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Abstract

:

The maleimide derivative 1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione (MI-1) was synthesized as inhibitor of several protein kinases, however, its application is hindered by its poor water solubility. In this study, the mechanisms of the antineoplastic action of MI-1 and its MI-1/M5 complex with M5 carrier (poly (PEGMA-co-DMM)) towards human colon carcinoma HCT116 cells were investigated by using the MTT and clonogenic assays, DNA intercalation with methyl green replacement, alkaline DNA comet assay, and Western-blot analysis. MI-1 compound and its MI-1/M5 complex possessed high toxicity towards colon (HCT116), cervical (HeLa) carcinoma cells and melanoma (SK-MEL-28) cells with GI50 value in a range of 0.75–7.22 µg/mL, and demonstrated high selectivity index (SI ˃ 6.9). The p53 status of colon cancer cells did not affect the sensitivity of these cells to the treatment with MI-1 and its MI-1/M5 complex. M5 polymer possessed low toxicity towards studied cells. The MI-1, MI-1/M5, and M5 only slightly inhibited growth of the pseudo-normal HaCaT and Balb/c 3T3 cell lines (GI50 ˃ 50 μg/mL). The MI-1 and its MI-1/M5 complex induced mitochondria-dependent pathway of apoptosis, damage of the DNA, and morphological changes in HCT116 cells, and affected the G2/M transition checkpoint. The MI-1 intercalated into the DNA molecule, while such capability of MI-1/M5 complex and M5 polymer was much lower. Thus, poly (PEGMA-co-DMM) might be a promising carrier for delivery of the maleimide derivative, MI-1, a novel kinase inhibitor, through improving its solubility in aqueous media and enhancing its antiproliferative action towards human tumor cells. Studies are in progress on the treatment of Nemeth-Kellner lymphoma (NK/Ly)-bearing mice with the MI-1 and MI-1/M5 complex.
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1. Introduction


Despite big progress in studying the multistep process of carcinogenesis as a genetic disorder with the implication of different cell signaling mechanisms, as well as the extensive research aimed at the creation of selective and effective anticancer agents [1], serious problems still exist in cancer treatment. These problems are mainly caused by the rapid development of multidrug resistance in malignant cells, poor bio-availability and adverse effects of anticancer medicines, and poor water solubility of drugs [2]. Application of nanomaterials and nanobiotechnologies is an effective approach for the improvement of the solubility and therefore therapeutic efficacy of anticancer drugs [3,4]. Several types of the polymeric nanocarriers were proposed for drug delivery, e.g., poly (lactic-co-glycolic acid) (PLGA), poly (lactic acid) (PLA), poly (ethylene glycol) (PEG), poly(vinylpyrrolidone), poly(ε-caprolactone) (PCL), poly (ethylene oxide) (PEO), various micellar materials, hybrid copolymers, lipid-based carriers, and others [5,6,7,8,9].



On the other hand, a search for new natural or synthetic substances that possess anticancer action continues with the hope of detecting highly specific agents for targeting tumor cells with minimal harm for normal tissues and organs of the body. Hybrid heterocyclic molecules demonstrated several pharmaceutical activities that attract the interest of researches. Maleimide is a bioactive molecule which possesses a stability, electrophilic properties, and selectivity of action. It is used for bio-conjugation of oligonucleotides, peptides and proteins [10,11], for preparation of self-healing systems, thermostable materials, and applied in click reactions [12]. Maleimide derivatives were reported as antimicrobial agents towards Staphylococcus aureus, Escherichia coli, Aspergillus niger, Mycobacterium tuberculosis [13]. N-substituted maleimides (N-phenylsuccinimide, N-phenylphtalimide, 2,3-dimethylmaleic anhydrides) acted as monoglyceride lipase inhibitors [14]. Bis-indolylmaleimides [15], aryl-indolyl maleimides [16] and indolyl-naphthyl maleimides [17] have been shown to inhibit protein kinases, glycogen synthetase kinase-3 (GSK-3) and different isoforms of protein kinase C (PKC). The maleimide-PEG was used as a linker for the conjugation of S2P peptide to PLGA nanoparticles [18]. Besides, it was applied for functionalization of Pt (IV) complexes [19] and for delivery and release of IL-1Ra [20]. Hu et al. synthesized the maleimide-functionalized poly-p-xylylenes via a maleimide–thiol coupling reaction and characterized them as robust bioengineering materials [21]. The bis-maleimide enhanced the mechanical properties of the furan-functionalized polymer (FEEMA64) through the Diels-Alder reaction [22].



The maleimide derivate 1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione (MI-1) was designed in silico and it was proposed as an ATP-competitive, type I inhibitor of tyrosine kinases [23,24]. The MI-1 also demonstrated the anti-inflammatory activity [25]. The anti-cancer activity of the MI-1 was shown in the in vitro [24,26,27,28] and in vivo experiments [29,30,31,32]. However, poor water solubility remains a big drawback of the biomedical application of the MI-1 that hinders its application as a medicinal remedy. We suggest that the biggest progress in the biomedical use of the maleimide as a bioactive molecule would be achieved via solving the bio-availability problem, and not via development of new derivatives of this agent.



