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Abstract

:

Potassium 6-oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate was synthesized through a multi-step pathway, starting from commercially available 3-iodo-1,2-phenylenediamine. Structure characterization of this new substituted macrocyclic quinoxaline compound was achieved using 1H NMR, 13C NMR, and HRMS spectral analysis. This new macrocyclic derivative demonstrated submicromolar potency on both Pim-1 and Pim-2 isoforms, with an interesting selectivity profile against a selected panel of human kinases.
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1. Introduction


Pim (Provirus Integration site for Moloney murine leukemia virus) kinases are a family of three constitutively active proto-oncogenic serine/threonine protein kinases (Pim-1, Pim-2 and Pim-3), regulating various cellular processes, including cell proliferation, survival and differentiation [1,2,3,4]. Pim kinases are implicated in oncogenesis, particularly in tumor progression and metastasis, and are considered as important drivers of chemotherapy resistance [5]. Thus, these kinases are overexpressed in a large variety of tumors, with differences in their expression pattern according to the cancer type. Thereby, while Pim-1 and Pim-2 are commonly up-regulated in hematopoietic cancers [6,7,8,9,10], Pim-3 is mostly over-expressed in some solid cancers (e.g., prostate cancers) [11]. Finally, mice deficient for all Pim kinases displayed mild phenotypic modifications, including reduced body size and impaired responses to hematopoietic growth factors [12,13], demonstrating the interest of targeting these kinases in oncology. Moreover, crystal structures of Pim-1 and Pim-2 revealed unique particularities in comparison to others kinases, which can be exploited to develop selective Pim inhibitors [14,15].



In this context, and in the course of our drug discovery program on the development of new targeted antileukemic treatments, we previously identified the new quinoxaline lead compound 1, acting as a submicromolar dual Pim1/2 inhibitor (IC50 of 130 nM and 170 nM, on Pim-1 and Pim-2, respectively) (Figure 1), but also displaying micromolar inhibition of DYRK1A and GSK3β off-target mammalian kinases [16]. In the light of these results, we decided to prepare optimized analogues of compound 1, with an improved selectivity profile. Thus, taking into account our experience on the structure-activity relationships (SAR) in our previously described quinoxaline derivatives series [16,17], we used the quinoxaline-2-carboxylic acid scaffold as a template for the design and the synthesis of a new macrocyclic compound. SAR and molecular modeling studies highlighted the crucial role of the carboxylic acid moiety in position two for the Pim kinase inhibitory activity, establishing a key salt bridge with the catalytic lysine residue of Pim1/2 kinases at physiological pH. Moreover, macrocycles have been emerging as a valuable class of pharmacological agents over the past decade. Indeed, macrocyclization allows restriction of the conformational freedom observed in small molecules, permitting them to optimize affinity and selectivity [18], and macrocyclic kinase inhibitors have reached advanced clinical trial, particularly in oncology [19,20]. In 2021, the Food and Drug Administration approved lorlatinib, the first macrocyclic kinase inhibitor in metastatic anaplastic lymphoma kinase (ALK)-positive non-small cell lung cancer. Here, we report the synthesis and structural identification of the potassium 6-oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate 8. This original macrocyclic quinoxaline 8 was further evaluated on human Pim-1 and Pim-2 kinases and on a selected panel of human protein kinases, to determine its selectivity profile.




2. Results and Discussion


2.1. Potassium 6-Oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate


The synthesis of the potassium 6-oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate 8 was performed as described in Scheme 1.



First, intermediate 3 was synthesized in two steps. The peptide coupling reaction between commercially available pent-4-ynoic acid and tert-butyl (3-aminophenyl)carbamate in N,N-dimethylformamide (DMF), using 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) and 2,6-lutidine [21], gave the carbamate intermediate 2, which was then deprotected, using trifluoroacetic acid (TFA) [22] to provide the attempted trifluoroacetic salt 3.



