
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/182443/

Version: Accepted Version

Article:

M. E. Dokla, E, Kamal Abdel-Aziz, A, Milik, SN et al. (2022) Discovery of a Benzimidazole-
based Dual FLT3/TrKA Inhibitor Targeting Acute Myeloid Leukemia. Bioorganic and 
Medicinal Chemistry, 56. 116596. p. 116596. ISSN: 0968-0896 

https://doi.org/10.1016/j.bmc.2021.116596

© 2021 Elsevier Ltd. All rights reserved. This manuscript version is made available under 
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/.

Reuse 

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long 
as you credit the authors, but you can’t change the article in any way or use it commercially. More 
information and the full terms of the licence here: https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.bmc.2021.116596
https://eprints.whiterose.ac.uk/id/eprint/182443/
https://eprints.whiterose.ac.uk/


1 
 

Discovery of a Benzimidazole-based Dual FLT3/TrKA Inhibitor 

Targeting Acute Myeloid Leukemia 

Eman M. E. Doklaa,*,†,Amal Kamal Abdel-Azizb,c†, Sandra N. Milika,d,†, Martin J. McPhillied, Saverio 

Minuccic,e,¥,*, Khaled A. M. Abouzida,f,¥ 

aPharmaceutical Chemistry Department, Faculty of Pharmacy, Ain Shams University, Abbassia, Cairo 11566, Egypt 

bDepartment of Pharmacology and Toxicology, Faculty of Pharmacy, Ain Shams University, Abbassia, Cairo, 11566, 

Egypt 

cDepartment of Experimental Oncology, IEO, European Institute of Oncology IRCCS, Via Adamello 16, 20139, Milan, 

Italy  

dSchool of Chemistry, University of Leeds, Leeds LS2 9JT, United Kingdom 

eDepartment of Biosciences, University of Milan, Milan, 20100, Italy 

fDepartment of Organic and Medicinal Chemistry, Faculty of Pharmacy, University of Sadat City, Sadat City, 32897, 

Egypt 

 

*Corresponding author. 

E-mail address: emanelawady@pharma.asu.edu.eg (E.M.E. Dokla); Saverio.Minucci@ieo.it (S. 
Minucci) 

 

†These authors have equal contributions. 

¥ These authors are co-senior authors 

 

 

  



2 
 

Abstract 

FMS-like tyrosine kinase 3 (FLT3) enzyme overexpression and mutations are the most 

common molecular abnormalities associated with acute myeloid leukemia (AML). In addition, 

recent studies investigated the role of tropomyosin receptor kinase A (TrKA) enzyme fusions in 

promoting AML growth and survival. Based on these premises, targeting both kinases using dual 

inhibitors would constitute a promising therapeutic approach to target resistant AML. Guided by 

ligand-based design and structure simplification of the FLT3 inhibitor, quizartinib, we developed 

a benzimidazole-based small molecule, 4ACP, that exhibited nanomolar activity against wild-type 

FLT3, FLT3-Internal tandem duplications (FLT3-ITD), and FLT3-D835Y (FLT3-TKD) mutation (IC50 = 

43.8, 97.2, and 92.5 nM respectively). Additionally, 4ACP demonstrated potent activity against 

colon cancer KM12 cell line (IC50 = 358 nM) and subsequent mechanistic deconvolution identified 

TrKA enzyme as a second plausible target (IC50 = 23.6 nM) for our compound. 4ACP manifested 

preferential antiproliferative activity against FLT3-ITD positive AML cell lines (MV4-11 IC50 = 

38.8±10.7 nM and MOLM-13 IC50 = 54.9±4.1 nM), while lacking activity against FLT3-ITD negative 

AML cell lines. Western blot analysis confirmed 4ACP ability to downregulate ERK1/2 and mTOR 

signaling downstream of FLT3-ITD in AML cells. Furthermore, 4ACP prompted apoptotic and 

necrotic cell death and G0/G1 cell cycle arrest as indicated by cell cycle analysis. 

4ACP did not show cytotoxic effects on normal BNL and H9c2 cells and demonstrated 

decreased activity against c-Kit enzyme, hence, indicating lower probability of synthetic lethal 

toxicity and a relatively safer profile. In light of these data, 4ACP represents a novel FLT3/TrKA 

dual kinase inhibitor for targeted therapy of AML.  
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1. Introduction 

Acute myeloid leukemia (AML) is a common form of blood cancer resulting from improper 

differentiation and proliferation of hematopoietic stem cells leading to anemia, infections, and 

bleeding 1. Despite the recent progress in understanding the disease and the various treatment 

methods introduced, bad prognosis persists particularly in adult patients 2. According to the 

American Cancer Society report in 2020, 19,940 new cases of AML were diagnosed (32.9% of 

total leukemia cases) and 11,180 deaths were reported (48.4% of leukemia-related deaths) 3. 

AML is a heterogenous disease with diverse underlying molecular abnormalities rather than a 

single cause 4,5. Therefore, current research efforts are directed to address AML targetable 

abnormalities and identify new ones to benefit from AML-tailored anticancer therapy 6,7. 

FMS-like tyrosine kinase 3 (FLT3) protein is expressed ordinarily in hematopoietic cells 

and its activation by FLT3 ligand and subsequent downstream cellular signaling cascade 

culminates in controlled proliferation, survival, and inhibition of hematopoietic cells 

differentiation 8. FLT3-WT is overexpressed in AML 9 and FLT3 gene mutations are the most 

common genetic variations associated with AML manifesting in one-third of diagnosed patients. 

Two major FLT3 mutations were identified in AML, FLT3-internal tandem duplications (FLT3-ITD) 

and FLT3-tyrosine kinase domain point mutations (FLT3-TKD), most commonly D835Y mutation 

in the activation loop 10–12. Both mutations cause dimerization and constitutive activation of FLT3 

receptor independent of FLT3 ligand binding which lead to uncontrolled proliferation, survival 

and anti-apoptotic effects of AML cells 4,9,13. In light of FLT3 involvement and implications in AML, 

targeting both FLT3-WT and mutated FLT3 represents a promising therapeutic approach for AML-

directed therapy 7,9,14. 