In this study, we created a water-soluble form of novel kinase inhibitor, MI-1. To reach this goal, we immobilized MI-1 on the polymeric carrier poly (PEGMA-co-DMM) (M5) which demonstrated its effectiveness in the delivery of the experimental anticancer agent–thiazole derivative N-(5-benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide [33]. In order to approve the anticancer action in vitro of the created complex of MI-1 immobilized on the poly (PEGMA-co-DMM) carrier, a set of experiments aimed at the investigation of cellular and molecular mechanisms of the antineoplastic action of this complex were conducted with targeting human colon carcinoma cells of HCT116 line. The main reason of such selection of cells was based on the results of our former studies which demonstrated high effectiveness of the MI-1 in treatment of disorders of gastro-intestinal tract (e.g., inflammation) [24,25,29,30]. Here, we found that the immobilization of the MI-1 on the carrier poly (PEGMA-co-DMM) provided a creation of a water-soluble form of MI-1, and also enhanced the antineoplastic action in vitro of the MI-1.




2. Materials and Methods


2.1. Studied Compounds


2.1.1. Synthesis and Characterization of Maleimide Derivative


The maleimide derivative MI-1 (1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione) (Figure 1) was synthesized via chemical transformations, as described previously [24,34]. Briefly, the para-chlorobenzylamine was added to the solution of 3,4-dichlorofuran-2,5-dione in ice acetic acid. After that, the appropriate aromatic amine was added and the mixture was boiled with ethyl alcohol. Control of the reaction effectiveness was carried out by thin-layer chromatography. After finishing of the reaction, the solvent was evaporated in vacuo. Product was filtered and washed with ethanol and a small amount of cold water. The product was purified by recrystallization on silica gel (230–400 mesh) using hexane/ethyl acetate (7:3) solution as the eluent. The MI-1 structure was confirmed by 1H and 13C spectra [24].



The MI-1 was dissolved in the Dimethyl Sulfoxide (DMSO, Sigma-Aldrich, St Louis, MO, USA) to obtain the stock solution of 10 mg/mL. The subsequent dilutions of the MI-1 were done in the culture medium.




2.1.2. Synthesis and Characterization of the Polymeric Carrier


The polymeric carrier poly (PEGMA-co-DMM) (M5, Figure 1) was synthesized at the Department of Organic Chemistry of Lviv Polytechnic National University (Ukraine). The following reagents were used to synthesize the polymer carrier M5: dimethyl maleate (DMM) (Acros Organics, Waltham, MA, USA) was purified by distillation in vacuum; polyethylene glycol methyl ether methacrylate (PEGMA, Mn = 475 Da), azobis(isobutyronitrile) (AIBN), isopropylbenzene (IPB) and 1,4-dioxane were obtained from Sigma-Aldrich (St Louis, MO, USA) and used without additional purification.



The comb-like poly (PEGMA-co-DMM) (M5) carrier was synthesized in dioxane via radical copolymerization of PEGMA with DMM initiated by AIBN in the presence of IPB as the chain transfer agent for controlling polymer chain length [35]. A mixture of PEGMA (3.8 mL, 8.0 mmol) and DMM (0.13 mL, 0.9 mmol) and 10 mL of the IPB (0.03 mL, 0.3 mmol was prepared, then AIBN (0.1 g, 0.61 mmol) solution in dioxane was added to the mixture. The synthesis was carried out at 333 K until 65% of monomer conversion. Then copolymer was separated from the final mixture and purified by multiple re-precipitations from solution into hexane. Residual PEGMA was removed by dialysis using dialysis bags with pore sizes MWCO 6–8 kDa (Sigma-Aldrich, St Louis, MO, USA). The resulting polymers were dried under vacuum until a constant weight [36].




2.1.3. Synthesis and Characterization of the Complex of Maleimide Derivative with Polymer


The polymer M5 and MI were dissolved in the DMSO, and the solutions were subsequently transferred in water to form the complexes of MI-1 and polymer M5. Initially, 45 mg of polymer was dissolved in 0.15 mL of DMSO and 1.5 g of MI-1 was dissolved in 0.1 mL of DMSO. The polymer M5 and MI-1 solutions were mixed, added to 4.25 mL of Saline, and subjected to ultrasound (US) dispersion for 10 s. The solution of free polymer M5 was prepared by dilution of 45 mg of PC in 0.45 mL of DMSO. Next, it was added to the 4.0 mL of physiological solution and subjected to the ultrasound dispersion for 10 s [37], as a result, stable colloidal systems were formed (Figure 2). The size of M5 polymer micelles and drug-filled micellar structures of MI-1/M5 complex was determined by dynamic light scattering method (DLS) that was performed using a DynaPro NanoStar (Wyatt Technology, Santa Barbara, CA, USA).




2.1.4. Doxorubicin


The Doxorubicin (Dox, Actavis S.R.L., Bucharest, Romania) was used as the reference anticancer drug.





