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Abstract

:

Thioridazine (THD) is a common phenothiazine antipsychotic drug reported to suppress growth in several types of cancer cells. We previously showed that THD acts as an antiglioblastoma and anticancer stem-like cell agent. However, the signaling pathway underlying autophagy and apoptosis induction remains unclear. THD treatment significantly induced autophagy with upregulated AMPK activity and engendered cell death with increased sub-G1 in glioblastoma multiform (GBM) cell lines. Notably, through whole gene expression screening with THD treatment, frizzled (Fzd) proteins, a family of G-protein-coupled receptors, were found, suggesting the participation of Wnt/β-catenin signaling. After THD treatment, Fzd-1 and GSK3β-S9 phosphorylation (inactivated form) was reduced to promote β-catenin degradation, which attenuated P62 inhibition. The autophagy marker LC3-II markedly increased when P62 was released from β-catenin inhibition. Additionally, the P62-dependent caspase-8 activation that induced P53-independent apoptosis was confirmed by inhibiting T-cell factor/β-catenin and autophagy flux. Moreover, treatment with THD combined with temozolomide (TMZ) engendered increased LC3-II expression and caspase-3 activity, indicating promising drug synergism. In conclusion, THD induces autophagy in GBM cells by not only upregulating AMPK activity, but also enhancing P62-mediated autophagy and apoptosis through Wnt/β-catenin signaling. Therefore, THD is a potential alternative therapeutic agent for drug repositioning in GBM.
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1. Introduction


Glioblastoma multiforme (GBM, grade IV astrocytoma) is the most prevalent form of central nervous system (CNS) tumor. Despite recent advances in radiation and chemotherapy with temozolomide (TMZ) and cisplatin, the survival time of patients with GBM is less than 15 months after diagnosis [1]. Even with a combination of adjuvant chemoradiation therapy and surgery, the five year survival rate remains less than 10% [2]. Therefore, developing more effective therapeutic strategies, such as drug synergism of TMZ with another compound, is crucial to improve the clinical outcome of GBM treatment. Notably, treatment of GBM cells with TMZ results in autophagy and apoptosis [3,4,5].



Autophagy and apoptosis are crucial self-destructive processes that serve as internal balancing mechanisms to maintain homeostasis in eukaryotic cells. Autophagy may either involve cell death, also named type II programmed cell death, or play a prosurvival role as part of an adaptive and detoxifying process in response to sublethal stresses such as starvation, hypoxia, heat shock, and microbial pathogens [6]. Moreover, autophagy plays a critical role in the significant reduction in tumor growth [7]. During autophagy, autophagosomes engulf cytoplasmic components, resulting in the conjugation of a cytosolic form of LC3 (LC3-I) to phosphatidylethanolamine to form an LC3-phosphatidylethanolamine conjugate (LC3-II). P62 is a multifunctional adapter protein, which is implicated in both apoptotic and autophagic processes. In the autophagic degradation of ubiquitinated substrates, P62 first interacts with polyubiquitinated proteins through the ubiquitin-associated domain [8]. Additionally, P62 acts as the signaling core in orchestrating apoptosis [9].



The Wnt/β-catenin pathway plays a key role in GBM cells [10]. Zhang et al. found that through reprograming the expression of tumor-associated genes, the Wnt/β-catenin pathway promoted glioblastoma cancer tumorigenesis and progression [11]. Furthermore, the T-cell factor (TCF)-β-catenin complex represses P62 [10,12], which is responsible for binding to LC3, and once lipidated, is associated with phagophores and is involved in cargo recognition [10,13]. Finally, WNT signaling (involving GSK3β inhibition) activates mammalian target of rapamycin (mTOR) and protein translation [14].



Thioridazine (THD) is an antipsychotic medication (also referred to as a neuroleptic drug) and is widely used to treat severe psychiatric disorders. Phenothiazines (PTZ) represent a major class of antipsychotic drugs, indeed, PTZ have also been reported to induce cancer cell death and sensitize them to chemotherapy [15]. It has also been proven that PTZ has anti-cancer stem cell ability and THD was the main focus of interest [16,17,18], however, trifluoperazine [19] and chlorpromazine [20] presented similar anti-cancer stem cell activity at clinically relevant concentrations. In addition, THD could induce an increase in AMP-activated protein kinase (AMPK) activation by neutralizing a crucial regulator of cancer apoptosis and sensitizing GBM cells through the PI3K/Akt/p70S6K signaling pathway [21]. Furthermore, a study reported that THD improved sensitization of GBM cells to TMZ cytotoxicity by inducing the accumulation of LC3I/II and P62, an effect mediated by impaired late-stage autophagy [16].



Previous studies demonstrated the anti-glioma activity of THD through induced autophagy [16,21], but the precise autophagy-inducing pathway remains unclear. In the present study, we investigate the influence of THD on GBM as well as the underlying autophagy and apoptosis mechanisms. Our data reveal that THD induces autophagy in GBM cells through not only upregulated AMPK activity, but also enhanced P62-mediated Wnt/β-catenin signaling.




2. Results


2.1. Both THD and THD Analogs Had Potent Effects on GBM Cell Viability


THD, a drug commonly used for the treatment of schizophrenia and psychosis, is one of the few antipsychotic phenothiazine drugs with stereoisomeric forms. The structures of THD and THD analogs are presented in Figure 1A. We separated (R)-THD and (S)-THD from THD, and named as THD analog-1 and -2, respectively, in this report.



