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Abstract

:

Acute lymphoblastic leukemia (ALL) is an aggressive malignant disorder of lymphoid progenitor cells that affects children and adults. Despite the high cure rates, drug resistance still remains a significant clinical problem, which stimulates the development of new therapeutic strategies and drugs to improve the disease outcome. Antipsychotic phenothiazines have emerged as potential candidates to be repositioned as antitumor drugs. It was previously shown that the anti-histaminic phenothiazine derivative promethazine induced autophagy-associated cell death in chronic myeloid leukemia cells, although autophagy can act as a “double-edged sword” contributing to cell survival or cell death. Here we evaluated the role of autophagy in thioridazine (TR)-induced cell death in the human ALL model. TR induced apoptosis in ALL Jurkat cells and it was not cytotoxic to normal peripheral mononuclear blood cells. TR promoted the activation of caspase-8 and -3, which was associated with increased NOXA/MCL-1 ratio and autophagy triggering. AMPK/PI3K/AKT/mTOR and MAPK/ERK pathways are involved in TR-induced cell death. The inhibition of the autophagic process enhanced the cytotoxicity of TR in Jurkat cells, highlighting autophagy as a targetable process for drug development purposes in ALL.
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1. Introduction


Acute lymphoblastic leukemia (ALL) is a malignant disorder of lymphoid progenitor cells that affects both children and adults [1]. T cell acute lymphoblastic leukemia (T-ALL) is one of the most aggressive hematologic malignancies, which is reported in 10–15% of pediatric and 25% of adult ALL cases [2]. Despite the high cure rate, drug resistance still remains as a significant clinical problem, which stimulates the development of novel therapeutic strategies and drugs to improve the outcome of this disease.



The phenothiazine derivative thioridazine (TR) is an antipsychotic drug that has been used in medicine in the treatment of psychosis and schizophrenia [3]. Several recent studies showed the cytotoxicity of TR in several types of cancer cells in vitro [4,5,6]. A structure-activity study in hepatocarcinoma cells revealed that TR, a piperidine derivative, was the most potent phenothiazine to induce cell death [6]. A recent review summarized the anticancer activity of fluphenazine, perphenazine, and prochlorperazine [7]. Previous studies suggested that the inhibition of the mitochondrial DNA polymerase, impairment of ATP production, and PI3K/AKT/mTOR signaling pathway are among the mechanisms contributing to TR-induced cell death [8,9,10]. However, there are few mechanistic studies about the cytotoxicity of phenothiazines in leukemia. Chlorpromazine suppressed the growth of primary AML cells and AML cells with mutated tyrosine kinase receptor [11]. Yet, in AML cells, TR induced cell death promoting cytoskeletal remodeling of blast cells selectively in variant t (6;11) AML cells involving Ca2+ overload, ROS production, and mitochondrial dysfunction [12]. Although several mechanisms have been proposed to explain its cytotoxicity, the molecular mechanisms underlying TR-induced apoptosis has not been completely understood, especially in acute lymphoblastic leukemia.



The clinical use of TR as a neuroleptic is associated with the development of relevant side effects in some patients, such as dysrhythmia and sudden death [13]. Thus, the combination of lower TR concentrations with other anticancer drugs in a combined chemotherapy might reduce the incidence of undesirable side effects and improve the possible anticancer effect. In this regard, the modulation of autophagy has been proposed as a promising therapeutic strategy in cancer therapeutics [14,15]. Autophagy is an evolutionarily conserved pathway that mediates the degradation of cellular components, such as proteins and organelles, and contributes to cellular homeostasis [16]. However, it was shown that tumor cells present an increased autophagic capacity and flux compared to normal cells [17]. Several drugs employed in cancer therapy induce a protective autophagy response, which can contribute to therapeutic resistance [18], pointing to the pharmacologic inhibition of autophagy as a promising approach to promote/increase tumor cell death elicited by other drugs [19].



In this study, the cytotoxicity of TR against a human T-ALL model was evaluated in vitro and the role of autophagy in the observed cell death. Our data showed that TR induces a potent and selective cell death in T-ALL cells in vitro and also that autophagy inhibition potentiates its cytotoxicity, constituting a promising strategy for ALL chemotherapy.




