
The Journal of Clinical Investigation   C O N C I S E  C O M M U N I C A T I O N

2 0 1 7jci.org   Volume 130   Number 4   April 2020

Introduction
Acute myeloid leukemia (AML) is associated with mutations in 
FMS-like tyrosine kinase 3 (FLT3) in approximately 30% of cases, 
including internal tandem duplications (ITDs) and point muta-
tions in the tyrosine kinase domain (TKD) (1, 2). Given the preva-
lence of FLT3 mutations and their impact on disease progression, 
multiple FLT3 inhibitors (FLT3i) are now in various stages of 
clinical evaluation (3). Midostaurin, a multitargeted type I kinase 
inhibitor, was the first FDA-approved therapy for newly diagnosed 
FLT3-mutant AML (4). Quizartinib (AC220), a type II inhibitor 
with potent activity against FLT3-ITD, is currently being studied 
in phase III clinical trials, in combination with conventional che-
motherapy, for newly diagnosed FLT3-ITD+ AML (5). The type I 
inhibitor crenolanib is in phase III clinical trials for both newly 
diagnosed and relapsed/refractory FLT3-mutant AML. A second- 
generation FLT3 inhibitor, gilteritinib, exhibits potent activity  
against FLT3-ITD and several of the clinically relevant FLT3 
mutants and was recently approved by the FDA (6). Although 
many patients with FLT3-ITD AML will initially respond to ther-
apy, high rates of relapse and drug resistance contribute to a poor 
overall prognosis (1, 2). Various mechanisms of resistance to FLT3 
inhibitors have been described, including upregulation of com-
pensatory signaling pathways and mutations within the TKD of 
FLT3 (7–12). Although FLT3 TKD mutations have been described 

in cases of newly diagnosed AML, they are known to be one of 
the primary mechanisms of acquired resistance to FLT3 inhibitor 
therapy. Two primary mutational sites following FLT3 inhibitor 
therapy have been shown to decrease the binding and inhibitory 
potential of many FLT3 inhibitors. These mutations involve resi-
dues in the activation loop (e.g., aspartate 835, D835) or the gate-
keeper residue (i.e., phenylalanine 691, F691). Activation loop 
mutations have been described following exposure to AC220 and 
sorafenib, whereas F691L mutations have been found in patients 
following gilteritinib treatment (7–9). Mutations involving D835 
are the most common genetic mechanism of relapse and resis-
tance in FLT3-mutant AML following treatment with tyrosine 
kinase inhibitors (7, 11, 12). Several studies demonstrated that 
type II inhibitors, such as AC220, lose potency in D835-mutant 
FLT3 AML (7, 11, 12). Structural consequences associated with 
mutations at the D835 site suggest that the equilibrium between 
the DFG-in (active form) and DFG-out (inactive form) of FLT3 
is altered in ways detrimental to the binding competence of type 
II inhibitors (13, 14). Here, we report an ATP-binding site, type I 
inhibitor of FLT3 with potent biochemical activity against multi-
ple, clinically relevant drug-resistant FLT3 mutations, excellent 
drug-like properties, and remarkable in vitro and in vivo activi-
ty in AML models, including those containing clinically relevant 
FLT3 TKD mutations.

