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Abstract

:

A series of novel quinazoline-4-(3H)-one derivatives were designed and synthesized as histone deacetylase 6 (HDAC6) inhibitors based on novel quinazoline-4-(3H)-one as the cap group and benzhydroxamic acid as the linker and metal-binding group. A total of 19 novel quinazoline-4-(3H)-one analogues (5a–5s) were obtained. The structures of the target compounds were characterized using 1H-NMR, 13C-NMR, LC–MS, and elemental analyses. Characterized compounds were screened for inhibition against HDAC8 class I, HDAC4 class IIa, and HDAC6 class IIb. Among the compounds tested, 5b proved to be the most potent and selective inhibitor of HDAC6 with an IC50 value 150 nM. Some of these compounds showed potent antiproliferative activity in several tumor cell lines (HCT116, MCF7, and B16). Amongst all the compounds tested for their anticancer effect against cancer cell lines, 5c emerged to be most active against the MCF-7 line with an IC50 of 13.7 μM; it exhibited cell-cycle arrest in the G2 phase, as well as promoted apoptosis. Additionally, we noted a significant reduction in the colony-forming capability of cancer cells in the presence of 5c. At the intracellular level, selective inhibition of HDAC6 was enumerated by monitoring the acetylation of α-tubulin with a limited effect on acetyl-H3. Importantly, the obtained results suggested a potent effect of 5c at sub-micromolar concentrations as compared to the other molecules as HDAC6 inhibitors in vitro.
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1. Introduction


Cancer is the second leading cause of death worldwide. In 2020, 10 million cancer deaths were reported by the World Health Organization (WHO). Due to the rising prevalence of cancer, much effort is put toward designing and synthesizing possible anticancer medicines in medicinal chemistry [1,2,3,4,5]. Histone acetyl transferases (HATs) and histone deacetylases (HDACs) are the enzymes that control the process of intracellular histone acetylation. HATs function as “writers” transferring the acetyl group from acetyl-CoA to the amine group of lysine residues on histones and non-histone proteins, expanding the chromosome’s landscape to be detected by appropriate transcription factors or regulatory proteins, later recruiting transcription factors for subsequent gene expression [6,7,8,9,10,11]. As a result, significant research priority is given to the development of isozyme-selective HDAC inhibitors with fewer adverse effects and increased potency. However, chemotherapies must first and foremost be effective, preferably as a single agent, and toxicity must be acceptable compared to efficacy. Histone deacetylase 6 (HDAC6) is a class II enzyme that belongs to the class IIb category. It differs structurally and functionally from other HDACs and is predominantly found in the cytoplasm. HDAC6 is a 1255-amino-acid protein that is one of the largest in the HDAC family. HDAC6 is associated with immune synapse, microtubule-dependent cell motility, and viral infection [12,13].



HDAC6 plays significant roles in multiple processes associated with tumorigenesis, including increased cellular proliferation, migration, and invasion of cancer cells [14,15,16]. Interestingly, HDAC6 inhibitors also show immunomodulatory properties with potential to be used as therapeutic agents for cancer immunotherapy [17]. The inhibition of HDAC6 in melanoma tumor cells resulted in a reduction in the expression of the immunosuppressive molecule PD-L1. This effect was achieved by influencing the recruitment and activation of STAT3 [18]. Since HDAC6 is structurally and functionally distinctly different from the other HDAC isozymes, selectively targeting HDAC6 is supposed to maximize the pharmacological effects, while minimizing the side-effects associated with pan-HDAC inhibitors [19,20]. This hypothesis also stimulated this study to develop new HDAC6-selective inhibitors. Cheng et al. used quinazoline as the cap group and benzhydroxamic acid moiety as the linker and zinc-binding group to develop HDAC6 inhibitors. The best compound from this work exhibited an IC50 of 4000 nM [21]. In our current work, with a slight variation in the substituents, using quinazoline as the cap group and benzhydroxamic acid moiety as the linker and zinc-binding group, we obtained HDAC6 inhibitors with improved potency. Several compounds exhibited an IC50 < 900 nM while the most active compound showed an IC50 of 150 nM.



Figure 1 shows the structures of some selective HDAC 6 inhibitors and those that are currently in clinical trials [22,23,24,25].



Ricolinostat and KA2507 have already been investigated in phase I/II clinical trials. KA2507 showed selective target engagement, no significant toxicities, and prolonged dis-ease stabilization in a subset of patients [25]. Ricolinostat was tested as a single agent, in combination with paclitaxel in patients with metastatic breast cancer, and in combination with bortezomib and dexamethasone in multiple myeloma therapy. Single-agent therapy showed neither significant toxicities nor clinical responses. Ricolinostat could be safely combined with paclitaxel; clinical activity was identified in a particular patient group, and the HDAC6 score was shown to have potential as a predictive biomarker [26]. Combination therapy with bortezomib and dexamethasone was shown to be safe, well-tolerated, and active against multiple myeloma [27]. These results are promising, but still leave much room for HDAC6 inhibitors with fewer side-effects but more efficacy.



The Basic Structure of Zinc-Binding HDAC Inhibitors


The general pharmacophore model of HDAC inhibitors acting through the zinc-binding mechanism is represented in Figure 2. This pharmacophore model consists of three basic units: (i) cap group, (ii) linker function, and (iii) Zn-binding group [28,29,30,31,32].





2. Results and Discussion


Quinazolines are privileged scaffolds that are used as therapeutic targets in medicinal chemistry with versatile pharmacophoric properties. They exhibit anticancer, analgesic, anti-inflammatory, antibacterial, anticonvulsant, antidiabetic, antihypertensive, and dihydrofolate reductase-inhibitory effects [33,34,35,36,37,38]. Quinazolines were recently reported as anticancer agents by various groups. Mohamed Hisham and colleagues developed quinazoline-4-one derivatives as EGFR inhibitors for anticancer activity. With an IC50 value of 1160 nM, compound A was the most active in all cell lines examined (A549, MCF-7, and HT-29) [39]. Khaled El-Adl et al. reported quinazolin-4(3H)-ones as potential inhibitors of VEGFR-2. The most active component was compound B, which had a 2-chloro-5-nitrophenyl group. It was more effective against HepG2, HCT-116, and MCF-7 cells than doxorubicin against the HCT-116 cell line, with an IC50 of 11,680 ± 60 nM [40]. Novel quinazolin-4(3H)-one compounds were described by Huarong Yang and colleagues as possible anticancer drugs. Several derivatives showed antiproliferative effect against the cancer cells that were studied. Compound C, with an IC50 value of 1120 nM, was the strongest inhibitory agent against all cancer cell lines and was even more powerful against HCC827 cells [41]. Abdallah E. Abdallah reported the synthesis and biological evaluation of novel quinazolin-4(3H)-one based VEGFR-2 kinase inhibitors for anticancer activity. Several compounds showed antiproliferative effects against the cancer cells that were examined. Compound D, with an IC50 value of 1120 nM, exhibited the strongest inhibitory effect against all cancer cell lines and was even more powerful against HCC827 cells (Figure 3) [42].



Numerous studies have identified quinazoline-based hydroxamic acids as hybridized deacetylase inhibitors and anticancer agents [43]. Hydroxamic acids based on quinazolin-2,4-dione were developed and synthesized by the Chao-Wu Yu group to act as selective competitive inhibitors of HDAC6. Among the HDAC6 inhibitors reported by this group, the most effective and selective compound was E with an IC50 value of 4 nM [44]. Duong et al. reported novel 4-oxoquinazoline-based compounds and tested them for HDAC inhibition and cytotoxicity effects against three human cancer cell lines. Most of these compounds displayed good to potent HDAC inhibitory efficacy and cytotoxicity (SW620—colon cancer, PC-3—prostate cancer, and NCI-H23—lung cancer). With an IC50 value of 12 nM, compound F was the most potent HDAC6 inhibitor [45]. Doan Thanh Hieu and colleagues developed novel small compounds for HDAC inhibition. They designed and synthesized new compounds with the quinazoline-4-(3H)-one as the cap group. In this study, compound G exhibited more potent cytotoxicity and HDAC inhibitory activity (IC50 = 370 nM) [43]. The Chunhui Cheng group developed and synthesized novel 2-aminobenzamide derivatives for HDAC inhibition by adding quinazolinone as the cap group. Compound H was the most potent against HDAC6 with an IC50 value of 40,000 nM. Furthermore, these compounds showed good antiproliferative action against various human cancer cell lines (Figure 4) [21].



Katharina and coworkers reported a series of compounds with benzhydroxamic acid moiety as the linker and zinc-binding group. They evaluated these compounds for HDAC6 inhibition. In this series, compound I with an IC50 value of 5 nM emerged as the most potent and selective compound toward HDAC6 inhibition [46]. Michel Leonhardt’s group designed and synthesized a series of novel derivatives using benzhydroxamic acid moiety as the zinc-binding group for HDAC inhibition. They found that, among all, compound J was the most active with an IC50 value of 3730 nM for HDAC6 inhibition (Figure 5) [47].



2.1. Designing of the Molecules


Although only a few HDAC inhibitors have been approved by the US Food and Drug Administration (FDA) for cancer treatment, most of these inhibitors act on several HDACs, are nonselective, and induce substantial side-effects, limiting their clinical application in oncology and beyond [48]. The approved HDAC inhibitors are effective as single agents and have only relatively tolerable side-effects. On the other hand, it is possible to reduce unwanted side-effects by the development of inhibitors for specific isozymes. As selective inhibition of HDAC6 has fewer adverse effects, we designed the compounds 5a–5s (Figure 6) with a modification of the (quinazoline) cap region using distinct aromatic functionalities and the benzhydroxamic acid moiety as the linker and zinc-binding group to improve HDAC6 selectivity.




2.2. Chemistry


The synthesis of hydroxamic acid derivatives (5a–5s) having a quinazoline-4-(3H)-one (cap group) and benzhydroxamic acid as (linker and metal-binding group) was carried out as illustrated in Scheme 1.



The synthesis of target molecules (5a–5s) was carried out using commercially available substituted anthranilic acid (1a–c) (Scheme 1) and different substituted phenyl isothiocyanates as the starting materials. Substituted anthranilic acids (1a–c) on refluxing in ethanol with substituted phenyl isothiocyanate yielded key intermediates (2a–2s) (Scheme 1). Compounds 3a–3s were prepared by coupling intermediates 2a–2s with 4-(bromomethyl)benzoate via an S-alkylation reaction. Hydrolysis of the esters (3a–3s) in the presence of NaOH and 1,4-dioxane gave the corresponding acids 4a–4s. These intermediates were directly coupled with hydroxylamine hydrochloride via an amide coupling reaction to obtain the desired target compounds (5a–5s) (Scheme 1). The structures of the designed and synthesized compounds, along with their percentage yields and physicochemical properties, are shown in Table 1.



Thin-layer chromatography (TLC) and ESI mass spectrometry were used to monitor all the reactions. Purification procedures such as recrystallization and column chromatography with silica gel (100–200 mesh size) and EtOAc in hexane as eluent (10–100%) were used to purify crude products from each step. For structure confirmation, 1H-NMR, 13C-NMR, and ESI-MS were used. The spectra are given in the Supplementary Materials.




