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Acute Myeloid Leukemia

Anexelekto /MER tyrosine kinase inhibitor
ONO-7475 arrests growth and kills FMS-like
tyrosine kinase 3-internal tandem duplication
mutant acute myeloid leukemia cells by diverse
mechanisms

Peter P. Ruvolo,*? Huaxian Ma,* Vivian R. Ruvolo,*? Xiaorui Zhang,*
Hong Mu,*? Wendy Schober,*? Ivonne Hernandez,** Miguel Gallardo,*
Joseph D. Khoury,? Jorge Cortes,* Michael Andreeff*?> and Sean M. Post*

*Department of Leukemia; *Section of Molecular Hematology and *Department of
Hemeétopathology, The University of Texas MD Anderson Cancer Center, Houston,
TX, USA

ABSTRACT
Nearly one-third of patients with acute myeloid leukemia have

FMS-like tyrosine kinase 3 mutations and thus have poor survival

prospects. Receptor tyrosine kinase anexelekto is critical for FIMS-
like tyrosine kinase 3 signaling and participates in EMS-like tyrosine
kinase 3 inhibitor resistance mechanisms. Thus, strategies targeting
anexelekto could prove useful for acute myeloid leukemia therapy.
ONO-7475 is an inhibitor with high specificity for anexelekto and MER
tyrosine kinase. Herein, we report that ONO-7475 potently arrested
growth and induced apoptosis in acute myeloid leukemia with internal
tandem duplication mutation of FMS-like tyrosine kinase 3. MER tyro-
sine kinase-lacking MOLM13 cells were sensitive to ONO-7475, while
MER tyrosine kinase expressing OCI-AML3 cells were resistant, s
gesting that the drug acts via anexelekto in acute myeloid leukemia cellg
Reverse phase protein analysis of ONO-7475 treated cells revealed that
cell cycle regulators like cyclin dependent kinase 1, cyclin B1, polo-like
kinase 1, and retinoblastoma were suppressed. ONO-7475 suppressed
cyclin dependent kinase 1, cyclin B1, polo-like kinase 1 gene expression
suggesting that anexelekto may regulate the cell cycle, at least in part, via
transcriptional mechanisms. Importantly, ONO-7475 was effective in a
human FMS-like tyrosine kinase 3 with internal tandem duplication
mutant murine xenograft model. Mice fed a diet containing ONO-7475
exhibited significantly longer survival and, interestingly, blocked
leukemia cell infiltration in the liver. In summary, ONO-7475 effectively
kills acute myeloid leukemia cells i vitro and in vivo by mechanisms that
involve disruption of diverse survival and proliferation pathways.

Introduction

Anexelekto (AXL) is a receptor tyrosine kinase (RTK) of the TAM (Tyro3, AXL,
and MER) family."* Activation of AXL by growth arrest specific 6 (GAS6) induces
diverse survival cascades."*Recent studies have revealed that AXL regulates sur-
vival signaling in many cancers, including leukemia."”High expression of AXL or
GAS6 in AML patients is prognostic for poor survival outcome.* The AXL/GAS6
axis promotes leukemia cell proliferation and chemoresistance.” AXL is a key reg-
ulator of myeloid cell differentiation.”> FMS-like tyrosine kinase (FLT3) regulates
leukemia cell differentiation."™ FLT3 mediated effects on differentiation may be
mediated by AXL. Bone marrow (BM) derived mesenchymal stromal cells (MSC)
protect leukemia cells from chemotherapy."*” FLT3 mutations involving internal
tandem duplication (ITD) or point mutations (e.g., D835) are found in >30% of
AML patients and are associated with poor survival.'® Furthermore, though FLT3
inhibitors are in the clinic, these agents have shown limited effectiveness, with
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acquired resistance being a major problem.”®* AXL posi-
tively regulates signaling mediated by mutant FLT3 pro-
tein.”* Thus, disruption of AXL in cells with mutant FL'T3
may disrupt signaling controlled by the mutant kinase.
ONO-7475 is a novel TAM inhibitor that targets AXL in
the nM range.” In the report herein, we examine the effi-
cacy of ONO-7475 in AML cells in both in vitro and in vivo
models.

Methods

Cell lines and cell culture

MOLM13 were purchased from DSMZ (Braunschweig,
Germany). MV4;11 and HL60 were purchased from ATCC
(Manassas, VA, USA). OCI-AML3 were kindly provided by Mark
Minden (Ontario Cancer Institute, Toronto, ON, Canada).
MOLM13 luciferase (luc)/ green fluorescent protein (gfp) cells
were generated using lentiviral transduction. The lentiviral plas-
mid was generated by cloning the firefly luciferase sequence
excised from pGL4.51 (Promega, Madison, WI, USA) into the
pCDH-CMV-MCS-EF1-copGFP  lentiviral ~vector (System
Biosciences Inc., Mountain View, CA, USA).

MOLM13 p53 short hairpin ribonucleic acid (shRNA) cells were
previously described.”” BM-MSC were acquired in accordance
with regulations and protocols approved by the Investigational
Review Board of the University of Texas MD Anderson Cancer
Center (MDACC). Informed consent was obtained in accordance
with the Declaration of Helsinki.

Reagents

ONO-7475, mouse feed containing ONO-7475, and control
mouse feed were supplied by Ono Pharmaceutical Co. Ltd.
(Osaka, Japan). Cytarabine (AraC) was purchased from LC
Laboratories (Woburn, MA, USA). Stock solutions were pre-
pared with dimethyl sulfoxide (DMSO; Sigma-Aldrich, St.
Louis, MO, USA).