Numerous small molecule FLT3 tyrosine kinase inhibitors were reported during the last 

two decades and few of these are currently undergoing clinical trials or were recently approved 

by FDA for AML 15–17. These comprise the first-generation inhibitors, sunitinib 18, midostaurin 19, 

lestaurtinib 20, tandutinib 21, and sorafenib 22 and the second-generation inhibitors, quizartinib 23, 

gilteritinib 24, and crenolanib 25 (Figure 1). FLT3 inhibitors are also classified according to their 

binding mode to the ATP binding site into, type I inhibitors including sunitinib, midostaurin, 
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lestaurtinib, gilteritinib, and crenolanib that bind to the active conformation (DFG-in) and type II 

inhibitors comprising sorafenib, quizartinib, and tandutinib that bind to the inactive 

conformation (DFG-out) 26–29. These small molecule TKIs vary greatly in their kinome selectivity, 

potency, activity on FLT3-mutant forms, and resistance profiles 7,14.  

 

Figure 1. Chemical structures of reported FLT3 kinase inhibitors. 
aCell-based assay. 

Emergence of resistance to clinically used FLT3 tyrosine kinase inhibitors in AML is a 

common phenomenon that results in limited response and relapse 7,26,30. A major cause of this 

resistance is the acquired point mutations of the FLT3-TKD which affect the binding affinity of 

selective FLT3 inhibitors particularly type II 31,32. Accordingly, several approaches were 

investigated to address these resistance mechanisms which comprise, employing combination 

therapies 33,34, developing novel FLT3 Inhibitors effective against FLT3-ITD-TKD mutations 35,36, or 

use of irreversible inhibitors 37. 
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One approach to target AML heterogeneity and acquired resistance is the development 

of dual kinase inhibitors which might affect different oncogenic pathways related to AML or 

inhibit alternate signaling pathways that mediate resistance 38,39. Of these, the previously 

mentioned midostaurin is a dual FLT3/SYK inhibitor, lestaurtinib is a dual FLT3/TrKA inhibitor, 

tandutinib and crenolanib are dual FLT3/PDGFR inhibitors, and gilteritinib is a dual FLT3/AXL 

inhibitor 40. Other examples include FLT3/JAK2 dual inhibitor pacritinib 41 and FLT3/TOPK dual 

inhibitor HSD1169 42 (Figure 2). 

 

Figure 2. Chemical structures of reported dual FLT3 kinase inhibitors. 

Several studies have investigated the role of tropomyosin receptor kinase A (TrKA) in AML 

43–46. TrKA is a receptor tyrosine kinase normally responsible for the survival and differentiation 

of neuronal tissue 47 and is additionally implicated in early hematopoiesis 48,49. TrKA gene fusions 

and overexpression may contribute to AML growth and survival 45 and although the presence of 

TrKA fusions sensitized hematopoietic malignancies to TrKA inhibitors 46, the use of these kinase 

inhibitors as a single agent is not lethal in AML. Instead, combination therapy with inhibitors of 

related kinases or design of dual target inhibitors might be more efficient to tackle AML with TrKA 

fusions 45,50. To date, many TrK kinase inhibitors were reported 51 and a few of these have 

received FDA approval including, multikinase inhibitor entrectinib 52, and selective pan-TrK 

inhibitor larotrectinib 53 (Figure 3). In addition, several approved or in clinical trials FLT3 inhibitors 

showed potent activity against TrKA including, gilteritinib (IC50 = 5 nM) 24, midostaurin (IC50 = 50 

nM) 54, lestaurtinib (IC50 = 3.7 nM) 55, crenolanib 56, ponatinib (IC50 = 11.4 nM) 57, and rebastinib 

(IC50 = 11.4 nM) 58 (Figure 3). 
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Figure 3. Chemical structures of reported TrKA inhibitors. 

Considering the efficacy of FLT3 small molecule inhibitors as a validated AML therapy and 

the growing evidence of the beneficial use of dual kinase inhibitors to target AML heterogeneity, 

we herein report the discovery of a novel benzimidazole-based dual FLT3/TrKA kinase inhibitor 

as a potential therapeutic agent targeting AML.  

2. Results and Discussion 

2.1. Design Strategy 

Quizartinib is a potent and selective FLT3 kinase inhibitor approved for use in Japan in 

2019 for relapsed FLT3-ITD AML 59. Although it showed potent nanomolar activity against FLT3 

wild-type and FLT3-ITD mutations, being a type II kinase inhibitor, it lacked activity against FLT3-

TKD mutations leading to its acquired resistance 60,61. Additionally, despite quizartinib distinct 

kinase inhibition profile, it showed potent off-target inhibition of c-KIT 62, PDGFRα, PDGFRβ, RET, 

and CSF1R kinases 23. Inhibition of c-KIT contributed to quizartinib “synthetic lethal toxicity” 

where concomitant inhibition of FLT3 and c-KIT led to myelosuppression 62,63. In light of 
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quizartinib limitations and guided by ligand-based design, we developed a novel benzimidazole-

based small molecule inhibitor (4ACP) with two potential objectives. First, to target FLT3-WT, 

FLT-ITD, and FLT3-D835Y (FLT3-TKD) mutations, consequently, targeting dependent AML cell 

lines. Second, to exhibit reduced activity against c-KIT kinase enzyme therefore limiting its 

toxicity. Our design strategy combined scaffold hopping of the hinge binder moiety of quizartinib, 

imidazo[2,1-b]thiazole, into a benzimidazole moiety, which was supported by the reported FLT3 

activity of several benzimidazole-based derivatives designed as quizartinib analogues64–66and 

structure simplification by removing the 5-(tert-butyl)isoxazole part, which is likely responsible 

for quizartinib lack of activity against TKD mutations to yield 4ACP as a potential FLT3 kinase 

inhibitor (Figure 4). 

 

Figure 4. Design strategy for the benzimidazole-based kinase inhibitor, 4ACP. 