2.3. Biological Activity


2.3.1. HDAC Inhibitor Screening Using HDAC4, HDAC6, and HDAC8 Activity Assay


To assess HDAC6 selectivity, and to better understand the mechanism of action of the newly synthesized compounds, derivatives 5a–5s were tested for their inhibitory activity against HDAC isoenzymes (HDAC4, HDAC6, and HDAC8) with SAHA (vorinostat), Trichostatin A, and Tubastatin as reference drugs using the methods described in the literature and Supplementary Materials [49]. To assess the inhibitory activity of the synthesized compounds against the target enzyme HDAC6, as well as the selectivity against other HDAC isozymes, classic enzyme activity assays were performed using HDAC6 and representatives of class IIa (HDAC4) and class I (HDAC8) HDACs. In the first activity screening, the residual enzyme activity was determined in the presence of 35 µM compound in duplicate to identify the most potent hits (Table 1). All active compounds with a residual activity of less than 50% were retested in a full dose–response series to accurately determine the corresponding IC50 value. Most tested compounds showed sub-micromolar activities on HDAC6 with varying selectivity against HDAC4 and HDAC8. Residual enzyme activity is summarized in Figure S1 and Table S1 of the Supplementary Materials.



The most active compound was 5b, exhibiting an IC50 value of 150 nM against HDAC6, while HDAC4 and HDAC8 were inhibited with IC50 values of 2300 and 1400 nM, respectively. Activity and selectivity are comparable with the widely used reference compound Tubastatin (Table 2).



The most selective, but still highly active compound was 5o with an IC50 value of 400 nM on HDAC6, and 18-fold and 36-fold selectivity against class IIa HDAC4 and class I HDAC8, respectively. The activity data clearly demonstrate that the scaffold consisting of a quinazoline cap and a benzhydroxamic acid moiety as the linker and zinc-binding group is very useful to design very potent HDAC6 inhibitors. Furthermore, the data show that the selectivity against other HDAC isozymes can be tuned by varying the substitution pattern at R1 and R2 position, while preserving activity against HDAC6.




2.3.2. Antiproliferative Activity of the Representative Compounds


To access the activity of the synthesized HDAC inhibitors at the cellular level, the antiproliferative impact of the representative compounds was analyzed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. Two human cancer cell lines (HCT116 and MCF7) and the murine B16 melanoma cancer cell line (HEK 293) were treated with the compounds; as shown in Table 3, most of the compounds had an impact on the proliferation rate of all cancer cell lines tested. Notably, compound 5c exhibited significant cytotoxicity toward all three cancer cell lines. On the basis of these observations, we conclude that compound 5c exhibited a high antiproliferation effect on multiple human cancer cell lines and was considered for further experiments.




2.3.3. Impact of 5c on Acetylation of α-Tubulin in MCF7 and HCT-116 Cancer Cell Lines


HDAC6 plays a crucial role in chromatin modulation and deacetylation of α-tubulin, contributing to the expression of oncogenes driving tumorigenesis. Over time, numerous studies have shown HDAC inhibitors (HDACi) as potential anticancer therapeutics [50,51]. The HDAC6-inhibitory effect of compound 5c was evaluated by analyzing the protein level expression of acetyl α-tubulin in MCF7 and HCT-116 cells treated with 5c by Western blotting [52]. As shown in Figure 7, there was heightened acetylation of α-tubulin, reflecting the inhibition of HDAC6 activity, starting at 0.1–1 μM of 5c. Additionally, we noted an increase in acetylation of H3, but only at a higher concentration, to a similar extent to the HDAC6-selective reference compound Tubastatin, as compared to the untreated control, suggesting the potential activity of 5c at lower concentrations with a limited off-target effect on H3.




2.3.4. Compound 5c Induces Apoptotic Pathway in MCF7 and HCT-116 Cells


The efficacy of compound 5c to induce apoptosis was determined by annexin V–FITC/PI assay using flow cytometry [53]. MCF7 cells were treated with two different concentrations of 5c as indicated, and the percentages of cells in the apoptotic and necrotic stage were analyzed, as depicted in Figure 8. We noticed that, with the increase in concentration of 5c, the cells exhibited late apoptosis and necrosis.



Furthermore, acridine orange staining (AO) and fluorescence imaging in MCF7 and HCT-116 cells treated with 5c indicated evidential apoptosis, as shown in Figure 9A [54]. The control had intact nuclei, as depicted by the green fluorescence due to AO binding to dsDNA, in contrast to the apoptotic nuclei of 5c-treated cells depicted by orange fluorescence due to AO staining of ssDNA and RNA. This observation was supported by the protein expression of cleaved poly (ADP-ribose) polymerase (PARP), which represents the degree of apoptosis in cells, as shown in Figure 9B. The protein expression of cleaved PARP in 5c treated MCF7 and HCT-116 cells was significantly higher as compared to untreated cells, supporting the hypothesis that the antiproliferative effect of compound 5c is majorly contributed by apoptosis. Acridine orange (AO) staining can also be influenced by autophagosomal pH. However, the presence of the DAPI (nuclear localization) signal merged with acridine orange suggests that the conclusions were drawn on the basis of the interaction of AO bound to fragmented or ssDNA in the nucleus.




2.3.5. Impact of Compound 5c on Cell-Cycle Progression in MCF7 Cells


Cell-cycle distribution analysis was carried out further to evaluate the effect of 5c on HDAC inhibition, as HDCA inhibitors are mainly known to target genes regulating the cell cycle [55,56]. The 5c-treated MCF7 cells were subjected to cell-cycle analysis by flow cytometry. A significant increase in the G2/M phase was observed upon treatment with 0.1 μM 5c, accompanied by a slight reduction in cell population in the G1 and S phases. These observations suggest that treatment with 5c at 0.1 μM concentration had a better impact on cell proliferation by means of apoptosis and cell-cycle arrest, whereas the 1 μM concentration led to necrosis and cell death (Figure 10).




2.3.6. Effects of 5c on Colony-Formation Capability of MCF7 and HCT-116 Cells


To evaluate the effect of compound 5c on the cell survival of MCF7 and HCT-116 cells, a clonogenic assay was performed. Colony formation of MCF7 and HCT-116 cells was inhibited by compound 5c in a dose-dependent manner, compared to the control cells treated with DMSO (Figure 11) [44]. The number of colonies was significantly reduced by 0.1 μM concentration treatment with 5c, whereas, at 1 μM concentration, the cell anchorage and growth were almost completely arrested. This further proved that compound 5c reduced the proliferation and survival rate of cancer cells in vitro.



According to the final results obtained through MTT assay data, we are convinced that compound 5c, when tested on the representative cancer cell lines and normal cell lines, exhibited a potent IC50 compared to known HDAC inhibitors (SAHA, Ricolinostat, Tubastatin, and Trichostatin A). Additionally, compound 5c, when tested at a 10-fold lower dilution than its IC50, still proved effective in reducing the colony-forming ability (Figure 11) of highly aggressive breast (MCF7) and colon cancer (HCT-116) cell lines, inducing cell apoptosis (Figure 8 and Figure 9) and cell-cycle arrest (Figure 10).





2.4. In Silico Predicted ADME Studies


Lipinski’s rule of five is a useful guideline in drug discovery that helps assess the likelihood of a compound to have favorable pharmacokinetic properties and oral bioavailability. It helps in the early stages of drug discovery to prioritize compounds with higher chances of success. The rule is not absolute and serves as a general guideline rather than a strict rule. In particular, not all anticancer drugs adhere to Lipinski’s rule of five. Using in silico methods, it is possible to predict the same parameters used to discover new candidate molecules [57,58]. The in silico results for the 19 final analogues were derived as shown in Table S2. The Lipinski rule fitted the predicted parameters of the analogues within the specified range for all parameters including molecular weight, hydrogen bond acceptor, hydrogen bond donor, and rule violation, except the partition coefficient. Regarding the expected results of the final analogues, these compounds would not be expected to have pharmacokinetic issues during drug development. The Swiss ADME tool was used to predict the properties of synthetic derivatives [59]. Judging from the data, the compounds can appear drug-like and exhibit good passive oral absorption (Table S2).




2.5. Molecular Docking


At first, the docking procedure was validated by redocking the respective ligand into the binding pocket of the corresponding crystal structure of the ligand–HDAC complex. In this study, crystal structures 4CBY (HDAC4), 5EDU (HDAC6), and 1T69 (HDAC8) were obtained from the Protein Data Bank, the single global archive for 3D macromolecular structure data [60]. Redocking of the ligand into the crystal structure of the binding pocket of HDAC4 (PDB ID: 4CBY) showed perfect overlap between the docked ligand and the X-ray binding pose (Figure S2A). Redocking into HDAC6 (PDB ID: 5EDU) showed excellent agreement between the crystallized and docked ligand in the lower part of the binding pocket, but considerable deviation in the head group, which can be explained by the fact that this moiety protrudes freely into solution (Figure S2B). Redocking of the ligand into the crystal structure of the binding pocket of HDAC8 (PDB ID: 1T69) showed very good overlap between the docked ligand and the X-ray binding pose in the lower part of the binding pocket (Figure S2C). The phenyl head group, which protrudes into free solution, showed more deviation due to a higher degree of freedom. In summary, the applied procedures were suitable for meaningful docking of ligands into the binding pockets of all three HDAC isozymes.



The final compounds, 5a–s, showed clear preference for HDAC6 with IC50 values ranging from 150 nM to 5.6 µM. The most potent compound (5b), the compound with the lowest HDAC6 activity (5a), and the compound with the highest cytotoxicity (5c) were chosen for docking against HDAC6 (PDB ID: 5EDU), as well as HDAC4 (PDB ID: 4CBY) and HDAC8 (PDB ID: 1T69). Superpositions of the binding poses of compounds 5a–c in the active site pocket of these HDAC isozymes demonstrated highly overlapping and defined positions of the benzhydroxamate moiety inside the narrow binding channels of the crystal structures of HDAC6 and HDAC8, while there was much larger variation in the binding poses of 5a–c in the widened binding pocket of HDAC4 (Figure S3). Interestingly, the quinazoline head groups of 5a–c also showed excellent overlap, but only when docked into HDAC6 (Figure S3B). Thus, the binding pose of the final compounds in the active site pocket of HDAC6 appeared to be well defined, in agreement with the high, mostly sub-micromolar, activities against this isozyme. More negative docking scores correlate with high activity, but, as usual, cannot predict smaller variations within an order of magnitude. However, docking results confirmed the general selectivity of final compounds against HDAC4 and HDAC8, with generally better GBVI/WSA dG scores for HDAC6 (Table S3). A closer look at the energy-minimized docking pose of 5b in complex with HDAC6 revealed several strong directed interactions including bidentate chelation of the catalytic zinc ion by the hydroxamate warhead at the bottom of the active site, and three classic hydrogen bonds with catalytically acting amino acids His610, His611, and Tyr782 (Figure 12). The binding was further strengthened by pi-stacking of the benzhydroxamic acid with Phe620 and possibly Phe680, which line the active site binding tunnel. The capping group seemed to form weaker interactions with the surface of HDAC6, while R1 substituents were in proximity to Phe679, allowing for hydrophobic interactions, which might explain the observed relatively small differences in activity among 5-series compounds.





