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Abstract


Ring-substituted 1-hydroxynaphthalene-2-carboxanilides were previously investigated for their antimycobacterial properties. In our study, we have shown their antiproliferative and cell death-inducing effects in cancer cell lines. Cell proliferation and viability were assessed by WST-1 assay and a dye exclusion test, respectively. Cell cycle distribution, phosphatidylserine externalization, levels of reactive oxygen or nitrogen species (RONS), mitochondrial membrane depolarization, and release of cytochrome c were estimated by flow cytometry. Levels of regulatory proteins were determined by Western blotting. Our data suggest that the ability to inhibit the proliferation of THP-1 or MCF-7 cells might be referred to meta- or para-substituted derivatives with electron-withdrawing groups -F, -Br, or -CF3 at anilide moiety. This effect was accompanied by accumulation of cells in G1 phase. Compound 10 also induced apoptosis in THP-1 cells in association with a loss of mitochondrial membrane potential and production of mitochondrial superoxide. Our study provides a new insight into the action of salicylanilide derivatives, hydroxynaphthalene carboxamides, in cancer cells. Thus, their structure merits further investigation as a model moiety of new small-molecule compounds with potential anticancer properties.
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1. Introduction


The class of salicylanilide derivatives has been attracting considerable interest for many years, but nowadays renewed research in the field of salicylanilides pharmacological properties has revealed their novel biological effects [1]. Over the past few years, hydroxynaphthalene carboxamides as a group of salicylanilide derivatives have been studied for their promising antimycobacterial properties [2,3,4,5,6]. Some ring-substituted 1-hydroxynaphthalene-2-carboxanilide derivatives have been previously reported to exert the antimycobacterial activity in vitro against three strains, namely Mycobacterium marinum, Mycobacterium kasasii, and Mycobacterium smegmatis, that are model pathogens for Mycobacterium tuberculosis [2]. However, the biological effects of salicylanilides are not limited to antimycobacterial effects. Their derivatives also possess a large spectrum of other various anti-infective activities such as antibacterial, anthelmintic or antifungal [7,8,9,10,11,12,13,14] and subsequent research of their new pharmacological properties also pointed out the potential antitumor activity of salicylanilide derivatives among which niclosamide could be mentioned. This broad-spectrum anthelmintic agent is receiving new attention when it is currently being studied for repurposing in oncology [15,16]. Until now, its anticancer potency has been thoroughly investigated and a large number of studies have established such effects using both in vitro and in vivo models [17,18,19,20]. The efforts to elucidate the mechanism of action represent a key feature of new anticancer drug discovery. In general, salicylanilides were primarily found to impair mitochondrial function as uncouplers of oxidative phosphorylation [21]. In the field of their potential anticancer properties, a few recent studies showed that the activity of niclosamide against cancer cells can be partly mediated through targeting mitochondria with its membrane depolarization or generation of reactive oxygen species (ROS) [22,23,24,25].



Nevertheless, the anticancer activity of salicylanilide derivatives is most likely related to multiple mechanisms. Until now, salicylanilides were found to inhibit EGFR tyrosine kinase activity due to the ability of their structure to form an intramolecular hydrogen bond, and thus mimic the pyrimidine ring in the structure of quinazoline EGFR inhibitors such as gefitinib [26,27]. Another studies described promising inhibitors of poly(ADP-ribose) glycohydrolase (PARG) containing modified salicylanilide structure [28], or salicylanilide inhibitor of erbB-2 tyrosine kinase phosphorylation [29]. Evidence from several reports has indicated that besides targeting mitochondria, niclosamide regulates multiple cellular pathways such as Wnt/β-catenin, NF-κB, or mTORC1 that are involved in the initiation, progression, or metastasis of cancer [19,23,30,31,32,33]. Moreover, niclosamide was identified as a new small-molecule inhibitor of the STAT3 signaling pathway, and thus became a lead molecule with salicylanilide scaffold for the development of inhibitors of STAT3 signaling pathway [34,35].



Taking into consideration the pharmacological potential of salicylanilides, the structure of hydroxynaphthalene carboxamides as their derivatives was recently designed. Their molecule was formulated by the extension of salicylanilide structure with the additional aromatic ring based on bioisosterism with quinoline like compounds [2,6,9]. That structure is also considered to be a privileged scaffold in cancer drug discovery [36]. Our previous studies on monocytic leukemia THP-1 cells showed cytotoxic effects of hydroxynaphthalene carboxamides substituted by electron-withdrawing groups on anilide ring [2,6,9]. In our follow-up study, we have reported the antiproliferative activity of nitro-substituted hydroxynaphthalene carboxamides in two different cancer cell lines THP-1 and MCF-7 that was associated with the modulation of cell cycle progression and induced apoptosis in THP-1 cells [37]. Additionally, the structure of hydroxynaphthalene carboxamides was recently identified as a new model moiety for the development of BRAF kinase inhibitors [38]. In the present study, we aimed to investigate the effects of the group of halogenated hydroxynaphthalene carboxamides 1–10 (Table 1) on proliferation and cell cycle distribution of THP-1 and breast cancer MCF-7 cells. In addition, we evaluated their cytotoxic effects in terms of induced mitochondria-mediated apoptosis.




