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Abstract

:

c-Jun N-terminal kinase (JNK) plays an important role in cell death caused by various stimuli. Because the isoform JNK3 is mainly expressed in the brain, it is believed to play a pivotal role in various neurodegenerative diseases, including Alzheimer’s disease (AD) and Parkinson’s disease (PD), which still lack plausible therapeutics. To develop a novel and selective JNK3 inhibitor, we conducted a decadal review (2011 to 2021) of published articles on JNK inhibitors, particularly those focusing on a structural perspective and docking insights. We observed the structures of three isoforms of JNK, namely holo-proteins and co-crystal structures, with JNK3 inhibitors and summarized the significant structural aspects of selective JNK3 inhibitors as AD therapeutics.
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1. Introduction


Protein kinases were discovered more than 65 years ago, but they have been therapeutic targets for less than 30 years [1,2]. The involvement of protein kinases in many diseases has been established based on a large number of studies, and such kinases have long been a promising molecular target group. There are 518 known protein kinases encoded in the human genome, and protein kinases phosphorylate approximately one-third of all proteins [3,4]. Many researchers in pharmaceutical companies and academia have worked hard in this area, and as a result, 67 small-molecule kinase inhibitor drugs have been approved by the US FDA as of 2021 [5].



Gleevec, a well-established treatment for chronic myeloid leukemia, was launched in 2001 after being developed by Novartis, initiating the protein kinase inhibitor era. This treatment is still extending its range of applications. Following this, nine small-molecule protein kinase inhibitors were approved by the US FDA as of 2011, and they exclusively targeted proliferative diseases such as cancer. Similarly, most protein kinase inhibitors approved thus far are used in oncology. However, protein kinases are also involved in many other diseases, including inflammatory, immunological, and cardiovascular diseases, as well as central nervous system (CNS) disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [6]. In 2011, ruxolitinib, which is a JAK1 and JAK2 inhibitor, was approved as a therapeutic agent for myelofibrosis. Along with this approval, research in the field of non-oncology kinase inhibitors became increasingly active [7]. There are as many as 10 drugs targeting diseases outside of oncology among the 67 FDA-approved protein kinase inhibitors, but there is no protein kinase inhibitor drug for CNS disorders yet.



AD was discovered in 1906, and a post-mortem examination observed two clear biomarkers, namely tau tangle and amyloid beta (Aβ) plaque, but as of 2021, a clear therapeutic target has not yet been identified. With the rapid aging of the global population, neurodegenerative diseases such as AD have become a major social issue and have a significant impact not only on patients, but also on other individuals around the patients [8,9]. Because small molecule protein kinase inhibitors are being used for a broad range of diseases, molecular targets have attracted significant attention in the area of CNS disorders. Out of many potential CNS protein kinases, we selected c-Jun N-terminal kinase (JNK), a member of the mitogen-activated protein kinase family. The JNKs phosphorylate multiple apoptosis-related transcriptional factors, including c-Jun, ATF, APP, and tau, and induce cellular apoptosis [10].



JNKs respond to various stimuli such as cytokines, neurotoxins, oxidative stress, and fatty acids. When stimuli first reach the cell membrane, signals are transferred to mitogen-activated protein kinase (MAPKKK), MAPKK4, and MAPKK7 through phosphorylation. Next, the activated MAPKK4 and MAPKK7 phosphorylate JNK at two different sites, and the phosphorylated JNK then phosphorylates the N-terminal of c-Jun to induce an apoptotic signal [11]. Additionally, JNK directly phosphorylates apoptotic proteins such as BIM and BMF and activates them to activate caspases [12]. Overall, JNKs are heavily involved in the physiological processes of apoptosis. There are three different human JNK genes, namely jnk1, jnk2, and jnk3 that encode 10 different splice JNK variants (4 JNK1/2 homozygous and 2 JNK3 homologous), of which JNK1 and JNK2 are the most widely expressed (Figure 1).



Unlike JNK1 and JNK2, JNK3 is mostly expressed in the brain, and only a small portion is expressed in the heart and testis. JNK3 has been considered a potential therapeutic target for neurodegenerative diseases associated with neuronal cell death. When c-Jun is phosphorylated by JNK3, it also facilitates tau tangle maturation. Additionally, JNK3 is known to phosphorylate tau proteins directly, leading to the formation of tau tangles.



Another biomarker of AD pathology, namely amyloid beta, is also related to JNK3. JNK3 phosphorylates amyloid precursor protein (APP) at T688, causing APP endocytosis, which is known to be the most important step in the entire amyloid-beta formation process [13].



