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Abstract: Acute myeloid leukemia (AML) is a type of leukemia with an aggressive phenotype, that commonly oc-
curs in adults and with disappointing treatment outcomes. Genetic alterations were implicated in the etiology of
cancers and form the basis for defining patient prognoses and guiding targeted therapies. In the present study, we
leveraged bulk and single-cell RNA sequencing datasets from AML patients to determine the clinical significance
of Fms-related receptor tyrosine kinase 3 (FLT3) alterations on the T-cell phenotype and immune response of AML
patients. Subsequently, we evaluated the therapeutic potential of Lwk-n019, a novel small-molecule derivative of
thiochromeno[2,3-c]quinolin-12-one. Our results suggested that FLT3 plays an important role in the progression,
aggressive phenotype, and worse immune response of patients. An FLT3 mutation was associated with dysfunc-
tional T-cell phenotypes, and high risk and shorter survival of AML patients. Our findings further suggested that the
aggressiveness of AML and the prognostic role of FLT3 are associated with the co-occurrence of NPM1 and DN-
MT3A mutations. Lwk-n019 demonstrated dose-dependent anticancer activities against various leukemia cancer
cell lines. Lwk-n019 demonstrated highly selective kinase inhibitory activities against the wild-type FLT3 (D835V)
and mutant FLT3 (internal tandem duplication (ITD), D835V) with >95% and 99% inhibitory levels, respectively.
Moreover, the compound demonstrated the best binding constant (Kd value) of 0.77 uM against FLT3 (ITD, 835V).
In addition, Lwk-n019 significantly inhibited the activities of both the topoisomerase | (TOPI) and TOPIl enzymes,
with higher TOPI inhibitory activity than camptothecin, a clinical inhibitor. While the jejunum, duodenum, cecum,
and colon were prime sites of absorption, Lwk-n019 achieved maximum concentration (Cmax), Vd, blood/plasma
ratio, time to maximum concentration (Tmax), area under the receiver operating concentration curve (AUC)(O_24), and
AUC(Om) values of 0.665 pg/mL, 5.21 Vc, L/kg, 1.5 h, 6634.7, and 6909.2, respectively. In conclusion, Lwk-n019
demonstrated anticancer activities via multi-target inhibition of TOPs and kinases with high inhibition preference for
mutant ITD-FLT3. The present pioneer study provides a basis for advanced optimization of drug potency, selectivity,
specificity, and other properties desired of anticancer drug leads. Studies are ongoing to determine the full thera-
peutic properties of Lwk-n019 and the detailed mechanisms of FLT3 in TOP inhibition.
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Introduction cancers, followed by cancers of the brain and
other nervous system cancers which account
Leukemia is the most prevalent cancer in chil- for 27% of cases [1]. However, more than 25%

dren and accounts for about 28% of childhood of these malignancies are borderline/benign. In
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adolescents, the types and distribution of
these cancers differ from those found in chil-
dren [2]; for instance, in cancers of the brain/
nervous system, more than 50% of borderline/
benign malignancies exhibit the highest preva-
lence (21%), followed by lymphomas (19%) [1].
In addition, non-Hodgkin lymphomas exhibit
almost twice the prevalence in adolescents,
compared to children [1, 3].

Acute myeloid leukemia (AML) is a type of leu-
kemia that develops quickly and has an aggres-
sive phenotype; it is characteristically fatal
within weeks or months if left untreated. It is
one of the most prevalent leukemias among
adults but is rarely diagnosed in people under
40 years of age. In 2021, AML affected about
20,240 people, and resulted in 11,400 deaths
(1.9% of all cancer case) globally [4]. Females
are less affected than males, and the 5-year
survival rate is disappointing (35%) in patients
below 60 years of age and more disappointing
(10%) in older patients (>60 years) [5]. In fact
older people with a poor health status exhibited
disappointing survival of about 5-10 months
[5]. The underlying mechanism involves dis-
placement of normal bone marrow by leukemic
cells, which results in decreased platelet, white
blood cell (WBC), and red blood cell (RBC)
counts.

Adequate use of antileukemic drugs coupled
with rigorous use of prognostic factors for risk-
based therapy in clinical trials has ensured
stable treatment outcomes in younger patients
[6, 7]. However, treatment outcomes in older
patients have been far less satisfactory with
<40% cure rates [7, 8], despite the use of vari-
ous therapeutic strategies including hemato-
poietic stem-cell (HSC) transplantation [8-12].
The poor prognoses of adult patients were
associated with increased rates of high-risk
leukemia with increased therapeutic resistan-
ce, poorer tolerance of side effects, less-effec-
tive therapeutic regimens, and poorer toler-
ance and compliance to treatment compared
to younger patients [8].

Genetic alterations were implicated in the
development and progression of cancers and
form the basis for defining patient prognoses
and guiding targeted therapy [13]. The identifi-
cation of high expression levels of Fms-relat-
ed receptor tyrosine kinase 3 (FLT3) in AML
spurred the development of FLT3 inhibitors
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[14]. However, there is a need to identify and
develop new targeted therapies to address
worse outcomes of patients.