2. Materials and Methods


2.1. Reagents


Thioridazine (10-[2-(1-methyl-2-piperidyl) ethyl]-2-methyl-thiophenothiazine) (Figure 1A), 3-methyladenine, leupeptin, bafilomycin A1 and chloroquine were purchased from Sigma-Aldrich, St. Louis, MO, USA. Rapamycin was obtained from Selleck Chemicals, Houston, TX, USA. LY294002 was obtained from Cell Signaling Technology, Danvers, MA, USA. Hoechst 33,258 and LysoTracker Green were obtained from Thermo Fisher Scientific, Waltham, MA, USA. Antibodies against AKT (pan) (#4691), Ambra-1 (#24907), AMPKα (#95832), Atg5 (#12994), Atg7 (#8558), BAK (#3814), BAX (#5023), BCL-xL (#2764), BCL-2 (#15071), BIM (#2933), B-Raf (#14814), caspase-3 (#9665), cleaved caspase-3 (Asp175) (#9661), cleaved caspase-8 (#9496) (Asp391), Lamp2 (#49067), LC3A/B (#12741), mTOR (#2983), NOXA (#14766), p-AKT (Ser473) (#4060), p-AMPKα (Thr172) (#2535), p-Beclin-1 (Ser15) (#13825), p-B-Raf (Ser445) (#2696), p-ERK1/2 (Thr202/Tyr204) (#9101), p-MEK1/2 (Ser217/221) (#9154), p-mTOR (Ser2448) (#2971), p-PI3K (Tyr199/458) (#4228), Ras (#3965), SQSTM1/p62 (#8025), ULK (#8054), β-actin (#3700), anti-mouse IgG HRP-linked (#7076), and anti-rabbit IgG HRP-linked (#7074) were obtained from Cell Signaling Technology, Danvers, MA, USA. Antibodies against Beclin-1 (612112), BID (611528), MCL-1 (559027) and PI3K (610045) were from BD Biosciences, San Jose, CA, USA.




2.2. Cell Culture


The Jurkat cell line (human acute lymphoblastic leukemia) was provided by Prof. Edgar J. Paredes-Gamero (UFMS, Brazil) and tested to be mycoplasma-free by indirect staining with Hoechst 33258. Cells were grown in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) pH 7.4, supplemented with 10% fetal bovine serum (Gibco, Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin, in a 5% CO2 atmosphere at 37 °C (Panasonic MCO-19AIC, Kadoma, Osaka, Japan). For the experiments, cells were centrifuged (160× g for 10 min) and suspended in supplemented RPMI medium.




2.3. Cell Viability Assays


The cytotoxicity of the thioridazine was screened first by using the MTT reduction test and confirmed by the trypan blue exclusion assay in human leukemia Jurkat cells and normal peripheral blood mononuclear cells (PMBC), as previously described [6]. When used, 3-methyladenine, LY294002, leupeptin, rapamycin, bafilomycin A1, and chloroquine were preincubated 1 h before adding TR. Cell viability was calculated in relation to the control (absence of the drug), considered as 100%. The half maximal effective concentration (EC50) was calculated as described elsewhere [6].




2.4. Annexin V-FITC/PI Staining


Cells (1.0 × 105/mL) were seeded in 24-well microplates in the presence of 10 µM TR for 24 h. Then, the cells were centrifuged (160× g for 10 min) and suspended in 50 μL of binding buffer (0.14 M NaCl, 2.5 mM CaCl2, 0.01 M HEPES, pH 7.4). Apoptosis was assessed by using the FITC Annexin V Apoptosis Detection Kit I (#556547, BD Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. The fluorescence emission was acquired a FACS Canto II flow cytometer (BD Biosciences, San Jose, CA, USA), acquiring 10,000 events per sample using a Coherent Sapphire 488-20 solid state blue laser with excitation at 488 nm, dichroic mirror 502 LP, bandpass filter 530/30 for the FITC fluorescence channel and dichroic mirror 556 LP, bandpass filter 585/42 for the PI fluorescence channel. Data analysis and graphs were completed using FlowJo vX.0.7 software (Ashland, OR, USA).




