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ABSTRACT
Licorice is a medicinal herb widely used to treat inflammation-related diseases in China.
Isoliquiritigenin (ISL) is an important constituent of Licorice and possesses multiple
bioactivities. In this study, we examined the selective anti-AML (Acute myeloid leukemia)
property of ISL via targeting FLT3, a certified valid target for treating AML. In vitro, ISL
potently inhibited FLT3 kinase with an ICso value of 115.1 * 4.2 nM, selectively
inhibited the proliferation of FLT3-ITD or FLT3-ITD/F691L mutant AML cells.
Moreover, it showed very weak activity towards other tested cell lines or kinases.
Western blot immunoassay revealed that ISL significantly inhibited the activation of
FLT3/Erk1/2/STATS signal in AML cells. Meanwhile, Molecular docking study indicated
that ISL could stably form aromatic interactions and hydrogen bonds within the kinase
domain of FLT3. In vivo, oral administration of ISL significantly inhibited the MV4-11
flank tumor growth and prolonged the survival in the bone marrow transplant model via
decreasing the expression of Ki67, and inducing apoptosis. Taken together, the present
study identified a novel function of ISL as a selective FLT3 inhibitor. ISL could also be a
potential natural bioactive compound for treating AML with FLT3-ITD or
FLT3-ITD/F691L mutations. Thus, ISL and licorice might possess potential therapeutic

effects for treating AML, providing a new strategy for anti-AML.

Keywords: Isoliquiritigenin, AML, FLT3, FLT3-ITD/F691L, Licorice
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Introduction

Acute myeloid leukemia (AML) is the most frequently diagnosed type of aggressive
hematological malignancy in adults with more than 20,000 newly diagnosed patients in
America every year (Siegel et al., 2015). Although the mortality has substantially
declined over the past two decades with the implementation of therapeutic modalities of
standard chemotherapy, chemotherapy resistance and intolerance are inevitable (D6hner
et al., 2017; Podoltsev et al., 2017). Consequently, the identification and development of

safer and more effective anti-AML agents are highly desirable.

The high relapse rates of AML may be attributed partially to genetic and epigenetic
heterogeneity and chemoresistance-enabling mutations (Papaemmanuil et al., 2016; Tsai
et al., 2016). Moreover, nearly 30% of AML patients carry activating mutations in the
FMS-like tyrosine kinase-3 (FLT3) gene which encodes a class III receptor tyrosine
kinase and regulates the normal hematopoiesis (Gilliland et al., 2002; Prada-Arismendy
et al., 2017). The accumulated evidence over the past years indicated that internal tandem
duplication mutations in juxtamembrane domain of FLT3 kinase (FLT3-ITD) are the
most prevalent mutations that lead to uncontrolled cellular proliferation and survival
characterized by constitutive ligand-independent activation of FLT3 (Kiyoi et al., 2002;
Levis et al., 2018). Several studies have demonstrated that patients with high FLT3-ITD
allelic ratios exhibit a high relapse rate, poor prognosis, and worse survival rate (El Fakih

et al., 2018; Dohner et al., 2017). Recently, small-molecule FLT3 inhibitor, Midostaurin
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has been demonstrated to effectively inhibit the growth of FLT3-ITD-positive AML cells
in animal and human, and has been approved by USFDA for treating AML (Stone et al.,
2017). Moreover, a number of small-molecule FLT3 inhibitors, including Quizartinib
(Cortes et al., 2018), Sunitinib (Fiedler et al., 2015), Ponatinib (Shah et al., 2013),
MLN-518 (Odia et al., 2016) and Gilteritinib (Perl ef al., 2017) are being studied in the
clinical trials, and have yielded favorable results against AML FLT3-ITD mutant
isoforms. Although these FLT3 inhibitors exhibit potent anti-AML activity in clinical
trials, drug resistance and relapse often occur. Recently, point mutational analysis showed
that F691L mutation in tyrosine kinase domain (TKD) of FLT3-ITD confer acquired
resistance to these drugs (Albers ef al., 2013; Xu ef al., 2017). Thus, acquired resistance

is still a challenge in the drug development of FLT3 targeted therapy.

Isoliquiritigenin (ISL), a natural flavonoid mainly extracted from licorice root, is one
of the most widely used traditional Chinese medicines in China, and is often used in food
flavoring in Western countries. Previous studies have demonstrated that ISL possesses
various pharmacological action, including anti-inflammatory (Zeng et al., 2017),
anti-platelet aggregation (Tawata et al, 1992), spasmogenic (Liu et al, 2008),
antimicrobial (Boyapelly et al., 2017), vasorelaxant (Yu et al., 1995), and estrogenic
effects (Kundu et al., 2018). Moreover, ISL has been proved to possess significant
inhibitory activities against liver (Hsu et al., 2005), colon (Wu et al., 2016), prostate

(Zhang et al., 2016a), and cervical cancer cells via inducing apoptosis or autophagy, cell
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cycle arrest, or inhibiting migration and triggering oxidative stress (Tsai et al., 2015;
Peng et al., 2015). Previously, our group demonstrated that ISL exhibited a significant
inhibitory effect on breast cancer through suppressing angiogenesis, repressing cancer
stem cells, regulating autophagy, and modulating miR-374a (Wang et al., 2013; Wang et
al., 2014; Wang et al., 2015; Peng et al., 2017). These results suggested that ISL is a
multifunctional natural bioactive compound with potent anticancer activities. However,

there is little literature on the role and targets of ISL in human AML.