3. Materials & Methods


3.1. Chemistry


All chemical reagents and solvents were purchased from Aldrich, Alfa Aesar, Finar, India. The solvents and reagents were of LR grade. All the solvents were dried and distilled before use. Thin-layer chromatography (TLC) was carried out on aluminum-supported silica gel plates (Merck 60 F254, Merck KGaA, Darmstadt, Germany) with visualization of components by UV light (254 nm). Column chromatography was carried out on silica gel (Merck 100–200 mesh). 1H-NMR and 13C-NMR spectra were recorded at 400 MHz and 101 MHz, respectively, using a Bruker AV 400 spectrometer (Bruker Co., Zurich, Switzerland) in CDCl3 and DMSO-d6 solution with tetramethylsilane as the internal standard; chemical shift values (δ) were given in ppm. 1H NMR spectra were recorded in CDCl3 or DMSO-d6. The following abbreviations are used to designate multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet, and br = broad. Melting points were determined on an electrothermal melting point apparatus (Stuart-SMP30) in open capillary tubes and were uncorrected. Elemental analyses were performed by Elementar Analysensysteme GmbH vario MICRO cube CHN Analyzer. Mass spectra (ESI-MS) were recorded on a Schimadzu LC–MS 8040 MS/ESI mass spectrometer.




3.2. General Synthesis Procedure for the Synthesis of 5a–5s


Step 1. Synthesis of intermediates 2a–2s: An oven-dried, 50 mL, round-bottom flask was consecutively charged with a mixture of substituted anthranilic acid (1a–c) (1 equiv.), different isothiocyanates (R2 a–s) (1.1 equiv.), and triethylamine (2 equiv.) as the base in 35 mL of absolute ethanol. The mixture was heated at reflux for (12 h) in an oil bath. TLC (TLC Silica gel 60 F254) analysis with petroleum ether/ethyl acetate (7:3) revealed that the reaction was complete. The reaction mixture was cooled to room temperature; the obtained precipitate was separated by filtration. Then, the filtrate was concentrated in vacuo to obtain the intermediates 2a–2s. In Step 1, the total percentage yield was revealed to be in the average range of 85–93% for intermediates (2a–2s). Step 2. Synthesis of intermediates 3a–3s: To a mixture of intermediates 2a–2s (1 equiv.) and methyl 4-(bromomethyl) benzoate (1.05 equiv.) in butanone (25 mL), KI (1 equiv.) and K2CO3 (3 equiv.) were added; then, the reaction was heated at 75 °C for 4 h. The reaction was monitored for completion by TLC (TLC Silica gel 60 F254) with petroleum ether/ethyl acetate (8:2). After completion, the solvent was evaporated under vacuo, and the residue was dissolved in water and ethyl acetate. The organic layers were collected, dried over anhydrous Na2SO4, and concentrated in vacuum. The resultant crude product was purified by crystallization to get the intermediates 3a–3s. Step 2 found that the total percentage yield for intermediates 3a–3s was in the average range of 74–80%. Step 3. Synthesis of intermediates 4a–4s: The intermediates 3a–3s containing ester groups were converted to acid intermediates 4a–s. Compounds 3a–3s (1 equiv.) were dissolved in 30 mL of 1,4-dioxane; then, sodium hydroxide NaOH (5 equiv.) was added to this mixture. The reaction was heated at 80 °C for 4 h, in an oil bath. Upon cooling to ambient temperature, the reaction mixture was concentrated in vacuo, and was acidified with 2 N HCl (pH at 3–4) to form precipitation. The precipitate was isolated by filtration and dried to afford intermediates 4a–4s. Step 3 found that the total percentage yield for intermediates 4a–4s was in the average range of 70–80%. Step 4. Synthesis of title compounds 5a–5s: The crude compounds 4a–4s)(1 equiv.) were dissolved in DMF (10 mL); then, N,N-diisopropylethylamine (DIPEA) (5 equiv.) as a base and O-benzotriazole-1-yl-N,N,N′,N′-tetramethyl-uroniumhexafluorophosphate (HBTU) (2 equiv.) as the coupling agent were added. The mixture was stirred at 25 °C for 30 min. Afterward, hydroxylamine hydrochloride (NH2OH·HCl) (15 equiv.) was added to the solution, before stirring for another 4 h. After completion of the reaction, the mixture was poured into ice water. The system was washed with saturated NaHCO3 and brine, and then extracted with ethyl acetate. The organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The product was further purified by column chromatography with an appropriate ethyl acetate/petroleum ether mixture to provide the title compounds 5a–5s.




3.3. Enzyme Activity Assay


Full-length recombinant HDAC6 was purchased from BPS Bioscience. HDAC4 and HDAC8 were recombinantly produced in E. coli BL21(DE3) using a pET14b vector containing either the codon-optimized catalytic domain of HDAC4 (T648-T1057, full length: UniProt P56524) or codon-optimized full-length HDAC8. To determine IC50 values, a serial inhibitor dilution in assay buffer (25 mM Tris-HCl, 75 mM KCl, 0.00001% Pluronic F-127, pH 8.0) was incubated with HDAC in a black 96-well microtiter half-area plate (Greiner, Kremsmünster, Austria) for 1 h at 30 °C. After incubation, the enzymatic HDAC reaction was initiated by adding 20 µM Boc-Lys(trifluoroacetyl)-AMC (Bachem, Bubendorf, Switzerland) as the substrate for HDAC4 and HDAC8, and 50 µM Boc-Lys(acetyl)-AMC (Bachem) as the substrate for HDAC6. After incubation for 1 h at 30 °C, the reaction of HDAC4 and HDAC8 was stopped by adding 1.7 µM of suberoylanilinetrifluoromethylketone (SATFMK), while the reaction of HDAC6 was stopped by adding 4.2 µM of suberoylanilidehydroxamic acid (SAHA). By addition of 0.4 mg/mL trypsin (AppliChem, Darmstadt, Germany), the deacetylated substrates were converted into a fluorescent product. Respective fluorescence intensities were measured in a microplate reader (PheraStar Plus, BMG Labtech, Ortenberg, Germany) at 450 nm (Ex: 350 nm) and correlated to enzyme activity. Dose–response data were plotted and analyzed using GraphPad Prism 6 software and fitted to a four-parameter logistic fit [49].


  E A =  E 0  +    (   E  m a x   −  E 0   )    1 +   10    (  log  (  I  C  50    )  − x  )  × h     ,  



(1)




where EA is the enzyme activity at a given inhibitor concentration x, Emax and E0 are the enzyme activities determined at zero and complete inhibition, respectively, h is the slope of the curve, and IC50 indicates the inhibitor concentration at which half of the enzyme is inhibited.




3.4. Cell Culture


The human cancer cell lines HCT-116, MCF7, and HEK293, as well as murine B16 melanoma cancer cells, were grown in Dulbecco modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin antibiotics in a humidified incubator with 5% CO2 at 37 °C.




3.5. Cell Proliferation Assay


For cell viability and proliferation, the MTT assay was performed. Cells were seeded at a concentration of 2000 cells/100 µL medium in a 96-well plate; once adhered, they were treated with various concentrations of representative compounds, along with Erlotinib, which is a commercially used cancer therapeutic, HDAC inhibitors like SAHA, Ricolinostat, Tubastatin, and Trichostatin A, and then incubated for 72 h. This was followed by cell viability analysis using MTT according to the manufacturer’s instructions. Briefly, 10 μL of MTT solution was added to each well and incubated for 1–4 h at 37 °C. The formazan crystals formed were dissolved in 200 μL of solubilization solution (DMSO), and absorbance was recorded at 570 nm. Graphs were plotted according to the absorbance value, and the half-maximal inhibitory concentration (IC50) value was determined with the help of GraphPad Prism 8.0.2.




3.6. Western Blotting


On the basis of the results obtained from the cell proliferation assay, further experiments were conducted on MCF7 and HCT-116 cells treated with compound 5c. The cells were harvested, and 0.1 × 106 cells were seeded in a 12-well cell culture plate and allowed to adhere properly. The cells were then incubated with 0.1 μM and 1 μM concentrations of compound 5c for 24 h. Cells were pelleted in 1× PBS and lysed using ice-cold RIPA buffer. The protein concentration of the lysate was quantified using the Bradford assay and an equal concentration of sample proteins was run on 12% SDS-PAGE and transferred onto 0.45 μm PVDF membrane (Millipore (St. Louis, MO, USA), Immobilon IPVH00010). The membrane was blocked with 5% skimmed milk in 1× TBST and probed with primary antibodies of acetyl-H3 (CST (Danvers, MA, USA), 9677S), total H3 (CST, 9715S), acetyl-α tubulin (CST, 5335T), total α-tubulin (CST, 2125S), cleaved PARP (CST, 5625T), and β-actin (Sigma Aldrich (Burlington, MA, USA), A3854) overnight at 4 °C and HRP-conjugated secondary antibody (Jackson Immuno research Laboratories (West Grove, PA, USA), 111-035-003) for 4–5 h in 4 °C. After thorough washing, the protein signals were visualized using enhanced chemiluminescence (ECL) kit (Bio-Rad (Hercules, CA, USA), 1705061) and captured onto an X-ray sheet in a dark room [52].




3.7. Cell Apoptosis Analysis


The apoptosis assay was performed using an annexin V–FITC Apoptosis detection kit (Sigma-Aldrich, APOAF) according to the manufacturer’s instructions. Cells were harvested, and 0.1 × 106 cells were seeded in a six-well cell culture plate and allowed to adhere followed by treatment with DMSO as the control and compound 5c at 0.1 μM and 1 μM concentrations for 24 h. The cells were trypsinized, pelleted down, and resuspended in the 1× buffer provided. The cells were stained using annexin V–FITC/PI and analyzed immediately using flow cytometry. Further analysis and plotting of graphs were conducted using Flowjo 7.6 [53].




3.8. Cell-Cycle Analysis


Cell-cycle analysis was carried out using a cell-cycle analysis kit (Sigma-Aldrich, MAK344) according to the protocol given by the manufacturer. MCF7 cells were treated with DMSO or 0.1 μM and 1 μM concentrations of compound 5c and incubated for 48 h. Cells were then trypsinized and pelleted down. The pellets were washed with 1× cell-cycle buffer and fixed in ice-cold 70% ethanol for 1 h at 4 °C. The fixated cells were treated with ribonuclease A (RNase A) and stained with PI at room temperature for 30 min. Analysis was carried out using FlowJo 10.7.2. [55].




3.9. Clonogenic Assay


MCF7 and HCT-116 cells were seeded in a six-well culture plate at a density of 500 cells/well. After cells adhered completely, they were incubated in the culture medium with DMSO, 0.1 μM 5c, and 1 μM 5c. The medium, along with the treatment, was replenished every 3 days for 12–14 days. The colonies formed were fixed with a 3:1 ratio of methanol and glacial acetic acid for 10 min. The wells were then washed with 1× PBS, and cells were stained with 0.5% v/v crystal violet solution for 10 min [55]. Excess stain was washed off in running water, and images were taken after proper drying. Colonies were counted visually or using ImageJ software, NIH (Version 1.53K). The stain taken up by the colonies was dissolved in 0.1% SDS, and absorbance was read at 540 nm. Graphs were plotted using GraphPad Prism 8.0.2.




