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Abstract: 

The 2-(3-pyridyl)oxazolo[5,4-f]quinoxalines CD-07 and FL-291 are ATP-competitive GSK-3 kinase 

inhibitors. Here, we investigated the impact of FL-291 on neuroblastoma cell viability and showed that 

treatment at 10 μM (i.e. ~500 times the IC50 against the GSK-3 isoforms) has no significant effect on the 

viability of NSC-34 motoneuron-like cells. A study performed on primary neurons (non-cancer cells) led 

to similar results. The structures co-crystallized with GSK-3β revealed similar binding modes for FL-

291 and CD-07, with their hinge-oriented planar tricyclic system. Both GSK isoforms show the same 

orientations for the amino acids at the binding pocket except for Phe130 (α) and Phe67 (β), leading to a 

larger pocket on the opposite side of the hinge region for the α isoform. Calculations of the 

thermodynamic properties of the binding pockets highlighted the required features of potential ligands; 

these should have a hydrophobic core (which could be larger in the case of GSK-3β) surrounded by polar 

areas (a little more polar in the case of GSK-3α). A library of 27 analogs of FL-291 and CD-07 was thus 

designed and synthesized by taking advantage of this hypothesis. While the introduction of substituents 

at different positions of the pyridine ring, the replacement of the pyridine by other heterocyclic moieties, 

or the replacement of the quinoxaline ring by a quinoline moiety did not lead to any improvement, the 

replacement of the N-(thio)morpholino of FL-291/CD-07 by a slightly more polar N-thiazolidino led to 

a significant result. Indeed, the new inhibitor MH-124 showed clear selectivity for the α isoform, with 

IC50 values of 17 nM and 239 nM on GSK-3α and GSK-3β, respectively. Finally, the efficacy of MH-

124 was evaluated on two glioblastoma cell lines. Although MH-124 alone did not have a significant 

impact on cell survival, its addition to temozolomide (TMZ) significantly reduced the TMZ IC50 values 

on the cells tested. The use of the Bliss model allowed a synergy to be evidenced at certain concentrations. 

1. Introduction 
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Since the late 1990s, protein kinases have become popular drug targets since dysregulation of these 

signaling biomolecules is linked to various diseases [1]. Thus, 71 kinase inhibitors approved by the FDA 

are already marketed while many other candidates are currently in clinical evaluation [2, 3].  

Glycogen synthase kinase-3 (GSK-3) is a family of serine-threonine kinases associated with key 

biological processes such as metabolism, cell signaling, cell transport, apoptosis, proliferation, and 

intracellular communication. It is therefore implicated in many diseases such as type 2 diabetes, bipolar 

disorder, schizophrenia, Alzheimer’s and Parkinson’s diseases, developmental disorders and cancers, and 

has therefore become an important target for the development of drugs [4-6]. 

The Wnt/β-catenin signaling pathway is involved in multiple signaling cascades (Epidermal Growth 

Factor Receptor, Notch, Nuclear Factor kappa-B, PhosphoInositide 3-Kinase, etc.) and this pathway is 

therefore important for the initiation and progression of various types of cancer [7]. While the Wnt/β-

catenin pathway is dysregulated in some cancers, some treatment strategies have been shown to induce 

additional pathway activation leading to cancer cells resistance. For example, it has been demonstrated 

that the PI3K-mediated anti-apoptotic Wnt/β-catenin pathway results in resistance to the alkylating drug 

temozolomide, which is used to treat glioblastoma (GBM) [8].  

Since GSK-3 is a negative regulator of the Wnt/β-catenin and PI3K/Akt pathways, GSK-3 kinases 

have initially been characterized as growth suppressors. However, many studies have since shown that 

the inhibition of GSK-3 kinases by small molecules could, on the contrary, lead to antiproliferative 

activities in many types of cancers. This might be a result of diverse additional roles of both GSK-3 

isoforms (α and β) in regulating signaling pathways as well as the limited selectivity of inhibitors used 

in these studies [9].  

Indeed, while the two isoforms of GSK-3, GSK-3α and GSK-3β, have 97% similar amino acid 

sequences in their catalytic domains and therefore share certain biological functions, the presence of an 

extended glycine-rich N-terminal region in GSK-3α prevents this isoform from entering the nucleus and 

renders its biological function and regulation distinct from that of GSK-3β [6]. In particular, GSK-3α 
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appears to play a specific role in cardiac pathogenesis, atherosclerosis, metabolic disorders (e.g. obesity, 

insulin resistance and fatty acid accumulation), tissue aging, neurodegenerative disorders, and regulation 

of solid and hematological malignancies [10].  

In the Wnt/β-catenin pathway, GSK-3β mediates the phosphorylation of β-catenin, resulting in its 

ubiquitination and then degradation by the proteasome. Thus, if GSK-3β were selectively inhibited, the 

concentration of β-catenin should increase in the cytosol, leading to the migration of unphosphorylated 

β-catenin into the cell, its accumulation in the cell nucleus, and consequences such as triggering of target 

genes (e.g. c-Myc), mutations and toxicities [7, 11]. So, while dual GSK-3 inhibitors have already entered 

clinical trials, none of these inhibitors have passed the early stages of clinical evaluation. It is therefore 

clinically more relevant to selectively target the α isoform [12, 13]. 

While most studies have focused on GSK-3β, a few specific inhibitors of GSK-3α are currently under 

development (Figure 1). Following studies on the development of selective “scorpion-shaped” GSK-3α 

inhibitors (> 90-fold isoform selectivity for the best inhibitor of this series; with IC50 values of 2 nM and 

185 nM against GSK-3α and GSK-3β, respectively) [14], Schmidt and co-workers reported the derivative 

27 in 2015 (Figure 1a). With an IC50 in the nanomolar range for GSK-3α and good aqueous solubility, it 

has been successfully evaluated in the treatment of acute myeloid leukemia (AML) [15]. In 2018, Wagner 

et al. designed (racemic) BRD0705, a heterocyclic compound that selectively inhibits GSK-3α (8-fold; 

with IC50 of 66 nM and 515 nM against GSK-3α and GSK-3β, respectively; Figure 1b) and capable to 

arrest the progression of AML without elevation of β-catenin [12]. A year later, Zhang, Liu and co-

workers discovered the even more potent inhibitor G28_14 (7-fold; with IC50 of 33 nM and 218 nM 

against GSK-3α and GSK-3β, respectively; Figure 1c) which also exhibits promising therapeutic 

properties [16].  