2.2. Cell Culture


Human colon carcinoma HCT116 cells, human cervical adenocarcinoma HeLa cells, and human melanoma SK-MEL-28 cells, human HaCaT keratinocytes, and murine Balb/c 3T3 fibroblasts were obtained from the Institute of Experimental Pathology, Oncology and Radiobiology (Kyiv, Ukraine) which received those cells from the ATCC (American Type Culture Collection). The p53-deficient HCT116 p53-/- colon cancer cells were donated by a Collection of the Institute for Cancer Research at Vienna Medical University (Vienna, Austria). HCT116 and HCT116 p53-/- cells were cultivated in the RPMI-1640 medium, SK-MEL-28 and HeLa cells–in the DMEM medium. Culture medium was supplemented with 10% of fetal bovine serum (all were purchased from Biowest, Nuaille, France) at 37 °C in atmosphere of 95% air and 5% CO2 [38].




2.3. The MTT Assay


The functional activity of cells treated with compound MI-1, complex MI-1/M5, polymer M5, doxorubicin, and DMSO was measured using the MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich, St Louis, MO, USA) assay according to the manufacturer’s recommendations (Sigma-Aldrich, St Louis, MO, USA), as described [27]. Briefly, the MI-1, MI-1/M5 complex, polymer M5 (1, 10, and 100 µg/mL) or doxorubicin (1, 10 µg/mL) was added in 100 µL of the cultural medium, and cells were incubated for the next 72 h. The absorbance of formazan was measured by an Absorbance Reader BioTek ELx800 (BioTek Instruments, Inc., Winooski, VT, USA). The initial value of the relative number of cells in control (under 0 μg/mL of compounds) was accepted as 100%. The half growth inhibition (GI50) value of studied compounds was calculated as the drug concentration that reduced cell viability by 50%.




2.4. The Clonogenic Assay


The clonogenic assay was conducted using the modified protocol described previously [39]. The HCT116 cells (750 cells/1 mL) were seeded in a 12-well plate. After adhesion, cells were treated with the MI-1, MI-1/M5, M5 or doxorubicin (all at 0.1; 0.25; 0.5; 1.0 µg/mL) for 7 days. Then, the cells were washed with the phosphate buffered saline (PBS), fixed with cold methanol for 10 min. Cells were stained with 0.5% crystal violet dye in 25% methanol for 10 min. Cells were washed with the PBS. The colonies were counted using ImageJ software as open source.




2.5. The Western-Blot Analysis


The concentration 0.9 µg/mL of MI-1, complex MI-1/M5, polymer M5, and Dox was chosen as working dose at Western-blot analysis of their pro-apoptotic effects in HCT116 cells. We used the modified protocol of the Western-blot assay [40]. Cellular proteins were extracted with lysis buffer (20 mM Tris-HCl, pH 8.0, 1% Triton-X100, 150 mM NaCl, 50 mM NaF, 0.1% SDS) containing 1 mM phenylmethanesulfonyl fluoride (PMSF) and 10 µg/mL of protease inhibitors cocktail “Complete” (Roche, Basel, Switzerland). Proteins (30 µg/lane) were separated by the SDS/PAGE gel-electrophoresis and transferred onto a polyvinylidene difluoride (PVDF) membrane [38].



The primary antibodies against a Cleaved Caspase 3 (Asp175), EndoG, Apaf1, phosphorylated form of MAPK, Cdk2, Cdk4, Bax, Bcl-2, phosphorylated Chk2, phosphorylated STAT1, beta-actin (Cell Signaling Technology, Vienna, Austria) were used. Secondary peroxidase-conjugated antibodies (Cell Signaling Technology, Vienna, Austria) were applied at a working dilution of 1:5000 according to the manufacture’s recommendations. The enhanced chemiluminescence (ECL) detection reagent (Sigma-Aldrich, St Louis, MO, USA) was used for protein visualization. The densitometric analysis of protein content was conducted using the ImageJ software as open source [41].




2.6. The DNA Intercalation Assay Using Methyl Green Replacement


The ability of the tested compounds to intercalate into DNA was estimated using the methyl green replacement assay according to [27]. Methyl green binds to DNA forming the complex with an absorption maximum at 642 nm. Free methyl green does not show absorption at this wavelength. The compounds that intercalate into DNA replaced methyl green from the complex of methyl green-DNA and decreased the optical density at 642 nm. Briefly, salmon sperm DNA (50 μg/mL, Sigma-Aldrich, St Louis, MO, USA) was incubated for 1 h at 37 °C with 15 μL methyl green (1 mg/mL, Sigma-Aldrich, St Louis, MO, USA). The absorbance of methyl green was measured after incubation of methyl green-DNA with MI-1, MI-1/M5, M5, Ethidium bromide (EtBr, Sigma-Aldrich, St Louis, MO, USA) (all at 1 and 10 μg/mL), or doxorubicin (1 μg/mL) for next 1 h at 37 °C using a fluorescence plate reader (Absorbance Reader BioTek ELx800, BioTek Instruments, Inc., Winooski, VT, USA).