The preparation of 3-chloro-5-iodoquinoxaline key intermediate 5a was then achieved in two steps according to the literature procedures [16,17,23,24]. Briefly, commercial 3-iodo-1,2-phenylenediamine was condensed with diethyl 2-oxomalonate, in ethanol, using citric acid as catalyst [23] to give ester 4a, which was separated from its 8-iodo isomer 4b by silica column chromatography. Chlorination in position 3 of esters 4a and 4b was realized, using DMF as a catalyst, in refluxing phosphorous oxychloride [24] to give the corresponding esters 5a and 5b. Intermediate 5b, in contrast with its isomer 5a, gave a yellow single crystal, which was used for the 3D structural determination by X-ray crystallography (Figure 2), to identify the position of the iodo group on the quinoxaline scaffold in the solid state of this isomer, confirming the structure of each isomer.



Access to the macrocyclic quinoxaline 8 was then performed, using a three-step synthetic pathway. After treatment of trifluoroacetic salt 3 with N,N′-diisopropylethylamine (DIPEA), the resulting amine derivative was then engaged in a nucleophilic aromatic substitution reaction with quinoxaline 5a, in refluxing dry tetrahydrofuran (THF) [16], to yield intermediate 6, which underwent an intramolecular Sonogashira cross-coupling reaction, using PdCl2(PPh3)2, and CuI, as catalysts, and triethylamine in refluxing THF [25], leading to the macrocyclic quinoxaline 7. Hydrolysis of ethyl ester 7 with potassium carbonate in 80% aqueous methanol [17] was then performed to afford the macrocyclic potassium salt 8. The structure of this new macrocyclic quinoxaline derivative 8 was then confirmed by 1H NMR, and HRMS analysis (see Supplementary Materials).




2.2. Protein Kinase Assays


The ability of the macrocyclic quinoxaline 8 to inhibit the in vitro enzymatic activity of human Pim-1 and Pim-2, and of a selected panel of six human off-target protein kinases (comprising DYRK1A, CDK5/p25, CDK9/CyclinT, Haspin, CK1ε and GSK3β), was evaluated, using a luminescence-based kinase assay [26]. The commercially available pan-Pim protein kinase inhibitor, SGI-1776 [27], was used as a control for the in vitro studies. As shown in Table 1, compound 8 displayed a submicromolar activity on Pim-1 and Pim-2 (IC50 of 400 nM, and 100 nM, respectively) with the same level of activity on Pim-2 but a slightly decreased activity on Pim-1, in comparison to lead compound 1 and SGI-1776, the reference drug. However, the general selectivity profile of macrocycle 8 on the panel of human protein kinases studied was significantly improved in comparison to compound 1 and SGI-1776. Indeed, while compound 1 displayed low micromolar inhibition of DYRK1A and GSK3β, and SGI-1776 potently inhibited five of the six human kinases tested (IC50 values of 0.05 to 9.53 µM), compound 8 displayed an interesting selectivity profile against the six potential off-target kinases (CDK5/p25, CDK9/CyclinT, Haspin, CK1ε and GSK3β), with IC50 inhibition values > 10 µM in every case.





3. Materials and Methods


All solvents were anhydrous reagents from commercial sources. Unless otherwise noted, all chemicals and reagents were obtained commercially and used without purification. Reactions were monitored by thin-layer chromatography (TLC), using pre-coated aluminum sheets silica gel 60 F254 (Merck) and an ultraviolet (UV) light at 254 and 365 nm, for the visualization. Melting points (m.p.) were determined on a Stuart capillary apparatus and are uncorrected. High-resolution mass spectra (HRMS) were performed on a Bruker maXis mass spectrometer or on a Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA USA), in positive mode with an ESI source. NMR spectra were recorded at 400 MHz (1H), 101 MHz (13C) or 376 MHz (19F) on a Bruker Avance (400 MHz) spectrometer. The chemical shifts are reported in parts per million (ppm, δ) relative to residual deuterated solvent peaks. The abbreviations s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet and bs = broad signal were used throughout.