In order to validate our design, we docked the proposed compound, 4ACP, into the ATP 

binding site of FLT3 enzyme using CDOCKER module of Discovery Studio® 2.5 software and 

compared its binding mode and interactions to that of quizartinib (Figure 5A-5D). Quizartinib 

binds to the inactive conformation of FLT3 enzyme (PDB code: 4XUF, DFG-out conformation) 

where the benzo(d)imidazo[2,1-b]thiazole fits in the hinge region and forms an essential 

hydrogen bond with Cys694 amino acid. The urea moiety extends into the allosteric channel 

forming two hydrogen bonds with Asp829 and Glu661 and ends with a 5-(tert-butyl)isoxazole 

that fits in the allosteric pocket of the inactive enzyme. Finally, the 7-(2-morpholinoethoxy) group 
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represents the solvent accessible group that does not affect the potency but rather improves the 

solubility 67. In comparison, 4ACP’s benzimidazole moiety occupied the hinge region and formed 

the essential hydrogen bond with Cys694, while the acetamido group extended slightly into the 

allosteric channel forming one hydrogen bond with Asp829 and leaving the allosteric pocket 

unoccupied. The 4-(2-(piperidin-1-yl)ethoxy) group acted as the solvent accessible group and 

formed an additional hydrogen bond with Cys695 amino acid. According to 4ACP binding mode, 

it is anticipated that it would act as a type I kinase inhibitor and to further validate this 

proposition, we docked 4ACP into the active conformation of FLT3 enzyme (PDB code: 6JQR, 

DFG-in conformation) (Figure 5E). As expected, 4ACP could fit into the active site and maintain 

the essential interactions required for binding. 

 

Figure 5. Quizartinib and 4ACP binding modes within FLT3 ATP binding site. (A), (C) 3D binding interactions of 
quizartininb and 4ACP respectively within the ATP binding site of FLT3 enzyme (PDB code: 4XUF, DFG-out 
conformation). Quizartinib and 4ACP are represented as sticks with white backbones, interacting amino acids are 
represented as sticks with green backbones, DFG motif is displayed as yellow sticks, and hydrogen bonds are 
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depicted in dotted lines. (B), (D) 2D binding interactions of quizartinib and 4ACP displaying the key amino acids 
involved in these interactions. (E) 3D binding interactions of 4ACP within the ATP binding site of FLT3 enzyme (PDB 
code: 6JQR, DFG-in conformation). 

2.2. Chemistry 

The desired benzimidazole derivative (4ACP) was synthesized according to the previously 

reported procedures 68–71 as depicted in Scheme 1. Nucleophilic aromatic substitution of 5-

bromo-2-fluoronitrobenzene (1) with 4-aminoacetanilide in DMF using K2CO3 yielded the desired 

N-(4-((4-bromo-2-nitrophenyl)amino)phenyl)acetamide (2) in 98% yield. Reduction of the nitro 

derivative (2) using SnCl2.2H2O in EtOAc and subsequent cyclization by reflux in formic acid 

furnished the desired N-(4-(5-bromo-1H-benzimidazol-1-yl)phenyl)acetamide (3) in 93.7% yield. 

Suzuki coupling of the bromo derivative (3) with 4-hydroxyphenylboronic acid using 

Tetrakis(triphenylphosphine)palladium(0) and K2CO3 in dioxane and water yielded the desired N-

(4-(5-(4-hydroxyphenyl)-1H-benzoimidazol-1-yl)phenyl)acetamide (4) in 50.5% yield. Alkylation 

of the hydroxy derivative (4) with 1-(2-Chloroethyl)piperidine hydrochloride in DMF using Cs2CO3 

and few specks of KI gave the desired N-(4-(5-(4-(2-(piperidin-1-yl)ethoxy)phenyl)-1H-

benzoimidazol-1-yl)phenyl)acetamide (4ACP) in 12% yield. 
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Scheme 1. Reagents and conditions: (a) 4-Aminoacetanilide, DMF, K2CO3, 80oC, 24 h, 98% yield; (b) (1) SnCl2.2H2O, 

EtOAc, reflux, 6 h, (2) HCOOH, reflux, 1 h, 93.7% yield; (c) 4-hydroxyphenylboronic acid, Pd(PPh₃)₄, K2CO3, dioxane, 

H2O, reflux, 3 h, 50.5% yield; (d) 1-(2-Chloroethyl)piperidine hydrochloride, DMF, Cs2CO3, KI, 80oC, 24 h, 12% yield. 

2.3. Biological activities 

2.3.1. In vitro FLT3 kinase assays of 4ACP 

As part of the mechanistic validation, we initially evaluated the activity of 4ACP against 

wild-type FLT3, FLT3-ITD, and FLT-TKD (D835Y mutation) enzymes using in vitro kinase assay. 

4ACP showed potent activity against all three FLT3 forms (IC50 = 43.8, 97.2, and 92.5 nM 

respectively) (Table 1). Notably, 4ACP showed equipotent activity against FLT3-ITD and FLT3-

D835Y mutations as opposed to quizartinib that has negligible activity against FLT3-TKD 

mutations. Per our design, this can be ascribed to the possibility that 4ACP acts as a type I kinase 

inhibitor, hence its ability to retain activity against FLT3-TKD mutations that confer resistance to 

type II kinase inhibitors 72,73. 

Table 1. In vitro kinase inhibition and antiproliferative activities of 4ACP. 

Compound 

Kinase enzymes  

IC50 (nM)a 

Cell lines 

IC50 (nM)b GI50 (nM) 

FLT3 FLT3-ITD FLT3-D835Y TrKA MOLM-13c MV4-11d KM12e 

4ACP 43.8 97.2 92.5 23.6 38.8±10.7 54.9±4.1 358 

Sorafenib 48.6 -- -- -- 8.7±1.2 7.7±2.0 -- 

Quizartinib -- -- -- -- 1.10±0.036 0.62±0.098 -- 

Staurosporine -- 0.259 0.254 5.78 -- -- -- 

aThe kinase inhibition assays were provided by ThermoFisher Scientific. All data were obtained by double testing. 
bMedian inhibitory concentration (IC50) values are expressed as mean±SD and were based on the data obtained from 
triplicates of at least two independent experiments after 72 h treatment. 
cAML-FLT3-ITD+ (heterozygous). 
dAML-FLT3-ITD+ (homozygous). 
eNCI-60 cell line screening data. 