In 2020, some of us identified the oxazolo[5,4-f]quinoxalines CD-07 and FL-291 as potent ATP-

competitive GSK-3 kinase inhibitors (Figure 1d) [17]. Since the synthesis of these compounds is 

straightforward and offers many potential structural modifications, we decided to take advantage of its 
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promising selectivity towards the α isoform of GSK-3 (5-fold for CD-07; with IC50 of 4.8 nM and 22 nM 

against GSK-3α and GSK-3β, respectively) to attempt the development of an even more selective 

inhibitor. Here we discuss the design of novel analogs of CD-07 and FL-291 based on docking studies 

and report their synthesis and evaluation on kinases. 

 

Figure 1. Selective GSK-3α inhibitors previously developed by (a) Schmidt and co-workers [15], (b) 

Wagner et al. [12], (c) Zhang, Liu and co-workers [16] and Lassagne et al. [17].  

Glioblastoma (GBM) is a malignant tumor that represents the most aggressive type of glioma. An 

important role of GSK-3 in brain cancers such as GBM and neuroblastoma has been identified, however 

with contrasting results [9]. Considering these data, we also evaluated the activity of our GSK-3α 

inhibitor on GBM cells.  

2. Results and Discussion 

2.1. Toxicity study of FL-291 on NSC-34 cells or on neurons in primary culture 

Before developing new libraries of CD-07 and FL-291 analogs, we were eager to evaluate the toxicity 

of our hits on neuroblastoma cells. Indeed, the physiology of cholinergic signaling is implicated in 

numerous neurological functions and pathological changes, including disturbances in Alzheimer’s 

disease (AD) and amyotrophic lateral sclerosis (ALS) [18-20]. However, due to the limited availability 

of cholinergic motoneurons from spinal cord and lack of culture purity, the NSC-34 cell line has often 

been used as a model for neurotoxic determination. NSC-34 is a hybrid murine neuroblastoma/spinal 
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cord cell line produced by fusing mouse neuroblastoma cells with motoneuron-enriched embryonic 

spinal cord cells [21].  

Furthermore, the toxicity of our inhibitor FL-291 was evaluated on healthy/non-cancer cells (primary 

neurons taken from cortex fetus of rats) in order to have an idea of the selectivity index likely to be 

obtained with compounds of this family. 

Thus, the effect of FL-291 on the viability of neuroblastoma cells or neurons in primary culture was 

first investigated by using MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide) 

conversion assay (reduction of tetrazolium MTT to formazan by metabolically active cells). As shown 

in Figure 2, incubation of NSC-34 motoneuron-like cells (Figure 2A) or neurons in primary culture 

(Figure 2B) with high doses of FL-291 induced a dose-dependent decrease in cell viability. Interestingly, 

the lowest concentration of FL-291 used (10 μM), which is already 500 times the IC50 against GSK-3 

isoforms (Figure 1), has no significant effect on the viability of NSC-34 motoneuron-like cells or in 

neurons in primary culture. 
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Figure 2. A: Effect of FL-291 on NSC-34 viability (10 μM, 9.75%; 20 μM, 16.5%; 40 μM, 41.75%; 

80 μM, 71.25%; 160 μM, 84.25%). B: Effect of FL-291 on the viability of neurons in primary culture 

(10 μM, 2.0%; 20 μM, 11.75%; 40 μM, 26.9%; 80 μM, 46.75%; 160 μM, 76.5%). Cell viability was 

determined by MTT assay in cells treated for 24 h. Cells were incubated without (control, C) or with 

FL-291 (10 μM, 20 μM, 40 μM, 80 μM, 160 μM). Data are means ± SD of four independent 

experiments (each with cells from a different rat). *p < 0.05 vs. control.  

As the conversion of MTT to formazan can be observed occasionally under conditions where cell death 

does not occur, we decided to confirm the previous results by using the trypan blue exclusion assay which 

quantifies the number of viable cells by labeling exclusively dead cells. NSC-34 cells were isolated and 

seeded at 4 x 104 cells/35 mm dish (see Table S1). After 5 days of culture, the cells were incubated 

without (control, C) or with FL-291 (20 μM, 40 μM, 80 μM, 160 μM) for 24 h. The data obtained on 

NSC-34 cells indicate that the decrease observed in Figure 2 correlates with a decrease in the number of 

live cells (see Supplementary data for details). We did not use a concentration of 10 μM here because no 

change was detected after adding FL-291 in the MTT assay.  

Confocal microscopy was ultimately used to determine cell death and aggregation within NSC-34. 

Figure 3 shows that FL-291 induces cell aggregation and cell death in a concentration-dependent manner. 

At a concentration of 10 μM, we detected an increase in cell proliferation without cell aggregation 

compared to control cells, thus demonstrating the protective effects of FL-291.  
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Taken together, these early toxicity assays show that FL-291 has limited toxicity on NSC-34 cells as 

well as on neurons in primary culture, and only at a concentration well above the IC50 against GSK-3. 

Therefore, these results confirmed our desire to develop new analogs of FL-291. 

 

Figure 3. NSC-34 cells monolayers growing on 16-mm glass coverslips were used for viability studies 

after inhibitor addition. Cell aggregation was determined by confocal microscopy in NSC-34 cells 

treated for 6 h without or with (10 μM or 50 μM) FL-291. Bars represent 50 μm.  

2.2. Co-crystallization of FL-291 and CD-07 in GSK-3β and docking studies 

To identify the binding modes of FL-291 and CD-07, we determined co-crystal structures of GSK-3β. 

Both ligands bound to the kinase in a very close conformation and developed similar interactions. The 

planar tricyclic system was oriented towards the hinge with the quinoxaline moiety forming a hydrogen 

bond to the hinge Val135 backbone amide nitrogen. The pyridine group protruded into the back pocket 

and formed another hydrogen bond with the catalytic Lys85. In addition, this pyridine was located close 

to the Phe67 benzene side chain of the glycine-rich loop which adopted an ‘in’ conformation. Morpholine 

from FL-291 and thiomorpholine from CD-07 were projected outward to the solvent-exposed channel, 

but still close to αD Thr138 and Arg141, although too far for direct contact. The morpholine and 

thiomopholine fragments were also found to have two different ring conformations in the experimental 

structure (Figure 4A and 4B). 

A homology model was prepared for GSK-3α based on the X-ray crystal structure of the highly similar 

GSK-3β isoform [22]. Furthermore, as the AlphaFold database was recently updated with many accurate 
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predicted protein structures, we also downloaded GSK-3α for comparison [23, 24]. The two models were 

essentially identical, particularly within the kinase domain (Figure 4C and 4D) and a sequence 

comparison is detailed in the Supplementary data of this manuscript. Both GSK-3 isoforms share the 

same orientations for the amino acids at the binding pocket except for Phe130 (GSK-3α) and Phe67 

(GSK-3β). However, differences in sequence between these two closely related isoforms may result in 

different dynamic properties. Long-range electrostatic interactions may be influenced by aD sequence 

variations between the two isoforms, in particular by the change R148K (GSK-3β numbering). The 

thermodynamics properties of the binding pockets were thus computed to facilitate the design of our new 

inhibitors (Figure 5). 