RPPA

Reverse phase protein analysis (RPPA) was performed by the
RPPA Core at the University of Texas MDACC as described in the
Online Supplementary Methods.

DNA synthesis and cell cycle assay

Cells were incubated with vehicle or ONO-7475 and then ana-
lyzed for their rates of DNA synthesis and cell cycle status using
the Alexa Fluor 444 Click-It EdU Flow Cytometry assay kit from
Molecular Probes (Carlsbad, CA, USA) per manufacturer’s instruc-
tions.

Gene expression analysis

Real-time polymerase chain reaction (QRT-PCR) was performed
with an ABI 7900HT Fast Real-Time PCR System (Life
Technologies, Carlsbad, CA, USA), using TagMan assays listed in
the Ounline Supplementary Methods, as directed by the manufacturer.
RQ Manager 1.2.1 (Life Technologies) was used for data analysis.

Immunoblot analysis

Cells were incubated with vehicle or ONO-7475 and then
lysed, and total protein was fractionated by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS/PAGE) elec-
trophoresis. Immunoblot analysis was performed with antibodies
listed in the Ounline Supplementary Methods. Signals were detected
with Odyssey Infrared Imaging System and quantitated by
Odyssey software version 3.0 (both LI-COR Biosciences, Lincoln,
NE, USA). Tubulin was used as a loading control.

Table 1. Proteins affected by ONO-7475 in MOLM13 and MV4;11 cells
as identified by RPPA .

Proteins reduced in MOLM13 cells by ONO-7475
(bold indicates reduction in MV4;11 cells as well)
ACCA (phospho; pST79)

CAV1

CDK1 (Total),

CHEK2 (phospho; pT68),

CCNB1

EEF2

FASN

HSP27 (phospho; pS82)

MTOR (phospho; pS2448)

NDRGI (phospho; pT346)

MAPK14 (phospho; pT180/pY182)

PLK1 (Total)

RB1 (phospho; pS807/pS811)

RPS6 (phospho; pS235/5236)

RPS6 (phospho; pS240/5244)

SLCIA5

TFRC

Proteins increased in MOLM13 cells by ONO-7475
(bold indicates increase in MV4;11 cells as well)
AXL

CASP3

H3F3A/B (demethylated K9)

H2AX (phospho; pS140)

Pathway analysis
String software (String 10.0; website: http://string-db.org)” was
used to determine protein associations.

Human AML xenograft in vivo model

Human xenograft experiments were approved by the
Institutional Animal Care and Use Committee at the University of
Texas MDACC and are described in the Ounline Supplementary
Methods.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on paraffin
embedded spleen sections using cleaved Caspase 3 (Asp 175) rab-
bit antibody from Cell Signaling (Danvers, MA, USA) and
Vectastain ABC AP kit (Vector Laboratories; Burlingame, CA,
USA).

Pathologic analysis

Immunohistochemistry (IHC) was performed on paraffin
embedded spleen sections using cleaved Caspase 3 (Asp 175) rab-
bit antibody from Cell Signaling (Danvers, MA, USA) and
Vectastain ABC AP kit (Vector Laboratories; Burlingame, CA,
USA).

Results

AXL inhibitor ONO-7475 kills or growth arrests
FLT3-ITD AML cells

MOLMI13 and MV4;11 (FLT3 ITD) and OCI-AML3
(FLT3 WT) cells were incubated with vehicle (0.1%
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DMSO) or varying doses of ONO-7475 for 48 hours.
Viable cell number and apoptosis were measured by flow
cytometry. ONO-7475 slightly reduced OCI-AML3 viable
cell number and did not induce apoptosis (Figure 1A,
Ounline Supplementary Figure S1A). FLT3 WT HL60 cells
were also resistant to ONO-7475 (data not shown). ONO-
7475 was effective against MOLM13 and MV4;11 cells,
both of which have FLT3-ITD. For these cells, 10 nM
ONO-7475 significantly reduced cell viability by >50%
(P<0.0001; Figure 1A) and induced apoptosis (P<0.00001;
Ounline Supplementary Figure S1A). Cell based tyrosine
kinase inhibition assays revealed ONO-7475 is 210-fold
more selective for AXL compared to FLT3 (Online
Supplementary Table S1). While IC,, for 48-hour treatment
of drug was 0.7 nM for AXL and 1.0 nM for MER,; the IC,,
for FLT3 was 147 nM (Online Supplementary Table S1). As
apoptosis was significantly induced in both MOLM13 and
MV4;11 cells after 48-hour treatment with a dose (10 nM;
Ounline Supplementary Figure S1B) of drug well below the 48
hour IC,; of ONO-7475 for FLT3 (147 nM), this result sug-
gested that the drug action is independent of FLT3. After
72 hours, 10 nM ONO-7475 nearly eliminated all viable
MOLM18 cells (Figure 1B) with >70% of cells becoming
apoptotic (Online Supplementary Figure S1B). BM derived
MSC protect leukemia cells from chemotherapy.""” To
simulate the effect of the BM microenvironment during
chemotherapy, we tested the efficacy of ONO-7475 using
an in vitro co-culture system. MOLM13 cells in monocul-
ture or in co-culture with MSC were incubated for 72
hours with vehicle or ONO-7475. The drug potently
induced apoptosis and nearly eliminated the AML cells in
monoculture (Figure 1B, Online Supplementary Figure S1B).
While MSC protected the AML cells from the inhibitor,
treatment with a higher dose of drug abrogated most of
this effect (50 nM ONO-7475, Figure 1B).

