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Inhibition of the STAT5/Pim

Kinase Axis Enhances Cytotoxic
Effects of Proteasome Inhibitors
on FLT3-ITD-Positive AML Cells

by Cooperatively Inhibiting the
mTORC1/4EBP1/S6K/Mcl-1
Pathway’

Gheck for
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Abstract

FLT3-ITD and FLT3-TKD are the most frequent tyrosine kinase mutations in acute myeloid leukemia (AML), with the
former conferring a poor prognosis. We have recently revealed that FLT3-ITD confers resistance to the PI3K/AKT
pathway inhibitors by protecting the mTORC1/4EBP1/Mcl-1 pathway through Pim kinases induced by STATS5
activation in AML. The proteasome inhibitor bortezomib has recently been reported as a promising agent for
treatment of AML. Here, we show that the proteasome inhibitor bortezomib as well as carfilzomib induces
apoptosis through the intrinsic pathway more conspicuously in cells transformed by FLT3-TKD than FLT3-ITD.
Mechanistically, bortezomib upregulated the stress-regulated protein REDD1 and induced downregulation of the
mTORC1 pathway more distinctively in cells transformed by FLT3-TKD than FLT-ITD, while overexpression of Pim-
1 partly prevented this downregulation and apoptosis in FLT3-TKD-transformed cells. Genetic enhancement of the
REDD1 induction or pharmacological inhibition of STAT5, Pim kinases, mTORC1, or S6K by specific inhibitors,
such as pimozide, AZD1208, PIM447, rapamycin, and PF-4708671, accelerated the downregulation of mTORC1/
Mcl-1 pathway to enhance bortezomib-induced apoptosis in FLT3-ITD-expressing cells, including primary AML
cells, while overexpression of Mcl-1 prevented induction of apoptosis. Thus, FLT3-ITD confers a resistance to the
proteasome inhibitors on AML cells by protecting the mTORC1/Mcl-1 pathway through the STAT5/Pim axis, and
inhibition of these signaling events remarkably enhances the therapeutic efficacy.
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Introduction

FLT3 is a receptor-tyrosine kinase expressed on hematopoietic
progenitor cells and plays important roles in regulation of progenitor
cell proliferation, survival, and differentiation [1,2]. Internal tandem

survivals [3,4]. On the other hand, clinical trials with specific FLT3

tyrosine kinase inhibitors alone have so far shown only transient

duplication (ITD) mutations in the juxtamembrane domain of FLT3
(FLT3-ITDs) are the most frequent mutations in acute myeloid
leukemia (AML) and occur in 25%-30% of cases, while point
mutations within the tyrosine kinase domain (FLT3-TKDs), such as
the most frequent D835Y mutation, are found in 5%-10% of
patients with AML. It is well established that FLT3-ITD but
probably not FLT3-TKD confers a poor prognosis because of
intrinsic therapy resistance with lower complete response rates and
higher relapse rates, resulting in inferior disease-free and overall
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responses because of emergence of resistance mutations and through
other various mechanisms in the case of FLT3-specific inhibitor
quizartinib (AC-220) [5,6].

FLT3-ITD as well as FLT3-TKD constitutively stimulates the
various signaling pathways, such as the PI3K/Akt/mTOR and MEK/
ERK pathways, thus leading to survival and proliferation of
hematopoietic progenitor cells [1,2]. Importantly, FLT3-ITD but
not FLT3-TKD strongly activates STAT5, which contributes to
enhance transforming potentials of FLT3-ITD as compared with
FLT3-TKD [7-9]. The serine/threonine kinase mTOR is mainly
activated downstream of the PI3K/Akt pathway forming two
multiprotein complexes, mTORC1 and mTORC2, to regulate
various cellular events, such as proliferation, apoptosis, and autophagy
[10,11]. On the other hand, mTOR is downregulated in response to
nutrient depletion or a variety of cellular stressors, such as hypoxia
and cellular damage. REDD1, also known as DDIT4 or RTP801, has
been identified as a key stress-regulated protein acting as a potent
inhibitor of mTORCI [12]. Notably, mTORCI plays a critical role
in regulation of cap-dependent translation by phosphorylating 4EBP1
to release it from the mRNA m’-GTP cap-binding protein eIF4E,
which interacts with the scaffolding protein eIF4G to initiate the
formation of the translation-initiating complex elF4F. This factor is
required for the translation of mRNAs containing long 5’-UTRs,
which are highly structured and have a high G + C content, such as
those for ¢-Myc, Mdl-1, and cyclin D1 [13-15]. In addition,
mTORCI activates S6K, which phosphorylates elF4B, as well as
S6RP, to enhance cap-dependent translation by the elF4F complex
[16]. Mcl-1 is a highly unstable antiapoptotic Bcl-2 family member
playing a crucial role in survival of hematopoietic progenitor cells and
various malignant hematopoietic cells including AML cells [17].
We have previously found that FLT3-ITD confers resistance to the
PI3K/Akt pathway inhibitors through the robust STATS activation
to induce expression of Pim kinases, which protected the mTORCI1
pathway to maintain the expression level of Mcl-1 [18,19].