 

Figure 4. Binding mode of FL-291 and CD-07 in GSK-3β and comparison of GSK-3 and GSK-3. 

A: Binding mode of FL-291. The inhibitor is highlighted by yellow carbons in ball and stick 

representation and the main interacting residues are shown. Hydrogen bonds are shown as dotted lines, 

including also interactions with water molecules (w). B: Superimposition of FL-291 and CD-07 (gray 
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carbon atoms). C: Superimposition of the AlphaFold 2 model of GSK-3 and GSK-3. Shown are 

structural changes in the ATP binding site. Because the GSK-3 model has been based on the active 

conformation, the phenylalanine at the tip of the P-loop (F67) in GSK-3 is in a folded conformation in 

GSK-3 and in the active, outward oriented conformation in the GSK-3 D: Superimposition of the 

kinase domains of GSK-3 and GSK-3, showing a high degree of structural conservation. Main 

differences in primary structures map to the loop region between the -2 and -3 sheet as well as to 

helix D. Conservative changes are indicated the spheres.  

 

Figure 5. The thermodynamic map of the ligand site at the binding pockets of GSK GSK-3α (A and C: 

Top and Side views) and GSK-3β (B and D: Top and Side view). The surface is colored according to 

the degree of polarity from red (non-polar) to blue (most polar).  

The regions of the thermodynamic maps that represent the features of the ligands (Figures 6-7) are 

colored according to their electrostatic nature: red for the most non-polar (hydrophobic) regions and 

yellow (least) to blue (greatest) for polar areas. Thus, the yellow, green, and blue color scheme has been 

used in the figures to highlight the increased degree of polarity. Based on these data, we hypothesized 
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that the ligands should possess a hydrophobic core to match the chemical environment of the binding site 

(Figure 6). Moreover, as shown by the different panels in Figure 5, the hydrophobic core (red central 

region) could be larger in case of GSK-3β. Around the hydrophobic core, the ligand will need polar 

groups, as shown by the yellow, green, and blue regions in the thermodynamic maps. In the case of GSK-

3α, the ligand features around the central core are slightly more polar (Figure 6). The type and orientation 

of each substituent can further be guided by water mapping calculations. Indeed, the small spheres around 

the ligand map (Figure 7) are colored according to the degree of polarity and can serve as a guide for 

more subtle modifications.  

 

Figure 6. The thermodynamic map of the ligand site of GSK GSK-3α (A), GSK-3β (B) and aligned 

surfaces (C). The surface is colored according to the degree of polarity from red (non-polar) to blue 

(most polar). The negative free energy value at each location is shown to define the degree of polarity. 
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Figure 7. The thermodynamic map of the ligand site of GSK GSK-3α (A), GSK-3β (B). The surface 

and the surrounding spheres are colored according to the degree of polarity from red (non-polar) to blue 

(most polar).  

Thus, while keeping in mind the importance of having a simple synthetic route, we determined 

modifications likely to deliver compounds capable of better interacting with the ATP binding site of 

GSK-3α. In particular, since the 3-pyridyl group of CD-07 is close to the larger sub-pocket opposite the 

hinge region of the α isoform, we decided to introduce various substituents at different positions (R2, R4, 

R5 and R6) of the pyridine ring (Figure 8a). We also planned to replace this pyridine with other 

heterocycles (Figure 8b). Moreover, since the position of CD-07 in GSK-3α at residues Val198, Tyr197 

and Arg204 is slightly different from that in GSK-3β at the corresponding residues Val135, Tyr134 and 

Arg141, we sought to take advantage of this. We were therefore eager to evaluate the impact of the 

replacement of the quinoxaline by a quinoline (Figure 8c), as well as the replacement of the 

thiomorpholine on the interactions developed (Figure 8d).  

 

Figure 8. Planned changes from our reference GSK-3α inhibitor CD-07. 

2.3. Synthesis 
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In order to access the first set of CD-07 analogs with different substituents on the 3-pyridyl ring (Figure 

8a), we started from 3-chloro-5-iodo-6-quinoxalinamine (1) [17] and substituted the chlorine atom using 

thiomorpholine as a nucleophile in tetrahydrofuran (THF) at reflux in the presence of triethylamine. The 

obtained product 2 was then reacted [17, 25] with the required substituted nicotinoyl chlorides at room 

temperature (rt) to provide the carboxamides 3 in good yields. These carboxamides 3 were eventually 

engaged in a copper-catalyzed cyclizing coupling step in dimethylsulfoxide (DMSO) [17]. The 

corresponding oxazolo[5,4-f]quinoxaline targets 4 were thus obtained with, at the pyridine ring, different 

substituents, namely Me, OMe or Cl at the 2-position, iPr or CF3 at the 4-position, Me, F or Br at the 5-

position, or Cl at the 6-position (Table 1). 

Table 1. Synthesis of the pyridyl-substituted oxazolo[5,4-f]quinoxalines 4-2Me, 4-2OMe, 4-2Cl, 4-4iPr, 

4-4CF3, 4-5Me, 4-5F, 4-5Br and 4-6Cl. 

 

Entry R2 R4 R5 R6 3, Yield (%)a 4, Yield (%)a 

1 Me H H H 3-2Me, 76 4-2Me, 33 

2 OMe H H H 3-2OMe, 80 4-2OMe, 42 

3 Cl H H H 3-2Cl, 85 4-2Cl, 41 

4 H iPr H H 3-4iPr, 85 4-4iPr, 50 

5 H CF3 H H 3-4CF3, 78 4-4CF3, 78 

6 H H Me H 3-5Me, 86 4-5Me, 68 

7 H H F H 3-5F, 64 4-5F, 67 

8 H H Br H 3-5Br, 87 4-5Br, 47 

9 H H H Cl 3-6Cl, 89 4-6Cl, 74 

a Yield after purification (see experimental part).  
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From the carboxamide 3-2Cl that bears a chlorine atom as a leaving group next to nitrogen of the 

pyridine ring, nucleophilic substitution using either pyrrolidine or dimethylamine followed by cyclization 

led to the expected oxazolo[5,4-f]quinoxalines 4-2pyrro and 4-2NMe2, respectively (Scheme 1a). 

Another analog, featuring a dimethylamino substituent at the 6-position (4-6NMe2) was similarly 

prepared from 3-6Cl in two steps (the second step at 110 °C instead of 130 °C, due to its lower steric 

hindrance; Scheme 1b). 