2.7. The Comet Assay at Alkaline Conditions


DNA comet assay at the alkaline conditions was performed, as described [38]. Briefly, the HCT116 cells were seeded in 12-well plates at a concentration of 50,000 cells/1 mL, and after 24 h, cells were treated for the next 24 h with the studied compounds at 0.9 µg/mL. The 25,000 of cells in 100 µL of 0.5% low melting agarose (Promega, Madison, WI, USA) was transfer to the frosted microscopic slides covered with 1% normal molten agarose (LACHEMA, Prague, Czech Republic). Cell were lysed for 4–6 h at 4 °C in the lysis buffer (2.5 M NaCl; 100 mM EDTA; 10 mM Tris, pH 10.0; 10% DMSO, 1% Triton X-100). Electrophoresis was performed at 25 V for 25 min in electrophoresis solution (1 mM EDTA; 300 mM NaOH, pH 13.0) at 4 °C. After that, slides were stained with Ethidium bromide (10 µg/mL, Sigma Aldrich, St Louis, MO, USA) and visualized using a Zeiss fluorescent microscope and AxioImager A1 camera. Images were additionally analyzed using Casplab-1.2.3b2 software to calculate the olive tail moment (OTM, the product of the tail length and the fraction of total DNA in the tail) [38].




2.8. The Fluorescent Microscopy of Cells


The HCT116 cells were seeded on glass microscopic slides in 12-well plates, and then treated for 24 h with studied compounds at 0.25 µg/mL and/or 1 µg/mL and analyzed using a Zeiss fluorescent microscope (Carl Zeiss, Jena, Germany) and AxioImager A1 camera (400× magnification), as described previously [38]. Cells were additionally incubated for 20–30 min with Hoechst-33342 dye (0.5 µg/mL, Sigma-Aldrich, St Louis, MO, USA). Propidium iodide (PI, 20 μg/mL, Sigma-Aldrich, St Louis, MO, USA) was added immediately before microscopic cells examination. All microphotographs were additionally analyzed using ImagePro7 software [38].




2.9. Statistical Analysis


The results were analyzed and illustrated using GraphPad Prism (version 6; GraphPad Software, La Jolla, CA, USA), and presented as a mean ± standard deviation. ANOVA test (by Dunnett’s test) or t test was used for statistical analysis. Statistical significance was identified at p ≤ 0.05.





3. Results and Discussions


3.1. The Viability of Tumor and Pseudo-Normal Cells after Treatment


At the first stage of study, we have investigated the cytotoxicity in vitro of the maleimide derivative MI-1 complexed with the polymeric carrier poly (PEGMA-co-DMM) towards tumor and pseudo-normal cells. It was established that the studied compound and its complex with the polymeric carriers differ in the antiproliferative action on tumor cells (Figure 3). We found that MI-1 compound and MI-1/M5 complex possessed significant cytotoxic action toward colon carcinoma, cervical carcinoma, and melanoma cells. The MI-1 inhibited growth of HCT116 cells with the GI50 of 0.75 μg/mL, complex MI-1/M5–with the GI50 of 0.67 μg/mL (Figure 3, Table 1). The mutations in tumor suppressor gene TP53 that encoded the p53 protein are widely spread in colorectal cancer [42]. The P53 mutation stimulated hyper-proliferation and chemo-resistance of tumor cells and enhanced invasion/metastasis [43]. The anti-cancer efficacy of oxaliplatin, 5-FU, cisplatin depended on the p53 status in tumor cells [44,45]. The GI50 value of the MI-1 for human colon carcinoma HCT116 p53-/- cells with the deletion of P53 gene equaled 0.89 μg/mL. The MI-1/M5 complex was more toxic (p ≤ 0.01) for the HCT116 p53-/- cells than free form of the MI-1. Thus, P53 gene status in colon carcinoma HCT116 cells does not affect the sensitivity of these cells to the treatment with maleimide derivative MI-1 and the MI-1/M5 complex.



The GI50 of MI-1/M5 in HeLa cells equaled 5.43 μg/mL, while the GI50 of MI-1 in these cells was 7.22 μg/mL (Table 1). MI-1/M5 complex was more toxic (p ≤ 0.01) for the SK-MEL-28 cells than the MI-1, and the GI50 of MI-1 was 3.17 μg/mL, while the GI50 of MI-1/M5 was 1.00 μg/mL. It is worth noting that tested tumor cells were resistant to treatment with free polymeric carrier (M5) or DMSO and the GI50 ˃ 50 μg/mL (Figure 3, Table 1). While a known chemotherapeutic agent, doxorubicin, possessed high toxicity towards HCT116, HCT116 p53-/-, HeLa, and SK-MEL-28 cells with the GI50 value of 0.58 μg/mL, 3.60 μg/mL, 0.64 μg/mL, 0.98 μg/mL, respectively.



It should be noted that the pseudo-normal cells of HaCaT and Balb/c 3T3 lines were relatively resistant (GI50 ˃ 50 μg/mL) to the inhibitory action of the maleimide derivative MI-1, its complex with polymeric carrier (MI-1/M5), and the polymeric carrier poly (PEGMA-co-DMM) (M5) (Figure 4, Table 1). Meanwhile the GI50 of doxorubicin for these non-malignant was 1.04 μg/mL and 0.90 μg/mL, respectively. García [46] reported about the cytocompatibility and minimal adverse effects of PEG-maleimide hydrogels used as the vehicles for proteins in cells.



