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ABSTRACT: Acute myeloid leukemia (AML) is an aggressive malignancy with only a handful of therapeutic options. About 30%
of AML patients harbor mutated FLT3 kinase and thus this cancer-driver has become a hotly pursued AML target. Herein we report
a new class of FLT3 inhibitors, which potently inhibit the proliferation of acute myeloid leukemia (AML) cells at nanomolar con-

centrations.

Cancer continues to claim the lives of millions of patients
annually, despite the great advances that have been made in
cancer therapeutics in the last few decades. Whereas the five
year survival rates of cancer patients who are diagnosed with
thyroid, prostate, skin and hormone responsive breast are now
over 90%, those with pancreatic, liver, lung and esophageal
have less than 20% chance of surviving in five years.! Even
for certain types of cancers such as breast, which generally has
a good prognosis, there are still certain subtypes that record
low five years survival rates. For example the five-year sur-
vival rate for hormone responsive ER+ breast cancer is over
90%' but for inflammatory breast cancer is at a miserly 44%>
and for metastatic triple negative breast cancer the median
survival is less than two years.? Another example is leukaemia,
which has a general five-year survival rate of 59%' but acute
myeloid leukaemia (AML) register a disappointing five-year
survival rate of 26%.* Clearly there is a need for new chemo-
types that kill cancers that are associated with poor survival
rates.

We have focused on finding new chemical entities that in-
hibit the proliferation of AML because there has not been a
breakthrough therapeutic against AML for over two decades
and cytarabine (araC), which is commonly used for treating
AML patients is the most effective when used in combination
with other drugs. Resistance to araC has also been well docu-
mented and 30-50% of patients relapse upon treatment with
araC alone or in combination with other drugs.’ Arguably
there is a need for new chemical entities that are effective
against AML. Recently there has been interest in targeting
FMS-like tyrosine kinase 3 (FLT3), a tyrosine receptor kinase
that is commonly mutated (activating mutations) in AML pa-

tients (~30%).° The FLT3 protein is a member of the class III
receptor-tyrosine kinase (RTK) family.” Upon binding of
FLTS3 ligand, FLT3 receptor dimerizes, resulting in phosphor-
ylation, followed by activation of downstream signaling cas-
cades, including the RAS/MEK, PI3K/AKT/mTOR, and
STATS pathways, which in turn regulate cell cycle progres-
sion, apoptosis and other important cellular processes.®
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Figure 1: “Click it and staple it” strategy for compound library con-
struction and hit optimization. X=CH or N, Y and R, are substituents. See
Figure S1 for details.

Mutations in FLT3 lead to constitutive autophosphorylation
of FLT3 and thus uncontrolled activation of downstream sig-
naling.” Examples of FLT3 inhibitors that have been devel-
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oped!®! and are in clinical trials for treating AML are soraf-
enib, quizartinib, crenolanib and midostaurin.'* !> Unfortu-
nately many of the tested FLT3 inhibitors have experienced
limited clinical efficacy, especially on patients who harbor
FLT3 D835Y/V/I/F mutations (these mutations are particular-
ly resistant to type II inhibitors, which target the inactive state
of the active ATP binding site)!”. Therefore, despite the avail-
ability of several FLT3 inhibitors, there is still a need for new-
generation kinase inhibitors that could lead to a durable dis-
ease-free survival.
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Figure 2. Replacement of azo moiety in hit compound with alkyne and
alkene units.
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Figure 3. Western Blot analysis of phospho-FLT3 and total FLT3 pro-
tein expression in MV4-11 after treatment with HSW630-1. MV4-11 cells
were treated with DMSO vehicle (V) and HSW630-1. Scanned images
were analyzed using image J software.
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We have developed a simple strategy to identify and devel-
op FLT3 kinase inhibitors by first making compound libraries,
using the facile azo coupling (which is tolerant of many func-
tional groups and operationally simple) and testing the “azo”
library against MV4-11 or Molm-14 cell lines, which are driv-
en by FLT3 ITD mutation (Figure 1). Compounds that inhibit
these FLT3-driven cell lines but not non-FLT3 driven cell
lines, such as THP-1 are likely FLT3 inhibitors (Figure 1). We
were aware that azo moieties are generally not stable in bio-
logical environments'® but the successful development of the
drug eltrombopag'® from an azo hit encouraged us to pursue
the “azo library” strategy, with an eye towards replacing the
azo group with a more stable moiety after a hit molecule had
been found (see Figures 1 and 2). We call this approach “Azo-
Click-it/Staple-it” drug discovery strategy. The “Azo-Click-it”
term denotes the fact that azo coupling is facile and falls with-
in Sharpless’ definition of a Click reaction?® and the “Staple-it”
term reflects the fact that for practical application one has to
change the “labile” azo group with a more stable unit. A first-
generation library of potential kinase inhibitors was therefore
made by conjugating various aromatic diazonium compounds
(generated from the aromatic amines) with quinolines and
isoquinolines (privileged pharmacophores), see SI, Figure SI,

and the compounds were screened against MV4-11 (SI, Table
S1).