FLT3 is a cytokine receptor that plays a vital
role in normal hematopoiesis [15]. FLT3 muta-
tions have high prevalence rates in AML, and
the World Health Organization recommends
FLT3 mutation screening of AML patients, par-
ticularly in cytogenetically normal (CN)-AML
[15, 16]. FLT3 mutations often involve internal
tandem duplications (ITDs) of AA within the jux-
tamembrane region of the receptor resulting in
the constitutive activation of tyrosine kinase
[17]. The co-occurrence of FLT3 mutations with
other gene mutations, such as nucleophosmin
(NPM1), has been widely observed and is as-
sociated with unfavorable prognoses of CN-
AML patients [18]. Among FLT3 mutations, the
worse prognosis of patients is attributed to
the presence of FLT3-ITD mutations, while the
prognostic impacts of FLT3-tyrosine kinase
domain (TKD) mutations remain elusive [15,
19].

Topoisomerases (TOPs) are essential regula-
tors of DNA topology that ensure adequate
DNA replication, recombination, transcription,
repair, and other vital cellular processes [20].
There are two classes of TOPs: type | (TOPI)
enzymes function to prevent excess negative
supercoiling [21, 22], while type Il (TOPII)
enzymes cut and rejoin DNA double strands
during catalysis [22]. Type | TOPs are divided
into type IA (Top3a and Top3b) and type IB
(Topl and Topdmt), while type Il TOPs consist
solely of Top2a and Top2b [23]. Due to the
essential nature of DNA TOPs in replication,
cell division, and cell-cycle progression, several
inhibitors of TOPs have been developed into
important anticancer drugs. However, their effi-
cacy comes with significant side effects in-
cluding febrile neutropenia, sepsis, infection,
abdominal pain, alopecia, anemia, asthenia,
constipation, dyspnea, fatigue, fever, head-
ache, leukopenia, nausea, neutropenia, stoma-
titis, thrombocytopenia, vomiting, granulocyto-
penia, diarrhea, and anorexia [24]. In this stu-
dy, Lwk-n019, a novel thiochromeno[2,3-c]
quinolin-12-one derivative was explored as hav-
ing anti-leukemia activities via multi-target inhi-
bition of TOPs and kinases with a high inhibitory
preference for mutant FLT3.
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Materials and methods

Subcellular localization and RNA expression of
FLT3 in various cell lines

We evaluated the expression profile of FLT3
using Human Protein Atlas (HPA) RNA-sequ-
encing (RNA-Seq) data from a total of 69 cell
lines, 52 human tissues, and 18 blood cell
types as well as total peripheral blood mono-
nuclear cells (PBMCs). RNA expression data as
normalized transcript per million (nTPM) expres-
sion values were visualized using a bar graph.
We characterized the intracellular localization
of FLT3 via indirect immunofluorescence stain-
ing of REH cells with the HPAO47539 antibody
from the HPA database. Accordingly, cells were
stained with reference markers: an anti-tubulin
antibody for microtubules, DAPI for nuclei, and
an anti-calreticulin antibody for endoplasmic
reticula (ERs). Stained marker cells were mer-
ged with the FLT3 antibody, and co-localized
subcellular sections were mapped and cap-
tured.

FLT3 genetic alterations and their effects on
AML prognoses

We explored the CBioPortal server for pan-can-
cer AML datasets consisting of 200 patients
with AML. Using patients and samples from
these datasets, we evaluated the frequency of
genetic alterations, mutation profiles, the co-
occurrence of genetic alterations, and the pr-
ognostic role of FLT3. Patients were divided
into two groups based on the presence or
absence of FLT3 alterations, and overall sur-
vival was visualized using a Kaplan-Meir plot.

FLT3’s association with the immune response
against AML

We used the TIDE tool to decipher correlations
and roles of FLT3 expression and mutations on
levels of cytotoxic lymphocytes (CTLs) and dys-
functional T-cell phenotypes, and the risk of
death due to AML. Dysfunctional T-cell pheno-
types were defined as the presence of high
amounts of inactive CTLs that induced a poor
immune response in patients. Dysfunctional T
cells were represented by Z scores, where posi-
tive and negative Z score respectively indicated
dysfunctional and active T-cell states.
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Leveraging single-cell (sc) transcriptomic data-
sets for FLT3 profiling

The scRNA-Seq dataset analytical tool, Can-
cerSEA, was used to decode distinct functional
states of leukemic tumor cells at a single-cell
resolution [25]. We also analyzed a single-cell
sequencing dataset (GSE76312) from patients
with chronic myeloid leukemia (CML) for FLT3
expression across each single cell. We also
evaluated the functional relevance of the gene
by correlating single-cell FLT3 expression le-
vels with the stemness level and metastasis of
patients. Furthermore, we used the Tumor
Immune Single-Cell Hub (TISCH) [26], to char-
acterize FLT3 expression in relation to the
tumor immune microenvironment of AML pa-
tients (AML_GSE116256) at a single-cell re-
solution.

Reagents, drugs, and chemicals

A 10 mM stock solution of Lwk-n019 was pre-
pared in dimethyl sulfoxide (DMSO) and kept at
-20°C. Roswell Park Memorial Institute (RPMI)
medium was procured from ThermoFisher
Scientific (Waltham, MA, USA). TOPI and TOPII,
supercoiled pRYG DNA, supercoiled pHOT1
DNA, camptothecin, and VP-16 were obtain-
ed from TopoGEN. Phosphate-buffered saline
(PBS), sulfornodamine B (SRB), DMSO, acetic
acid, fetal bovine serum (FBS), TRIS base, and
organic solvents used for the synthesis of Lwk-
n019 were procured from Sigma Aldrich (St.
Louis, MO, USA).