To examine whether THD and its analogs exert antitumor effects on GBM, we used the SRB and clonogenic assays to verify the cytotoxic effect of these drugs on GBM cell lines, U87MG, and GBM840. THD inhibited cell growth in the GBM cell lines in a dose-dependent manner (Figure 1B). The half maximal inhibitory concentration (IC50) values of THD analog-1, THD analog-2, and THD in the GBM8401 cells were 19.2 ± 1.3, 16.8 ± 1.2, and 18.2 ± 1.3 µM, respectively, and those in the U87MG cells were 15.2 ± 1.2, 12.6 ± 1.1, and 12.4 ± 1.1 µM, respectively (Figure 1B). In addition, we used the clonogenic assay, which correlated efficiently with the in vivo assay of tumorigenicity. With clonogenic assay, which represented in vivo tumorigenicity, all these drugs were effective against tumor sphere formation in the clonogenic assay of the GBM8401 cells (Figure 1C). In GBM 8401 clonogenic assay, the IC50 values of THD analog-1, THD analog-2, and THD were 4.4, 1.8, and 3.5 µM, respectively. These results suggested that cell viability was inhibited in the THD-treated GBM cells. To investigate the mechanisms underlying the cytotoxic effects of THD, a micro-Western assay was used to examine protein levels in the THD-treated GBM cells, and the pathway was then analyzed using the ConsensusPathDB database in our previous study [21]. Our results demonstrated the mechanisms underlying the cytocidal effects of THD: THD induced autophagy by upregulating AMPK activity in the GBM cell lines [21]. To verify whether the THD analogs had a similar mechanism as that of THD in the GBM cells, the protein level in the THD-analog-treated GBM cells was analyzed using Western blotting. The data revealed that both THD analogs significantly increased the LC3-II and phospho-AMPK (Thr172) expression levels in a dose-dependent manner (Figure 1D). This result indicated that the THD analogs and THD may share the same biological mechanism in regulating AMPK activity.



We determined the cytotoxicity and effect of THD on the proliferation of GBM cell lines (U87MG and GBM8401). As shown in Figure 1E, THD significantly inhibited cell viability in a dose-dependent manner. Cell death was significantly increased after 24 h of treatment with 5, 10, and 15 µM THD, as assessed using the cell count method. Furthermore, THD (15 µM) markedly reduced the cell viability of the U87MG and GBM8401 cells in a time-dependent manner compared with that of the untreated cells (Figure 1F). Thus, all subsequent experiments were performed using 0, 5, 10, and 15 µM THD.




2.2. THD Induced Cell Cycle Arrest and Apoptosis in GBM Cells


To evaluate the possible mechanisms through which THD inhibited cell growth, cell cycle profiles were assayed using flow cytometry. As illustrated in Figure 2A, the cell cycle profile of the GBM8401 cells was G1 58%, S 21%, G2/M 20%, and Sub G1 0.4%, and that of the U87MG cells was G1 49%, S 21%, G2/M 27%, and Sub G1 0.2%. Treatment with 5 µM THD did not alter the cell cycle profile. After treatment with 15 µM THD, the cell cycle profile of the U87MG cells was G1 55%, S 7.4%, G2/M 35%, and Sub G1 0.4%, and that of the GBM8401 cells was G1 30%, S 27%, G2/M 19%, and Sub G1 23%. Treatment with 15 µM THD for 24 h increased the G1 phase to 55% in the U87MG cells and the Sub G1 phase to 23% in the GBM8401 cells (Figure 2A). Thus, THD significantly increased the number of cancer cells in the G1 and Sub G1 phases, indicating THD-induced cell cycle arrest (U87MG) and cell death (GBM 8401).



To elucidate whether the THD-induced inhibition of cell growth was associated with cell apoptosis induction, we investigated the effects of THD on apoptosis in the GBM cell lines. The apoptotic effects of THD were evaluated using flow cytometry after the cells were stained with annexin V and PI. Annexin V could be detected in both the early and late stages of apoptosis, whereas PI could be detected only in the late apoptosis or necrosis stage. Early apoptotic cells were positive for annexin V and negative for PI (lower right quadrant); late apoptotic or necrotic cells stained for both annexin V and PI (upper right quadrant). The data in Figure 2B show that incubation with 0–15 µM THD for 24 h increased the number of late apoptotic cells in GBM4801, and correlated with the subG1 result. These results demonstrate that THD can significantly induce cell apoptosis.




2.3. Effects of THD-Induced Apoptosis and Autophagy Were Mediated by P62 But Not P53 or Beclin-1


Because sustained cell cycle arrest and senescence were believed to be mediated through P53-dependent upregulation of p21 [22], we next examined P53, phosphorylated P53 (ser15), and p21 protein levels in the cells. Western blotting confirmed the ineffectiveness of THD in both U87MG (p53-Wiletype) and GBM8401 (p53-mutated) cells (Figure 3A). These results suggested that the growth inhibitory properties of THD may be caused through P53-independent pathways. The Bcl-2 protein family determines the commitment of cells to apoptosis. The antiapoptotic members of this family, such as Bcl-2 and Bcl-xL, prevent apoptosis either by sequestering preforms of death-driving cysteine proteases or by preventing the release of mitochondrial apoptogenic factors into the cytoplasm. We further evaluated the involvement of the Bcl-xL protein family proteins through Western blotting. As presented in Figure 3A, THD caused a marked decrease in Bcl-xL expression but engendered a significant increase in Bax expression.