 

Scheme 1. Synthesis of the pyridyl-substituted oxazolo[5,4-f]quinoxalines  

4-2pyrro, 4-2NMe2 (a) and 4-6NMe2 (b). 

To reach 4-2F, the fluorinated isomer of 4-2Cl (Table 1, entry 3), it was found possible to replace the 

chlorine atom with a fluorine by treatment with the adduct tetramethylammonium fluoride·(tert-amyl 

alcohol)1.33 in DMSO at 80 °C [26] (Scheme 2a). From the tricycle 4-5Br bearing a bromine atom on the 

pyridine ring, a Suzuki-Miyaura cross-coupling [27] with thiophene-3-boronic acid led [28] to the 

oxazolo[5,4-f]quinoxaline 4-5thienyl in good yield, while a palladium-catalyzed Buchwald-Hartwig 

amination with morpholine [29] resulted in the product 4-5Smorpho (Scheme 2b). Additionally, the 
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quinoxaline derivative 4-6Me was conveniently prepared by Suzuki-Miyaura cross-coupling between 

the 6-chloro-3-pyridyl-substituted oxazolo[5,4-f]quinoxaline 4-6-Cl and methylboronic acid, according 

to a protocol inspired by previous operating conditions [30]. Finally, to introduce a two-carbon chain at 

the 6-position of the pyridine ring, a Sonogashira coupling [31] was carried out between 4-6-Cl and 

trimethylsilylacetylene under reported conditions [32]. Subsequent desilylation, by treatment of 4-

6CCSiMe3 with catalytic tetrabutylammonium fluoride at room temperature, provided the expected 4-

6ethynyl in 40% overall yield from 4-6Cl (Scheme 2c). 

 

Scheme 2. Synthesis of the pyridyl-substituted oxazolo[5,4-f]quinoxalines 4-2F,  

4-5thienyl, 4-5Smorpho, 4-6Me and 4-6ethynyl. 
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We then decided to replace the pyridine ring of CD-07 with other aromatic heterocycles, always 

keeping one nitrogen oriented toward Lys85 (Figure 8b). For this purpose, we reacted the amine 2 with 

appropriate aroyl chlorides (or 4-isoquinolinecarboxylic acid, adapting a reported procedure [33], in the 

case of 5-isoquino) before carrying out the cyclizing coupling as before. In this way, the oxazolo[5,4-

f]quinoxalines substituted with 3-quinolyl, 4-isoquinolyl, 1-methyl-4-pyrazyl, 5-thiazyl and 5-isothiazyl 

groups were obtained with moderate to good yields (Scheme 3). 

 

Scheme 3. Synthesis of the heteroaryl-substituted oxazolo[5,4-f]quinoxalines 6,  

and global yields from 2. 

Our next goal was to replace the quinoxaline core of CD-07 with a quinoline (Figure 8c). To achieve 

this objective, we planned to prepare 2-(3-pyridyl)oxazolo[5,4-f]quinoline from which a selective 

bromination at C8 [34] could allow the required thiomorpholino group to be further introduced by a 

Buchwald-Hartwig amination (Scheme 4a). To validate this approach, we first reacted 3-bromoquinoline 
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and morpholine under the reaction conditions developed by Kozikowski and co-workers [29] and isolated 

the coupled product in 81% yield (Scheme 4b). 

 

Scheme 4. (a) Retrosynthesis plan to access the quinoline analog of CD-07  

and (b) preliminary results. 

To undertake the synthesis of the quinoline analog of CD-07, we then started from 6-quinolinamine 

(7) and carried out, as planned [25], its selective iodination at its 5-position. It was then easy to prepare 

the carboxamide 9 and the oxazoloquinoline 10-H by using the same conditions as above. In parallel, we 

also synthesized 14-H which is the quinoxaline analog of 10-H (Scheme 5). 

 

Scheme 5. Synthesis of the quinoline analog of CD-07  

and of 2-(3-pyridyl)oxazolo[5,4-f]quinoxaline (14-H). 
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As already observed from substituted quinolines [35], bromination of 2-(3-pyridyl)oxazolo[5,4-

f]quinoline (10-H) proceeded in a fairly regioselective manner to give 10-Br in 41% yield. Likely due to 

lower solubility of 10-Br in toluene compared to 3-bromoquinoline (Scheme 4b), the palladium-

catalyzed amination with thiomorpholine worked less efficiently; the expected product 10-Smorpho was 

however isolated in 35% yield (Scheme 6). 

 

Scheme 6. Synthesis of 10-Smorpho, the quinoline analog of CD-07. 

Our end goal was to replace the thiomorpholino group of CD-07, which is oriented toward the solvent-

exposed region (Figure 8d). The most efficient way to do this would rely on the late-stage 

functionalization of a common precursor, such as the derivative 14-Cl in which the chlorine atom could 

be replaced by direct aromatic nucleophilic substitution or by a metal-catalyzed reaction. As a proof of 

concept, 14-Cl was first prepared from 3-chloro-5-iodo-6-(3-pyridoylamino)quinoxaline (13-Cl) [17] 

using a cyclizing coupling procedure slightly modified due to the sensitivity of this compound to 

nucleophilic attack (Scheme 7, left). Although in moderate yield, chlorine substitution of 8-chloro-2-(3-

pyridyl)oxazolo[5,4-f]quinoxaline (14-Cl) provided the expected derivative 14-thiazo after treatment 

with an excess of thiazolidine in the presence of Hünig's base in DMSO at 110 °C (Scheme 7, right). 

 

Scheme 7. Synthesis 8-chloro-2-(3-pyridyl)oxazolo[5,4-f]quinoxaline (14-Cl) and 2-(3-pyridyl)-8-(N-

thiazolidino)oxazolo[5,4-f]quinoxaline (14-thiazo). 
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2.4. Evaluation on kinases and molecular modeling experiments 

First, most of the synthesized compounds were evaluated [36] against a panel of eight cancer-related 

protein kinases: cyclin-dependent kinase 9 (CDK9/Cyclin T), proto-oncogene kinase PIM1, dual 

specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A), glycogen-synthase kinase-3 (GSK-

3 isoforms α/β), casein kinase 1 (CK1 isoform ε), mitotic kinase Haspin and vascular endothelial growth 

factor receptor 2 tyrosine-protein kinase VEGFR2. Then, IC50 values were determined for the most 

promising inhibitors. The results, presented in Table 2, show that the modifications of the pyridine part 

(whether it is the introduction of different substituents on the pyridine or the replacement of the latter by 

other aromatic heterocycles) lead to a loss of affinity for GSK-3 and selectivity for the α isoform. The 

same is true for the replacement of the quinoxaline core by a quinoline. By far the most promising result 

concerns 14-thiazo (or MH-124) for which a clear selectivity for the α isoform was observed, with IC50 

values of 17 nM and 239 nM determined on GSK-3α and GSK-3β, respectively. 