Cell lines and culture

Human leukemia cell lines, including CCRF-
CEM, HL-60(TB), K-562, MOLT-4, RPMI-8226,
and SR, were acquired from the US National
Cancer Institute, while TFl and kasumil were
obtained from American Type Culture Collection
(ATCC. Manassas, VA, USA). Cells were cultured
in Dulbecco’s modified Eagle medium (DMEM)
supplemented with penicillin (25 U/mL), strep-
tomycin (25 U/mL), and 10% FBS and incubat-
ed in 95% humidity at 37°C in a 5% CO, condi-
tion. Cells were re-suspended in fresh medium
after 44-72 h and subcultured at 75%-85%
confluence.

In vitro antiproliferative assay

In vitro antiproliferative activities of Lwk-n019
against the various leukemia cell lines were
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evaluated using the SRB reagent protocol [27].
About 5,000-40,000 viable cells were seeded
in each well of 96-well plates for 24 h. After 24
h of incubation, the medium was replaced, and
cells were treated with Lwk-nO19 at different
concentrations of 0.1-10 uM for 48 h. After
incubation, cells were washed with 1% PBS and
incubated with 10% trichloroacetic acid (TCA)
at room temperature for 1 h [28]. Plates were
washed with double-distilled (dd) H,O, and fur-
ther incubated with 0.4% SRB for 60 min. Plates
were washed with 1% acetic acid to remove
any unbound SRB dye. The plates were air-
dried, and cells were re-dissolved in a 20 mM
Tris-based solution for 15 min under constant
agitation. Cell viabilities with different Lwk-
n019 treatments were monitored at 515 nm.
The 50% maximal inhibitory concentrations
(IC,,) was calculated as described previously
[29, 30].

Kinase inhibition assays (KINOMEscan™)

KINOMEscan™ Profiling was conducted by
LeadHunter™ Discovery Services (Discove Rx)
against a panel of 468 kinases. The detailed
protocol is provided in the Supplementary File.
Lwkn-019 was screened at a concentration of
10 pM, and primary screen binding interac-
tions are reported as the % Ctrl, where lower
numbers indicate stronger hits in the matrix:
% Ctrl = Lwk-n019 signal-positive control sig-
nal; Negative control signal - positive control
signal.

Where the negative control was DMSO (100%
Ctrl), and the positive control was the control
compound (0% Ctrl).

TOPI and TOPII DNA assays

TOP1 and TOPIl DNA activities were analyzed
using TOP assay kits (TopoGEN, USA) as
described in previous studies [31-33]. In the
TOPI assay, 4 units of recombinant human DNA
TOPI was incubated with 0.5 pg of plasmid
pHOT DNA in relaxation buffer (10 mM Tris-HCI
(pH 7.9), 0.15 M NaCl, 0.1% bovine serum albu-
min (BSA), 1 mM EDTA, 5% glycerol, and 0.1
mM spermidine). For TOPII activity, 4 units of
human TOPIl was incubated with 0.5 g of
supercoiled pRYG DNA in cleavage buffer (30
mM Tris-HCI (pH 7.8), 50 mM KCI, 10 mM
MgCIz, 3 mM ATP, and 15 mM mercaptoetha-
nol). Lwk-n019 at varying concentrations (1-50
uM) was incubated with the reaction mixture at
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37°C for 1 h followed by the addition of protein-
ase K (50 pg/mL) and 1% sodium dodecylsul-
fate (SDS), and subjected to 0.8% agarose gel
electrophoresis. Gels were stained with ethid-
ium bromide and photographed under ultravio-
let (UV) light. Camptothecin at 50 uM was used
as a reference inhibitor for the TOP1 enzyme,
while etoposide (VP-16) (50 uyM) was used as
the positive control for the TOPIl enzyme.

In vivo pharmacokinetic (PK) and regional
gastrointestinal tract (GIT) absorption analysis
of Lwk-n019 in rats

To assess the PK properties of Lwk-n019, male
rats were administered 5 mg/kg body weight
(BW) of Lwk-n019, and blood samples were col-
lected in Na,EDTA vaporized tubes at 1-h inter-
vals for 24 h. Blood was centrifuged, and plas-
ma was separated as described in a previous
studies [34, 35]. Plasma samples were quanti-
fied for Lwk-n019 using a previously validated
ultra-precision liquid chromatographic (UPLC)
method [36]. The drug concentration-time pro-
file and various PK parameters, including the
area under the receiver operating characteris-
tic curve from O to 24 h (AUC___,), AUC from O
to infinity (AUC,_, ), maximum concentration in
serum (C__), and duration (time) needed to
achieve Cmax (T ), were estimated using
GastroPlus™ software (vers. 9.0, Simulation
Plus, Lancaster, PA, USA). In addition, regional
drug absorption characteristics from nine GIT
compartments, including the cecum, colon,
stomach, jejunum-1, jejunum-2, duodenum, ile-
um-1, ileum-2, and ileum-3, were determined.