3.10. Statistical Analysis


The data were expressed as the mean ± SE. Statistical tests were performed using GraphPad Prism Software version 8.0.2. Comparisons of the observed data were analyzed by one-way ANOVA. The statistical significance was set at * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.




3.11. Molecular Docking


Modeling, preparation, and visualization of structural data, as well as molecular docking, were performed using MOE 2020.0901 software (Chemical Computing Group ULC, Montreal, QC, Canada). Three crystal structures, PDB IDs 4CBY (HDAC4), 5EDU (HDAC6), and 1T69 (HDAC8), were obtained from the RCSB Protein Data Bank and subjected to the Quickprep procedure of MOE 2019, including 3D protonation for subsequent docking. The partial charges of all protein and ligand atoms were calculated using the implemented Amber14 force field. The docking site was defined by the ligand within the binding pocket of the respective crystal structure. Molecular docking was performed choosing the triangle matcher for placement of the ligand in the binding site and ranked with the London dG scoring function. The best 50 poses were passed onto refinement and energy minimization in the pocket using the induced fit method, and the 10 best poses were rescored using the GBVI/WSA dG scoring function.




3.12. Analytical Data for the Final Compounds (5a–5s)


4-(((3-(4-chlorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5a):



Off-white solid; yield 66%, m.p. 155–160 °C. 1H-NMR (400 MHz, DMSO-d6) δ 11–8.50 (bs, 1H), δ 8.08 (d, J = 7.7 Hz, 1H), 7.85 (dd, J = 8.9, Hz, 1H), 7.75–7.68 (s, 1H), 7.66–7.59 (m, 4H), 7.56–7.45 (m, 4H), 7.40 (dd, J = 9.5, 7.7 Hz, 1H), 4.41 (s, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 167.75, 164.79, 161.19, 156.77, 147.83, 139.94, 135.88, 134.64, 131.90, 129.95, 128.96, 127.39, 126.37, 120.01, 35.85. ESI-MS: (m/z) calculated for C22H16ClN3O3S: 437.06; found: 438 (M + H)+; analysis calculated (%): C, 60.34; H, 3.68; Cl, 8.10; N, 9.60; O, 10.96; S, 7.32; found: C, 60.30; H, 3.72; Cl, 8.20; N, 9.50; O, 10.95; S, 7.33.



N-hydroxy-4-(((4-oxo-3-phenyl-3,4-dihydroquinazolin-2-yl)thio)methyl)benzamide (5b):



Off-white solid; yield 52%, m.p. 160–166 °C. 1H-NMR (400 MHz, DMSO-d6) δ 8.08 (dd, J = 7.9, 1.2 Hz, 1H), 7.90–7.86 (m, 3H), 7.84 (d, J = 1.5 Hz, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.63–7.57 (m, 1H), 7.57–7.52 (m, 3H), 7.52–7.41 (m, 3H), 4.47 (s, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 166.41, 159.11, 156.80, 147.83, 145.81, 136.30, 135.50, 130.41, 130.17, 130.01, 129.85, 129.56, 128.89, 126.96, 126.59, 120.37, 119.04, 35.94. ESI-MS: (m/z) calculated for C22H17N3O3S: 403.10; found: 404 (M + H)+; analysis calculated (%): C, 65.49; H, 4.25; N, 10.42; O, 11.90; S, 7.95; found: C, 65.45; H, 4.29; N, 9.42; O, 12.90; S, 7.95.



N-hydroxy-4-(((4-oxo-3-(p-tolyl)-3,4-dihydroquinazolin-2-yl)thio)methyl)benzamide (5c):



White solid; yield 65%, m.p. 138–142 °C. 1H-NMR (400 MHz, DMSO-d6) δ 11.81–9.11 (bs, 1H). δ 8.08 (dd, J = 7.9, 1.1 Hz, 1H), 7.89–7.80 (m, 2H), 7.66 (dt, J = 7.4, 11.8 Hz, 2H), 7.54–7.42 (m, 3H), 7.39–7.21 (m, 4H), 4.61 (s, 2H) 2.38 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 164.46, 162.82, 161.24, 157.60, 147.65, 140.86, 140.08, 135.41, 133.60, 132.22, 130.46, 129.96, 129.56, 127.38, 127.06, 126.51, 120.05, 35.57, 21.46. ESI-MS: (m/z) calculated for C23H19N3O3S: 417.11; found: 418 (M + H)+; analysis calculated (%): C, 66.17; H, 4.59; N, 10.07; O, 11.50; S, 7.68; found: C, 65.10; H, 5.54; N, 10.15; O, 11.41; S, 6.70.



4-(((3-(4-ethylphenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5d):



Off-white solid; yield 64%, m.p. 150–157 °C. 1—NMR (400 MHz, DMSO-d6) δ 11.35 (bs, 1H), δ 8.07 (d, J = 7.9 Hz, 1H), 7.93 (dd, J = 8.1, 1.3 Hz, 1H), 7.86 (t, J = 7.7 Hz, 1H), 7.69 (ddd, J = 10, 10.3, 6.3 Hz, 1H), 7.49 (m, 2H), 7.37 (m, 3H), 7.34–7.29 (m, 3H), 3.35 (s, 2H), 2.75 (q, 2H), 1.32 (t, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 170.83, 150.20, 150.06, 147.04, 144.28, 135.36, 132.91, 129.97, 129.28, 128.29, 127.75, 115.66, 114.57, 31.28, 28.32, 13.48. ESI-MS: (m/z) calculated for C24H21N3O3S: 431.13; found: 432 (M + H)+; analysis calculated (%): C, 66.80; H, 4.91; N, 9.74; O, 11.12; S, 7.43; found: C, 66.85; H, 4.86; N, 9.72; O, 11.10; S, 7.47.



4-(((3-(4-bromophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5e):



Pale-yellow solid; yield 58%, m.p. 170–175 °C. 1H-NMR (400 MHz, DMSO-d6) δ 11.69–10.15 (bs, 1H), 8.95 (s, 1H).8.95 (d, J = 8.5 Hz, 1H), 8.08 (d, J = 7.7 Hz, 1H), 7.87 (t, J = 7.4 Hz, 1H), 7.75 (t, J = 9.2 Hz, 2H), 7.69 (dd, J = 9.51, 8.1 Hz, 2H), 7.59–7.35 (m, 4H), 4.45 (s, 2H), 13C-NMR (101 MHz, DMSO-d6) δ 164.78, 161.04, 156.58, 147.52, 140.67, 135.55, 133.05, 132.17, 131.88, 129.82, 127.40, 127.06, 126.58, 123.80, 119.75, 35.85. ESI-MS: (m/z) calculated for C22H16BrN3O3S: 481.01; found: 484 (M + H)+; analysis calculated (%): C, 54.78; H, 3.34; Br, 16.57; N, 8.71; O, 9.95; S, 6.65; found: C, 54.77; H, 3.35; Br, 16.55; N, 8.72; O, 9.93; S, 6.67.



4-(((3-(3,4-dimethylphenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5f):



White solid; yield 63%, m.p. 138–144 °C. 1H-NMR (400 MHz, DMSO-d6) δ 8.80 (bs, 1H), 8.12–8.02 (m, 1H), 7.90–7.80 (m, 1H), 7.76–7.55 (m, 1H), 7.55–7.40 (m, 2H), 7.37–7.21 (m, 3H), 7.14 (dd, J = 9.5, 11.3 Hz, 2H), 4.56 (s, 2H), 2.27 (s, 3H) 2.29 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 164.46, 161.47, 157.41, 147.61, 143.03, 139.13, 138.24, 135.47, 133.74, 130.80, 130.22, 129.65, 127.13, 127.04, 126.94, 126.54, 126.47, 120.02, 36.04, 19.74. ESI-MS: (m/z) calculated for C24H21N3O3S: 431.13; found: 432 (M + H)+; analysis calculated (%): C, 66.80; H, 4.91; N, 9.74; O, 11.12; S, 7.43; found: C, 66.80; H, 4.97; N, 9.70; O, 11.16; S, 6.40.



N-hydroxy-4-(((4-oxo-3-(m-tolyl)-3,4-dihydroquinazolin-2-yl)thio)methyl)benzamide (5g):



Off-white solid; yield 65%, m.p. 137–144 °C. 1H-NMR (400 MHz, DMSO-d6) δ 11.31–8.46 (bs, 1H), 8.08 (dd, J = 7.9, 1.1 Hz, 1H), 7.94 (d, J = 12.2 Hz, 1H), 7.90–7.82 (m, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.66 (d, J = 8.2 Hz, 1H), 7.56–7.46 (m, 3H), 7.43 (t, J = 7.7 Hz, 2H), 7.38–7.30 (m, 1H), 7.28–7.16 (m, 2H), 4.55 (s, 2H), 2.36 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 164.70, 160.83, 157.49, 147.62, 141.01, 140.79, 139.58, 139.49, 136.13, 135.44, 132.51, 132.17, 131.02, 130.05, 129.81, 127.40, 127.04, 126.82, 126.19, 119.92, 36.01, 20.38. ESI-MS: (m/z) calculated for C23H19N3O3S: 417.11; found: 418 (M + H)+; analysis calculated (%): C, 66.17; H, 4.59; N, 10.07; O, 11.50; S, 7.68; found: C, 66.10; H, 4.66; N, 10.02; O, 11.55; S, 7.62.



4-(((3-(3-chlorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5h):



Off-white solid; yield 70%, m.p. 136–140 °C. 1H-NMR (400 MHz, DMSO-d6) δ 9.94 (bs, 1H), 8.08 (d, J = 6.7 Hz, 1H), 7.88 (dd, J = 9.6, 18.9 Hz, 1H), 7.64 (m, 4H), 7.50 (m, 4H), 7.28 (d, J = 10.5 Hz, 2H), 4.46 (s, 2H). 13C-NMR (100 MHz, DMSO-d6) δ 169.19, 162.21, 159.68, 146.65, 140.53, 140.49, 134.45, 133.86, 133.38, 129.85, 129.56, 129.56, 128.56, 128.05, 127.53, 127.53, 126.74, 126.63, 125.97, 124.61, 117.74, 37.07. ESI-MS: (m/z) calculated for C22H16ClN3O3S: 437.06; found: 438 (M + H)+; analysis calculated (%): C, 60.34; H, 3.68; Cl, 8.10; N, 9.60; O, 10.96; S, 7.32; found: C, 60.32; H, 3.72; Cl, 8.15; N, 9.55; O, 10.90; S, 7.34.



4-(((3-(2-fluorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5i):



White solid; yield 54%, m.p. 130–136 °C. 1H-NMR (400 MHz, DMSO-d6) δ 8.90–8.70 (m, 1H), 8.10 (d, J = 7.6 Hz, 1H), 7.98–7.83 (m, 1H), 7.79–7.69 (m, 1H), 7.69–7.57 (m, 2H), 7.45 (m, 3H), 7.34–7.23 (m, 4H), 7.18–6.99 (m, 1H), 6.46 (d, J = 8.3 Hz, 1H), 4.59 (s, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 163.79, 162.84, 160.49, 156.74, 147.23, 135.94, 135.81, 133.02, 132.08, 131.86, 130.58, 129.53, 127.11, 126.95, 126.71, 125.97, 119.47, 117.18, 116.99, 114.24, 35.84. ESI-MS: (m/z) calculated for C22H16FN3O3S: 421.09; found: 422 (M + H)+; analysis calculated (%): C, 62.70; H, 3.83; F, 4.51; N, 9.97; O, 11.39; S, 7.61; found: C, 62.75; H, 3.85; F, 4.50; N, 9.98; O, 11.35; S, 7.66.