However, 2-(3-pyridyl)-8-(N-thiazolidino)oxazolo[5,4-f]quinoxaline (14-thiazo or MH-124) was also 

found to be a sub-micromolar inhibitor of DYRK1A (IC50 value of 68 nM). As DYRK1A and Cdc2-like 

kinase 1 (CLK1) share close selectivity profiles [37], we next evaluated our hit against an extended panel 

of six additional cancer-related protein kinases including CLK1, cyclin-dependent kinase 5 (CDK5/p25), 

non-receptor tyrosine kinase ABL1, and the tyrosine kinases JAK3, ephrin type-B receptor 1 (EphB1) 

and epidermal growth factor receptor (EGFR). As expected, MH-124 also inhibited CLK1 (IC50 value 

of 87 nM). However, no or only a slight inhibition was noticed for CDK5/p25, ABL1, JAK3, EphB1 and 

EGFR. 

Table 2. Inhibitory activities (in black) and selected IC50 values (in green) of synthesized compounds 

against a panel of cancer-related protein kinases. The table displays the percentages of remaining kinase 

activities, detected after treatment with 10 µM of the tested compounds. The values obtained after 

treatment with 1 µM are given in brackets. Results are expressed in % of maximal activity, i.e. measured 

in the absence of inhibitor but with an equivalent dose of DMSO (solvent of the tested compounds). ATP 

concentration used in the kinase assays was 10 µM (values are means, n = 2). Kinases are from human 

origin except when it is specified Rn, Rattus norvegicus. 
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CD-07 (H,H,H,H) [17] 4 (69) 18 (b) 5 (19)c 130d 0 (0) 4.8d 21 (14) 22d 44 (86) 8 (63) - 4.6 

4-2Me (Me,H,H,H) 32 (61) 22 (76) 13 (57)  6 (27) - 11 (55) - 32 (83) 33 (73) 63 (76) - 

4-2OMe (OMe,H,H,H) 66 (79) 70 (77) 51 (60)  29 (46) - 41 (75) - 84 (90) 83 (84) 67 (69) - 

4-2Cl (Cl,H,H,H) 32 (60) 48 (64) 18 (36)  14 (14) 173d 19 (22) 434d 86 (87) 50 (75) 99 (63) 2.5 

4-2F (F,H,H,H) 39 (34) 62 (44) 11 (9)c  3 (3) 32d 8 (9) 41d b (99) 62 (51) 91 (93) 1.3 

4-2NMe2 (NMe2,H,H,H) 10 (36) 71 (77) 34 (83)  14 (42) - 23 (70) - 81 (b) 80 (94) 67 (81) - 

4-2pyrro  11 (54) 77 (79) 54 (72)  30 (58) - 56 (81) - 85 (b) 81 (73) b (76) - 

4-4iPr (H,iPr,H,H) 1 (14) b (b) 0 (20)c  0 (2) 23d 0 (8) 32d 86 (b) 37 (87) 95 (b) 1.4 

4-4CF3 (H,CF3,H,H) 75 (47) 78 (69) 55 (21)  12 (10) 127d 18 (13) 123d 87 (93) b (67) 59 (67) 1.0 

4-5Me (H,H,Me,H) 8 (40) 6 (35) 4 (20)  5 (5) 32d 4 (6) 85d 54 (90) 16 (37) 29 (66) 2.7 

4-5F (H,H,F,H) 51 (69) 68 (91) 11 (37)c  3 (8) 246d 15 (25) 359d b (b) 66 (89) b (97) 1.5 

4-5Br (H,H,Br,H) 56 (75) 65 (82) 8 (38)c  0 (0) 115d 0 (9) 263d 89 (98) 41 (65) 86 (b) 2.3 

4-5thienyl  24 (73) 21 (b) 0 (48)c  0 (7) 51d 0 (31) 168d 69 (b) 22 (91) 22 (56) 3.3 

4-5Smorpho  18 (49) 19 (71) 5 (32)c  2 (5) 119d 4 (11) 239d 87 (b) 28 (64) 67 (71) 2.0 

4-6Cl (H,H,H,Cl) 
55 (73) b (84) 68 (54)c  0 (3) 530d 0 (33) 

110

0d 
95 (96) 62 (91) 95 (96) 

2.1 

4-6NMe2 (H,H,H,NMe2) 69 (83) 79 (b) 52 (72)  3 (32) - 16 (60) - 85 (b) 92 (89) b (78) - 

4-6Me (H,H,H,Me) 47 (61) 70 (82) 8 (26)c  0 (0) 89d 0 (0) 194d 92 (95) 48 (68) 96 (99) 2.2 

4-6ethinyl (H,H,H,C≡CH) 63 (b) b (b) 90 (b)c  10 (43) - 24 (83) - 94 (b) 82 (b) 98 (b) - 

a IC50(GSK-3β)/IC50(GSK-3α) as an evaluation of the isoform selectivity. b ≥100. c RnDYRK1A. d IC50 (nM).  

Table 2 (continued). 
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FL-316  [17] 9 (26) 12 (40) 4 (24)c 447d 2 (5) 31d 8 (9) 50d 78 (b) 16 (48) - 1.6 

6-quino  87 (91) 97 (85) 54 (85) - 13 (28) - 19 (49) - 95 (91) b (84) b (85) - 

6-isoquino  28 (58) 64 (88) 5 (18)c - 3 (9) 260d 4 (18) 670d 56 (b) 26 (69) 58 (90) 2.6 

6-pyra  23 (56) 6 (29) 6 (26)c - 4 (5) 195d 14 (14) 310d 54 (b) 14 (46) 52 (97) 1.6 

6-thia  
14 (56) 11 (58) 5 (54) - 5 (16) - 6 (17) - 48 (91) 9 (49) 59 (b) - 

6-isothia  
28 (78) 33 (85) 16 (62)c - 1 (23) - 11 (41) - 60 (96) 23 (69) 65 (b) - 

Table 2 (continued). 