Proteasome inhibitors, such as bortezomib and carfilzomib, have
been widely used for treatment of multiple myeloma and have shown
excellent efficacies [20]. However, although a promising result has been
reported for bortezomib combined with the standard combination
chemotherapy for AML, bortezomib used alone has shown only modest
effects in various studies [21]. Thus, many studies are currently
investigating effects of bortezomib in combination with various agents,
including tyrosine kinase inhibitors, histone deacetylase inhibitors, and
hypomethylating agents, as well as chemotherapeutic agents. As for the
mechanisms of action, inhibition of the transcription factor NFkB by
bortezomib was previously implicated in its cellular effects in AML as
well as myeloma cells [21]. More recently, bortezomib was shown to
inhibit mTORCI, thus leading to induction of autophagy and
degradation of FLT3-ITD [22]. However, mechanisms involved in
inhibition of mMTORCI and effects on downstream events other than
autophagy have remained to be known.

In the present study, we examine the responses of FLT3-ITD-
transformed cells to proteasome inhibitors and the molecular
mechanisms underlying the responses. The results obtained shed
light on mechanisms involved in apoptosis induced by bortezomib in
FLT3-ITD—positive AML cells and suggest that the STAT5/Pim
pathway and the downstream mTORC1/Mcl-1 pathway would
provide promising targets to enhance the effectiveness of therapies
with proteasome inhibitors against this type of AML with poor
prognosis.
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Materials and Methods

Cells and Reagents

Murine IL-3-dependent 32Dcl3 cells, Ton.32D/FLT3-ITD
(32D/ITD) or Ton.32D/FLT3-D835Y (32D/TKD) inducibly
expressing FLT3-ITD or FLT3-D835Y, respectively, when
cultured with doxycycline as well as 32D/TKD cells expressing the
constitutively activated STAT5 mutant STAT5A1*6 (32D/TKD/
STAT5A1*6), Pim1 (32D/TKD/Pim-1) or 32D/ITD cells overex-
pressing Mcl-1 (32D/ITD/Mcl-1) and their vector control cells
(32D/TKD/pMXs, 32D/TKD/pMXs-1G, 32D/ITD/pMXs) have
been described previously [18,19,23] and maintained in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS) and 5 U/ml
recombinant mIL-3 (PeproTech, Rocky Hill, NJ). Before analyses,
these cells were cultured in medium containing doxycycline without
IL-3 to proliferate dependent on FLT3-ITD or FLT3-TKD and
independent of mIL-3. A clone of murine IL-3—dependent BaF3 cells
expressing the reverse tet-transactivator Ton.BaF.1 was kindly
provided by Dr. George Daley [24] and cultured in RPMI 1640
containing 10% FCS and 5 U/ml recombinant mIL-3. MV4-11 cells
were purchased from ATCC and cultured in Iscove's modified
Dulbecco medium containing 10% FCS. PLAT-A, an amphotropic
virus packaging cell line, was kindly provided by Dr. Toshio
Kitamura and maintained in DMEM supplemented with 10% FCS.