Molecular docking analysis

The three-dimensional (3D) crystal structures
of the protein targets of TOP1 (PDB: 1AB4),
TOPII (PDB: 1EJ9), and FLT3 were downloaded
from the PDB server and processed to gener-
ate PDBQT files of the proteins via AutoDock
Vina software (vers. 0.8) [37]. The MOL2 file
of the ligand (Lwk-On19) in it 3D shape was
obtained through the Avogadro molecular build-
er tool [38], and processed to PEBQT format
via stepwise preparation using the PyMOL and
AutoDock tools. Further preparation of the pro-
tein with respect to H,, H,0, and charge place-
ment were conducted via the AutoDock Vina
tool as described in previous studies [39, 40].
Protein-ligand docking was conducted using
default settings of AutoDock Vina as described
previously [30]. Docked complexes were visual-
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Figure 1. A. Bar graph of mRNA expression of FLT3 across various cell lines as normalized transcript per million
(nTPM) expression values. B. Subcellular localization of FLT3 based on indirect immunofluorescence staining of
REH cells with the HPAO47539 antibody from the Human Protein Atlas (HPA) database. C. Bar graph of differential
expression profiles of FLT3 between tumor samples from acute myeloid leukemia (AML) patients and normal tis-
sues. D. Kaplan-Meir plot of overall survival between AML patients with higher vs. lower expression levels of FLT3. E.
Kaplan-Meir plot of overall survival between AML patients with mutant vs. wide-type variants of FLT3.

ized and analyzed for various interactions us-
ing the PyMOL and Discovery studio tools [41],
and an online protein-ligand interaction profiler
(PLIP) program.

Statistical data analysis

Analyses were carried out with various repli-
cates, and data were uploaded and analyzed
via GraphPad Prism vers. 8.0. Data are pre-
sented as the mean * standard deviation (SD).
Student’s t-test was used for statistical com-
parisons between different groups/treatment
doses. Statistical significance was considered
at and represented as * P<0.05, ** P<0.001
and *** P<0.001.

Results

Expression and prognosis of FLT3 in AML
patients

We evaluated the expression profile of FLT3
using HPA RNA-Seq data. Our results revealed
that out of 69 cell lines, FLT was mainly
expressed in myeloid and lymphoid cells with
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the highest transcript levels in the REH (42.5%)
and THP-1 cell lines (26.6%), while the NB-4,
Daudi, NTERA-2, SCLC-21H, MOLT-4, HL-60,
EFO-21, and HEK293 cell lines showed very low
expression levels (Figure 1A). Furthermore, we
queried the subcellular localization of the gene
using the cell line (REH) with the greatest
expression and found that the gene was mainly
localized to the ER (Figure 1B). The differential
expression levels of FLT3 in AML patients re-
vealed that FLT3 was highly overexpressed in
AML tissues, compared to matched TCGA nor-
mal tissues (Figure 1C). In addition, AML pa-
tients with higher expression levels and mu-
tant variants of FLT3 exhibited shorter survival
(P<0.05; and hazard ratios (HR 1.8 and
4.66)) compared to cohorts with low expression
(Figure 1D) and the wild-type (WT) variant of
FLT3 (Figure 1E).

FLT3 genetic alterations occur most frequently
in AML patients and are associated with worse
prognoses

Our analysis of FLT3 genetic alterations re-
vealed that FLT3 was mostly altered in AML

Am J Cancer Res 2022;12(11):5140-5159
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Figure 2. FLT3 genetic alterations occur most frequently in acute myeloid leukemia (AML) patients and are associ-
ated with worse prognoses. A. Bar plot of FLT3 genetic alterations across different cancer types (upper panel). The
lower panel shows individual types of FLT3 genetic alterations in 31% of AML cases in TCGA database. B. Kaplan-
Meir plot of survival differences between AML patients with FLT3 alterations vs. patients with wild-type FLT3. C.
Three-dimensional view of FLT3 showing specific mutations in AML patients. D. Frequencies of the co-occurrence of
FLT3 genetic alteration with other genes in AML patients in TCGA.

compared to other TCGA cancer types. Out of a
total of 200 AML patients/samples, FLT3 was
altered in 61 (31%) of queried patients/sam-
ples. The frequency of FLT3 alterations was
greater than three-times higher in AML com-
pared to other cancer types. Genetic mutations
(29%) were the most frequent type of gene-
tic alteration of FLT3, while structural variants
(0.5%), deep deletions (0.5%), and multiple
alterations (0.5%) occurred at lower frequen-
cies (Figure 2A). Consequently, AML patients
with an FLT3 genetic alteration exhibited short-
er survival periods (9.99 months; 95% Cl) com-
pared to AML patients with no FLT3 alterations
(18.97 months; 95% Cl) (Figure 2B). Among the
mutations, in-frame and missense mutations
were the most frequent somatic mutations of
FLT3 in AML patients (Figure 2C). These muta-
tions of FLT3 were associated with mutation
co-occurrences with other genes including
NPM1 (>50%) and DNMT3A (40%) (Figure 2D).
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FLT3 mutations are associated with dysfunc-
tional T-cell phenotypes, high risk, and shorter
survival of AML patients