 21 

 C
D

K
9

/ 

C
y

cl
in

T
 

P
IM

1
 

D
Y

R
K

1
A

 

G
S

K
-3

α
 

G
S

K
-3

β
 

C
K

1
ε 

H
as

p
in

 

V
E

G
F

R
2

 a 

FL-291  [17] 27 (45) 23 (43) 3 (11)c 200d 9 (9) 15d 2 (2) 25d 65 (75) - - 1.7 

CD-07  [17] 4 (69) 18 (b) 5 (19)c 130d 0 (0) 4.8d 21 (14) 22d 44 (86) 8 (63) - 4.6 

10-Smorpho  13 (27) 21 (43) 4 (12)c - 5 (8) 70d 9 (13) 103d 71 (90) 10 (23) 65 (94) 1.5 

10-H (CH;H) 55 (69) 26 (53) 0 (10) 132d 24 (79) - 33 (75) - 67 (b) 4 (23) 41 (97) - 

14-H (N;H) 59 (71) 86 (b) 8 (29)c - 20 (66) - 43 (82) - 82 (96) 22 (48) b (b) - 

14-Cl (N;Cl) 91 (90) 67 (85) 25 (54)c - 40 (73) - 46 (80) - b (b) 60 (94) 84 (b) - 

14-thiazo  20 (58) 23 (71) 2 (15)c 68d 3 (6) 17d 7 (10) 239d 60 (87) 7 (27) 25 (84) 14 

Table 2 (continued). 
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14-thiazo or MH-124 63 (92) 78 (96) 11 (27) 87d 79 (72) 81 (96) 98 (b) 

In general, docking studies revealed that most compounds exhibited a good fit in the binding sites of 

GSK-3α and -3β. The unsubstituted compound 4 (CD-07) showed a strong hydrogen bond with 

Lys148(85) of GSK-3α(β), an interaction that appears to be essential for ligand binding. Substitutions at 

the pyridine 2-position caused a slight change in ring orientation, leading to the loss of the hydrogen 

bond with the Lys amino acid. Only a small substituent such as 2-chloro kept the ring in place and thus 

maintained this hydrogen bond. However, the bioactivity of 4-2Cl and 4-2F were found lower than that 

of CD-07, possibly due to the electron-withdrawing properties of halogens which may weaken this 

interaction. Substitutions at the pyridine 4- and 5-positions are allowed because these regions face an 

open solvent-exposed area of the binding sites, with those at the 4-position allowing more variation than 

those at the 5-position. Substitutions at the 5- and particularly the 6-position of pyridine are closer to the 

amino acids, and large substituents may lead to clashes with surrounding amino acids or rotation of the 
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pyridine ring to lose the essential hydrogen bond. Generally, the compounds 4 showed binding to the 

GSK-3α isoform with slightly more favorable energetics.  

Substitutions with rings other than pyridine, as in case of the compounds 6, resulted in losing the 

hydrogen bond with the Lys residue (this is retained in the case of FL-316 possessing an imidazole); this 

reflects the observed results of GSK-3 inhibition. 

The region occupied by the fused ring is mostly hydrophobic with one nitrogen pointing perfectly to a 

highly polar spot in the binding site, while the other nitrogen (CH in 10-H) is in a general hydrophobic 

region with polar spots within ~4.5 Å. This last nitrogen seems to be necessary to increase the interactions 

displayed by the first nitrogen and to facilitate the displacement of water because its replacement by a 

CH (compound 10-H) was accompanied by a loss of the activity on kinase. Substitutions (R groups) are 

tolerated because the binding pocket has a wide and open region at this end to accommodate different 

types of large, and especially polar, substituents. Differences in size and polarity at the region occupied 

by the thiazolidine in the binding pocket may be responsible for the high selectivity of MH-124 toward 

GSK-3α compared to GSK-3β. Thiazolidine fits more naturally into the thermodynamic map of GSK-

3α, which has a marginally higher polarity in this region than GSK-3β (Figure 5). On the other hand, 

CD-07 possesses a thiomorpholine which is slightly larger than thiazolidine and therefore does not 

possess sufficient polarity to match the chemical environment of the specific region of GSK-3α.  

2.5. Activity of MH-124 (14-thiazo) on glioblastoma cells 

We finally evaluated the efficacy of MH-124 alone and in combination with temozolomide (TMZ) in 

two glioblastoma (GBM) patient-derived cell lines (PDCLs) that were selected to represent diverse 

response to TMZ i.e. N15-0385 (IC50 ˃ 1000 µM) and 4339 (IC50 = 429.7 µM). Both PDCLs express 

GSK-3α and GSK-3β at a similar level than the whole collection of GlioTEx’s 26 fully characterized 

GBM PDCLs (see Supplementary data). MH-124 alone did not dramatically impact cell survival in both 

PDCLs, as the IC50 values were not reached at the highest concentration tested (0.5 µM; Figure 9), 

although the viability of 4339 PDCL was reduced of 45% when exposed to this concentration. 
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Figure 9. Impact of MH-124 on 4339 (left) and N15-0385 (right) GBM cells.  

In vitro cell proliferation of GBM patient-derived cell line (PDCL) 4339 and N15-0385 as measured 

using Wst-1 assay. Y-axis represents optical density following 120 h of exposure to MH-124 compared 

to untreated condition. Data are means of three independent experiments. 

The impact of MH-124 on TMZ efficacy was then evaluated. Dose-response curves were generated 

using 8 concentrations of TMZ ranging from 25 to 1000 µM, and 5 concentrations of MH-124 ranging 

from 0.03 to 0.5 µM (Figure 10). Viability values for each condition are also represented in heatmaps 

(Figure 11).  
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Figure 10. Impact of MH-124 on TMZ efficacy. In vitro cell proliferation of GBM PDCL 4339 and 

N15-0385 as measured using Wst-1 assay. Y-axis represents optical density following 120 h of 

exposure to TMZ combined or not with MH-124 compared to untreated condition. Data are means of 

three independent experiments. 
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Figure 11. Heatmap representation of data shown in Figure 10 showing the impact of MH-124 on 

TMZ efficacy in GBM PDCL 4339 (left) and N15-0385 (right). 

The IC50 values obtained from these data show that the addition of MH-124 to TMZ effectively 

reduced the IC50 values for both PDCLs (Figure 12). Indeed, in 4339, TMZ IC50 was reduced of 10-fold 

when MH-124 was added at 0.5 µM. In N15-0385, it was reduced of more than 2-fold at the same 

concentration, transforming this TMZ-resistant PDCL (i.e. IC50 not reached) into a responder PDCL (IC50 

= 573.5 µM).  
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Figure 12. IC50 derived from data shown in Figure 10 showing the impact of MH-124 on TMZ 

efficacy in GBM PDCL 4339 (left) and N15-0385 (right). 

Synergy analyses using Bliss model (Figure 13) suggest that both drugs act synergistically at all 

concentrations for 4339 (i.e. synergy score ≥ 10). For N15-0385, synergy was observed at TMZ 
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concentrations above 400 µM and MH-124 concentrations above 0.06 µM. Concentrations below these 

values were calculated as additive (i.e. synergy score between -10 and 10) in this PDCL according to the 

Bliss model. 

 

Figure 13. Synergy analyses of data shown in Figure 10 using Bliss model for GBM PDCL 4339 (left) 

and N15-0385 (right) cells. 

