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Abstract

fms-like tyrosine like kinase 3 internal tandem duplication (FLT3-1TD) is present in acute myeloid
leukemia (AML) in 30% of patients and is associated with short disease-free survival. FLT3
inhibitor efficacy is limited and transient but may be enhanced by multi-targeting of FLT3-ITD
signaling pathways. FLT3-ITD drives both STAT5-dependent transcription of oncogenic Pim-1
kinase and inactivation of the tumor suppressor protein phosphatase 2A (PP2A), and FLT3-1TD,
Pim-1 and PP2A all regulate the c-Myc oncogene. We studied mechanisms of action of co-
treatment of FLT3-1TD-expressing cells with FLT3 inhibitors and PP2A-activating drug (PADs),
which are in development. PADs, including FTY720 and DT-061, enhanced FLT3 inhibitor growth
suppression and apoptosis induction in FLT3-1TD-expressing cell lines and primary AML cells /n
vitro and MV4-11 growth suppression /n7 vivo. PAD and FLT3 inhibitor co-treatment
independently downregulated c-Myc and Pim-1 protein through enhanced proteasomal
degradation. c-Myc and Pim-1 downregulation was preceded by AKT inactivation, did not occur
in cells expressing myristoylated (constitutively active) AKT1, and could be induced by AKT
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inhibition. AKT inactivation resulted in activation of GSK-3@, and GSK-3p inhibition blocked
downregulation of both c-Myc and Pim-1 by PAD and FLT3 inhibitor co-treatment. GSK-3
activation increased c-Myc proteasomal degradation through c-Myc phosphorylation on T58;
infection with c-Myc with T58A substitution, preventing phosphorylation, blocked
downregulation of c-Myc by PAD and FLT3 inhibitor co-treatment. GSK-3p also phosphorylated
Pim-1L/Pim-1S on S95/S4. Thus, PADs enhance efficacy of FLT3 inhibitors in FLT3-ITD-
expressing cells through a novel mechanism involving AKT inhibition-dependent GSK-3p-
mediated increased c-Myc and Pim-1 proteasomal degradation.
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Introduction

Internal tandem duplication of the fms-like tyrosine kinase 3 receptor tyrosine kinase (FLT3-
ITD), resulting in constitutive and aberrant FLT3 signaling (1), is present in AML cells of
30% of patients (2), and FLT3-ITD AML patients have short disease-free survival (2). FLT3
tyrosine kinase inhibitors (TKIs) are cytotoxic toward FLT3-ITD-expressing AML cells in
vitro and /n vivo, but clinical responses are generally limited and transient (3). Efforts have
focused on identifying drug combinations to improve responses to FLT3 inhibitors, and thus
patient outcomes (3). FLT3-1TD oncogenic tyrosine kinase activity promotes
leukemogenesis through both STAT5-dependent (1) overexpression of the oncogenic serine/
threonine kinase Pim-1 (4) and inactivation of the tumor suppressor multimeric serine-
threonine protein phosphatase 2A (PP2A) (5,6), providing additional therapeutic targets.

FLT3-1TD both constitutively activates FLT3 and causes aberrant signaling through STAT5
and downstream Pim-1, in addition to signaling through PI3 kinase (PI3K)/AKT and
mitogen-activated protein kinase (MEK)/extracellular-signal-regulated kinase (ERK) (1).
Pim-1 contributes to FLT3-1TD proliferative and anti-apoptotic effects through
phosphorylation-dependent stabilization of regulators of cell growth and survival, including
the c-Myc oncogene (7). It also phosphorylates and stabilizes FLT3 in a positive feedback
loop in FLT3-ITD-expressing cells (8,9). Inhibition of Pim activity enhances FLT3 inhibitor
cytotoxicity in FLT3-1TD-expressing AML cells 7n vitroand /n vivo (8-11).

PP2A is a heterotrimeric protein composed of 65 and 36 kDa structural/scaffold A and
catalytic C subunits and a diverse repertoire of structurally distinct regulatory B subunits that
dictate subcellular localization and substrate specificity (12). PP2A enzymatic activity is
negatively regulated through binding of inhibitory proteins including the cancerous inhibitor
of PP2A (CIP2A), SET, and the binding protein for SET (SETBP1) (12). CIP2A
upregulation has been reported as a mechanism of PP2A inactivation in FLT3-1TD-
expressing cells (13). Co-treatment with the PP2A-activating drugs (PADs) FTY720 or
OP449 was shown to enhance FLT3 inhibitor cytotoxicity in FLT3-ITD-expressing cells in
vitro (5,6).
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Pim-1 kinase is a PP2A substrate, and its PP2A-dependent dephosphorylation decreases its
expression through decreased protein stability (14). Mechanistically, Pim-1 interacts with the
PP2A regulatory B subunit B563; B56p knockdown decreases Pim-1 ubiquitination and
increases Pim-1 protein half-life, increasing expression of both of the Pim-1 isoforms, 44
kDa Pim-1L and 33 kDa Pim-1S (15).

FLT3-1TD, PP2A and Pim-1 all regulate expression of the transcription factor c-Myc
(7,16,17). c-Myc is transcriptionally upregulated downstream of FLT3-ITD, and c-Myc or
Pim-1 knockdown has anti-proliferative effects in FLT3-1TD-expressing cells (16). In
contrast, PP2A and Pim-1 both regulate c-Myc expression post-translationally (7,17,18).
Two N-terminus phosphorylation sites, serine 62 (S62) and threonine 58 (T58), are
important in regulating c-Myc protein stability (18). Pim-1 increases S62 phosphorylation,
stabilizing c-Myc protein, in association with decreased T58 phosphorylation (7), while the
PP2A regulatory subunit B56a. selectively associates with the c-Myc N-terminus and PP2A
dephosphorylates c-Myc at S62, resulting in reduced c-Myc protein stability (17). Thus
FLT3 inhibition decreases c-Myc transcription, while both Pim-1 inhibition and PP2A
activation decrease c-Myc protein stability.

PAD:s are in development (19). Here, we studied mechanisms by which they enhance FLT3
inhibitor efficacy in cells with FLT3-1TD.

Materials and Methods

Cell lines

Mouse Ba/F3 cells transfected with human FLT3-ITD (Ba/F3-1TD) and wild-type FLT3
(FLT3-WT) and the FLT3-ITD-expressing MV4-11 human AML cell line were obtained and
cultured as previously described (20). The FLT3-WT cell lines OCI-AML2 and THP-1 were
obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ),
Braunschweig, GER. Mycoplasma testing was performed every six months with the
Mycoplasma Pcr Detection Kit (GeneCopoeia, Rockville, MD).

Retroviral infection of Ba/F3-ITD cells

Ba/F3-ITD cells were infected with a pMX-puro retroviral vector encoding Flag-K67M
kinase-dead (KD) Pim-1, from Dr. Tomasz Skorski, Temple University, Philadelphia, PA, or
empty vector control, as described (20). Pim-1 overexpression was confirmed by
immunoblotting.