The proteasomal inhibitors bortezomib and carfilzomib as well as the
FLT3 inhibitor quizartinib were purchased from LC laboratories (Woburn,
MA). The Pim kinase inhibitor AZD1208 and the FLT?3 inhibitor
gilteritinib were from Active Biochem (Kowloon, Hong Kong). The Pim
kinase inhibitor PIM447 was from Selleckchem (Houston, TX). The
mTOR inhibitor PP242 was from Wako Pure Chemical Industries
(Osaka, Japan). The S6K inhibitor PF-4708671 was from Adooq
Bioscience (Irvine, CA). The pan-caspase inhibitor Boc-D-FMK was
from Bio Vision (Milpitas, CA). DiIOC6 was from Invitrogen (Carlsbad,
CA). Doxycycline and propidium iodide were from Sigma Aldrich (St
Louis, MO). Anti-Bax (TACS-2281) and anti-Bak (AMO03) monoclonal
antibodies were from Trevigen (Gaithersburg, MD) and Merck Millipore
(Darmstadt, Germany), respectively. An APC-conjugated anti-mouse IgG
antibody was from Biotech R&D systems (Minneapolis, MN). Anti—Bcl-
xL (610211) was from BD Biosciences (San Jose, CA). An anti-REDD1
(PGI 10638) antibody was from Proteintech Group, Inc. (Rosemont, IL).
The STATS inhibitor pimozide and antibodies against FLT3 (SC-479),
STAT5A (SC-1081), and HSP-90 (SC-13119) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies against Caspase-3 (CS-
9662), cleaved Caspase-3 (CS-9661), cleaved Caspase-9 (CS-9509), elF4E
(CS-2067), elF4G (CS-1469), elF4B (CS-3592), phospho-5422-cIF4ABP
(CS-3591), phospho-S406-cIF4BP (CS-8151), LC3B (CS-2775),
phospho-Y694-STAT5 (CS-9359), 4EBP1 (CS-9644), non-phospho-
TA4G6-4EBP1 (CS-4923), phospho-T37/46-4EBP1 (CS-2855), phospho-
S65-4EBP1 (CS-9451), phospho-T389-S6K (CS-9234), phospho-T308-
Akt (CS-9275), Pim-2 (CS-4730), phospho-5235/5236-S6RP (CS4858),
and Mdl-1 (CS-5453) were purchased from Cell Signaling (Beverly, MA).
An anti-B-actin (A1978) antibody was from Sigma Aldrich.

Expression plasmids, transfection, and infection

Retroviral expression plasmids for FLT3-ITD and Mcl-1, pMXs-
IG-FLT3-ITD and pMXs-puro-Mcl-1, respectively, were described
previously [18,23]. For construction of a retroviral expression plasmid
for inducible expression of REDD1, pRevIRE-REDD1, the EcoRI/
Sall fragment of pCMS-eGFP-RTP801 (Addgene, #65057) was first
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subcloned into the EcoRI/ Xhol site of pMXs-IG to give pMXs-1G-
REDD1. The BamHI/Sall region of this plasmid coding REDD1 was
then subcloned into the BamHI/Hpal site of pRevIRE (Clontech;
Palo Alto, CA) to give pRevIRE-REDDI.
Ton.BaF3/pRevIRE-REDD1 (BaF3/REDDI1) and Ton.BaF3/

pRevIRE (BaF3/Cont) cells were obtained by infection of Ton.
BaF3.1 cells with pRevIRE-REDDI or pRevIRE, essentially as
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described previously [23], followed by selection with hygromycin.
Ton.BaF3/pRevIRE-REDD1/pMXsIG-FLT3-ITD (BaF3/ITD/
REDDI1) and Ton.BaF3/pRevIRE/pMXsIG-FLT3-ITD (BaF3/
ITD/Cont) cells were obtained by infection of BaF3/REDDI1 or
BaF3/Cont cells with the recombinant retrovirus obtained from
PLAT-A transfected with pMXsIG-FLT3-ITD followed by sorting
for GFP-expressing cells using the BD Biosciences Arial II flow
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cytometer (Mountain View, CA). MV4-11 cells overexpressing Mcl-1
were obtained by infection with pMXs-puro-Mcl-1 or pMXs-puro, as
a control, followed by selection with puromycin.

Analyses of Cell Proliferation and Viability

Cell proliferation and viability were assessed by counting viable and
nonviable cell numbers by the trypan blue-dye exclusion method.
Cell viability was calculated by dividing number of viable cells by that
of total cells. Viable cell numbers were also assessed by the sodium 3-
[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro)
benzene sulfonic acid hydrate (XTT) colorimetric assay using the Cell
Proliferation Kit II (Roche Molecular Biochemicals, Mannheim,
Germany) according to the manufacturer's instructions. Viable cell
numbers were also assessed by the sodium 3-[1-(phenylaminocarbo-
nyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid
hydrate (XTT) colorimetric assay using the Cell Proliferation Kit II
(Roche Molecular Biochemicals, Mannheim, Germany) according to
the manufacturer's instructions.