In addition to apoptosis, autophagy plays crucial roles in cancer cell survival and death; thus, it is gaining increasing interest in cancer research. Beclin-1 interacts with several binding partners and can both induce and suppress autophagy pathways [23]. While numerous commonly used anticancer drugs have been reported to induce apoptosis in cancer cells, autophagy was also frequently observed in response to these drugs, including THD, TMZ, ABT-737, and sorafenib [3,4,21,24,25]. In our previous study, we found that THD and its analogs might enhance LC3-II-induced autophagy in GBM cells (Figure 1D). In the current study, we investigated whether THD promotes autophagy in a Beclin-1- and P62-dependent manner. After treatment of the U87MG and GBM8401 cells with different concentrations (0–15 µM) of THD for 24 h, the expression level of P62 significantly increased in a dose-dependent manner, but that of Beclin-1 did not (Figure 3B). Altogether, these data suggest that THD-mediated autophagy could occur through P62, but not P53 or Beclin-1.



TMZ is a frequently used chemotherapeutic agent for GBM treatment. A study reported that AMPK activation has potential effects on TMZ-induced GBM cell death [26]. In addition, AMPK activation was involved in THD-induced autophagy [21]. Studies have revealed that treatment with ABT-737 (a BH3 mimetic agent) combined with TMZ exerted a superior effect on apoptosis induction in U87MG cells, which effectively reactivated apoptotic markers [3,4]. Thus, to investigate the effect of a combination of THD and TMZ, U87MG cells were treated with different doses of THD combined with 200 µM TMZ for 24 h. As illustrated in Figure 3C, the level of phospho-AMPK (Thr172) was upregulated in the U87MG cells after the combination treatment. In addition, administering TMZ and THD induced autophagy and upregulated the level of LC3-II in a dose-dependent manner (Figure 3C). These results suggested that excessive autophagy through AMPK activation plays a critical role in the mechanism of this drug combination. Taken together, these results further suggested that the mechanism of THD-induced cytotoxicity is mainly through unbalanced autophagy, leading to apoptosis in GBM cells.




2.4. Pathway Analysis of Differentially Expressed Gene Signatures through Microarray Profiling


The original target of THD in patients with psychosis was the dopamine receptor, which is rarely found in GBM cell lines, according to our previous data [21]. To identify the target of THD in the GBM cell lines, GBM8401 cells were treated with 10 µM THD for 24 h and then subjected to microarray profiling.



Using the ConsensusPathDB database (http://cpdb.molgen.mpg.de/), we performed a pathway analysis of the differentially expressed gene signatures generated from the microarray profiling process. Several THD-mediated pathways were highlighted, including cancer, G-protein-coupled receptor (GPCR) signaling, senescence and autophagy, DNA damage response, and G1 to S cell cycle control pathways (Figure 4A). Notably, GPCRs are membrane-associated proteins and have been widely recognized as drug targets [27,28]. By using micro-Western blotting to validate these candidate proteins in a patient with GBM, we confirmed the upregulation of p-AMPKα (Thr 172) and downregulation of p-mTOR (Ser 2481) in a dose-dependent manner (Table S1). Thus, we evaluated whether GPCRs may be the targets of THD. The GBM8401 and U87MG cells were treated with 5, 10, or 15 µM THD for 24 h, and the lysates were subjected to Western blot analysis. As shown in Figure 4B, one of the GPCRs, Fzd, was downregulated in the cells after treatment with THD, suggesting that THD-elicited pathways may be modulated through Fzd. Notably, gene expression of several GPCRs, particularly for the Fzd1 level, was consistent with the expression observed in five cohorts of patients with GBM from 2.0 to 4.0 (Figure S1).




2.5. THD Mediated β-Catenin Degradation through the Wnt/β-Catenin Signaling Pathway


Fzd is upstream of the Wnt signaling pathway and regulates the relative stability of β-catenin through GSK-3β-dependent phosphorylation [29,30]. As presented in Figure 5A, THD reduced the protein levels of β-catenin and phospho-β-catenin (Ser33/Ser37/Thr41), phosphorylated by GSK3β in the U87MG and GBM8401 cells. In addition, the phosphorylation level of GSK3β Ser9 decreased with THD treatment, indicating that the GSK3β activity increased and phosphorylated β-catenin [31]. To verify that the decreased protein level of β-catenin was caused by protein degradation, the proteasome inhibitor MG132 was applied to the THD-treated cells. As expected, THD-induced β-catenin degradation was reversed and P62 expression was also suppressed when MG132 was applied (Figure 5B). These results clearly demonstrated that THD enhanced GSK3β activity through Ser9 phosphorylation downregulation, which in turn enhanced β-catenin phosphorylation at Ser33/Ser37/Thr41, which triggered protein degradation. We concluded that THD indeed mediated β-catenin degradation through the Wnt/β-catenin signaling pathway.





