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ABSTRACT
Fms-like tyrosine kinase 3 internal tandem duplication (FLT3-ITD) is one of the
most common genetic lesions in acute myeloid leukemia patients (AML). Although
FLT3 tyrosine kinase inhibitors initially exhibit clinical activity, resistance to treatment
inevitably occurs within months. PIM kinases are thought to be major drivers of the
resistance phenotype and their inhibition in relapsed samples restores cell sensitivity
to FLT3 inhibitors. Thus, simultaneous PIM and FLT3 inhibition represents a promising
strategy in AML therapy. For such reasons, we have developed SEL24-B489 - a potent,
dual PIM and FLT3-ITD inhibitor. SEL24-B489 exhibited significantly broader ontarget activity in AML cell lines and primary AML blasts than selective FLT3-ITD
or PIM inhibitors. SEL24-B489 also demonstrated marked activity in cells bearing
FLT3 tyrosine kinase domain (TKD) mutations that lead to FLT3 inhibitor resistance.
Moreover, SEL24-B489 inhibited the growth of a broad panel of AML cell lines in
xenograft models with a clear pharmacodynamic-pharmacokinetic relationship. Taken
together, our data highlight the unique dual activity of the SEL24-B489 that abrogates
the activity of signaling circuits involved in proliferation, inhibition of apoptosis and
protein translation/metabolism. These results underscore the therapeutic potential
of the dual PIM/FLT3-ITD inhibitor for the treatment of AML.
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INTRODUCTION

including AML [11, 23–29]. PIM kinases are major
oncogenes, regulating several important cellular processes,
such as the cell cycle, differentiation, proliferation,
apoptosis, migration, translation, transcription and
membrane transport [9, 11, 30–32]. Unlike most kinases,
PIMs do not possess a regulatory domain and once
expressed, they become constitutively active [33]. Mice
deficient in all PIM kinases are characterized by reduced
body weight and impaired responses to hematopoietic
growth factors, but they remain viable and fertile,
suggesting that PIMs could be safely therapeutically
targeted [34]. Although in earlier studies with preclinical
AML models, a small molecule SGI-1776 PIM/FLT3
inhibitor exhibited promising activity, the compound
failed clinical testing due to a narrow therapeutic window
and cardiac toxicity (related to off-target effects of the
inhibitor and its metabolites - inhibition of the potassium
channel hERG) [25, 35]. Newer, potentially more
specific compounds targeting PIM kinases (LGH447 and
INCB053914) are currently under clinical development in
hematological malignancies.
Since PIM kinases have emerged as important
effectors and mediators of FLT3-ITD activity, we
hypothesized that dual inhibition of FLT3 and PIM kinases
could lead to improved efficacy and be a promising
approach in overcoming the rapid development of
resistance to such agents [25, 36–38]. We have recently
developed first-in-class, dual PIM/FLT3 kinase inhibitor,
the SEL24-B489 compound, and profiled its activity in in
vitro and in vivo AML models [39]. Herein, we show that
SEL24-B489 specifically inhibits PIM- and FLT3-ITDrelated pathways and exhibits significantly broader antitumor activity in AML models than selective FLT3-ITD or
PIM inhibitors, underscoring its therapeutic potential for
the treatment of AML.

Acute myeloid leukemia (AML) is a clonal disease
of hematopoietic progenitor cells that are unable to
differentiate [1]. The current standard of care, based on
chemotherapy and allogeneic hematopoietic stem cell
transplantation, results in an overall cure rate of about
40% [2, 3]. AML is a heterogeneous disease, harboring
numerous cytogenetic and/or submicroscopic lesions that
determine disease aggressiveness. Some of these lesions
have been credentialed as potential therapeutic targets,
but despite these discoveries, little progress in clinical
outcome has been achieved in AML patients over the last
decade. One of the first molecular abnormalities described
in AML were the fms-like tyrosine kinase 3 (FLT3) gene
mutations. FLT3 is a type 3 receptor tyrosine kinase,
which in non-pathological conditions is expressed on
hematopoietic stem cells, but lost upon their maturation
[4, 5]. Approximately 70% of newly diagnosed AML
cases are characterized by expression of FLT3, and ~30%
of patients exhibit activating mutations of the receptor
(i.e. internal tandem duplications in the juxtamembrane
domain (FLT3-ITD) found in approximately 25% patients
and point mutations in the activation loop of the tyrosine
kinase domain (FLT3-TKD) in an additional 7% of cases)
[6–8]. Mutated FLT3 phosphorylates several key signaling
molecules such as signal transducer and activator of
transcription 5 (STAT5), mitogen activated protein kinase
(MAPK) and BCL2-associated death promoter (BAD),
fostering proliferation and survival of AML blasts [9–13].
The FLT3-ITD mutations are adverse prognostic factors
associated with increased blast counts in peripheral blood
and bone marrow, short remission durations and high
relapse rates [6, 14–16]. Although up to 70% of AML
patients showed hematological improvement in clinical
trials with FLT3 inhibitors, the responses were transient
and inevitably followed by the disease progression [17].
The failure of therapy with FLT3 inhibitors is thought to
be at least in part caused by a selection of AML clones
harboring various TKD mutations and activation of
downstream effector pathways, including constitutive
STAT5 activity [18–21]. In a recent study, relapse
samples from AML patients treated with FLT3 inhibitors
demonstrated increased expression of PIM kinases.
Importantly, in AML bearing FLT3-ITD mutations, PIM1
and PIM2 were identified as STAT5 downstream targets
and mediators of increased blast survival and clonogenic
potential [9, 11]. Consistent with this, ectopic PIM2
expression induced resistance to FLT3 inhibition in both
FLT3-ITD–induced myeloproliferative neoplasm and
AML models in mice [22], underscoring the role of PIMs
in the emergence of this phenotype.
PIM kinases (proviral integration site for Moloney
murine leukemia virus), comprising three highly
homologous serine/threonine kinases, are involved in
pathogenesis and progression of multiple malignancies,
www.oncotarget.com