3.1. Tert-Butyl (3-(Pent-4-ynamido)phenyl)carbamate (2)


To a solution of pent-4-ynoic acid (106 mg, 1.08 mmol) in dry N,N-dimethylformamide (DMF) (3 mL), under an argon atmosphere, were added 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-phosphate (HATU) (680 mg, 1.79 mmol) in solution in dry DMF (3 mL) and 2,6-lutidine (207 µL, 1.79 mmol) were added. The resulting mixture was stirred magnetically at room temperature for 10 min. Tert-butyl (3-aminophenyl)carbamate (188 mg, 0.90 mmol) was then added, and the mixture was stirred at room temperature for 24 h. The solvent was then removed under reduced pressure, and the residue was finally purified by silica column chromatography using cyclohexane with ethyl acetate gradient (0–60%) as eluent, to give compound 2 (214 mg, 69%) as a white powder, m.p. 130 °C. 1H NMR (400 MHz, DMSO-d6) δ 9.91 (s, 1H), 9.32 (s, 1H), 7.78 (s, 1H), 7.29 (d, J = 8.4 Hz, 1H), 7.13 (dd, J = 8.4, 8.8 Hz, 1H), 7.02 (d, J = 8.8 Hz, 1H), 2.78 (t, J = 2.4 Hz, 1H), 2.50–2.40 (m, 4H), 1.47 (s, 9H). 13C NMR (101 MHz, DMSO-d6) δ 169.2, 152.7, 139.8, 139.4, 128.7, 113.3, 113.0, 109.1, 83.7, 78.9, 71.4, 35.1, 28.1 (3 × C), 14.1. HRMS (ESI) m/z: [M+H]+ calcd for C16H21N2O3, 289.15467; found 289.15448.




3.2. 3-(Pent-4-ynamido)benzenaminium Trifluoroacetic Salt (3)


To a solution of compound 2 (1.20 g, 4.16 mmol) in dichloromethane (DCM) (40 mL) trifluoroacetic acid (TFA) (4 mL) was added dropwise at 0 °C. The resulting mixture was stirred magnetically at 0 °C for 30 min, and then at room temperature for 5 h. The solvent was then removed under reduced pressure, and the residue was finally purified by silica column chromatography using DCM with methanol (MeOH) gradient (0–15%) as eluent, to give compound 3 (1.19 g, 100%) as a brown oil. 1H NMR (400 MHz, DMSO-d6) δ 10.01 (s, 1H), 7.50 (s, 1H), 7.20 (dd, J = 8.4, 7.6 Hz, 1H), 7.12 (d, J = 8.4 Hz, 1H), 6.69 (d, J = 7.6 Hz, 1H), 4.25–3.00 (m, 3H), 2.79 (t, J = 2.4 Hz, 1H), 2.55–2.40 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ 169.8, 140.2, 134.7, 130.0, 116.7, 116.3, 112.2, 83.6, 71.5, 35.2, 14.1. 19F NMR (376 MHz, DMSO-d6) δ −74.1 (s).




3.3. Ethyl 5-Iodo-3-oxo-3,4-dihydroquinoxaline-2-carboxylate (4a) and ethyl 8-iodo-3-oxo-3,4-dihydroquinoxaline-2-carboxylate (4b)


A mixture of 3-iodo-1,2-phenylenediamine (1.00 g, 4.27 mmol), diethyl 2-oxomalonate (0.81 mL, 5.31 mmol), and citric acid (132 mg, 0.69 mmol) in ethanol (50 mL) was stirred magnetically at 50 °C for 3 h. Ethanol was then evaporated under reduced pressure, and the resulting residue was purified by silica column chromatography using cyclohexane with ethyl acetate gradient (0–70%) as eluent to give compound 4a (275 mg, 19%) and its 8-iodo isomer 4b (1.01 g, 69%) as yellow powders.