The myc-estrogen receptor (ER) expression vector pPBABEpuro-myc-ER (plasmid #19128)
(21) and pBABE-puro empty vector control were from Addgene (Cambridge, MA).
Approximately 80% confluent Phoenix-AMPHO packaging cells (ATCC CRL-3213) were
incubated in 25 uM chloroquine for 1 hour, then transfected with 20 ug retroviral plasmid
DNA by the calcium phosphate method. Ba/F3-1TD cells were infected with virus-
containing medium collected after 24 hours in the presence of polybrene (4 ug/ml). Cells
were seeded in 2 ml virus-containing medium, centrifuged at 1800 rpm at 32°C for 45
minutes, then incubated at 32°C for 4 hours, centrifuged at 1800 rpm at 32°C for 45
minutes, then incubated in fresh virus-containing medium at 32°C for 2 hours. The cells
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were then incubated at 37°C for 24 hours, infected with virus-containing medium and
incubated at 32°C for 5 hours. Infected cells were incubated in fresh virus-free medium
overnight, then cultured with 1 mg/ml puromycin for 14 days. Myc overexpression was
confirmed by immunoblotting. Myc-ER-expressing Ba/F3-1TD cells were treated with 300
nM 4-hydroxytamoxifen (4-OHT) (Sigma-Aldrich, St. Louis, MO) to activate the myc-ER
fusion protein via translocation from cytoplasm to nucleus.

Ba/F3-ITD cells were also infected with constitutively active myristoylated AKT (Myr-
AKT), pBabe-Puro-Myr-Flag-AKT1 (Addgene plasmid #15294) (22), or pBABE-puro
empty vector control, as above.

Finally, Ba/F3-ITD cells were infected with pMSCVpuro-Flag-cMyc-T58A plasmid
(Addgene plasmid #20076) (18) containing c-Myc with a T58 mutation changing threonine
to alanine, inhibiting phosphorylation, or pMSCVpuro empty vector control (Takara Bio
USA, Mountain View, CA).

Patient samples

Materials

Blood and bone marrow samples were obtained from FLT3-1TD and FLT3-WT AML
patients (Supplementary Table S1) on a University of Maryland Baltimore Institutional
Review Board-approved protocol, following written informed consent, in accordance with
the Declaration of Helsinki. Mononuclear cells isolated by density centrifugation over
Ficoll-Paque (Sigma-Aldrich) were cultured in RPMI 1640 with 20% fetal bovine serum
(FBS), without cytokine supplementation, with and without FLT3 inhibitors and/or PADs.
Cells were studied fresh, without prior cryopreservation.

Gilteritinib (4) (ASP2215; Active Biochem, Maplewood, NJ) and quizartinib (4) (AC220;
Selleck Chemicals, Houston, TX), type | and Il FLT3 inhibitors, respectively, clinically
active in FLT3-1TD AML, were used at pharmacologically relevant concentrations (23,24).
The SET-sequestering PAD FTY720 (25) (Fingolimod; Cayman Chemical Company, Ann
Arbor, MI) was also used at pharmacologically relevant concentrations. DT-061, an orally
bioavailable small molecule activator of PP2A (SMAP) developed by reengineering tricyclic
neuroleptics and proposed to directly bind the PP2A Aa subunit (26-29), was provided by
Dr. Goutham Narla. The pan-Pim inhibitor AZD1208 and GSK-3p inhibitors TC-G 24 and
TWS119 were from Tocris Bioscience, Minneapolis, MN, the c-Myc inhibitor 10058-F4
from Sigma-Aldrich, and the pan-AKT inhibitor MK-2206 from Selleck Chemicals,
Houston, TX.

Cytotoxicity assay

Cytotoxicity was measured using the WST-1 assay after 48-hour culture (20). I1Csq values
were determined by non-linear curve fitting to a dose-response curve using Prism V software
(GraphPad, La Jolla, CA).
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Cell proliferation assay

Cells cultured in RPMI 1640 medium with 10% FBS with and without drug(s) were
collected at serial time points and live cells were counted after trypan blue dye exclusion, as
described (20).

Measurement of apoptosis

Apoptosis was measured by annexin V/PI staining, as described (20).

Determination of synergy

Cells plated in triplicate on 96-well plates were treated with drugs at various concentrations
alone and in combinations. Assays were terminated after 48 hours and combination indexes
were determined according to the Chou-Talalay method using CompuSyn software, as
previously described (11). Values less than 1, equal to 1 and greater than 1 are synergistic,
additive and antagonistic, respectively.

in vivo study

NOD-scid IL2Rg"!" (NSG) mice age 6-8 weeks were purchased from the Jackson
Laboratory (Bar Harbor, ME). Exponentially growing MV4-11-luc cells (1x106), from Dr.
Sharyn Baker, The Ohio State University, Columbus, OH, were injected intravenously into
the lateral tail veins of restrained mice (11). Engraftment was assessed seven days later using
the Xenogen IVIS Spectrum Imaging System (Caliper Life Sciences, Hopkinton, MA) after
intraperitoneal injection of 150 mg/kg D-luciferin, and mice were sorted into four treatment
groups (n=5 each) with equal mean signal intensity. Gilteritinib (Chemietek, Indianapolis,
IN) and DT-061 (MedChemExpress USA, Monmouth Junction, NJ) were formulated via
loading into preformed liposomes by transmembrane ammonium sulfate gradient or passive
equilibration techniques, respectively. Gilteritinib (2 mg/kg) and/or DT-061 (5 mg/kg) were
administered intravenously to MV4-11-luc-bearing mice every other day beginning on Day
7 after inoculation. Leukemia burden was measured weekly by bioluminescence imaging, as
above. Bioluminescent image data were analyzed with Living Image software (PerkinElmer,
Waltham, MA). Total bioluminescent signal was obtained as photons/second. Endpoints
were 20% body weight loss, hind limb paralysis or lack of mobility to eat/drink. The
University of Maryland Institutional Animal Care and Use Committee approved the study.

Immunoblotting

Cells were lysed in 150 mM NaCl lysis buffer with protease and phosphatase inhibitors
(Sigma-Aldrich). Protein concentration was measured using the Dye Reagent Concentrate:
Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA) and 20 pg from each
sample was immunoblotted (11,20). Immunoblots were incubated with antibodies (catalog
numbers in parentheses) including polyclonal antibodies to c-Myc (9402), Pim-1 (2907),
BAD (9292), p-BAD (S112) (9291), p-p44/42 MAPK (ERK1/2) (T202/Y204) (9101) and
ubiquitin (3933) and monoclonal antibodies to p44/42 MAPK (ERK1/2) (9107), GSK-3a./p
(5676), p-GSK-3a/p (S9/S21) (8566), AKT (9272), p-AKT (S473) (4060), p-AKT (T308)
(2965) and p44/42MAPK (ERK1/2) (9107) (Cell Signaling Technology, Danvers, MA), B-
actin (clone C-11, sc-1615 HRP) (Santa Cruz Biotechnology, Dallas, TX) vinculin (V9264)
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(Sigma-Aldrich), p-Myc (S62) (ab78318) and p-Myc (T58) (ab185655) (Abcam,
Cambridge, MA) overnight at 4°C, then with horseradish peroxidase-conjugated secondary
antibodies for one hour at room temperature. Band intensities measured by densitometry
(VisionWorks®LS, UVP, Upland, CA) at serial time points were compared to pre-treatment
intensities, defined as 100%.

Protein turnover and proteasomal degradation

To study protein turnover, cells were treated with 100 pg/mL cycloheximide (CHX) (Sigma-
Aldrich) for 60 minutes to block new protein translation before addition of FLT3 inhibitor
and/or PAD or DMSO control. Protein expression was studied at serial time points by
immunoblotting. Band intensities measured by densitometry at serial time points were
compared to pre-treatment intensity, defined as 100%. Protein half-life was calculated using
the algorithm t1,»=0.693t,/In(Co/C,,), where n represents the last time point (30).