RESULTS
SEL24-B489 is a potent PIM/FLT3-ITD inhibitor
with antiproliferative activity against AML cell
lines
SEL24-B489, 5,6-dibromo-4-nitro-2-(piperidin-4yl)-1-(propan-2-yl)-1H-1,3-benzodiazole (Supplementary
Figure 1) is a potent, type I, dual PIM/FLT3 inhibitor, with
a Kd of 2 nM for PIM1, 2 nM for PIM2 and 3 nM for
PIM3 (Table 1). Comparison of Kd for wild type FLT3
(FLT3-WT) with internal tandem duplication mutated
FLT3 (FLT3-ITD) revealed a 10-fold stronger inhibitor
binding in the latter (160 nM vs 16 nM for FLT3-WT and
FLT3-ITD, respectively).
Since SEL24-B489 inhibits FLT3 mutants and
simultaneously blocks activity of PIM kinases (the key
downstream effectors of FLT3 signaling), we hypothesized
that these properties should lead to broader toxicity of the
compound against AML cells in comparison to selective
16918
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Table 1: SEL24-B489 kinase inhibition profile
Kd [nM]
Kinase

SEL24-B489

AZD1208

AC220

PIM1

2

0.2

-

PIM2

2

0.8

-

PIM3

3

0.9

-

160

-

1

FLT3wt
FLT3 (ITD)

16

-

9

*

37

-

-

FLT3 (D835V)*

11

-

-

FLT3 (D835Y)*

16

-

-

FLT3 (D835H)

FLT3 (ITD)

12

-

-

*

2.8

-

-

*

10

-

-

FLT3 (K663Q)*

530

-

-

FLT3 (N841I)

150

-

-

3200

-

-

*

FLT3 (ITD,D835V)
FLT3 (ITD,F691L)
*

FLT3 (R834Q)

*

Dissociation constants (Kd) were measured at DiscoverX. (*) indicates specific screen against FLT3 mutants.
PIM or FLT3 inhibitors. For this reason, we compared
SEL24-B489 head-to-head with a selective PIM inhibitor
(AZD1208) and a selective FLT3-ITD inhibitor (AC220)
in a panel of AML cell lines with FLT3-ITD (MV-411, MOLM-13) or unmutated kinase (FLT3-WT: KG1, MOLM-16). SEL24-B489 exhibited a significantly
broader activity, irrespective of FLT3 status, than either
of the selective inhibitors (Figure 1A, Supplementary
Figure 5A, Supplementary Table 3 and 4). Activity
of SEL24-B489, depending on the driving oncogene
mutation, could be a result of activity on PIM, FLT3-WT,
FLT3 mutants or an effect of synergy in inhibition of both
PIM and FLT3 (WT or mutants). AC220 was selectively
active against FLT3-ITD+ cells (MV-4-11, MOLM-13),
but exhibited only a minor effect in cells with FLT3-WT
(MOLM-16, KG-1). In agreement with earlier studies [40],
the selective PIM inhibitor AZD1208 exhibited strong
toxicity against MOLM-16 cells (FLT3-WT, high PIM
expression), but was less active against FLT3-mutated
cell lines (Figure 1A, Supplementary Table 3 and 4). To
determine the mechanism of response to SEL24-B489, we
performed multiparametric cell cycle analysis in FLT3ITD+ (MV-4-11 and MOLM-13) and FLT3-WT (KG-1)
cell lines. In MOLM-13 and to a lesser extent in MV411 cells, we observed a dose-dependent disruption of cell
cycle with especially pronounced depletion of the S phase
after treatment with SEL24-B489, accompanied by PARP
cleavage and apoptosis (Supplementary Figures 2 and
3). As expected, AC220 also induced apoptosis and cell
www.oncotarget.com

cycle arrest, whereas the selective PIM kinase inhibitor
LGH447 had a much weaker effect. For the KG-1 cell
line, we also observed 2-fold induction of PARP cleavage
(Supplementary Figure 4) although the overall effect was
weaker for all compounds.
Consistent with these findings, SEL24-B489 was
more active against primary FLT3-WT and FLT3-ITD
peripheral AML cells and CD34+ bone marrow blasts
than either of the selective inhibitors (Figure 1B and 1C,
respectively).
To further corroborate the advantage of dual PIM/
FLT3-ITD inhibition, we simultaneously inhibited PIMs
and FLT3-ITD using a combination of the selective panPIM inhibitor AZD1208 and the selective FLT3 inhibitor
AC220 in a FLT3-ITD dependent cell line MV-4-11. As
expected, the combination did exhibit a synergistic effect
(Supplementary Figure 5B). SEL24-B489 also showed
a marked synergy with AraC or vosaroxin in a broad
range of concentrations in the same FLT3-ITD dependent
cell line MV-4-11. Overall, these results highlight the
therapeutic potential of a SEL24-B489 inhibitor with dual
specificity against FLT3 and PIM.