The results of our present study demonstrated that ISL could selectively inhibit the
activation of the FLT3 kinase, and the viability of FLT3-ITD mutant AML cell lines with
negligible activity in other types of tumor cells and normal cells in vitro. Furthermore,
ISL could significantly inhibit tumor growth of MV4-11 in xenograft tumor model and
bone marrow model with good tolerance. Taken together, the present study identified a
novel function of ISL as a selective FLT3 inhibitor as well as a potential natural bioactive

compound for treating AML with FLT3-ITD mutations.
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Materials and methods

Materials

For the present study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT),
dimethyl sulfoxide (DMSO), PEG400 were procured from Sigma Chemical Co. (St.
Louis, MO): Rabbit anti-phosphorylated-FLT3 (p-FLT3, Tyr969, #3463), Rabbit
anti-FLT3 (8F2, #3462), Rabbit anti-phosphorylated-STATS5 (p-STATS, Tyrl105, #3827),
Rabbit anti-STATS (#9363), Rabbit anti-phosphorylated-p44/42 MAPK (P-Erkl/2,
Thr202/Tyr204, #4370), Rabbit anti-p44/42 MAPK (P-Erkl1/2, #4695). Mouse
anti-B-actin (#3700) was purchased from Cell Signaling Technology (Beverly, MA),
while Rabbit anti-Caspase-3 (ab184787) was purchased from Abcam (Cambridge, MA,
USA). Isoliquiritigenin, with a purity of more than 97%, was obtained from Alpha Aesar
(MA, USA). Sunitinib was acquired from Nanjing Chemlin Chemical Industry Co. Ltd

(Nanjing, Jiangsu). All of the chemicals used in this study were of analytical grade.

Cell culture

Unless otherwise stated, the cell lines were obtained from the American Type Culture
Collection (Manassas, VA, USA). All the cells except for MV4-11 cells were grown in
RPMI 1640 or DMEM culture medium supplemented with 10% fetal bovine serum (v/v),

100U/ml penicillin, and 100U/ml streptomycin. MV4-11 cells were cultured in the
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IMDM culture medium containing 10% fetal bovine serum (v/v) and antibiotics. All

cultures were maintained at 37°C and 5% CO:..

Cell viability assays

Cell viability was measured with the colorimetric MTT metabolic activity assay. Briefly,
the leukemic cells were seeded in a 96-well plate at a density of 1~4x10* cells per well
for 24 hrs and an equal volume of medium containing an increasing concentration of
inhibitors was added to each well. The other cell lines were seeded in 96-well plates at a
density of 2~5x10° cells/well for 24 hours and then the medium was replaced with the
medium containing serial dilutions of inhibitors. After 72 hours of further incubation, 20
uL of 5 mg/mL MTT reagent was added into each well followed by 2-4 hours of
incubation.  Subsequently, 50 puL of 20% acidified SDS per well was added to lyse the
cells. The absorbance values of the dissolved cells were measured at 570 nm with a
SpectraMAX M5 microplate spectrophotometer (Molecular Devices). All experiments
were performed in triplicate. Cell viability was calculated as the percentage of viable

cells relative to the control cells treated with DMSO (0.1%).

In vitro Kinase assay

The recombinant human protein FLT3 was obtained from Eurofins. The inhibition of the
FLT3 kinase activity was measured with homogeneous, time-resolved fluorescence

(HTRF) assays. Optimal enzyme and substrate concentrations were determined with the
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HTRF KinEASE kit (Cisbio, France) according to the manufacturer’s instructions.
Briefly, the FLT3 enzymes were mixed with peptide substrate in a kinase reaction buffer
system containing 50 mM (pH7.0) HEPES, 0.02% NaN3, 0.1 mM sodium orthovanadate,
SmM MgCl,, 0.01% (w/v) bovine serum albumin (BSA), 1 puM TK substrate-biotin, and
2 uM ATP. The final concentration of the FLT3 in the system was 6 nM. The reaction
was quenched by addition of development reagent, followed by incubation for an
additional hour prior to fluorescence measurements on EnVision® Multilabel Reader
(Perkin Elmer). Protein kinase profiling of ISL was also evaluated with HTRF assay in a
panel of 5 human protein kinases. The percentage inhibition was calculated relative to an
enzyme control without inhibitor. ICso values were calculated by four-parameter
non-linear regression analysis of the resulting concentration-response curves using

GraphPad PRISM.

Enzyme Kkinetic experiments

To investigate whether the ATP binding site is the binding site of ISL with FLT3, the
enzyme kinetic experiments were performed with the increasing concentration of ATP

(0.16uM to 200 uM) in the kinase assay mentioned earlier.

Cell cycle analysis

For cell cycle analysis, MV4-11 cells were seeded into 6-well plates at a cell density of

2*10/well. After 30 minutes, cells were treated with different concentrations of ISL

10
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(0.625, 2.5 and 10 uM) for 20 hrs. The cells were harvested and washed in cold PBS.
Then, the cells were fixed with 95% ice-cold ethanol and treated with RNase A (100
pug/ml) and stained with propidium iodide (PI; 10 pg/ml). Cell cycle distribution was

analyzed by a flow cytometry (BD Biosciences).