2. Results


2.1. Proliferation Inhibitory Effects and Cytotoxicity Induced by 1-Hydroxynaphthalene-2-Carboxanilides in THP-1 and MCF-7 Cells


Initially, the proliferation and viability of two different cell lines, THP-1 and MCF-7 cells, were evaluated following 24 h incubation with serial dilutions of ring-substituted 1-hydroxynaphthalene-2-carboxanilide derivatives. The tested compounds differed between each other in the nature or in the position of substituents on the aromatic ring of the anilide moiety, whole structures of their molecules are shown in Table 1. The results of the WST-1 assay revealed that the derivatives with substituents introduced at meta- or para-positions exerted the cell proliferation inhibitory effect in both THP-1 and MCF-7 cell lines, as summarized in Table 1. By this analysis, compound 10 was confirmed as the derivative with the strongest antiproliferative activity against the THP-1 cell line (IC50 2.55 µM). Concurrently, all meta- and para-substituted derivatives caused the inhibition of proliferation in MCF-7 cells with the IC50 values less than 10 µM. In our assays, another salicylanilide derivative, niclosamide, also showed the antiproliferative effect in both cell lines upon 24 h incubation (IC50 2.14 µM and 5.38 µM in THP-1 and MCF-7 cells, respectively). In contrast, none of the ortho-substituted derivatives 1, 4, or 7 were able to affect cell proliferation of neither THP-1 nor MCF-7 cells at the tested concentrations.



Simultaneously, we assessed the cytotoxic effects of previously tested compounds using erythrosin B exclusion test. In general, among 10 tested 1-hydroxynaphthalene-2-carboxanilide derivatives, only molecules substituted by -CF3 group impaired viability of both tumor cell lines used upon 24 h treatment, while compounds containing -F or -Br substituents exerted no or very slight cytotoxic activity (Table 1, Supplementary Figures S1 and S2). Nevertheless, the strongest effect was observed on MCF-7 cells treated by compound 10 (LC50 of 8.78 µM).




2.2. Effects of 1-Hydroxynaphthalene-2-carboxanilides on Cell Cycle Progression


Based on the previous results demonstrating antiproliferative activity of meta- and para-substituted compounds, we have performed cell cycle analysis to investigate their effects on progression through cell cycle phases in THP-1 and MCF-7 cell lines. Our analysis revealed changes in cell cycle profiles upon 24 h treatment with compounds 2, 3, 5, 6, 8, 9, and 10. For the experiments, we used the concentrations of compounds that significantly decreased cell proliferation without affecting cell viability or with a weak concurrent cytotoxic effect. In both cancer cell lines, the exposure of cells to tested compounds led to the accumulation of cells in G1/G0 cell cycle phase in a concentration-dependent manner together with the decrease of the percentage of cells in S phase, whereas the number of cells in G2/M phase was not altered (Figure 1a,b; Supplementary Figure S3). The changes in cell cycle distribution induced by tested compounds were qualitatively similar among all of them. On the other hand, the quantitatively strongest effect was observed upon the treatment by compound 10 in THP-1 cells. These results were additionally supported by the detection of decreased protein levels of cell cycle regulators controlling G1/S transition (Figure 1c). 24 h incubation with 10 resulted in reduced levels of the phosphorylated form of retinoblastoma protein [p-Rb (Ser 807/811)] and cyclin E1, both in a concentration-dependent manner. Moreover, levels of c-Myc were found to be down-regulated in the same manner. On the contrary, the levels of cyclin B1, the protein involved in G2/M progression, remained unchanged in our analyses.




2.3. Compound 10 Regulates STAT3 Signaling Pathway In Vitro


As mentioned, niclosamide has been recently identified as the small molecule inhibitor of STAT3 [34,35], the member of a signaling pathway that regulates many cellular processes important for tumorigenesis, including cell proliferation, cell cycle progression, apoptosis, or tumor angiogenesis [39]. As demonstrated in Figure 2, compound 10 markedly reduced phosphorylation of STAT3 at tyrosine 705 in a concentration-dependent manner. Our results also showed inhibited phosphorylation of STAT3 induced by niclosamide, added as the positive control. Furthermore, we examined the effect of 10 on the phosphorylation of Src tyrosine kinase, the upstream tyrosine kinase of STAT3, and its potent direct activator [40]. We found dose-dependently decreased Src phosphorylation caused by 10 in 24 h treatment. That effect was comparable to the inhibition induced by dasatinib, potent Src kinase inhibitor [41]. Finally, the exposure to 10 resulted in the decrease of protein levels of c-Myc and cyclin D1 in a concentration-dependent manner as well.