MOLM13 and MV4;11 cells were incubated with vehi-
cle or varying doses of drug for 24 hours, and their cell
cycle status and rates of DNA synthesis were assessed by
flow cytometry using FX Cycle Violet staining and EdU
incorporation. Low dose ONO-7475 (5 nM) suppressed
DNA synthesis in both cell lines by >2-fold (Figure 1C).
ONO-7475 potently induced GO/G1 arrest in both cell
lines (Online Supplementary Figure S2A,B).

AraC as well as p53 reduction augments ONO-7475-
induced apoptosis in MOLM13 cells. MOLM13 cells were
incubated with vehicle (0.2% DMSO), 1 uM AraC alone,
ONO-7475 alone (10nM or 50 nM), or a combination of
the drugs for 48 hours. While AraC and ONO-7475 were
effective as single agents, the combination reduced viable
cell numbers (Figure 2A) and induced apoptosis (Online
Supplementary Figure S3A) to a greater extent.

Both MOLM13 and MV4-11 cells have wild-type p53.
To determine whether the drug’s mechanism of action
involves p53, we incubated MOLMI13 control shRNA
(GFP as non-human shRNA target) or MOLMI13 p53
shRNA cells for 48 hours with varying doses of ONO-
7475 for 48 hours. Expression of p53 in cells with p53
shRNA was ~30% of that of cells with GFP control
shRNA (Figure 2B). Surprisingly, the p53 knockdown cells
were more sensitive to the inhibitor than the control cells.
A dose of 10 nM ONO-7475 reduced the viability of con-
trol cells by ~55% (Figure 2B) without inducing apoptosis
(Online Supplementary Figure S2B), whilst, however, reduc-
ing the viability of knockdown cells by >70% (Figure 2B)
and inducing some apoptosis (~20%; Online Supplementary

Figure S2B). Only at doses >100 nM were the control and
knockdown cells similarly sensitive (Figures 2B, Online
Supplementary Figure S3B), suggesting a pro-survival role
for p53 in this scenario in AXL-regulated cascades.

Inhibition of AXL suppresses survival and proliferation
signaling and induces apoptotic proteins in FLT3-ITD
but not WT FLT3 AML cells

RPPA was performed by the MDACC Proteomics Core
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Figure 1. ONO-7475 effectively reduces viable FLT3-ITD AML cells even in the
presence of MSC. (A) Cells were incubated with varying doses of ONO-7475 and
cell viability was assessed by flow cytometry. (B) MOLM13 cells were co-cultured
with MSC, incubated with ONO-7475 and cell viability was assessed by flow
cytometry. (C) DNA synthesis and cell cycle were assessed by EdU Click-It assay
in vehicle treated cells and cells treated with ONO-7475. Student's t-test was
performed against vehicle treated cells (*P<0.05; **+*P<0.001). DMSO:
dimethyl sulfoxide.
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to analyze MOLM13, MV4:11, OCI-AML3, and HL60
cells that were treated with vehicle or ONO-7475 for 24
hours. Proteins surveyed by RPPA are listed in Online
Supplementary Table S2. Trypan blue staining of collected
cells revealed that cells were >95% viable in all cases,
except that of MOLM13 cells treated with 100 nM ONO-
7475, which were ~88% viable. There was no significant
change (i.e., 2-fold) in the level of protein observed in
either FLT3 WT cell line (OCI-AML3 or HL60; Online
Supplementary Figure S4A). Protein changes of at least 2-
fold were most prominent in MOLM13 cells, with some
of the same proteins showing similar changes in MV4;11
cells (Online Supplementary  Figure S4A-C;  Online
Supplementary Figure S5A,B). Proteins suppressed in
MOLM13 and MV4;11 cells are listed in Table 1. RPPA
identified a number of molecules involved in signal trans-
duction and cell cycle regulation. Only four proteins were
induced by ONO-7475 in MOLM13 cells, however, one of
these was AXL, which was also induced in MV4;11 cells
(Online Supplementary Figure S5A,B; Table 1). Interestingly,
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total AXL protein is induced by the drug in both cell lines,
suggesting the presence of a feedback loop involving the
activity of the protein and its level of expression.

Protein association network analysis was performed
using STRING 10.0 23 on proteins identified as sup-
pressed in MOLM13 cells (Figure 3A). The analysis sug-
gests strong interconnection between various proteins
that are distinctly suppressed by the drug, with only
ACACA, NDRG1, and SLC1A5 showing no interconnec-
tion. There appears to be strong cross-talk between pro-
teins involved in the cell cycle (Figure 3A).