The mechanism underlying Aβ plaque-induced apoptosis remains unclear. Aβ plaques induce the phosphorylation of AMP-activated protein kinase (AMPK), and activated AMPK phosphorylates TSC2 and Raptor at S1387 and S792. This process inhibits the mTOR pathway and the representative cell rescue system and induces a translational block that prevents protein expression [14]. This phenomenon induces widespread oxidative endoplasmic reticulum stress, which is accompanied by an unfolded protein response that induces secondary reactions such as the inflammatory response, which reactivates JNK3. Another rationale for predicting that neuronal cell death will decrease in the brains of AD patients when JNK3 is inhibited is that neuronal cell death and cognitive decline were also reduced in a JNK3 knock-out FAD mouse model [15] (see Figure 2).



Over the past decade, JNK inhibitors have attracted attention as therapeutic targets for AD. However, only a few JNK inhibitors have been developed through clinical trials, and one of the main reasons is isoform selectivity. In this review, we will examine some pan-JNK inhibitors and selective JNK3 inhibitors that have been reported thus far and propose directions for future AD therapeutics. Additionally, we propose a novel design for selective JNK3 inhibitors by analyzing differences in crystal structures between JNK1, JNK2, and JNK3.




2. Current Development Status of JNK Inhibitors


2.1. Pan-JNK Inhibitors


SP600125 (Figure 3) is the first known pan-JNK inhibitor with IC50 values of 90, 40, and 40 nM for JNK3, JNK2, and JNK1, respectively. This compound was the first JNK inhibitor studied, and the understanding of the intracellular signaling pathway of JNK has been expanded. Initially, it was developed using cancer cells as indicators of apoptotic cell death, but later, this compound exhibited a neuroprotective effect in MPTP-induced PD animal models. It also reduced neurofibrillary entanglement and Aβ plaques in AD animal models [16,17,18]. The potency and selectivity of SP600125 did not lead to drug development, but it is a compound that has made many scientists consider JNK an attractive drug target.



AS602801 (Figure 3) is an orally active pan-JNK inhibitor. IC50 values of 230, 90, and 80 nM are exhibited for JNK3, JNK2, and JNK1, respectively. It demonstrated a significant effect on endometriosis when it was used in combination therapy with hormones or as a monotherapy in baboon and rodent models. While AS602801 is not a selective inhibitor, there was an attempt to target immune-related diseases with AS602801 treatment, unlike SP600125. This compound entered phase II clinical trials in 2012 with endometriosis as an indication [19,20].



Tanzisertib (Figure 3) is the third orally active pan-JNK inhibitor, with IC50 values of 6, 7, and 61 nM for JNK3, JNK2, and JNK1, respectively. Tanzisertib was proven to be effective in animal experiments using a bleomycin-induced pulmonary fibrosis model as a target disease for idiopathic pulmonary fibrosis. Experiments have also demonstrated that it reduces the production of TNF-α in an acute rat LPS-induced TNF-α production PK-PD model. It entered phase II clinical trials with idiopathic pulmonary fibrosis as an indication, but the trials have been halted for unknown reasons [21].




2.2. Selective JNK Inhibitors


Compound 1 (Figure 4) is a selective JNK3 inhibitor with activity levels of <1 nM for JNK3, 210 nM for JNK2, and 518 nM for JNK1. Unlike the pan-JNK inhibitors, it is characterized by isoform selectivity toward JNK3, which is mainly expressed in the brain. Therefore, it was developed to target Parkinson’s disease [22]. Compound 2 (Figure 4) was synthesized from compound 1. It has a thiophenyl pyrazolourea scaffold and selectivity for other kinases, as well as JNK1 and JNK2 isoforms. Its activity on JNK3 has an IC50 of 35 nM, and it exhibits a much better DMPK profile in vivo compared to previously reported JNK3 inhibitors (1 in Figure 4). It has also been demonstrated that this compound could be orally available and blood brain barrier (BBB)-penetrable [23].



Compound 3 (Figure 4) was discovered through multistage structure-based virtual screening. It exhibits a 40 nM IC50 for JNK3 and 2500-fold isoform selectivity over JNK1 and JNK2, as well as a good selectivity profile for 398 kinases. It also exhibits greater neuroprotective activity against Aβ-induced cellular toxicity in SH-SY5Y cells compared to LiCl, which is a potential therapeutic agent for AD in vitro. Animal studies using mice revealed increased learning and memory abilities, and studies of the underlying mechanisms revealed that this compound can significantly reduce the diffusion of fibrillar Aβ plaques through the inhibition of JNK following the reduced phosphorylation of APP and tau proteins in the cortex and hippocampus. [24].



Compound 4 (Figure 4) is a JNK2- and JNK3-selective inhibitor with IC50 values of 16 nM for JNK3, 97 nM for JNK2, and 420 nM for JNK1. JNK2 isoform selectivity was not achieved, but the compound did exhibit high selectivity over other MAPK families and JNK1 isoforms. As a JNK3 inhibitor for neurodegenerative disease therapeutics, this compound exhibited favorable BBB permeability [25].