Having observed that FLT3 is frequently mutat-
ed in leukemia patients, we evaluated the sig-
nificance of these mutations in the immune
response of patients via analyzing levels of
CTLs and their functional phenotypes in AML
cohorts (Figure 3A-D). Interestingly, we found
that FLT3 mutations were inversely associated
with levels of CTLs (r = -0.376, P = 0.003) and
mediated T-cell dysfunctional phenotypes (Z
score = 0.798) where high levels of CTLs in
FLT3 mutant-bearing patients were inactive
and induced a low immune response, while
high CTL levels in FLT3 WT-bearing patients
induced a good immune response (Figure 3C).
Furthermore, these FLT3 mutant-bearing pa-
tients exhibited a significantly higher death

Am J Cancer Res 2022;12(11):5140-5159
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Figure 3. FLT3 mutations are associated with dysfunctional T-cell phenotypes, high risk, and shorter survival of acute
myeloid leukemia (AML) patients. A. Summary plot of immune responses of FLT3 mutant-bearing AML patients. B.
Scatterplot of the correlation between FLT3 mutations and levels of active cytotoxic T cells. C. Plot of dysfunctional
T-cell phenotypes showing that mutant FLT3 expression induced a state of dysfunctional T cells. D. Kaplan-Meir plot
of differences in immune responses between FLT3 mutant-bearing vs. FLT3-wild-type (WT)-bearing AML patients.
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risk (Z score = 2.22, P = 0.0026) than FLT3 worse immune responses, dysfunctional T-cell
WT-bearing patients. Therefore, we summa- phenotypes, high risk, and shorter survival of
rized that FLT3 mutations are associated with AML patients.
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Figure 5. Single-cell sequencing profile of FLT3 expression in the tumor immune microenvironment of leukemia pa-
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active cytotoxic T cells. D. Plot of dysfunctional T-cell phenotypes showing that high FLT3 expression.

Single-cell transcriptomic datasets revealed
the functional immune-pathological role of
FLT3 in leukemia

We analyzed a single-cell sequencing dataset
(GSE76312) from patients with chronic mye-
loid leukemia (CML) and found that FLT3 was
highly overexpressed and widely distributed in
each single cell in the tumor microenvironment
(TME) of patients (Figure 4A). We also evaluat-
ed the functional relevance in different cell
groups and found that single-cell expression
levels of FLT3 showed positive correlations with
stemness (r = 0.36, P<0.05) and metastasis (r
= 0.35, P<0.05) of patients with chronic leuke-
mia (Figure 4B). We also queried FLT3 expres-
sion within the tumor immune microenviron-
ment using a single-cell sequencing dataset
(AML_GSE116256) consisting of 21 patients
with primary AML. Using the single-cell sequ-
encing dataset of 21 patients, 38,348 cells in
total comprising B cells, cluster of differen-
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tiation (CD)4 T cells, CD8 T cells, natural ki-
ller (NK) cells, monocytes/macrophages, pro-
genitors, granulocyte-monocyte progenitors
(GMPs), hematopoietic stem cells (HSCs), plas-
ma, and malignant cells were obtained (Figure
5A). Interestingly, we found that FLT3 was high-
ly expressed in monocytes/macrophages, pro-
monocytes, GMPs, progenitor cells, and malig-
nant cells (Figure 5B). In contrast, we found
that FLT3 was not expressed by CD4 T cells,
CD8 T cells, NK cells, or proliferative T cells.
This suggests that FLT3 expression within the
TME is associated with the exclusion of active
cytotoxic cells. Coherently, we analyzed the re-
lationship between bulk FLT3 expression and
levels of active cytotoxic lymphocytes and their
prognostic role in AML patients. Our results
revealed that FLT3 expression levels were neg-
atively associated (r = 0.42, P = 2.52 x 10-20)
with the level of active CTLs (Figure 5C), and
induced a state of dysfunctional T-cell pheno-
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with the binding target.

types (Z score = 2.05, P = 0.00405) and worse
prognoses of AML patients (Figure 5D).

Overview of Lwkn-019, a novel anti-leukemia
small molecule

We report the biological activity of a novel anti-
leukemia small molecule, Lwk-n019 (10-chlo-
ro-6-(4-(3-(piperidin-4-yl)propyl)piperidin-1-yl)-
12H-thiochromeno[2,3-c]quinolin-12-one), via
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multitarget inhibition of TOPs and kinases with
a high inhibitory preference for mutant FLT3.
The synthesis of Lwk-n019 followed a three-
process protocol strategy (Figure 6A) describ-
ed in our previous studies and patent [42]. The
strategy entailed a three-process protocol.
Cyclization and chlorination of isatin 1 with
p-chlorophenylthioacetic acid 2 by Pfitzinger
reaction gave key intermediate 3. Coupling and
amination of 3 with appropriate primary amines

Am J Cancer Res 2022;12(11):5140-5159
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by fragment-based drug discovery (FBDD) fur-
nished Lwk-nO19 (Figure 6B). Subsequently,
we conducted a molecular docking simulation
to gain insights into the potential binding affini-
ty of Lwk-n019 with FLT3 and found strong
interactions within the Lwk-nO19-FLT3 complex
(Figure 6C). The ring and chain groups of Lwk-
n019 respectively formed three and two hydro-
gen bonds with FLT3 residues. The ring group
also produced stable van der Waals interac-
tions with the binding site of the target.

