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FMS-like tyrosine kinase 3 (FLT3), a class-III transmembrane
receptor-type tyrosine kinase, is a validated therapeutic target for
acute myeloid leukemia (AML).' It is expressed mainly in
hematopoietic cells, and is activated by its extracellular ligand.
FLT3 signal cascades regulate the survival and proliferation of
hematopoietic cells, and uncontrolled over-activation causes
leukemia. About 30% of AML patients possess FLT3-activating
mutations, such as point mutation at D835 or internal tandem
domain repeat (ITD) mutation in the juxtamembrane domain.
These mutations have been reported to be associated with poor
prognosis. Therefore, FLT3 kinase is an attractive therapeutic
target for treatment of AML.

A number of FLT3 inhibitors have been reported, but none
has yet been approved for clinical use.' Compounds such as
lestaurtinib (CEP-701), midostaurin (PKC-412) and tandutinib
(MLN-518) are representative first-generation FLT3 inhibitors,
but they were not originally developed as FLT3 inhibitors, and
show broad kinase inhibition profiles or insufficient potency
against FLT3. Quizartinib (AC220) is a potent and selective
second-generation FLT3 inhibitor, which is in clinical trials."”
However, emergence of quizartinib-resistant FLT3-mutants has
already been reported.’

Drug candidates with different profiles can contribute to
cancer chemotherapy, since they can be used in a mutually
complementary fashion to manage inter-individual differences in
drug-metabolism and the emergence of resistance mutations. In
the case of FLT3, previously reported FLT3 inhibitors generate
non-overlapping drug-resistant mutants in vitro." In cancer
chemotherapy, it is a general strategy to treat patients with
several inhibitors belonging to different chemical classes. BCR-
ABL inhibitors, for example, are have different clinical spectra,
and multiple drugs have been marketed to cope with drug-
resistant mutants.” In the case of FLT3, crenolanib (CP-868,596)
and gilteritinib (ASP2215) are in clinical trials to_overcome
quizartinib resistance.®’

Fragment screening is a strategy that provides opportunities to
search chemical space that has not been efficiently explored by
other methods. Typically, fragments are defined as small organic
molecules whose molecular weights (MWs) are in the range of
120-300 Da. It has been estimated that 10 fragments with up to
12 heavy atoms exist (average MW = 153, 87% of compounds
have MW < 160).® On the other hand, 10** compounds can be
generated with up to 36 heavy atoms (MW < 500).” These
numbers imply that screening on a scale sufficient to provide
reasonable coverage of the chemical space is only practical for
molecules containing quite small numbers of atoms. In other
words, we may be more likely to pick up hit compounds with
novel types of structures if we focus on screening fragment
libraries.

To find fragments with FLT3-inhibitory activity, we screened
an in-house collection of 9,000 fragments. As a result, we
discovered 1 (MW = 237) as a potent FLT3 inhibitor (ICs, = 417
nM). Previously, 1 was reported as a CDK2-inhibiting fragment
(CDK2 IC5y = 3 },lM).10 In a kinase selectivity study, we found
that 1 inhibited several kinases, including CDK2, in addition to
FLT3 (vide infra). Therefore, our next challenge was to improve
especially the selectivity, as well as the potency, of 1.
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Figure 1. Hypothetical binding mode of 1.