3. Structural Perspective Analysis of JNK’s Active Site


3.1. Superimposition of JNK1, JNK2, and JNK3 Crystal Structures


To compare the structures of JNK1 and JNK3, compound 3 was docked into JNK3 (Protein Data Bank (PDB) ID: 4WHZ). The indolin-2-one component is located in the hinge region and interacts with the hydrogen of NH and carbonyl oxygen in the backbone of Met149. The nitrogen of thiazol-4-one forms a hydrogen bond with Lys93 through the water bridge, and the 2-chloro-phenyl group is buried in the hydrophobic pocket consisting of Ile124, Leu126, Leu144, Val145, Met146, and Leu206, which is located on the backside of the active site beyond the gatekeeper residue Met146. Met146 interacts with an aromatic ring (in compound 3, the 2-chloro-phenyl group) in JNK3.



When the docked pose of compound 3 with JNK3 was superimposed onto the crystal structures of JNK1 (PDB ID: 3PZE, 2XRW, 4QTD, 3ELJ, 4AWI, and 4L7F) (Figure 5), it seemed that every Met108 residue in the observed JNK1 structures could conflict with the 2-chloro-phenyl group occupying the selectivity pocket, in contrast to the methionine146 of JNK3 [26]. This methionine conflict could explain the selectivity of compound 3 for JNK3 over JNK1.



To determine how the gatekeeper residue methionine108 acts in the active site of JNK2, the docked pose of compound 3 was superimposed onto three published crystal structures of JNK2 (PDB ID: 3E7O, 7CML, and 3NPC) (Figure 6). Although the Met108 in 3E7O conflicts with the 2-chloro-phenyl group occupying the selectivity pocket, the Met108 from 7CML and 3NPC interacts with the 2-chloro-phenyl group through sulfur–pi interactions, similar to Met146 in the active site of JNK3 [32]. Either the two structures forming sulfur–pi interactions are holoenzymes without co-crystallized ligands, or the co-crystallized ligands already have aromatic rings occupying the selectivity pocket. In the crystal structure of compound 4, which has isoform selectivity only for JNK1, the naphthalene moiety has a sulphur-pi interaction with the Met146 residue of JNK3 and the IC50 of JNK2 is 97 nM, which is a reasonable activity level. In the case of tanzisertib, considering the crystal structure of tanzisertib on JNK3 (not shown), the trifluorophenyl group occupies the selectivity pocket and interacts with Met146, but the activity of JNK2 is almost the same as that of JNK3. By combining these observations, we concluded that compound 4 induces the gatekeeper residue Met108 of JNK2 to move sufficiently to form a hydrophobic pocket similar to that of JNK3.



The behavior of the gatekeeper residue Methionine146 in the active site of JNK3 was observed using the same method described above (Figure 7). The Met146 groups in the four crystal structures of JNK3 (PDB ID: 4WHZ, 4W4W, 3OY1, 7KSI) exhibit sulfur–pi interactions with the 2-chloro-phenyl groups, excluding two crystal structures (PDB ID: 6EMH, 6EQ9) in which co-crystallized ligands do not occupy the hydrophobic pocket [26,27,28,29,30,31,32]. The compound-induced movement of methionine residues in the JNK2 structure and the formation of a hydrophobic pocket are more common in JNK3 structures. This tendency could explain the isoform selectivity of JNKs. None of the Met108 residues in the observed crystal structures of JNK1 move sufficiently to form a hydrophobic pocket, but in the crystal structures of JNK2 and JNK3, the methionine residues move sufficiently to create hydrophobic pockets with the inhibitors. Therefore, selectivity for JNK1 can be achieved through hydrophobic pocket occupancy, but the selectivity of JNK2 requires additional explanation.




3.2. Different Residues between JNK1 and JNK3


To investigate the residues comprising the active site of JNK3, we observed residue sequences 45 to 400 of JNK3 and found that the Leu144 residue exists in the active site as an element in the selectivity pocket. The Leu144 forms hydrophobic interactions with the naphthalene ring of compound 4 in the crystal structure of JNK3 (PDB ID: 3OY1) (Figure 8a). However, when the crystal structure of JNK1 (PDB ID: 3PZE) is superimposed onto the co-crystallized ligand of 3OY1 (Figure 8b), Ile106 exists in place of the Leu144 residue in the same location and conflicts with the naphthalene ring of compound 4 [37]. The distance between Leu144 in the crystal structure of JNK3 and the naphthalene ring is maintained at 3.53 Å, but Ile106 from the crystal structure of JNK1 causes bad contact with the naphthalene ring because it is too close at a distance of 2.26 Å. Because JNK2 also has Leu144 in the same location as JNK3, we can conclude that occupying the selectivity pocket is not an absolute condition to achieve selectivity for JNK1 and JNK2.