Flow Cytometric Analyses

Flow cytometric analyses for cell cycle and apoptosis, mitochon-
drial membrane potential, conformational changes of Bax and Bak,
and cleavage of Caspase-3 were performed essentially as described
previously [18,25]. Flow cytometric analysis of phosphorylation of
S6RP was performed in the same manner using anti-phospho-5240/
S244-S6RP (CS5367) and PE-conjugated anti-rabbit IgG (SB4052-
09; Southern Biotech, Birmingham, AL). The surface expression of
FLT3-ITD was analyzed by using APC-conjugated anti-FLT3 (17-
1357-42; eBioscience Inc., San Diego, CA) and APC-conjugated
anti-mouse IgG1 kappa (17-4714-81; eBioscience Inc.), as an isotype
control, without fixation and permeabilization of cells.

Immunoblotting and Cap-Binding Assays

For immunoblotting experiments, cells were lysed and subjected to
immunoblot analysis essentially as described previously [26]. Cap-
binding assays were performed as described previously [18].

Analyses of Primary AML Cells

Mononuclear cells were isolated and subjected to immunoblot
analysis and viability assays as described previously [18]. Primary
AML cases #1 and #2 correspond to those described in our previous
report [19]. The study was approved by the ethical committee of
Tokyo Medical and Dental University. Written informed consent
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was obtained from the patients in compliance with the Declaration of
Helsinki.

Results

FLT3-ITD Confers Resistance to Bortezomib by Inhibiting
Activation of the Mitochondria-Mediated Intrinsic Apoptotic
Pathway Involving Activation of Bax and Caspases

We first examined the sensitivities of 32D cells transformed by
FLT3-ITD or FLT-TKD to bortezomib comparatively by the XTT
proliferation assay. As shown in Figure 14, bortezomib affected
proliferation of 32D/TKD much more prominently than that of
32D/ITD, while sorafenib inhibited proliferation of 32D/ITD much
more remarkably than 32D/TKD, as expected [23]. Furthermore,
bortezomib reduced viability of 32D/TKD much more remarkably
than that of 32D/ITD by inducing apoptosis more prominently as
judged by increases in cells with sub-G1 cellular DNA content, which
is a hallmark of apoptotic cells (Figure 1, B and C). In accordance
with this, bortezomib induced decline in mitochondrial membrane
potential (Af,), activation of Bax, and cleavage of Caspase-3 as well
as Caspase-9 much more prominently in 32D/TKD cells than in
32D/ITD cells (Figure 1, D-G). Carfilzomib, the other proteasome
inhibitor in clinical use, also dose-dependently induced apoptosis
more prominently in 32D/TKD cells than in 32D/ITD cells (Figure 14).
Finally, it was found that a modest apoptosis induced by a low
concentration of bortezomib in the FLT3-ITD—positive AML cell line
MV4-11 was drastically enhanced by a low concentration of the
clinically relevant FLT3 inhibitor quizartinib or gilteritinib (Figure 11).
These results indicate that, as compared with FLT3-TKD, FLT3-ITD
confers resistance to bortezomib by inhibiting activation of the
mitochondria-mediated intrinsic pathway involving activation of Bax
and Caspases.

FLT3-ITD Confers the Resistance to Bortezomib Through
Activation of STAT5

To address the possibility that STAT5 may be involved in
conferring the resistance to bortezomib by FLT3-ITD, we examined
the 32D/TKD cells expressing the constitutively activated STATS
mutant STAT5A1%6 [18,27]. Bortezomib induced apoptosis to lesser
extents in STAT5A1*6-expressing cells than in vector control cells,
thus suggesting that the robust activation of STAT5 may confer
resistance to bortezomib (Figure 24). We next examined effects of the