Compounds were synthesized as follows (Scheme 1). 1-15
were synthesized by amide coupling of aniline and carboxylic
acid precursors, both of which are commercially available. 13
was hydrolyzed to yield a carboxylic acid derivative, and then
coupled with secondary amines to furnish 16, 17, and 19-25. To
obtain 18, the resultant amide wasdeprotected under acidic
conditions. To obtain 26 and 27, 4-phenylpiperazine was reacted
with 4-nitrobenzyl bromide or 1-fluoro-4-nitrobenzene, and the
nitro groups were reduced. The resulting 4-substituted anilines
were coupled with indazole-3-carboxylic acid to obtain 26 and 27.
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Scheme 1. Reagents and conditions: (a) 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride, HOBt.H,O, DMF, 100°C,
6-83%; (b) 4 N NaOH, THF-MeOH, rt, 30%; (c) secondary amine, 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride, HOBt.H,O, DMF, rt,
10-99%; (d) For preparation of 18: TFA, CH,Cl,, 1t, 48%; (e) 4-nitrobenzyl
bromide, Et:N, CH:Cly, 1t, 87%; (f) Fe powder, NH,Cl, EtOH-H,O, 80°C,
85%; (2 indazole-3-carboxylic acid, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, HOBt.H,O, DMF, 100°C,
10%; (h) 1-fluoro-4-nitrobenzene, DMSO, rt, 85%; (i) NiCl,.6H,O, NaBHy,,
MeOH, 0°C, then 1t, 74%: (j) indazole-3-carboxylic acid, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, pyridine, rt, 28%.

We hypothesized that 1 binds to the hinge region of FLT3 in
active form (Figure 1), as in the previously reported CDK2-1
analogue co-crystal structure (PDB ID: 2VTI), which contains
three hydrogen bonds in the hinge region.'” To validate this
hypothesis, we prepared derivatives of 1 that are unable to form
these hydrogen bonds by masking the proposed donor NHs with
methyl groups, or by replacing the putative acceptor N with CH
(Table 1, compounds 2-4). All three modified derivatives lost
potency, clearly confirming the importance of the three hydrogen
bonds for inhibitory potency, and supporting the idea that the
binding mode of FLT3-1 is similar to that reported for the
CDK2-1 analogue. The methylation of the amide nitrogen would
not only mask the hydrogen donor but also change the amide
conformation from trans (as shown in Figure 1) to cis. Such
conformation change would also be related to the potency loss of



2 because the phenyl ring in the cis-amide would not occupy the
hydrophobic pocket but clash with the protein.

Structure-guided optimization of 1 was not feasible, because
the crystal structure of FLT3 in the active form has not been
reported, so systematic modification was the only way to evolve
1 into potent and selective lead compound.'' In order to rapidly
evaluate the potential of 1 as a starting compound, we focused on
modification of the aniline ring to obtain initial SAR, because
various aniline building blocks are commercially available, in
contrast to indazole-3-carboxylic acid derivatives.

We first set out to identify appropriate positions in the aniline
ring to attach pendant functionalities to improve potency. By
scanning with a methyl group, methoxy group, and
methoxycarbonyl group, we found that the 4-position in the
aniline tolerates these modifications (Table 1, compounds 5-13).
Then, we examined 4-amide derivatives, and found that tertiary
amide 15 seemed promising for further modification.

Next, we synthesized various tertiary amide derivatives (Table
2). After comparing the potency of 15 (Table 1) and 16-19 (Table
2), we focused on piperazine amide derivatives. We attached
several moieties to the lateral NH group of the piperazine, and
found that a phenylpiperazine derivative, 24, potently inhibits
FLT3 with an ICsy value of 34 nM, which is a 10-fold
improvement over 1.

Further, we changed the linker moiety between the fragment
core and the pendant phenylpiperazine group. Transformation of
the linker from sp® carbonyl to sp’ methylene improved the
potency (Table 2, compound 26), indicating that the flexible sp’
methylene linker allows the phenylpiperazine ring to interact
more efficiently with the protein. As expected, removal of the
linker resulted in loss of potency (27).