3. Discussion


THD has been reported to exert anticancer effects by inhibiting proliferation, inducing apoptosis, countering metastasis, and reversing multidrug resistance; the anticancer ability might result from apoptosis through autophagy regulation [16,21]. According to our results, THD suppressed GBM cell line growth and induced sub-G1 accumulation and late apoptosis in a dose-dependent manner (Figure 2A,B). THD treatment activated the proapoptotic Bcl-2 family member Bax and reduced the expression of the antiapoptotic protein Bcl-xL (Figure 3A). Of note, the p53 tumor suppressor is induced by various stress stimuli and coordinates an adaptive gene expression program, leading to growth arrest or cell death [32]. In the present study, the THD-induced apoptosis in the p53-mutated GBM8401 and p53-Wildtype U87MG cell line was associated with increased Bax and decreased Bcl-xL levels, indicating that cell death may result from Bax translocation and caspase activation (Figure 3A). To our knowledge, this is the first article to describe THD-induced apoptosis through P53-independent pathways.



A notable finding of this study is that changes in the level of P62 seemed to respond more rapidly to and exhibit a greater correlation with the outcome of THD-induced cell death. Previous research revealed that P62 depletion could inhibit the recruitment of LC3 to autophagosomes under starvation conditions and that the background level of LC3-II was higher in cells overexpressing P62 than in other cells, suggesting that autophagic activity is greater when P62 levels are higher [33]. Additionally, P62 acts as a signaling core in orchestrating apoptosis [9]. In response to death receptor stimulation, Cullin3-based ubiquitin ligases can combine with death-inducing signaling complexes and induce the polyubiquitination of caspase-8 [34]. When cells were treated with reagents inducing ER stress or proteasome inhibition, the cells could activate the apoptosis system directly through caspase-8, without the involvement of death receptor signaling [35]. This novel mechanism of caspase-8-mediated apoptosis was dependent on the autophagy-related proteins LC3 and P62 [34,35,36]. Thus, in addition to serving as a typical caspase species in the “classic” extrinsic apoptosis, caspase-8 can be activated in a P62-dependent manner and can be involved in an alternative endogenous apoptotic pathway, particularly when induced by various reagents or drugs. Our study in 2015 demonstrated the activation of caspase-8 after THD treatment [21]. Thus, THD-induced effects in the GBM cells resulted from P62-activated apoptosis, accompanied by autophagy.



It is well-known that TMZ is a chemotherapeutic agent frequently used in GBM treatment [1,2,3,4,5,37]. However, the cytotoxic activity of TMZ was reported to be inversely dependent on the DNA repair enzyme O6-methylguanine DNA methyltransferase (MGMT) and to be dependent on the mismatch repair pathway [37]. Therefore, identifying novel therapeutic approaches for GBM is urgently required; however, discovering new drugs is difficult because of the blood–brain barrier (BBB). Several other compounds such as hydroxychloroquine and BAF A1 inhibit late-stage autophagy. Nevertheless, because of its high lipophilicity, THD accumulates in the brain, rendering it an ideal compound for targeting intracranial malignancies [38]. Our results demonstrate that THD, a commonly used drug for treating psychosis, reduces the cell viability of GBM cell lines. Moreover, THD can cross the BBB and is clinically approved; thus, the novel indication could be fast-tracked into clinical trials. In this study, the data showed that the therapeutic effect of the dose above 10 µM increased autophagy, and the THD-TMZ combination treatment induced apoptosis and autophagy, indicating that THD might still have therapeutic action against cancer by promoting autophagy (Figure 3C). From our basis, modification of THD to improve the IC50 shall provide a promising target for treating GBM.



On the basis of the preceding observations, we suggest a Fzd/GSK3β/β-catenin/P62 axis working model, as shown in Figure 6. In the canonical Wnt/β-catenin signaling pathway, in the presence of Wnt, the destruction complex (comprising Axin, APC, GSK3β, and β-catenin; dashed circle) disintegrates and β-catenin is stabilized, subsequently binding to TCF in the nucleus to upregulate target genes for cell proliferation and repress P62 (route 1). Importantly, the Wnt signaling pathway is the stabilization of β-catenin, which is regulated by its phosphorylation and subsequent degradation [39]. In this study, we observed that triggering THD on the GBM cells reduced the expression of Fzd and GSK3β S9 phosphorylation, which indicates increased activity of GSK3β, resulting in an increase in phosphorylated β-catenin and its degradation (route 2). Notably, inhibiting both TCF-β-catenin and autophagy flux reduced cell viability and induced apoptosis through a P62-dependent mechanism involving caspase-8 (route 2; dashed red lines). Taken together, these results further suggest that TMZ and THD induced cytotoxicity mainly through excessive autophagy, leading to apoptosis in GBM cells. Our studies (Reference [21] and this study) have revealed a regulatory feedback mechanism that places β-catenin-LC3 II/P62-caspase-8 in a loop of proliferation, autophagy, and apoptosis to be compromised, with implications for drug targeting of these pathways for GBM cells to THD [21]. In conclusion, THD induces apoptosis in GBM cells through attenuated Wnt/β-catenin signaling, leading to p62-mediated autophagy with caspase-8 activation. Importantly, the combined THD and TMZ exert a better synergistic effect in inducing apoptosis that could serve as an alternative therapeutic drug for repositioning in GBM.