4-(((7-chloro-4-oxo-3-phenyl-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5j):



Pale-yellow solid; yield 62%, m.p. 229–236 °C. 1H-NMR (400 MHz, DMSO-d6) δ 9.44 (bs, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.77 (dd, J = 9.6, 5.5 Hz, 1H), 7.71–7.59 (m, 2H), 7.52 (dd, J = 10.4, 3.4 Hz, 4H), 7.40 (m, 4H), 4.60 (s, 2H). 13C-NMR (100 MHz, DMSO-d6) δ 169.10, 162.25, 159.25, 145.62, 140.49, 140.20, 137.21, 133.86, 133.34, 132.34, 129.89, 128.89, 125.56, 129.56, 127.37, 128.31, 127.53, 127.53, 123.82, 121.14, 118.10, 36.08. ESI-MS: (m/z) calculated for C22H16ClN3O3S: 437.06; found: 438 (M + H)+; analysis calculated (%): C, 60.34; H, 3.68; Cl, 8.10; N, 9.60; O, 10.96; S, 7.32; found: C, 60.32; H, 3.72; Cl, 8.11; N, 9.60; O, 10.90; S, 7.38.



4-(((7-chloro-4-oxo-3-(o-tolyl)-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5k):



White solid; yield 63%, m.p. 180–180 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.84–7.70 (m, 2H), 7.48 (d, J = 6.2 Hz, 2H), 7.38–7.29 (m, 2H), 7.25 (d, J = 10.4 Hz, 2H), 7.09 (s, 1H), 6.96 (d, J = 9.1 Hz, 2H), 6.88 (s, 1H), 4.29–4.25 (m, 2H), 2.33–2.29 (s, 3H). 13C-NMR (100 MHz, DMSO-d6) δ 169.19, 162.10, 161.12, 145.62, 140.49, 140.20, 136.73, 135.84, 133.86, 131.15, 130.44, 129.90, 129.56, 129.56, 128.31, 127.67, 127.53, 123.82, 119.10, 37.07, 17.23. ESI-MS: (m/z) calculated for C23H18ClN3O3S: 451.08; found: 452 (M + H)+; analysis calculated (%): C, 61.13; H, 4.01; Cl, 7.84; N, 9.30; O, 10.62; S, 7.09; found: C, 61.15; H, 4.02; Cl, 7.80; N, 9.10; O, 9.62; S, 8.09.



4-(((7-chloro-4-oxo-3-(p-tolyl)-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5l):



White solid; yield 59%, m.p. 170–175 °C. 1H-NMR (400 MHz, DMSO-d6) δ 8.07 (d, J = 9.2 Hz, 1H), 7.88 (d, J = 8.2 Hz, 2H), 7.78 (d, J = 1.8 Hz, 1H), 7.60 (d, J = 8.2 Hz, 2H), 7.50 (dd, J = 8.5, 1.9 Hz, 1H), 7.41–7.27 (m, 4H), 4.46 (s, 2H), 2.39 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 162.79, 152.28, 145.20, 139.36, 137.50, 134.28, 129.79, 129.65, 129.15, 121.50, 116.88, 114.01, 36.55, 20.71. ESI-MS: (m/z) calculated for C23H18ClN3O3S: 451.08; found: 452 (M + H)+; analysis calculated (%): C, 61.13; H, 4.01; Cl, 7.84; N, 9.30; O, 10.62; S, 7.09; found: C, 61.15; H, 4.02; Cl, 7.82; N, 9.35; O, 10.60; S, 8.05.



4-(((7-chloro-3-(2-fluorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5m):



White solid; yield 60%, m.p. 151–156 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.96 (s, 1H), 7.86–7.72 (m, 2H), 7.54 (s, 1H), 7.43–7.20 (m, 3H), 7.20–7.06 (m, 3H), 6.91 (s, 1H), 4.33–4.29 (m, 2H). 13C-NMR (101 MHz, DMSO-d6) δ 169.19, 165.24, 162.10, 161.12, 145.62, 140.49, 140.20, 133.86, 130.98, 129.56, 128.33, 128.31, 127.56, 127.53, 127.53, 126.12, 123.82, 120.08, 119.10, 37.07. ESI-MS: (m/z) calculated for C23H18ClN3O3S: 455.05; found: 456 (M + H)+; analysis calculated (%): C, 61.13; H, 4.01; Cl, 7.84; N, 9.30; O, 10.62; S, 7.09; found: C, 60.12; H, 2.01; Cl, 9.84; N, 9.32; O, 11.62; S, 6.09.



4-(((7-chloro-3-(4-chlorophenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5n):



Off-white solid; yield 64%, m.p. 230–235 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.98 (s, 1H), 7.78–7.72 (m, 2H), 7.60 (s, 1H), 7.37 (s, 1H), 7.35–7.30 (m, 2H), 7.29–7.19 (m, 4H), 7.00 (s, 1H), 4.40 (s, 2H), 13C-NMR (100 MHz, DMSO-d6) δ 168.19, 163.21, 158.16, 142.62, 140.49, 140.20, 137.44, 133.86, 130.68, 130.76, 130.76, 130.01, 130.01, 129.56, 129.56, 128.31, 127.53, 127.53, 123.82, 120.14, 118.10, 36.07. ESI-MS: (m/z) calculated for C22H15Cl2N3O3S: 471.34; found: 472 (M + H)+; analysis calculated (%): C, 55.94; H, 3.20; Cl, 15.01; N, 8.90; O, 10.16; S, 6.79; found: C, 55.90; H, 3.24; Cl, 15.02; N, 8.93; O, 10.12; S, 5.79.



4-(((7-chloro-3-(3,4-dimethylphenyl)-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5o):



White solid; yield 60%, m.p. 223–230 °C. 1H-NMR (400 MHz, DMSO-d6) δ 8.65 (bs, 1H), 8.12–8.00 (m, 1H), 7.91–7.79 (m, 2H), 7.78–7.56 (m, 2H), 7.55–7.38 (m, 2H), 7.37–7.03 (m, 3H), 4.64 (s, 2H), 2.27 (s, 3H) 2.28 (s, 3H). 13C-NMR (100 MHz, DMSO-d6) δ 167.19, 163.21, 158.16, 140.62, 140.49, 140.20, 139.20, 137.11, 136.85, 133.86, 132.32, 129.58, 129.56, 129.56, 128.31, 127.67, 127.53, 127.53, 124.82, 120.14, 118.10, 37.07, 22.37, 19.45. ESI-MS: (m/z) calculated for C24H20ClN3O3S: 465.09; found: 466 (M + H)+; analysis calculated (%): C, 61.87; H, 4.33; Cl, 7.61; N, 9.02; O, 10.30; S, 6.88; found: C, 60.87; H, 4.32; Cl, 7.59; N, 9.02; O, 10.12; S, 6.25.



N-hydroxy-4-(((5-methyl-4-oxo-3-phenyl-3,4-dihydroquinazolin-2-yl)thio)methyl)benzamide (5p):



Off-white solid; yield 63%, m.p. 182–187 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.84–7.69 (m, 2H), 7.33 (dd, J = 16.3, 9.3 Hz, 8H), 7.16 (d, J = 1.3 Hz, 2H), 6.82 (s, 1H), 4.33–4.29 (m, 2H), 2.56–2.52 (m, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 162.81, 161.42, 156.09, 146.19, 139.23, 136.26, 135.72, 134.62, 129.85, 128.83, 127.09, 126.15, 124.71, 119.82, 36.26, 17.83. ESI-MS: (m/z) calculated for C23H19N3O3S: 417.11; found: 418 (M + H)+; analysis calculated (%): C, 66.17; H, 4.59; N, 10.07; O, 11.50; S, 7.68; found: C, 66.15; H, 4.55; N, 10.02; O, 11.55; S, 7.62.



4-(((3-(2-fluorophenyl)-5-methyl-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5q):



White solid; yield 65%, m.p. 185–190 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.85–7.71 (m, 2H), 7.45–7.26 (m, 2H), 7.17 (d, J = 10.0 Hz, 2H), 7.10 (d, J = 9 Hz, 2H), 6.89 (s, 1H), 4.38–4.34 (m, 2H), 2.58–2.54 (m, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 162.85, 160.94, 151.29, 145.99, 136.36, 134.87, 131.84, 130.72, 129.27, 127.38, 125.64, 125.14, 121.84, 119.39, 114.52, 36.09, 17.96. ESI-MS: (m/z) calculated for C23H18FN3O3S: 435.11; found: 436 (M + H)+; analysis calculated (%): C, 63.40; H, 4.12; F, 4.35; N, 9.64; O, 11.03; S, 7.35.



N-hydroxy-4-(((5-methyl-4-oxo-3-(o-tolyl)-3,4-dihydroquinazolin-2-yl)thio)methyl)benzamide (5r):



Off-white solid; yield 64%, m.p. 163–170 °C. 1H-NMR (400 MHz, DMSO-d6) δ 9.29–8.43 (bs, 1H), 7.92 (dd, J = 10.5, 7.7 Hz, 1H), 7.79–7.59 (m, 2H), 7.55–7.42 (m, 4H), 7.42–7.26 (m, 4H), 4.50 (s, 2H), 2.57 (s, 3H), 2.02 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 164.30, 161.05, 156.00, 146.18, 140.48, 136.60, 135.93, 135.48, 134.74, 132.81, 131.53, 130.73, 129.89, 129.17, 127.83, 127.33, 124.77, 119.66, 35.87, 17.86, 17.39. ESI-MS: (m/z) calculated for C24H21N3O3S: 431.13 11; found: 432 (M + H)+; analysis calculated (%): C, 66.80; H, 4.91; N, 9.74; O, 11.12; S, 7.43; found: C, 66.82; H, 4.90; N, 9.75; O, 11.10; S, 5.43.



4-(((3-(4-chlorophenyl)-5-methyl-4-oxo-3,4-dihydroquinazolin-2-yl)thio)methyl)-N-hydroxybenzamide (5s):



Off-white solid; yield 62%, m.p. 156–160 °C. 1H-NMR (400 MHz, DMSO-d6) δ 7.95–7.85 (m, 1H), 7.73–7.67 (m, 2H), 7.67–7.62 (m, 2H), 7.61–7.57 (m, 2H), 7.55–7.51 (m, 2H), 7.40–7.33 (m, 2H), 4.86 (s, 2H), 2.87–2.22 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 164.40, 161.78, 155.83, 145.81, 139.25, 135.84, 135.24, 135.11, 134.65, 133.59, 131.88, 131.49, 130.08, 129.12, 127.12, 126.13, 124.71, 119.86, 36.28, 17.63. ESI-MS: (m/z) calculated for C23H18ClN3O3S: 451.08; found: 452 (M + H)+; analysis calculated (%): C, 61.10; H, 4.05; Cl, 7.82; N, 9.33; O, 10.32; S, 7.05; found: C, 61.09; H, 4.06; Cl, 7.82; N, 9.32; O, 10.34; S, 7.03.