Cell apoptosis

For cell apoptosis analysis, Annexin V-fluorescein isothiocyanate (FITC) apoptosis
detection kit (KeyGen BioTECH) was used. Briefly, the MV4-11 cells were seeded into
6-well plates at a cell density of 1x10%/well. After 30 minutes, cells were treated with
different concentrations of ISL (2.5, 10, and 40 uM) for 30 hrs. The cells were washed
twice with cold phosphate buffered saline (PBS), and then incubated with Annexin
V-FITC/PI at RT for 5 mins in the dark. The fluorescence of the cells was detected by
flow cytometry by using a FITC signal detector and a PI signal detector (BD Biosciences,

USA).

The level of apoptosis was also analyzed by detecting the level of cleaved caspase-3.
Briefly, MV4-11 cells were treated with ISL at indicated concentrations for 30 hours, and
the cells were subsequently lysed with RIPA buffer (10 mM Tris-HCI (pH 7.8), 1% NP40,
0.15 M NaCl, 1 mM EDTA, 10 uM aprotinin, 1 mM NaF and 1 mM Na3;VOy). The
extracted samples were subjected to Western analysis as described below using an

anti-caspase 3 antibody and GAPDH as the control.

11
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Western blot analysis

Cells (MV4-11) were treated with a series of concentrations of ISL and harvested after 20
hrs, then washed with pre-cooled PBS. Total protein was extracted in ice-cold RIPA lysis
(10 mM Tris-HCI (pH 7.8), 1% NP40, 0.15 M NaCl, 1 mM EDTA, 10 uM aprotinin, 1
mM NaF and 1 mM Na3VO4). Protein concentration was determined using BCA protein
quantification assay kit. For western blot assay, the proteins were resolved with 10-15%
SDS-PAGE gel electrophoresis followed by transfer to PVDF membranes (Millipore,
Billerica, MA, USA) and incubated overnight with the appropriate antibodies. Primary
antibodies against FLT3/p-FLT3, STATS/p-STATS, Erk1/2/p-Erk1/2 and B-actin were
used to probe with proteins on the membrane at 4 C  overnight. Subsequently, the
membranes were washed three times with TBST (Tris-buffered saline with tween) and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 2 hrs at
room temperature. Specific antibody binding was detected by electrochemiluminescence

(ECL) kit on Kodak X-ray films.

Computational Docking Studies

Comparative receptor structure models for the FLT3/F691L, a point mutation of FLT3
were generated with the ‘Build Mutants’ module of Discovery Studio (DS) 3.1 (Accelrys,
Inc., USA) program package. Molecular docking studies were performed using the
co-crystal structures of FLT3 with the AC220 (Quizartinib, a type II kinase inhibitor) as

templates to build the receptor structure of point mutations. The best set of parameters in

12
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the DS 3.1 program identified during parameter optimization comprises the following
settings: parameter value of mutant was set as PHE691LEU. Input protein molecule was
set to 4XUF, a number of models were set to 5, optimization level was set to high and

other parameters were set as ‘Build Mutants Default’.

GOLD (Genetic Optimization for Ligand Docking) can dock flexible ligands into a
protein active site based on the genetic algorithm. Thus, GOLD was used for docking
studies and all the GOLD protocols were executed in the program package of DS3.1. The
Docking calculations were set to add hydrogen in the homology modeling of
4XUF.M0005 and define the receptor for 4XUF.MO000S5. Then, the binding site containing
the ligand of AC220 was defined as an active sphere whose radius was set to 9 A in this
crystal structure. The default calculation mode which provided the best-docked results

was selected for calculations.

Effect of ISL on AML cell growth in vivo

Seven to eight-week-old female NOD/SCID mice were obtained and housed in a sterile
environment and fed a standard diet ad /ibitum. The animals were cared for in accordance
with the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. To establish the AML xenograft model, single-cell suspensions of MV4-11
(6x107 cells/ml) in serum-free medium were injected into the hind flank at 100 pl/site.
When the tumors reached a size of 100~200 mm?, the mice bearing tumors were equally

divided into different groups (6 mice each group) and received oral dose of ISL (25, 50,

13
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and 100 mg/kg/day p.o., respectively) or vehicle (5% DMSO+20% PEG400+75% normal
saline) for 18 days. Positive control group mice were injected with sunitinib (10
mg/kg/day p.o.). Tumors growth and body weight were measured every 3 days with a
Vernier caliper during the treatment in vivo, and the tumor volume was calculated using
the following formula: volume (mm?®) = axb?/2 (a, longest diameter (length); b, shortest
diameter (width)). The mice were closely monitored and weighed. At the end of the
experiment, animals were euthanized, and the tumors were harvested and subjected to

histological examination.

Effect of ISL in the bone-marrow engraftment model

NOD-SCID mice were pretreated with cyclophosphamide at a dose of 150 mg/kg i.p.
once a day for 2 days. After 24-hours, each mouse was intravenously injected with 5x10°
MV-4-11 cells via the tail vein. After 20 days of inoculation, ISL or vehicle was
administered orally once a day for 30 days. Positive control group mice were injected
with sunitinib (10 mg/kg/day). Survival was determined by observation of the animals

without hind-limb paralysis and those that were moribund were counted as dead.