2.4. Induction of Apoptosis by Compound 10 in THP-1 Cells


Apart from the fact that the compound 10, even at the lower concentration of 1 µM, induced a significant (p < 0.05) rise in the proportion of THP-1 cells in G1/G0 phase (Figure 1a,b), the higher concentrations starting from 10 µM impaired cell viability upon 24 h exposure (Supplementary Figure S1). Further, flow cytometric analysis showed significant (p < 0.001) increase in the percentage of annexin V-positive cells upon 24 h exposure to the same concentration of compound 10 (Figure 3a). Since those results indicated a time-dependent increase in the number of apoptotic cells, we decided to further explore the mechanism of cell death induced by 10. We have assessed the activity of caspase 3, the effector caspase that is responsible for the cleavage of few pivotal cellular substrates, e.g., poly(ADP-ribose)polymerase (PARP) in the process of programmed cell death (Figure 3b,c) [42]. Compound 10 increased caspase 3 activity in a time-dependent manner. Moreover, the additional pretreatment by the pan-caspase inhibitor Z-VAD-FMK effectively suppressed such activity (Figure 3b).



Caspase 3 activation is preceded by a cascade of multiple cellular processes. Changes of mitochondrial membrane potential (MMP) can play an important role in the mitochondrial, or intrinsic, apoptotic pathway, and thus dissipation of mitochondrial membrane potential can be followed by cytochrome c release, formation of apoptosome activation of caspase 9, and final activation of caspase 3 [43]. To determine the impact of compound 10 on the alterations of MMP, we used JC-1 sensitive probe and flow cytometry. Within 1 h incubation, a decrease in MMP to intermediate level was detected (Figure 3d). Cell population with intermediate MMP has increased green fluorescence, but still maintain high red fluorescence. Thus, cells in that subset have most likely lost part of their MMP, but not all. Besides the cell subsets with high or low MMP, the third cell populations with intermediate MMP have been also identified in several models of apoptosis, e.g., in U937 cells treated by stavudine [44]. The subsequent loss of MMP in THP-1 cells was determined after longer incubation times with compound 10 up to 24 h treatment that led to the massive dissipation of MMP. Population of cells with low MMP under the treatment by 10 reached 72% in comparison to 91% of cells with low MMP after the exposure to FCCP, the uncoupler of mitochondrial oxidative phosphorylation used as positive control [45]. As mentioned earlier, the release of cytochrome c could follow the mitochondrial membrane depolarization and thus indicate the presence of the apoptotic process in cells [46]. Flow cytometric analysis showed a time-dependent increase in the number of the cells with released cytochrome c caused by compound 10 (Supplementary Figure S4).




2.5. Compound 10 Induces the Generation of Mitochondrial Superoxide in THP-1 Cells


Since mitochondrial membrane depolarization could be also related to the enhanced generation of RONS, in the next step, we examined the changes in production of diverse RONS using H2DCFDA and mitochondrial superoxide anion levels using MitoSOX fluorescent probe after the treatment with compound 10. In THP-1 cells, a strong increase (nine-fold compared to control) in mitochondrial superoxide was observed even after 1 h incubation with 10 µM of compound 10 (Figure 4a,b). The elevated levels of superoxide anion were stable through the measured time points up to the 24 h incubation. In contrast, the analysis using H2DCFDA did not identify any significant increase in formation of the other RONS species in comparison with control. Moreover, additional analysis of total ATP cellular content showed a rapid time-dependent reduction in ATP levels in THP-1 (Figure 4c). For instance, compound 10 (10 µM) induced 40% and 59% reduction of ATP cellular content after 1 h and 6 h incubation, respectively. Our additional analyses also revealed a time-dependent cytotoxic effect of compound 10 in THP-1 cells (Figure 4d). Interestingly, a different effect was detected in MCF-7 cells. Although compound 10 induced time-dependent cytotoxic effect also in MCF-7 (Figure 4d), no associated significant generation of any of the RONS species was observed (Figure 4a,b) and we have determined a slighter effect on the reduction of ATP levels in MCF-7 cells compared to the effect in THP-1 (Figure 4c).




2.6. Compounds 9 and 10 Induces Inhibition of Proliferation in MCF-7 Xenografts


Following the initial study of cell proliferation inhibition, we decided to support the results obtained from in vitro assays by evaluation in a preclinical in vivo model. In oncology-related research, the chorioallantoic membrane (CAM) of fertilized chick eggs has been established for the investigation of, for example, tumor growth and tumor biology or the assessment of efficacy and toxicity of therapeutic compounds [47,48,49]. Therefore, we performed additional analysis of antiproliferative effects on pre-established MCF-7 xenografts on the chorioallantoic membrane of fertilized chicken eggs using an antibody against the human proliferation antigen Ki-67. The assay revealed that compounds 9 and 10, which formerly showed antiproliferative effects in MCF-7 in vitro, also significantly decreased expression of the antigen Ki-67 and thus inhibited the proliferation of MCF-7 breast cancer xenografts (Figure 5a,b).





3. Discussion


In our present research, we have explored the potential anticancer properties of novel ring-substituted 1-hydroxynaphthalene-2-carboxanilides, newly designed and synthesized salicylanilide derivatives. Hydroxynaphthalene carboxamide derivatives including 1-hydroxynaphthalene-2-carboxanilides were previously shown to exert the antimycobacterial activity against various mycobacterial strains [2,3,4,5,6]. In our study, we intended to extend the knowledge of their other promising biological properties. In terms of their anticancer potency, we have focused mainly on the determination of antiproliferative activity in two different cancer cell lines, through the effect on cell cycle regulation and pro-apoptotic activity.