Activity of SEL24-B489 in cells with FLT3 TKD
mutations associated with resistance to FLT3
inhibitors
Since PIM kinases have emerged as important
mediators of FLT3-inhibitor resistance [22], we
16919

Oncotarget

hypothesized that the dual specificity of SEL24-B489
against FLT3-ITD and PIMs might overcome the

phenotype of resistance. We tested the inhibitory
properties of SEL24-B489 against different FLT3 mutants

Figure 1: In vitro activity of SEL24-B489 in AML cell lines and primary AML blasts. (A) In vitro activity of SEL24-B489,

AZD1208, AC220 and AraC in AML cell lines (FLT3-ITD+ and FLT3-WT) was assessed using an MTS assay. Cells viability was measured
after 72 h incubation with three-fold serial dilutions of compounds, starting at 10 μM concentration. Obtained data were presented as
percentage of viable cells compared with control (untreated) cells viability. Error bars indicate SD. (B) In vitro activity of SEL24-B489,
AZD1208, AC220 in primary AML blasts obtained from peripheral blood of three FLT3-ITD+ and three FLT3-WT patients was assessed
individually with the MTS assay at three indicated time points. Error bars indicate SD. (C) In vitro activity of SEL24-B489, AZD1208,
AC220 in primary AML blasts obtained from bone marrow of 13 AML patients was assessed with the MTS assay at two indicated
concentrations. Error bars indicate SD.
www.oncotarget.com
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(Table 1). SEL24-B489 showed strong binding to FLT3
mutant kinases at low nM Kd values for 6 out of 9 tested
mutants (Table 1). To further test this hypothesis, we
utilized previously developed MOLM-14 cells transduced
with either FLT3-WT or FLT3 alleles containing TKD
point mutations (D835Y, D835V and F691L). In these
experiments, we compared head-to-head activity of
SEL24-B489 with AZD1208 and AC220. The AZD1208
PIM inhibitor only marginally affected the viability of
tested cell lines regardless of their FLT3 status. The cells
expressing resistance-associated FLT3-TKD mutants
exhibited lower sensitivity to AC220 than cells transduced
with FLT3-ITD or parental MOLM-14 cells. In marked
contrast, neither of the FLT3 TKD point mutations
decreased the cellular sensitivity to the dual FLT3-ITD/
PIM inhibitor SEL24-B489 (Figure 2), underscoring the
role of PIM kinases as key FLT3-signaling effectors and
circumstantiating the concept of dual PIM-FLT3-ITD
inhibition in AML targeted therapy.

selective FLT3-ITD inhibitor AC220 and dual FLT3ITD/PIM inhibitor SEL24-B489 completely blocked
STAT5 signaling, RAS/RAF/MEK activity (measured
by decreased pERK1/2 Y202/204 levels) and PI3K/mTOR
signaling (measured by decreased phosphorylations of
p70S6K T389, pS6 S240/244, and p4EBP1 T37/46). FLT3-ITD
and dual FLT3-ITD/PIM inhibitors also decreased c-MYC
abundance, at least in part due to decreased c-MYC S62
phosphorylation. Since the expression of a major antiapoptotic BCL2 family member, MCL1, is regulated by
translation, and PIM kinases regulate protein synthesis
through 4EBP1, we also assessed the abundance of
MCL1. Expression of this protein markedly decreased
upon SEL24-B489 treatment and - to a lesser extent - upon
AC220. Consistent with this, we noted a marked induction
of apoptosis, indicated by PARP cleavage, in cells treated
with SEL24-B489, but not with other tested inhibitors. In
FLT3-ITD positive MV-4-11 cells, the selective pan-PIM
inhibitor AZD1208 led to a moderate decrease in PIM
substrates activity, pS6 and p4EBP1, but did not change
the STAT5, RAF/ERK1/2 and AKT signaling and did not
alter c-MYC and MCL1 abundance.
In the FLT3-WT cell line MOLM-16, FLTITD-specific inhibitor AC220, did not alter activity
of assessed pathways and abundance of c-MYC and
MCL1. PIM inhibitor AZD1208 and SEL24-B489
caused a profound inhibition of S6 (S235/236), but had
little effect on PI3K/mTOR signaling. Moderate
inhibition of p70S6K (Thr389) after incubation with
SEL24-B489 and AZD1208 are most likely caused by
an indirect effect of PIM inhibition on mTOR signaling
[41–43]. Within the on-target range of concentrations
(0.1-1 μM), only SEL24-B489 inhibited STAT5 (Ser726)
and reduced expression of MCL1, whereas none of
the selective inhibitors altered c-MYC abundance
or induced PARP cleavage. In line with our finding

Biochemical consequences of selective versus
simultaneous inhibition of FLT3-ITD and PIM
kinases
To confirm the on-target activity of SEL24-B489
inhibitor and to compare the consequences of selective
versus simultaneous inhibition of FLT3-ITD and PIM
kinases in vitro, we used MV-4-11 (FLT3-ITD+) and
MOLM-16 (FLT3-WT) cells and treated them with
increasing concentrations of SEL24-B489, AC220 or
AZD1208 for 4 hours. Thereafter, we assessed the
activities of FLT3-ITD – induced key pro-survival
signaling pathways; STAT5, RAF/MEK/ERK and
PI3K/AKT (Figure 3). We also assessed the activity
and abundance of PIM kinase substrates: pS6 (S235/236),
p4EBP1 (S65) and c-MYC (Figure 3). In MV-4-11 cells,