4. Materials and Methods


4.1. Cell Culture and Chemicals


The human glioblastoma U87MG (Cat# HTB-14, p53-WT, MGMT negative) cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). GBM 8401 (Cat# 60163, p53-mutated, MGMT negative) was obtained from the Bioresource Collection and Research Center (Hsinchu, Taiwan). Cells were cultured in minimum essential medium (Gibco; Thermo Fischer Scientific, Grand Island, NY, USA) and RPMI-1640 (Gibco) supplemented with 10% fetal bovine serum (Gibco), 2 mM L-glutamine (Gibco), and antibiotics (penicillin/streptomycin, 100 IU/L; Gibco). THD (Sigma, Aldrich, St. Louis, MO, USA) and its analogs were prepared in our lab.




4.2. Cell Viability Assay


Cell viability was measured using the sulforhodamine B (SRB, Abcam, ab235935) and Cell Counting Kit-8 (CCK-8, sigma 96992, St. Louis, MO, USA) assays based on the measurement of cellular protein content. U87MG and GBM8401 cells were seeded (2000 cells/well) in a 96-well plate and then treated with various concentrations of THD for 24 h. Subsequently, the cells were fixed with 100 mg/mL trichloroacetic acid and stained with 57 µg/mL SRB solution for 1 h and then washed repeatedly with 10 mg/mL acetic acid. The protein-bound dye was dissolved in 10 mM Tris base solution to obtain a reading at 540 nm. The cell viability of each treated sample was measured using the CCK-8 kit according to the manufacturer’s instructions. The absorbency of cells was measured using a 96-well plate reader at 450 nm.




4.3. Apoptosis Analysis


The Annexin V-fluorescein isothiocyanate (FITC)-binding assay was used to quantify the percentage of early and late apoptosis. Cells (2 × 105 cells/well) were seeded in a 24-well plate and incubated for 24 h; they were then treated with the indicated THD concentration for another 24 h. Both adherent and nonadherent cells were harvested prior to staining with Annexin V-FITC and propidium iodide (PI) according to the manufacturer’s instructions.




4.4. Cell Cycle Analysis


Cell cycle quantification was performed to determine the alteration in each cell phase. Cells (2 × 105 cells/well) were seeded in a 24-well plate and incubated for 24 h; they were then treated with the indicated THD concentration for another 24 h. The cells were harvested and re-suspended in 70% ethanol in phosphate buffered saline (PBS) and incubated at −20 °C for 1 h. Subsequently, the cells were re-suspended in cold PBS containing 20 µg/mL PI and 100 µg/mL RNAse A (Sigma). The cells were then incubated in a dark chamber for 30 min at room temperature, after which the DNA content was analyzed through BD FACScan using FACS Diva software (BD Biosciences, San Jose, CA).




4.5. Western Blot Analysis


Cells were lysed with immunoprecipitation assay lysis buffer (Protech Inc., Taipei, Taiwan), and the protein concentration was quantified using a protein assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each lane containing 20 µg of total protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene difluoride membrane. The following primary antibodies were used: phospho-AMPK (Thr-172; 1:1000; 2535S), AMPK (1:1000; 2532S), c-caspase-3 (1:1000; 9664S), caspase-3 (1:1000; 9662S), Beclin1 (1:1000; 3495S), Bax (1:1000; 2772S), p21(1:1000; 2947S), Bcl-xL (1:1000; 2764S), and phospho-P53 (p15; 1:1000; 9284S), obtained from Cell Signaling. P62 (1:2000; ab56416) and β-actin (1:1000; ab3280) were obtained from Abcam (Cambridge Science Park, UK); LC3 was obtained from Abgent (San Diego, CA, USA; 1:1000; AP1802a); and P53 (1:1000; GTX70216), Fzd 1 (1:1000; GTX108181), GAPDH (1:10,000; GTX100283), and α-tubulin (1:5000; GTX112141) were obtained from GeneTex (Irvine, CA, USA). After protein hybridized with the primary antibody followed with secondary horseradish peroxidase-conjugated antirabbit and antimouse antibodies (Chemicon, Shinagawa-ku, Tokyo, Japan; 12-348 and 12-349, respectively), protein was visualized using an enhanced chemiluminescence reagent (GE Healthcare, Pittsburgh, PA, USA; RPN2108) on an X-ray film.




4.6. Clonogenic Assay


The GBM8401 cells were seeded at a density of 1000 cells/well in 6-well plates. After 10 days, the cells were washed twice with PBS, fixed with a solution mixture of acetic acid and methanol (1:3), and then stained with 0.5% crystal violet in methanol at room temperature. The colonies were carefully washed with tap water, and then colonies with a diameter larger than 50 µM were counted under a microscope.




4.7. Microarray Analysis


After 6 h of treatment with 10 µM THD, total RNA was extracted from the GBM8401 cells by using an RNeasy Mini kit (QIAGEN, Valencia, CA, USA; 74106). The quality of total RNA was determined using an ultraviolet spectrophotometer and Agilent 2100 Bioanalyzer and had an OD260/OD280 ratio ranging from 1.9 to 2.1. Total RNA was used to synthesize cDNA, followed by labeling, fragmentation, and quality check using the bioanalyzer. According to instructions provided by Affymetrix (http://www.affymetrix.com/support/technical/manuals.affx), hybridization, washing, and staining procedures were performed. Images containing intensity information were converted into text files by using GeneChip Operating Software, developed by Affymetrix. The microarray data sets were determined using GeneSpring 7.31 software (QIAGEN, Agilent, Santa Clara, CA, USA).