4. Conclusions


Using novel quinazolin-4-(3H)-ones as the capping groups and benzhydroxamic acid as the linker and metal-binding group, a series of novel quinazoline-4-(3H)-one derivatives were designed and synthesized as histone deacetylase 6 (HDAC6) inhibitors. The majority of the compounds showed sub micromolar activities with distinct preference for HDAC6. Intracellular target engagement of the final compounds was demonstrated by a dose-dependent increase in acetylated α-tubulin with a limited effect on acetyl-H3, indicating a preference for the HDAC6 isozyme. Some of these compounds also showed promising antiproliferative activity in HCT116, MCF7, and B16 tumor cell lines and the HEK293 cell line. Moreover, 5c—the most active compound with an IC50 of 13.65 μM in the MCF7 cell line—caused cell-cycle arrest in the G2 phase, promoted apoptosis, and showed a significant reduction in colony formation of tumor cells. In summary, we presented a novel class of selective HDAC6 inhibitors with promising antitumor properties. The compounds possess remarkable biochemical and intracellular selectivity for HDAC6 enabling the reduction in off-target effects in further optimization cycles. Consequently, the presented class of compounds may serve as a useful chemical starting point to develop drug candidates with an improved safety profile against tumor diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241311044/s1 [61].





Author Contributions


Conceptualization, T.J., F.-J.M.-A. and K.V.G.C.S.; data curation, Y.M.K. and N.V.M.R.B.; formal analysis, A.F., M.S. and C.D.; methodology, Y.M.K.; software, M.S.; validation, A.F., M.S. and C.D.; writing—original draft, Y.M.K.; writing—review and editing, S.M., T.J., F.-J.M.-A. and K.V.G.C.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Council for Scientific and Industrial Research (CSIR), New Delhi (F.No. 02(392)/21/EMR II), SERB-ECRA (File No: ECR/2017/001583), and by the LOEWE Priority Program TRABITA, Hesse, Germany (no grant number). The work was also supported by an OPERA grant from BITS-Pilani Hyderabad (no grant number).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article or supplementary material.




Acknowledgments


K.V.G.C.S. would like to thank the Council for Scientific and Industrial Research (CSIR), New Delhi (F.No. 02(392)/21/EMR II) and the Central Analytical Laboratory Facility at BITS Pilani Hyderabad Campus for their support. This work was supported by SERB-ECRA (File No: ECR/2017/001583) and an OPERA grant from BITS-Pilani to J.T. Y.M.K. and F.A. are supported by an institute PhD scholarship from BITS-Pilani Hyderabad. We acknowledge support by the Deutsche Forschungsgemeinschaft (DFG–German Research Foundation) and the Open Access Publishing Fund of Hochschule Darmstadt–University of Applied Sciences.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Faraji, A.; Bakhshaiesh, T.O.; Hasanvand, Z.; Motahari, R.; Nazeri, E.; Boshagh, M.A.; Foroumadi, A. Design, synthesis and evaluation of novel thienopyrimidine-based agents bearing diaryl urea functionality as potential inhibitors of angiogenesis. Eur. J. Med. Chem. 2021, 209, 112942. [Google Scholar] [CrossRef] [PubMed]

	



Barreca, M.; Spanò, V.; Rocca, R.; Bivacqua, R.; Abel, A.C.; Maruca, A.; Barraja, P. Development of [1,2] oxazoloisoindoles tubulin polymerization inhibitors: Further chemical modifications and potential therapeutic effects against lymphomas. Eur. J. Med. Chem. 2022, 243, 114744. [Google Scholar] [CrossRef] [PubMed]

	



Taghour, M.S.; Elkady, H.; Eldehna, W.M.; El-Deeb, N.; Kenawy, A.M.; Elkaeed, E.B.; Eissa, I.H. Design, synthesis, anti-proliferative evaluation, docking, and MD simulations studies of new thiazolidine-2, 4-diones targeting VEGFR-2 and apoptosis pathway. PLoS ONE 2022, 17, e0272362. [Google Scholar] [CrossRef]

	



Kotb, A.R.; Bakhotmah, D.A.; Abdallah, A.E.; Elkady, H.; Taghour, M.S.; Eissa, I.H.; El-Zahabi, M.A. Design, synthesis, and biological evaluation of novel bioactive thalidomide analogs as anticancer immunomodulatory agents. RSC Adv. 2022, 12, 33525–33539. [Google Scholar] [CrossRef]

	



Barreca, M.; Spanò, V.; Raimondi, M.V.; Tarantelli, C.; Spriano, F.; Bertoni, F.; Montalbano, A. Recurrence of the oxazole motif in tubulin colchicine site inhibitors with anti-tumor activity. Eur. J. Med. Chem. Rep. 2021, 1, 100004. [Google Scholar] [CrossRef]

	



Barneda-Zahonero, B.; Parra, M. Histone deacetylases and cancer. Mol. Oncol. 2012, 6, 579–589. [Google Scholar] [CrossRef]

	



Sun, S.; Zhao, W.; Li, Y.; Chi, Z.; Fang, X.; Wang, Q.; Luan, Y. Design, synthesis and antitumor activity evaluation of novel HDAC inhibitors with tetrahydrobenzothiazole as the skeleton. Bioorg. Chem. 2021, 108, 104652. [Google Scholar] [CrossRef]

	



Daśko, M.; de Pascual-Teresa, B.; Ortín, I.; Ramos, A. HDAC inhibitors: Innovative strategies for their design and applications. Molecules 2022, 27, 715. [Google Scholar] [CrossRef]

	



Cui, H.; Hong, Q.; Wei, R.; Li, H.; Wan, C.; Chen, X.; Zhu, Y. Design and synthesis of HDAC inhibitors to enhance the therapeutic effect of diffuse large B-cell lymphoma by improving metabolic stability and pharmacokinetic characteristics. Eur. J. Med. Chem. 2022, 229, 114049. [Google Scholar] [CrossRef]

	



Zhang, L.; Han, Y.; Jiang, Q.; Wang, C.; Chen, X.; Li, X.; Xu, W. Trend of histone deacetylase inhibitors in cancer therapy: Isoform selectivity or multitargeted strategy. Med. Res. Rev. 2015, 35, 63–84. [Google Scholar] [CrossRef]

	



Peng, X.; Li, L.; Chen, J.; Ren, Y.; Liu, J.; Yu, Z.; Chen, J. Discovery of novel histone deacetylase 6 (HDAC6) inhibitors with enhanced antitumor immunity of anti-PD-L1 immunotherapy in melanoma. J. Med. Chem. 2022, 65, 2434–2457. [Google Scholar] [CrossRef] [PubMed]

	



Osko, J.D.; Christianson, D.W. Structural basis of catalysis and inhibition of HDAC6 CD1, the enigmatic catalytic domain of histone deacetylase 6. Biochemistry 2019, 58, 4912–4924. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, E.; Yokoi, A.; Yoshida, K.; Sugiyama, M.; Kitagawa, M.; Nishino, K.; Kajiyama, H. Drug library screening identifies histone deacetylase inhibition as a novel therapeutic strategy for choriocarcinoma. Cancer Med. 2023, 12, 4543–4556. [Google Scholar] [CrossRef] [PubMed]

	



Wickström, S.A.; Masoumi, K.C.; Khochbin, S.; Fässler, R.; Massoumi, R. CYLD negatively regulates cell-cycle progression by inactivating HDAC6 and increasing the levels of acetylated tubulin. EMBO J. 2010, 29, 131–144. [Google Scholar] [CrossRef]

	



Lafarga, V.; Aymerich, I.; Tapia, O.; Mayor, F., Jr.; Penela, P. A novel GRK2/HDAC6 interaction modulates cell spreading and motility. EMBO J. 2011, 31, 856–869. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.S.; Lim, K.H.; Guo, X.; Kawaguchi, Y.; Gao, Y.; Barrientos, T.; Yao, T.P. The cytoplasmic deacetylase HDAC6 is required for efficient oncogenic tumorigenesis. Cancer Res. 2008, 68, 7561–7569. [Google Scholar] [CrossRef] [PubMed]

	



Rébé, C.; Ghiringhelli, F. STAT3, a master regulator of anti-tumor immune response. Cancers 2019, 11, 1280. [Google Scholar] [CrossRef]

	



Cheng, F.; Lienlaf, M.; Wang, H.W.; Perez-Villarroel, P.; Lee, C.; Woan, K.; Sotomayor, E.M. A novel role for histone deacetylase 6 in the regulation of the tolerogenic STAT3/IL-10 pathway in APCs. J. Immunol. 2014, 193, 2850–2862. [Google Scholar] [CrossRef]

	



Moinul, M.; Amin, S.A.; Khatun, S.; Das, S.; Jha, T.; Gayen, S. A detail survey and analysis of selectivity criteria for indole-based histone deacetylase 8 (HDAC8) inhibitors. J. Mol. Struct. 2022, 1271, 133967. [Google Scholar] [CrossRef]

	



Amin, S.A.; Adhikari, N.; Jha, T. Structure–activity relationships of hydroxamate-based histone deacetylase-8 inhibitors: Reality behind anticancer drug discovery. Future Med. Chem. 2017, 9, 2211–2237. [Google Scholar] [CrossRef]

	



Cheng, C.; Yun, F.; He, J.; Ullah, S.; Yuan, Q. Design, synthesis and biological evaluation of novel thioquinazolinone-based 2-aminobenzamide derivatives as potent histone deacetylase (HDAC) inhibitors. Eur. J. Med. Chem. 2019, 173, 185–202. [Google Scholar] [CrossRef] [PubMed]

	



Kong, S.J.; Nam, G.; Boggu, P.R.; Park, G.M.; Kang, J.E.; Park, H.J.; Jung, Y.H. Synthesis and biological evaluation of novel N-benzyltriazolyl-hydroxamate derivatives as selective histone deacetylase 6 inhibitors. Bioorg. Med. Chem. 2023, 79, 117154. [Google Scholar] [CrossRef] [PubMed]

	



Awad, M.M.; Le Bruchec, Y.; Lu, B.; Ye, J.; Miller, J.; Lizotte, P.H.; Spira, A. Selective histone deacetylase inhibitor ACY-241 (citarinostat) plus nivolumab in advanced Non-Small cell lung cancer: Results from a phase ib study. Front Oncol. 2021, 11, 3156. [Google Scholar] [CrossRef] [PubMed]

	



Cho, H.Y.; Lee, S.W.; Jeon, Y.H.; Lee, D.H.; Kim, G.W.; Yoo, J.; Kwon, S.H. Combination of ACY-241 and JQ1 Synergistically Suppresses Metastasis of HNSCC via Regulation of MMP-2 and MMP-9. Int. J. Mol. Sci. 2020, 21, 6873. [Google Scholar] [CrossRef] [PubMed]

	