By this investigation, we have continued in our research of those biological effects of hydroxynaphthalene carboxamide derivatives. Recently, we have reported a potent antiproliferative activity against THP-1 and MCF-7 cells and pro-apoptotic effects in THP-1 cells induced by nitro-substituted hydroxynaphthalene carboxamide derivatives [37]. These promising results prompted us to investigate such action of new series of hydroxynaphthalene carboxamides with slightly modified structure. With respect to stated requirements for the potential biological activities of salicylanilides, we have chosen to test the derivatives substituted by electron-withdrawing groups. These are known to be required for the potential biological activities of salicylanilides [26,50,51]. In correspondence with our previous study [37], among tested compounds 1–10, only those with the meta- and para- (but not the ortho-) substituted molecules exerted the significant antiproliferative effect (the most effective ones with single-digit micromolecular IC50 values) against THP-1 and MCF-7 cell lines. The same relationship between the position of the anilide substituent and the biological activity of hydroxynaphthalene carboxamides was observed in the studies of their antimycobacterial effects [2,6]. Authors have reported that meta- and para-substituted derivatives exerted higher antimycobacterial activity than ortho-substituted ones. Thus, they concluded that meta- or para-substitution in the anilide part of the molecule is essential for biological effect and the authors have also proposed the explanation of that relationship. The ortho-position of the anilide substituents, unlike the meta- or para-positions, could change the spatial orientation of anilide moiety towards the naphthalene part of the molecule and thus it could modify the biological effects [2,6]. The most effective molecule 10 in our study, having IC50 values in both cancer cell lines comparable to those reached by niclosamide, contained two –CF3 groups on the anilide part of the structure. Multiple studies showed the preparation of niclosamide’s derivatives by replacing the nitro group with another convenient substituent in order to improve its anticancer activity and also to overcome its physicochemical limitations. Consistent with our results, the introduction of another electron-withdrawing substituent –CF3 on the anilide part of the molecule was found to be favorable [52,53,54].



One of the fundamental features of cancer cells is the ability to sustain uncontrolled and abnormal cell growth [55]. That is the result of many alterations occurring in cancer cells as the changes in expression and activity of cell-cycle regulating proteins, the dysfunction of cell-cycle checkpoints, but also the deregulation of oncogene or tumor suppressor genes as another hallmark of tumor cells [56,57]. Thus, the targeting of cell cycle regulation represents one of the current approaches to anticancer therapy. Our results of cell cycle analysis revealed that all compounds exerted the inhibitory effect on G1/S transition in both cancer cell lines. The similar effect was also observed in our previous study with the nitro-derivatives [37]. Thus, we can assume that the effect on cell cycle progression is qualitatively similar among all tested compounds previously proved to inhibit cell proliferation regardless of substituent character. On the other hand, the intensity of this effect seemed to correlate with the intensity of cell proliferation inhibition, thus it is most likely influenced by both, the type of substituent and its position. To further support obtained data, we have chosen 10 as a model compound with the strongest effect on the accumulation of THP-1 cells in G1 phase. Rb protein is a tumor suppressor that plays a crucial role in the G1/S transition as it was found to be responsible for the progression through G1 phase and then also through G1 restriction point [58] since the phosphorylation of Rb protein led to the increase in transcriptional activity of E2F that promotes the expression of, e.g., cyclin E [59]. It was found that 24 h treatment by 10 significantly decreased the levels of phosphorylated Rb protein and also of cyclin E1, that can form an active complex with cyclin-dependent kinase 2 necessary to promote the G1/S progression [60]. These data were in correspondence with the dose-dependent reduction of c-Myc protein levels, the oncogene frequently deregulated in cancer cells. Besides many cell processes, c-Myc is regulating cell proliferation mainly through stimulating cell cycle progression by targeting genes that encode proteins involved in cell cycle control [61]. Additionally, 10 decreased protein levels of c-Myc and cyclin D1 in MCF-7 cells. Both, c-Myc and cyclin D1, that also promote cell proliferation via G1 phase regulation, represent downstream target genes of STAT3 and also Src signaling [62,63,64]. The Src or STAT3 pathways are the attractive targets for anticancer therapy, thus Src kinase inhibitors or direct STAT3 inhibitors were shown to constrain cell proliferation and induce apoptosis in cancer cells. Concerning clinically approved Src kinase inhibitors we can name dasatinib and bosutinib, actually dual protein tyrosine kinases Bcr-Abl and Src inhibitors [65]. Since our results demonstrated inhibited phosphorylation of STAT3 and interestingly decreased the activation of the upstream Src protein kinase that is responsible for STAT3 activation, these results could indicate targeting of these pathways by 10.