The selectivity of action of chemopreventive agents is an important parameter of the pharmaceuticals that identifies their clinical potential. The higher selectivity index (SI) of compound indicates greater anticancer specificity and efficiency in cancer chemotherapy, as well as higher safety (smaller toxic effect towards normal cells) [39,47]. The compounds displaying the SI > 3.0 are considered to be highly selective [48]. The MI-1 compound and the MI-1/M5 complex demonstrated high selectivity (SI ˃ 6.9) towards human tumor cells of HCT116, HCT116 p53-/-, HeLa, and SK-MEL-28 lines (Table 2), while the M5 polymer showed low selectivity for these cancer cells. It should be noted that doxorubicin is less selective for all tested tumor cells (SI < 1.8). Thus, the MI-1 compound and the MI-1/M5 complex demonstrated more selective cytotoxic action towards cancer cells compared with the doxorubicin.




3.2. Clonogenic Response of Human Colon Carcinoma Cells to Treatment


The colony-forming capacity of cancer cells is an important parameter used for estimation of the anticancer activity of studied agents. Its measurement permits defining the fraction of tumor cells that retains a capacity to produce colonies that is an important phenotypic characteristics of tumor cells [39,49]. MI-1 compound in 0.1 μg/mL dose decreased (by 31.5%) the number of colonies formed by the carcinoma cells of HCT116 line from 162 (control) to 111, in 0.25 μg/mL dose–to 72 (by 55.6%), in 0.5 μg/mL dose–to 1 (by 99.4%), and in 1 μg/mL dose, there were no colonies of tumor cells detected (Figure 5). The MI-1/M5 complex demonstrated an even more steep inhibition of the formation of colonies of HCT116 cells depending on its dose. The colony inhibitory effects of the M5 polymer and DMSO were rather weak. Doxorubicin (positive control) applied in 0.1 μg/mL dose, inhibited the formation of colonies of HCT116 cells by 50.6% (80 units), in 0.25 μg/mL dose–by 89.5% (17 units), and 0.5 μg/mL and 1 μg/mL doses fully stopped colony formation (Figure 5).



Thus, the MI-1/M5 complex was more efficient compared with free MI-1 in suppression of the malignant phenotype (colony formation) of human colon carcinoma HCT116 cells.




3.3. Apoptosis Induction in Treated Cells


The potential mechanisms of cytotoxic action of the MI-1 compound, its MI-1/M5 complex with poly (PEGMA-co-DMM), and M5 polymer in HCT116 cells were investigated by using Western-blot analysis. It was found that the MI-1, MI-1/M5 complex, and doxorubicin induced an increase in the content of active (cleaved) form of caspase 3 in treated HCT116 cells. M5 polymer did not change the content of cleaved caspase 3 in these cells (Figure 5 and Figure 6). The effector caspases, in particular caspase 3, are known to cleave various intracellular molecular targets that regulate the metabolism of DNA, histones and other proteins [50].



The creation of antitumor agents that cause mitochondrial changes and therefore could initiate mitochondria-dependent apoptotic signaling pathway is a promising strategy for the development of targeted antitumor chemotherapy [49,50,51]. The level of Bcl-2 (inhibitor of apoptosis) and Bax (inducer of apoptosis) proteins, as well as of the Apaf1 protein were measured. We found that the MI-1, MI-1/M5 complex, and doxorubicin reduced the amount of the Bcl-2 protein and increased the amount of Bax protein in the treated HCT116 cells. However, there were no changes in the amount of Bcl-2 and Bax proteins in HCT116 cells treated with free M5 polymer (Figure 6 and Figure 7).



The MI-1, MI-1/M5 complex, doxorubicin, and M5 polymer increased the amount of cytosolic Apaf1 protein (apoptotic protease-activating factor 1) in HCT116 cells. This protein is a central element of the mitochondrial pathway of apoptosis induced in response to a wide range of the pro-apoptotic factors. The formation of an apoptosome which includes Araf-1, cytochrome c, and initiating pro-caspase 9, is necessary to activate the caspase cascade in cells induced to apoptosis [52].



Mitogen Activated Protein Kinase (MAPK) is a group of protein Serine-Threonine kinases that play an important role in the regulation of cell proliferation and differentiation, as well as in cell survival and drug resistance [53]. The MI-1, its MI-1/M5 complex, and free M5 polymer did not affect the amount of phosphorylated form of the MAPK in HCT116 cells, while doxorubicin significantly inhibited its amount (Figure 6 and Figure 7).



The MI-1, its MI-1/M5 complex, and free M5 polymer increased the content of phosphorylated form of STAT1 in HCT116 cells, while doxorubicin reduced the amount of this protein (Figure 6 and Figure 7). STAT1 is a member of the signal transducer and transcription activators (STAT) family, capable of transmitting a signal from the membrane receptor to the nucleus and DNA. This protein is located predominantly in mitochondria and it is involved in promoting the apoptotic cell death [54]. STAT1 plays a crucial role in the regulation of tumor formation via inducing antiproliferative and pro-apoptotic genes whose products inhibit tumor growth. STAT1 also blocks cell cycle progression and/or inhibits angiogenesis in tumors [54]. Thus, the MI-1 and its MI-1/M5 complex affected the proliferation of HCT116 cells and launched a mitochondria-dependent pathway of apoptosis in these cells through a mechanism of STAT1 signaling.