2.3.2. In vitro antiproliferative screening and TrKA enzyme inhibitory activity of 4ACP 

In vitro enzyme assays identified FLT3 as a target selectively inhibited by 4ACP. Hence, we 

sought to evaluate whether 4ACP could selectively target FLT3-ITD positive AML cell lines. To this 
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end, we investigated the potential anti-leukemic activity of varying concentrations of 4ACP on 

two FLT3-ITD harboring AML cell lines (MV4-11 and MOLM-13) using ATP Cell Titer Glo™ cell 

viability assay. Indeed, 4ACP dramatically reduced the viability of MV4-11 and MOLM-13 in a 

concentration and time-dependent pattern (Table 1 and Figure 6). Clonogenic assay also 

revealed that 4ACP significantly impaired the clonogenic potential of FLT3-ITD positive MV4-11 

and MOLM-13 cells (Figure 7).  

 

Figure 6. 4ACP significantly attenuates the viability of FLT3-ITD positive acute myeloid leukemia cells. (A), (B) Cell 
viability (cellular ATP%) normalized to vehicle-treated group of MV4-11 (A) and MOLM-13 (B) cells following their 
treatment with the indicated concentrations of 4ACP for 24, 48 and 72h and assessed using ATP Cell Titer-Glo™ 
assay. *: Statistical significance as compared to the corresponding concentration of 24h 4ACP-treated group 
assessed using Two-way analysis of variance (ANOVA) followed by Bonferroni post-test. 
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Figure 7. 4ACP evidently impairs the colony forming potential of FLT3-ITD positive acute myeloid leukemia cells. 
(A) Representative phase contrast images of the semisolid culture assay depicting MV4-11 colonies 14 days following 
their treated with either vehicle or 4ACP (500 nM). (B), (C) Percent of number of colonies (B) and colonies cell count 
(C) of MV4-11 cells treated with either vehicle or 4ACP (500 nM) and cultured for 14 days in semisolid medium (n=3). 
*: Statistical significance as compared to vehicle-treated group assessed using Student’s t-test. (D) Representative 
phase contrast images of the semisolid culture assay depicting MOLM-13 colonies 7 days following their treated with 
either vehicle or 4ACP (500 nM). (E), (F) Percent of number of colonies (E) and colonies cell count (F) of MOLM-13 
cells treated with either vehicle or 4ACP (500 nM) and cultured for 7 days in semisolid medium (n=3). *: Statistical 
significance as compared to vehicle-treated group assessed using Student’s t-test. 

Next, we questioned whether FLT3-ITD negative AML cell lines might be equally 

responsive to the anti-leukemic activity of 4ACP. As a cellular selectivity control, we tested the 

anticancer activity of 4ACP on two non FLT3 mutated AML cell lines which carry different types 

of mutations: THP-1 (MLL-AF9) and GDM-1 (CBL) 74,75. 4ACP did not elicit cytotoxic activity against 
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GDM-1 and THP-1 AML cell lines which do not carry FLT3-ITD mutation (Figure 8 and 

Supplementary data, S2, Figure S1A). In contrast, GDM-1 AML cell line was vulnerable to the 

anticancer activity of sorafenib, a multikinase inhibitor (Figure 8A). This might be attributed to 

the inhibitory effects of sorafenib on other tyrosine kinase receptors as stem cell factor tyrosine 

kinase receptor (c-kit) which is overexpressed in GDM-1 cells 76. Consistently, glioblastoma 

(U251) as well as clear cell renal cell carcinoma (Caki-1) cells were irresponsive to the anticancer 

doses of 4ACP which potently inhibited the viability of FLT3-ITD harboring AML cell lines 

(Supplementary data, S2, Figure S1B-1C). Altogether, the present data indicate that 4ACP 

preferentially targets FLT3-ITD positive AML cells. 

 

Figure 8. 4ACP does not affect the viability of FLT3-ITD negative acute myeloid leukemia cells. (A), (B) Cell viability 
(cellular ATP%) of GDM-1 (A) and THP-1 (B) cells 72h following their treatment with the indicated concentrations of 
4ACP or sorafenib normalized to vehicle-treated cells and assessed using ATP Cell Titer-Glo™ assay. *: Statistical 
significance as compared to the corresponding concentration of 4ACP-treated group assessed using Two-way 
analysis of variance (ANOVA) followed by Bonferroni post-test. 

Screening of 4ACP using NCI-60 cell line panel demonstrated its ability to inhibit a limited 

number of cell lines at sub-micromolar concentrations (Supplementary data, S3-S4). Affected 

panel comprised, leukemia (K562 and SR), colon cancer (HCT-116, KM12, and SW620), and renal 

cancer (786-D) cell lines. Such discriminating antiproliferative activity of 4ACP might indicate 

better selectivity and less off-target toxicity 77,78. In particular, 4ACP was most potent against 

colon cancer KM12 cell line (IC50 = 358 nM). Literature review revealed that KM12 cell line harbors 

an NTRK1 gene fusion encoding for a constitutively activated TrKA enzyme, rendering it sensitive 

to TrKA enzyme inhibitors 79. Consequently, we proceeded with the in vitro assay of 4ACP against 
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TrKA enzyme which demonstrated nanomolar activity (IC50 = 23.69 nM) (Table 1). Along with the 

previously conferred FLT3 kinase activity data, these results establish 4ACP as a novel dual 

FLT3/TrKA small molecule inhibitor. 