Figure 1. FLT3-ITD confers resistance to bortezomib by inhibiting activation of the mitochondria-mediated intrinsic apoptotic pathway
involving activation of Bax and caspases. (A) 32D/ITD (ITD) or 32D/TKD (TKD) cells were cultured for 48 hours with or without 50 nM
sorafenib or 3 ng/ml bortezomib, as indicated. The means of relative viable cell numbers from triplicate measurements are plotted as
percentages of control cells without inhibitors, with error bars indicating standard errors. The asterisks indicate a statistically significant
difference determined by Student's ¢ test (*P < .05, *P < .005). (B) Cells indicated were cultured with 3 ng/ml bortezomib for indicated
times, and viable cell numbers were counted after trypan blue staining. The means of percentages of viable cells from triplicate
measurements are shown, with error bars indicating standard errors (*£ < .001, *P < .0001). (C) Cells indicated were treated for 48 hours
with or without 2 ng/ml bortezomib (BZM), as indicated, and analyzed for the cellular DNA content by flow cytometry. Percentages of
apoptotic cells with sub-G1 DNA content are indicated. (D) Cells indicated were cultured for 24 hours with BZM, as indicated, and
analyzed for the mitochondrial membrane potential ( ym) using DIOC6 by flow cytometry. Percentages of cells with reduced wm stained
with or without Pl are indicated. (E, F) Cells indicated were cultured for 24 hours with BZM, as indicated, and analyzed for activated Bax (E)
and cleaved Caspase-3 (F) by flow cytometry. Percentages of cells with activated Bax or cleaved Caspase-3 are indicated. FSC: forward
scatter. (G) Cells indicated were treated with indicated concentrations (ng/ml) of BZM for 42 hours and subjected to Western blot analysis
with antibodies against indicated proteins. Abbreviations: Casp-9, Caspase-9; Cl.Casp-9, cleaved Caspase-9. HSP90 was used for the
loading control. (H) Cells indicated were treated for 48 hours with indicated concentrations of carfilzomib (CZM) and analyzed. (I) 32D/ITD
cells were treated for 48 hours with or without 1 ng/ml BZM in the presence or absence of 0.5 nM quizartinib (QZT) or 5 nM gilteritinib
(GRT), as indicated, and analyzed.
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Figure 2. Activation of STAT5 mediates the resistance of FLT3-ITD-expressing cells including primary AML cells to bortezomib. (A) 32D/
TKD cells transduced with STATBA1%*6 or vector control cells, as indicated, were cultured for 48 hours with indicated concentrations of
bortezomib (BZM) and analyzed for the cellular DNA content by flow cytometry. Percentages of apoptotic cells with sub-G1 DNA content
are indicated. (B) 32D/ITD cells in the absence (ITD) or presence (ITD/PMZ) of 2.5 uM pimozide as well as 32D/TKD (TKD) cells were
cultured with indicated concentrations of bortezomib for 48 hours, and viable cell numbers were counted after trypan blue staining. The
means of percentages of viable cells from triplicate measurements are shown, with error bars indicating standard errors. The asterisks
indicate a statistically significant difference determined by Student's t test (*P < .0001, **P < .0005). (C) 32D/ITD cells were cultured for
48 hours with or without BZM or 5 uM pimozide, as indicated, and analyzed. (D) MV4-11 cells were cultured for 48 hours with or without
0.1 ng/ml BZM or 1 uM pimozide (PMZ), as indicated. The means of relative viable cell numbers from triplicate measurements expressed
as percentages of control cells are plotted, with error bars indicating standard errors (*P < .01). (E) MV4-11 cells were cultured for
48 hours with BZM or 10 uM pimozide, as indicated, and analyzed. (F) Primary AML cells from a FLT3-ITD—positive patient (ITD+ AML #1)
were culture for 48 hours with 0.5 ng/ml BZM or 2 uM pimozide PMZ, as indicated, and analyzed (*P < .01). (G) Primary AML cells from a
FLT3-ITD—positive patient (ITD4+ AML #2) were culture for 24 hours with 1 ng/ml BZM or 10 uM PMZ, as indicated, and analyzed
(*P < .05). (H) Cells indicated were cultured for 24 hours with 0.5 ng/ml BZM or 2 uM PMZ, as indicated, and subjected to Western blot
analysis with antibodies against indicated proteins. Abbreviations: Cl.Casp-3, cleaved Caspase-3; STAT5-PY, phospho-Y694-STATS. ()
32D/ITD (ITD) or 32D/TKD (TKD) cells were cultured with indicated concentrations of carfilzomib (CZM) with or without 10 uM pimozide
for 48 hours and analyzed.
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STATS5 inhibitor pimozide, which we had confirmed to reduce the
activation-specific phosphorylation of STAT5 on Y694 in 32D/ITD
or MV4-11 cells previously [18]. Pimozide at 2.5 pM did not
significantly affect the viability of 32D/ITD cells, but significantly
augmented the bortezominb-induced decrease in viability of cells
(Figure 2B). Furthermore, pimozide remarkably enhanced apoptosis
induced by bortezomib in 32D/ITD cells (Figure 2C). As shown in
Figure 2D, pimozide at 1 uM did not show any inhibitory effect on
proliferation of MV4-11 cells but significantly reduced their
proliferation in combination with bortezomib at 0.1 ng/ml, which
also did not show any inhibitory effect when used alone. Moreover,
pimozide and bortezomib at higher concentrations cooperatively