Lwk-n019 demonstrated in vitro antiprolifera-
tive properties against leukemia

We evaluated the antiproliferative activities of
Lwk-n019 against six human cell line subsets
of leukemia (Figure 7). Analysis of the antican-
cer profile of Lwk-n019 with a single-dose
screening revealed that the compound exhibit-
ed cytotoxic profiles against four NCI cell lines
including CCRF-CEM, KO562, MOLT-4, and SR,
while demonstrating antiproliferative effects
against RPMI-8226 (Figure 7A). The compound
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demonstrated dose-dependent anticancer ac-
tivities against the NCI-60 cell line subset of
leukemia including CCRF-CEM (IC, = 1.83 uM),
K0562 (IC,, = 1.73 puM), MOLT-4 (IC,, = 1.88
uM), RPMI-8226 (IC,, = 1.84 pM), and SR (IC
= 1.98 uM) (Figure 7B). Furthermore, our cell
viability assays revealed that the drug also
exhibited dose-related antiproliferative activi-
ties against other leukemia cell lines including
the TF1, and kasumi 1 cell lines with respective
IC,, values of 1.10 and 3.22 uM (Figure 7C).
Altogether, our study points out the potential
role of Lwk-n019 in treating leukemia.

Kinases and TOPs are mechanistic target
fingerprints for Lwk-n019

Based on the in vitro anticancer activities of
Lwk-n019 against a panel of well-characterized
NCI cell lines, the anticancer mechanistic fin-
gerprint of the compound was identified reve-
aling correlations with several anti-leukemia
agents, kinase (FLT3, RET, phosphatidylinositol
3-kinase (PI3K), and tyrosine kinase (TK)) inhib-
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Table 1. Anticancer fingerprints of Lwk-n019 based on NCI-

investigated drugs

Correlation CCLC Target NSC

Target descriptor

RET inhibitor
PI3K inhibitor
RET inhibitor
Anti-leukemia
Anti-leukemia
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human kinases (Figure 9; Table
2). Among the large panel, only
16 wild-type (WT) and mutated
kinases exhibited <35 activiti-
es after Lwk-n019 treatment
(Figure 9; Table 2). The com-
pound also exhibited a selec-
tivity score (S30) of 0.022. In-
terestingly, the drug exhibited

0.42 57 818434 LOX0-292
0.42 57 759224 IDELALISIB
0.4 57 811429 CT-BLUGBGT7
0.39 57 789102 IVOSIDENIB
0.39 57 775772 GLASDEGIB
0.38 58 772469 INK-1197
0.36 56 760766 VANDETANIB
0.35 58 789300  Pexidartinib (PLX3397)
0.34 58 141540 VP-16 (etoposide)
0.12 58 125066 bleomycin
0.12 57 122819 VM-26 (teniposide)
0.12 57 609699 topotecan

PISK highly selective kinase-inhibito-
TKI ry activities against WT FLT3
FLT3 inhibitor (D835V) and mutant FLT3 (ITD,
Top Il D835V). These two kinases were
Anti-leukemia respectively inhibited by >95%
TOP I (3.2% remaining kinase) and
TOP1 99% (0.85% remaining kinase)

CCLC, Common Cell Line Count; Correlation, Pearson’s Correlation Coefficient.

itors, and TOP inhibitors (Table 1). These find-
ings hinted at the biological processes and
potential mechanistic targets of Lwk-nO19 for
experimental validation.

Lwk-n019 demonstrated potent inhibitory ef-
fects against TOPs

We assessed the activities of Lwk-019 against
TOPI and TOPIl and found that treatment with
Lwk-n019 significantly inhibited the activities
of both TOPI and TOPII (Figure 8A) enzymes.
Lwk-n019 demonstrated higher TOPI inhibitory
activity than camptothecin, a clinical TOP1 in-
hibitor (Figure 8A), at the same concentration
of 50 yM. A molecular docking study showed
that Lwk-On19 docked well to the binding do-
mains of TOPI and TOPII with respective bind-
ing efficacies of -6.7 and -7.6 kcal/mol, while
standard drugs (camptothecin and VP-16) sh-
owed respective binding affinities of -8.8 and
-7.4 kcal/mol against TOPI and TOPIl enzymes
(Figure 8B). Several non-covalent interactions
including H-bonds, alkyl interactions, pi-inter-
actions, and van der Waal forces were observ-
ed between the Lwk-nO19-TOPI/II complexes
(Figure 8B). Summing up the above data, it was
confirmed that Lwk-n019 is a potent and non-
selective inhibitor of TOPI and TOPII enzymes.

Biochemical kinase profile of Lwk-n019
against a large panel of kinases

We evaluated the in vitro biochemical activiti-
es of Lwk-n019 against a large panel of 468
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by 10 pmol of Lwk-n019. More-
over, the compound demonstrat-
ed the best binding constant
(Kd) of 0.77 uM (770 nM) against FLT3 (ITD,
835V). The plots for the dissociation constants
for Lwk-n019-kinase interactions for the top six
hits are displayed in Figure 10.