Tsimberidou, A.M.; Beer, P.A.; Cartwright, C.A.; Haymaker, C.; Vo, H.H.; Kiany, S.; Wistuba, I.I. Preclinical development and first-in-human study of KA2507, a selective and potent inhibitor of histone deacetylase 6, for patients with refractory solid tumors. Clin. Cancer Res. 2021, 27, 3584–3594. [Google Scholar] [CrossRef]

	



Zeleke, T.Z.; Pan, Q.; Chiuzan, C.; Onishi, M.; Li, Y.; Tan, H.; Silva, J. Network-based assessment of HDAC6 activity predicts preclinical and clinical responses to the HDAC6 inhibitor ricolinostat in breast cancer. Nat. Cancer 2022, 4, 257–275. [Google Scholar] [CrossRef]

	



Vogl, D.T.; Raje, N.; Jagannath, S.; Richardson, P.; Hari, P.; Orlowski, R.; Lonial, S. Ricolinostat, the First Selective Histone Deacetylase 6 Inhibitor, in Combination with Bortezomib and Dexamethasone for Relapsed or Refractory Multiple MyelomaRicolinostat, Bortezomib, and Dexamethasone for Myeloma. Clin. Cancer Res. 2017, 23, 3307–3315. [Google Scholar]

	



Somoza, J.R.; Skene, R.J.; Katz, B.A.; Mol, C.; Ho, J.D.; Jennings, A.J.; Tari, L.W. Structural snapshots of human HDAC8 provide insights into the class I histone deacetylases. Structure 2004, 12, 1325–1334. [Google Scholar] [CrossRef]

	



Trivedi, P.; Adhikari, N.; Amin, S.A.; Jha, T.; Ghosh, B. Design, synthesis and biological screening of 2-aminobenzamides as selective HDAC3 inhibitors with promising anticancer effects. Eur. J. Pharm. Sci. 2018, 124, 165–181. [Google Scholar] [CrossRef]

	



Cheshmazar, N.; Hamzeh-Mivehroud, M.; Charoudeh, H.N.; Hemmati, S.; Melesina, J.; Dastmalchi, S. Current trends in development of HDAC-based chemotherapeutics. Life Sci. 2022, 308, 120946. [Google Scholar] [CrossRef]

	



Zhu, F.; Meng, X.; Liang, H.; Sheng, C.; Dong, G.; Liu, D.; Wu, S. Design, Synthesis, and Structure-Activity relationships of Evodiamine-Based topoisomerase (Top)/Histone deacetylase (HDAC) dual inhibitors. Bioorg. Chem. 2022, 122, 105702. [Google Scholar] [CrossRef]

	



Hieu, D.T.; Anh, D.T.; Hai, P.T.; Thuan, N.T.; Huong, L.T.T.; Park, E.J.; Nam, N.H. Quinazolin-4 (3H)-one-Based Hydroxamic Acids: Design, Synthesis and Evaluation of Histone Deacetylase Inhibitory Effects and Cytotoxicity. Chem. Biodivers. 2019, 16, e1800502. [Google Scholar] [CrossRef]

	



El-Shafey, H.W.; Gomaa, R.M.; El-Messery, S.M.; Goda, F.E. Quinazoline Based HSP90 Inhibitors: Synthesis, Modeling Study and ADME Calculations Towards Breast Cancer Targeting. Bioorg. Med. Chem. Lett. 2020, 30, 127281. [Google Scholar] [CrossRef] [PubMed]

	



Alagarsamy, V.; Chitra, K.; Saravanan, G.; Solomon, V.R.; Sulthana, M.T.; Narendhar, B. An overview of quinazolines: Pharmacological significance and recent developments. Eur. J. Med. Chem. 2018, 151, 628–685. [Google Scholar] [CrossRef] [PubMed]

	



Saeedi, M.; Mohammadi-Khanaposhtani, M.; Pourrabia, P.; Razzaghi, N.; Ghadimi, R.; Imanparast, S.; Akbarzadeh, T. Design and synthesis of novel quinazolinone-1, 2, 3-triazole hybrids as new anti-diabetic agents: In vitro α-glucosidase inhibition, kinetic, and docking study. Bioorg. Chem. 2019, 83, 161–169. [Google Scholar] [CrossRef]

	



Nangare, A.; Randive, D.; Barkade, G. Synthesis and Biological evaluation of Novel Quinazoline derivatives as Anticancer, Antibacterial and Antifungal agents. Bull. Env. Pharmacol. Life Sci. 2021, 10, 179–190. [Google Scholar]

	



Modh, P.G.; Jasani, M.H.; Patel, L.J. Synthesis, Analytical Characterization and Anti-Diabetic Activity of Some Heterocycles of Quinazolin-4 (3H) one. J. Pharm. Res. Int. 2021, 33, 68–79. [Google Scholar] [CrossRef]

	



El-Zahabi, M.A.; Bamanie, F.H.; Ghareeb, S.; Alshaeri, H.K.; Alasmari, M.M.; Moustafa, M.; Zayed, M.F. Design, Synthesis, Molecular Modeling and Anti-Hyperglycemic Evaluation of Quinazoline-Sulfonylurea Hybrids as Peroxisome Proliferator-Activated Receptor Gamma (PPARγ) and Sulfonylurea Receptor (SUR) Agonists. Int. J. Mol. Sci. 2022, 23, 9605. [Google Scholar] [CrossRef] [PubMed]

	



Hisham, M.; Hassan, H.A.; Gomaa, H.A.; Youssif, B.G.; Hayallah, A.M.; Abdel-Aziz, M. Structure-based design, synthesis and antiproliferative action of new quinazoline-4-one/chalcone hybrids as EGFR inhibitors. J. Mol. Struct. 2022, 1254, 132422. [Google Scholar] [CrossRef]

	



El-Adl, K.; El-Helby, A.G.A.; Ayyad, R.R.; Mahdy, H.A.; Khalifa, M.M.; Elnagar, H.A.; Eissa, I.H. Design, synthesis, and anti-proliferative evaluation of new quinazolin-4 (3H)-ones as potential VEGFR-2 inhibitors. Bioorg. Med. Chem. 2021, 29, 115872. [Google Scholar] [CrossRef]

	



Yang, H.; Li, Q.; Su, M.; Luo, F.; Liu, Y.; Wang, D.; Fan, Y. Design, synthesis, and biological evaluation of novel 6-(pyridin-3-yl) quinazolin-4 (3H)-one derivatives as potential anticancer agents via PI3K inhibition. Bioorg. Med. Chem. 2021, 46, 116346. [Google Scholar] [CrossRef] [PubMed]

	



Abdallah, A.E.; Eissa, S.I.; Al Ward, M.M.S.; Mabrouk, R.R.; Mehany, A.B.; El-Zahabi, M.A. Design, synthesis and molecular modeling of new quinazolin-4 (3H)-one based VEGFR-2 kinase inhibitors for potential anticancer evaluation. Bioorg. Chem. 2021, 109, 104695. [Google Scholar] [CrossRef] [PubMed]

	



Hieu, D.T.; Anh, D.T.; Tuan, N.M.; Hai, P.T.; Kim, J.; Kang, J.S.; Hoa, N.D. Design, synthesis and evaluation of novel N-hydroxybenzamides/N-hydroxypropenamides incorporating quinazolin-4 (3H)-ones as histone deacetylase inhibitors and antitumor agents. Bioorg. Chem. 2018, 76, 258–267. [Google Scholar] [CrossRef]

	



Yu, C.W.; Hung, P.Y.; Yang, H.T.; Ho, Y.H.; Lai, H.Y.; Cheng, Y.S.; Chern, J.W. Quinazolin-2, 4-dione-based hydroxamic acids as selective histone deacetylase-6 inhibitors for treatment of non-small cell lung cancer. J. Med. Chem. 2018, 62, 857–874. [Google Scholar] [CrossRef]

	



Anh, D.T.; Hai, P.T.; Huy, L.D.; Ngoc, H.B.; Ngoc, T.T.; Dung, D.T.; Nam, N.H. Novel 4-oxoquinazoline-based N-hydroxypropenamides as histone deacetylase inhibitors: Design, synthesis, and biological evaluation. ACS Omega 2021, 6, 4907–4920. [Google Scholar] [CrossRef] [PubMed]

	



Vögerl, K.; Ong, N.; Senger, J.; Herp, D.; Schmidtkunz, K.; Marek, M.; Bracher, F. Synthesis and biological investigation of phenothiazine-based benzhydroxamic acids as selective histone deacetylase 6 inhibitors. J. Med. Chem. 2019, 62, 1138–1166. [Google Scholar] [CrossRef] [PubMed]

	



Leonhardt, M.; Sellmer, A.; Krämer, O.H.; Dove, S.; Elz, S.; Kraus, B.; Mahboobi, S. Design and biological evaluation of tetrahydro-β-carboline derivatives as highly potent histone deacetylase 6 (HDAC6) inhibitors. Eur. J. Med. Chem. 2018, 152, 329–357. [Google Scholar] [CrossRef]

	



Sundaramurthi, H.; Giricz, Z.; Kennedy, B.N. Evaluation of the Therapeutic Potential of Histone Deacetylase 6 Inhibitors for Primary and Metastatic Uveal Melanoma. Int. J. Mol. Sci. 2022, 23, 9378. [Google Scholar] [CrossRef]

	



VØlund, A. Application of the four-parameter logistic model to bioassay: Comparison with slope ratio and parallel line models. Biometrics 1978, 357–365. [Google Scholar] [CrossRef]

	



Li, G.; Tian, Y.; Zhu, W.G. The roles of histone deacetylases and their inhibitors in cancer therapy. Front. Cell Dev. Biol. 2020, 8, 576946. [Google Scholar] [CrossRef]

	



Lee, J.H.; Bollschweiler, D.; Schäfer, T.; Huber, R. Structural basis for the regulation of nucleosome recognition and HDAC activity by histone deacetylase assemblies. Sci. Adv. 2021, 7, eabd4413. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Zhao, C.; Zhang, G.; Xu, Q.; Liu, Q.; Zhao, W.; Zhang, Y. Development of selective HDAC6 inhibitors with in vitro and in vivo anti-multiple myeloma activity. Bioorg. Chem. 2021, 116, 105278. [Google Scholar] [CrossRef]

	



Pan, X.; Hong, X.; Li, S.; Meng, P.; Xiao, F. METTL3 promotes adriamycin resistance in MCF-7 breast cancer cells by accelerating pri-microRNA-221-3p maturation in a m6A-dependent manner. Exp. Mol. Med. 2021, 53, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.; Lim, J.; Seo, Y.H. A novel class of anthraquinone-based HDAC6 inhibitors. Eur. J. Med. Chem. 2019, 164, 263–272. [Google Scholar] [CrossRef]

	



Hartmann, L.; Schröter, P.; Osen, W.; Baumann, D.; Offringa, R.; Moustafa, M.; Eichmüller, S.B. Photon versus carbon ion irradiation: Immunomodulatory effects exerted on murine tumor cell lines. Sci. Rep. 2020, 10, 21517. [Google Scholar] [CrossRef]

	



Natarajan, U.; Venkatesan, T.; Radhakrishnan, V.; Samuel, S.; Rathinavelu, A. Differential mechanisms of cell death induced by HDAC inhibitor SAHA and MDM2 inhibitor RG7388 in MCF-7 cells. Cells 2018, 8, 8. [Google Scholar] [CrossRef]