2.3.3. Western blot analysis of 4ACP effects in FLT3-ITD positive AML cells 

FLT3-ITD activates extracellular regulated kinases 1/2 (ERK1/2) and mammalian target of 

rapamycin (mTOR) signaling which promote the survival and proliferation of AML cells 80. To 

investigate whether 4ACP could inhibit ERK1/2 and mTOR signaling downstream of FLT3-ITD, 

MV4-11 and MOLM-13 cells were treated with different concentrations (0, 10, 50 and 100 nM) 

of 4ACP and lysates were harvested after 24 and 48h of treatment. Indeed, 4ACP inhibited 

ERK1/2 and mTOR in FLT3-ITD positive AML cell lines in a dose-dependent manner (Figure 9 and 

Supplementary data, S5, Figure S2). This is evidenced by prominent reduced phosphorylation 

and hence inactivation of ERK1/2 as well as p70 S6 kinase and ribosomal S6 (downstream target 

and readout of mTOR activity) in 4ACP-treated FLT3-ITD positive AML cells as compared to 

vehicle-treated cells. Collectively, this data emphasize the inhibitory effect of 4ACP on ERK1/2 

and mTOR signaling downstream of FLT3-ITD in AML cells.  

 

Figure 9. Immunoblot analysis of extracellular regulated kinases 1/2 (ERK1/2) and mammalian target of rapamycin 

(mTOR) signaling pathway in FLT3-ITD positive acute myeloid leukemia cells following their treatment with 4ACP. 

(A), (B) Western blot analysis of lysates obtained from MV4-11 (A) and MOLM-13 (B) cells 24h following their 
treatment with the indicated concentrations of 4ACP. Vinculin was used as a loading control. 
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2.3.4. Cell cycle analysis of 4ACP effects in FLT3-ITD positive AML cells 

FLT3 kinase inhibitors have been reported to induce G0/G1 cell cycle arrest 81. Thereof, to 

investigate the effect of 4ACP on cell cycle progression in FLT3-ITD positive AMLs, the DNA 

content of MV4-11 and MOLM-13 cells treated with varying concentrations (0, 10, 50 and 100 

nM) of 4ACP was assessed using flow cytometry. Consistently, 4ACP remarkably induced a cell 

cycle arrest of MV4-11 and MOLM-13 cells at the G0/G1 phase (Figure 10). 

 

Figure 10. 4ACP triggers G0/G1 cell cycle arrest in FLT3-ITD positive acute myeloid leukemia cells. (A)  
Representative flow cytometric histograms depicting the cell cycle distribution of MV4-11 (upper panel) and MOLM-
13 (lower panel) 72h following their treatment with the indicated concentrations of compound 4ACP (0, 10, 50 and 
100 nM). (B), (C) Percentages of MV4-11 (B) and MOLM-13 (C) cells in G0/G1, S and G2/M phase 72h following their 
treatment with the indicated concentrations of 4ACP.  

Next, we explored whether 4ACP could trigger cell death of FLT3-ITD positive AML cells 

using propidium iodide (PI), a fluorescent DNA-binding dye, which preferentially crosses the cell 
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membranes of apoptotic and necrotic cells. Indeed, flowcytometry analysis revealed that 4ACP 

evidently triggered apoptotic and necrotic death of FLT3-ITD positive AML cells as evidenced by 

increased percent of PI positive cells in MV4-11 and MOLM-13 cells (Figure 11). Collectively, these 

findings indicate that 4ACP induced G0/G1 cell cycle arrest as well as apoptotic and necrotic cell 

death of FLT3-ITD harboring AML cells. 

 

Figure 11. 4ACP induces apoptotic and necrotic cell death in FLT3-ITD positive acute myeloid leukemia cells. (A), 
(B) Percent of propidium iodide (PI) positive MV4-11 (A) and MOLM-13 (B) cells following their treatment with the 
indicated concentrations of 4ACP for 72h using flow cytometry. *: Statistical significance as compared to vehicle-
treated group assessed using One-way analysis of variance (ANOVA) followed by Dunnett test for post-hoc analysis.  

2.3.5. In vitro cytotoxicity of 4ACP against normal BNL-hepatocytes and H9C2-cardiomyocytes 

Multikinase inhibitors including FLT3 inhibitors have been associated with dose-limiting 

toxicities which result in dose reduction and/or interruption 74,82–84. Hepatotoxicity as well as 

cardiotoxicity are among the toxicities associated with FLT3 inhibitors 82. Thus, we sought to 

investigate the potential cytotoxic effect of 4ACP on normal murine hepatocyte (BNL) and rat 

cardiomyoblast (H9c2) cells. 4ACP did not elicit drastic cytotoxic effects on BNL and H9c2 cells 

(Figure 12). Collectively, these findings suggest that anticancer concentrations of 4ACP might 

have a favorable safety profile on normal cells. 
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Figure 12. Anticancer concentrations of 4ACP do not dramatically compromise the viability of normal murine 

hepatocytes (BNL) and rat cardiomyoblasts (H9c2) cells. (A), (B) Cell viability (cellular ATP %) of murine hepatocyte 
(BNL) rat (A) and cardiomyoblast  (H9c2) (B) cells 72h following their treatment with the indicated concentrations of 
4ACP normalized to vehicle-treated cells and assessed using ATP Cell Titer-Glo™ assay. *: Statistical significance as 
compared to vehicle-treated group assessed using One way analysis of variance (ANOVA) followed by Dunnett test 
for post-hoc analysis. 

2.3.6. In vitro selectivity profiling of 4ACP against a panel of kinase enzymes 

To further assess 4ACP selectivity and to compare to other FLT3 inhibitors, we screened 

our compound against a panel of 17 kinases (Table 2). Our selection criteria was based on the 

off-target kinases potently inhibited by FLT3 inhibitors, quizartinib and sorafenib 23,85.  

4ACP showed negligible to weak activity against FLT3-closely related kinases, FLT1, FLT4, 

PDGFRα, and PDGFRβ at 1 µM concentration. Advantageously, it showed more than 20-fold less 

potency against c-Kit kinase enzyme indicating its preferential selectivity towards FLT3 and lower 

potential to trigger synthetic lethal toxicity which induces myelosuppression side effect. 
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Assessment of our compound activity against other members of TrK family, TrKB and 

TrKC, showed that 4ACP exhibited considerable activity against TrKA cognate partners which 

might designate 4ACP as a pan-TrK inhibitor. 