4.8. Consensus PathDB Data Analysis


Two data sets were used for THD-elicited pathway analysis, namely the Cmap database, which contains 14 THD-treated Affymetrix U133A arrays without GBM cells, and our Affymetrix HG-U133 Plus 2 microarray database generated from THD-treated GBM 8401 cells. For the Cmap database, genes were selected based on at least a two fold expression change and appearance in at least 3 of the 14 arrays. For the THD-treated GBM 8401 database, genes were selected based on at least a 1.75-fold expression change. Subsequently, genes that fitted the criteria were subjected to ConsensusPathDB analysis to identify THD-involving pathways.




4.9. Statistical Analysis


Data are presented as mean ± standard deviation. Statistical analyses were performed using one-way analysis of variance. Data were compared using Student’s t-test. The level of statistical significance was set at p < 0.05.
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Figure 1. Thioridazine (THD) and THD analog treatments exerted an inhibitory effect on glioblastoma multiform (GBM) cells. (A) Structure of THD and enantiomers of the THD analog; (B) Cell viability was assessed in GBM8401 and U87MG cells by using the sulforhodamine B (SRB) assay. After 24 h drug treatments, the IC50 values of drugs were calculated using GraphPad Prism (THD analog-1 and analog-2 are racemic compounds). A summary of IC50 values is provided in the table; (C) Clonogenic assays were performed to assess the effect of THD and THD analogs on colony formation in GBM8401 cells. The IC50 values of all drugs were less than 10 µM; (D) GBM8401 cells were treated with different analogs of THD at 5, 7.5, 10, and 15 µM for 24 h separately. p-AMPK (Thr172), AMPK, LC3I, and LC3-II were detected using Western blotting. α-Tubulin was used as an internal control; (E) THD suppressed the proliferation of glioma cell lines. U87MG and GBM8401 cells were treated with various concentrations of THD for 24 h; (F) Cells were incubated for 8, 16, and 24 h in the presence of THD (15 µM), after which cell viability was assessed using CCK-8 assays. Bar graphs represent the mean of triplicates ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control group. 
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Figure 2. THD induced cell apoptosis in GBM cells. (A) U87MG and GBM8401 cells were treated with THD at 5 or 15 µM for 24 h, and cell cycle alterations were quantified through flow cytometry with staining with 50 µg/mL PI; (B) U87MG and GBM8401 cells were treated with THD at 5, 10, or 15 µM for 24 h, and the apoptotic cell percentage was quantified through flow cytometry by using the FITC Annexin V Apoptosis Detection Kit (BD PharmingenTM, cat. 556547). Representative scatter plots of PI (y-axis) versus annexin V (x-axis). 
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Figure 3. THD induced autophagy and apoptosis in GBM cells. (A) Cells were treated with indicated concentrations of THD for 24 h and subjected to Western blotting with antibodies against Bax, Bcl-xL, P53, P53 (Ser15), and p21; (B) Cells were treated with THD for 24 h, and Western blotting was performed to evaluate autophagy-related proteins, P62 and beclin-1; (C) Combination treatment with TMZ and THD induced AMPK activation and autophagy in GBM cells. U87MG cells were treated with 200 µM TMZ combined with different doses of THD for 24 h. p-AMPK (Thr172), AMPK, caspase-3, c-caspase-3, LC3-I, and LC3-II were detected using Western blotting. β-actin and GAPDH were used as an internal control. Bar graph represents mean of triplicates ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control group. ##p < 0.01, ###p < 0.001 indicated TMZ (200 µM) vs. Vehicle. 
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Figure 4. GPCRs targets of THD. (A) Two databases were used to identify possible pathways involved in THD-induced autophagy and apoptosis by using the ConsensusPathDB pathway analyzer. The most significant pathways include cancer-related pathways, G-protein-coupled protein signaling, senescence and autophagy, DNA damage response, and G1 to S cell cycle control; (B) Candidate protein Fzd1 was validated on GBM8401 and U87MG with 24-h treatment with 5, 10, or 15 µM THD. GAPDH was used as an internal control. Bar graphs represent the mean of triplicates ± SD. * p < 0.05, ** p < 0.01, compared with the control group. 
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Figure 5. THD mediated β-catenin degradation through Wnt/β-catenin signaling pathway. (A) GBM cells were treated with 5, 10, or 15 µM THD for 24 h, and the protein expression patterns of the Wnt pathway were determined; (B) GBM cells were incubated with different concentrations of THD and MG-132 (10 µM) for 24 h. Cytosolic fractions were prepared and subjected to Western blotting with GSK3β, phosphor S9 GSK3β, β-catenin, phosphor S33/37/41-β-catenin and P62 antibodies. β-actin was used as an internal control. Bar graphs represent the mean of triplicates ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control group. 
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Figure 6. Model for THD on a crosstalk in Fzd/GSK3β/β-catenin/P62 axis. A working model summarizing the possible pathways obtained in various studies (References [10,21] and this study) revealed a regulatory feedback mechanism that places β-catenin-LC3 II/P62-caspase-8 in a loop of proliferation, autophagy, and apoptosis, with implications for THD antipsychotics targeting of these pathways for GBM cells to THD. Route 1, without THD; route 2, with THD; and dashed red lines indicate possible mechanisms (for details, see the Discussion Section 3.). 