Immunohistochemistry

Tumor samples obtained from in vivo studies were rinsed, fixed with 10%
paraformaldehyde/PBS and embedded in paraffin. The femoral bones of bone-marrow

engrafted mice were fixed, decalcified, and embedded in paraffin. For

14
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immunohistochemical analysis, paraffin-embedded tumors were sectioned (4-8 um) and
subjected to immunostaining with Ki67. Furthermore, apoptosis was detected by TUNEL
(transferase-mediated dUTP nick-end labeling) assay as described by the manufacturer.
Briefly, deparaftinized sections were permeabilized with 0.1% Triton X-100 solution and
then incubated with 50 ul TUNEL reaction mixture at 37°C for 60 mins. After rinsing
thrice with PBS, 50 pl Converter-POD was added and the tissue cells were incubated for
30 mins at 37 C . Subsequently, the sections were stained using DAB substrate and
counterstained with hematoxylin. Apoptotic cells were then visualized with a Leica

digital camera attached to a light microscope.

Statistical analysis

All in vitro experiments were performed in triplicate and replicated more than three times.

The data was expressed as means + standard deviations (SD). Student t-test was used to
compare the differences between two groups; for multiple comparison, a post-hoc test
using Dunnett’s method was used to assess the differences between the treated groups
and control group; to assess the survival rate of mice, a Kaplan-Meier curve was
performed. All the statistical analyses were conducted using GraphPad Prism (version

5.01). The value p < 0.05 was considered to be statistically significant.

15
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Results

In the vitro growth inhibitory activity of ISL against leukemia and other cell lines

The in vitro growth inhibitory activities of ISL were evaluated against a panel of tumor
cell lines, including leukemia and solid tumor cell lines. As presented in Table 1, ISL
selectively inhibited the viability of FLT3-ITD mutant AML cell lines including MV4-11
and MOLM-13 in a dose-dependent manner with ICso values of 3.2 £ 1.2 uM (0.85 +
0.32 pg/ml), and 4.9 + 2.1 uM, respectively. However, a relatively weak inhibitory
activity was observed in human B cell lymphoma cell lines (OCI-LY 10; ICso: 20.1 £ 6.7
uM). Negligible activity was detected against the normal human epithelial mammary cell
line MCF-10A and other human common solid tumor cell lines (Table 1). These results
indicated that AML cells with FLT3-ITD mutant were extremely sensitive to ISL than

other cell lines tested.

Inhibitory effect of ISL on FLT3 and kinase selectivity

In vitro, enzyme kinetics assay revealed a remarkable inhibitory effect of ISL on FLT3 at
the nanomolar concentration with ICso value of 115.1 + 4.2 nM. The inhibitory effect of
ISL on tyrosine kinase EGFR was noticeably weak with I1Cso value of 16.19 + 2.4 uM.
Conversely, ISL was largely inactive against tyrosine kinase BTK (ICs50>20 uM).

Meanwhile, ISL was highly selective for various types of Ser/Thr kinases including

16
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CHK1, AKT1, and Aurora-A with ICs values of >20uM, 19.0 + 3.8um, and 8.7 + 0.9um,
respectively. These data suggested that ISL was a highly selective inhibitor of FLT3
(Fig.1B). In addition, the enzyme kinetic experiments were conducted with a different
concentration of ATP (0.16 uM to 20 uM). With the increased concentration of ATP, the
ICso value of ISL to FLT3 also increased considerably from 20.0 + 7.3 nM to 430.9 +
47.8 nM, demonstrating that ISL was an ATP-competitive FLT3 inhibitor (Fig. 1C and

D).

Selective inhibition of proliferation of Ba/F3-FLT3-ITD cells by ISL

Next, ISL was tested for the ability to selectively induce cell death in growth
factor-independent Ba/F3-FLT3-ITD cells, without affecting parental, growth factor
(IL-3)-dependent murine pro-B cell line Ba/F3. As shown in Fig 1E, ISL significantly
inhibited the proliferation of Ba/F3-FLT3-ITD cells at various concentrations between 2.5
and 40 pM with an ICso value of 2.9 + 0.8 uM within 72 hrs and was nontoxic toward
parental Ba/F3 cells at concentrations up to 40 puM. However, Ba/F3-FLT3-ITD cells
could be rescued from the anti-proliferative effects of ISL by IL-3. This data suggested
that ISL selectively inhibited the cell growth by targeting FLT3 and did not inhibit any

other kinases in the signaling pathways used by the IL-3 receptor in Ba/F3 cells.

FLT3-ITD/TKD (ITD plus F691L) dual mutation remains the main cause of the
development of resistance to the FLT3 inhibitor. Among them, FLT3-ITD F691L

mediated a noticeable strong resistance towards the FLT3 inhibitors, AC220, and
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sorafenib. We performed proliferation studies of ISL on Ba/F3 cells expressing
FLT3-ITD/F691L and confirmed that ISL exhibited the ability to inhibit the proliferation
of Ba/F3-FLT3-ITD/F691L with an ICso value of 5.5 =+ 19 p M, and
Ba/F3-FLT3-ITD/F691L cells were also rescued by IL-3 (Fig 1F). AC220 and sorafenib
are very effective in inhibiting the proliferation of Ba/F3-FLT3-ITD cells, but they don’t
have an ideal effect on BA/F3-FLT3-ITD/F691L cells (Fig 1G and H). These findings
suggested that ISL could be utilized as a clinically active compound in patients with

FLT3-ITD mutation and patients with acquired FLT3-ITD/TKD dual mutation.