To confirm that compounds that were active against MV4-
11 and Molm-14 were also FLT3 inhibitors, we screened (us-
ing Reaction Biology service) the compounds against FLT3 at
concentration of 500 nM, in the presence of 100 uM radio-
labeled ATP (SI, Figure S2). Compounds containing benzami-
dines and isoquinolin-3-amine moieties had superior FLT3
inhibition profile than those containing naphthalen-2-amine or
quinolin-7-amine or quinolin-6-amine or isoquinolin-6-amine
or quinolin-8-amine groups (SI, Figure S2), suggesting that the
position of the ring nitrogen on the isoquinoline or quinoline
and also the substitution pattern of the benzene ring (denoted
as Y in Figure 1) were critical for FLT3 inhibition. The best
azo inhibitor, HSW630-1 (see Figure 2) inhibited FLT3 and
FLT3 ITD (internal tandem duplications mutation) with ICso
values of 18.6 nM and 8.77 nM respectively (SI, Figure S2C).
As stated earlier, several FLT3 point mutations, such as
D835Y, confer resistance to FLT3 inhibitors (especially type
II inhibitors). Interestingly, HSW630-1 could inhibit FLT3
D835Y, 2! with ICso of 28 nM (SI, Figure S2C). Docking of
HSW630-1 against FLT3, using the CANDOCK program,
suggested that HSW630-1 binds to a site near the ATP binding
site (see SI, Figure S3). Other FLT3 inhibitors that are current-
ly in clinical trials, such as quizartinib and crenalonib also
inhibit ¢-Kit and TrKC in addition to FLT3 inhibition, see SI,
Table S2. Analogously, HSW630-1 could also inhibit TrKC
(ICso = 5.9 nM) and c-Kit (ICso = 6.9 nM). The effect of
HSW630-1 on FLT3-mediated signaling in leukemic cells was
investigated using Western blot analysis (Figure 3). In agree-
ment with the in vitro FLT3 inhibition data, HSW630-1 could
inhibit FLT3 phosphorylation in a dose-dependent manner
(see Figure 3).
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Figure 4. Anti-proliferative effects of HSW630-1 against leukemia and
normal lung (MRC-5A) cell lines.

Having established that HSW630-1 and analogs are FLT3
inhibitors (Figure 3 and SI, Figure S2) and inhibit leukemia
cell line MV4-11 (FLT3-driven), Figure 4 and SI Table S1, we
also tested the HSW630-1 against MOLM-14 (also FLT3-
driven), K-562 (chronic myelogenous leukemia, CML, which
is not driven by FLT3) and THP1 (non-FLT3-driven), using
Alamar Blue assay (see Figure 4). The effect of HSW630-1
was also evaluated against MRC-5A (lung), which is a control
cell line that is typically used to evaluate the effect of a cyto-
toxic agent against normal cells. Excitingly, and in agreement
with the FLT3 inhibition profile, HSW630-1 showed potent
inhibition of FLT3-driven MV4-11 and MOLM-14 cancer
cells (ICso ~150 nM), but not THP1 (ICso > 1000 nM) or K-
562 (ICso = 3000 nM). Compounds, which did not potently
inhibit FLT3 also did not inhibit the proliferation of MV4-11
cells (FLT3-driven), see Figure S2 and Table S1 for details.
Since HSW630-1 (a FLT-3 inhibitor) could slow down the
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proliferation of MV4-11 and MOLM-14 but not K-562 or
THP1 (both are not FLT3- driven), it is likely that HSW630-1
and analogs thereof that also inhibit FLT3 inhibit MV4-11 and
MOLM-14 proliferation via FLT3 inhibition.

Having achieved our goal of identifying an azo compound
(HSW630-1) that could potently inhibit FLT3 kinase and also
inhibit AML proliferation, we proceeded to identify linkers
that could replace the potentially problematic azo moiety in
HSW630-1.