4. Functional Groups in Each Compound Contributing to Isoform Selectivity


To determine the structural clues for the selective inhibitor compound 1 in the binding mode, we analyzed the compound 1-JNK3 co-crystal complex in detail (Figure 9). A pair of hydrogen bonds is formed in the Met149 hinge region, the NH group of benzamide acts as a hydrogen bond donor, and the 2-nitrogen in the pyrazole ring acts as a hydrogen bond acceptor. Another hydrogen bond is formed between the urea group and Lys93 through a water bridge, and the 2-chloro-phenyl group is located deep in the hydrophobic pocket, forming a sulphur-pi interaction with the Met146 gatekeeper residue. The introduction of ortho-substituted chloride seems to be important in terms of selectivity, because it changes the angle of the two rings in terms of conformation and causes the phenyl group to fit into the selectivity pocket [22]. The protonated pyrrolidine in the solvent exposure area forms a hydrogen bond with Asn89 in the upper part of the active site. Compound 1 exhibits 210-fold selectivity for JNK3 over JNK2, which is much higher than that of the other selective JNK3 inhibitors examined. The hydrogen bond between pyrrolidine and Asn89 is the most reasonable explanation for this phenomenon.



A similar observation was made for the compound 2-JNK3 co-crystal structure (Figure 10). Compound 2 also has two hydrogen bonds with Met149 in the hinge region, formed by the NH group from the amide and the 2-nitrogen of the pyrazole ring. An additional hydrogen bond was found in the urea moiety with Lys93 through the water bridge. The urea-connected 2-chloro phenyl group exhibited a sulfur–pi interaction with the Met146 gatekeeper residue within the selectivity pocket, and the ortho chloride substitution made this interaction more favorable. All of these interactions were very similar to the relationship of compound 1 with JNK3. The only difference compared to the compound 1 binding mode was the loss of hydrogen bonds in the solvent exposure component, which appears to be the reason for the change in JNK3 activity (from <1 nM to 35 nM) and the decrease in selectivity compared to JNK2 (from 210- to 39-fold) [23]. However, compound 2 showed a superior pharmacokinetic profile in vivo compared to compound 1. Regardless, we believe that it is advantageous to maintain the hydrogen bond donor property in the solvent exposure component for the future design of selective JNK3 inhibitors.



The binding mode of compound 3 was examined to explore the rationale for compound 3 exhibiting 2500-fold selectivity over JNK2 (Figure 11). A co-crystal structure was not available for compound 3, and we monitored the binding mode through docking simulations. As shown in Figure 5, the indolin-2-one component is located in the hinge region, where there are two hydrogen bonds with Met149, one hydrogen bond with Lys93 through the water bridge, and the hydrophobic interaction of the 2-chloro-phenyl group [24]. In addition to these interactions, we found that the 5-fluorine of indolin-2-one interacts closely with the Asn152 and Gln155 residues (distances of 4.69 Å and 3.41 Å, respectively) through F-bonding. These interactions are clear based on the differences in activity with and without fluorine substitution. Additionally, the side chain of Asn152 exhibits a dipole interaction with the carbonyl group of thiazol-4-one. Both the F-bond and the dipole interactions could explain the high selectivity of compound 3 for JNK2.



In contrast to the selectivity of compound 3, we examined the low selectivity of compound 4 to identify its binding mode (Figure 12). It has two hydrogen bonds in the hinge region, and the carbonyl group of triazol-3-one directly forms a hydrogen bond with Lys93, unlike in the previous compounds. The naphthalene ring enters the selectivity pocket to form hydrophobic and sulfur–pi interactions with the residues described above [25]. Although the cyclohexane group was substituted in the solvent exposure component, no additional interactions were observed. In conclusion, compounds with selectivity for JNK2 commonly exhibit additional interactions in the form of either hydrogen bonds, F-bonds, or dipole interactions in the solvent exposure area.




5. Conclusions


Neurodegenerative diseases such as AD are becoming increasingly critical social problems based on the rapidly aging global population. AD is a disease with huge unmet therapeutic needs that requires new therapeutic molecular targets. Regarding new therapeutic targets, we investigated c-Jun N-terminal-kinase 3, which is a pivotal protein kinase in the neuronal apoptotic process. JNK plays an important role in the apoptotic process at the terminal of the MAPK pathway, and the isoform JNK3 is mainly expressed in the brain. Therefore, it is considered to be a target for neurodegenerative diseases, in which neuronal apoptosis is a key event. Additionally, because JNK3 appears repeatedly in several pathological pathways of AD, we considered it a promising target for overcoming this disease.



Therefore, a comprehensive list of current pan-JNK inhibitors and selective JNK3 inhibitors was assembled, and their binding modes were examined. Selective JNK3 inhibitors commonly occupy a hydrophobic region (Ile124, Leu126, Leu144, Val145, Met146, and Leu206) called the selectivity pocket by introducing an aromatic ring into the JNK3 inhibitor so that it can enter the hydrophobic pocket deep in the active site of JNK3. Selectivity for the JNK1 isoform was achieved by allowing hydrophobic interactions and sulfur–pi interactions. Six JNK1, three JNK2, and six JNK3 crystal structures were selected according to their resolutions to compare the ligand-induced movements of gatekeeper Met residues. In each of the six JNK1 co-crystals, the methionine collided with the aromatic ring in the selective JNK3 inhibitor, and none of the co-crystallized ligands could fit into the hydrophobic pocket. The collision of the gatekeeper methionine with the aromatic ring was also observed in the co-crystal of JNK2, but if the co-crystallized ligand occupies the hydrophobic region, then the methionine of JNK2 is induced by the ligand and a pocket can be formed.