Predicted binding mode of ISL with FLT3.

In order to investigate the possible binding mode of ISL with FLT3, the computational
molecular docking studies were carried out using Discovery Studio (DS) 3.1 program
package. The molecular docking studies were based on the known co-crystal structure of
FLT3 with its inhibitor quizartinib (AC220) (PDB code 4XUF) (Zorn et al., 2015; Smith
et al., 2015), and the binding mode of bioactive compound ISL with FLT3 was presented
in Fig. 2. The carbonyl group and 4\3-benzene-1,3-diol group of ISL were hydrogens
bonded with CYS694. Besides, the other two hydrogen bonds were also formed in
4)3-phenol group with LYS644 and ASP829. Furthermore, one face-to-face sigma-m
interaction was formed, which was between the hydrogen atom in the 4A3-phenol group

and the benzene ring of PHE830. ISL also formed a hydrophobic interaction with
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residues LEU818, PHE691, PHE830, VAL624, and TYR693 in ATP binding pocket of
FLT3.

To illustrate the underlying mechanism of how ISL retains its activity against the F691L
mutation, the protein models of point mutation of FLT3/F691L were established. They
were based on the co-crystal structure of FLT3 bound to AC220 (PDB entry 4XUF 4XUF)
as a template by defining the ‘Build Mutants’ module in Discovery Studio (DS) 3.1
program package. Five different protein models of point mutations were obtained after
running the DS 3.1 program. The sequence was represented in tabular form according to
their PDF total energy from low to high (See Table 2). PDF total energy of 4XUF.M0005
was recorded to be 1215.7684, which was relatively lower than other energy of the
protein model. Thus, 4XUF.M0005 was selected as a receptor to further investigate the
binding mode of ISL with the F691L mutation. From Fig. 2, it was revealed that the
binding mode exhibited lower homology with the binding mode of ISL with FLT3; the
stable combined conformation revealed that ISL could overcome the mutation of

FLT3/F691L.

ISL induces GO-G1 phase arrest and apoptosis in AML cells

Measurement of cellular DNA content and the analysis of the cell cycle were performed
by flow cytometry. The cells were treated with different concentrations of ISL (0.625, 2.5
and 10uM) for 20 hrs, and the levels of cell cycle progression were examined by flow

cytometry. ISL significantly increased the number of MV4-11 cells in G1 phase. The
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amount of cells in the G1 phase was increased from 52.52% to 66.70% (Fig 3A and 3C.).
In contrast, ISL markedly decreased the number of cells in S phase and G2/M in a
dose-dependent manor, with the percentage decrease from 32.16% to 23.36% in S phase
and 16.55% to 6.47% in G2/M, respectively. These results suggested that ISL could

induce GO-G1 phase arrest in MV4- 11 cells.

ISL induces apoptotic cell death

Next, we investigated apoptotic cell death using Annexin V-FITC assay. With the
increasing concentration of ISL, the proportion of MV4-11 cells in the apoptosis
increased significantly from 3.92 £ 2.65% to 53.11 + 11.31% (Fig. 3B and 3D). For
determination of the apoptotic pathway, we measured the expression of proteins involved
in apoptosis by western blotting. The concentration of ISL increased (2.5, 10, and 40 p
M), and the cleavage of Caspase 3 increased significantly too (Fig. 4B). These results
indicated that ISL could induce apoptosis in a dose-dependent manner, at concentration

above the ICso value in AML cells.

Targeting of FLT3 signaling pathways by ISL in AML cells

To determine the ability of ISL in blocking FLT3 and its downstream signaling, we
screened some essential kinases involved in FLT3 signaling pathway using Western blot
analysis. After a 20-hour treatment with gradient concentrations of ISL, MV4-11 cells

were harvested and lysed for an immunoblot assay. As shown in Fig.4A, ISL significantly
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suppressed the auto-phosphorylation of FLT3-ITD in a dose-dependent manner.
Downstream signaling proteins Erk1/2 and STATS were also strongly inhibited by ISL at
concentration of > 5 pM. Similarly, sunitinib (positive control) also inhibited the
phosphorylation of FLT3, Erk1/2, and STATS in MV4-11 cells. Moreover, ISL did not
interfere with the expression of these proteins during the treatment period. These findings
suggested that ISL exerted its anti-AML function by directly targeting FLT3 displayed on
the surface of leukemic cells and further antagonizing FLT3-mediated downstream

signaling cascade.