Compound 4a: m.p. 162 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.54 (bs, 1H), 8.21 (d, J = 6.0 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.24 (dd, J = 7.6, 6.0 Hz, 1H), 4.39 (q, J = 7.2 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H). HRMS (ESI) m/z: [M+H]+ calcd for C11H10IN2O3, 344.97306; found 344.97316.



Compound 4b: m.p. 238 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.96 (bs, 1H), 7.89 (dd, J = 4.4, 2.4 Hz, 1H), 7.37–7.29 (m, 2H), 4.39 (qd, J = 7.2, 2.0 Hz, 2H), 1.33 (td, J = 7.2, 2.0 Hz, 3H). HRMS (ESI) m/z: [M+H]+ calcd for C11H10IN2O3, 344.97306; found 344.97306.




3.4. Ethyl 3-Chloro-5-iodoquinoxaline-2-carboxylate (5a)


Method A: into a dry three-neck round bottom flask was introduced compound 4a (100 mg, 0.29 mmol) in phosphorous oxychloride (0.96 mL) at ice bath temperature. The mixture was vigorously stirred magnetically at 0 °C for 5 min and DMF (42 µL) was then added at 0 °C and the reaction mixture was refluxed for 1 h. After cooling at 0 °C, the resulting mixture was neutralized with a 1 M sodium hydroxide aqueous solution, and extracted with ethyl acetate. The combined organic layers were washed with brine, and dried over MgSO4, filtered, and evaporated under reduced pressure to obtain derivative 5a (102 mg, 97%) as a yellow solid, m.p. 120 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.61 (dd, J = 7.6, 1.2 Hz, 1H), 8.23 (dd, J = 8.4, 1.2 Hz, 1H), 7.75 (dd, J = 8.4, 7.6 Hz, 1H), 4.50 (q, J = 7.2 Hz, 2H), 1.39 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 162.9, 144.8, 143.9, 143.0, 141.7, 139.7, 133.0, 129.9, 100.7, 62.8, 13.9. HRMS (ESI) m/z: [M+H]+ calcd for C11H9ClIN2O2, 362.93917; found 362.93936.




3.5. Ethyl 3-Chloro-8-iodoquinoxaline-2-carboxylate (5b)


The title compound was synthesized according to the general method A from compound 4b (100 mg, 0.29 mmol), phosphorous oxychloride (0.96 mL) and DMF (42 μL). Compound 5b was obtained (94 mg, 89%) as a yellow solid, m.p. 105 °C. 1H NMR (400 MHz, DMSO-d6) δ 8.55 (dd, J = 7.2, 0.8 Hz, 1H), 8.10 (dd, J = 8.4, 0.8 Hz, 1H), 7.75 (dd, J = 8.4, 7.2 Hz, 1H), 4.52 (qd, J = 7.2, 1.6 Hz, 2H), 1.40 (td, J = 7.2, 1.6 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 163.4, 145.4, 144.1, 142.4, 142.2, 139.7, 134.8, 129.3, 102.9, 63.3, 14.4. HRMS (ESI) m/z: [M+H]+ calcd for C11H9ClIN2O2, 362.93917; found 362.93920.