As mentioned before, 10 impaired viability of THP-1 cells in a dose- and time-dependent manner. That was observed with the occurrence of apoptotic markers such as time-dependent membrane translocation of the phosphatidylserine upon treatment by 10 or cleavage of PARP and correspondingly caspase 3 activation. In general, salicylanilides are supposed to target mitochondria functions that can contribute to the induction of apoptosis in cancer cells. A number of studies also reported such an effect of induced mitochondrial dysfunction in different cancer cell types by leading salicylanilide derivatives with potent anticancer properties, niclosamide. Those impaired mitochondrial functions were linked to induced mitochondrial membrane depolarization, production of mitochondria-specific ROS or decreased ATP levels [22,24,25,66]. Accordingly, 10 induced loss of mitochondrial membrane potential in THP-1 cells that was followed by cytochrome c release, one of the pro-apoptotic factors released from mitochondria to cytosol. Interestingly, these effects were associated with a remarkable increase in the production of mitochondrial superoxide in THP-1 cells rather than other RONS species. Khanim et al. observed a similar selective generation of mitochondrial superoxide in multiple myeloma (MM) cells upon the treatment by niclosamide thus it was proposed that mitochondrial superoxide plays a critical role in cell death induction by niclosamide in MM cells [24]. Treatment by 10 resulted in overproduction of mitochondrial superoxide associated with rapid decrease of cellular ATP rather in THP-1 cells than in MCF-7 cells. Thus, we can presume that, unlike MCF-7 cells, the mitochondrial oxidative stress most likely contributes to cell death induction in THP-1 cells.




4. Materials and Methods


4.1. Tested Compounds and Reagents


Tested compounds ring-substituted 1-hydroxynaphthalene-2-carboxanilides 1–10 were synthesized and supplied by the Department of Chemical Drugs, Faculty of Pharmacy, University of Veterinary and Pharmaceutical Sciences Brno, Czech Republic. The synthesis procedure and detailed structural characterization of compounds 1–9 [N-(2-Fluorophenyl)-1-hydroxynaphthalene-2-carboxamide (1), N-(3-Fluorophenyl)-1-hydroxynaphthalene-2-carboxamide (2), N-(4-Fluorophenyl)-1-hydroxy-naphthalene-2-carboxamide (3), N-(2-Bromophenyl)-1-hydroxynaphthalene-2-carboxamide (4), N-(3-Bromophenyl)-1-hydroxynaphthalene-2-carboxamide (5), N-(4-Bromophenyl)-1-hydroxynaphthalene-2-carboxamide(6), 1-Hydroxy-N-(2-trifluoromethylphenyl)naphthalene-2-carboxamide (7), 1-Hydroxy-N-(3-trifluoromethylphenyl)naphthalene-2-carboxamide (8), 1-Hydroxy-N-(4-trifluoromethylphenyl)naphthalene-2-carboxamide (9)] [2] and N-[3,5-bis(trifluoromethyl)phenyl]-1-hydroxynaphthalene-2-carboxamide (10) [67] have been reported previously.



Niclosamide, dasatinib and roscovitine were purchased from Abcam (Cambridge, UK), camptothecin from Sigma Aldrich (St. Louis, MO, USA). All tested compounds were dissolved in dimethyl sulfoxide (DMSO) from Sigma Aldrich. Their fresh solutions were prepared prior to each experiment, while the final concentration of DMSO in the assays never exceeded 0.1% (v/v). RPMI 1640 and DMEM culture media, phosphate-buffered saline (PBS), foetal bovine serum (FBS) and antibiotics (penicillin and streptomycin) were purchased from HyClone Laboratories, Inc. (GE Healthcare, Logan, UT, USA).




4.2. Cell Culture


The human monocytic leukemia THP-1 cell line and the human breast adenocarcinoma MCF-7 cell line were purchased from European Collection of Cell Cultures (Salisbury, UK). THP-1 cells were cultured in RPMI 1640 medium containing 2 mM l-glutamine and MCF-7 cells were maintained in DMEM culture medium. Both types of culture media were supplemented with the antibiotic solution (100 U/mL of penicillin, 100 µg/mL of streptomycin) and 10% FBS. Cells were maintained in an incubator at 37 °C in a humidified atmosphere containing 5% CO2.




4.3. Analysis of Cell Proliferation and Viability


Cell proliferation and viability of THP-1 and MCF-7 cells were determined 24 h after the treatment with tested compounds in a broad concentration range using Cell Proliferation Reagent WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) (Roche Diagnostics, Mannheim, Germany) or erythrosin B exclusion test by counting with a hemocytometer, respectively, as it was previously described [37,68]. The IC50 and LC50 values were determined using the nonlinear regression four-parameter logistic model using GraphPad Prism 5.00 software (GraphPad Software, San Diego, CA, USA). MCF-7 xenografts were established by seeding 1 × 106 cells in medium/Matrigel (1:1, v/v) onto the chick chorioallantoic membrane (CAM) of 8 days old embryos. For the next three days, xenografts were topically treated daily with 20 µL of PBS/0.1% DMSO with or without compounds 9 or 10 (10 µM). After another 24 h, the xenografts were collected, fixed, paraffin-embedded, and cut into 5-µm slices. The sections were stained either with hematoxylin and eosin or with antibodies against the human proliferation antigen Ki-67 (DakoCytomation, Glostrup, Denmark) and counterstained with hematoxylin.