In vivo effects of ISL against MV4-11 tumor xenografts

The in vivo anti-AML activity of ISL was evaluated in the MV4-11 tumor xenograft
model of NOD-SCID mice. The xenograft-bearing animals were treated orally with
different doses of ISL at 100 mg/kg/day, 50 mg/kg/day and 25 mg/kg/day or with vehicle
alone. Oral sunitinib at a dose of 10 mg/kg/day was used as positive control. As shown in
Fig. 5A, treatment with ISL for 18 days exhibited a significant antitumor activity and
inhibited MV4-11 tumor progression as compared with the vehicle group. Treatment with
ISL at a dose of 100 mg/kg/day and treatment with sunitinib at 10 mg/kg/day elicited
maximum tumor inhibition rates of 83.2% and 84.9% respectively when compared with
the vehicle-treated mice. ISL at doses of 50 mg/kg/day and 25 mg/kg/day also
significantly inhibited the MV4-11 tumor growth with anti-tumor rates of 60.3% and

46.8% respectively. The body weight of mice was monitored once every 3 days during
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the course of the experiment. As illustrated in Fig. 5B, no significant loss in the body
weight was observed between the ISL treated and vehicle-treated group. No significant
differences in gross measures including skin ulcerations or toxic death were observed in
ISL-treated mice. Meanwhile, Shoji Yamazaki et al proved that isoliquiritigenin
(intraperitoneal injection) had a LDso of about 3000 mg/kg in mice and did not cause
animal death at 2000 mg/kg (Yamazaki et al., 2002). These data indicated that ISL

inhibited the AML tumor growth in vivo without systemic toxicity.

In addition, the in vivo expression of p-Erk1/2 and Ki67 were measured by western blots
and immunohistochemical analysis. As shown in Fig. 5D, the percentage of
Ki67-expressing and p-Erk1/2 positive cells in ISL-treated tumor tissue were
significantly lower than vehicle-treated tumor tissue. Meanwhile, the results of western
blots also corroborated that ISL could inhibit the in vivo expression of p-Erk1/2 and Ki67
(Fig 5E). The Ki-67 protein expression was an established prognostic factor and was
extensively used in the routine pathological investigation as a proliferation marker or as a
cell mitotic index. Furthermore, TUNEL assay were used to detect the in vivo cell
apoptosis induced by ISL. As illustrated in Fig. 5D, tissue sections from the 100 mg/kg
ISL-treated group possessed more TUNEL-positive cell, indicating a tumor with more
apoptotic cells. These results demonstrated that ISL inhibited AML cells proliferation and

induced apoptosis in vivo.
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Evaluation of survival in a bone marrow model

To evaluate the influence of ISL on the survival time, we established a bone marrow
engraftment model that mimics the pathology of human leukemia. MV4-11 cells were
intravenously engrafted into mice after their endogenous bone marrow was ablated by
pretreatment with cyclophosphamide. After allowing the disease to establish for 20 days,
the mice were randomly divided into different groups (10 mice each group), and
treatment was initiated with 50, 100 mg/kg/d ISL or with vehicle alone. Sunitinib at a
dose of 10 mg/kg/d was used as a positive control. All vehicle group mice were presented
with hind-limb paralysis or moribund within 42 to 60 days with a mean survival time
(MST) of 52 days. The sunitinib-treated mice exhibited an MST of 70 days, and all
animals expired by day 77. ISL-treated mice demonstrated prolonged survival in a
dose-dependent manner; the MSTs determined to be 60 and 68 days for the 50 and 100
mg/kg/d groups respectively (Fig. 5C). In addition, we also determined the number and
activity of MV4-11 cells in bone marrow. As shown in Fig. 5F, bone marrow MV4;11
cells in vehicle group exhibited a strong nuclear immunoreactivity for Ki67, while other
cells stained weakly. Treatment with ISL at 100 mg/kg/d resulted in reduced numbers of
bone marrow MV4-11 cells when examined on day 40. In some cases of treatment with
ISL, only a few leukemic cells distributed throughout the bone marrow remained. These
findings suggested that ISL exhibited high efficacy in an FLT3-ITD model of lethal bone

marrow disease in a dose-dependent manner to the subcutaneous.
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Discussion

AML is the most heterogeneous hematological malignancy associated with a low survival
rate in adults. Over the past few decades, tremendous technical advances in the
cytogenetic analysis have been made for early diagnosis and prognostic stratification.
However, chemotherapy and hematopoietic stem cell transplantation remain the
predominant treatment methods for AML, yet with a low five-year survival rate (20%) of
AML patients (Ottmann et al., 2018; Schlenk ef al., 2014). Related research has shown
that the survival rate of the patients using TCM is considerably higher than that of TCM
nonusers (Huang ef al., 2017). Particularly, the treatment with As>Os is highly effective in
AML patient with resistance to ATRA and chemotherapy with relatively better safety
(Wang et al., 2008; Li et al., 2017). Thus, traditional Chinese drugs may have potential

therapeutic effects on AML.

Licorice, name derived “gancao” in China, is a very well-known herb in traditional
Chinese medicine. It has been used for centuries and can be dated back to the Shen nong's
Classic of Materia Medica around 2100 BC (Gibson et al., 1978). During the following
millennia, licorice roots have been used for treating diseases like influenza, coughs, liver
damage and for detoxification (Kao et al., 2014). Recently, pharmacological studies have
revealed numerous biological activities associated with licorice, such as anti-viral,
anti-diabetic, anti-inflammatory, anti-tumor, anti-microbial, cholinergic regulation, and

many more (Bode et al., 2015). Consequently, over 400 chemical components have been
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extracted and separated from licorice, containing nearly 300 flavonoids (Ji ef al., 2016).
However, the effective components in licorice responsible for these bioactivities remain
elusive. Therefore, identification of their potential activity deserves more attention for

development of the novel drug.