2.5. Mitochondrial Transmembrane Potential (ΔΨ)


Cells (1.0 × 105/mL) were plated on 24-well microplates in the presence of 10 µM TR for 24 h. Then, cells were centrifuged (160× g for 10 min) and suspended in 1.0 mL of PBS. Cells were incubated with 100 nM tetramethylrhodamine methyl ester (TMRM) (Life Technologies, Invitrogen, Waltham, MA, USA) for 30 min in a 5% CO2 atmosphere at 37 °C. After, cells were washed in PBS and suspended in 0.3 mL of PBS. As a positive control, 20 μM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used. Fluorescence emission was acquired with a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA), acquiring 10,000 events per sample using a Coherent Sapphire 488-20 solid state blue laser with an excitation at 488 nm, dichroic mirror 502 LP, bandpass filter 585/42 for the TMRM fluorescence channel. Data analysis and graphs were completed using FlowJo vX.0.7 software (Ashland, OR, USA).




2.6. Lysosomal Staining


Cells (1.0 × 105/mL) were plated on 24-well microplates in the presence of 10 µM TR for 24 h. After incubation, cells were stained simultaneously with 5 µM Hoechst 33,342 and 50 nM LysoTracker Green in culture media for 30 min at room temperature. Fluorescence emissions were acquired in a widefield fluorescence microscopy system Leica AF6000 (Leica Microsystems, Wetzlar, Germany) using the set of cube filters A4 (Ex, 360/40; dichroic mirror, 400 nm; filter BP, 470/40) and L5 (Ex, 480/40; dichroic mirror, 505 nm; BP filter, 527/30), objective lens HCX APO U-V-I 100×/1.3 OIL, and camera DFC365FX.




2.7. Western Blot Analysis


After incubation with 10 µM TR for 12 and 24 h, cells were collected and lysed with RIPA buffer 1X (Thermo Fischer Scientific, Waltham, MA, USA) with a 1X protease/phosphatase inhibitor cocktail (Cell Signaling Technology, Danvers, MA, USA) and 1.0 mM PMSF (Cell Signaling Technology, Inc. USA). The protein concentration was determined by Lowry’s method, with BSA as standard to construct the analytical curve. Samples were heated at 95 °C for 5 min and stored at 4 °C. Aliquots (50–120 μg of protein) were loaded in a 12% sodium dodecyl sulfate-polyacrylamide gel and submitted to electrophoresis (SDS-PAGE). Separated proteins were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA) using the Trans-Blot Turbo Transfer system (Bio-Rad Laboratories, Hercules CA, USA). The nonspecific protein binding was avoided by incubating the membrane in 5% non-fat dry milk dissolved in TBST buffer for 1 h at room temperature. After, membranes were incubated overnight with the respective primary antibody (1:1000) in 1% BSA diluted in TBST at 4 °C. The membranes were then incubated with a specific secondary antibody conjugated with horseradish peroxidase (HRP), which was diluted 1:10,000 in 1% BSA for 1 h at room temperature (anti-mouse IgG HRP-linked or anti-rabbit IgG HRP-linked). Labeled proteins were detected using the chemiluminescent detection kit Pierce™ ECL Plus Substrate (Thermo Fischer Scientific, Waltham, MA, USA) and acquired with ChemiDoc™ MP Imaging system v5.0 (Bio-Rad Laboratories, Hercules, CA, USA). All Western blot images shown are representative of at least 3 independent experiments. In order to calculate the mean ± standard error of the mean (SEM), the optical density of the band was used as the unit of measure with Image Lab™ software, version 5.0 (Bio-Rad Laboratories, Hercules, CA, USA), and normalized by endogenous control β-actin. The quantification graphs considering all replicates, as well as, the representative crude Western blot membranes are presented in the Supplementary Material, Figures S1–S4.