The effects of AXL on PLK1, RB, or CDK1 in leukemia
cells have yet to be reported. PLK1 is regulated in part via
transcriptional mechanisms.”*” Figure 3B depicts a model
of AXL regulation of PLK1. ONO-7475 suppression of
CDK1 and Cyclin B1 could inhibit PLK1 expression via the
activation of RB. Immunoblot analysis confirmed the
effect of ONO-7475 on RPPA candidate target proteins,
including PLK1, p-RB, p-S6 ribosomal protein, p-p38, and
AXL (Figure 4A,B). Consistent with RPPA results (Online
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Supplementary Figure S4B,C), immunoblot analysis demon-
strated that the AXL inhibitor potently suppressed PLK-1
in both cell lines (Figure 4A). Little, if any, PLK1 was
detected when either were treated with 50 nM or 100 nM
drug. In addition, as predicted by RPPA (Ounline
Supplementary Figure S5A,B), ONO-7475 induced AXL and
blocked RB phosphorylation in both cell lines, even at the
lowest dose (Figure 4A). The drug reduced total RB in
MOLM13 cells, and, to a lesser extent, in MV4;11 cells
(Figure 4A). As shown in Figure 4C, ONO-7475 potently
suppressed both Cyclin B1 and CDK1 in both cell lines
even at a low dose (10 nM) ONO-7475. Immunoblot val-
idation of the suppression of Cyclin B1, CDK1, PLK1 and

wess Activation
mmsm |nhibition
mmmm Binding
=== Phenotype
= Catalysis
m=mm Post-translational mod.
= Reaction

Expression

SLC1A5

S

the inhibition of RB phosphorylation supports the model
proposed in Figure 3B.

In MOLM13 cells, the AXL inhibitor inhibited the phos-
phorylation of S6, and p38 phosphorylation was reduced
due to reduction of total p38 (Figure 4B). Though not
detected by RPPA, p-ERK and MCL-1 were examined by
immunoblot. AXL is known to induce ERK,****and ERK is
a positive regulator of MCL-1.”* ONO-7475 reduced ERK
phosphorylation (~50% at 10 nM; Figure 4B) in MOLM13
cells. ONO-7475 suppressed MCL-1 (>80% at 10 nM) in
MOLM13 cells but was less effective in MV4;11 cells
(50% reduction of MCL-1 at 100 nM; Figure 4A).

AXL inhibition by siRNA inhibits FLT3 phosphoryla-

Figure 3. Proteins identified by RPPA
as suppressed by ONO-7475 suggest
common pathways and a model of cell
cycle blockade involving
CDK1/CCNB1, RB, and PLK1. String
analysis was performed on proteins
suppressed by >2-fold according to
RPPA. Network is depicted in (A). A
model hypothesizing ONO-7475 blocks
CDK1/CCNBL1 to inhibit RB phosphory-
lation resulting in the activation of RB,
which in turn suppresses PLK1, is
. . depicted in (B).

Proliferation petedn
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tion.” Treatment with ONO-7475 reduced FLT3 phospho-
rylation in both MOLMI13 and MV4;11 cells (Online
Supplementary Figure S6). An ONO-7475 dose of 10 nM
greatly reduced p-FLT3 in MOLM183 cells and nearly elim-
inated it in MV4;11 cells, suggesting that AXL inhibition
may prevent FLT3 activation (Online Supplementary Figure
S6).

To determine whether AXL modulated its target genes
at the transcriptional level, we incubated MOLM13 and
MV4:11 cells with vehicle or drug for 24 hours, then
extracted total RNA, reverse transcribed it and performed
gqRT-PCR to measure the abundance of transcripts for
PLK-1, CDK1, CCNB1 and B2M. ONO-7475 reduced the
messenger (m)RNA of each cell cycle regulator relative to
that of B2M in both cell lines. A dose of 10 nM ONO-7475
reduced PLK-1 mRNA ~60% and 50 nM drug reduced
PLK-1 mRNA by ~80% in MOLM13 cells (Figure 5A). Both
doses more potently suppressed PLK-1 in MV4;11 cells
(Figure 5A). The drug reduced CDK1 (Figure 5B) and
CCNB1 (Figure 5C) in both cell lines by at least 60% at 10
nM dose. These data suggest that AXL positively regulates
transcription of these cell cycle regulators in FLT3-ITD
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AML cells. Moreover, we found that ONO-7475 promot-
ed an increase in the level of the AXL transcript. In both
cell lines AXL mRNA relative to that of B2M was
increased by ~3.5-fold with 10 nM drug and by >6-fold in
MOLM13 cells and >8-fold in MV4;11 cells with 50 nM
drug after 24 hours (Online Supplementary Figure S7). These
results suggest a feedback mechanism whereby AXL inhi-
bition induces AXL transcription.

ONO-7475 is effective in a murine in vivo xenograft
model using MOLM13 cells

To test the efficacy of ONO-7475 in a human AML
xenograft model, the initial experiment utilized a relative-
ly low dose of drug (i.e., 6 mg/kg) which was introduced
into mouse food. The manufacturer estimates 0.004% is
roughly 6 mg/kg daily consumption of drug (T. Yasuhiro
and T. Yoshizawa, Ono Pharmaceutical Co. LTD, personal com-
munication). MOLM13 luc/gfp were injected into NOD
scid y (NSG) mice. Mice were given control feed for one
week and then split into groups that continued control
feed (N=5) or feed with 0.004% ONO-7475 (N=5). Mice
given feed with ONO-7475 exhibited significantly