The MI-1, its MI-1/M5 complex, and doxorubicin increased the content of phosphorylated form of Chk2 (checkpoint kinase 2), cyclin-dependent kinases Cdk2 and Cdk4 in HCT116 cells (Figure 6 and Figure 7). In the G1 phase, the complex of cyclin A with Cdk2 and the complex of cyclin E with Cdk2 in the early S phase regulate the transition of cells from G1 to S phase [55]. After DNA damage, Chk2 protein is phosphorylated which, in turn, inactivates Cdc25A phosphatase. Deactivation of Cdc25A leads to an increase in the phosphorylated (inactive) form of Cdk2, therefore, cells cannot enter S phase and replicate their DNA [55]. Based on results of measuring the content of Cdk2, Cdk4, and phosphorylated form of Chk2 in HCT116 cells, one can assume that MI-1, its MI-1/M5 complex affects the transition of cells from G2 to M phase and causes the arrest of cells in the G2/M checkpoint.




3.4. Interaction of MI-1 and Its Complex with DNA


The MI-1 in 1 and 10 μg/mL doses replaced the methyl green dye from the DNA-methyl green complex by 16.5% and 21.2%, respectively (Figure 8), while the MI-1/M5 complex was less active in such a replacement, compared with the MI-1. The MI-1/M5 complex (1 and 10 μg/mL) replaced the methyl green from the DNA-methyl green complex by 7.2% and 6.5%, respectively. The poly(PEGMA-co-DMM) (M5) at studied concentrations demonstrated similar low ability to replace the methyl green from the DNA-methyl green complex-5.1% and 6.0% of the replaced methyl green under its action in 1 and 10 μg/mL, respectively. The reference compounds doxorubicin and the Ethidium bromide possessed significantly higher substitution ability (54.1–80.1%) compared with MI-1, MI-1/M5, and M5.



Development of the DNA-binding/intercalating anticancer agents is an important approach in chemotherapy improvement [56]. The intercalation of MI-1, its MI-1/M5 complex and free M5 polymer into a DNA molecule was investigated by using adapted method with DNA-tropic dye–the methyl green [27].




3.5. The Damage of DNA Molecule by MI-1 and Its Complex


The DNA interacts with several cellular proteins which leads to strand breaks, chromatid segregation, and cell cycle arrest that affects cell survival [56]. The alkaline comet assay of HCT116 cells revealed single-strand breaks in molecules of nuclear DNA under the action of the MI-1, MI-1/M5 complex, and doxorubicin. The MI-1 caused DNA damage in HCT116 cells with the Olive Tail Moment (OTM) of 13.2 (Figure 9), and the MI-1/M5 complex caused similar DNA damage in these cells (OTM = 14.0). Free M5 polymer induced minor DNA damage with the OTM of 4.1. The doxorubicin induced OTM at the level of 10.9, while only weak DNA damage (OTM equals 1.8) was detected in the un-treated HCT116 cells (Figure 9).



The DNA targeting effects were reported for maleimide derivatives RG108 and RG119-1 (1-[2-(1H-Indol-3-yl)-ethyl]-pyrrole-2,5-dione) that possess the DNA methyltransferase inhibition activity [57].




3.6. Morphological Changes in HCT116 Cells Treated with MI-1 and Its Complex


The morphological examination of HCT116 cells treated with studied compounds was conducted by using double staining of chromatin with Hoechst 33342 (blue fluorescence) and Propidium iodide (red fluorescence). The MI-1 compound and MI-1/M5 complex triggered changes in shape of treated cells and their membrane blebbing (marked with white arrows) (Figure 10c–f). Besides, the MI-1 caused chromatin condensation (marked with yellow arrows) and micronuclei formation (marked with pink arrows) (Figure 10c,d). The condensed chromatin and membrane blebbing are typical proapoptotic changes revealed in cells induced to apoptosis [58]. The M5 polymer (Figure 10g,h) and DMSO (Figure 10i,j) did not cause pronounced morphological changes in the treated HCT116 cells.