TKD

induced apoptosis in MV4-11 cells (Figure 2E). Bortezomib also
reduced viable cell numbers of primary leukemic cells from the two
patients with FLT3-ITD-positive AML we described previously [19]
more distinctively in the presence of pimozide than its absence
(Figure 2, Fand G). Furthermore, bortezomib induced activation of
Caspase-3 more distinctively in the presence of pimozide than in its
absence in one of the primary AML samples we could examine
(Figure 2H). Finally, pimozide enhanced apoptosis induced by
carfilzomib in 32D/ITD to the similar extent with that induced in
32D/TKD (Figure 21). Together, these data indicate that FLT3-1TD
may confer resistance to the proteasome inhibitors through the robust

activation of STATS.
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Figure 3. FLT3-ITD protects the mTORC1 pathway through the robust STAT5 activation in bortezomib-treated cells to enhance cell
survival. (A) 32D/TKD (TKD) cells were treated with indicated concentrations (ng/ml) of bortezomib (BZM) for 6 hours and subjected to
Western blot analysis. Abbreviations: Akt-PT, phospho-T308-Akt; SEK-PT, phospho-T389-S6K; 4EBP1-P, phospho-T37/46-4EBP1; 4EBP1-
nonP, non-phospho-T46-4EBP1. (B) 32D/TKD cells transduced with STAT5A1*6 (ST5%) or vector control cells, as indicated, were treated
with or without 5 ng/ml BZM for 6 hours and analyzed. (C) 32D/ITD (ITD) or 32D/TKD (TKD) cells were treated with indicated
concentrations (ng/ml) of BZM with or without 5 uM pimozide (PMZ), as indicated, for 6 hours and analyzed. STAT5-PY: phospho-Y694-
STAT5. (D) MV4-11 cells were cultured for 3 hours with or without 10 uM PMZ, as indicated, and then treated with indicated
concentrations (ng/ml) of BZM for 6 hours and analyzed. 4EBP1-S65P: phospho-S65-4EBP1. (E) MV4-11 cells were treated with indicated
concentrations of carfilzomib (CZM) for 6 hours and analyzed. (F) 32D/ITD (ITD) cells were cultured with indicated concentrations of BZM
with or without 50 nM rapamycin or 0.2 mM PP242, as indicated, for 48 hours and analyzed for the cellular DNA content by flow
cytometry. Percentages of apoptotic cells with sub-G1 DNA content are indicated.
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FLT3-ITD May Protect the mTORCI1 Pathway Through the
Robust STATS Activation in Bortezomib-Treated Cells to
Enbance Cell Survival

We previously revealed that the robust activation of STAT5 by
FLT3-ITD conferred the resistance to the PI3K/Akt pathway
inhibitors by protecting the mTORCI pathway [18]. To examine
the possibility that the resistance to proteasome inhibitors is mediated
by similar mechanisms, we first examined the effect of bortezomib on
the Akt/mTORCI1 pathway. As shown in Figure 34, bortezomib

dose-dependently decreased phosphorylation of the mTORCI

Translational Oncology Vol. 12, No. 2, 2019

substrates S6K and 4EPB1 without affecting the expression level of
FLT3-TKD or activation-specific phosphorylation of Akt. Further-
more, the bortezomib-induced downregulation of mTORCI was
mitigated by STAT5A1*6 in 32D/TKD cells, observed less
significantly in 32D/ITD than 32D/TKD cells, and augmented by
treatment with the STATS inhibitor pimozide in 32D/ITD as well as
in MV4-11 cells (Figure 3, B-D). Carfilzomib also inhibited the
mTORCI pathway without affecting the FLT3-ITD level in MV4-
11 cells (Figure 3E). Finally, inhibition of mMTORCI by rapamycin or
PP242 abrogated the resistance of 32D/ITD and drastically enhanced
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the bortezomib-induced apoptosis, whereas these inhibitors did not
induce apoptosis when used alone. These data suggest that protection
of the mTORCI pathway through the robust STATS5 activation in
FLT3-ITD-expressing cells may play an important role in acquisition
of the resistance to proteasome inhibitors.

Bortezomib May Downregulate the mTORCI Pathway at
Least Partly by Inducing REDDI to Decrease the FLT3-ITD
Expression Level

To explore the mechanisms involved in downregulation of the
mTORCI1 pathway by bortezomib, we examined the possible
involvement of REDD1, known to be involved in inhibition of this
pathway in response to various cellular stresses [12]. Bortezomib
increased the expression level of REDD1 while downregulating the
mTORC1 pathway in MV4-11 and primary FLT3-ITD—positive
AML cells (Figure 4, A and B). Furthermore, in FLT3-ITD-
transformed murine hematopoietic BaF3 cells inducibly expressing
REDD1 when cultured with doxycycline, the bortezomib-induced
increases in REDD1 expression correlated with downregulation of the
mTORCI pathway, while the activation specific phosphorylation of
Akt correlated with the expression level of REDDI for an unknown
reason (Figure 4C). As expected, apoptosis induced by bortezomib in
these cells was remarkably increased under the conditions in which
induction of REDD1 expression was enhanced (Figure 4D). These
results suggest that bortezomib may downregulate the mTORCI
pathway at the level downstream of Akt at least partly through
induction of REDDI to induce apoptosis.