MOLM13
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=
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-a— P-S6 ribosomal protein (S240)
1.00.2 0.2 0.1
====
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Figure 4. ONO-7475 suppresses various positive regulators of survival and
cell cycle in FLT3-ITD AML cell lines. MOLM13 and MV4;11 were incubated
with varying doses of ONO-7475 for 24 hours. Immunoblot analysis was per-
formed as described in Methods. Ratio of protein signal to that of Tubulin
loading control or to total protein for phospho-protein was determined by
densitometry using LiCor imager. Veh: vehicle.
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(P=0.0047) longer median survival compared to mice
given control feed (Figure 6A, Online Supplementary Table
S3). In vivo imaging system (IVIS) imaging was performed
weekly to determine the leukemic burden. On Day 14,
three out of five of the mice given food containing ONO-
7475 exhibited reduced leukemic burden compared to the
mice which were fed control food (Figure 6B). Sternum
(for BM) and liver were collected from a moribund mouse
from the control group and a moribund mouse from the
0.004% ONO-7475 group and H&E staining was per-
formed (Online Supplementary Figure S8A) As shown in
Ounline Supplementary Figure SSA, there were fewer mitotic
bodies (red arrows) and more apoptotic cells (yellow
arrows) observed in tissues of the mouse fed drug com-
pared to the mouse fed normal diet. Spleen was collected
from these animals for IHC staining of cleaved Caspase 3
to visualize apoptosis (Online Supplementary Figure SSB).
There were more cells exhibiting cleaved Caspase 3 in the
spleen of the mouse that was fed drug. Next, efficacy of
a higher dose (i.e., 0.013%, which is roughly 20 mg/kg
daily) of ONO-7475 was tested. MOLMI13 luc/gfp cells
were introduced into NSG mice. Mice were fed control
feed for one week and then split into groups that contin-
ued control feed (N=9) or feed containing 0.013% ONO-
7475 (N=10). Mice fed 0.013% ONO-7475 exhibited sig-
nificantly (P=0.0062) longer median survival compared to
mice given control feed (Online Supplementary Figure S9,
Online Supplementary Table S3). Sternum (for BM) and liver
were collected when mice became moribund, and H&E
staining was performed (Figure 7A). Mitotic bodies and
apoptotic cells were visualized in samples. While
leukemia cells were present in samples from both control
and ONO-7475 fed mice, mitotic bodies (red arrows) were
higher in control mice while apoptotic cells (yellow
arrows) were more prominent in leukemia cells in BM
from mice fed the drug (Figure 7A). To quantitate apop-
totic cells, IHC using antibody to cleaved Caspase 3 was
performed on spleen sections. More apoptotic cells were
observed in spleen sections of mice given drug compared
to control mice (Figure 7B). Apoptotic cells and total AML
cells were counted and the percentage determined for
each set of mice. There were significantly more apoptotic
cells in spleen sections of mice fed ONO-7475 compared
to mice given control food (>2-fold; P=0.010; Figure 7C).
An interesting effect of the drug in the in vivo model
involves leukemia infiltration in the liver. Mice fed ONO-
7475 showed little, if any, AML cells in the liver, whereas
AML cells infiltrated the livers in control mice (Figure 7A).

Discussion

In this study, we found FLT3 WT OCI-AML3 and HL60
cells were resistant to ONO-7475, while FLT3-ITD cell
lines MOLM13 and MV4;11 were sensitive (Figure 1A and
Ounline  Supplementary Figure S1A). ONO-7475 induced
apoptosis in MOLM13 and MV4;11 cells. At low dose (5
nM), ONO-7475 effectively growth arrests both cell lines
(Online Supplementary Figure S2A,B). ONO-7475 is a TAM
kinase inhibitor, so a role for MER in ONO-7475-induced
effects is possible. MER is aberrantly expressed in AML.”
We tested MER expression in the AML cell lines and
found it to be abundant in OCI-AML3, minimal in
MV4;11, and undetectable in MOLMI13 cells even after
ONO-7475 treatment (Online Supplementary Figure S10A).
AXL was detectable in MOLM13 cells, and, to a lesser

extent, in HL60 cells, but not in OCI-AMLS3 cells (Online
Supplementary Figure S10B).  Short term treatment of
recombinant human GAS6 (500 ng/ml for one hour) did
not induce AXL in the OCI-AML3 cells (Ounline
Supplementary Figure S10B). These data suggest that the
effects of the drug in these AML cells are mediated only
through AXL.

The microenvironment is central to the role of AXL in
drug resistance.”"’ In our i vitro model of the leukemia
microenvironment, MSC protected MOLM13 cells from
the inhibitor, though this effect was overcome with a
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Figure 5. ONO-7475 suppresses PLK1, CDK1, and CCNB1 in MOLM13 and
MV4;11 cells. MOLM13 and MV4;11 were incubated with varying doses of ONO-
7475 for 24 hours. RNA from cells was extracted and reverse transcribed, and
the abundance of the transcripts for PLK-1 (A), CDK1 (B), and CCNB1 (C), and
B2M (A-C) were determined by qRT-PCR. Gene expression levels were normal-
ized to B2M. DMSO: dimethyl sulfoxide.

haematologica | 2017; 102(12)