Figure 2: SEL24-B489 decreases viability of AML cells with FLT3-TKD mutations associated with resistance to
selective FLT3-ITD inhibitors. Parental MOLM-14 cells and cells transduced with either FLT3-ITD, FLT3 D835Y, FLT3 D835V
or FLT3-F691L were incubated with indicated compounds for 72 h and cellular viability was assessed by the MTS assay. Differences in
responses of cells bearing FLT3-TKD mutants to AC220, a FLT3-ITD selective inhibitor, are indicated with asterisks (*** for p<0.0001, **
for p<.001, factorial ANOVA with Tukey’s post-hoc test). SEL24-B489 demonstrated activity against all mutants (p=ns). Error bars indicate
SD.
www.oncotarget.com
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Maria Baer’s group also reported that concurrent
inhibition of PIM and FLT3 post-translationally
downregulates the anti-apoptotic protein MCL1
through downregulation of the USP9X deubiquitinase
[44]. Given the profound and robust decrease in pS6
(S235/236) abundance in AML cells after PIM inhibition,
we hypothesized that this parameter might be utilized
to monitor SEL24-B489 pharmacodynamics in future
clinical trials. Thus, we developed a quantitative
FACS-based assay to evaluate changes in S6 (S356/236)

phosphorylation levels. Both FACS assay and Western
blotting showed dose-dependent downregulation of pS6
(Supplementary Figure 6), what was further confirmed
by highly concordant IC50 values for both methods
(Supplementary Table 5).
Taken together, these data indicate that dual FLT3ITD/PIM inhibitor elicits broader changes in pro-survival
intracellular signaling than the specific PIM or FLT3
inhibitors alone, and that these robust changes might be
utilized as clinically relevant biomarker.

Figure 3: Effect of SEL24-B489 treatment on FLT3 and PIM kinase downstream signaling in AML cell lines. MV-4-11

(FLT3-ITD+) and MOLM-16 (FLT3-WT) cells, both expressing high levels of PIM kinases, were treated with SEL24-B489 for 4 hours
in a dose-dependent manner and analyzed for phosphorylation of FLT3/PIM kinase downstream targets using Western blot. AZD1208 and
AC220 compounds were used as reference. C – vehicle control.
www.oncotarget.com
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SEL24-B489 exhibits activity in AML in vivo
models

Because subcutaneous AML xenografts in mice
lack the translation into a systemic disease and do not
capture the complexity of AML progression, we decided
to further confirm preclinical efficacy of SEL24-B489
by investigating the PK/PD relationship that is the
modulation of PIM substrate activity in a time course
fashion. SCID/beige mice xenografted subcutaneously
with MOLM-16 tumors were treated with SEL24-B489
(25 mg/kg) inhibitor for 3 consecutive days in a BID
schedule and after the last administration, animals were
sacrificed at indicated time points and tumor samples were
then harvested for PK/PD response analysis (Figure 4D).
Phospho-S6 remained suppressed up to 8 hours after the
last dose of SEL24-B489, indicating that the observed
biological effects are consistent with target engagement
at the tumor site.

After demonstrating the activity of SEL24-B489
against FLT3-WT and FLT3-ITD AML cell lines, we
sought to determine the in vivo activity of our inhibitor.
First, we determined the compound’s PK and metabolic
stability in mice, rats and dogs (Supplementary Tables
6-8). Having confirmed favorable pharmacokinetics, good
bioavailability and metabolic stability of the compound,
we tested SEL24-B489 single – agent activity in animal
xenograft models. In SCID/beige mice bearing MV-4-11
tumors (FLT3-ITD+) treated with SEL24-B489, we noted
marked dose – dependent tumor reduction (67%, 74% and
82% tumor growth inhibition (TGI) for 50, 75 and 100
mg/kg daily doses, respectively) (Figure 4A). Even more
profound responses were found in MOLM-16 (FLT3WT) tumor-bearing SCID/beige mice: ~100% TGI was
reached at doses 50 mg/kg in QD schedule and 25 mg/kg
in BID schedule (Figure 4A). Dosing of 50 mg/kg in EOD
schedule resulted in 79% TGI.
Next, to further confirm SEL24-B489 activity in
vivo and compare it to selective PIM (AZD1208) and
FLT3 (AC220) inhibitors, we established MOLM-13 and
KG-1 xenografts in SCID mice. AC220 (10 mg/kg, QD)
resulted in 100% TGI in the FLT3-ITD positive MOLM13 cell line (Figure 4B). In marked contrast, for the KG-1
(FLT3-WT) tumor bearing animals, AC220 treatment did
not significantly inhibit tumor cell growth (TGI=5.4%).
PIM inhibitor AZD1208 had a different activity in those
two models of 19.5% and 59.9% TGI in MOLM-13
and KG-1, respectively. Comparable results were noted
in SEL24-B489-treated animals (~50% TGI in both
types of tumors) (Figure 4B). We can speculate that the
apparent lower activity of SEL24 vs AC220 in vivo can be
explained by relatively short half-life of SEL24 in vivo in
mouse, and we observed higher TGI in xenograft studies
after BID dosing of SEL24 (data not shown).
Given the marked synergy between SEL24-B489
and AraC observed in vitro, we assessed the combined
effects of these two drugs in MV-4-11 xenograft models.
SEL24-B489 was tested at two doses, 50 and 25 mg/kg,
administered twice daily alone or in combination with
AraC administered at a 50 mg/kg dose three times weekly.
In line with the previous experiments, SEL24-B489
exhibited dose-dependent activity (Figure 4C). AraC
alone decreased tumor growth by 66%. Consistent with
the in vitro data indicating marked synergy between
these drugs, a combination of AraC with 25 mg/kg BID
of SEL24-B489 resulted in 89% TGI, whereas when
combined with 50 mg/kg of SEL24-B489 it almost
completely blocked tumor growth in vivo (99% TGI).
Of note, after 14 days of consecutive administration of
either drug alone or in combination, hematological and
biochemical parameters were not different from those in
the control mice (Supplementary Tables 9-10).
www.oncotarget.com