Thus, complexation of novel kinase inhibitor, namely the maleimide derivative 1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione (MI-1), with the polymeric carrier, poly(PEGMA-co-DMM) (M5), permitted achieving two principal aims: (1) creation of a water-soluble form of the MI-1 that facilitates its application in vitro; (2) enhancement of anticancer action of MI-1 towards human tumor cells in vitro with a prevention of its cytotoxic action towards pseudo-normal mammalian cells. The results of exploration of cellular and molecular mechanisms of the cytotoxic effect of the created complex suggest that this effect might be realized via the induction of mitochondria-dependent pathway of apoptosis. It was found that MI-1 and its water-soluble complex triggered proapoptotic morphological changes in treated HCT116 cells, namely chromatin condensation and membrane blebbing, while the action of free polymer did not lead to such cytomorphological changes. Based on the revealed changes in content of Cdk2, Cdk4, and phosphorylated form of Chk2 in HCT116 cells, one can assume that MI-1, its MI-1/M5 complex could affect the transition of cells from G2 to M phase and cause the arrest of these cells in G2/M checkpoint. It was shown that MI-1 decreased S and G2 + M populations with simultaneous increase in G0/G1 population in human osteosarcoma MG-63 cells [24] and in human neoplastic monoblast U-937 cells [28], which is in line with our findings and confirms the suggestion about the impact of MI-1 and MI-1/M5 complex on cell cycling. DNA damage under the action of the MI-1 was also detected, however, it was not enhanced by MI-1 immobilization on the polymeric carrier. The capability of MI-1 and its MI-1/M5 complex to activate caspase 3, together with the above noted increasing in the amount of the phosphorylated form of Chk2, might be responsible for the DNA damage in HCT116 cells. Previously, it was also reported that MI-1 induced apoptosis in MG-63 cells, human ovarian carcinoma SKOV-3 cells [24], as well as in U-937 cells [28]. The level of intercalation of the MI-1 into DNA structure was approximately 50% of such level detected at the action of doxorubicin, and MI-1 complexation with the polymeric carrier almost totally blocked the DNA intercalation effect. Studies are in progress on the therapeutic effect of MI-1 and MI-1/M5 complex in the treatment of Nemeth-Kellner lymphoma (NK/Ly)-bearing mice.



Summarizing, we consider that the poly (PEGMA-co-DMM) might be a promising carrier for delivery of the maleimide derivative, MI-1, as well as other biologically active substances with poor water solubility.





4. Conclusions


We found that immobilization of a novel kinase inhibitor, the maleimide derivative 1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione (MI-1), on the poly(PEGMA-co-DMM) polymeric carrier (M5) improved significantly the water solubility of the MI-1 and enhanced its toxicity towards human colon (HCT116 and HCT116 p53-/-) and cervical (HeLa) carcinoma and melanoma (SK-MEL-28) cells with GI50 value in the range of 0.67–5.43 µg/mL. The P53 gene status of colon cancer cell did not affect considerably the response of these cells to treatment with the MI-1 and its MI-1/M5 complex. The MI-1 and MI-1/M5 complex showed high selectivity index (SI ˃ 6.9) towards studied tumor cell lines, compared with the selectivity of doxorubicin. Free M5 polymer possessed low toxicity towards HCT116, HCT116 p53-/-, SK-MEL-28, HeLa cells. The MI-1/M5 complex inhibited colony formation (characteristics of transformed phenotype) of HCT116 cells more efficiently compared with free MI-1. It should be stressed that growth inhibition of the pseudo-normal HaCaT and Balb/c 3T3 cell lines under the action of the MI-1, MI-1/M5, and free M5 polymer was much weaker (GI50 > 50 μg/mL) than such inhibition of tumor cells. The MI-1 and its MI-1/M5 complex induced mitochondria-dependent pathway of apoptosis, caused morphological changes and the DNA damage in HCT116 cells, and affected the transition of these cells from G2 to M phase. While free MI-1 intercalated into the DNA molecule, the MI-1/M5 complex and free M5 polymer possessed significantly lower intercalating ability. Thus, poly (PEGMA-co-DMM) can be a promising carrier for delivery of a novel kinase inhibitor, the MI-1.
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Figure 1. The structure of (a) maleimide derivative MI-1 (1-(4-chlorobenzyl)-3-chloro-4-(3-trifluoromethylphenylamino)-1H-pyrrole-2,5-dione) and (b) polymeric carrier poly (PEGMA-co-DMM) (M5) [24,33]. 
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Figure 2. Scheme (a) of the formation of stable micellar structures filled with drugs and (b) hydrodynamic diameter of polymer micelles M5 and drug-filled micellar structures (M5 + MI-1). 
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Figure 3. The cytotoxicity of MI-1 maleimide derivative, its complex MI-1/M5 with polymeric carrier, free polymeric carrier poly (PEGMA-co-DMM) (M5), doxorubicin (Dox), and solvent DMSO towards human colon carcinoma HCT116 and HCT116 p53-/- cells, human cervical adenocarcinoma HeLa cells, and human melanoma SK-MEL-28 cells. The effect was measured by the MTT assay under 72 h cell exposure. Data are presented as the mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001 compared with control (non-treated) cells. 
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Figure 4. The cytotoxicity of maleimide derivative MI-1, its complex MI-1/M5 with polymeric carrier, free polymeric carrier poly (PEGMA-co-DMM) (M5), doxorubicin (Dox), and solvent DMSO towards pseudo-normal cells: human keratinocytes of HaCaT line and murine fibroblasts of Balb/c 3T3 line. The effect was measured by the MTT assay under 72 h cell exposure. Data are presented as the mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001 compared with control (non-treated) cells. 
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Figure 5. The effect of maleimide derivative MI-1, its complex with polymeric carrier (MI-1/M5), free polymeric carrier poly (PEGMA-co-DMM) (M5), doxorubicin (Dox), and solvent DMSO on clonogenic ability of HCT116 cells under 7 days of cells exposure: (a) The representative pictures of colonies formed in the 12-well plates; (b) Number of colonies formed by HCT116 cells. Data are presented as the mean ± SD. *** p < 0.001 compared with control (non-treated) cells. 
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Figure 6. The level of apoptosis- and cell cycle-associated proteins in HCT116 cells after 48 h treatment with different agents (Western-blot analysis data): 1–control (non-treated) cells, 2–doxorubicin (Dox, 0.9 μg/mL), 3–MI-1 (0.9 μg/mL), 4–MI-1/M5 complex (0.9 μg/mL), 5–poly (PEGMA-co-DMM) polymeric carrier (M5) (0.9 μg/mL). 
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Figure 7. The results of densitometric evaluation of protein content according to Western-blot analysis of proteins of HCT116 cells treated for 48 h with doxorubicin (Dox, 0.9 μg/mL), MI-1 (0.9 μg/mL), MI-1/M5 complex (0.9 μg/mL), and free M5 polymer (0.9 μg/mL). * p < 0.05; ** p < 0.01; *** p < 0.001 compared with control (non-treated) cells. 
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Figure 8. The percentage of methyl green dye replaced from its complex with DNA by the MI-1 (1, 10 μg/mL), MI-1/M5 complex (1, 10 μg/mL), free M5 polymer (1, 10 μg/mL), and reference compounds-doxorubicin (Dox, 1 μg/mL) and Ethidium bromide (EtBr, 1 and 10 μg/mL). *** p < 0.001 (significant changes compared with the effect of EtBr (1 μg/mL); ΔΔΔ p < 0.001 (significant changes compared with the effect of Dox (1 μg/mL); ### p < 0.001 significant changes compared with the effect of MI-1 (1 µg/mL). Data are presented as mean ± SD. 
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Figure 9. The DNA damage induced by studied compounds in colon carcinoma HCT116 cells (according to the results of alkaline DNA comet assay): (a) control; (b) doxorubicin (Dox, 0.9 µg/mL); (c) MI-1 (0.9 µg/mL); (d) complex MI-1/M5 (0.9 µg/mL); (e) polymer M5 (0.9 µg/mL); (f) quantitative data of DNA damage (Olive Tail Moment) in treated HCT116 cells. *** p < 0.001 (significant changes compared with control (non-treated) cells). Scale 50 µm. 
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Figure 10. The images of HCT116 cells treated for 48 h with the compounds under study: (a,b) control; (c,d) MI-1 compound (1 µg/mL); (e,f) MI-1/M5 complex (1 µg/mL); (g,h) free M5 polymer (1 µg/mL); (i,j) DMSO (1 µg/mL); (k,l) doxorubicin (0.25 µg/mL). Left–differential interference contrast (DIC) images of treated cells stained with Hoechst-33342 and Propidium iodide. Right–fluorescent image of treated cells (blue color–staining with Hoechst-33342, red–staining with Propidium iodide). Yellow arrows indicate chromatin condensation, green arrows–chromatin fragmentation, white arrows–plasma membrane blebbing, pink arrows–micronuclei). Scale 20 µm. 
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Table 1. The cytotoxicity (GI50) value of studied compounds towards the mammalian cells (MTT assay, 72 h of treatment).
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Cell Line