higher drug dose (Figure 1B and Omnline Supplementary
Figure S1B). AXL mediates drug resistance involving a
number of RTK in diverse cancers.””*" ONO-7475 sup-
pressed FLT3 phosphorylation (Online Supplementary Figure
S6), which is consistent with AXL as a positive regulator
of mutant FLT3.”RPPA revealed that a distinct set of pro-
teins was altered by ONO-7475 in FLT3-ITD but not FLT3
WT cells (Online Supplementary Figure S2A). ONO-7475
reduced p-ERK and MCL-1 in MOLMI13 cells even at a
low dose (Figures 4A,B). MCL-1 is critical for AML cell
survival**** FLT3-ITD induces MCL-1 expression in AML
stem cells,” so perhaps MCL-1 is central for AXL-mediat-
ed survival in FLT3 ITD cells. The mechanism by which
AXL affects proliferation in FLT3 ITD cells is unclear.”’
ONO-7475 suppresses DNA synthesis (Figure 1C, Online
Supplementary Figure S2A,B) and potently suppresses PLK-
1 (Figure 4A and Figure 5A, respectively). As PLK-1 is
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required for mitotic entry in cancer cells,*” this may
account for the blockade of DNA synthesis by the drug.
Although ONO-7475 more potently induces apoptosis in
MOLM18 cells (Online Supplementary Figure S1B), it acts to
a greater extent in MV 4;11 cells by inducing growth arrest
(Online Supplementary Figure S2A,B). These findings sug-
gest that the physiologic response to the drug will depend
on the nature of the pathways affected. Consistent with a
model where ONO-7475 activation of RB suppresses PLK-
1 to growth arrest cells (Figure 3C), the drug more potent-
ly blocked RB phosphorylation and PLK-1 expression in
MV4:11 cells compared to MOLMI13 cells (Figure 4A).
ONO-7475 blocks Cyclin B1 and CDK1 expression, sug-
gesting a possible mechanism by which the drug blocks
RB phosphorylation. Wilson and colleagues observed that
AXL suppression inhibits CDK1 phosphorylation, but
they did not observe a reduction of CDK1 expression.**In

0.004% Ono

20

Figure 6. ONO-7475 prolongs survival of
mice bearing MOLM13 leukemia cells.
MOLM13 luc/gfp cells were injected into
NSG mice, and mice received either con-
trol diet or diet containing 0.004% ONO-
7475. (A) Survival analysis of mice fed
0.004% drug using GraphPad software.
e (B) Imaging of mice fed control feed or
feed with 0.004% ONO-7475 taken at
Day 7 and Day 14.
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the study herein, gene expression of both CDK1 (Figure
5B) and CCNB1 (Figure 5C) were suppressed by the drug
as observed by qRT-PCR. The possible regulation by AXL
of the CDK1/RB/PLK1 axis is novel and suggests that AXL
has an important function in regulating cell cycle in FLT3-
ITD AML cells. Consistent with a role for AXL in cell cycle
regulation, Kariolis et al. found that blockade of AXL in
AML cells with AXL decoy receptor MYD1-72 was asso-
ciated with cell cycle arrest.** Importantly, MYD1-72 killed
FLT3 ITD AML cells or GAS6 exposed FLT3 WT cells, sug-
gesting that AXL is a viable target for AML therapy.*
Currently, a number of agents that can inhibit AXL such as
gilteritinib (ASP2215) and BGB324 (R48) are in clinical tri-
als for cancers, including AML.** The results of the trial
using gilteritinib as a single agent for therapy for refractory
or relapse AML were promising. The agent was well tol-
erated; 90% of patients exhibited inhibition of FLT3 phos-
phorylation and 40% achieved some response.*Preclinical
studies have shown that gilterinib is effective in in vitro and
in vivo models of AML.”* Gilteritinib targets both FLT3
and AXL with Ing is in the nM range (0.29 nM and 0.7
nM, respectively).”” BGB324 is another promising agent
that targets AXL.* A recent study found that epigenetic
modifying agents induced AXL, and BGB324 could sensi-
tize resistant cells to a combination of decitabine and
vorinostat.”’ Thus, AXL inhibition may be beneficial at
many levels for AML therapy. ONO-7475 is over 200-fold
more selective for AXL compared to FLT3 (Online
Supplementary Table S1), consequently, perhaps resistance
mechanisms that are observed with other FLT3 inhibitors
might be avoided with this agent. We are currently testing
ONO-7475 in combination with traditional FLT3
inhibitors to test this possibility.

ONO-7475 was able to synergize with AraC (Figure 2A
and Omnline Supplementary Figure S3A), thus, the AXL
inhibitor could be combined with standard chemotherapy.
We examined if ONO-7475 affected the level of p53 and
found little effect (data not shown), albeit we did not exam-
ine p53 cellular localization or phosphorylation status. We
tested the effect of ONO-7475 on MOLMI13 cells with
suppressed pd3 expression. Interestingly, knockdown of
p53 sensitized the cells to low doses of the drug (Figure 2B
and Online Supplementary Figure S3B). FLT3 mutations and
p53 mutations appear to be mutually exclusive in AML;*
perhaps p53 has some survival function in FLT3 mutated
cells, even if the precise mechanism remains unclear.

The in vivo study using ONO-7475 in an AML xenograft
model with MOLM13 luc/gfp cells in NSG mice suggests
the drug is efficacious for AML therapy, at least in FLT3-
ITD AML. Both low dose and high dose ONO-7475 sig-
nificantly prolonged the survival of mice bearing
MOLMI13 cells (Figure 6A and Online Supplementary Figure
S8; Online Supplementary Table S2). Increased apoptosis in
leukemia cells in treated mice was verified by IHC exam-
ining Cleaved Caspase 3 levels. There was >2-fold more
apoptotic cells in the spleens of mice fed ONO-7475 com-
pared to mice given control feed (Figures 7B,C).
Interestingly, mice on control feed showed moderate to
severe infiltration of AML cells in the liver, whereas mice
fed high dose ONO-7475 showed minimal presence of
MOLM13 cells in the liver (Figure 7A). The in vivo data are
encouraging as the drug supports prolonged survival and
may have beneficial effects in leukemic infiltration in the
liver.