DISCUSSION
In this study, we have characterized the activity
of a newly developed, dual inhibitor of PIM kinases
and FLT3-ITD, SEL24-B489, in pre-clinical models of
AML. The inhibitor exhibited on-target activity at sub/
low-micromolar concentrations and efficiently blocked
both FLT3-ITD-triggered pathways and phosphorylation
of PIM substrates, attenuating survival of AML cell lines
and primary AML blasts. Since PIM kinases emerge as
important mediators of FLT3-induced signaling, these
findings highlight the potential clinical benefits of dual
inhibitor activity (Figure 5).
FLT3–ITD mutations are among the most common
genetic lesions in AML and are associated with inferior
prognosis, circumstantiating the development of FLT3’s
inhibitors. FLT3-ITD knock-ins drive leukemogenesis from
early hematopoietic progenitor cells by activating its direct
substrates - including STAT5, MAPK/ERK and PI3K/
AKT pathways that lead to block of cellular differentiation
and acceleration of cell growth, metabolism, proliferation,
along with inhibiting apoptosis [45–47]. FLT3 mutations
and signaling are also thought to play a critical role in the
survival of leukemic stem cells via activation of STAT5
dependent transcription [12, 48, 49].
In AML blasts, FLT3-induced STAT5 activity
triggers expression of PIM1 and PIM2 kinases [22, 50].
PIMs are thus a downstream target of FLT3 signaling,
consolidating and amplifying its oncogenic potential [22,
23, 25, 50]. Furthermore, once expressed, PIMs in AML
cells are known to stabilize additional oncogenic circuits,
such as c-MYC, and support cell migration and homing
by increasing surface expression of CXCR4 [32, 51–53].
In addition, forced overexpression of PIMs in AML cells
decreases sensitivity of AML blasts to targeted FLT3-ITD
inhibition by a mechanism that likely involves a direct
phosphorylation of FLT3 by PIMs, reducing affinity of
the FLT3-ITD receptor to its inhibitors [22, 50]. As a
consequence, inhibition of PIM kinases restores sensitivity
16923

Oncotarget

Figure 4: SEL24-B489 inhibits growth of AML xenografts. (A-C) MOLM-16, MV-4-11, KG-1 and MOLM-13 cell lines were

implanted subcutaneously in immunodeficient mice (SCID/beige for MOLM-16 and MV-4-11; SCID for KG-1 and MOLM-13). When
tumors reached 100 to 130 mm3, mice were treated with SEL-B489, AC220, AZD1208, AraC or with indicated combinations. Tumor
growth was monitored every other day for up to 23 consecutive days. Error bars indicate SEM. Differences in tumor growth kinetics
were calculated using factorial ANOVA with Tukey’s post hoc test (*** for p<0.0001; ** for p<0.001). (D) PK/PD relationship between
SEL24-B489 and S6 (S235/236) expression in tumors explanted from inhibitor treated mice. SEL24-B489 was given by oral gavage BID
(25 mg/kg) for three consecutive days; after the last dose, the animals were sacrificed at indicated time points and tumor samples were
harvested for biomarker response analysis.
www.oncotarget.com
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to FLT3 inhibitors in this setting. Thus, since drug
resistance invariably occurs in AML patients treated with
FLT3-ITD inhibitors, targeting the axis proximally (FLT3ITD) and distally (PIMs) is thereby a rational strategy
that might circumvent the development of resistance
(Figure 5).
Although PIM kinases share certain substrates and
exhibit partial functional redundancy, they also possess

isoform–specific functions that are particularly important
for tumor biology. For example, PIM1 regulates cell
migration, homing and apoptosis by modulating CXCR4
and BAD phosphorylation, respectively, whereas PIM2
is involved in translational control by phosphorylating
4E-BP1 [32, 54, 55]. Thus, simultaneous inhibition of
all three PIM isoforms will exhibit broader biological
consequences than targeting single isoform, as such