Among the six observed inhibitor-JNK3 co-crystal structures, there were more cases with ligands occupying the hydrophobic pocket governing this selectivity. Four co-crystallized ligands occupied the hydrophobic pocket and two did not occupy the hydrophobic pocket. Although different occupancy levels were observed depending on the shapes of the four ligands, all methionines formed a hydrophobic pocket.



As a supplementary explanation for the residues comprising the hydrophobic pocket deep in the active site, there is a difference between the Leu of JNK3 and the Ile of JNK1. Unlike the relatively short Leu, the Ile residue of JNK1 prevents the medium to large aromatic rings from entering the hydrophobic pocket.



Because the leucine residue is located at the hydrophobic pocket of JNK2 as well as JNK3, the aromatic ring in the hydrophobic region has no significant impact on selectivity over JNK2. According to these results, one can see that additional elements are required to obtain isoform selectivity for JNK2, and it can be understood that there are not many inhibitors that have overcome this obstacle yet.



Regarding the structures of selective JNK3 inhibitors that are also selective for JNK2, all of them were observed to exhibit additional binding in the solvent-exposed moiety. A selective JNK3 inhibitor, namely compound 1 (Figure 9), forms an H-bond between protonated pyrrolidine and Asn89, and another selective JNK3 inhibitor, namely compound 3, also forms an F-bond between the fluorine substituted in the indoline-2-one group and Asn152/Gln155. These bonds are all additional interactions in the solvent exposure area. Furthermore, the carbonyl group of thiazole-4-one in compound 3 was close to the Asn152 residue, which was predicted as a dipole interaction.



Once the isoform selectivity is achieved, there are still many obstacles to overcome. First of all, due to the similarities of the ATP-binding pockets that most protein kinase inhibitors target, general selectivity over a protein kinome other than JNK1/2 should be preferentially obtained. Second, a high potency will be required because the body concentration of therapeutics must compete with ATP, which is present in the millimolar range in cells. Thirdly, BBB penetration without the generation of major side effects will be required, which is the most difficult challenge since AD, the disease we are trying to conquer, is a chronic disease, and the therapeutics are required for long-term treatment. Therefore, in indications with such a long dosing period, a wide safety profile becomes a very important issue. Although the development of JNK3 inhibitors as a treatment for neurodegenerative disease has not been successful yet, it is becoming clear that JNK3 is a promising therapeutic target.



JNK3 is attracting more and more attention as a therapeutic target for AD. These characteristics should be considered in the design of new JNK3 inhibitors, which could facilitate the development of potent and selective JNK3 inhibitors as therapeutics for AD in the near future.







Author Contributions


Conceptualization, J.-M.H.; methodology and software, H.C.; validation, writing—original draft preparation, J.-M.H.; writing—review and editing, J.-M.H.; visualization, H.C.; project administration, J.-M.H.; funding acquisition, J.-M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Research Foundation of Korea grants NRF-2020R1A6A1A03042854 (Center for Proteinopathy) and NRF-2021R1A2C2007159 (J.-M. Hah).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Burnett, G.; Kennedy, E.P. The enzymatic phosphorylation of proteins. J. Biol. Chem. 1954, 211, 969–980. [Google Scholar] [CrossRef]

	



U.S. Food & Drug Administration. Available online: https://www.fda.gov/drugs/drug-approvals-and-databases/compilation-cder-new-molecular-entity-nme-drug-and-new-biologic-approvals (accessed on 14 September 2021).

	



Ficarro, S.B.; McCleland, M.L.; Stukenberg, P.T.; Burke, D.J.; Ross, M.M.; Shabanowitz, J.; Hunt, D.F.; White, F.M. Phosphoproteome analysis by mass spectrometry and its application to Saccharomyces cerevisiae. Nat. Biotechnol. 2002, 20, 301–305. [Google Scholar] [CrossRef]

	



Cohen, P. The regulation of protein function by multisite phosphorylation—A 25 year update. Trends Biochem. Sci. 2000, 25, 596–601. [Google Scholar] [CrossRef]

	



Roskoski, R.J. Properties of FDA-approved small molecule protein kinase inhibitors: A 2021 update. Pharmacol. Res. 2021, 165, 105463. [Google Scholar] [CrossRef]

	



Muller, S.; Chaikuad, A.; Gray, N.S.; Knapp, S. The ins and outs of selective kinase inhibitor development. Nat. Chem. Biol. 2015, 11, 818–821. [Google Scholar] [CrossRef]