Table 2. In vitro kinase inhibition profile of 4ACP. 

Kinase % Inhibitiona at 1 µM Kinase % Inhibitiona at 1 µM 

ABL1 63 PDGFRα 41 

CDK2/cyclin A 2 PDGFRβ 33 

FGFR3 13 PIM1 9 

FLT1 (VEGFR1) 13 PRKD2 (PKD2) 19 

FLT4 (VEGFR3) 24 B-Raf 5 

IGF1R 11 SRC 27 

KDR (VEGFR2) 77 TrKB 70 

c-KIT 36 TrKC 79 

LCK 78   

aThe kinase inhibition assays were provided by ThermoFisher Scientific. All data were obtained by double testing. 

2.4. Molecular modeling 

Molecular docking of 4ACP into the ATP binding site of TrKA kinase enzyme (PDB code: 

5KVT) using CDOCKER module of Discovery Studio® 2.5 software revealed a relatively similar 

binding mode to the bound ligand, entrectinib (Figure 13). The benzimidazole moiety of 4ACP 

formed an essential hydrogen bond with the hinge region Met592 amino acid, while the N-(p-

acetanilide) extended into the hydrophobic pocket and formed a hydrogen bond between the 

acetamido NH and Gly667 amino acid. The 4-(2-(piperidin-1-yl)ethoxy) group extended out of the 

active site into the solvent and formed an additional hydrogen bond with Leu516 amino acid. 
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Figure 13. 4ACP binds to the ATP binding site of TrKA kinase enzyme in a similar mode to the reported inhibitor, 

entrictinib (PDB code: 5KVT). (A), (B) 3D binding poses and interactions of entrictinib and 4ACP within the ATP 
binding site of TrKA enzyme. Both compounds are represented as sticks with white backbones, interacting amino 
acids are represented as sticks with green backnbones, and hydrogen bonds are depicted in dotted lines. 

3. Conclusion 

The aim of our study was to develop selective and potent analogues of quizartinib as 

potential FLT3 inhibitors targeting AML harboring FLT3 mutations. Guided by ligand-based design 

and structure simplification of quizartinib we developed a benzimidazole-based small molecule, 

4ACP, that exhibited nanomolar activity against wild-type FLT3, FLT3-ITD and FLT3-D835Y (FLT3-

TKD) enzymes. Unlike quizartinib, 4ACP displayed equipotent activity against both FLT3-ITD and 

FLT3-TKD mutations which might be attributable to the probability that 4ACP acts as a type I 

kinase inhibitor. 4ACP demonstrated selective antiproliferative activity against FLT3-ITD positive 

AML cell lines (MV4-11 and MOLM-13), while lacking activity against FLT3-ITD negative AML cell 

lines. NCI-60 cell line screening of 4ACP showed a narrow panel of activity and deconvolution of 

4ACP’s potent activity against colon cancer KM12 cell line led to the identification of TrKA kinase 

enzyme as another target for 4ACP, hence, designating our compound as a dual FLT3/TrKA kinase 

inhibitor. Recent studies correlate TrKA fusions and overexpression with AML growth and 

survival, and inhibition of TrKA enzyme along other AML-related kinases (i.e., FLT3 in this respect) 

might represent a more efficient approach to tackle hematopoietic malignancies.   

Mechanistic studies demonstrated the ability of 4ACP to inhibit ERK1/2 and mTOR 

signaling downstream of FLT3-ITD in AML cells. Furthermore, cell cycle analysis revealed that 

4ACP induced G0/G1 cell cycle arrest as well as apoptotic and necrotic cell death of FLT3-ITD 

positive AML cells. Moreover, 4ACP produced no cytotoxic effects on normal murine hepatocyte 

and rat cardiomyoblast cells at concentrations exceeding 20-folds its IC50 values against FLT3-ITD 
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positive AML cells indicating a relatively safe profile. Additionally, 4ACP had diminished activity 

against c-Kit enzyme implying a likely lower incidence of myelosuppression.  

Collectively, these data corroborate the therapeutic potential of 4ACP as a dual FLT3/TrKA 

inhibitor targeting AML and further assessment and SAR investigation are warranted. 

4. Experimental 

4.1. Chemistry 

Chemicals and solvents were purchased from Sigma-Aldrich (Germany) and Alfa Aesar 

(Germany) and were used as such without further purification. Reactions were followed using 

analytical thin layer chromatography (TLC), performed on Aluminum silica gel 60 F254 TLC plates, 

purchased from Merck, with visualization under UV light (254 nm). 1HNMR spectra were 

determined on a Bruker Avance III HD FT NMR spectrometer operating at 9.4 T (400 MHz) or a 

two-channel Bruker AV-NEO NMR spectrometer operating at 11.7 T (500 MHz) in δ scale (ppm) 

and J (Hz) and referred to the deuterated solvent peak (DMSO-d6 δ = 2.5 ppm). 13CNMR spectra 

were determined on the two-channel Bruker AV-NEO NMR spectrometer at 126 MHz and 

referred to the solvent peak (DMSO-d6 δ = 39.52 ppm). All NMR datasets were acquired at 298 K 

unless otherwise stated. High resolution mass spectrometry (HRMS) was carried out using a 

Bruker MaXis Impact Time of Flight spectrophotometer, using electrospray ionization (ES +). The 

purity of the final compounds was assessed by HPLC on an Agilent 1290 Infinity Series equipped 

with a UV detector and a C18 reverse phase column eluting with an MeCN – water gradient (5-

95%) and 0.1% TFA over 5 mins at a flow rate of 0.5 mL min-1  

4.1.1. Synthetic procedures for 4ACP 

The desired benzimidazole derivative (4ACP) was synthesized according to the previously 

reported procedures 68–71 and is illustrated as follows. 