	
IC50, µg/mL




	
MI-1

	
MI-1/M5

	
M5

	
Dox

	
DMSO






	
Tumor cells




	
HCT116

	
0.75 ± 0.06

	
0.67 ± 0.06

	
˃50

	
0.58 ± 0.04 *

	
˃50




	
HCT116 p53-/-

	
0.89 ± 0.05

	
0.68 ± 0.05 **

	
˃50

	
3.60 ± 0.51 ***

	
˃50




	
HeLa

	
7.22 ± 0.32

	
5.43 ± 0.30 **

	
˃50

	
0.64 ± 0.03 ***

	
˃50




	
SK-MEL-28

	
3.17 ± 0.18

	
1.00 ± 0.08 ***

	
˃50

	
0.98 ± 0.07 ***

	
˃50




	
Pseudo-normal cells




	
HaCaT

	
˃50

	
˃50

	
˃50

	
1.04 ± 0.07

	
˃50




	
Balb/c 3T3

	
˃50

	
˃50

	
˃50

	
0.90 ± 0.07

	
˃50








Comments: * p < 0.05; ** p < 0.01; *** p < 0.001 compared with the effect of MI-1.
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Table 2. The selectivity index (SI) of the studied compounds towards human tumor cells of different lines.
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Cell Line

	
Selectivity Index




	
MI-1

	
MI-1/M5

	
M5

	
Dox

	
DMSO






	
HCT116

	
66.67

	
74.63

	
1.00

	
1.79

	
1.00




	
HCT116 p53-/-

	
56.18

	
73.53

	
1.00

	
0.29

	
1.00




	
HeLa

	
6.93

	
9.21

	
1.00

	
1.63

	
1.00




	
SK-MEL-28

	
15.77

	
50.00

	
1.00

	
1.06

	
1.00








Comment: The SI was calculated as the ratio GI50 (non-tumoral cells of HaCaT line)/GI50 (selected line of tumoral cells).
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