In vivo PK properties of Lwk-n019

We evaluated the PK properties of Lwk-n019
using an in vivo animal model. Interestingly,
plasma Lwk-n019 concentrations following i.v.
administration peaked at 0.608 and 0.655 pg/
mL after 1 and 2 h, respectively. After that, a
progressive decrease in the plasma concentra-
tion with increased time was observed. The
least drug concentrations of 0.00409 pg/mL
was obtained at 24 h (Figure 11A). Lwk-n019
achieved C__, Vd, blood/plasma ratio, T__,
AUC,,,, and AUC values of 0.665 pg/mL,
5.21 Vc, L/kg, 1.5 h, 6634.7, and 6909.2,
respectively (Figure 11B). Values of the percent
absorption from the various regional segments
are illustrated in Figure 11C. The duodenum
(14.25%), jejunum 1 (34.61%), jejunum 2
(17.13%), cecum (15.12%), and colon (13.01%)
were prime sites of Lwk-nO19 absorption. The
least absorption occurred in the ileum 1
(0.40%), ileum 2 (0.21 %), and ileum 3 (0.22%),
and no absorption was detected in the stom-
ach (Figure 11C).

Discussion
Our analysis of bulk and single-cell RNA

sequencing data of the AML TME revealed that
FLT3 was expressed at very high levels in AML

Am J Cancer Res 2022;12(11):5140-5159
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Table 2. In vitro inhibitory profiling of Lwk-n019 against

human kinases

genetic mutations (29%) constituted
the greatest proportion. These find-
ings agreed well with a study by Gi-
lliland and Griffin [17] which reported
that 30% of AML patients had muta-
tions of FLT3. Activation of mutations
in FLT3 was also reported in 25% of
acute lymphoid leukemia patients
[43]. Several clinical and retrospec-
tive studies indicated that FLT3 muta-
tions are independent variable that
confer a poor prognosis in AML [44-
47]. However, in studies involving only
elderly patients with AML, it was fo-
und that FLT3 mutations did not con-
fer worse prognoses compared to
patients with WT FLT3 [48, 49]. It is
therefore reasonable to assume that
because the overall prognosis in el-
derly AML patients is generally worse
[17] irrespective of mutations, FLT3-
ITD is not as important a prognostic
marker in that patient group as it is

Target Lwk-n019 Target Lwk-n019
Gene Symbol % Ctrl Gene symbol Kd (uM)
ALK 29 ALK 7.6
ALK (C1156Y) 31 ALK (C1156Y) 4.7
ALK (L1196M) 70 ALK (L1196M) 9.3
CSNK1A1L 26 CSNK1A1L 6.2
CSNK2A1 25 CSNK2A1 9.9
FLT3 4 FLT3 12
FLT3 (D835H) 32 FLT3 (D835H) 8.4
FLT3 (N841l) 57 FLT3 (N841l) 14
FLT3 (D835V) 3.2 FLT3 (D835V) 2.3
FLT3 (D835Y) 18 FLT3 (D835Y) 3.2
FLT3 (ITD) 12 FLT3 (ITD) 4.5
FLT3 (ITD, D835V) 0.85 FLT3 (ITD, D835V) 0.77
FLT3 (ITD, F691L) 25 FLT3 (ITD, F691L) 6.3
MINK 15 MINK 33
MKNK2 31 MKNK2 4.6
MYLK 17 MYLK 2.4
STK33 31 STK33 7.2
PAK3 35

PIM3 34

ARK5 33

in younger patients. Our analysis fur-
ther revealed that more than 50% and
about 40% of AML patients with FLT3

Lwk-NO19 was screened at 10 uM. % Ctrl, results of primary screen bind-

mutations also respectively exhibited
NPM1 and DNMT3A mutations. The

ing interactions where lower numbers indicate stronger hits in the matrix.

Kd, dissociation constant for Lwk-n019-kinase interactions.

patients and was associated with a high risk
of death, shorter survival durations, and worse
prognoses of patients, i.e., AML patients with
higher expression levels and mutant variants of
FLT3 exhibited shorter survival compared to
counterparts with low expression and the WT
variant of FLT3. In line with our observations, a
previous study indicated that FLT3 is involved
in the normal development of stem cells and
the immune system [17], and hence plays
important roles in the progression, aggressive
phenotypes, and worse immune responses of
patients. FLT3 exhibited its oncogenic role via
synergizing with other oncogenes and growth
factors to stimulate proliferation of stem, den-
dritic, progenitor, and NK cells, and conferred
an aggressive tumor phenotype [17]. Altogether,
the present study revealed that FLT3 is an
oncogenic driver and represents an important
biomarker for the diagnosis and prognosis of
AML. Our analysis of FLT3 genetic alterations
revealed that approx. 31% of AML patients har-
bored genetic alterations of FLT3, out of which
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co-occurrence of FLT3 mutations with

other gene mutations such as NPM1

has been widely observed and is as-
sociated with unfortunate prognoses of CN-
AML patients [18]. The prognostic role of NPM1
strictly depends on the presence of FLT3-ITD
mutations, as patients with NPM1 mutations in
the absence of FLT3-ITD demonstrated better
risk profiles and prognoses [18]. Our findings
therefore suggested that the aggressiveness of
AML and the prognostic role of FLT3 are as-
sociated with the co-occurrence of NPM1 and
DNMT3A mutations. Collectively, our integrated
bioinformatics analysis suggested that FLT3
in conjunction with NPM1 and DNMT3A is
an important onco-immunogenic signature of
aggressive AML. Hopefully, this potential bio-
marker signature can be explored for better
diagnosis, prognosis, and monitoring of AML
[50], and serve as an attractive therapeutic
target for kinase inhibitors for treating AML.