2.8. Statistical Analyses


All data were expressed as the means ± SEM. Statistical analyses were performed using Prism 6.1 software (GraphPad Software Inc., San Diego, CA, USA). Data were tested using one-way ANOVA followed by the Tukey post hoc test with significance defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3. Results


3.1. Thioridazine (TR) Exhibited Potent and Selective Cytotoxicity Against Human T-ALL Jurkat Cells


The cytotoxicity of TR was evaluated in vitro in cultured T-ALL Jurkat tumor cells and further compared with human peripheral mononuclear blood cells (PMBC) by the MTT assay after 24 h incubation. As observed in Figure 1B, TR significantly decreased the viability of Jurkat cells in a concentration-dependent manner, presenting the half-maximal effective concentration (EC50) value of 10.7 µM. Based on the EC50, 10 µM concentration was selected for the subsequent experiments. Such a cytotoxic effect was corroborated by the trypan blue exclusion assay (Figure 1C), excluding possible artifacts due to redox interference of TR with MTT reduction. Furthermore, 10 µM TR did not affect significantly the viability of PMBC, showing that TR exhibits selectivity against leukemia tumor cells in relation to normal human blood cells (Figure 1D). Additionally, morphological alterations were observed in Jurkat cells incubated with TR (Figure 1E–G). In flow cytometry, the frontal dispersion of laser (forward scatter, FSC) provides information about the relative cell size, and the lateral dispersion (side scatter, SSC) is related to cell granularity or complexity. By using the data from these parameters, it was shown that 10 µM TR incubated with Jurkat cells for 24 h decrease of cell size and increased granularity, defining a “live” and “dead” cell population (Figure 1E), whose quantification was presented in Figure 1F. Optical microscopy revealed that 10 µM TR promoted remarkable morphological changes in Jurkat cells characterized by loss of cell-cell adhesion, cell shrinkage, and plasma membrane disruption (Figure 1G).




3.2. TR Induced Caspase-Dependent Apoptosis in Jurkat Cells


To further characterize the cell death induced by TR in Jurkat cells, the annexin V-FITC/PI double staining flow cytometry was employed. The incubation of cells with 10 µM TR for 24 h resulted in increased annexin V-FITC stained Jurkat cells (annexin V+/PI− and annexin V+/PI+), indicative of apoptosis (Figure 2A). The quantification of annexin V positive cells considering all replicates revealed a significant increase (p < 0.0001) of apoptotic cells induced by TR compared to control (Figure 2B). Moreover, TR increased the levels of active caspase-8 and caspase-3 (Figure 2C). The effects of TR on the expression of pro-apoptotic (Figure 2D) and anti-apoptotic (Figure 2E) proteins of Bcl-2 family showed an increased expression of BAK and NOXA. Considering Jurkat cells did not express BAX [20], we showed the TR disturbed the balance among pro- and anti-apoptotic proteins toward apoptosis induction as shown by increased NOXA/MCL-1 ratio (Figure 2F), although the expression of other BCL-2 family proteins remained unaltered. Alterations in expression and location of BCL-2 proteins are associated with mitochondrial permeabilization associated to the apoptotic process [21]. Thus, the effects of TR on the mitochondrial transmembrane potential (ΔΨ) were analyzed using TMRM, a cell-permeant dye that accumulates in active mitochondria with high membrane potential. TR dissipated the ΔΨ in Jurkat cells, as shown by the decreased the signal intensity of TMRM compared to the control (Figure 2G). The uncoupler CCCP was used to obtain the maximal dissipation of the ΔΨ and the quantification of replicates was presented in Figure 2H. These results indicated that TR induced caspase-dependent apoptosis and NOXA probably plays a regulatory role in cell death by inhibiting the anti-apoptotic activity of MCL-1 in leukemia Jurkat cells.




3.3. TR Stimulates Autophagy in Jurkat Cells


Under cytotoxic stimuli, cells alter the autophagic flux as a protective response to promote cell survival [22,23]. However, an overstimulation of autophagy can result in cell death. In order to investigate whether modulation of autophagy was involved in the TR-induced cytotoxicity in Jurkat cells, we examined the expression of several autophagy-related proteins by Western blot after 12 and 24 h incubation with 10 μM TR. As shown in Figure 3A, TR induced the processing of full-length LC3-I to LC3-II in a time-dependent manner. Moreover, TR also increased the expression of LAMP2, a lysosomal membrane protein involved in lysosomal stability and autophagy. Since lysosomes fuse with the autophagosome during the autophagic process, we used the cell permeable fluorescent LysoTracker dye, which accumulates within the lysosomes at nanomolar concentrations. As shown in Figure 3B, the incubation of TR treatment enhanced fluorescence in Jurkat cells loaded with LysoTracker, with intracellular punctuated staining pattern, suggesting significant increase in lysosome numbers during the autophagic process.