	



Cohen, P.; Alessi, D.R. Kinase drug discovery—What’s next in the field? ACS Chem. Biol. 2013, 8, 96–104. [Google Scholar] [CrossRef]

	



Small, D.H.; Cappai, R. Alois Alzheimer and Alzheimer’s disease: A centennial perspective. J. Neurochem. 2006, 99, 708–710. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, E.; Szoeke, C.E.I.; Vollset, S.E.; Abbasi, N.; Abd-Allah, F.; Abdela, J.; Aichour, M.T.E.; Akinyemi, R.O.; Alahdab, F.; Asgedom, S.W.; et al. Global, regional, and national burden of Alzheimer’s disease and other dementias, 1990–2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 2019, 18, 88–106. [Google Scholar] [CrossRef]

	



Derijard, B.; Hibi, M.; Wu, I.H.; Barrett, T.; Su, B.; Deng, T.; Karin, M.; Davis, R.J. JNK1: A protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun activation domain. Cell 1994, 76, 1025–1037. [Google Scholar] [CrossRef]

	



Johnson, G.L.; Nakamura, K. The c-jun kinase/stress-activated pathway: Regulation, function and role in human disease. Biochim. Biophys. Acta Mol. Cell Res. 2007, 1773, 1341–1348. [Google Scholar] [CrossRef] [PubMed]

	



Okazawa, H.; Estus, S. The JNK/c-Jun cascade and Alzheimer’s disease. Am. J. Alzheimer’s Dis. Other Dement. 2002, 17, 79–88. [Google Scholar] [CrossRef]

	



Bruckner, S.R.; Tammariello, S.P.; Kuan, C.Y.; Flavell, R.A.; Rakic, P.; Estus, S. JNK3 contributes to c-Jun activation and apoptosis but not oxidative stress in nerve growth factor-deprived sympathetic neurons. J. Neurochem. 2001, 78, 298–303. [Google Scholar] [CrossRef]

	



Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [Google Scholar] [CrossRef]

	



Yoon, S.O.; Park, D.J.; Ryu, J.C.; Ozer, H.G.; Tep, C.; Shin, Y.J.; Lim, T.H.; Pastorino, L.; Kunwar, A.J.; Walton, J.C.; et al. JNK3 Perpetuates Metabolic Stress Induced by Aβ Peptides. Neuron 2012, 75, 824–837. [Google Scholar] [CrossRef]

	



Bennett, B.L.; Sasaki, D.T.; Murray, B.W.; O’Leary, E.C.; Sakata, S.T.; Xu, W.; Leisten, J.C.; Motiwala, A.; Pierce, S.; Satoh, Y.; et al. SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc. Natl. Acad. Sci. USA 2001, 98, 13681–13686. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Q.; Wang, M.; Du, Y.; Zhang, W.; Bai, M.; Zhang, Z.; Li, Z.; Miao, J. Inhibition of c-Jun N-terminal kinase activation reverses Alzheimer disease phenotypes in APPswe/PS1dE9 mice. Ann. Neurol. 2015, 77, 637–654. [Google Scholar] [CrossRef]

	



Wang, W.; Shi, L.; Xie, Y.; Ma, C.; Li, W.; Su, X.; Huang, S.; Chen, R.; Zhu, Z.; Mao, Z.; et al. SP600125, a new JNK inhibitor, protects dopaminergic neurons in the MPTP model of Parkinson’s disease. Neurosci. Res. 2004, 48, 195–202. [Google Scholar] [CrossRef]

	



Hussein, M.; Chai, D.C.; Kyama, C.M.; Mwenda, J.M.; Palmer, S.S.; Gotteland, J.P.; D’Hooghe, T.M. c-Jun NH2-terminal kinase inhibitor bentamapimod reduces induced endometriosis in baboons: An assessor-blind placebo-controlled randomized study. Fertil. Steril. 2016, 105, 815–824. [Google Scholar] [CrossRef]

	



Palmer, S.S.; Altan, M.; Denis, D.; Tos, E.G.; Gotteland, J.P.; Osteen, K.G.; Bruner-Tran, K.L.; Nataraja, S.G. Bentamapimod (JNK inhibitor AS602801) induces regression of endometriotic lesions in animal models. Reprod. Sci. 2016, 23, 11–23. [Google Scholar] [CrossRef]

	



Plantevin, K.V.; Nadolny, L.; Delgado, M.; Ayala, L.; Clareen, S.S.; Hilgraf, R.; Albers, R.; Hegde, S.; D’Sidocky, N.; Sapienza, J.; et al. Discovery of CC-930, an orally active anti-fibrotic JNK inhibitor. Bioorg. Med. Chem. Lett. 2012, 22, 1433–1438. [Google Scholar] [CrossRef]

	