In addition to potenczy, we monitored the Ligand Efficiency
(LE) of the derivatives.'” Evolution of 1 into 26 resulted in a
change of the LE from 0.50 to 0.36, which is above the preferred
minimum score of 0.3 for lead compounds. '

Selective inhibition of the targeted kinase is a major concern
in the design of kinase inhibitors, because poor kinase selectivity
may cause unwanted side effects, such as cardiotoxicity."” Kinase
selectivity data for 1, 24, and 26 are summarized in Fig. 2 and
Table S1 in Supporting Information. The compounds were tested
against a panel of 20 tyrosine kinases and 30 serine/threonine
kinases at a concentration 50-fold higher than the ICs, value in
FLT3 inhibition assay (carried out at Carna Biosciences, Japan).
To find suitable inhibitor concentrations for selectivity study, the
FLT3 ICs, values of 1, 24, and 26 were determined at Carna
Biosciences; they were found to be 350 nM, 23 nM, and 9 nM,
respectively. Therefore, 1, 24, and 26 were used at concentrations
of 17.5 uM, 1.15 uM, and 0.450 uM, respectively, in the kinase
selectivity study.

The selectivity profile of 1 shows almost complete inhibition
of two off-target kinases, TRKA and HGK, as well as FLT3
(Figure 2). In addition, 1 potently inhibited ITK, SYK and CDK2
by more than 70%. Other kinases that were inhibited by more
than 50% were JAK3 (52%), CK1e (51%), DYRKI1B (54%), and
GSK3B (51%). Overall selectivity was evaluated in terms of the
Gini coefficient, " and the calculated score was 0.578.

The selectivity profile of 24 is cleaner than that of 1, as shown
in Fig. 2. Although TRKA and HGK, two major off-targets of 1,
were still potently inhibited by 24 (90% and 91%), the other off-
targets were much less potently inhibited. Besides TRKA and
HGK, ITK (51%) was the only kinase that was inhibited by more

than 50%. Improvement of selectivity was reflected in an
increase of the Gini coefficient to 0.678.

Compound 26 showed an even better selectivity profile. We
found that converting the benzyl position from sp” carbon (24) to
sp> carbon (26) improved not only the potency, but also the
selectivity, presumably due to the three-dimensional character of
the sp’ carbon derivative."’ Inhibition rates of TRKA and HGK
were reduced to 81% and 63%, respectively. The ICs, value for
TRKA was 137 nM (15-fold selectivity vs FLT3), and that for
HGK was 410 nM (45-fold selectivity vs FLT3). The other 47
kinases were inhibited by less than 40%. The Gini coefficient
was improved from 0.678 to 0.757. Thus, we successfully
developed 26 as a potent and selective inhibitor-of FLT3 by
simple, systematic structural evolution of fragment 1.
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Figure 2. Kinase selectivity profiles of 1, 24, and 26. Selectivity was

evaluated against a panel of 50 kinases at a concentration 50 times higher
than the ICsy value for FLT3 (1: 17.5 uM, 24: 1.15 uM, 26: 0.450 uM). The
y axis shows % inhibition of each kinase.

To further evaluate the potential of 26, we carried out cell-
based experiments using the FLT3-ITD-harboring human
leukemia cell line MV4-11. In growth inhibition assay, 26
potently inhibited the growth of MV4-11 (ICs, = 164 nM), but
negligibly inhibited the growth of normal human diploid lung
fibroblast cell line WI-38, which was used as a surrogate for
general toxicity (Table 3). Next, we examined the
phosphorylation-inhibitory activity of 26. In MV4-11 cells, FLT3
is reported to auto-phosphorylate Tyr-596. MV4-11 cells were
incubated with 26 for 1.5 h, then lysed, and the phosphorylation
status of FLT3 was evaluated by western blotting. As shown in
Figure 3A, 26 dose-dependently inhibited phosphorylation of
FLT3. Finally, we examined whether or not 26 induces apoptosis
of MV4-11 cells during 48 h incubation, by means of Annexin V
staining (Figure 3B). As expected, 26 induced apoptosis, as has
been reported for the representative FLT3 inhibitor quizartinib.>*
These results indicate that 26 is a promising lead compound.