Results and Discussion
Profiling of a series of small-molecule kinase inhibitors high-
lighted a previously reported series of 3-(pyridin-2-yl)imidazo 
[1,2-a]pyridines as potent inhibitors of FLT3 (15). We pursued a 
detailed evaluation of the structure activity relationships that gov-
ern this chemotype’s activity versus FLT3 and versus FLT3-mutant 
AML. Optimization led to the identification of NCGC1481 (Fig-
ure 1A), which possessed strong biochemical potency compared 
with FLT3, acceptable pharmacokinetic properties (4.2 hours 
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of type II inhibitors by corrupting the key hydrogen bond found 
between the Asp835 carboxylate and the Ser838 hydroxyl group, 
which helps stabilize the DFG-out, inactive conformation of FLT3 
(Figure 1C, left). When mutated to residues (e.g., His, Val, Tyr) 
that produce a less energetically favorable H-bond (either through 
loss of an H-bond receptor or through suboptimal residue align-
ment) the equilibrium shifts toward the DFG-in, active state of 
the kinase. This is reflected by reports of hyperactivation of FLT3 
signaling in D835-mutant populations (7, 11, 12). Previously, Shah 
and colleagues reported a structure-based rationale for the loss of 
AC220 activity versus the F691L gatekeeper mutation highlight-
ing an edge-to-face aromatic interaction with the phenylalanine 
residue (16). We note that the F691L gatekeeper mutation has 
significant consequences for the binding of other type II inhibi-
tors (Supplemental Table 1). Our cocrystal highlights the fact that 
NCGC1481 is proximal to Phe 691 with a modest edge interaction 
(Figure 1C, right). The phenylalanine-to-leucine change does not, 
however, result in a loss of potency for NCGC1481 versus FLT3-
F691L. Mutations at other, less common sites (e.g., Lys 663, Asn 
841, and Arg 834) had no noticeable interactions with NCGC1481 
or effects on its binding affinity. These structural studies revealed 
the unique binding properties of NCGC1481 to FLT3, which pre-
dict activity against clinically relevant FLT3 mutations.

To examine whether the revealed binding affinity for 
NCGC1481 and the other key drugs profiled in this study altered 
their capacity to inhibit FLT3 signaling in leukemic cells, we stud-
ied isogenic AML cell lines harboring FLT3-ITD alone (MOLM14) 
and dual FLT3-ITD(D835Y) mutations [MOLM14(D835Y)], with 
D835Y representing the most common FLT3 TKD mutation. Con-
sistent with its binding affinity for FLT3-ITD and clinically rele-
vant mutants, NCGC1481 effectively suppressed FLT3-ITD and 
FLT3-ITD(D835Y) signaling in MOLM14 cells as demonstrated 
by reduced phosphorylation of FLT3 and STAT5 (Figure 1D). In 
contrast, AC220, midostaurin, and gilteritinib exhibited inhibition 
of FLT3 signaling in parental FLT3-ITD MOLM14 cells, but the 
activity of these agents in FLT3-ITD(D835Y) MOLM14 cells was 
compromised (Figure 1E). Crenolanib did not demonstrate potent 
inhibition of FLT3 in either the parental FLT3-ITD MOLM14 cells 
or the FLT3-ITD(D835Y) MOLM14 cells (Figure 1, D and E). These 
relative activities cannot be wholly explained by the binding affin-
ity shown in Table 1 and suggest, unsurprisingly, that the cellular 

t1/2; 3570 ng/mL Cmax; 0.083 hours Tmax [time that a drug reaches 
peak concentration in serum] at 30 mg/kg i.p.), and no observable 
hematologic toxicity in mice. NCGC1481 demonstrates 10-fold 
or greater selectivity versus more than 80% of tested kinases rel-
ative to FLT3 in biochemical assays using purified proteins and 
high kinase selectivity in situ (15). We next profiled NCGC1481 
versus a commercial panel of known, clinically relevant mutations 
at the FLT3 TKD. NCGC1481 exhibited potent binding affinity for 
FLT3 and FLT3-ITD (KD = 0.025 and 0.36 nM, respectively), com-
mon mutants including those at Asp 835 (D835X) (KD = 0.01–0.29 
nM) and Phe 691 (F691L) (KD = 0.012 nM), as well as less common 
mutants including Lys 663 (K663Q) (KD = 5.4 nM), Asn 841 (N841) 
(KD = 0.33 nM), and Arg 834 (R834) (KD = 0.3 nM) (Table 1 and Sup-
plemental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI127907DS1). To provide context 
for these outcomes, we also profiled key drugs in active clinical 
development for FLT3-mutant AML (i.e., AC220, crenolanib, mido-
staurin, and giltertinib) as well approved drugs with known FLT3 
and AML activity (ponatinib, cabozantinib, and sorafenib). These 
profiles demonstrated and/or confirmed that the prevalent D835 
mutation was detrimental to the binding affinity of AC220, pona-
tinib, cabozantinib, and sorafenib (all type II inhibitors), whereas  
the binding affinity of crenolanib and gilteritinib (both type I inhibi-
tors) was unaffected (Table 1 and Supplemental Table 1).