4.4. Flow Cytometric Analysis of Cell Cycle Distribution and Apoptosis


Following 24 h incubation with indicated concentrations of tested compounds, the progression of THP-1 or MCF-7 cells through the cell cycle was analyzed after their fixation with ethanol and staining with propidium iodide, as described [37]. For annexin V-FITC/PI staining, THP-1 cells were treated with compound 10 (10 µM) or camptothecin (5 µM). At indicated time points, cells were harvested and stained using annexin V-FITC Early Apoptosis Detection Kit (Cell Signaling Technology, Boston, MA, USA) according to the manufacturer’s instructions. The analysis was performed by flow cytometer Cell Lab QuantaSC (Beckman Coulter, Brea, CA, USA) in FL-1 (annexin V-FITC) and in FL-2 (PI) channels (laser: 488 nm) followed by data evaluation using Kaluza Flow Cytometry Analysis Software 1.2 from Beckman Coulter. Single stained control samples for each fluorophore were used for setting compensation.




4.5. Quantification of ATP Cellular Content


THP-1 and MCF-7 cells were seeded into 96-well plates and exposed to 1, 2.5, 5, or 10 µM of compound 10. At indicated time points of incubation, the analysis of cellular ATP content was assessed using CellTiter-Glo Luminescent Assay (Promega, Madison, WI, USA) according to the manufacturer’s protocol. The luminescence was measured using Infinite M1000 PRO microplate reader (TECAN, Männedorf, Switzerland).




4.6. Detection of Mitochondrial Membrane Potential and Reactive Species Levels


The levels of mitochondrial superoxide anions were determined by MitoSOX Red and the production of other diverse reactive oxygen and nitrogen species (RONS) such as hydroxyl radical or peroxynitrite was assessed by H2DCFDA (2′,7′-dichlorodihydrofluorescein diacetate) [69]. Both dyes were purchased from Molecular Probes, Inc. (Eugene, OR, USA), according to the manufacturer’s protocol. THP-1 or MCF-7 cells were incubated with compound 10 (10 µM) for indicated times. Then, 5 µM MitoSOX and 10 µM H2DCFDA were added to the samples for the final 30 min of incubation and the following analysis was carried out by flow cytometry. Results are presented as the ratio of the mean fluorescence intensity (MFI) of the samples and the control. JC-1 probe (Molecular Probes, Inc.) was used to assess changes in the mitochondrial membrane potential (MMP). Following treatment of THP-1 cells with compound 10, cells were labeled in culture media with 10 µg/ml JC-1 for the last 20 min and analyzed by flow cytometry. Cells treated with 20 µM FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone] for 30 min were used as a positive control. Results are shown as the percentage of cells with high red and green fluorescence of JC-1 aggregates and JC-1 monomers, respectively (cells with intermediate MMP), and the percentage of cells with low fluorescence of JC-1 aggregates and high fluorescence of JC-1 monomers (cells with low MMP).



The analyses were performed using FACSVerse (Becton Dickinson, Heidelberg, Germany) in FITC and PE channels (laser: 488 nm), or Cell Lab QuantaSC (Beckman Coulter) in FL-1 and FL-2 channels (laser: 488 nm), while the data were analyzed with FlowJo software (TreeStar Inc., Ashland, OR, USA) or Kaluza Flow Cytometry Analysis Software 1.2 (Beckman Coulter).




4.7. Cytochrome c Release Analysis


Assaying cytochrome c release was examined using flow cytometry according to the Waterhouse et al. [70]. Briefly, THP-1 cells incubated with 10 µM of compound 10 for 3 or 6 h were resuspended in plasma membrane permeabilization buffer (50 µg/mL digitonin, 80 mM KCl and 1 mM EDTA in PBS) and the lysates were centrifuged. The harvested pellet was fixed with paraformaldehyde and incubated in blocking buffer (3% (w/v) bovine serum albumin; 0.05% (w/v) saponin in PBS) for 1 h at room temperature. Then, the pellet was stained with anti-cytochrome c antibody (Alexa Fluor 647 mouse anti-cytochrome c, Becton Dickinson) overnight at 4 °C. The fluorescence levels were analyzed using flow cytometer FACSVerse in APC channel (laser: 633 nm).




4.8. Caspase 3 Activity Assay


THP-1 cells were treated with compound 10 (10 µM) and lysed in lysis buffer (10 mM Tris-HCl, pH 7.5; 100 mM NaCl; 4 mM EDTA; 1% NP-40) at indicated time points. Protein concentrations of samples were measured by BCA assay. An equal volume of cell lysate and reaction buffer (20 mM HEPES, 10% glycerol (v/v), 2 mM DTT) including Z-DEVD–R110 substrate (Molecular Probes, Inc.) were mixed and incubated for 1 h in the dark at room temperature. The measurement of fluorescence was performed using Infinite M1000 PRO microplate reader (TECAN). Cells pretreated with the pan-caspase inhibitor Z-VAD-FMK (50 µM, Molecular Probes, Inc.) were used as a negative control.