	



Chen, X.; Li, H.; Tian, L.; Li, Q.; Luo, J.; Zhang, Y. Analysis of the physicochemical properties of acaricides based on Lipinski’s rule of five. J. Comput. Biol. 2020, 27, 1397–1406. [Google Scholar] [CrossRef]

	



Azzam, K.A. SwissADME and pkCSM Webservers Predictors: An integrated Online Platform for Accurate and Comprehensive Predictions for In Silico ADME/T Properties of Artemisinin and its Derivatives. Kompleks. Ispolz. Miner. Syra 2023, 325, 14–21. [Google Scholar] [CrossRef]

	



Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [Google Scholar] [CrossRef]

	



Protein Data Bank: The single global archive for 3D macromolecular structure data. Nucleic Acids Res. 2019, 47, D520–D528. [CrossRef]

	



Bürli, R.W.; Luckhurst, C.A.; Aziz, O.; Matthews, K.L.; Yates, D.; Lyons, K.A.; Dominguez, C. Design, synthesis, and biological evaluation of potent and selective class IIa histone deacetylase (HDAC) inhibitors as a potential therapy for Huntington’s disease. J. Med. Chem. 2013, 56, 9934–9954. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 11044 g001 550] 





Figure 1. Structures of some selective HDAC6 inhibitors and those currently in clinical trials. 
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Figure 2. General pharmacophore model of HDAC inhibitors. 
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Figure 3. Structures of quinazoline-based anticancer compounds. 
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Figure 4. Structures of HDAC inhibitors comprising quinazoline as the cap group. 
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Figure 5. Structures of HDAC inhibitors comprising the benzhydroxamic acid moiety as the linker and zinc-binding group. 
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Figure 6. Scaffold design strategy for the current novel HDAC 6 inhibitors. 
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Scheme 1. Reagents and conditions: (a) Et3N, EtOH, reflux, 12 h; (b) methyl 4-(bromomethyl) benzoate, KI, K2CO3, butanone, 75 °C, 4 h; (c) NaOH, 1,4-dioxane, 80 °C, 4 h; (d) HBTU, DIPEA, NH2OH.HCl., DMF, rt, 10–16 h. 
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Figure 7. Western blot analysis of acetyl α-tubulin and acetyl-H3 in MCF7 and HCT-116 cells treated with 5c. Total cell lysate treated with compound 5c at indicated concentrations and quantified for acetyl α-tubulin (A) and acetyl-H3 (B) by Western blotting technique. 






Figure 7. Western blot analysis of acetyl α-tubulin and acetyl-H3 in MCF7 and HCT-116 cells treated with 5c. Total cell lysate treated with compound 5c at indicated concentrations and quantified for acetyl α-tubulin (A) and acetyl-H3 (B) by Western blotting technique.



[image: Ijms 24 11044 g007]







[image: Ijms 24 11044 g008 550] 





Figure 8. Apoptotic effect of compound 5c on MCF7 cells. Apoptosis assay using flow cytometry after annexin V–FITC/PI staining of 5c-treated cells at 0.1 μM and 1 μM concentrations for 24 h. Representative scattered plot of PI vs. annexin V, along with graph depicting the percentage of the population in apoptosis and necrosis state. Data are presented as the mean ± SE of triplicate experiments; * p < 0.05. 
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Figure 9. Apoptotic effect of compound 5c on MCF7 and HCT-116 cells. (A) Fluorescence images at 40× magnification of DAPI and AO staining of MCF7 cells (panel on the left) and HCT-116 cells (panels on the right) after treatment with 5c for 48 h, showing an increase in DNA damage in a dose-dependent manner. The columns show from left to right DAPI staining, AO staining (green channel), AO staining (red channel), and AO staining (merged). (B) Western blot analysis of cleaved PARP protein in 5c-treated MCF7 cells (left panel) and HCT-116 cells (right panel). 
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Figure 10. Cell-cycle analysis of MCF7 upon treatment with 5c. Typical cell-cycle profile and quantified histogram representing the population of cells in each phase upon 5c treatment for 48 h as compared to the control. Data are presented as the mean ± SE of triplicate experiments; * p < 0.05; ** p < 0.01. 
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Figure 11. A concentration-dependent impact was observed on the colony formation of MCF7 and HCT-116 cells upon 5c treatment. (A) Images representing the effect of compound 5c on MCF7 and HCT-116 cells to form colonies. (B) Quantified histogram representation of relative colony number and the absorbance of crystal violet stain taken up by the cells, presented as the mean ± SE of triplicate experiments; *** p < 0.001, **** p < 0.0001. 
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Figure 12. Binding pose of 5b docked into the crystal structure of HDAC6 (PDB ID: 5EDU). (A) The 3D structure showing metal binding (dark-gray dotted line), hydrogen bonds (green dotted lines), and pi–pi stacking (magenta dotted lines). The surface of the binding pocket is illustrated by a transparent ochre plane. (B) The 2D interactions between 5b and HDAC6 binding pocket. 
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Table 1. Synthesized compounds with physicochemical properties.






Table 1. Synthesized compounds with physicochemical properties.





	Entry
	R1
	R2
	Physical Status
	m.p (°C)
	% Yield





	5a
	H
	4-Cl
	off white
	164–166
	66



	5b
	H
	H
	off white
	158–160
	52



	5c
	H
	4-CH3
	white
	141–142
	65



	5d
	H
	4-CH2CH3
	off white
	155–157
	64



	5e
	H
	4-Br
	pale yellow
	173–175
	58



	5f
	H
	3.4-CH3
	white
	142–144
	63



	5g
	H
	3-CH3
	off white
	143–144
	65



	5h
	H
	3-Cl
	off white
	138–140
	70



	5i
	H
	2-F
	white
	134–136
	54



	5j
	7-Cl
	H
	pale yellow
	235–236
	62



	5k
	7-Cl
	2-CH3
	white
	178–180
	63



	5l
	7-Cl
	4-CH3
	white
	173–175
	59



	5m
	7-Cl
	2-F
	white
	155–156
	60



	5n
	7-Cl
	4-Cl
	off white
	234–235
	64



	5o
	7-Cl
	3.4-CH3
	white
	229–230
	60



	5p
	5-CH3
	H
	off white
	185–187
	63



	5q
	5-CH3
	2-F
	white
	189–190
	65



	5r
	5-CH3
	2-CH3
	white
	169–170
	64



	5s
	5-CH3
	4-Cl
	off white
	158–160
	62
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Table 2. IC50 values against class I HDAC8, class IIa HDAC4, and class IIb HDAC6.
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Compound

	
IC50 ± SD (nM) *




	
HDAC4

	
HDAC6

	
HDAC8






	
5a

	
4500 ± 1200

	
5600 ± 600

	
24,000 ± 1000




	
5b

	
2300 ± 1100

	
150 ± 10

	
1400 ± 300




	
5c

	
720 ± 210

	
580 ± 50

	
2300 ± 500




	
5d

	
640 ± 370

	
280 ± 60

	
2300 ± 800




	
5e

	
1100 ± 400

	
1100 ± 100

	
3000 ± 500




	
5f

	
1600 ± 900

	
490 ± 120

	
3000 ± 1000




	
5g

	
870 ± 310

	
260 ± 20

	
790 ± 160




	
5h

	
1400 ± 500

	
170 ± 30

	
1100 ± 300




	
5i

	
8400 ± 1200

	
360 ± 40

	
2900 ± 600




	
5j

	
4300 ± 1200

	
650 ± 70

	
4000 ± 1000




	
5k

	
>35,000

	
410 ± 150

	
1300 ± 100




	
5l

	
19,000 ± 1000

	
3900 ± 400

	
17,000 ± 1000




	
5m

	
560 ± 240

	
210 ± 50

	
3300 ± 900




	
5n

	
6700 ± 1100

	
320 ± 30

	
140 ± 20




	
5o

	
7100 ± 1100

	
390 ± 220

	
14,000 ± 1000




	
5p

	
400 ± 140

	
220 ± 50

	
2700 ± 600




	
5q

	
6100 ± 1200

	
320 ± 20

	
2700 ± 300




	
5r

	
1700 ± 700

	
540 ± 70

	
3900 ± 800




	
5s

	
910 ± 330

	
860 ± 60

	
5900 ± 800




	
SAHA

	
27,000

	
86

	
5300




	
Trichostatin A

	
3300

	
17

	
360




	
Tubastatin

	
4700 ± 1500

	
160 ± 30

	
2700 ± 1800








* IC50 values are shown as the mean ± SD. The assay was carried out in triplicate.
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Table 3. MTT assay showing the cytotoxic activity of final compounds on human cancer cell lines.
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Compound

	
IC50 ± SD (µM) *




	
HCT116

	
MCF7

	
B16

	
HEK 293






	
5a

	
46.24 ± 20

	
26.48 ± 3.50

	
48.82 ± 9.68

	
30.94 ± 226.74




	
5b

	
17.62 ± 1.77

	
24.31 ± 5.97

	
28.88 ± 2.32

	
26.41 ± 05




	
5c

	
12.38 ± 1.41

	
13.65 ± 0.83

	
15 ± 3.34

	
35.07 ± 18.72




	
5d

	
34.52 ± 10.45

	
21.69 ± 2.47

	
29.83 ± 8.72

	
>50




	
5e

	
46.4 ± 17.79

	
44.63 ± 1.07

	
26.057 ± 1.27

	
>50




	
5f

	
>50

	
>50

	
>50

	
>50




	
5g

	
30.67 ± 15.75

	
25.34 ± 3.21

	
23.01 ± 13.66

	
>50




	
5h

	
>50

	
>50

	
>50

	
>50




	
5i

	
40.39 ± 16.02

	
>50

	
>50

	
>50




	
5j

	
>50

	
>50

	
>50

	
>50




	
5k

	
>50

	
>50

	
>50

	
>50




	
5l

	
>50

	
>50

	
>50

	
>50




	
5m

	
>50

	
>50

	
>50

	
>50




	
5n

	
>50

	
>50

	
33.91 ± 5.12

	
>50




	
5o

	
>50

	
>50

	
>50

	
>50




	
5p

	
>50

	
>50

	
>50

	
>50




	
5q

	
>50

	
>50

	
>50

	
>50




	
5r

	
>50

	
>50

	
>50

	
>50




	
trip

	
>50

	
>50

	
>50

	
>50




	
SAHA

	
7.99 ± 1.68

	
44.41 ± 8.30

	
32.88 ± 18.04

	
11.92 ± 3.42




	
Trichostatin A

	
18.31 ± 5.63

	
42.48 ± 11.33

	
28.87 ± 13.01

	
15.29 ± 1.45




	
Tubastatin

	
1.34 ± 0.04

	
12.65 ± 4.68

	
1.99 ± 0.25

	
1.26 ± 0.29




	
Ricolinostat

	
40.46 ± 7.69

	
>50

	
89.23 ± 12.51

	
66.78 ± 10.57




	
Erlotinib

	
>50

	
>50

	
>50

	
>50








* IC50 values are shown as the mean ± SD. The assay was carried out in triplicate.
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