To study the effect of proteasomal degradation, cells were treated with CHX as above, with
and without addition of the proteasome inhibitor carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
(MG-132; Calbiochem, San Diego, CA) (20 uM) 30 minutes after adding CHX and 30
minutes before adding FLT3 inhibitor and/or PAD.

Co-immunoprecipitation

Ba/F3-ITD cells were treated with 15 nM gilteritinib and 2 uM FTY720 or DMSO control
for 4 hours. Cell lysates were pulled down with c-Myc antibody (Cell Signaling Technology)
and immunoprecipitated protein was probed with ubiquitin antibody (Cell Signaling
Technology). Ba/F3-1TD cells were also treated with 1 nM quizartinib and 2 pM FTY720, or
DMSO control, for 1 hour. Cell lysates were pulled down with Pim-1 antibody (Santa Cruz
Biotechnology) and immunoprecipitated protein was probed with ubiquitin antibody.

Quantitative real time polymerase chain reaction (qRT-PCR)

RNA was isolated using Trizol Reagents (Thermo Fisher Scientific, Waltham, MA) and
cDNA was created using Superscript IV Reverse Transcriptase (Thermo Fisher Scientific).
RT-gPCR was performed using SYBER® Green (MilliporeSigma, St. Louis, MO). All
reactions were performed in triplicate. Primers are shown in Supplementary Table S2. The
ACt method for relative quantification of gene expression was used to determine mRNA
expression levels.

GSK-3p phosphorylation of Pim-1

The Pim-1 amino acid sequence (https://www.uniprot.org/uniprot/P11309#P11309-1) was
searched for potential GSK-3p phosphorylation sites using the Group-based Prediction
System algorithm (GPS 5.0, http://gps.biocuckoo.cn), with cutoff set to a medium threshold
with a false prediction rate below 6% for serine/threonine kinases. Sites identified included
S95/S4 on Pim-1L/Pim-1S, which is present in a sequence (MLLSKINSL) highly conserved
among mammalian species. Wild-type peptide with S95/S4 (EVGMLLSKINSL) and
synthetic peptide with S95A/S4A mutation (EVGMLLAKINSL) preventing phosphorylation
at this site were obtained from LifeTein (Somerset, NJ). GSK-3p phosphorylation was
measured using the non-radioactive ADP-Glo™ GSK-3p kinase assay (Promega, Madison,
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WI), according to the manufacturer’s instructions. Wild-type and mutant peptides (10 pg)
were added to 0.2 ng GSK-3p kinase enzyme, 1ug GSK-3p kinase substrate as a positive
control and 50uM ATP and the reaction was incubated at room temperature for 60 minutes
in the dark. ADP-Glo reagent (5ul) was then added to each well, followed by incubation for
30 minutes in the dark (ATP depletion phase). Kinase Glo detection reagent (10 pl) was then
added, followed by incubation for 30 minutes at room temperature in the dark (ADP
detection phase). The luminescent signal was detected using the FlexStation 3 multi-mode
microplate reader (Molecular Devices, San Jose, CA) and data were analyzed by SoftMax
Pro 5.4.6. software (Molecular Devices). Luminescent signal for mutant peptide was
normalized to luminescent signal for wild-type peptide.

Statistical analysis

Results

All in vitro data were derived from at least three independent experiments, with error bars
representing standard error of the mean (SEM). Statistical analysis was performed by two-
way ANOVA with post hoc Bonferroni testing, using Prism 5 (GraphPad, San Diego, CA).
In the /n vivo model, photon intensity in mice treated with DT-061 and gilteritinib
combination versus gilteritinib alone was compared by 2-way ANOVA with Sidak’s multiple
comparison test.

PP2A-activating drugs enhance efficacy of FLT3 inhibitors in cells with FLT3-ITD

To demonstrate the effect of co-treatment on cell growth in vitro, MV4-11 and Ba/F3-1TD
cells, with FLT3-ITD, were grown in RPMI 1640 medium with 10% FBS with FLT3
inhibitors (gilteritinib or quizartinib) and/or PADs (FTY720 or DT-061) at their ICgq
concentrations for these cell lines (Supplementary Table S3), or DMSO control, and viable
cells were counted at serial time points. While FLT3 inhibitors and PADs as single agents
decreased growth of both cell lines relative to DMSO control, concurrent treatment with
PAD and FLT3 inhibitor markedly decreased growth relative to single-drug treatments in
MV4-11 (Figure 1A) and Ba/F3-1TD (Supplementary Figure S1A) cells.

To investigate the cytotoxic effects of co-treatment, MV4-11 and Ba/F3-I1TD cells were
cultured for 48 hours with the FLT3 inhibitors gilteritinib or quizartinib at their I1Cgq
concentrations for these cell lines (Supplementary Table S3) with FTY720 or DT-061 at
increasing concentrations, and apoptosis was measured by annexin V/propidium iodide (PI)
labeling, detected by flow cytometry. PAD and FLT3 inhibitor combinations significantly
increased apoptosis, relative to single-drug treatments in MV4-11 (Figure 1B) and Ba/F3-
ITD (Supplementary Figure S1B) cells.

Synergy of PAD and FLT3 inhibitor combinations was also demonstrated cells by Chou-
Talalay analysis in the FLT3-1TD cell lines MV4-11 (Figure 1C) and Ba/F3-ITD
(Supplementary Figure S1C), while synergy was not seen in the FLT3-WT AML cell lines
THP-1 and OCI-AML2 (Supplementary Figure S2).

To study PAD and/or FLT3 inhibitor effects /n vivo, NSG mice with MV4-11-luc cells
injected intravenously and allowed to engraft were treated with gilteritinib and/or DT-061 or
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vehicle control, five mice per treatment group, as described in Materials and Methods, and
leukemia burden was measured by luciferin imaging. By Day 35, leukemia burden was
significantly lower in mice treated with DT-061 and gilteritnib combination, compared to
gilteritinib alone (p=0.0018 by 2-way ANOVA with Sidak’s multiple comparison test)
(Figure 1D), and also compared to DT-061 alone (p<0.0001). Images of all mice are shown
in Supplementary Figure S3.

Finally, FLT3-ITD AML patient blasts were also cultured for 48 hours with gilteritinib (15
nM) or quizartinib (1 nM) with and without 4 uM FTY720 or 10 uM DT-061. PAD
treatment significantly increased apoptosis induction by FLT3 inhibitors (Figure 1E). In
contrast, PAD and FLT3 inhibitor combinations at these concentrations were not cytotoxic in
blasts from patients with AML with FLT3-WT or marrow cells from AML patients in
complete remission (CR) or CR with incomplete platelet recovery (Supplementary Figure
S4).

PAD and FLT3 inhibitor treatment downregulates c-Myc and Pim-1 expression in FLT3-ITD-
expressing cells

To study effects of PAD and FLT3 inhibitor treatment on c-Myc and Pim-1, expression of
these proteins was measured by immunoblotting at serial time points in Ba/F3-1TD and
MV4-11 cells and FLT3-1TD AML patient blasts treated with gilteritinib and/or FTY720 or
DT-061, or DMSO control. Co-treatment with gilteritinib and FTY720 or DT-061 markedly
downregulated both c-Myc and Pim-1 protein expression, relative to treatment with single
drugs or DMSO control (Figure 2, A-D). Expression of p-T58- and p-S62-c-Myc relative to
total c-Myc was also studied, demonstrating that p-T58-c-Myc expression was increased and
more sustained than p-S62- and total c-Myc expression in both Ba/F3-ITD and MV4-11
cells treated with gilteritinib and FTY720 combination, though expression was more
sustained in Ba/F3-1TD (Supplementary Figure S6).