Figure 6. Model for THD on a crosstalk in Fzd/GSK3β/β-catenin/P62 axis. A working model summarizing the possible pathways obtained in various studies (References [10,21] and this study) revealed a regulatory feedback mechanism that places β-catenin-LC3 II/P62-caspase-8 in a loop of proliferation, autophagy, and apoptosis, with implications for THD antipsychotics targeting of these pathways for GBM cells to THD. Route 1, without THD; route 2, with THD; and dashed red lines indicate possible mechanisms (for details, see the Discussion Section 3.).



[image: Ijms 20 00473 g006]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijms-20-00473


  
    		
      ijms-20-00473
    


  




  





media/file8.jpg





media/file11.png
\([ THD }

GBM

@ with THD ‘~
. Proteasome
MG1352 degradation

MK@
\

wse 8






media/file6.jpg
T C—————"T.
T T
AIE T e Consensuspathon
Kire oM GDiis
SLCIAIL LHX2 PAXS o b e
Goris G hawa  mion PR g
Vo UmUR v Keme EbNRA GPRCSD
TRV Clofts  TeRNA B3 [> GRRIT.FZDI..)
PR PG mxon ool Scnec nd gy
moci S ki Suows e
N See rmon  GEE o el e v
TNFAIPS DI LHL24 HBEGF
Dot o s oxs
Wi cows bbm  com
W S mmmen coon
Dhooi Kumai  beiaal
Par e ns
T oo e
Wwan  Twn - pusel
B AT e
Prkis, IERs
Do T ame  cow
Row ook o ke
o Clom st torms
. "
5 (0] 5 00pM 5 M @10 M w18
1
38 0
&






media/file1.png
() THD analog-1  THD analog-2 THD
| | ,
T A 152412 12.611.1 12.441.1
LI g L0 bety Fer }—H—L
Thioridazine e os. ~ iu
THD | B i g L
E 0= e A
Qo gy : = 1.5 192413 16.811.2 182113
r P S| 10 }—l1
W el T &
"N A LS %g;- i_Hkl\l "\;l Hl.,
(R)-Thioridazine (S)-Thioridazine 00 S P e,
THD analog-1 ~ THD analog-2 0.0 0.5 10 15 20 05 L0 L5 20 05 L0 15 2.0
Drug concentration (log pM) -
Control LM 53 pM 10 uM
C — B THD analog-1
o o0 B THD apalos-2
= = 120 O o
e I
~—, .E = 10
o ' gE 801
= E.ln =3 60
=h =
= =z 407 *
- 201 va s -
T 0 13310 0 13310 01330
= Drug concentration {log phd)
D y 'f Of pA0F phET Skl @10 phl mls gkl
P
.:'5:'3.
THD analog-1 THD analog-2 EE ) |
(MM) 0 5 7510 15 0 5 7510 15 d L)
p-AMPK JR— — -6 ) THD sz ales-1 THD anales-2
{'I‘hrl]’l}‘--- —aoess E "1 oo uMos uMET S B0 P IS gl
4 -
g (T T T
i
LC3I | - = 1
LC31 [ — BT — ———,
5 | 0P pMES uM BT SuA W10 M WIS uM
I:l.—Tubqu‘--—-—‘H———-— - 32 E"""
=g
B2’
32
E F THD smales-1 THD smales-1
140 - 140 -
00 pMOS pM B10 pM w15 ph O0H oSH mléH w24H
120 - 120 -
£ 100 - — 1w00{ — ., —
%i 30 A %% %i 80
= 60 - 2 60 -
S 40 A C 40 -
20 - 1) -
0
USTMG GBM3401 USTMG GBEM3401





media/file10.jpg
@ with THD

l’mlumne
degradation

mx@

ngs

Mcm






media/file7.png
| hiondazine array

up (A)
ATF3
KLF6
SLC7ALI
GDF15
KLHL24
TRIM2
PPPIRISA
INSIGI
INSIGI
TNFAIP3
DDIT4
WIPII
KLF6
DDIT3
CONG?2
1SG20
MAFF
INSIGI
CCNG2
DUSP4
1SG20
OASL

URTMG

GBMB40]

(Cma

[ hondazine armay (GBM)

down iBi up (C)
DDIT4
MCAM GDF15
LHX2 PAXS
CCNE2 TncRNA
U2SURP CCNG2
CTorf43 TncRNA
NPFFRI1 FBXO32
SRSF7 KLHL24
SKP2 FBX032
BZDI K LHL24
CDC25A PAXS
CCNE2 DDIT3
SKP2 HERPUDI
DHODH KLHL24
TSFM INHBE
PPIL2 LOC153222
RBMSA TncRNA
DTL MALATI
PRRISL KLHL24
THNSLI1 ZNF165
SLC30AS CYP2C9
CIQTNF3 SLCS3A3
THD (uM)
0 5 30 15

Fad| | g e -1

GAPDH. (a7

Fai-1 | S !
GAPDH :—37

down (D)
HAS2

[L11

RHOB
KRTAP2

F3
PDCDILGI
SMURF2

HBEGF
CXCL3
CD274
CDC25A
BCL2A1
L8

IL6
DUSPI
MEDA4
[ERS
CCNE2
ANKRDI
TGFB2

Relative of Fzd-1
(Fold level)

[e-—

io
th
'

=
-4

o

o

h
'

=
an
L

[e—
n

o

th [o-—
' '

ConsensusPathDB

* Pathways in cancer
* GPCR signaling
(EDNRA, GPRCSB,
GPR17,FZD1...)
* Senescence and Autophagy