Zheng, K.; Iqbal, S.; Hernandez, P.; Park, H.J.; LoGrasso, P.V.; Feng, Y. Design and Synthesis of Highly Potent and Isoform Selective JNK3 Inhibitors: SAR Studies on Aminopyrazole Derivatives. J. Med. Chem. 2014, 57, 10013–10030. [Google Scholar] [CrossRef]

	



Feng, Y.; Park, H.J.; Bauer, L.; Ryu, J.C.; Yoon, S.O. Thiophene-Pyrazolourea Derivatives as Potent, Orally Bioavailable, and Isoform-Selective JNK3 Inhibitors. ACS Med. Chem. Lett. 2021, 12, 24–29. [Google Scholar] [CrossRef]

	



Dou, X.; Huang, H.; Li, Y.; Jiang, L.; Wang, Y.; Jin, H.; Jiao, N.; Zhang, L.; Zhang, L.; Liu, Z. Multistage Screening Reveals 3-Substituted Indolin-2-one Derivatives as Novel and Isoform-Selective c-Jun N-terminal Kinase 3 (JNK3) Inhibitors: Implications to Drug Discovery for Potential Treatment of Neurodegenerative Diseases. J. Med. Chem. 2019, 62, 6645–6664. [Google Scholar] [CrossRef]

	



Probst, G.D.; Bowers, S.; Sealy, J.M.; Truong, A.P.; Hom, R.K.; Galemmo, R.A.J.; Konradi, A.W.; Sham, H.L.; Quincy, D.A.; Pan, H.; et al. Highly selective c-Jun N-terminal kinase (JNK) 2 and 3 inhibitors with in vitro CNS-like pharmacokinetic properties prevent neurodegeneration. Bioorg. Med. Chem. Lett. 2011, 21, 315–319. [Google Scholar] [CrossRef] [PubMed]

	



Oza, V.; Ashwell, S.; Almeida, L.; Brassil, P.; Breed, J.; Deng, C.; Gero, T.; Grondine, M.; Horn, C.; Ioannidis, S.; et al. Discovery of Checkpoint Kinase Inhibitor (S)-5-(3-Fluorophenyl)-N-(piperidin-3-yl)-3-ureidothiophene-2-carboxamide (AZD7762) by Structure-Based Design and Optimization of Thiophenecarboxamide Ureas. J. Med. Chem. 2012, 55, 5130–5142. [Google Scholar] [CrossRef] [PubMed]

	



Garai, A.; Zeke, A.; Gogl, G.; Toro, I.; Fordos, F.; Blankenburg, H.; Barkai, T.; Varga, J.; Alexa, A.; Emig, D.; et al. Specificity of linear motifs that bind to a common mitogen-activated protein kinase docking groove. Sci. Signal. 2012, 5, 15. [Google Scholar] [CrossRef]

	



Chaikuad, A.; Eliana, M.C.T.; Zimmer, J.; Liang, Y.; Gray, N.S.; Tarsounas, M.; Knapp, S. A unique inhibitor binding site in ERK1/2 is associated with slow binding kinetics. Nat. Chem. Biol. 2014, 10, 853–860. [Google Scholar] [CrossRef] [PubMed]

	



Chamberlain, S.D.; Redman, A.M.; Wilson, J.W.; Deanda, F.; Shotwell, J.B.; Gerding, R.; Lei, H.; Yang, B.; Stevens, K.L.; Hassell, A.M.; et al. Optimization of 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine IGF-1R tyrosine kinase inhibitors towards JNK selectivity. Bioorg. Med. Chem. Lett. 2009, 19, 360–364. [Google Scholar] [CrossRef]

	



Liddle, J.; Bamborough, P.; Barker, M.D.; Campos, S.; Chung, C.W.; Cousins, R.P.C.; Faulder, P.; Heathcote, M.L.; Hobbs, H.; Holmes, D.S.; et al. 4-Phenyl-7-azaindoles as potent, selective and bioavailable IKK2 inhibitors demonstrating good in vivo efficacy. Bioorg. Med. Chem. Lett. 2012, 22, 5222–5226. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Cociorva, O.M.; Nomanbhoy, T.; Weissig, H.; Li, Q.; Nakamura, K.; Liyanage, M.; Zhang, M.C.; Shih, A.Y.; Aban, A.; et al. Hit-to-lead optimization and kinase selectivity of imidazo[1,2-a]quinoxalin-4-amine derived JNK1 inhibitors. Bioorg. Med. Chem. Lett. 2013, 23, 5217–5222. [Google Scholar] [CrossRef]

	



Shaw, D.; Wang, S.M.; Villasenor, A.G.; Tsing, S.; Walter, D.; Browner, M.F.; Barnett, J.; Kuglstatter, A. The Crystal Structure of JNK2 Reveals Conformational Flexibility in the MAP Kinase Insert and Indicates Its Involvement in the Regulation of Catalytic Activity. J. Mol. Biol. 2008, 383, 885–893. [Google Scholar] [CrossRef] [PubMed]

	



RCSB PDB. Available online: https://www.rcsb.org/structure/7CML (accessed on 14 September 2021).