MRNA expression was also studied (Supplementary Figure S7). c-Myc mRNA expression
was stable in Ba/F3-1TD cells treated with gilteritinib and FTY720, but decreased and then
stabilized in similarly treated MV4-11 cells, as did Pim-1 mRNA expression in both cell
lines. Progressive mMRNA downregulation, as seen for protein expression, was not observed.

Finally, effects of PAD and FLT3 inhibitor treatment on c-Myc and Pim-1 in blasts from
Patient 7, with FLT3-WT AML, are shown in Supplementary Figure S8. c-Myc and Pim-1
were not downregulated by combination treatment.

PAD and FLT3 inhibitor treatment increases c-Myc and Pim-1 protein turnover in FLT3-ITD-
expressing cells through enhanced proteasomal degradation

As an initial approach to testing whether c-Myc and Pim-1 downregulation by PAD and
FLT3 inhibitor co-treatment is post-translational, c-Myc and Pim-1 protein expression was
measured by immunoblotting at serial time points in Ba/F3-1TD cells treated with
quizartinib and/or FTY720, or DMSO control, with and without pre-treatment with the
proteasome inhibitor MG-132. c-Myc and Pim-1 protein expression was downregulated in
Ba/F3-ITD cells co-treated with quizartinib and FTY720, and pre-treatment with MG-132
inhibited this downregulation (Supplementary Figure S9). This suggested increased
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proteasomal degradation as a mechanism for the observed downregulation of c-Myc and
Pim-1 protein expression in FLT3-1TD-expressing cells co-treated with PAD and FLT3
inhibitor.

To confirm that c-Myc and Pim-1 protein downregulation was a result of increased
proteasomal degradation, Ba/F3-1TD (Figure 3A) and MV4-11 (Figure 3B) cells were
pretreated with CHX for 60 minutes to block new protein translation, with and without
addition of MG-132 after 30 minutes, then treated with gilteritinib and FTY720, or DMSO
control. c-Myc and Pim-1 protein turnover increased with gilteritinib and FTY720 co-
treatment, compared to DMSO control, with a marked reduction in the half-lives of c-Myc
and Pim-1 proteins (Supplementary Figure S10). MG-132 treatment decreased both c-Myc
and Pim-1 protein turnover (Figure 3A,B; Supplementary Figure S10), consistent with
increased proteasomal degradation as the mechanism for the c-Myc and Pim-1 protein
downregulation in FLT3-1TD-expressing cells co-treated with PAD and FLT3 inhibitor.

To further confirm this mechanism, ubiquitinated c-Myc and Pim-1 was measured in Ba/F3-
ITD cells treated with gilteritinib and FTY720, or DMSO control, for 4 hours and 1 hour,
respectively. A marked increase in ubiquitinated c-Myc (Figure 3C) and Pim-1 (Figure 3D)
was seen with gilteritinib and FTY720 treatment, compared to control.

Decreases in c-Myc and Pim-1 expression by PAD and FLT3 inhibitor co-treatment occur
independently

To determine whether c-Myc downregulation by PAD and FLT3 inhibitor co-treatment
occurs via effects on Pim-1, Ba/F3-I1TD cells treated with the pan-Pim kinase inhibitor
AZD1208 and Ba/F3-1TD cells expressing kinase-dead Pim-1 were studied. Ba/F3-1TD cells
were treated with FTY720 and gilteritinib with and without pre-treatment with the pan-Pim
kinase inhibitor AZD1208, and c-Myc expression was measured at serial time points. c-Myc
was similarly downregulated in cells with and without AZD1208 pre-treatment (Figure 4A).
c-Myc expression was also studied at serial time points in parental Ba/F3-1TD cells and
Ba/F3-ITD cells expressing kinase-dead Pim-1 or empty vector control treated with
gilteritinib and FTY720. c-Myc was similarly downregulated in all three (Figure 4B).
Decreased p-BAD (S112) demonstrates inhibition of Pim-1 activity in Figures 4, A and B.

To determine whether Pim-1 downregulation by FTY720 and quizartinib co-treatment is
dependent on c-Myc downregulation, Pim-1 expression was measured at serial time points in
Ba/F3-ITD cells and Ba/F3-1TD cells infected with ER-Myc plasmid or empty vector
control. Pim-1 was similarly downregulated in all three (Figure 4C). Additionally, treatment
of Ba/F3-ITD cells with the c-Myc inhibitor 10058-F4 at 100 1M, a concentration at which
it induced apoptosis (Figure 4D inset), did not downregulate Pim-1 expression (Figure 4D).

PAD and FLT3 inhibitor treatment inactivates AKT

Because CIP2A overexpression has been associated with significantly higher c-Myc, STATS5,
and p-AKT (S473) (active) levels in FLT3-1TD-expressing cells (13) and p-AKT (5473)
regulates c-Myc stability in prostate cancer cells (31), we hypothesized that p-AKT (S473)
might regulate c-Myc protein turnover in FLT3-ITD-expressing cells. To test this hypothesis,
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we studied p-AKT (S473) expression in FLT3-1TD-expressing cells treated with PAD and/or
FLT3 inhibitor.

p-AKT (S473) decreased rapidly in Ba/F3-1TD and MV4-11 cells and FLT3-1ITD AML
patient blasts co-treated with quizartinib or gilteritinib and FTY720 or DT-061, but not in
cells treated with single drugs or with DMSO control (Figure 5A-C). p-AKT (S473)
decrease preceded Pim-1 and c-Myc downregulation (Figure 5A-C). p-AKT (T308) also
decreased with drug co-treatment (Figure 5B).

To confirm that AKT inactivation occurs upstream of c-Myc downregulation, Ba/F3-1TD
cells were treated with the Myc inhibitor 10058-F4. Myc inhibition did not decrease p-AKT
(S473) nor inhibit the decrease in p-AKT induced by gilteritinib and FTY720 co-treatment
(Figure 5D).

AKT inactivation is necessary and sufficient for post-translational c-Myc and Pim-1
downregulation and apoptosis induction by PAD and FLT3 inhibitor co-treatment

To determine whether AKT inactivation is necessary and sufficient for c-Myc and Pim-1
downregulation and apoptosis induction by PAD and FLT3 inhibitor co-treatment, Ba/F3-
ITD cells were infected with myristoylated AKT (Myr-AKT1), causing constitutive AKT
activation, and were also treated with the pan-AKT inhibitor MK-2206.

In Ba/F3-ITD cells infected with pBabe-Puro-Myr-Flag-AKT1, FTY720 and quizartinib co-
treatment did not downregulate c-Myc or Pim-1 expression, in contrast to findings in
parental Ba/F3-1TD and Ba/F3-1TD infected with empty vector control (Figure 6A). pBabe-
Puro-Myr-Flag-AKT1 expression also inhibited induction of increased c-Myc and Pim-1
protein turnover by FTY720 and quizartinib co-treatment (Figure 6B). Moreover, FTY720
and quizartinib co-treatment did not induce apoptosis in Ba/F3-ITD cells infected with
pBabe-Puro-Myr-Flag-AKT1, in contrast to findings in parental Ba/F3-1TD and Ba/F3-1TD
infected with empty vector control (Figure 6C). Therefore, AKT inactivation is necessary for
downregulation of c-Myc and Pim via increased protein turnover and induction of apoptosis
by PAD and FLT3 inhibitor co-treatment.