Figure 5: Diagram summarizing key biochemical consequences of selective versus combined inhibition of FLT3-ITD
and PIM kinases.
www.oncotarget.com
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approach will preclude potential functional compensation
due to isoform redundancy, but also eliminate isoformunique oncogenic activity [24, 53].
Consistent with the functional dependencies
linking FLT3 signaling, PIM kinases and FLT3-ITD
inhibitor resistance, our newly developed, first-in-class
SEL24-B489 inhibitor blocked the activities of direct FT3ITD substrates (STAT5, MAPK/ERK) and simultaneously
inhibited phosphorylation of key PIM substrates (4EBP1,
S6, c-MYC). In contrast, selective pan-PIM (AZD1208)
or FLT3-ITD (AC220) inhibitors exhibited narrow ontarget activities. Consistent with this finding, we noted
superior and broader activity of the SEL24-B489 than
with either of the inhibitors in different cell line xenograft
models. Furthermore, SEL24-B489 was toxic to FLT3ITD transduced cells bearing resistance-inducing TKD
mutations, confirming the role of PIMs in driving the
FLT3-ITD inhibitor resistance. Thus, targeting the
functional FLT3-ITD axis proximally and distally might
be a clinically attractive strategy.
Of note, PIM kinases are expressed and exhibit
catalytic activity in also FLT3-WT AML cells [56]. In
such cases, their expression is likely driven by activated
STATs induced by other activated oncogenic kinases,
or other myeloid transcription factors, such as HOXA9
[57]. Regardless of the underlying mechanisms inducing
expression of PIMs in these FLT3-WT AMLs, we show
that their inhibition triggers cell death in vitro and tumor
growth inhibition in vivo with similar efficacy as in cells
bearing FLT3-ITD mutations. These results are consistent
with other studies indicating that PIM kinase inhibition
is cytotoxic also in FLT3-WT AMLs, in a mechanism
involving attenuation of STAT5 activity and destabilization
of MYC [53]. Thus, the “PIM component” of the dual
inhibitor SEL24-B489 prompts speculations that the
compound will also be clinically active in patients without
FLT3-ITD, but with PIM kinase expression and addiction.
From the clinical standpoint, it is crucial to identify
potential responders using knowledge-based, biomarkerdriven criteria. For FLT3-ITD mutations the “binary”
biomarker is clearly available, but for FLT3-WT-tumors,
it is less apparent. Herein, we observed robust inhibition of
pS6 level in all SEL24-B489-sensitive cell lines, including
those with FLT3-WT. Thus, changes in pS6 levels might
be used in clinical trials as an early surrogate indicator
of inhibitor’s activity. For this purpose, we developed a
FACS-based assay, which produced quantitative, robust
results, highly concordant with Western blot analysis.
Recent data indicate that AML blasts with surface
expression of a leukemic stem cell and a conspicuous
prognostic marker CD25 are more sensitive to PIM
inhibition. Since CD25 is a STAT5 regulated gene, it
might be a mechanistically relevant, predictive biomarker
for sensitivity to PIM kinase inhibitors. Inhibition of PIMs
in CD25+ AML cells attenuated STAT5 activation and
destabilized c-MYC, indicating that PIMs are involved in
www.oncotarget.com

molecular circuitry supporting leukemic stem cells [53].
For such reasons, inhibition of PIMs in AML patients
might lead to elimination of leukemia-initiating cells,
the major source of relapse and treatment failures. Thus,
targeting FLT3-PIM axis in AML is a promising, rational
strategy to deplete these tumor-driving signals, increase
the cytotoxicity of conventional chemotherapeutics, and
improve clinical outcome of AML patients.
Taken together, our data highlight the unique dual
PIM and FLT3-ITD inhibitory activity of the SEL24-B489
that abrogates signaling circuits involved in proliferation,
inhibition of apoptosis, protein translation/metabolism and
supporting leukemia initiating cells. Given the favorable
pharmacokinetics and safety profile, SEL24-B489 has
been recently cleared for a phase I/II trial in AML patients.
Thus, further clinical development of dual PIM/FLT3-ITD
inhibition strategy with SEL24-B489 is ongoing.

MATERIALS AND METHODS
Chemicals
Dual PIM/FLT3-ITD inhibitor SEL24-B489 and
PIM kinase inhibitor LGH447 were synthesized by
Selvita. AZD1208 was purchased from ChemShuttle.
Selective FLT3-ITD inhibitor AC220 and staurosporine
were purchased from Selleckchem. Cytarabine (AraC)
and vosaroxin were obtained from AK Scientific and
Chem Scene, respectively. The compounds were prepared
as 10mM stocks in DMSO (Sigma) and kept at −80°C
until use. For in vivo studies, a hydrochloride salt of
SEL24-B489 was used for its administration.

Kinase assays
Dissociation constants (Kd) and inhibition levels
of FLT3 mutants were measured at DiscoverX using the
KINOMEscanTM Profiling Service (KdELECT).

Cell lines and cell culture conditions
Cell lines were purchased from ATCC or DSMZ.
MV-4-11 and SIG-M5 were cultured in IMDM, whereas
MOLM-13, MOLM-14, MOLM-16, KG-1, Eol-1, SKM-1,
PL-21, GDM-1, SKNO-1, RS4;11, Kasumi-3 and Kasumi-6
were cultured in RPMI medium, and OCI-AML-2 and OCIAML-3 were cultured in Alpha-MEM medium. Media were
supplemented with 10-20% FBS, 2 mM glutamine, 1 mM
sodium pyruvate and 100 U/mL streptomycin/penicillin. In
case of SKNO-1 and Kasumi-6 media were supplemented
with 10 ng/ml and 2 ng/ml of GMC-SF, respectively.
MOLM-14 cells expressing wild-type or mutant FLT3
receptors have been described previously [22]. Media and
cell culture supplements were obtained from Lonza. Cell
cultures were proven to be Mycoplasma-free using PCR
technique to amplify the 16S rRNA region of Mycoplasma
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or using MycoAlert Mycoplasma Detection Kit (Lonza,
Cat. No: LT07-318). All cell lines were incubated in a
humidified atmosphere at 37 °C and 5% CO2.