3.6. Ethyl 5-Iodo-3-((3-(pent-4-ynamido)phenyl)amino)quinoxaline-2-carboxylate (6)


To a solution of trifluoroacetic salt 3 (160 mg, 0.56 mmol) and N,N’-diisopropylethylamine (DIPEA) (500 µL, 2.87 mmol) in dry tetrahydrofuran (THF) (3 mL), under an argon atmosphere, was added dropwise compound 5a (64 mg, 0.18 mmol) in solution in dry THF (1 mL). The resulting mixture was refluxed for 2 days. The solvent was then removed under reduced pressure, and the residue was finally purified by silica column chromatography using cyclohexane with ethyl acetate gradient (0–100%) as eluent to give intermediate 6 (37 mg, 41%) as a yellow powder, m.p. 127 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.36 (s, 1H), 9.99 (s, 1H), 8.56 (d, J = 8.4 Hz, 1H), 8.38 (dd, J = 7.6, 1.2 Hz, 1H), 8.02 (dd, J = 8.0, 1.2 Hz, 1H), 7.92 (s, 1H), 7.41–7.32 (m, 2H), 7.22 (d, J = 8.8 Hz, 1H), 4.51 (q, J = 7.2 Hz, 2H), 2.82 (t, J = 2.4 Hz, 1H), 2.59–2.50 (m, 4H), 1.43 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 169.5, 165.2, 148.6, 142.3, 142.1, 139.5, 139.1, 135.5, 133.3, 130.2, 129.3, 127.6, 115.0, 114.3, 110.8, 98.5, 83.7, 71.5, 62.5, 35.2, 14.1, 14.0. HRMS (ESI) m/z: [M+H]+ calcd for C22H20IN4O3, 515.05746; found 515.05783.




3.7. Ethyl 6-Oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate (7)


Into a sealed tube were introduced bis(triphenylphosphine) palladium (II) dichloride (PdCl2(PPh3)2) (4 mg, 5.7 µmol), copper iodide (CuI) (0.3 mg, 1.6 µmol) and triethylamine (16 µL, 0.12 mmol) in dry THF (3 mL), under an argon atmosphere. Then, intermediate 6 (20 mg, 39 µmol) in dry THF (3 mL) was added dropwise, and the reaction mixture was refluxed for 16 h. The solvent was then removed under reduced pressure, and the residue was finally purified by silica column chromatography using cyclohexane with ethyl acetate gradient (0–100%) as eluent to give the macrocycle 7 (1.2 mg, 8%), as a yellow oil. Rf value = 0.28 (SiO2, cyclohexane/ethyl acetate, 60/40, v/v). 1H NMR (400 MHz, DMSO-d6) δ 10.16 (s, 1H), 9.60 (s, 1H), 9.48 (bs, 1H), 7.97 (dd, J = 8.4, 0.8 Hz, 1H), 7.87 (dd, J = 7.2, 0.8 Hz, 1H), 7.53 (dd, J = 8.4, 7.2 Hz, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.06 (dd, J = 8.0, 1.6 Hz, 1H), 6.79 (dd, J = 8.0, 1.6 Hz, 1H), 4.50 (q, J = 7.2 Hz, 2H), 2.95 (t, J = 5.6 Hz, 2H), 2.59 (t, J = 5.6 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 172.7, 165.2, 147.9, 142.6, 139.6, 139.3, 135.4, 135.0, 132.5, 129.3, 129.0, 126.1, 120.4, 119.0, 118.6, 116.8, 95.5, 78.6, 62.4, 29.0, 16.2, 14.0. HRMS (ESI) m/z: [M+H]+ calcd for C22H19N4O3, 387.14572; found 387.14516.




3.8. Potassium 6-Oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate (8)


To ester 7 (1 mg, 2.6 µmol) in aqueous methanol (80%, 2 mL), potassium carbonate (0.36 mg, 2.6 µmol) was added and the reaction mixture was stirred magnetically at room temperature for 1 h. After cooling, MeOH was removed under reduced pressure, and the aqueous phase was washed with ethyl acetate, and evaporated under reduced pressure to yield macrocycle 8 (1 mg, 97%) as a yellow powder, m.p. > 350 °C. 1H NMR (400 MHz, DMSO-d6) δ 13.29 (s, 1H), 9.62 (s, 1H), 9.61 (bs, 1H), 7.86 (dd, J = 8.0, 1.2 Hz, 1H), 7.66 (d, J = 7.2, 1.2 Hz, 1H), 7.38 (dd, J = 8.0, 7.2 Hz, 1H), 7.28 (t, J = 8.0 Hz, 1H), 6.86 (d, J = 8.0, 2.0 Hz, 1H), 6.70 (dd, J = 8.0, 2.0 Hz, 1H), 2.94 (t, J = 4.8 Hz, 2H), 2.65 (t, J = 4.8 Hz, 2H). HRMS (ESI) m/z: [M+2H]+ calcd for C20H15N4O3, 359.11442, found 359.11401.