Additionally, treatment with the AKT inhibitor MK-2206 downregulated c-Myc and Pim-1
protein expression similarly to FTY720 and gilteritinib co-treatment (Figure 6D). Moreover,
MK-2206 increased c-Myc and Pim-1 protein turnover, and this effect was inhibited by pre-
treatment with MG-132 (Figure 6E). Finally, MK-2206 induced apoptosis of Ba/F3-ITD and
MV4-11 cells similarly to FTY720 and gilteritinib co-treatment (Figure 6F). Thus, AKT
inactivation is sufficient for c-Myc and Pim-1 downregulation via increased protein turnover
and for induction of apoptosis in FLT3-ITD-expressing cells.

We also studied p-ERK1/2 expression in Ba/F3-ITD and MV4-11 cells treated with
gilteritinib and/or FTY720. p-ERK1/2 (T202/Y204) was downregulated in cells treated with
drug combination, but later than, and to a lesser extent than, p-AKT (S473) (Supplementary
Figure S11).
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Based on the fact that c-Myc inhibition potently induces apoptosis of cells with FLT3-1TD
(Figure 4D), c-Myc is likely is likely responsible for the apoptosis observed in Figure 6F, but
it cannot be stated with certainty that it is solely responsible.

AKT inactivation regulates c-Myc and Pim-1 proteasomal degradation through GSK-3p

activation

Since GSK-3p phosphorylates c-Myc at T58 to enhance its proteasomal degradation (18)
and GSK-3p is an AKT substrate (32), we hypothesized that AKT inactivation by PAD and
FLT3 inhibitor co-treatment decreases GSK-3f phosphorylation, thereby activating it,
resulting in c-Myc T58 phosphorylation and thus enhanced c-Myc proteasomal degradation.

Indeed, gilteritinib and DT-061 co-treatment caused rapid GSK-3a/p dephosphorylation
(activation) in MV4-11 cells (Figure 7A). Moreover, co-treatment with the GSK3-f inhibitor
TC-G 24 prevented c-Myc and Pim-1 downregulation in Ba/F3-1TD cells (Figure 7B) and
FLT3-ITD AML patient blasts (Figure 7C) treated with gilteritinib and DT-061. Treatment
with TC-G 24 also inhibited apoptosis induction by PAD and FLT3 inhibitor combinations
(Figure 7D). A second GSK3- inhibitor, TWS119, also inhibited c-Myc and Pim-1
downregulation in Ba/F3-1TD cells (Supplementary Figure S12A) and inhibited apoptosis
induction (Supplementary Figure S12B) by PAD and FLT3 inhibitor combinations.

We next demonstrated that AKT inactivation is necessary and sufficient for GSK-3p
activation by PAD and FLT3 inhibitor co-treatment. FTY720 and quizartinib co-treatment
caused GSK-3a and -p dephosphorylation (activation) in parental Ba/F3-1TD cells and
Ba/F3-ITD cells infected with empty vector, but not with myristoylated (constitutively
activated) AKT (Figure 7E). Additionally, treatment with the AKT inhibitor MK-2206
resulted in GSK-3a and -B dephosphorylation, similarly to FTY720 and gilteritinib co-
treatment (Figure 7F).

To demonstrate that AKT-mediated c-Myc proteasomal degradation occurs through c-Myc
phosphorylation at T58, Ba/F3-ITD cells infected with pMSCVpuro-Flag-cMyc-T58A
plasmid with c-Myc mutation at T58, inhibiting phosphorylation, or empty vector control
were co-treated with FTY720 and gilteritinib. FTY720 and gilteritinib co-treatment did not
increase c-Myc protein turnover in cells expressing c-Myc with the T58A mutation (Figure
8A), demonstrating that FLT3 inhibitor and PAD co-treatment increases c-Myc proteasomal
degradation through c-Myc T58 phosphorylation. pMCVpuro-FLAG-cMYC-WT is
unavailable as a control, but it should be noted that Pim-1 kinase is similarly downregulated
by combination treatment in parental Ba/F3-1TD and Ba/F3-1TD overexpressing c-Myc or
empty vector control (Figure 4C). Additionally, expression of c-Myc with the T58A
mutation protected against apoptosis induction by quizartinib and FTY720 combination
(Figure 8B).

We next sought to determine the mechanism by which GSK-3p regulates Pim-1 protein
turnover. To investigate potential GSK-3p phosphorylation sites on Pim-1L and Pim-1S,
bioinformatic analysis of their protein sequences (GPS 5.0, http://gps.biocuckoo.cn) was
performed. Putative phosphorylation sites identified included S65, S69, S74 and S95 on
Pim-1L and S4 on Pim-1S. The S95 sequence in Pim-1L (MLLAKINSL) is homologous to
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the S4 sequence in Pim-1S (Figure 8C, upper panel) and is also conserved in multiple
mammalian species, supporting essential biological functions of these residues. We therefore
tested the peptide sequence EVGMLLSKINSL, which includes the putative phosphorylation
sites S95 in Pim-1L and S4 in Pim-18S, as potential substrates for GSK-3p kinase activity in
an /n vitro kinase assay. Commercially available GSK-3p active kinase was incubated with
this peptide or its corresponding mutant version in which the predicted phosphorylation
serine (S) was substituted by alanine (A), which cannot be phosphorylated. GSK-3p
phosphorylated the wild-type peptide, but not the mutant peptide with A substituted for S
(Figure 8C, lower panel). We therefore tested this site, S95/S4 on Pim-1/Pim-1L, with
peptides EVGMLLSKINSL and EVGMLLAKINSL, the latter with a mutated putative
GSK-3p phosphorylation site, in a GSK-3p kinase assay, described in Materials and
Methods. GSK-3p kinase activity was markedly decreased when EVGMLLAKINSL, rather
than EVGMLLSKINSL, was present in the phosphorylation reaction (Figure 8C, lower
panel), consistent with GSK-3p phosphorylation of S95/S4 on Pim-1L/Pim-1S.

A schematic summarizing the pathway affected by the PAD and FLT3 inhibitor combination
treatment is shown in Figure 8D.

Discussion

FLT3-1TD is present in AML cells of 30% of patients (2), and results in constitutive and
aberrant FLT3 signaling (1). FLT3-1TD AML patients have short disease-free survival (2).
FLT3 inhibitors are cytotoxic toward FLT3-1TD-expressing AML cells and produce clinical
benefit, with the FLT3/multikinase inhibitor midostaurin approved for use after
chemotherapy for newly diagnosed AML with FLT3 mutations (33), and the more potent
and specific FLT3 inhibitor gilteritinib approved for single-agent treatment of refractory or
relapsed AML with FLT3 mutations (34). Nevertheless, clinical responses to FLT3 inhibitors
are generally limited and transient, with rapid development of resistance (3). Combinations
with drugs targeting other molecules in FLT3-1TD signaling pathways may improve
responses to FLT3 inhibitors (3). Drugs that have been shown to enhance efficacy of FLT3
inhibitors when given in combination have included Pim kinase inhibitors (8-11,35), AKT
inhibitors (36,37), the Bcl-2 inhibitor venetoclax (38) and PADs (5,6).