3. Conclusion and perspectives 

Since the biological function and regulation of the two isoforms of GSK-3 are distinct (the α isoform 

does not enter the nucleus and does not contribute to the elevation of β-catenin), the development of 

selective inhibitors is of main importance. While few specific GSK-3α inhibitors are in development, we 

were here able to identify a powerful one, MH-124, owing to co-crystallization in GSK-3β and docking 

studies in accurate models of GSK-3α. MH-124 not only benefits from a simple synthesis route, but is 

14 times more potent at inhibiting GSK-3α than the β isoform.  

In the frame of this work, we were also able to demonstrate the interest of combining MH-124 as a 

new inhibitor of GSK-3α with temozolomide (TMZ) to treat a resistant cell line of GBM which is an 

aggressive malignancy. While the ability of GSK-3 inhibitors to promote apoptosis and cell cycle arrest 

in brain cancer cell was already known, only contrasting results had been reported as to the nature of the 

responsible isoform. Our study showed the interest of inhibiting the isoform α of GSK-3 to restore the 

efficacy of TMZ treatment on resistant GBM cells. 
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However, further work remains to be done to better understand the mechanism of action of our lead 

compound. Notably, as the human protein kinase superfamily consists of 518 members, one of our future 

goals will be to perform a more comprehensive kinase screen with MH-124 [38]. Its toxicity on non-

cancer cells will also remain to be evaluated. Finally, many more applications could be expected for this 

compound, in the field of cancer and far beyond since the GSK-3 kinase is implicated in many diseases 

related to cardiac pathogenesis, atherosclerosis, metabolic disorders, tissue aging, regulation of solid and 

hematological malignancies, and neurodegenerative disorders.  

4. Experimental 

4.1. Toxicity study 

4.1.1. Culture of neuronal cells 

NSC-34 cells were obtained from the ATCC (Manassas, VA). Cells were grown in DMEM (Invitrogen, 

San Diego, CA), pH 7.4, supplemented with 10% heat-inactivated FCS (Biochrom KG, Berlin, 

Germany), 100 units.mL-1 penicillin and 100 μg.mL-1 streptomycin. Cells were plated (40,000 cells/cm2) 

and cultured at 37 °C in a humidified atmosphere with 5% CO2. Cells were harvested by incubation for 

5 min with 0.05% (w/v) trypsin (Sigma Aldrich, St. Louis, MO) in PBS, pH 7.4, containing 0.3 mM 

EDTA, followed by the addition of 10% FCS to inactivate the trypsin. Cells were allowed to attach for 

24 h before any treatment addition. 

Primary cultures of cortical neurons were prepared from the cerebral cortex of 14-15-day old rat fetuses 

(5 female rats to obtain the fetuses). The cerebral cortex, obtained under toxin-free sterile conditions, 

was dissected and dissociated mechanically by pipetting 10 times with DMEM (10 mL for the cortex 

obtained from 12-14 fetuses). The cell suspension was filtered through a nylon mesh with a pore size of 

90 μm and plated (5 x 104 cells/cm2) on poly-lysine-coated dishes. After the cell attachment (1 h), the 

plating medium was changed to DMEM pH 7.4, supplemented with 10% fetal bovine serum (FBS), 10 

mM HEPES, 40 mM NaHCO3, 100 units.mL-1 penicillin, and 100 mg.mL-1 streptomycin. One hour is 
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enough to stick neurons and to avoid astrocytes sticking on the plate. After 4 days, the plating medium 

was changed with another medium prepared as described above. At seven days of culture, 20% FBS was 

changed to a 10% solution. Cultures were grown in a humidified atmosphere of 5% CO2 and 95% O2, at 

37 °C for 3 days, and then exposed to cytosine β-D arabinofuranoside (10 μM) for 24 h to prevent 

proliferation of no neuronal cells. Possible contamination by astrocytes was assessed by immuno-

fluorescence using monoclonal anti-glial fibrillary acidic protein (GFAP) (astrocytes marker: Sigma-

Aldrich 1:500) antibody (clone G-A-5) and polyclonal anti-microtubule associated protein 2 (MAP-2) 

(neuronal marker: Sigma-Aldrich 1:500). Under these conditions, approximately 99% ± 3% of all 

cultured cells were neurons. All animal work was performed according to minimize animal suffering and 

to reduce the total number of animals used. 

4.1.2. MTT assay 

Cell viability of the cultures was determined by the MTT assay as previously reported [39]. Cells were 

plated in 96 well culture plate and incubated without or with FL-291 during 24 h at 10 μM, 20 μM, 40 

μM, 80 μM or 160 μM. After cell treatments, the medium was removed, and the cells were incubated 

with red free medium and MTT solution [0.5 mg.mL-1 prepared in phosphate buffer saline (PBS) 

solution] for 4 h at 37 ºC. Finally, the medium was removed, and formazan particles were dissolved in 

DMSO. NSC-34 cell viability, defined as the relative amount of MTT reduction, was determined by 

spectrophotometry at 570 nm. 

4.1.3. Trypan blue assay 

Trypan blue exclusion assay was used to count living cells and death cells. NSC-34 cells were isolated 

and seeded at 4x104 cells/35 mm dish. After 5 days of culture, cells were incubated without (control, C) 

or with 20 μM, 40 μM, 80 μM or 160 μM FL-291 for 24 h. 1.5% trypan blue solution was applied to 

NSC-34 cultures at rt for 3 min. Living and dead cells were counted accurately with a Countess 

Automated Cell Counter (Invitrogen, Carlsbad, CA, USA). 

4.1.4. Confocal microscopy 
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NSC-34 monolayers growing on 16-mm glass coverslips for 6 h were prepared for confocal studies. 

Cultures were grown in a humidified atmosphere of 5% CO2/95% air at 37 °C before prepared cells to 

confocal. 

4.1.5. Statistical analysis 

Data was expressed as the mean ± SD values. Statistical significance was determined using the Mann-

Withney test or one-way Anova. For multiple comparisons, Tukey’s tests were used as post hoc tests or 

Kruskal-Wallis test for appropriate analyses. For all analyses, p values < 0.05 were considered 

significant. The type of statistical test is specified in each figure legend. 

4.2. Protein crystallography 

Recombinant kinase domain of GSK-3β containing a C-terminal His-tag was expressed in E. coli. The 

protein was purified by Ni2+ affinity chromatography and subsequently size exclusion chromatography. 