3.4. Inhibition of Autophagy Enhanced TR-Induced Apoptosis in Human Leukemia Jurkat Cells


Since autophagy has dual roles in regulating cell survival and cell death, we investigated the effect of TR-induced autophagy on apoptosis in Jurkat cells. Cells were pretreated for 1 h with 3-methyladenine (3-MA), an autophagy inhibitor that blocks the conversion of LC3-I to LC3-II and autophagosome formation in the presence or absence of TR for 24 h. Western blot analysis showed that TR treatment increased the protein levels of LC3-II, which were diminished by the addition of 3-MA (Figure 4A). Moreover, combined treatment of 3-MA and TR significantly increased cell population positive for annexin V-FITC compared to TR (Figure 4B,C). In addition, the autophagy inhibitors 3-MA, bafilomycin A1, chloroquine, and LY294002 significantly increased the cytotoxicity of TR in ALL cells, and the combination of the autophagy activator rapamycin and TR significantly attenuated it compared to TR (Figure 4D). These results suggested that inhibition of autophagy may sensitize cells to TR-induced apoptosis.




3.5. Modulation of Signaling Pathways Related to the Balance Between Proliferation and Death in Jurkat Cells by TR: PI3K/AKT/mTOR and Ras/Raf/MEK/ERK Cascades


The PI3K/AKT/mTOR signaling pathway plays an important role in regulating cell cycle, proliferation, apoptosis, and autophagy [22]. To examine the involvement of the PI3K/AKT/mTOR pathway in TR-induced apoptosis and autophagy, we tested the activation of PI3K, AKT and mTOR by Western blot assay using phosphorylated antibodies. As shown in Figure 5A, treatment with TR decreased the levels of constitutively phosphorylated PI3K, AKT, and mTOR in Jurkat cells. It has been proposed by others that activation of ERK1/2 plays a pivotal role in cellular proliferation and in the control of cell cycle, and its inhibition is associated with apoptosis [24,25]. Thus, in order to evaluate the effects of TR on the MAPK/ERK signaling pathway, the expression of RAS, B-RAF, p-B-RAF, MEK, p-MEK, ERK, and p-ERK was analyzed by Western blot. Our data show that the MAPK/ERK pathway is constitutively active in ALL Jurkat cells and, interestingly, TR inhibits only the activation of ERK (p-ERK) at 12 and 24 h (Figure 5B). It remains to be elucidated whether TR interacts directly with the phosphorylation site of ERK or acts indirectly to promote such effect, since ERK signaling is suggested as an Achilles hell in cancer cells [26]. In parallel, we evaluated one of the central sensors/regulators of cellular metabolism in eukaryotes, the AMP-activated protein kinase (AMPK). It was shown that AMPK was activated by TR in Jurkat cells, as monitored by the phosphorylation of AMPK (Thr172) in 24 h (Figure 5C). These results show that AMPK activation and PI3K/AKT/mTOR suppression drive the autophagic response of ALL cells to TR exposure. Additionally, the inhibition of the downstream executioner of MAPK/ERK pathway (p-ERK) by TR might contribute to its antiproliferative/cytotoxic effects.





4. Discussion


The antipsychotic phenothiazine derivative thioridazine has exhibited potent antitumor activity in several tumor cells in vitro and cancer models in vivo [5,27]. Despite ongoing efforts to elucidate its mechanism of action, the underlying molecular mechanisms of TR-induced cell death still remain elusive. In this study, the role of autophagy in TR-induced apoptosis in human T-cell acute lymphoblastic leukemia model was exploited. Interestingly, the EC50 for Jurkat cells (10.7 µM) has no significant effect on the viability of normal cells. Such plasma concentration was easily achieved with a 50 mg TR oral dose in patients with acute myeloid leukemia (AML) patients in a recent clinical trial combining TR and cytarabine [28]. The activation of caspase-8 and the executioner caspase-3 indicated a caspase-dependent cell death. Furthermore, TR triggered autophagy and its inhibition enhanced the cytotoxic action of TR. TR-induced autophagy in Jurkat cells occurred through the suppression of PI3K/AKT/mTOR and Ras/Raf/MEK/ERK signaling pathways (Figure 6).