Over the years, our research group has made
significant progress in drug discovery via in-
house synthesized small-molecule multi-target
drugs with translational relevance for treating

Am J Cancer Res 2022;12(11):5140-5159
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inflammation, cancers, and immune-related di-
sorders [28, 30, 51-69]. Herein, we reported
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the PKs and therapeutic efficacy of Lwk-n019
for treating leukemia via inhibition of FLT3 and

Am J Cancer Res 2022;12(11):5140-5159



Deciphering the immuno-pathological role of FLT, and evaluation of drug

TOPs. We found that Lwk-nO19 demonstrated
dose-dependent in vitro antiproliferative prop-
erties against several leukemia cell lines, hen-
ce revealing the potential role of Lwk-n019 in
treating leukemia.

After establishing Lwk-n019’s inhibitory effects
on leukemia cell lines, we further explored
potential kinases targeted by Lwk-n019 via a
kinome analysis. We found that Lwk-n019 had
a high binding affinity and inhibitory effect on
FLT3. The profiling demonstrated that Lwk-
nO19 is a potent inhibitor of mutant FLT3 and
might be a candidate for testing as an antileu-
kemic agent in AML patients with mutant FLT3
receptors. Interestingly, Lwk-n019 displayed
a higher level of selectivity (S(10) score of
0.0043) toward FLT3 and FLT3 mutants than
crenolanib (S(10) score of 0.12). Moreover, the
compound demonstrated the best binding con-
stant (Kd) of 0.77 uM (770 nM) against FLT3
(ITD, 835V). Several FLT3 inhibitors, including
SMKiIs, AC220, lestaurtinib, midostaurin, tan-
dutinib, AT-9283, LS-104, dasatinib, sorafenib,
and sunitinib, were developed for AML therapy
[70]; however, satisfaction with these drugs is
limited by high toxicity and severe side effects
[71]. It is therefore noteworthy that the present
study identified a new FLT3 inhibitor with high
selectivity for mutant variants, which would be
a very useful therapeutic agent for improving
the prognosis of AML patients, especially pa-
tients harboring FLT3 mutations.

TOPs are essential regulators of DNA replica-
tion, transcription, and repair, and other vital
cellular processes [20]. Several inhibitors of
TOPs were developed into important anticancer
drugs. However, their efficacy comes with sig-
nificant side effects [24]. To our delight, we
found that Lwk-n019, demonstrated an inhibi-
tory role against DNA TOPI and TOPII activities
at a similar potency compared to their respec-
tive clinical inhibitors. Lwk-n019 therefore rep-
resents a new class of TOP inhibitors for treat-
ing cancer.

Our data so far suggested that Lwk-n019 not
only serves as a selective potent inhibitor of
FLT3 mutants but also inhibits the TOP1 and
TOPII enzymes. These multi-target activities of
Lwk-n019 are important properties desired of a
durable anticancer agent to minimize the ten-
dency to lose efficacy and optimal therapeutic
outcomes. Studies are ongoing to determine
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the full therapeutic properties and detailed
mechanisms of FLT3 and TOP inhibition.

Drug PK properties are an important driving
factor of successful drug discovery, and several
drugs failed in the clinic due to poor PK proper-
ties [66, 58, 72, 73]. Drug PKs also aid in
selecting drug dosages and treatment regi-
mens [74, 75]. Consequently, we provide in vivo
evidence of the good PKs of Lwk-n019 in rats.
While the duodenum, jejunum, cecum, and
colon were prime sites of Lwk-n019 absorp-
tion, the achieved Cmax, Vd, blood/plasma ratio,
T .o AUC, and consistent time-dependent cle-
arance of Lwkn-019 strongly suggested that i.v.
administration of Lwk-nO19 induced no appar-
ent drug accumulation, and that it was rapidly
cleared from the circulation [76]. These studies
demonstrated a useful point of reference for
subsequent drug optimization of higher poten-
cy, selectivity, and other characteristics of a
good drug lead.

Conclusions

On a concluding note, our analysis of bulk and
single-cell RNA sequencing datasets from AML
patients revealed that FLT3 is an oncogenic
modulator of the immune system and plays
important roles in the progression, aggressive
phenotype, and worse immune responses of
patients. Our findings further suggested that
the aggressiveness of AML and the prognostic
role of FLT3 were associated with the co-occur-
rence of NPM1 and DNMT3A mutations. Lwk-
n019, a novel small molecule, demonstrated
anticancer activities via multi-target inhibition
of topoisomerases and kinases with a high inhi-
bition preference for mutant ITD-FLT3. The
present study pioneered the basis for advance
optimization of drug potency, selectivity, speci-
ficity, and other properties desired of an anti-
cancer drug lead. Studies are ongoing to deter-
mine the full therapeutic properties and de-
tailed mechanisms of FLT3 and TOP inhibition.
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