In summary, ONO-7475 potently arrests growth and

induces apoptosis of FLT3-ITD AML cells. The drug acts
via diverse mechanisms, including suppression of the
CDK1/RB/PLK1 axis. Importantly, the drug prolonged
mouse survival and suppressed AML cell infiltration in the
liver in the AML xenograft model. These combined results
suggest that ONO-7475 is efficacious for AML therapy
and warrants pursuit for development of the drug in the
clinic.
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Figure 7. ONO-7475 induces apoptosis of MOLM13 leukemia cells in vivo and
inhibits metastasis to the liver. MOLM13 luc/gfp cells were introduced into
NSG mice and mice received either control feed or feed containing 0.013%
ONO-7475. (A) H&E stain of BM and liver tissue. Mitotic cells (red arrows) and
apoptotic cells (yellow arrows) are indicated. (B) Representative IHC using anti-
body against cleaved Caspase 3 to identify apoptotic cells in spleen. (C) Total
apoptotic cells counted in spleen IHC samples probed with antibody against
cleaved Caspase 3 from mice fed control diet (N=3) or 0.013% ONO-7475
(N=3). Statistical significance was determined by Student's t-test (*P<0.05).

haematologica | 2017; 102(12)




Targeting AXL for therapy of FLT3-ITD AML e

Acknowledgments

We thank Tomoko Yasuhiro, Kohei Tanaka, and Toshio
Yoshizawa from Ono Pharmaceutical Company Lid., Osaka,
Japan for providing drug and technical advice for these studies.

References

10

11

12

13

haematologica | 2017; 102(12) -

Lemke G. Biology of the TAM receptors.
Cold  Spring Harb. Perspect Biol.
2013;5(11):a009076.

Axelrod H, Pienta KJ. Axl as a mediator of
cellular growth and survival. Oncotarget.
2014;5(19):8818-8852.

Paccez D, Vogelsang M, Parker MI, Zerbini
LE The receptor tyrosine kinase Axl in can-
cer: biological functions and therapeutic
implications. Int J Cancer.
2014;134(5):1024-1033.

Brown M, Black JR, Sharma R, Stebbing J,
Pinato DJ. Gene of the month: Axl ] Clin
Pathol. 2016;69(5):391-397.

Brandao L, Migdall-Wilson J, Eisenman K,
Graham DK. TAM receptors in leukemia:
expression, signaling, and therapeutic
implications. Crit Rev Oncog. 2011;16(1-
2):47-63.

Rochlitz C, Lohri A, Bacchi M, et al. Axl
expression is associated with adverse prog-
nosis and with expression of Bcl-2 and
CD34 in de novo acute myeloid leukemia
(AML):results from a multicenter trial of
the Swiss Group for Clinical Cancer
Research  (SAKK). Leukemia. 1999;
13(9):1352-1358.

Ben-Batalla I, Schultze A, Wroblewski M,
etal. Axl, a prognostic and therapeutic tar-
get in acute myeloid leukemia mediates
paracrine crosstalk of leukemia cells with
bone marrow stroma. Blood. 2013;
122(14):2443-2452.

Whitman SP, Kohlschmidt J, Maharry K et
al. GAS6 expression identifies high-risk
adult AML patients: potential implications
for therapy. Leukemia. 2014;28(6):1252-
1258.

Park IK, Mishra A, Chandler J, et al.
Inhibition of the receptor tyrosine kinase
Axl impedes activation of the FLT3 internal
tandem duplication in human acute
myeloid leukemia: implications for Axl as a
potential therapeutic target. Blood. 2013;
121(11):2064-2073.

Park IK, Mundy-Bosse B, Whitman SF, et al.
Receptor tyrosine kinase Axl is required for
resistance of leukemic cells to FLT3-target-
ed therapy in acute myeloid leukemia.
Leukemia. 2015;29(12):2382-2389.

Sexauer A, Perl A, Yang X, et al. Terminal
myeloid differentiation in vivo is induced
by FLT3 inhibition in FLT3/ITD AML.
Blood. 2012;120(20):4205-4214.

Hirade T, Abe M, Onishi C, et al. Internal
tandem duplication of FLT3 deregulates
proliferation and differentiation and con-
fers resistance to the FLT3 inhibitor AC220
by Up-regulating RUNX1 expression in
hematopoietic cells. Int. J. Hematol.
2016;103(1):95-106.

Dormady SP, Zhang XM, Basch RS.
Hematopoietic progenitor cells grow on

Funding

(CA-016672).

3T3 fibroblast monolayers that overex-
press growth arrest-specific gene-6 (GASG6).
Proc Natl Acad Sci USA. 2000;97(22):
12260-12265.

14 Konopleva M, Konoplev S, Hu W, et al.

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Stroma cells prevent apoptosis of AML
cells by upregulation of anti-apoptotic pro-
teins. Leukemia. 2002;16(9):1713-1724.
Tabe Y, Konopleva M, Munsell ME, et al.
PML-RARa is associated with leptin-recep-
tor induction: the role of mesenchymal
stem cell-derived adipocytes in APL cell
survival. Blood. 2004;103(5):1815-1822.
Konopleva M, Tabe Y, Zeng Z, Andreeff M.
Therapeutic targeting of microenviron-
mental interactions in leukemia: mecha-
nisms and approaches. Drug Resist Updat.
2009;12(4-5):103-113.

Konopleva MY, Jordan CT. Leukemia stem
cells and microenvironment: biology and
therapeutic targeting. ] Clin Oncol.
2011;29(5):591-599.