Tumor cells often develop resistance to the apoptotic stimuli, which is related to cancer progression. The balance between pro- and antiapoptotic proteins of Bcl-2 family is crucial to the regulation of apoptosis [29]. The NOXA/MCL-1 ratio seems to play a role in the cell fate upon chemotherapy [30]. The upregulation of NOXA induced by TR contributed to the triggering of apoptosis in Jurkat cells. In this regard, Horing et al. proposed that the pharmacological modulation of NOXA and MCL-1 is an effective for the treatment of mantle cell lymphoma [31]. It was shown that the NOXA/MCL-1 ratio has an important role in glucose limitation-mediated apoptosis [32] and also in the pancreatic cancer cell proliferation [33]. The NOXA/MCL-1 ratio is especially important in Jurkat, since these cells do not express BAX due to frameshift mutations resulting in premature termination of translation [20]. Then, BAX/BCL-2 ratio cannot be used as marker in this cell line [34]. Nevertheless, TR-induced apoptosis in Jurkat cells was mediated by the activation of the effector caspase-3.



The comprehension of the intricate relation between apoptosis and autophagy is essential for the development of effective cancer therapeutics [35]. Autophagy is a cellular process responsible for the renewal/elimination of organelles and proteins through the formation of autophagosomes and degradation by lysosomal hydrolases to maintain cell homeostasis [16]. Depending on the cell type and the stimulus, autophagy may act as a “double-edged sword”, acting on the regulation of cell survival/proliferation or inducing autophagic cell death [36]. In cancer cells, autophagy might be activated as a survival mechanism to resist chemotherapeutic agents induced apoptosis [37]. Due to this, several studies proposed that the inhibition of autophagy increased chemically-induced and consequently the antitumor activity of drugs [38,39,40]. Here we showed that TR induced an autophagic response in T-ALL cells. The expression of LC3-II, a marker of the autophagic flux required for elongation of autophagosomes [41], increased in a time-dependent manner after treatment with TR. In addition, the expression of LAMP2, a lysosomal membrane protein involved in final maturation and fusion of autophagosomes with lysosomes to form an autolysosome [42] was also increased. In an effort to determine whether TR-induced autophagy in Jurkat is acting a pro-survival process or it is associated with apoptosis, pharmacological tools (3-MA, chloroquine, bafilomycin A1 and LY294002) to inhibit autophagy were employed. The suppression of autophagy using all inhibitors significantly enhanced the TR-induced apoptosis in Jurkat cells. In accordance to this, previous studies showed that autophagy inhibition enhanced the antitumor effects of daunorubicin [43], dasatinib [44], and asparaginase [45] in leukemia models. Therefore, since autophagy stimulation is among the pro-survival strategies used by cancer cells to protect against cellular stress, it represents a promising therapeutic target.



To further advance mechanistical aspects of TR-induced cell death in T-ALL cells, signaling pathways related to apoptosis and autophagy were investigated. The PI3K/AKT/mTOR signaling pathway is crucial for the maintenance of cell homeostasis under normal physiological conditions [24]. However, it is frequently deregulated in numerous human cancers, including myeloid leukemia [46], hepatocellular carcinoma cells [47], and T-ALL [48]. Aberrant regulation of PI3K/AKT/mTOR pathway provides a proliferative advantage to tumor cells and it contributes to drug resistance development. Thus, the inhibition of the PI3K/AKT/mTOR signaling pathway might represent a possible therapeutic strategy for cancer treatment. TR decreased the levels of constitutively phosphorylated PI3K, AKT, and mTOR in Jurkat cells. This was also shown in ovarian cancer cells [8] and cervical and endometrial cancer cells [9]. Yet, recent studies showed that other structurally related antipsychotic phenothiazine derivatives also induced autophagy in tumor cells in vitro through the inhibition of PI3K/AKT/mTOR [49,50,51]. Interestingly, it was shown that normal T lymphocytes are not affected by PI3K/AKT/mTOR inhibitors [52]. The metabolic regulator AMPK was activated by TR. AMPK regulates multiple cellular processes, including autophagy, since active AMPK inhibits mTOR, a protein kinase that negatively regulates autophagy [53]. Although TR triggered a protective autophagic response in T-ALL cells, an antihistamine phenothiazine derivative promethazine induced autophagy-associated cell death in a Philadelphia chromosome-positive chronic myeloid leukemia model (K562) mediated by activation of AMPK [54], i.e., promethazine-induced autophagy in CML contributed to cell death. Thus, it is not clear yet whether these differences are due to the type of leukemia cell or the type and intensity of phenothiazine derivative promoting cell death. These open questions will be further investigated.