The pure protein in 20 mM HEPES, pH 7.5, 200 mM NaCl and 2 mM DTT was concentrated to 10 

mg.mL-1, and was mixed with the inhibitor at 1 mM. Crystallization was carried out using sitting drop 

vapor diffusion method at 4 °C and the conditions containing 14% PEG 3350, 0.1 M ammonium sulfate 

and 0.1 M bis-tris pH 6.0 with and without a supplementation of 5% glycerol. The crystals were cryo-

protected with the mother liquor supplemented with 22% ethylene glycol. Diffraction data were collected 

at Swiss Light Source beamline X06DA. The data were processed with iMosflm [40], and scaled using 

aimless [41]. Molecular replacement was performed using Phaser [42] and the published GSK-3β 

structure (pdb id 1q3d [43]). The structures were subjected to manual model rebuilding and refinement 

using COOT [44] and REFMAC5 [45], respectively. The data collection and refinement statistics are 

summarized in Table S3. The pdb IDs are 8AV1 for CD-07 and 8AUZ for FL-291. 

4.3. Molecular modeling experiments 

The crystal structure of GSK-3β was obtained from the protein databank (PDB ID: 4ACC) [46]. The 

3D structure of GSK-3α was constructed using the default options in Prime [23, 47]. The homology 
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model was compared to the one deposited in the AlphaFold database [23, 47]. The ligands were sketched 

and minimized in Maestro [48], and LigPrep [49] was used to prepare the ligands for the docking step. 

The protein structures were prepared by the Protein Preparation Wizard [50, 51] to adjust the bond orders, 

add missing atoms, complete missing side chains and loops, and adjust the hydrogen bond network. 

Docking experiments were carried out by Glide SP [52-55]. Water thermodynamics were computed using 

SZMAP [56].  

4.4. General data regarding the synthesis of the targets 

Column chromatography separations were achieved on silica gel (40-63 μm). Melting points were 

measured on a Kofler apparatus. IR spectra were taken on a Perkin-Elmer Spectrum 100 spectrometer. 

1H and 13C Nuclear Magnetic Resonance (NMR) spectra were recorded either on a Bruker Avance III 

spectrometer at 300 MHz and 75 MHz respectively, on a Bruker Avance III spectrometer at 400 MHz 

and 100 MHz respectively, or on a Bruker Avance III HD spectrometer at 500 MHz and 126 MHz 

respectively, all fitted with a BBFO probe. 1H chemical shifts (δ) are given relative to the solvent residual 

peak and 13C chemical shifts are relative to the central peak of the solvent signal [57].  

3-Chloro-5-iodo-6-quinoxalinamine (1) [17], ethyl 4-isopropylnicotinate [58] and 5-iodo-6-

quinoxalinamine (12) [25] were prepared as described previously.  

When not available from commercial sources, the substituted nicotinic acids were prepared from the 

corresponding ethyl nicotinates (1.5 mmol) by reaction with an aqueous 2 M solution of sodium 

hydroxide (0.83 mL, 1.65 mmol) in dioxane (2 mL) at 60 °C for 1 h. After evaporation of the solvent 

under reduced pressure, the residue was diluted with water (7 mL) and acidified with an aqueous 1 M 

solution of hydrochloric acid until pH 6. The precipitate was collected by filtration, dried under vacuum, 

and used directly. 

When not available from commercial sources, the aroyl chlorides were prepared from the 

corresponding carboxylic acids (1.5 mmol) by reaction with oxalyl chloride (0.21 g, 0.14 mL, 1.65 mmol) 

in dichloromethane (2 mL) containing dimethylformamide (10 L) at rt for 2 h. They were used directly 
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after removal of the solvent under reduced vacuum, addition of toluene (10 mL), and removal of the 

solvent under reduced vacuum. 

4.5. Evaluation on kinases 

The enzymatic activities of CDK5/p25, CDK9/Cyclin T, PIM1, DYRK1A, GSK-3 isoforms α and/or 

β, CK1 isoforms ε, Haspin, ABL1, JAK3, CLK1 and VEGFR were assayed using the ADP-GloTM assay 

kit (Promega, Madison, WI) as previously described [36]. Human EGFR and EphB1 (both are 

recombinant, expressed by baculovirus in Sf9 insect cells) were assayed in kinase buffer “A” with 0.17 

µg.µL-1 of poly(L-glutamic acid – L-tyrosine) sodium salt as substrate. Kinase buffer “A”: 10 mM 

MgCl2, 1 mM EGTA, 1 mM DTT, 25 mM Tris-HCl pH 7.5, 50 µg.mL-1 heparin. This ADP-GloTM assay 

is a luminescent ADP detection assay that provides a homogeneous and high-throughput screening 

method to measure kinase activity by quantifying the amount of ADP produced during the enzymatic 

reaction. ATP concentration used in the kinase assays was 10 µM. 

4.6. Evaluation on glioblastoma cell lines 

4.6.1. Cell lines. All GBM PDCLs were established by the GlioTEx team (Glioblastoma and 

Experimental Therapeutics) in the Paris Brain Institute (ICM) laboratory and maintained at 37 °C, 5% 

CO2 under neurosphere growth conditions using DMEM/F12 (Gibco, Life Technologies, Saint-Aubin, 

France) culture medium supplemented with 1% penicillin/streptomycin, B27 diluted 1:50 (Gibco), EGF 

(20 ng.mL-1), and FGF (20 ng.mL-1) (Preprotech, Neuilly-sur-Seine, France). The identity of all cell lines 

established at the ICM was confirmed by short tandem repeat (STR) assay according to the 

manufacturer’s instructions (PowerPlex 16, Promega, Charbonnières-les-Bains, France). PCR products 

were sent to Genoscreen (Lille, France) to determine STR profiles. The profiles were compared to the 

parental tumors and validated within three months of their use for the studies presented here. 

4.6.2. Cell viability assay. All tests described were performed in three independent experiments: 384-

well plates were coated with 10 µg.mL-1 laminin (#L2020, Sigma–Aldrich, Saint-Quentin Fallavier, 
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France) at 37 °C for 1 h. Two thousand five hundred cells/well were then plated in full culture medium. 

MH-124 or temozolomide were added the next day from 30 µM and 51.5 mM stock solutions, 

respectively, in DMSO, using epMotion ® 5070 automated pipetting robot (Eppendorf, Montesson, 

France). Ninety-six hours later, cell viability was assessed using WST-1 reagent (Roche, Meylan, France) 

according to the manufacturer’s instructions. 

4.6.3. Synergy analysis. The expected drug combination responses were calculated based on Bliss 

reference model using SynergyFinder [59]. Deviations between observed and expected responses with 

positive and negative values denote synergy and antagonism respectively. The Bliss independence model 

assumes a stochastic process in which two drugs elicit their effects independently, and the expected 

combination effect can be calculated based on the probability of independent events. A score less than -

10: the interaction between two drugs is likely to be antagonistic; From -10 to 10: the interaction between 

two drugs is likely to be additive; Larger than 10: the interaction between two drugs is likely to be 

synergistic. 
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