We designed few analogs, which we thought could be readi-
ly synthesized, where the azo moiety was replaced with a
more “stable” group (alkene, alkyne, ether and amines) and
used computational methods (Gausian?* at B31YP/6-31+G(d)
level of theory) to identify the most stable conformers of these
analogs. From these calculations, it appeared that the alkene
and alkyne moieties were better mimics of the azo unit than
the rest, see SI, Figure S4 for discussion. Alkyne and alkene
analogs of HSW630-1 were readily prepared via Sonogashira
or Suzuki coupling of iodo arenes with alkynes or alkene
boronates, catalysed by Pd(PPh3):Cl. (Sonogashira) or
Pd(PPhs)s (Suzuki), see SI, Scheme 1. In our hands it was
easier to make the Sonogashira products than the Suzuki prod-
ucts therefore the majority of the stable analogs that were syn-
thesized contained the alkyne unit (see Table 1). The non-azo
compounds were also FLT3 inhibitors (see Table 1 for per-
centage enzymatic inhibition at 0.5 uM compounds), albeit not
as potent enzyme inhibitors as the azo compounds. Detailed
characterization of one of the non-azo analogs, HSM1651,
revealed that it inhibited FLT3, FLT3 ITD and FLT3 D835Y
with ICso values of 40 nM, 100 nM and 56 nM respectively
(see Figure 5A).

As was in the HSW630-1 case, the “stable” analogs also in-
hibited c-Kit and TrkC enzymes, see SI Table S3. Encourag-
ingly, the “stable” HSW630-1 analogs could also potently
inhibit AML cell lines (see Table 1). Western analysis of
MV4-11, treated with HSM1651, revealed that FLT3 phos-
phorylation as well as the downstream STATS phosphoryla-
tion® 2* were reduced in the presence of HSM1651 (Figure 5
B and C) and so it appears that the stable analogs act analo-
gously to the azo lead compound, HSW630-1. A few of the
alkyne analogs have respectable anti-proliferative properties
(HSM1819 has an ICso value of 20 nM, which is only four
times less potent than crenolanib (ICso = 5 nM), which pro-
ceeded to clinical trials). Regarding structure-activity-
relationship studies of the alkyne/alkene analogs, it appears
that modifications to the isoquinoline ring greatly affected
both kinase inhibition and anti-proliferative activity, which is
similar to what was observed in the azo series (see SI, Figures
S1, S2 and Table S1). In the azo series, it was observed that
substitution of the isoquinoline 6-position with halogen or
alkyl groups was beneficial for both kinase inhibition and in-
hibition of MV4-11 proliferation. For example HSW 1107-2
(CI at position 6 of isoquinoline) inhibited proliferation of
MV4-11 with ICso of 60 nM whereas HSW308-4 (H at posi-
tion 6 of isoquinoline), inhibited the proliferation of MV4-11
with ICso of 900 nM (see SI, Figure S1 and Table S1). For the
alkyne series, HSM1813 (H at 3-position and also lacking C1
at 6-position) was not a potent inhibitor of MV4-11 prolifera-
tion (see Table 1, entry 10). HSM1651 (amino at 3-position
and Cl at 6-position) is a good inhibitor of MV4-11 and
MOLM-14 proliferation whereas compounds HSM1781, 1798
and 1796, which differed from HSM1651 at the isoquinoline
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part, are ineffective anti-proliferative agents in AML cell lines.
The amidine group also appears to be important for anti-
proliferative activity. The cyano analog HSM1611 is ineffec-
tive against MV4-11 and MOLM-14 whereas the hydroxyam-
idine analog (HSM1819), which is derived from HSM1611,
potently inhibits the proliferation of FLT3-driven AML cell
lines. The hydroxyamidine HSM 1819 inhibits FLT3 and FLT3
ITD with ICso of 217 nM and 240 nM respectively in vitro.
HSM1820, another hydroxyamidine analog inhibits FLT3 and
FLT3 ITD with ICso of 359 nM and 350 nM respectively in
vitro.

Table 1. FLT3 inhibition profile and anti-proliferative activ-

ities of alkyne analogs of HSW630-1 against different leuke-
mia cancer cell lines.

% Inhibi- Anti-
tion of proliferative
Kinases effects in
FLT3 at leukemia
500 nM panel (uLM)
MV4-112

MOLM14°
THP-1°¢

K-562¢
HL60°®

Entry Structure

1 HN-NH, 92 0.15+0.01°
0.15+0.01°
1.20 £ 0.20°

3.00 +0.96¢

60 0.05+0.012
0.11+0.02°
1.85+0.92°
1.39 +0.01¢
3.05+0.07°

43 0.30 £ 0.20°
0.10+
0.02°

51 0.08 +0.022
0.30 + 0.08°

N
HSM1721
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Detailed synthesis strategies and chemical characterization as well
as biological assays are supplied as Supporting Information
should be included.

The Supporting Information is available free of charge on the
ACS Publications website.
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Lay summary: Acute myeloid leukemia is an aggressive cancer with low survival rate. New compounds that inhibit the prolifera-
tion of acute myeloid leukemia cell lines have been developed.
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