Another signaling pathway that regulates diverse cellular functions, including cell proliferation, survival, and differentiation, is the mitogen-activated protein kinase pathways (MAPK) [55,56,57]. Like PI3K/AKT/mTOR, Ras/Raf/MEK/ERK cascade is one of the major survival/proliferative signaling pathway that is often constitutively activated in cancer. Additionally, since there is a crosstalk between MAPK and PI3K signaling pathways, the simultaneous inhibition of these pathways may be an effective potential strategy for the treatment of cancer [58]. It is noteworthy that TR suppressed both pathways, which guarantee the cytotoxic efficiency of TR, despite the activation of a pro-survival autophagy T-ALL cells. The specific inhibition of ERK activation in MAPK-ERK pathway by TR deserves a further investigation, since ERK is considered an important target in cancer therapy [59].



In conclusion, our data show that TR inhibited cell proliferation and induced apoptosis and autophagy through inhibiting the PI3K/AKT/mTOR and Ras/Raf/MEK/ERK signaling pathway in acute lymphoblastic leukemia cells. Moreover, inhibition of autophagy enhanced the cytotoxicity of TR in Jurkat cells. The induction of autophagy may be an adaptive response to chemicals and antitumor drugs with a protective role in acute lymphoblastic leukemia, which might be considered as targetable for drug development purposes.
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Figure 1. Enhancement of the cytotoxicity of TR and selectivity against human leukemia Jurkat cells compared to human normal blood cells. (A) Molecular structure of the thioridazine. (B) Cell viability was assessed by the MTT reduction test. Cells were incubated with increasing TR concentrations (0–25 µM) for 24 h. The EC50 value for TR was calculated as 10.7 μM. (C) Cell viability was also assessed by the trypan blue exclusion assay. **** (p < 0.0001) indicates a difference from control (absence of the drug). (D) Cell viability assessed by MTT reduction test in normal and leukemia cells obtained with 5 and 10 µM TR. The human peripheral blood mononuclear cells (PBMC) were stimulated with 5 µg/mL phytohemagglutinin. The percentage of viable cells was calculated in relation to control (untreated), considered as 100%. The results are presented as the mean ± SEM of at least three independent experiments performed in triplicate. **** Statistically different from Jurkat cells (p < 0.0001). (E) Changes in cell size and granularity (FSC × SSC parameters). Representative dot plots of at least three independent experiments performed in duplicate. (F) Quantification of dead cells based on FSC and SSC parameters. The results are presented as the mean ± SEM of at least three independent experiments performed in duplicate. **** (p < 0.0001) indicates a difference from control (absence of the drug). (G) Morphological alterations of Jurkat cells assessed by optical microscopy (400× magnification, scale bar 20 µM). 
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Figure 2. TR induces mitochondrial-dependent apoptosis in human leukemia Jurkat cells. Cell death profile was analyzed by double staining flow cytometric analysis with annexin V-FITC and propidium iodide in Jurkat cells after 24 h incubation with 10 µM TR. (A) Representative dot plot of at least three independent experiments performed in duplicate. (B) Quantification of apoptotic (annexin V-FITC positive) cells. The results are presented as the mean ± SEM of at least three independent experiments performed in duplicate. **** (p < 0.0001) indicates a difference from control (absence of the drug). Whole cell lysates from Jurkat cells treated with 10 µM TR for indicated time periods were subjected to Western blot analysis for (C) Expression levels of pro-caspase-3, cleaved-caspase-3 (Asp175) and cleaved caspase-8 (Asp391). (D) Expression levels of pro-apoptotic BCL-2 family proteins and (E) Expression levels of anti-apoptotic BCL-2 family proteins. Densitometry measurements, normalized to β-actin are