To confirm the potential of 26 for further development, the in
vitro ADME properties were examined (Table 4).'"® Among five
major CYP isozymes, CYP2C19 and CYP2D6 were inhibited
about 60% by 26 at 10 pM, and the others were inhibited by less



than 50%. Metabolic stability in human liver microsomes was
moderate, and a half of the compound was recovered after 1 h
incubation. In Caco-2 permeability assay, 26 showed moderate
permeability of 4 x 10° cm/s, indicating that the compound has
potential for oral administration. Improvement of the poor
aqueous solubility (3 uM in PBS, pH 7.4) is a major issue to be
addressed in further development.

In this letter, we report the development of a potent, selective,
and cell-active FLT3 inhibitor 26 by means of fragment-based
screening followed by systematic modification of the non-
selective inhibitor hit 1. By careful selection of suitable
substituents, we achieved significant improvement of both on-
target potency and selectivity.
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Figure 3. Cellular study of compound 26. (A) Inhibition of auto-phosphorylation of FLT3 at Tyr-596 was evaluated by immunoblotting. MV4-11 was incubated
with 26 for 1.5 h. Lane 1: DMSO control; Lane 2: 1 uM; Lane 3: 0.3 uM; Lane 4: 0.1 uM; Lane 5: 0.03 uM. (B) Induction of apoptosis was evaluated by means
of Annexin V and PI staining. MV4-11 was incubated with compounds for 48 h.

Table 1. Effects of various substituents on FLT3-inhibitory potency

)
N
R? X~

N
RS

Compounds R' R? R’ X FLT3 ICso (nM)®* LE®
1 H H H N 417 0.50
2 H Me H N >2000 ND*
3 H H Me N >2000 ND*
4 H H H CH >2000 ND*
5 2-Me H H N >2000 ND*
6 3-Me H H N 443 0.47
7 4-Me H H N 310 0.48
8 2-OMe H H N >2000 ND*
9 3-OMe H H N 786 0.43

10 4-OMe H H N 352 0.45
11 2-COOMe H H N >2000 ND*
12 3-COOMe H H N >2000 ND*
13 4-COOMe H H N 552 0.40
14  4-CONHMe H H N 281 0.42
15 4-CONMe; H H N 110 0.42

“ ICso values are shown as the average of two independent experiments (n = 4). [ATP] = 30 uM. " LE = —1.4+log(IC50)/HAC; HAC = heavy atom count. * Not
determined.



Table 2. Effects of 4-substituents on the aniline moiety upon FLT3-inhibitory potency.

L

N-NH
Compound R FLT3 ICso LE Compound R FLT3 ICs LE®
(nM)* (nM)*
16 0 107 0.39 22 i 46 0.33
oA Vea
s
17 )OK 113 0.37 23 1. 42 0.29
N
s siN'S
T
18 2 61 0.39 24 i 34 0.33
)K (\Nk
N
£ e
19 9 95 0.38 25 R 56 0.26
S S
o O
20 e 90 0.37 26 (s 10 0.36
ﬁNk @NJ
N
21 i 43 0.33 27 >2000 ND¢
~ I K/N\

* ICso values are shown as the average of two independent experiments (n = 4).[ATP] = 30 uM. ® LE = —1.4+log(ICs0)/HAC; HAC = heavy atom count. °Not
determined.

Table 3. Cell growth-inhibitory potency of 1 and 26."

FLT3-ITD-positive leukemia cell line
MV4-11 ICso (nM)

WI-38 ICs; (M)

Diploid lung fibroblast cell line

1

26 1 26

7,700

164 >10,000

>10,000

 Incubated for 48 h.

Table 4. In vitro ADME properties of 26."

CYP (%)° Human liver microsomes (%)° Caco-2 (cm/s)* Aqueous solubility (UM)®
1A2 2C9 2C19 2D6 3A4
36 36 57 62 48 50 4x10° 3

¢ Carried out at Cerep. ” Compound concentration was 10 uM. ¢ % Remaining after incubation of 1 uM compound at 37°C for 1 h. ¢ A-B permeability at 10 M.
¢ Aqueous solubility in PBS, pH 7.4.
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