4.9. Western Blotting


Collected cells were lysed in radioimmunoprecipitation assay (RIPA) buffer supplemented with phenylmethanesulfonyl fluoride (PMSF, 1mM), both from Cell Signaling Technology (Danvers, MA, USA), and protease and phosphatase inhibitor cocktails (Roche Diagnostics, Mannheim, Germany). SDS-PAGE and Western blotting were performed according to the previously described protocol [37]. Staining of membranes with anti-β-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to assess equal sample loading. Antibodies against cyclin E1 (Clone: HE12, Cat. #: sc-247) and p-Rb [Ser 807/811] (sc-16670-R) were purchased from Santa Cruz Biotechnology. Antibody against cyclin B1 (ab2949) was purchased from Abcam (Cambridge, UK), cyclin D1 (92G2, 2978), c-Myc (D84C12, 5605), PARP (9542), Src (36D10, 2109), p-Src [Tyr 416] (D49G4, 6943), STAT3 (79D7, 4904), and p-STAT3 [Tyr 705] (D3A7, 9145) were purchased from Cell Signaling Technology.




4.10. Statistical Analysis


All experimental data are presented as the mean ± standard deviation (SD). Statistical significance between values was assessed by one-way analysis of variance (ANOVA) paired with Dunnett’s post hoc test using GraphPad Prism 5.00 software (GraphPad Software, San Diego, CA, USA) at levels of * p < 0.05, ** p < 0.01 and *** p < 0.001.





5. Conclusions


In summary, our study provides evidence that new halogenated hydroxynaphthalene carboxamides inhibit the proliferation of THP-1 or MCF-7 cells most likely via preventing cells from progression through G1/S transition, where such an effect was found to be modulated by character and position of anilide substituent. Additionally, we could suggest that the most active compound impaired the cell viability through mitochondria-mediated apoptosis. The present study thus extended our previous report of such effects mediated by nitro-substituted hydroxynaphthalene carboxamides, and we can conclude that hydroxynaphthalene carboxamides structure represents a model moiety with promising anticancer properties.
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	Chorioallantoic membrane



	EGFR
	Epidermal growth factor receptor



	erbB
	Erythroblastic oncogene B



	FCCP
	Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone



	IC50
	Half maximal inhibitory concentration



	LC50
	Half maximal lethal concentration



	MFI
	Mean fluorescence intensity



	MM
	Multiple myeloma



	MMP
	Mitochondrial membrane potential



	NF-κB
	Nuclear factor kappa B



	PARG
	Poly (ADP-ribose) glycohydrolase



	PARP
	Poly (ADP-ribose) polymerase



	PMSF
	Phenylmethanesulfonyl fluoride



	Rb
	Retinoblastoma protein



	RONS
	Reactive oxygen and nitrogen species



	STAT3
	Signal transducer and activator of transcription 3



	WST-1
	2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium



	Z-DEVD-R110
	(Z-ASP-GLU-VAL-ASP)2-rhodamine 110



	Z-VAD-FMK
	N-benzyloxycarbonyl-Val-Ala-Asp fluoromethyl ketone
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Figure 1. Compound 10 induces accumulation of THP-1 and MCF-7 cells in G1/G0 cell cycle phase. THP-1 or MCF-7 cells were treated with indicated concentrations of compound 10 for 24 h. (a) Representative histograms of DNA content in THP-1 and MCF-7 cells upon the treatment with compound 10. Cell cycle distribution was determined using flow cytometry. (b) Results of distribution of THP-1 and MCF-7 cell in cell cycle phases are expressed as the mean ± SD from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, significantly different from drug-free control (CTRL). (c) The levels of cell cycle regulators were detected by immunoblot analysis using appropriate antibodies. Representative immunoblots of one out of three experiments are shown. CTRL, drug-free control. 
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Figure 2. Compound 10 inhibits STAT3 signaling in breast cancer cells. MCF-7 cells were treated with compound 10 at indicated concentrations for 24 h. The levels of STAT3 and Src signaling pathway key players were detected by immunoblot analysis using appropriate antibodies. Samples treated by 20 µM of dasatinib (Das) or 10 µM of niclosamide (Nic) for 24 h were used as positive controls. Representative immunoblots of one out of three experiments are shown. CTRL, drug-free control. 
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Figure 3. Compound 10 induces apoptosis in THP-1 cells. The same concentration of compound 10 (10 µM) was used for all experiments. (a) Cells were incubated with compound 10 for 12 h and 24 h, stained by annexin V-FITC conjugate and propidium iodide (PI) and analyzed by flow cytometry. Cells cultured with camptothecin (CTH, 5 µM) for 24 h were used as positive control. Representative flow cytometry plots are shown. (b) After the incubation of cells with compound 10, cell lysates were prepared and incubated with caspase 3 substrate Z-DEVD-R 110 and the fluorescence was measured. Cells pretreated with pan caspase inhibitor Z-VAD-FMK (ZVAD) for 30 min before the incubation with 10 were used as negative control. (c) The levels of PARP and cleaved PARP were detected by immunoblot analysis. Sample treated by 5 µM of camptothecin (CTH) for 24 h was used as positive control. (d) THP-1 cells were stained with JC-1 fluorescent probe and the changes of the mitochondrial membrane potential (ΔΨm) were analyzed by flow cytometry. Cells treated by FCCP for 30 min were considered as positive control sample. Cell subsets with high red and green fluorescence were identified as the cells with intermediate MMP, cell subsets with low red, but high green fluorescence were determined as the cells with low MMP as shown in representative flow cytometry plots. The results are shown as the mean ± SD from at least three independent experiments. ** p < 0.01, *** p < 0.001, significantly different from 0 h. 