It has been reported that bortezomib downregulated mTORCI to
induce degradation of FLT3-ITD through autophagy in AML cells,
including MV4-11 cells [22]. Concordantly, the expression level of
FLT3-ITD was remarkably downregulated after treatment with 5 ng/ml
bortezomib for 8 h (Figure 4E), a longer period of time than in
experiments shown in Figure 3 or Figure 4, A and B. However,
bortezomib failed to increase the LC3B-II levels in the presence or
absence of the lysosome inhibitor chloroquine, which indicates that the
autophagic flow was not increased by bortezomib under these conditions
(Figure 4E). Furthermore, the decrease in FLT3-ITD expression was
partly inhibited by the pan-caspase inhibitor Boc-d-FMK but not by
chloroquine (Figure 4, £ and F). On the other hand, co-treatment with
the proteasomal inhibitor MG132 enhanced the bortezomib-induced
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downregulation of FLT3-ITD expression as well as activation of
Caspase-3 in MV4-11 cells. These results indicate that bortezomib may
reduce the expression level of FLT3-ITD in MV4-11 cells at least partly
through activation of caspases but not through the autophagic,
lysosomal, or proteasomal degradation under these conditions.

To further explore the mechanisms involved in downregulation of
FLT3-ITD, we next examined the effects of the transcription
inhibitor actinomycin D and the translation inhibitor cycloheximide.
Bortezomib drastically or only modestly accelerated the decrease in
FLT3-ITD expression when transcription or translation was shut
down, respectively (Figure 4G). Furthermore, bortezomib retarded
the increase in FLT3-ITD expression in MV4-11 cells released from
the inhibition of translation by cycloheximide (Figure 4H). These
results suggest that bortezomib may decrease the expression level of
FLT3-ITD posttranscriptionally but not mainly through posttrans-
lational mechanisms and strongly implicate the translational
downregulation as the most plausible mechanism.

To address the possibility that the inhibition of mMTORCI, which
plays a critical role in regulation of translation mechanisms, may play
a role in downregulation of FLT3-ITD in cells treated with
proteasome inhibitors, we first performed flow cytometric analyses
to confirm the data shown by Western blot analyses that the
downregulation of mMTORCI preceded that of FLT3-ITD. As shown
in Figure 4/, treatment with bortezomib at 4 ng/ml for 6 h barely
affected the surface expression of FLT3-ITD but remarkably
decreased phosphorylation of S6RP, a downstream substrate of the
mTORC1/S6K pathway. Furthermore, the mTOR inhibitor PP242
inhibited the mTORCI activity and reduced the expression level of
FLT3-ITD as well as Mcl-1 in MV4-11 cells (Figure 4/). Taken
together, these results suggest that bortezomib inhibits the mTORCI1
pathway at least partly by inducing REDDI to reduce FLT3-ITD
expression through translational mechanisms and later by cleavage by
caspases.

Pim Kinases Play a Key Role in STAT5-Mediated Acquisition
of Bortezomib Resistance by Sustaining the mTORCI Pathway
in FLT3-ITD—Expressing Cells

We have recently revealed that the Pim kinases, which are STAT5
target gene products, play a role in acquisition of resistance to the
PI3K/Akt inhibitors by FLT3-ITD-expressing cells [19]. To address