were treated with the indicated compounds in 0.1% DMSO
for 4 h, followed by a co-incubation with BrdU for 2 h (MV4-11 and MOLM-13) or 3 h (KG-1). Cells were fixed for 20
min on ice in CytoFix/CytoPerm Solution (BD Biosciences)
and further processed using the Apoptosis, DNA Damage
and Cell Proliferation Kit (BD Biosciences) according to
the manufacturer’s instructions. Flow cytometry data were
collected on the Attune NxT Flow Cytometer (Thermo
Fisher) using filter settings for DAPI, PE PerCP-Cy5.5 and
Alexa Fluor 647. Compensation was performed using the
AbC™ Total Antibody Compensation Bead Kit (Thermo
Fisher). Gating was applied to exclude debris and collect
200 000 singlet events. Data were analyzed and plotted in
FlowJo (FlowJo, LCC) using autocompensation settings.
Results are shown for approx. 50000 events.
For biomarker experiments, MV-4-11, MOLM13 and KG-1 cells were seeded at 1 x 106 in 3 ml of
medium, while MOLM-16 cells were seeded at 1 x 106
in 4 ml of medium and left for ̴ 18 hours (37˚ C, 5%
CO2). Thereafter, cells were treated with SEL24-B489
compound (0.01, 0.025, 0.1, 0.25, 0.5 1 μM). AC220 and
LGH-447 were used at 1μM as positive control. Final
concertation of DMSO was 0.1%. After 4h of incubation
cells were harvested, centrifuged and washed with ice-cold
PBS. Cells were fixed with 4% paraformaldehyde buffered
with PBS and permeabilized with 90% methanol. Cells
were incubated with primary antibody (S6 phopsphoSer235/236, Cell Signaling, Cat. No: 4856) diluted 1:200
in 0.5% BSA/PBS. PE-conjugated secondary antibody
(Anti-Rabbit PE-conjugated, Cell Signaling, Cat. No:
14705) was diluted 1:500 in 0.5% BSA/PBS. Cells were
analyzed on Flow Cytometer BD LSR II with an excitation
wavelength of 488 nm and peak emission 590 nm.

Viability assays and drug interactions
15-25 ×103 of MV-4-11, MOLM-13, MOLM14, MOLM-16, KG-1, Eol-1, SKM-1, PL-21, GDM-1,
SKNO-1, RS4;11, Kasumi-3 and Kasumi-6 cells were
seeded in 150 μL of culture medium onto individual
wells in a 96 well plates, in triplicates. On the same
day, 50 μL of medium containing tested inhibitor was
added to the wells. Each compound was tested at 8
concentrations, in triplicates. As a negative control,
the medium containing 0.1% DMSO was used. After
72 h incubation with the compounds, cell viability
was assessed using the [3-(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium (MTS) assay (Promega) and a microplate
reader (Synergy 2, BioTek or Enspire). For viability
assays of MOLM-14 cells expressing wild-type or mutant
FLT3 receptors, 105/mL cells were treated in triplicates
with indicated concentrations of compounds. After 72
h, cell viability was determined in the MTS assay. To
determine interactions between SEL24-B489 and AraC or
a quinolone-derivative DNA-damaging agent, vosaroxin,
MV-4-11 and MOLM-16 cells were seeded onto 96 well
plates (5×103 cells per well) in triplicates, and left for 18 h
at 37°C, 5% CO2. Thereafter, diluted drugs were added to
obtain a series of six increasing drug concentrations (final
concentration of 0.003-0.325 μM for SEL24-B489, 0.0363.525 μM for AraC, and 0.01-1.05 μM for vosaroxin).
Staurosporine was used at 10 μM as a positive control.
One the day of drug addition, basal signal from untreated
cells was measured from in triplicate to determine time
zero (T0). To determine interactions between AC220 and
AZD1208, MV-4-11 and MOLM-16 cells were seeded
onto 96 well plates (15×103 cells per well) in triplicates.
On the same day, diluted drugs were added in 3-fold
dilutions (to obtain the final concentration 0.005-10 μM
for AZD1208 and AC220 in MOLM-16 cells, while
0.005-10 μM for AZD1208 and 0.005-10 nM for AC220
in MV-4-11 cells). Cell viability was assessed after 72 h as
described above. % of inhibition was determined relative
to T0 as described in the Supplementary Document. GI50
and LC50 values were extrapolated from a variable (fourparameter) dose-response curve fitted in GraphPad Prism.
The GI50 value corresponds to 50% for growth inhibition
and the LC50 value corresponds to 50% death relative
to T0. Combination indexes (CI) were determined using
CompuSyn software (Paramus, NJ).