The correlative activity of NCGC1481 with crenolanib and gil-
teritinib strongly suggested that NCGC1481 was a type I inhibitor, 
binding to the DFG-in, active form of FLT3. To confirm a type I 
binding orientation for NCGC1481 versus FLT3, we pursued a 
cocrystal with a previously crystalized construct of FLT3. The 
resulting cocrystal structure did not resolve the pendant pyrro-
lidine ring of NCGC1481 but clearly defined the rest of the mol-
ecule including the hinge-binding imidazo[1,2-a] pyridine ring 
system. Critically, we confirmed that the binding conformation 
of NCGC1481 was that of a type I, DFG-in inhibitor (PDB: 6IL3) 
(Figure 1B). To further substantiate the structural consequences 
of the key FLT3 TKD mutations on both type I and type II inhibi-
tors, we contrasted the structure of FLT3-bound NCGC1481 with 
FLT3-bound AC220 (Protein Data Bank [PDB]: 4XUF) (Figure 1B, 
right). Foremost, this side-by-side comparative view illustrates 
that Asp835 does not interact directly with either NCGC1481 or 
AC220. Rather, mutations at this site alter the binding affinity 

Table 1. Dissociation constant of NCGC1481 and current generation of FLT3i versus FLT3 and key FLT3 mutants

Key target NCGC1481 AC220 Crenolamib Midostaurin Gilteritinib
FLT3 0.025 nM 1.4 nM 0.2 nM 4 nM 1.4 nM
FLT3(D835H) 0.27 nM 2.1 nM 0.2 nM 2.2 nM 0.7 nM
FLT3(D835V) 0.01 nM 4.2 nM 0.016 nM 3.6 nM 0.16 nM
FLT3(D835Y) 0.29 nM 7.6 nM 0.19 nM 1.6 nM 0.35 nM
FLT3 (ITD) 0.36 nM 7 nM 0.26 nM 4.1 nM 0.93 nM
FLT3 (ITD, D835V) 0.01 nM 480 nM 0.23 nM 3.4 nM 0.73 nM
FLT3 (ITD, F691L) 0.012 nM 160 nM 0.11 nM 3.9 nM 0.18 nM
FLT3 (K663Q) 5.4 nM 0.57 nM 0.82 nM 2.1 nM 14 nM
FLT3 (N841I) 0.33 nM 1.5 nM 0.39 nM 2.3 nM 2.1 nM
FLT3 (R834Q) 0.3 nM 12 nM 1.3 nM 27 nM 19 nM
FLT3 autoinhibition 0.96 nM 580 nM 17 nM 120 nM 12 nM
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Figure 1. Chemical structure and inhibitory function of NCGC1481. (A) Chemical structure of NCGC1481. (B) A ribbon/surface representation of the cocrys-
tal of NCGC1481-FLT3 (PDB: 6IL3) and a ribbon/surface representation of the cocrystal of AC220-FLT3 (PDB: 4XUF). (C) Detailed view of the Asp835-Ser838 
hydrogen bond formed in the cocrystal of NCGC1481-FLT3 relative to loss of this hydrogen bond in the cocrystal of AC220-FLT3 (left 2 panels). Detailed 
view of the F691-ligand hydrogen bond formed in the cocrystal of NCGC1481-FLT3 and the cocrystal of AC220-FLT3 (right 2 panels). (D) Immunoblotting of 
isogenic MOLM14-FLT3-ITD cell lines treated with the indicated inhibitors for 90 minutes. (E) Immmunoblotting of MOLM14-FLT3-ITD(D835Y) cell lines 
treated with the indicated inhibitors for 90 minutes. See complete unedited blots in the supplemental material.
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tration values are not identical to ones previously reported 
(17–20), which could be accounted for by variations in 
experimental conditions, the relative activities of the 
FLT3 inhibitors across assays and FLT3-mutant cell lines 
remained consistent (Figure 2A and Supplemental Figure 
1). Compared with the FLT3-ITD(D835Y) cell line, only 
NCGC1481 was found to possess activity below 100 nM 
(IC50 = 35 nM) (Figure 2A). The lack of activity for AC220 
and midostaurin is consistent with clinical data showing 
that resistance to FLT3i results from acquired and/or sub-
clonal FLT3 mutants (7, 11, 12). We found that the reduced 
viability of FLT3-ITD and FLT3-ITD(D835Y) MOLM14 
cells in the presence of NCGC1481 was due to increased 
apoptosis (Figure 2B).