	



Kuglstatter, A.; Ghate, M.; Tsing, S.; Villasenor, A.G.; Shaw, D.; Barnett, J.W.; Browner, M.F. X-ray crystal structure of JNK2 complexed with the p38α inhibitor BIRB 796: Insights into the rational design of DFG-out binding MAP kinase inhibitors. Bioorg. Med. Chem. Lett. 2010, 20, 5217–5220. [Google Scholar] [CrossRef]

	



Park, H.J.; Iqbal, S.; Hernandez, P.; Mora, R.; Zheng, K.; Feng, Y.; LoGrasso, P. Structural Basis and Biological Consequences for JNK2/3 Isoform Selective Aminopyrazoles. Sci. Rep. 2015, 5, 8047. [Google Scholar] [CrossRef]

	



Ansideri, F.; Macedo, J.T.; Eitel, M.; El-Gokha, A.; Zinad, D.S.; Scarpellini, C.; Kudolo, M.; Schollmeyer, D.; Boeckler, F.M.; Blaum, B.S.; et al. Structural Optimization of a Pyridinylimidazole Scaffold: Shifting the Selectivity from p38α Mitogen-Activated Protein Kinase to c-Jun N-Terminal Kinase 3. ACS Omega 2018, 3, 7809–7831. [Google Scholar] [CrossRef]

	



Christopher, J.A.; Atkinson, F.L.; Bax, B.D.; Brown, M.J.B.; Champigny, A.C.; Chuang, T.T.; Jones, E.J.; Mosley, J.E.; Musgrave, J.R. 1-Aryl-3,4-dihydroisoquinoline inhibitors of JNK3. Bioorg. Med. Chem. Lett. 2009, 19, 2230–2234. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 09 01431 g001 550] 





Figure 1. Overall JNK pathway from stress to apoptosis. 
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Figure 2. The role of JNK3 in the three pathological pathways of AD. 
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Figure 3. Chemical structures and activities of three representative pan-JNK inhibitors currently under development. 
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Figure 4. Chemical structures and activities of four JNK inhibitors with isoform selectivity that are currently under development. 
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Figure 5. Superimposition of six crystal structures of JNK1 (PDB ID: 3PZE [26], 2XRW [27], 4QTD [28], 3ELJ [29], 4AWI [30], and 4L7F [31]) by pulling out the top six structures according to their resolution. The ligand is compound 3 docked into JNK3 (PDB 4WHZ [22]). Residue Met108 is shown in grey. 
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Figure 6. Superimposition of the crystal structures of JNK2 (PDB ID: 3E7O [32], 7CML [33], and 3NPC [34]), of which only three are published. The ligand is compound 3 docked into JNK3 (PDB 4WHZ [22]). Residue Met108 is shown in grey. 
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Figure 7. Superimposition of six co-crystals of JNK3 selected according to resolution (PDB ID: 4WHZ [22], 4W4W [35], 3OY1 [25], 7KSI [23], 6EMH [36], and 6EQ9 [36]). Compound 3 is docked into the active site of JNK3 (PDB ID: 4WHZ [22]). Residue Met146 is shown in grey. 
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Figure 8. (a) Leu144 residue in the crystal structure of JNK3 co-crystalized with compound 4 (PDB ID: 3OY1 [25]), and (b) superimposition of the Ile106 residue in the crystal structure of JNK1 (PDB ID: 3PZE [26]) and compound 4 co-crystalized with JNK3. 
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[image: Biomedicines 09 01431 g008]







[image: Biomedicines 09 01431 g009 550] 





Figure 9. (a) Crystal structure of JNK3 bound to compound 1 (PDB ID: 4WHZ [22]). (b) Protein surface of the hydrophobic pocket is shown in the same JNK3 co-crystal. Residues that interact with compound 1 and comprise selectivity pocket are emphasized in the thin tube. 
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Figure 10. (a) Crystal structure of JNK3 bound to compound 2 (PDB ID: 7KSK [23]) (b) Protein surface of the hydrophobic pocket is shown at the same co-crystal. Residues that interact with compound 2 and comprise selectivity pocket are emphasized in thin tube. 
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Figure 11. (a) Binding mode of compound 3 docked into the structure of JNK3 (PDB ID: 4WHZ [22]). (b) Surface of the hydrophobic pocket in active site is shown at the same docking structure of compound 3. Residues that interact with compound 3 and comprise the selectivity pocket are emphasized in the thin tube. 
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Figure 12. (a) Binding mode of compound 4 co-crystallized with JNK3 (PDB ID: 3OY1 [25]). (b) Surface of the selectivity pocket in active site is shown in the same co-crystal. Residues that interact with compound 4 and comprise selectivity pocket are emphasized in the thin tube. 
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