PADs and FLT3 inhibitors have been previously shown to produce synergistic cytotoxicity in
FLT3-1TD-expressing AML cells /n vitro (5,6). The PAD OP449, which activates PP2A by
antagonizing its inhibition by SET, is cytotoxic toward the FLT3-1TD expressing cell line
MOLM-14 and results in decreased STAT5, AKT, and S6 ribosomal protein
phosphorylation, and OP449 and quizartinib co-treatment synergistically reduces MOLM-14
cell growth (5). Treatment with the PAD FTY720 and its analogue AAL(S) decreases ERK
and AKT phosphorylation, induces death of FLT3-1TD-expressing cells and inhibits colony
formation, and FTY720 and AAL(S) had synergistic cytotoxicity with FLT3 inhibitors,
including in the presence of bone marrow stroma, and synergistic effects on colony
formation by FLT3-1TD-expressing cells, but not normal CD34+ bone marrow cells (6). It
was hypothesized that since PP2A induces degradation and inactivation of Pim-1 (14),
FTY720 or AAL(S) might inhibit Pim-1 as the mechanism for synergy with FLT3 inhibitors
(6). Here we demonstrate that PAD and FLT3 inhibitor co-treatment of FLT3-ITD-
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expressing cells results in marked downregulation of both c-Myc and Pim-1 protein
expression through increased proteasomal degradation of both proteins, resulting from AKT
inactivation, through a GSK-3p-dependent mechanism. Our work adds to the growing
literature on effectiveness of the dual therapeutic strategy of activating phosphatases while
inhibiting kinases to enhance efficacy of kinase inhibitors (39), and elucidates for the first
time the mechanism of action of this dual therapeutic strategy in FLT3-ITD AML.

Combined PAD and kinase inhibitor treatment also has therapeutic efficacy in other
malignant cell types. Co-treatment with OP449 and dovitinib, an orally active multi-receptor
TKI, synergistically reduced T-acute lymphoblastic leukemia cell viability, via c-Myc, p-c-
Myc (S62), p-ERK1/2, p-AKT and p70S6 kinase downregulation (40). DT-061 co-treatment
sensitized KRAS-mutant lung cancer cells to MEK inhibitor via p-AKT and c-Myc
downregulation (41). Correspondingly, PP2A inactivation by recurrent mutation in the
scaffolding subunit resulted in resistance to MEK inhibitors (42). In another study,
combination of PADs and the TKI afatinib was synergistic in TKI-sensitive and -resistant
lung adenocarcinoma cells, with TKI re-sensitization of resistant cells thought to be due to
AKT and MAP kinase (MAPK) pathway inactivation, as acquired TKI resistance commonly
occurs through reactivation of PI3K and MAPK pathways downstream of EGFR (43).
Finally, PAD and mTOR inhibitor co-treatment decreased pancreatic ductal adenocarcinoma
growth through suppression of AKT/mTOR signaling and post-translational c-Myc protein
downregulation (44).

AKT is activated downstream of FLT3-ITD by phosphorylation on S473 and T308 (1). We
found that combined PAD and FLT3 inhibitor treatment rapidly inactivates AKT in FLT3-
ITD-expressing cells through dephosphorylation of the S473 and T308 residues. The dual
PI3K/PDK-1 inhibitor BAG956 was previously shown to be cytotoxic toward cell lines and
patient-derived FL3-1TD-expressing AML cells, including Ba/F3-1TD cells resistant to the
FLT3 inhibitor midostaurin (PKC412) (36). In a subsequent study using a combinatorial
high-throughput drug screen, selective AKT inhibitors, including AT7867, GSK690693 and
MK-2206, were found to synergize with FLT3 inhibitors in FLT3-1TD-expressing AML
cells in either the absence or presence of stroma (37). Additionally, in two cell lines with
induced resistance to sorafenib without acquired FLT3 mutations, and in sorafenib-resistant
FLT3-1TD AML patient blasts, FLT3 signaling was inhibited by sorafenib, but the PI3K/
mTOR pathway remained activated, and cells were sensitive to the selective PI3K/mTOR
inhibitor gedatolisib (45). In other work, STATS5 activation by FLT3-1TD was found to
protect cells treated with PI3K/Akt pathway inhibitors from apoptosis by maintaining Mcl-1
expression through the mTORC1/4EBP1/elFAE pathway (46), potentially supporting
efficacy of co-inhibition of FLT3 and the PI3K/Akt pathway in FLT3-ITD-expressing cells.

We further found that AKT inactivation by PAD and FLT3 inhibitor co-treatment resulted in
post-translational downregulation of Pim-1 and c-Myc protein expression. We found that
post-translational c-Myc downregulation occurred through T58 phosphorylation, in turn
caused by GSK-3p activation, and that treatment with GSK-3p inhibitors replicated the
effects of PAD and FLT3 inhibitor co-treatment. Additionally, whereas GSK-3p has been
found to be a Pim-1 substrate (47), we found here that Pim-1 is a potential GSK-3
substrate, elucidating a potential negative feedback loop, in which Pim-1 inhibits GSK-3p
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by phosphorylating it on S9 (47), and GSK-3p phosphorylates Pim-1, resulting in its post-
translational upregulation, shown here.

In addition to elucidating a novel regulatory pathway, our findings have potential clinical
applicability, supporting the use of PAD and FLT3 inhibitor combinations to treat FLT3-1TD
AML. PADs are in development (19). The PAD FTY720 (Fingolimod) is approved by the
United States Food and Drug Administration for treatment of multiple sclerosis (MS) and is
thought to have an acceptable risk to benefit ratio for treatment of AML, given its lack of
bone marrow toxicity and low rate of serious toxicities in healthy subjects (48) and in MS
patients (49). Novel FTY720 analogues are also in development (50,51).The orally
bioavailable phenothiazine derivative DT-061 is in preclinical development (19). Our
findings support potential therapeutic efficacy of PAD and FLT3 inhibitor combinations in
AML with FLT3-ITD. They also support potential efficacy of AKT inhibitors and GSK-3p
inhibitors in this disease subtype.

FLT3 inhibitor resistance mechanisms include FLT3 tyrosine kinase domain mutations, RAS
mutations, and Pim overexpression (3). Dual targeting of FLT3-1TD signaling pathways may
overcome FLT3 inhibitor resistance (3). Future work will address PAD co-treatment efficacy
in preventing and overcoming FLT3 inhibitor resistance in FT3-1ITD AML. Notably, a
genome-wide CRISPR screen identified GSK-3 as a gene critical for resistance to
quizartinib (52). Expression of GSK-3a was markedly reduced in quizartinib-resistant
FLT3-1TD cells, and GSK-3 knockout resulted in quizartinib resistance, through reactivation
of FLT3-1TD downstream signaling pathways (52). Additionally, GSK-3 inhibits Wnt
signaling, and GSK-3 deletion restores it (52). Co-treatment with PAD and FLT3 inhibitor
inactivates AKT, which activates GSK-3, and might overcome this mechanism of quizartinib
resistance. PAD co-treatment warrants further study as strategy for preventing or reversing
FLT3 inhibitor resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Concurrent PP2A-activating drug treatment increases cytotoxicity of FLT3 inhibitors
in MV4-11 cellsand AML patient blastswith FLT3-ITD and in an MV4-11 orthotopic mouse
model.