A more rigorous assessment of antileukemic activ-
ity was made by measuring the clonogenic potential of 
MOLM14 cells exposed to NCGC1481 in methylcel-
lulose assays. We found that NCGC1481 significantly 
suppressed leukemic colony formation of MOLM14 
cells harboring FLT3-ITD and FLT3-ITD(D835Y) at 
10 nM (Figure 2C). Gilteritinib suppressed leukemic 
colony formation at 50 nM in both cell lines, whereas 
AC220 was only effective against FLT3-ITD MOLM14 
cells at this concentration. Midostaurin and crenolanib 
did not significantly inhibit leukemic colony formation 
of either FLT3-ITD or FLT3-ITD(D835Y) MOLM14 
cells at concentrations up to 50 nM. Given the clin-

ical ramifications of the F691 mutation, we examined the effi-
cacy of NCGC1481 against the F691L FLT3 mutant. Consistent 
with its binding potential, NCGC1481 effectively suppressed 
FLT3-ITD(F691L) MOLM14 cells as demonstrated by reduced 
phosphorylated FLT3 (p-FLT3) and p-STAT5 (Supplemental 
Figure 2A). Gilteritinib effectively suppressed FLT3 signaling in 
FLT3-ITD(F691L) MOLM14 cells; however, it was less effective 
at suppressing the leukemic function of MOLM14(F691L) cells 
relative to NCGC1481 (Supplemental Figure 2, A and B). Impor-
tantly, the activity of NCGC1481 and the relative activity of key 

environment plays a critical role in determining enzyme conforma-
tion, activity, and susceptibility to ligand binding and inhibition.

To examine the cell-killing potential of NCGC1481 relative to 
that of the other drugs profiled in this study, we examined the viabil-
ity of both isogenic AML cell lines harboring FLT3-ITD and FLT3- 
ITD(D835Y), following drug exposure using a luminescence-based 
viability assay. Both AC220 and NCGC1481 had a strong cell-killing 
phenotype (IC50 = 36 nM and 43 nM, respectively), whereas gilteri-
tinib, midostaurin, and crenolanib exerted more modest cytotoxic-
ity (IC50 >900 nM) (Figure 2A). Although these inhibitory concen-