Step a: To a solution of 5-bromo-2-fluoronitrobenzene (1) (5.00 g, 22.7 mmol, 1.00 equiv) 

in DMF (20 ml) was added 4-aminoacetanilide (3.75 g, 25.0 mmol, 1.10 equiv) and K2CO3 (3.80 g, 

27.5 mmol, 1.20 equiv) and the reaction mixture was heated at 80oC for 24 h. Upon completion 

of the reaction as indicated by TLC, the mixture was cooled, poured into ice/water, and stirred 
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for 1 h. The resulting precipitate was filtered, washed with water, and dried to give the desired 

N-(4-((4-bromo-2-nitrophenyl)amino)phenyl)acetamide (2) as deep reddish solid in 98% yield. 1H 

NMR (400 MHz, DMSO-d6): δ, ppm 10.03 (s, 1H), 9.43 (s, 1H), 8.21 (s, 1H), 7.72 – 7.52 (m, 3H), 

7.25 (d, J = 7.3 Hz, 2H), 7.00 (d, J = 8.6 Hz, 1H), 2.06 (s, 3H). 

Step b: To a solution of N-(4-((4-bromo-2-nitrophenyl)amino)phenyl)acetamide (2) (7.70 

g, 22.0 mmol, 1.00 equiv) in EtOAc (150 ml) was added SnCl2.2H2O (24.8 g, 110 mmol, 5.00 equiv) 

and the reaction mixture was refluxed for 6 h. Upon completion of the reaction as indicated by 

TLC, the mixture was cooled, washed with sodium carbonate solution (10%), separated, dried 

over anhydrous Na2SO4 and evaporated to give the amine intermediate, N-(4-((2-amino-4-

bromophenyl)amino)phenyl)acetamide as red residue. To this residue was added formic acid (20 

ml) and the reaction mixture was refluxed for 1 h. Upon completion of the reaction as indicated 

by TLC, the mixture was cooled, neutralized with cold sodium carbonate solution (10%), and 

stirred for 1 h. The resulting solid was filtered, washed with water, diethyl ether and dried to 

afford the desired N-(4-(5-bromo-1H-benzimidazol-1-yl)phenyl)acetamide (3) as light violet solid 

in 93.7% yield. 1H NMR (400 MHz, DMSO-d6): δ, ppm 10.22 (s, 1H), 8.57 (s, 1H), 7.98 (s, 1H), 7.82 

(d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.6 Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H), 2.10 (s, 

3H). 

Step c: A solution of N-(4-(5-bromo-1H-benzimidazol-1-yl)phenyl)acetamide (3) (500 mg, 

1.51 mmol, 1.00 equiv) and 4-Hydroxybenzeneboronic acid (418 mg, 3.03 mmol, 2.00 equiv) in 

dioxane/water (4:1, 24 ml) was purged with nitrogen for 5 min then Pd(PPh₃)₄ (35 mg, 0.03 mmol, 

0.02 equiv) and K2CO3 (626 mg, 4.53 mmol, 3.00 equiv) were added and the reaction was refluxed 

under nitrogen for 3 hr. Upon completion of the reaction as indicated by TLC, the mixture was 

cooled, filtered using celite, evaporated, and the resulting residue was extracted with ethyl 

acetate. The organic layer was dried over anhydrous Na2SO4, evaporated, and the resulting 

residue was purified by flash chromatography (DCM/MeOH 9.5:0.5) to yield the desired N-(4-(5-

(4-hydroxyphenyl)-1H-benzoimidazol-1-yl)phenyl)acetamide (4) as greyish white solid in 50.5% 

yield. 1H NMR (400 MHz, DMSO-d6): δ, ppm 10.21 (s, 1H), 9.51 (s, 1H), 8.51 (s, 1H), 7.92 (s, 1H), 

7.83 (d, J = 8.5 Hz, 2H), 7.65 – 7.58 (m, 3H), 7.55 (d, J = 8.4 Hz, 3H), 6.87 (d, J = 8.4 Hz, 2H), 2.11 

(s, 3H). 
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Step d: To a solution of N-(4-(5-(4-hydroxyphenyl)-1H-benzoimidazol-1-yl)phenyl) 

acetamide (4) (190 mg, 0.55 mmol, 1.00 equiv) and 1-(2-Chloroethyl)piperidine hydrochloride 

(204 mg, 1.10 mmol, 2.00 equiv) in DMF (5 ml) was added Cs2CO3 (721 mg, 2.21 mmol, 4.00 equiv) 

and few specks of KI and the reaction mixture was heated at 80oC for 24 h. Upon completion of 

the reaction as indicated by TLC, the mixture was cooled, poured into ice/water, and stirred for 

1 h. The resulting precipitate was filtered, washed with water, dried, and purified by flash 

chromatography (DCM/MeOH 9:1) to furnish the desired product, N-(4-(5-(4-(2-(piperidin-1-

yl)ethoxy)phenyl)-1H-benzoimidazol-1-yl)phenyl)acetamide (4ACP) as off-white solid in 12% 

yield. ¹H NMR (501 MHz, DMSO-d6): δ, ppm 10.27 (s, 1H), 8.53 (s, 1H), 7.97 (d, J = 1.1 Hz, 1H), 

7.85 (d, J = 8.9 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.8 Hz, 3H), 7.58 (q, J = 3.4 Hz, 1H), 7.05 

(d, J = 8.7 Hz, 2H), 4.18 (s, 2H), 2.81 (s, 2H), 2.58 (s, 4H), 2.11 (s, 3H), 1.56 (s, 4H), 1.43 (s, 2H). ¹³C 

NMR (126 MHz, DMSO-d6): δ, ppm 169.05, 158.10, 144.91, 144.32, 139.35, 135.21, 133.72, 

132.89, 131.14, 128.46, 124.59, 122.80, 120.55, 117.66, 115.47, 111.41, 65.66, 57.40, 54.57, 

25.52, 24.52, 23.97. HRMS exact mass of C28H31N4O2 (M+H)+: 455.2442 amu; found: 455.2438 

amu. HPLC purity: 95%, HPLC tR: 1.68 min. 