Isoliquiritigenin, a natural flavonoid constituent of licorice, possesses various medicinal
bioactivities, including neuroprotective (Yang et al., 2016), analgesic (Shi et al., 2012),
cardiac protection (Zhang et al., 2016), and anti-inflammatory properties (Zhang et al.,
2018). There is a lot of evidence showing ISL has significant anti-tumor activity against
many kinds of tumors, such as lung, colon, prostate, breast, gastric and cervical cancer. It
has also been shown to inhibit the VEGF/VEGFR-2 signal (Wang ef al., 2013), suppress
the activity of COX-2 (Zhang ef al., 2014), increase CDK2 activity (Ii et al., 2004), and
trigger ROS in cancer cells (Kim et al., 2017). However, the anti-AML activities of ISL
remain to be completely elucidated. Furthermore, potential targets of ISL are also largely
unknown. Therefore, the present study aimed to investigate the anti-AML activity of ISL.
We found that ISL could selectively inhibit FLT3-ITD mutant AML cells via targeting

FLT3.

In vitro, ISL selectively inhibited the proliferation of FLT3-ITD mutant AML cell lines,
including MV4-11 and MOLM-13 with ICso values of 0.85 + 0.32 pg/mL, 1.27 £ 0.53
ng/mL and exhibited weak toxicity effects or negligible activity in other tumor cell lines

and normal cells. Moreover, ISL significantly inhibited the tumor growth of MV4-11
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xenograft model in vivo, and significantly prolonged the survival time in mice bone
marrow AML model with better tolerance. Kinase profile data indicated that FLT3 was a
selective target for ISL. Immunoblot assay revealed that ISL could effectively inhibit the
phosphorylation of FLT3/Erk1/2/STATS signaling pathway within 20 hours but did not
regulate the expression of these proteins. Notably, ISL still retained a good inhibitory
activity against FLT3-ITD/F691L mutation, a resistance kinase domain mutation against
well-known FLT3 inhibitor, sorafenib and AC220. These results indicated that ISL could

be a promising novel bioactive lead compound for AML treatment.

FLT3 is one of the most crucial drug targets in AML, because patients carrying FLT3-ITD
mutations have poor response to standard chemotherapy and inflict approximately 30%
of cases AML with poor prognosis (Gilliland ef al., 2002; Prada-Arismendy et al., 2017).
FLT3 inhibitors, including Midostaurin (Stone ef al., 2017), Quizartinib(AC220) (Cortes

et al., 2018), Ponatinib (Shah ef al., 2013), and MLN-518 (Odia et al., 2016) have been

demonstrated to inhibit the growth of FLT3-ITD-positive AML cells in animal and human.

Conversely, a clinical study proved that FLT3-ITD-F691L mutation can cause acquired
resistance to Quizartinib(AC220) and other FLT3 inhibitors (Albers et al., 2013). Thus,
we conducted proliferation studies of ISL in Ba/F3-FLT3-ITD/F691L cells and confirmed
significant inhibitory activity of ISL on FLT3-ITD/F691L cells which is similar to that of
FLT3-ITD cells. These cells could all be rescued by IL-3. Thus, ISL could also be

expected to be clinically active in patients with acquired FLT3-ITD/TKD dual mutations.

26

$20Z ‘ST YoLe N U0 Sjeuinor 1 34S Y e B10'seuano fisdsewireyd [ow WwoJj papeo Jumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 28, 2019 as DOI: 10.1124/mol.119.116129
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #116129

In summary, isoliquiritigenin is an orally available natural bioactive compound,
exhibiting anti-AML efficacy via targeting FLT3 both in vitro and in vivo. Therefore, this
novel FLT3 inhibitor has the potential to contribute to the treatment of recurrence of
FLT3-ITD mutant AML. In tandem with other anti-AML drugs, ISL might exhibit an

enhanced therapeutic outcome in AML.
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Cell lines Tumor types ICso (uM)
MV4-11 human acute myeloid leukemia 3.2+1.2
MOLM-13 human acute myeloid leukemia 4.9+£2.1
OCI-LY10 human B cell lymphoma 20.1+6.7
A549 human lung cancer >50
HGC-27 human gastric cancer >50
HepG2 human hepatocellular carcinoma >50
HCTI116 human colorectal cancer >50
MCF-10A human mammary epithelial cell >50

Ba/F3 Murine pro-B cell line >50

n=3 for each experiment
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Table 2. The single mutated residue of FLT3 protein with the optimized local structure.