* DNA damage response

* Gl to S cell cycle control

00 pM @5 pM =10 pM =15 pM

USTMG

GBMS401

e





media/file9.png
A

THD (ubfd)

USTMG

GBMS401

10 13

0 3 10 13

[-catemn

-7

- 012

[-catenin "
(833/37/41) [ .
T T — | ——
GSK3p 46

GSK3p (59)

[-actin

B

THD (1M)

[-catenin

[-catemn
(833/37/41)

P62

f-actin

- 43

[ £

] OQph OSuhl EI0pA W15l
5 15 -
== 1]
=1
E D& 4
0 -
UM G CENI 8401
MG132
USTMG GEMS8401
0 5 10 15 05 10 15
Y T re =
- F B - e Lo
|| m— o — — ]
43

149 0p i o5 00 w10 0 w150
L 12
i . -
L5 08 -
= -
5= 06 -
."'El:__
=7 04-
rh
m -2-
0
USTMG CEM 3401
14 1 DopM 05 uM B10uM W15 M
E 12
s 14— - -
e
EE 0§ -
=
2 04 -
e 02
0
USTMG CEM 401
7 -
D0 M OS5 ud W10 W15 Al
215 -
r.ﬂ:.
B
15
B=
T
==
=
USTMG CEM 401
7 -
“ ] COpM OSuM B10 A W15 M
=
g 1s
v
T3
==
o =
o
.EE: _
= b5
L
=4
D 4
USTMG CEMS401
12 1opuM BspM 100 WIS
g
EE 1] — —
25
=
& o3
=
(=
0
USTMG CEM 401
15 -
- OOpM DSuM m10pM m1SpM
B
=
=
El.l} . — —
a
&
[ren
s 05 - =
2
=
(=
0.0

USTM G CEME4M





media/file5.png
A USTMG GBMS401

TED (ub) ¢ 510 15 0 5 10 13
P33 (s.arli}lg-;_ - ” = = S T I_s
p33 | o ”'—"l_"- ""l"l_%
p2l ‘—-_-l — - — e |
BH‘--_—-H—_-_ _l_gc;
Belsl | .——I _-- I_m
ﬁ—al:ti.ﬂ ‘MME

-

| oo 05 et m10 w00 W15

[ £ ]

| oous o5 B10 000 w15 0l

E 15 - E 15 -
i ]
Ch 2]
E 05 - 205
= &
] 1]
UM G CEN 8401 TUsTM G CENI8401
B USTMG GEMS401
THD (uM) ¢ 5 10 13 0 3 10 15
Berlil ] [ mm—————— | e c— e c—
ﬁ-ECti.ﬂ ———— — — — | 445

L]

[ 5]

= 00 uM OF pM @10 pd m15 phd o0 pM 05 ph =10 ph W15 pdd
5 4 - .
= 4 = 1=
=] -
3 7
e’ -4 -
B =5 1-
w2 - 3
: EL
E1- g
e
o -
USTAM G CEA 8401 USTM G CEA S840
13 - 15 -
Ovekicle WTALL (200 pAl) Ovebicle MTALL (200 uhl)
, | 7
§_° ¢
"! i = - s =
Azl -E 1
53 T =
E e 1 E E 1-
= 0S4 = s
o - [
(udl) @ 5 10 15 THD (upl) @ 5 10
33 4 ey 15 -
3 Ovebicle MTALL (200 pAl) - Ovebicle m TALZ (100 uAl)
T . E2-
- _ 5 == ;F-l?l )
- '; 1 o . = -
15 33
"'i‘ % 15 - E E"__ 14
E =] 1 =
'E 0z B s 4
g ]
o o4

(uDI)

o

c-Caspase-3

Relative of p-p53
{Fold level)

| oo ospn w100 m1s e

Relntive of p&3 (Fold level}

USTMG CEAME401

00 pM OS5 uh{ W10 g W15 pMd

Eelntive of Bel-xL
{Fold level)

USTMG CEME401

OO0 pM OFpM =10 uM =15 pd

C

THD (uM)

USTMG CBAME401
vehicle  TMZ (200 pM)
0 5 1015 0 5 10 15

p-AMPK
(Thr 172)

AMPK

-b

Caspase-3

Y

- 15

LC31
LC3O

e e G R S —

T

GAPDH

— — b S — S —

Eslatnee of LCII
(Fald level])

THD

4 -
Ovebicle RTALL (200 phi)

3

1

1-

o4

(ukIy @ 5 [ 15





media/file3.png
LIRTMG

GBM&E401

¥
¥
< -
= 2
[‘-h‘. »N
= .
g
4
F
7 : l k o
. Hos% 25 og— 23 % ‘
E ﬁ—- A4
= : g_ F3 Ps | P j - "
=8 ;
E'__,.I B ?:' -
. o
. Ll:. L - == -|'I'-| o
USTMG GBMS8401
120 1 wg2M ms 0OG1 msubGl 120 1 mG2M mS 0OGl osbGl
g 100 glm ]
s 807 S 80 -
5 5
o, 60 - =, 60 -
= (1l ]
40 - E, 40 4
=
S 20 - 3 20 - -
0 0
THD (uM) 0 3 15 THD (uM) 0 5 15
THD (uM)
0 5 10 15

FITC Annexin V
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