A. Combination treatment decreases MV 4-11 growth. MV4-11 human FLT3-1ITD AML
cells were cultured in triplicate with 1 nM quizartinib or 15 nM gilteritinib and/or 2 uM
FTY720 or 10 uM DT-061, or DMSO control, and viable cells were counted after 24, 48 and
72 hours. B. Combination treatment increases MV4-11 apoptosis. MV4-11 cells were
cultured in triplicate with 1 nM quizartinib or 15 nM gilteritinib and/or FTY720 or DT-061
at the concentrations shown, or DMSO control, and apoptosis was measured after 48 hours
by annexin V/PI staining. Statistical analysis was performed by two-way ANOVA with post
hoc Bonferroni testing (*p<0.05, **p<0.005, ***p<0.001). C. Combination treatment is
synergisticin MV4-11 cells. MV4-11 cells cultured in triplicate on 96-well plates were
treated with gilteritinib and FTY720 alone and in combination at the concentrations shown.
Combination indexes were determined by Chou-Talalay analysis. D. DT-061 enhances
efficacy of gilteritinib in vivo. NSG mice inoculated with MV411-luc cells on Day 0 were
treated with liposomal gilteritinib and/or DT-061, or vehicle control, beginning on Day 7
(D7). Left panel shows change in photon intensity, measured by bioluminescence imaging,
over time, with ***p=0.0004, comparing DT-061 and gilteritinib combination vs. gilteritinib
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alone on Day 49 by 2-way ANOVA with Sidak’s multiple comparison test. Right panel
shows two representative mice from each treatment group on Days 7, 28, 35 and 49. E.
Combination treatment increases FLT3-ITD AML blast apoptosis. FLT3-1ITD AML
patient blasts were plated in triplicate in RPMI 1640 medium with 1 nM quizartinib or 15
nM gilteritinib and/or FTY720 or DT-061 at the concentrations shown, or DMSO control,
and apoptosis was measured after 48 hours by annexin V/PI staining. Statistical analysis was
performed by two-way ANOVA with post hoc Bonferroni testing (*p<0.05, **p<0.005,
***p<0.001).
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Figure 2. Concurrent treatment with PP2A activator and FLT3 inhibitor downregulates c-Myc
and Pim-1 protein expression.

Ba/F3-1TD (A) and MV4-11 (B) cells and FLT3-1TD AML patient blasts (C,D) cultured
with 15 nM gilteritinib and/or 2 uM (cell lines) or 4 UM (patient blasts) FTY720 or 10 uM
DT-061, or DMSO control, were harvested at the time points shown, and c-Myc and Pim-1
protein expression was measured by immunoblotting, with vinculin protein expression as a
loading control. Results are also shown graphically in Supplementary Figure S4.
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Figure 3. Concurrent PP2A-activating drug and FLT 3 inhibitor treatment increases c-Myc and
Pim-1 ubiquitination and proteasomal degradation.

Ba/F3-1TD (A) and MV4-11 (B) cells pre-treated with 100 ug/ml cycloheximide (CHX) to
inhibit new protein translation, with or without addition of the proteasome inhibitor MG-132
(20 pM), were treated with 1 nM quizartinib and/or 2 uM FTY720, or DMSO control, and c-
Myc and Pim-1 protein expression was measured by immunoblotting at the time points
shown. Results are also shown graphically in Supplementary Figure S4. C. Ba/F3-1TD cell
lysates prepared after treatment with 15 nM gilteritinib and 2 uM FTY720, or DMSO
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control, for 4 hours were pulled down with c-Myc antibody and the immunoprecipitated
protein complex was immunoblotted and probed with ubiquitin antibody. D. Ba/F3-1TD cell
lysates prepared after treatment with 1nM quizartinib and 2 uM FTY720, or DMSO control,
for one hour were pulled down with Pim-1 antibody and the immunoprecipitated protein
complex was immunoblotted and probed with ubiquitin antibody.
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Figure 4. Effects of PP2A-activating drug and FLT3 inhibitor combination treatment on c-Myc
and Pim-1 expression areindependent.

A. Pre-treatment of Ba/F3-1TD cellswith the pan-Pim kinase inhibitor AZD1208 does
not alter c-Myc downregulation by combination treatment. Ba/F3-1TD cells were treated
with 15 nM gilteritinib and 2 pM FTY720 with or without 30-minute pre-treatment with 1
UM AZD1208, and c-Myc protein expression was measured by immunoblotting at the time
points shown. Decreased p-BAD (S112) demonstrates inhibition of Pim-1 activity. B. c-Myc
issimilarly downregulated by combination treatment in parental Ba/F3-1TD and
Ba/F3-ITD infected with kinase-dead Pim-1 kinase or empty vector control. Parental
Ba/F3-ITD cells and Ba/F3-1TD cells infected with kinase-dead Pim-1 kinase (Ba/F3-1TD
pMX-FlagK67M) or with empty vector control (Ba/F3-ITD pMX) were treated with 15 nM
gilteritinib and 2 pM FTY720 and c-Myc expression was measured by immunaoblotting at
the time points shown. Decreased p-BAD (S112) demonstrates inhibition of Pim-1 activity.
C. Pim-1kinaseissimilarly downregulated by combination treatment in parental
Ba/F3-1TD and Ba/F3-I TD overexpressing c-Myc or empty vector control. Parental
Ba/F3-ITD and Ba/F3-1TD expressing ER-Myc or empty vector control were treated with 1
nM quizartinib and 2 uM FTY720, or DMSO control. Cells expressing ER-Myc were
cultured with 300 nM 4-hydroxytamoxifen (4-OHT) to activate the myc-ER fusion protein
via translocation from cytoplasm to nucleus, and parental cells and empty vector cells were
similarly cultured with 4-OHT. c-Myc and Pim-1 protein was measured by immunoblotting
at the time points shown. D. Myc inhibition does not downregulate Pim-1. Ba/F3-1TD
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cells were treated with the Myc inhibitor 10058-F4 (100 uM) and Pim-1 protein expression
was measured by immunoblotting at the time points shown. Immunoblots of Ba/F3-1TD
cells treated with gilteritinib and FTY720 and/or 10058-F4 are shown. The inset
demonstrates apoptosis induction in Ba/F3-ITD cells by 48-hour 100 uM 10058-F4
treatment.
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Figure 5. PP2A-activating drug and FLT3 inhibitor combination rapidly inactivates AKT,
A. Treatment of Ba/F3-1TD cellswith DT-061 and quizartinib combination causes

rapid decreasein p-AKT ($473). Ba/F3-1TD cells were treated with 1 nM quizartinib
and/or 10 pM DT-061, or DMSO control, and protein expression was measured by
immunoblotting at the time points shown. B. Treatment of MV4-11 cellswith gilteritinib
and FTY 720 combination rapidly decreases p-AKT ($473) and (T308). MV4-11 cells
were treated with 15 nM gilteritinib and/or 2 uM FTY720, or DMSO control, and protein
expression was measured by immunoblotting at the time points shown. This blot is also
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shown in Figure 2B. C. Treatment of FLT3-ITD AML patient blastswith gilteritinib
and DT-061 causesrapid decreasein p-AKT (S473). FLT3-ITD AML patient blasts were
treated with 15 nM qgilteritinib and/or 10 uM DT-061, or DMSO control, and protein
expression was measured by immunoblotting at the time points shown. This blot is also
shown in Figure 2C. D. c-Myc inhibition does not inactivate AKT. Ba/F3/ITD cells were
treated with the c-Myc inhibitor 10058-F4 (100 pM), and p-AKT (S473) and AKT protein
expression was measured at serial time points. c-Myc inhibition did not inactivate AKT,
consistent with c-Myc being downstream of AKT. Immunoblots of Ba/F3/ITD cells treated
with gilteritinib and FTY720 without and with 10058-F4 are shown as controls.
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Figure 6. AKT inactivation is necessary and sufficient for c-Myc and Pim-1 downregulation and
induction of apoptosis by PP2A-activating drug and FLT 3 inhibitor co-treatment.