Figure 2. NCGC1481 targets clinically relevant FLT3-mutant 
AML cells in vitro. (A) Viability of MOLM14-FLT3-ITD and 
MOLM14-FLT3-ITD(D835Y) cells treated with the indicated 
inhibitors for 72 hours. Values are expressed as the mean ± SEM 
of 6–12 independent samples. (B) Annexin V and propidium 
iodide (PI) staining of MOLM14-FLT3-ITD and MOLM14-FLT3-
ITD(D835Y) cells treated with the indicated inhibitors for 48 
hours. Values are expressed as the mean ± SEM of biological 
triplicate samples. *P < 0.05, by Dunnett’s multiple corrections 
test. (C) Colony formation of MOLM14-FLT3-ITD and MOLM14-
FLT3-ITD(D835Y) cells treated with the indicated inhibitors. 
Colony formation was determined after 7 days. Values are 
expressed as the mean ± SD of 4–10 independent samples. *P 
< 0.05, **P < 0.005, ***P < 0.0005, and ****P < 0.0001, by 
Dunnett’s multiple corrections test. (D) Viability of primary AML 
cells was determined in the presence of NCGC1481 for 48 hours 
by trypan blue exclusion. The mutational status of the patients’ 
cells is indicated above. (E) Viability of cord blood–derived 
CD34+ cells from 3 donors was determined in the presence of 
NCGC1481 for 48 hours by annexin V and PI staining. Data repre-
sent the mean ± SEM.
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colony formation of healthy CD34+ cells at similar concentrations 
(Supplemental Figure 4). These findings indicate that NCGC1481 
is exquisitely potent at suppressing FLT3 signaling and leukemic 
cell function of clinically relevant mutants in vitro.

It was critical to assess whether the superior inhibitory activ-
ity of NCGC1481 extended to the most common clinically rele-
vant FLT3 ITD(D835Y) mutant in vivo. As such, we established 
MOLM14(D835Y) tumors in NOD-SCID IL2Rγ–/– (NSG) mice 
and evaluated the activity of NCGC1481 (30 mg/kg per day) 
(Figure 3A). At this dose, NCGC1481 had acceptable pharma-
cokinetic properties in mice, possessed no adverse hematologic 

agents (e.g., AC220 and gilteritinib) were consistent across mul-
tiple FLT3-mutant AML cell models, culture formats, and assay 
conditions (Supplemental Figures 2 and 3).

We next evaluated the selectivity and potency of NCGC1481 
on patient-derived AML samples and healthy hematopoietic cells 
(Supplemental Table 2). In a panel of 4 primary AML patients’ 
samples, NCGC1481 was equally effective against FLT3(D835E) 
(AML-3) and FLT3-ITD;FLT3(D835Y) (AML-4) mutant AML 
cells, whereas it did not exhibit antileukemic activity against 2 of 
the AML samples (AML-1 and AML-2) without FLT3 mutations 
(Figure 2D). NCGC1481 did not affect the viability (Figure 2E) or 

Figure 3. NCGC1481 targets clinically relevant FLT3-mutant AML cells in vivo. (A) Experimental design of the xenograft studies. (B) After treatment with 
NCGC1481, MOLM14-FLT3-ITD(D835Y) cells (human CD33+ [hCD33+]) were isolated from the BM for immunoblot analysis. (C) BM aspirates were analyzed 
for leukemic burden on day 31 after transplantation (n = 5 mice per condition). Values are expressed as the mean ± SEM for individual mice. P = 0.06 
for PBS versus NCGC1481; P = 0.03 for AC220 versus NCGC1481; Dunn’s multiple comparisons test. (D) Leukemia-free survival of NSG mice xenografted 
with MOLM14-FLT3-ITD(D835Y) cells and treated with the indicated FLT3i or vehicle (n = 5 mice per group). *P < 0.05, by log-rank (Mantel-Cox) test. (E) 
Experimental design of patient-derived xenograft studies. (F) BM was analyzed for leukemic burden around day 65 after transplantation (n = 5–7 mice per 
condition). Values are expressed relative to baseline values on day 28 for individual mice. (G) Leukemia-free survival of NSGS mice xenografted with AML-5 
cells and treated with the indicated FLT3i or vehicle (n = 7–8 mice per group). ****P < 0.0001, by log-rank (Mantel-Cox) test.
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overcome both target-dependent and target-independent resis-
tance mechanisms and has the potential to improve the outcome 
of patients with relapsed and refractory FLT3-mutant AML.

Methods
Detailed information regarding the materials, methods, and statistical 
analyses used in this study can be found in the Supplemental Methods.