Grunewald MR, Levis MJ. FLT3 FLT3 tyro-
sine kinase inhibition as a paradigm for tar-
geted drug development in acute myeloid
leukemia. Semin Hematol. 2015;52(3):193-
199.

Daver N, Cortes J, Ravandi F et al.
Secondary mutations as mediators of
resistance to targeted therapy in leukemia.
Blood. 2015;125(21):3236-3245.

Konig H, Levis M. Targeting FLT3 to treat
leukemia. Expert Opin Ther Targets. 2015;
19(1):37-54.

Yasuhiro T, Yoshizawa T, Fujikawa F, et al.
Development of an Axl/Mer dual inhibitor,
ONO-9330547: promising single agent
activity in an acute myeloid leukemia
(AML) model. Blood. 2014;124(21):999.
Kojima K, Kornblau SM, Ruvolo V, et al.
Prognostic impact and targeting of CRM1
in acute myeloid leukemia. Blood. 2013;
121(20):4166-4174.

Szklarczyk D, Franceschini A, Wyder S, et
al. STRING v10: protein-protein interac-
tion networks, integrated over the tree of
life. Nucleic Acids Res. 2015;43 (Database
Issue):D447-52.

Cholewa BD, Liu X, Ahmad N. The role of
polo-like kinase 1 in carcinogenesis: cause
or consequence¢ Cancer Res.
2013;73(23):6848-6855.

Weng Ng WT, ShinS, Roberts TL, Wang B,
Lee CS. Molecular interactions of polo-like
kinase 1 in human cancers. ] Clin Pathol.
2016;69(7):557-562.

Talati C, Griffiths EA, Wetzler M, Wang
ES. Polo-like kinase inhibitors in hemato-
logic malignancies. Crit
Hematol. 2016;98:200-210.
Louwen E Yuan J. Battle of the eternal
rivals: restoring functional p53 and inhibit-
ing Polo-like kinase 1 as cancer therapy.
Oncotarget. 2013;4(7):958-971.

Goruppi S, Ruaro E, Varnum B, Schneider
C. Gas6-mediated survival in NIH3T3 cells

Rev  Oncol

29

30

31

32

33

34

35

36

37

38

39

40

This work was supported in part by funds from Ono
Pharmaceutical Company Lid. (PR). MDACC Flow Core (MA)
and RPPA Core are funded by the National Institutes of Health

activates stress signalling cascade and is
independent of Ras. Oncogene. 1999;18
(29):4224-4236.

Schubert KM, Duronio V. Distinct roles for
extracellular-signal-regulated protein
kinase (ERK) mitogen-activated protein
kinases and phosphatidylinositol 3-kinase
in the regulation of Mcl-1 synthesis.
Biochem. J. 2001;356(Pt 2):473-480.
Domina AM, Vrana JA, Gregory MA, Hann
SR, Craig RW. MCL1 is phosphorylated in
the PEST region and stabilized upon ERK
activation in viable cells, and at additional
sites with cytotoxic okadaic acid or taxol.
Oncogene. 2004;23(31):5301-5315.

Glaser SP, Lee EF, Trounson E, et al. Anti-
apoptotic Mcl-1 is essential for the devel-
opment and sustained growth of acute
myeloid leukemia. Genes Dev. 2012;
26(2):120-125.

Yoshimoto G, Miyamoto T, Jabbarzadeh-
Tabrizi S, et al. FLT3-ITD up-regulates
MCL-1 to promote survival of stem cells in
acute myeloid leukemia via FLT3-ITD-spe-
cific STAT5 activation. Blood. 2009;
114(24):5034-5043.

Wilson C, Ye X, Pham T, et al. AXL inhibi-
tion sensitizes mesenchymal cancer cells to
antimitotic drugs. Cancer Res. 2014;
74(20):5878-5890.

Kariolis MS, Miao YR, Diep A, et al
Inhibition of the GAS6/AXL pathway aug-
ments the efficacy of chemotherapies. ]
Clin Invest. 2017;127(1):183-198.

Huey MG, Minson KA, Earp HS,
DeRyckere D, Graham DK. Targeting the
TAM receptors in leukemia. Cancers
(Basel). 2016;8(11).pii: E101.

Perl AE, Altman JK, Cortes J, et al. Selective
inhibition of FLT3 by gilteritinib in relapsed
or refractory acute myeloid leukaemia: a
multicentre, first-in-human, open-label,
phase 1-2 study. Lancet Oncol. 2017;
18(8):1061-1075.

Mori M, Kaneko N, Ueno Y, et al
Gilteritinib, a FLT3/AXL inhibitor, shows
antileukemic activity in mouse models of
FLT3 mutated acute myeloid leukemia.
Invest New Drugs. 2017 May 17. [Epub
ahead of print].

Lee LY, Hernandez D, Rajkhowa T, et al.
Preclinical studies of gilteritinib, a next-
generation FLT3 inhibitor. Blood. 2017;
129(2):257-260.

Young CS, Clarke KM, Kettyle LM,
Thompson A, Mills KI. Decitabine-
Vorinostat combination treatment in acute
myeloid leukemia activates pathways with
potential for novel triple therapy.
Oncotarget. 2017 May 19. [Epub ahead of
print].

Hou HA, Chou WC, Kuo YY, et al. TP53
mutations in de novo acute myeloid
leukemia patients: longitudinal follow-ups
show the mutation is stable during disease
evolution. Blood Cancer J. 2015;5:e331.