A. Constitutive AKT activation inhibits c-Myc and Pim-1 downregulation by
combination treatment. c-Myc, Pim-1, p-AKT (S473) and AKT protein expression was
measured by immunoblotting in parental Ba/F3-1TD cells and Ba/F3-ITD cells expressing
myristoylated AKT (pBABE-Puro-Myr-FLAG-AKT1) or empty vector control (oBABE-
Puro) treated with 1 nM quizartinib and 2 pM FTY720. B. Constitutive AKT activation
inhibitsincreasein c-Myc and Pim-1 turnover in co-treated cells. c-Myc, Pim-1, p-AKT
(S473) and AKT protein expression was measured by immunoblotting in Ba/F3-1TD cells
expressing myristoylated AKT or empty vector control treated with 100 pg/ml
cycloheximide (CHX) to block new protein translation, then with 1 nM quizartinib and 2 pM
FTY720, or DMSO control. C. Constitutive AKT activation preventsinduction of
apoptosis by FLT3 inhibitor and PP2A activator combination. Apoptosis was measured
by annexin V/PI labeling in parental Ba/F3-1TD cells and Ba/F3-1TD cells expressing
myristoylated AKT or empty vector control treated with 1 nM quizartinib or 15 nM
gilteritinib and 2 pM FTY720 for 48 hours. Constitutive AKT activation prevented induction
of apoptosis (P<0.0005). D. AKT inhibition downregulates Pim-1 and c-Myc expression.
c-Myc, Pim-1, p-AKT (S473) and AKT protein expression was measured by
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immunoblotting in Ba/F3-1TD cells treated with the AKT inhibitor MK-2206 (5 uM) and/or
15 nM gilteritinib and 2 UM FTY720. E AKT inhibition increases Pim-1 and c-Myc
proteasomal degradation. c-Myc and Pim-1 expression was measured by immunoblotting
in MV4-11 cells treated with 100 pg/ml cycloheximide (CHX), with and without the
proteasome inhibitor MG-132 (20 uM), then with the AKT inhibitor MK-2206 (5 pM). F.
AKT inhibition induces apoptosis of cellswith FLT3-1TD. Apoptosis was measured in
Ba/F3-1TD and MV4-11 cells treated with the AKT inhibitor MK-2206 (5 pM) or 1 nM
quizartinib and 2 uM FTY720 or DMSO control for 48 hours. AKT inhibition induced
apoptosis (P<0.0005).
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Figure 7. PP2A-activating drug and FLT3 inhibitor combination downregulates c-Myc and
Pim-1 expression through GSK-3p activation and AKT inactivation is necessary and sufficient
for GSK-3B activation by PP2A-activating drug and FLT 3 inhibitor combination.

A. Combination treatment activates GSK-3a/B. c-Myc, Pim-1, p-GSK-3a/p (S21/S9) and
GSK-3a/p protein expression was measured by immunoblotting in MV4-11 cells treated
with 15 nM gilteritinib and/or 10 pM DT-061, or DMSO control, showing rapid decrease in
p-GSK-3a/B (S21/S9) (GSK-3a/p activation) with combination treatment. This blot is also
shown in Figure 2B. B. GSK-3B inhibitor preventsc-Myc and Pim-1 downregulation by
combination treatment. c-Myc, Pim-1, p-GSKa/p (S21/S9) and GSKa./p protein

Mol Cancer Ther. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scarpa et al.

Page 30

expression was measured by immunoblotting in Ba/F3-1TD cells treated with the GSK-3p
inhibitor TC-G 24 (17 nM) and/or 15 nM gilteritinib and 10 uM DT-061. TC-G 24 increased
p-GSKa/B, demonstrating GSKa/p inactivation. C. GSK-3f inhibitor preventsc-Myc and
Pim-1 downregulation by combination treatment in FLT3-ITD AML patient blasts. c-
Myc and Pim-1 expression was measured by immunoblotting in blasts treated with the
GSK-3p inhibitor TC-G 24 (17 nM) and/or 15 nM gilteritinib and 10 uM DT-061. D.
GSK-3g inhibitor prevents apoptosisinduction by PP2A-activating drug and FLT3
inhibitor combination. Apoptosis was measured by annexin V/PI staining in Ba/F3-ITD
cells cultured for 48 hours with DMSO control, FTY720 or DT-061 and and/or gilteritinib
(left) or quizartinib (right), GSK-3p inhibitor TC-G 24 or combinations. GSK-3p inhibitor
prevented apoptosis induction (P<0.0005). E. Constitutive AKT activation prevents
GSK-3B activation. p-GSK-3a/p and GSK-3a/p protein expression was measured in
parental Ba/F3-1TD and Ba/F3-1TD cells infected with empty vector or myristoylated AKT1
treated with 1 nM quizartinib and 2 pM FTY720. F. AKT inhibitor activates p-GSK-3a/p.
p-GSK-3a/p and GSK-3a/p expression was measured in Ba/F3-1TD cells treated with the
AKT inhibitor MK-2206 (5 uM) and/or 15 nM gilteritinib and 2 uM FTY720.
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Figure 8. GSK-3B phosphorylates c-Myc on T58 and Pim-1L/Pim-1S on S95/SAC.
A. GSK-3B phosphorylates c-Myc on T58. c-Myc and Pim-1 protein expression was

measured by immunoblotting in Ba/F3-1TD cells infected with pMSCVpuro-Flag-cMyc
T58A plasmid, with a mutation inhibiting c-Myc T58 phosphorylation, or pMSCVpuro
empty vector control, treated with 100 pg/ml cycloheximide (CHX) to block new protein
translation, then gilteritinib 15 nM and 2 uM FTY720, or DMSO control. Expression of
T58A inhibited increased turnover of c-Myc, but not Pim-1. B. Expression of c-Myc with
the T58A mutation protects against apoptosisinduction by quizartinib and FTY 720
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combination. Parental Ba/F3-1TD cells and Ba/F3-1TD cells Ba/F3-1TD cells infected with
pMSCVpuro-Flag-cMyc T58A plasmid or pMSCVpuro empty vector control were treated
with 1 nM quizartinib and 2 uM FTY720, or DMSO control, for 48 hours and apoptosis was
measured by Annexin V/PI labeling. C.GSK-3p phosphorylates Pim-1L/Pim-1Son
S95/S4. The wild-type Pim-1 peptide EVGMLLSKINSL, including S95/S4 on Pim-1L/
Pim-1S, and EVGMLLAKINSL, the corresponding peptide with S95A/S4AA mutation
preventing serine phosphorylation, are shown schematically in the upper panel. Marked
decreased in GSK-3p phosphorylation of EVGMLLAKINSL, compared to EVGMLLSKIN,
in a GSK-3p kinase assay is shown in the lower panel (P<0.0005). D. Schematic
summarizing the pathway affected by PP2A-activating drug and FLT3 inhibitor
combination treatment.
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