4.2. Biological activities 

4.2.1. Reagents and antibodies 

ROCHE Complete™ EDTA-free Protease Inhibitor Cocktail (Catalog.No.11836170001) was 

purchased from Sigma Aldrich. Bio-Rad DC™ Protein Assay (Catalog.No.500-0114) was purchased 

from Bio-Rad. Primary antibodies p-p70 S6 kinase (T389) (9234), total p70 S6K, pS6 (S235/236) 

(2211), total S6 (54D2), p-ERK1/2 (T202/Y204) (4370) and total ERK (4695) were purchased from 

Cell Signaling Technology. Anti-vinculin and anti-β-actin were purchased from Sigma Aldrich. 

Sorafenib and quizartinib were obtained from Selleckchem.  

4.2.2. Human cancer and normal cell lines and cell culture 

Patient-derived AML cell lines; MOLM-13, MV4-11 and GDM-1 were obtained from DSMZ. 

THP-1 was obtained from ATCC. MV4-11 and THP-1 cells were cultured in RPMI-1640 media 

supplemented with 2mM L-glutamine, 10% FBS and 1% penicillin-streptomycin. MOLM-13 and 
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GDM-1 cells were cultured in RPMI-1640 media supplemented with 20% FBS, 2mM L-glutamine 

and 1% penicillin-streptomycin. Normal murine hepatocyte (BNL) and rat cardiomyoblast (H9c2) 

cell lines were cultured in DMEM media supplemented with 10% FBS, 2mM L-glutamine and 1% 

penicillin-streptomycin. Cells were maintained in a humidified tissue culture incubator at 37ºC 

with 5% CO2. 

4.2.3. Cell viability assay  

To determine the effect of 4ACP on their viability, MOLM-13, MV4-11, GDM-1 and THP-1 

cells were treated with varying concentrations of 4ACP for the indicated time points. Two FLT3 

inhibitors sorafenib (first generation) and quizartinib (second generation) were also tested as 

reference FLT3 inhibitors. Cell viability was determined using a Cell Titer-Glo™ Luminescent Cell 

Viability assay (Promega Corporation, USA) which quantifies cellular ATP levels as an indicator of 

metabolically active cells 86. Luminescence was assessed using Glomax™ Multi-Detection System 

(Promega Corporation, USA).  

3.2.4. Clonogenic assay 

MOLM-13 and MV4-11 cells were treated as indicated and cultured in MethoCult H4435 

Enriched (StemCell Technologies, Vancouver, BC) and colonies were then counted as previously 

described 87. 

3.2.5. Cell cycle analysis 

Cell cycle analysis was carried out using propidium iodide staining and performed using 

FACS Celesta as previously described 88,89. Analysis of cell cycle distribution pattern was 

performed using FlowJo software. 

3.2.6. Quantification of cell death 

After the treatment of MOLM-13 and MV4-11 cells as indicated, cells were washed in PBS 

(pH 7.2), and then stained with propidium iodide. Cell fluorescence was then measured using a 
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flow cytometer (FACSCalibur; Becton Dickinson, CA) and analyzed using FlowJo software as 

previously described 86. 

3.2.7. Immunoblot analysis 

Twenty-four and forty-eight hours following the treatment of MV4-11 and MOLM-13 cells 

with the indicated concentrations of 4ACP, cells were harvested and lysed in HEPES lysis buffer 

comprising ROCHE Complete™ EDTA-free Protease Inhibitor Cocktail and western blot analysis 

was performed as previously described 90.  

3.2.8. Statistical Analysis 

Analysis of data was performed using GraphPad InStat (version 2) as follows; data are 

presented as mean ± standard deviation (SD). Unless otherwise indicated, Student’s t-test was 

exploited to compare two different treatment groups. One way analysis of variance (ANOVA) 

followed by Dunnett test for post-hoc analysis was used for multiple comparisons for more than 

two treatment groups. To compare more than two treatment/timepoint groups with multiple 

concentrations each, Two-way ANOVA followed by Bonferroni test for post-test was exploited. 

Statistical significance was acceptable at P value < 0.05. Graphs were presented using GraphPad 

Prism software program (GraphPad software incorporated, version 5). 

4.3. Molecular modeling 

Molecular docking of 4ACP was performed using Discovery Studio® CDOCKER protocol 

(version 2.5, Accelrys, Inc., San Diego, CA). The X-ray crystal structures of FLT3 (inactive and active 

conformations) and TrKA enzymes were obtained from PDB server (PDB codes: 4XUF, 6JQR, and 

5KVT respectively). The protein structures were prepared according to the standard protein 

preparation procedure integrated in Accelry’s Discovery Studio 2.5, which involved adding 

hydrogen atoms, completing the missing loops, and assigning force field parameters. CHARMM 

force field was used for simulation studies and then the protein structures were minimized using 

1000 iterations of steepest descent minimization algorithm. The ligand was drawn using the 

sketching tools of Accelry’s Discovery Studio and it was prepared for docking by adding hydrogen 
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atoms and partial charges using the Momany-Rone method. For docking, the CDOCKER protocol 

was used. The binding site was defined by the residues within 10 Å distance from the co-

crystallized ligand. The default values of CDOCKER were used. Ten different docking solutions 

were generated and visually inspected for selection of the best binding mode. The results were 

viewed using PyMOL software (v2.3, https://pymol.org/2/). 
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Tyrosine protein kinase receptor UFO; JAK2, Janus kinase 2; TOPK, T-LAK cell-originated protein 

kinase; RET, Rearranged during Transfection tyrosine kinase; CSF1R, Colony stimulating factor 1 

receptor; PI, Propidium iodide; Abl1, Abelson tyrosine protein kinase 1; CDK2/cyclin A, Cyclin 

dependent kinase 2/cyclin A; FGFR3, Fibroblast growth factor receptor 3; VEGFR, Vascular 

endothelial growth factor receptor; IGF1R, Insulin-like growth factor 1; LCK, Lymphocyte-specific 

protein tyrosine kinase, PIM1, Proviral Integration site for Moloney leukemia virus 1; PRKD2, 

Protein Kinase D2; B-Raf, serine/threonine-protein kinase; SRC,  Proto-oncogene tyrosine-protein 

kinase Src.  
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