3.9. X-ray Data


The structure of compound 5b was established by X-ray crystallography (Figure 2). The yellow single crystal of 5b was obtained by slow evaporation from a methanol/chloroform solution (v/v: 20/80): triclinic, space group P-1, a = 6.6838(5) Å, b = 8.6592(6) Å, c = 10.5128 (7) Å, α = 79.521(2)°, β = 89.243(2)°, γ = 86.626(2)°, V = 597.26 (7)Å3, Z = 2, δ(calcd) = 2.016 Mg.m−3, FW = 362.54 for C11H8ClIN2O2, F(000) = 348. Full crystallographic results have been deposited at the Cambridge Crystallographic Data Centre (CCDC-2262892), UK, as Supplementary Materials [28]. The data were corrected for Lorentz and polarization effects and for empirical absorption correction [29]. The structure was solved by direct methods Shelx 2013 [30] and refined using Shelx 2013 [30] suite of programs.




3.10. Protein Kinase Assays


Kinase enzymatic activities were assayed with 10 µM ATP in 384-well plates using the luminescent ADP-GloTM assay (Promega, Madison, WI, USA), as previously described by our team [16,17], according to the recommendations of the manufacturer (see [26] for details on this method).





4. Conclusions


Taking into account our previous studies, using the biological active quinoxaline-2-carboxylic acid scaffold, we designed and synthesized a new potassium 6-oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate 8 and then evaluated its anti-Pim-1/2 kinase activity. This macrocyclic quinoxaline 8 exhibited submicromolar activity on Pim-1 and Pim-2, with a significantly improved selectivity profile on the panel of human protein kinases studied in comparison to lead compound 1 and the reference drug SGI-1776. This compound could therefore represent a new attractive candidate for extending further pharmacomodulation studies and pharmacological investigations.
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1H NMR, 13C NMR, and HRMS spectra are available online.
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Figure 1. Chemical structure of lead compound 1. 
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Scheme 1. Synthesis of Potassium 6-oxo-7,13,16,22-tetraazatetracyclo[12.6.2.18,12.017,21]tricosa-1(20),8(23),9,11,14,16,18,21-octaen-2-yne-15-carboxylate (8). 
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Figure 2. The ORTEP (Oak Ridge Thermal Ellipsoid Plot) drawing of ethyl 3-chloro-8-iodoquinoxaline-2-carboxylate (5b) with thermal ellipsoids at 30% level. 
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Table 1. Kinase selectivity profile of compounds 1 and 8.






Table 1. Kinase selectivity profile of compounds 1 and 8.





	
Compound

	
Kinase Enzymatic IC50 (µM) (a)




	
Pim-1

	
Pim-2

	
DYRK1A

	
CDK5/p25

	
CDK9/

CyclinT

	
Haspin

	
CK1ε

	
GSK3β






	
1

	
0.13

	
0.17

	
2.58

	
>10

	
>10

	
>10

	
>10

	
2.80




	
8

	
0.40

	
0.10

	
>10

	
>10

	
>10

	
>10

	
>10

	
>10




	
SGI-1776

	
0.05

	
0.10

	
3.80

	
9.53

	
1.08

	
0.05

	
6.54

	
>10








(a) IC50 on disease-related kinase activity were calculated from dose-response curves. Each inhibitor concentration was tested in duplicate. All protein kinases used here are human. DYRK1A: dual specificity tyrosine phosphorylation regulated kinase 1A, CDK: cyclin-dependent kinase, Haspin: haploid germ cell-specific nuclear protein kinase, CK1: casein kinase 1, GSK3: glycogen synthase kinase 3.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/