Patient samples
Primary AML cells for in vitro analyses were
obtained from peripheral blood of 5 newly diagnosed
patients and one refractory to 3+7 daunorubicin and AraC
induction treatment. All patients had peripheral leukemic
blast counts exceeding 70% of total blood cell count at the
time of sample collection. In addition, CD34+ blasts of
14 newly diagnosed AML patients were obtained with the
CD34 MultiSort kit (Milteneyi Biotec) from cryopreserved
bone marrow samples. Patient features are given in
Supplementary Table 1. AML blasts were maintained in
RPMI 1640 medium supplemented with 10% autologous
plasma, 10% FBS (Lonza), 50 μg/ml streptomycin, 50 U/
ml penicillin, 2 mM glutamine and 25mM HEPES buffer,
at a density of 1 x 107 cells/ml. Peripheral AML cells
were incubated with indicated concentrations of AC220,
AZD1208, SEL24-B489, or vehicle control for 48-96h.
Bone marrow blasts were incubated with these compounds
for 72h. Cell viability was determined using the propidium
iodide (PI; BD Biosciences) exclusion assay in a FACS
Canto flow cytometer (BD Biosciences).

Flow cytometry
For cell cycle analysis, MV4-11 and KG-1 cells were
seeded at 1 x 106 in 2 mL of their respective media. Cells
www.oncotarget.com
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Immunoblotting

(5 mice per group) and the compound then administered.
SEL24-B489 was administered by oral gavage (PO,
25 or 50 mg/kg, BID), and AraC was administered
intraperitoneally (IP; 50 mg/kg, three times a week, TIW);
each compound in a volume of 10 μL per 1 g of body
weight. Tumor volume was monitored every second day
and calculated using the formula: TV = (a2×b)/2, where
“a” is the short axis in millimeters, and “b” is the long
axis in millimeters. Body weight was assessed every day.
To evaluate SEL24-B489 pharmacodynamics (PD),
MV-4-11 and MOLM-16 xenografts were established
as described above. When tumor volume reached ~200
mm3, mice were randomized into uniform groups and
administered SEL24-B489 by oral gavage (25 mg/kg BID
for three consecutive days). At the end of the experiment,
mice were sacrificed 4, 8 and 24h after the last dose (three
mice per time point). Plasma and tumor samples were
collected and stored at -80 °C for further analysis.

Cells were collected, washed twice with cold PBS,
and lysed in RIPA buffer and kept on ice for 10 min. Tumor
specimens from xenograft studies were homogenized in
RIPA buffer using OMNI TH Tissue Homogenizer and
kept on ice for 30 min. After incubation, cell and tumor
lysates were centrifuged at 13,000×g at 4°C for 10 min and
the supernatants were stored at -80 °C until use. Protein
concentration was measured using the Bradford method.
For SDS-PAGE, 50 μg of protein in the Laemmli sample
buffer was loaded onto 10% polyacrylamide gels and
electrophoresed. Thereafter, proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore).
After blocking with 5% non-fat dry milk/TBS-T or 2%
BSA/TBS-T, membranes were incubated with specific
primary antibodies (listed in Supplementary Table 2) at 4 °C
overnight. After extensive washing in PBS-T, membranes
were incubated for 60 min with appropriate secondary
peroxidase-conjugated IgG. The immunoreactive proteins
were detected using an enhanced chemiluminescence (ECL)
substrate (GE Healthcare) and visualized with HyperfilmECL (GE Healthcare Biosciences).

Statistical analyses
Differences in tumor growth kinetics were
determined as indicated by factorial analysis of variance
(ANOVA) with Tukey’s post-hoc test, using SPSS
v.17.0 software. Statistical differences in proliferation
of MOLM-16 cells expressing FLT3 mutants and treated
with SEL24-B489, AZD1208 or AC220 were determined
by factorial ANOVA. P values < 0.05 were considered
significant. Error bars represent standard deviations (SD)
or standard error (SEM), indicated as appropriate.

Animal studies
All animals were handled in strict accordance with
good animal practice as defined by the relevant national
and local animal welfare bodies. SCID and SCID/beige
C.B-17 mice were provided by Harlan Laboratories or
Charles River Laboratories, and were maintained in
pathogen free conditions. For the xenograft experiments,
age-matched (9-11 weeks old) females were used. 5×106
of MV-4-11 or MOLM-16 cells were suspended in a
mixture (1:1, v:v) of PBS with Matrigel (BD Biosciences,)
and injected subcutaneously (sc), in a total volume of 100
μL, above the groin on the right hind limb. For MOLM-13
and KG-1 cells, a mixture (3:1, v:v) of PBS and Matrigel
HC (BD Bioscience,) was used to inject 5 × 106 of cell
per mouse subcutaneously (sc), in a total volume of 100
μL. When tumors reached 100-130 mm3, mice were
randomized into uniform groups (6-9 mice per group)
and subsequently administered the compound. Prior to
use, SEL24-B489 was freshly dissolved in water and
administered at a dose of 25 mg/kg twice daily (BID),
or 50, 75 and 100 mg/kg daily (QD), or 50 mg/kg every
other day (EOD) by oral gavage (PO) using cannula in
a volume of 10 μL per 1 g of body weight. At the end of
the experiment, mice were anesthetized with isofluran and
blood samples for total cell counts and biochemistry were
obtained by retro-orbital bleeding. To assess the in vivo
efficacy of SEL24-B489, AraC, or their combination, a
MV-4-11 xenograft was established. 5×106 cells suspended
in a mixture (3:1, v:v) of PBS and Matrigel were injected
as described above. When the tumor volume reached
~120 mm3, mice were randomized into uniform groups
www.oncotarget.com
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