Figure 3. Compound 10 induces apoptosis in THP-1 cells. The same concentration of compound 10 (10 µM) was used for all experiments. (a) Cells were incubated with compound 10 for 12 h and 24 h, stained by annexin V-FITC conjugate and propidium iodide (PI) and analyzed by flow cytometry. Cells cultured with camptothecin (CTH, 5 µM) for 24 h were used as positive control. Representative flow cytometry plots are shown. (b) After the incubation of cells with compound 10, cell lysates were prepared and incubated with caspase 3 substrate Z-DEVD-R 110 and the fluorescence was measured. Cells pretreated with pan caspase inhibitor Z-VAD-FMK (ZVAD) for 30 min before the incubation with 10 were used as negative control. (c) The levels of PARP and cleaved PARP were detected by immunoblot analysis. Sample treated by 5 µM of camptothecin (CTH) for 24 h was used as positive control. (d) THP-1 cells were stained with JC-1 fluorescent probe and the changes of the mitochondrial membrane potential (ΔΨm) were analyzed by flow cytometry. Cells treated by FCCP for 30 min were considered as positive control sample. Cell subsets with high red and green fluorescence were identified as the cells with intermediate MMP, cell subsets with low red, but high green fluorescence were determined as the cells with low MMP as shown in representative flow cytometry plots. The results are shown as the mean ± SD from at least three independent experiments. ** p < 0.01, *** p < 0.001, significantly different from 0 h.
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Figure 4. Compound 10 treatment results in loss of ATP cellular content and generation of mitochondrial superoxide in THP-1 cells. THP-1 and MCF-7 cells were treated with compound 10 (10 µM) if not stated otherwise for indicated time points. (a,b) THP-1 and MCF-7 cells were stained with MitoSOX Red or H2DCFDA and analyzed by flow cytometry. Dot plots from representative analysis are shown in panel A. (c) ATP cellular content was analyzed using luminescent assay. (d) Cell viability was determined by erythrosin B exclusion test at indicated time points. The results are shown as the mean ± SD from at least three independent experiments. * p < 0.05 ** p < 0.01, *** p < 0.001, significantly different from drug-free control (b,c) or 0 h (d). 
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Figure 5. Compounds 9 and 10 inhibit proliferation of MCF-7 breast cancer xenografts. (a) MCF-7 breast cancer xenografts were topically treated with 9 or 10 (10 µM) for three days. 24 h later, xenografts were extracted (1st row), white arrows indicate tumor nourishing blood vessels. Paraffin-embedded MCF-7 xenografts were stained with hematoxylin and eosin (HE, 2nd row), original magnification 50×. The proliferation was analyzed by immunohistochemical staining of xenografts using proliferation marker, Ki-67 antigen (red nuclear stain, 3rd row). Representative microscopic pictures are shown, original magnification 200×. (b) The graph demonstrates the percentage of the Ki-67 positive, proliferating cells based on immunohistochemical staining of xenografts as described in (a). To calculate the proportion of marker positive and negative cells, 100–400 cells per tumor were evaluated. Data are mean ± SEM of n = 3 tumors/group. *** p < 0.001, significantly different from drug-free control (CTRL). 
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Table 1. Antiproliferative and cytotoxic activities of ring-substituted 1-hydroxynaphthalene-2-carboxanilide derivatives. Cell proliferation and viability were determined using WST-1 analysis and erythrosin B exclusion test, respectively, after 24 h incubation with serial dilutions of tested compounds. Values shown are the mean ± SD from three independent experiments, each performed in triplicate.
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Compound

	
R

	
THP-1

	
MCF-7




	
IC50 (μM)

	
LC50 (μM)

	
IC50 (μM)

	
LC50 (μM)






	
1

	
2-F

	
>20

	
>20

	
>20

	
>20




	
2

	
3-F

	
18.07 ± 2.71

	
>20

	
7.04 ± 1.28

	
>20




	
3

	
4-F

	
17.39 ± 1.76

	
>20

	
9.05 ± 0.16

	
>20




	
4

	
2-Br

	
>20

	
>20

	
>20

	
>20




	
5

	
3-Br

	
11.88 ± 2.27

	
>20

	
5.82 ± 1.30

	
>20




	
6

	
4-Br

	
9.39 ± 0.75

	
>20

	
7.09 ± 0.67

	
>20




	
7

	
2-CF3

	
>20

	
>20

	
>20

	
>20




	
8

	
3-CF3

	
9.20 ± 0.98

	
>20

	
4.59 ± 0.40

	
>20




	
9

	
4-CF3

	
9.16 ± 0.74

	
>20

	
3.82 ± 1.08

	
>20




	
10

	
3,5-CF3

	
2.55 ± 0.76

	
>20

	
3.80 ± 0.81

	
8.78 ± 0.58
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Structure of niclosamide




	
Niclosamide

	

	
2.14 ± 0.41

	
--

	
5.38 ± 0.90

	
--




	
Roscovitine

	

	
17.73 ± 1.55

	
--

	
>30

	
--




	
Dasatinib

	

	
38.94 ± 2.83

	
--

	
20.56 ± 0.87

	
--
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