indicated below the corresponding blot. The data are represented as the mean of at least three independent experiments. (F) Bar graphs shown intensity levels of ratio NOXA/MCL-1. The results are presented as the mean ± SEM of at least three independent experiments. ** (p < 0.01) indicates a difference from control (absence of the drug). (G) Representative histograms of TMRM fluorescence obtained by flow cytometry. Gray line (CCCP), dashed black line (10 µM TR) and black line (control). (H) Quantification of TMRM fluorescence. The results are presented as the mean ± SEM of at least three independent experiments. *** (p < 0.001) indicates a difference from control (absence of the drug). 
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Figure 3. TR triggered autophagy in human leukemia Jurkat cells. (A) Whole cell lysates from Jurkat cells treated with 10 µM TR for indicated time periods were subjected to Western blot analysis for autophagy-related proteins expression levels. Densitometry measurements, normalized to β-actin are indicated below the corresponding blot. The data are represented as the mean of at least three independent experiments. (B) Jurkat cells were incubated with 10 µM TR for 24 h, followed by stained simultaneously with 50 nM LysoTracker Green and 5 µM Hoechst33342 in culture media for 30 min and analyzed by fluorescence microscopy (magnification 1000×, scale bars 10 µM). 
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Figure 4. Inhibition of autophagy enhanced TR-Induced apoptosis in human leukemia Jurkat cells. (A) Whole cell lysates from Jurkat cells pretreated with 5 mM 3-MA for 1 h and incubated with 10 µM TR for another 24 h were subjected to Western blot analysis for LC3 A/B. Quantification results of LC3 II/I are indicated below the corresponding blot. The data are represented as the mean of at least three independent experiments. (B) Cell death profile was analyzed by double staining flow cytometric analysis with annexin V-FITC and propidium iodide in Jurkat cells after 24 h incubation with 10 µM TR in the absence or presence of 5 mM 3-MA, 5 µM bafilomycin A1, 20 µM chloroquine and 20 µM LY294002. Representative dot plot of at least three independent experiments performed in duplicate. (C) Quantification of apoptotic (annexin V-FITC positive) cells. The results are presented as the mean ± SEM of at least three independent experiments performed in duplicate. * (p < 0.05), *** (p < 0.001) and **** (p < 0.0001) indicates a difference from TR alone. (D) Cells were pretreated with 5 mM 3-MA, 5 µM bafilomycin A1, 20 µM chloroquine, 20 µM LY 294,002 and 100 nM rapamycin for 1 h and incubated with 10 µM TR for another 24 h. Cell viability assessed by the MTT reduction test. The results are presented as mean ± SEM of at least three independent experiments performed in triplicate. * (p < 0.05) and ** (p < 0.01) indicates a difference from TR alone. 
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Figure 5. TR promotes apoptosis and autophagy through inhibition of PI3K/AKT/mTOR and Ras/Raf/MEK/ERK signaling and activation of AMPK in human leukemia Jurkat cells. Whole cell lysates from Jurkat cells treated with 10 µM TR for indicated time periods were subjected to Western blot analysis and investigated for (A) PI3K, p-PI3K (Tyr199/458), AKT, p-AKT (Ser473), mTOR, p-mTOR (Ser2228) proteins expression levels, (B) Ras, B-Raf, p-B-Raf (Ser445), MEK, p-MEK (Ser217/221), ERK, p-ERK (Thr202/Tyr204) proteins expression levels and (C) AMPK, p-AMPK (Thr172) proteins expression levels. Quantification results of p-PI3K/PI3K, p-AKT/AKT, p-mTOR/mTOR, Ras/β-actin, p-B-Raf/Raf, p-MEK/MEK and p-ERK/ERK are indicated below the corresponding blot. The data are represented as the mean of at least three independent experiments. 
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Figure 6. Schematic representative illustrations showing the molecular alterations promoted by TR in ALL Jurkat cells resulting in cell death. 
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