCUSSION

Besides eliminating tumor cells, chemotherapeutic drugs cause side effects and result in chemoresistant tumors in patients.3 Therefore, there is a need for alternative cancer treatments.4 Phytochemicals serve as an alternative method to treat colon cancer and are by means of targeted therapy.7,8 CPT-11-R LoVo colon cancer cells were generated by challenging parental cells with increasing doses of CPT-11 and activate NF-κB pathway to promote basal autophagy.11 TQ is a phytochemical that was applied to treat different cancers including colon cancer.20 In addition, TQ altered activity of MAPKs in treating cancers.24-26

Traditionally, cancer treatments usually cause apoptosis of tumor cells. Therefore, the authors first investigated whether TQ caused apoptosis in CPT-11-R cells. TQ caused a dose-dependent increase in cell death index. However, although apoptosis was initially activated TQ, it still decreased at increasing doses of the phytochemical. Therefore, the possibility of ACD was considered. First TQ resulted in a dose-dependent increase in MOMP, and then TQ elevated protein levels of Atg5, Atg7, Atg12, Beclin-1, LAMP2, LC3-II and SQSTM1/p62 while that of Atg3 was reduced. Furthermore, TQ also increased LC3 intracellular expression dose-dependently. In addition, autophagy is a context-dependent process; its outcomes in terms of cellular response are different.33 In CPT-11-R cells, NF-κB activation resulted in increased basal autophagy.11 However, TQ was previously shown to inhibit NF-κB in CPT-11-R cells (unpublished result). In this study, it resulted in increased autophagy and decreased cell viability. Together these results showed that TQ induced ACD via MOMP (mitophagy). In a review by Tait et al., MOMP can result in caspase-dependent (apoptosis) or caspase-independent (autophagy) cell death.28 In this study, TQ induced in an initial activation of mitochondria-dependent cell death, a dose-dependent increase in autophagy and MOMP in CPT-11-R cells. Finally, TQ was found to induce ACD by activation of JNK and p38 in CPT-11-R LoVo colon cancer cells. Therefore, TQ resulted in autophagic cell death via MOMP and activation of JNK and p38.
Finally, since TQ initially resulted in activation of apoptosis and autophagy and the latter took over cell death at increasing doses, it was necessary to determine which of TQ-induced apoptosis and autophagy occurred earlier than the other. TQ at 2 μM activated both apoptosis and autophagy (Figure 4), however, 3-MA co-administration pointed direction of cell death towards apoptosis and that of z-DEVD-fmk pointed to ACD. In addition, TQ caused elevated MOMP and protein levels of mitophagy markers, LAMP2 and SQSTM1/p62. TQ also caused increased Atg7 and Atg12 while reducing Atg3. Therefore, it was concluded that apoptosis was induced by TQ before activating ACD and the key switching step occurred at initiation of autophagosome formation. Therefore, TQ initially activated both apoptosis and ACD; however, at increasing doses, intracellular damages must be increasingly more severe (such as number of dysfunctional mitochondria) and therefore upregulated autophagic process functioned to clear damaged organelles and other intracellular components, resulting in caspase-independent ACD (Figure 5). In other studies, different phytochemicals induced ACD at increasing doses with or without an initial apoptosis, such as dihydrocapsaicin, PGG, resveratrol, SAHA and sulforaphane.31,32,34-36
To summarize, TQ caused in autophagic cell death via MOMP and activation of JNK and p38 in CPT-11-R LoVo colon cancer cells. These activation of ACD occurred after induction of apoptosis by TQ. Furthermore, the key switching event occurred at early autophagosome formation. Therefore, TQ causes mitochondrial-dependent ACD via MOMP and JNK and p38 activation in CPT-11-R LoVo colon cancer cells.
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· FIGURE LEGENDS 

Figure 1. TQ resulted in increasing total cell death index but didn’t upregulate apoptosis at increasing doses. (A) Twelve hours after seeding CPT-11-R LoVo colon cancer cells in 12-well culture plates, different doses of TQ were added. TUNEL assay was conducted 24 hours after administration of TQ. TQ elevated percentage of TUNEL-positive cells/total cell death index of CPT-11-R cells. (B) Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, different doses of TQ were added. Western blotting was conducted 24 hours after administration of TQ. TQ resulted in an initial activation of apoptosis, which decreased at increasing doses of the phytochemical. 
Figure 2. TQ induced ACD of CPT-11-R cells involving MOMP. (A) Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, different doses of TQ were added. JC-1 staining was conducted 24 hours after administration of TQ. TQ increased FITC (JC-1 monomer) signal and reduced Cy3 (JC-1 aggregate) signal dose-dependently. (B) Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, different doses of TQ were added. Western blotting was conducted 24 hours after administration of TQ. TQ caused increased Atg5, Atg7, Atg12, Beclin-1, LC3-II, LAMP2 and SQSTM1/p62 and reduced Atg3. (C) Twelve hours after seeding CPT-11-R cells in 12-well culture plates, different doses of TQ were added. Immunofluorescence microscopy was conducted 24 hours after administration of TQ. TQ increased cellular expression of LC3 in a dose-dependent manner.
Figure 3. TQ induced ACD of CPT-11-R cells via activation of JNK and p38. (A) Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, 1μM SP600125 was added first, followed by 8μM TQ 2 hours later. Western blotting was conducted 24 hours after administration of TQ. SP600125 reversed TQ-induced cell death. (B) Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, 1μM SB203580, followed by 8μM TQ 2 hours later. Western blotting was conducted 24 hours after administration of TQ. SB203580 reversed TQ-induced ACD.
Figure 4. TQ induced apoptosis before inducing ACD in CPT-11-R LoVo cells. Twelve hours after seeding CPT-11-R cells in 10-cm culture plates, 50μM 3-MA, 100nM Baf-A1, 1μM LY294002 and 2μM z-DEVD-fmk were added to separate plates followed by 2μM TQ to appropriate ones 2 hours later. Western blotting was conducted 24 hours after administration of TQ. Apoptosis was induced by TQ before ACD.
Figure 5. Schematic representation of thymoquinone (TQ)-induced caspase-independent, autophagic cell death via mitochondrial outer membrane permeability (MOMP) and activation of JNK and p38 in CPT-11-resistant (CPT-11-R) LoVo colon cancer cells.
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