Name PDF Total Energy® PDF Physical Energy? DOPE Score?
4XUF.M0005 1215.77 3.72 -33513.02
4XUF.M0002 1215.78 3.75 -33512.52
4XUF.M0003 1215.78 3.71 -33512.18
4XUF.M0001 1215.78 3.76 -33512.70
4XUF.M0004 1215.95 3.74 -33511.29

3 which was calculated by Discovery Studio (DS) 3.1 (Accelrys, Inc., USA)
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Figure legend

Figure 1 ISL selectively suppressed FLT3 Kkinase activity and inhibited the
proliferation of FLT3 dependent cells. (A) The chemical structure of ISL. (B) Kinase
inhibitory activities of ISL were measured by the HTRF kit. ISL selectively inhibited
FLT3 kinase activity. (C and D) The enzyme kinetic experiments were conducted with
different concentrations of ATP. ISL is an ATP-competitive FLT3 inhibitor. (E) ISL
selectively inhibited the proliferation of Ba/F3-FLT3-ITD cells and was non-toxic toward
Ba/F3-FLT3-ITD cells rescued by IL-3. Ba/F3-FLT3-ITD cells cultured with or without
IL-3 were treated with ISL for 72 h. Cell viability was measured by MTT assay. Data are
representative of more than three independent experiments. (F) ISL selectively inhibited
the proliferation of Ba/F3-FLT3-ITD/F691L cells and was non-toxic toward the cells
rescued by IL-3. FLT3-ITD-F691L mutantion is resistant to AC220(G) and

Sorafenib(H).

Figure 2 The binding mode of ISL and FLT3. (A) ISL is docked into the FLT3-wt kinase
domain, demonstrating interactions between ISL and FLT3 (PDB entry 4XUF). (B) The
2-dimensional interaction map of ISL and FLT3-wt. (C) ISL is docked into the FLT3
kinase domain, showing interactions between ISL and FLT3 mutation (4XUF.M0005) in
an inactive conformation. (D) The 2-dimensional interaction map of ISL and

FLT3/F691L.
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Figure 3 ISL induced cell cycle arrest and apoptosis in AML cells. (A and C) MV4-11
cells were treated with serial concentrations of ISL for 20 h. The cell cycle was measured
by PI staining and flow cytometry. ISL significantly induced GO-G1 phase arrest with the
decreased ratio of cells in S to G2/M phase (* p<0.05, ** p<0.01, n=3). (B and D)
MV4-11 cells treated with ISL for 30 h and the apoptotic cells were defined by
Annexin-V and PI co-staining. Apoptotic cells were defined as Annexin V+/PI- plus
Annexin V+/PI+ cells. The ratio of apoptosis significantly increased from 3.92 + 2.65%
(control) to 53.11 = 11.31% (ISL 40 uM) (* p<0.05, ** p<0.01, *** p<0.001, n=3).
Sunitinib, as positive control, also significantly induced cell cycle arrest and apoptosis in

AML cells.

Figure 4 ISL inhibited the activation of FLT3 signal and regulated the expressions of
apoptosis-related protein. (A) After a 16-hours of treatment with ISL, the
phosphorylation of FLT3 and downstream signal proteins was assessed using Western
blot analysis. Sunitinib was considered as positive control. (B) The cells lysate of
MV4-11 cells treated with ISL for 30 hours was also analyzed using anti-caspase-3
antibody, and the results indicated a significant dose-dependent decrease in
pro—caspase-3 levels and a dose-dependent increase in cleaved caspase-3 levels with
increasing concentrations of ISL. (a) The relative densitometric value of the western blot
band were analyzed using image analyzing software. Statistical analysis was performed

to consider the differences (*, P<0.05; **, P<0.01, n=3).
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Figure 5 In vivo effects of ISL against s.c. and BM MV4-11 tumor models. (A)
MV4-11 cells (6x10%mouse) were s.c. injected into NOD-SCID mice, and oral treatment
with ISL was initiated when the tumors grew to 100~200 mm?. ISL significantly inhibited
the MV4-11 tumor growth at the doses of 100 (p<0.01, n=6), 50 (p<0.01, n=6) or 25
(p<0.05, n=6) mg/kg/d p.o.; meanwhile, sunitinib as positive control exhibited marked
anti-tumor activity (p<0.01, n=6). (B) The mice body weights among the groups were
analyzed after 18 days of treatment. The mean = SD were also presented (n=6). (C)
Kaplan-Meier plot for survival analysis. MV4-11 cells (5%10%mouse) were intravenously
injected into NOD-SCID mice, and treated with an oral dose of ISL after 20 days of
inoculation. Survival was determined by observation when the animals demonstrated
hind-limb paralysis or became moribund. Finally, ISL significantly prolonged the
survival time of bone marrow engraftment AML mice at the doses of 100 (p<0.001,
n=10), 50 (p<0.01, n=10) mg/kg/d p.o.. (D) After 18-day of ISL treatment, MV4-11
tumors were harvested, fixed and subjected to immunohistochemistry using Ki-67,
p-Erk1/2 antibodies, followed by TUNEL assay. The findings of the study showed that
ISL significantly inhibited the expression of Ki67, the activation of Erk1/2, and induced
apoptosis in vivo. (E and e) MV4-11 tumors were also lysated for western blot analysis.
The in vivo expression of Ki67 and activation of Erk1/2 was corroborated by western
blots assay. The relative densitometric value (to the average value of control group) of the
western blot band were analyzed using image analyzing software. Statistical analysis was

performed to consider the differences (P<0.05; **, P<0.01, n=3). (F) After 30 days of
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inoculation, bone marrow engraftment mice were treated with vehicle or ISL (100
mg/kg/d) for 10 days. Subsequently, paraffin sections of bone marrow from the vehicle or
ISL-treated mice were stained with Ki67. The representative result is shown. (G) The
analysis demonstrated that ISL had no influence on the micro-morphology of normal

tissues including heart, liver, spleen, lung, and kidney.
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Figure 3
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Figure 5
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