Study approval. Human CD34+ umbilical cord blood and BM 
cells were obtained from the Translational Research Development 
Support Laboratory of Cincinnati Children’s Hospital under a proto-
col approved by this institute. PRoXe samples were obtained within 
the framework of routine diagnostic BM aspirations after written 
informed consent was obtained, in accordance with the Declaration 
of Helsinki. All mice were bred, housed, and handled in the Associ-
ation for Assessment and Accreditation of Laboratory Animal Care– 
accredited animal facility of Cincinnati Children’s Hospital Medical 
Center. All animal procedures were performed in accordance with the 
protocol approved by the Institutional Animal Care and Use Commit-
tee at Cincinnati Children’s Hospital (IACUC2019-0072).
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toxicity, and elicited no significant weight changes over 6 weeks 
of continuous dosing (Supplemental Figure 5). To gain a com-
parative assessment for key agents, we included AC220 and gil-
teritinib (dosed at 10 mg/kg and 30 mg/kg, respectively, on the 
basis of previous studies [refs. 6, 21]). Importantly, we confirmed 
that phosphorylation of both FLT3 and STAT5 was substantially  
reduced in MOLM14(D835Y) cells isolated from mice treated 
with NCGC1481 compared with mice given vehicle  (Figure 3B). 
On day 30 of treatment, NCGC1481 conferred a 96% reduc-
tion in leukemic burden in the bone marrow (BM) compared 
with mice receiving vehicle, and a 98% and 41% reduction rel-
ative to AC220- or gilteritinib-treated mice, respectively (Figure 
3C). At the same dose, NCGC1481 administration significantly 
extended the overall median survival of mice xenografted with 
MOLM14(D835Y) cells (P = 0.0018) (Figure 3D). Most of the 
mice treated with NCGC1481 did not die from leukemia beyond 
80 days of treatment (at which point the experiment was termi-
nated) (Figure 3D), compared with the survival of mice treated 
with vehicle (median survival = 32 days), AC220 (median survival  
= 41 days), or gilteritinib (median survival = 45 days).

We next evaluated the effects of NCGC1481 in patient- 
derived xenografts. We administered NCGC1481 (30 mg/kg 
per day) to NOD/LtSz-SCID IL2RG-SGM3 (NSGS) mice xeno-
grafted with patient-derived AML cells harboring FLT3-IT-
D(D835Y) (AML-5) (Figure 3E). NCGC1481 significantly extend-
ed the overall survival of mice xenografted with patient-derived 
FLT3-ITD(D835Y) AML cells (P < 0.0001). By day 65 after 
transplantation, the xenografts treated with NCGC1481 had a 
stable leukemic burden relative to the baseline quantification of 
leukemic burden on day 28. Notably, NCGC1481-treated mice 
had a more stable leukemic burden than did AC220- or gilter-
itinib-treated mice on day 65, when all of the AC220-treated 
mice were moribund (Figure 3F and Supplemental Figure 6). 
Compared with mice treated with vehicle (median survival = 57 
days), AC220 (median survival = 64 days), or gilteritinib (median 
survival = 71 days), 6 of 8 mice in the NCGC1481-treated group 
were alive on day 93, when the treatment was discontinued (Fig-
ure 3G). Taken together, these data show that NCGC1481 is a 
potent and efficacious small-molecule inhibitor of FLT3-ITD 
and clinically relevant mutants, with superior inhibitory activity 
compared with the current generation of FLT3 inhibitors.

In summary, we have identified a small-molecule inhibitor 
of clinically relevant FLT3 mutants that exploits a unique binding 
pose that is unaffected by common active site mutations in FLT3 
and, consequently, retains remarkable cytotoxic potential versus 
FLT3-mutant AML cells harboring these mutations both in vitro 
and in vivo. We recently reported that NCGC1481 was also effec-
tive at overcoming adaptive resistance to FLT3 inhibitors in AML 
by targeting immune signaling pathways via direct inhibition of 
IL-1 receptor–associated kinase 1 (IRAK1) and IRAK4 (15). Col-
lectively, these data support the possibility that NCGC1481 can 
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