Figure 4. Bortezomib induces REDD1 expression to downregulate the mTORC1 pathway and subsequently the FLT3-ITD expression. (A)
MV4-11 cells were treated with indicated concentrations (ng/ml) of bortezomib (BZM) for 6 hours and subjected to Western blot analysis
with antibodies against indicated proteins. Abbreviations: S6K-PT, phospho-T389-S6K; 4EBP1-P, phospho-T37/46-4EBP1; 4EBP1-nonP,
non-phospho-T46-4EBP1. (B) Primary AML cells from FLT3-ITD—positive patients (ITD+ AML #1) were treated with indicated
concentrations (ng/ml) of BZM for 6 hours and lysed. Cell lysates were run on duplicate gels and analyzed. Relative expression levels of
REDD1 analyzed by densitometry and normalized by that of HSP90 (RED/HSP) are indicated. SBRP-SP: phospho-S240/244-S6RP. (C)
BaF3/ITD cells inducibly overexpressing REDD1 (REDD1) or vector control cells (Cont.) cultured with or without doxycycline (DOX), as
indicated, were treated with indicated concentrations (ng/ml) of BZM for 6 hours and analyzed. Akt-PT: phospho-T308-Akt. (D) Cells
indicated were treated with 2 ng/ml BZM for 48 hours and analyzed for the cellular DNA content by flow cytometry. Percentages of
apoptotic cells with sub-G1 DNA content are indicated. (E) MV4-11 cells were treated with or without 5 ng/ml BZM and 50 uM
chloroquine (CQ), as indicated, for 8 hours and analyzed. Positions of LC3B-I and -Il are indicated. Cl.Casp-3: cleaved Caspase-3. (F) MV4-
11 cells were treated with indicated concentrations (ng/ml) of BZM for 8 hours simultaneously with 100 uM Boc-d-FMK (B-d-F) or with
5 uM MG132 added for the last 2 hours, as indicated, and analyzed. (G) MV4-11 cells were left untreated as control (Cont.) or treated with
5 ng/ml BZM, as indicated, for 5 hours. Cells were then treated with 50 ug/ml cycloheximide (CHX) for indicated times along with 100 uM
CQ where indicated or treated with 5 ug/ml actinomycin D (ACD) for 4 hours, as indicated, and lysed for Western blot analysis. (H) MV4-
11 cells were cultured for 4 hours with 50 ug/ml CHXin the absence (Cont.) or presence of 5 ng/ml of BZM. Cells were then washed three
times and cultured with or without BZM, as indicated, for indicated times and analyzed. (I) MV4-11 cells were treated for 6 hours with
4 ng/ml BZM or left untreated as control (Cont.), as indicated, and subjected to flow cytometric analysis with an antibody against FLT3 or
phospho-5240/244-S6RP (S6RP-SP), as indicated. Gray lines represent isotype controls. MFIR: mean fluorescent intensity ratio. (J) MV4-
11 cells were treated with indicated concentrations of PP242 for 8 hours and analyzed.



344  |Inhibition of the STAT5/Pim Kinase Axis ~ Nogami et al.

Translational Oncology Vol. 12, No. 2, 2019

the possibility that Pim kinases may also play a role in acquisition of
resistance to bortezomib by these cells, we first examined the effects of
the pan-Pim inhibitor AZD1208. AZD1208 remarkably enhanced
apoptosis induced by bortezomib in 32D/ITD cells to a similar level
with that induced by bortezomib in 32D/TKD cells (Figure 54 and
data not shown), in which Pim-1 is expressed at a much lower level
than in 32D/ITD cells [19]. As expected, AZD1208 also conquered
the resistance of STAT5A1*6-expressing 32D/TKD cells (Figure 5B),
which express Pim-1 at a higher level than in 32D/TKD [19]. The
pan-Pim inhibitor AZD1208 or PIM447 also remarkably enhanced
apoptosis induced by bortezomib in MV4-11 cells (Figure 5C and
supplementary Figure S1A4), in which Pim-2 is expressed at least

partly through STATS5 activation by FLT3-ITD [19]. AZD1028 also
significantly enhanced the decrease in viable cell numbers induced by
bortezomib in primary leukemic cells from the two patients with
FLT3-ITD-positive AML we could examine (Figure 5, D and E).
Furthermore, AZD1208 cooperatively reduced the mTORCI
activity with bortezomib in 32D/ITD as well as MV4-11 cells and
also in primary AML cells without affecting the expression level of
FLT3-ITD (Figure 5, F-H). We then examined the effect of
bortezomib and AZDI1208 on formation of the eIF4E-eIF4G
complex, which plays a critical role in cap-dependent translation
[14], by the pull-down assays using m’-GTP beads. As shown in
Figure 51, bortezomib and AZD1208 cooperatively reduced the amount
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of eIF4G pulled down with eIF4E bound to m”-GTP as well as that of
4EBP1 phosphorylated in MV4-11 cells. Under these conditions,
bortezomib increased the expression level of Mcl-1, most likely by
inhibiting its rapid degradation through the ubiquitin/proteasome
system. However, AZD1208 partly prevented the increase of Mdl-1,
which is produced mostly by the cap-dependent translation [14]. We next
analyzed 32D/TKD cells transduced with and overexpressing Pim-1 [19]
and found that apoptosis induced by bortezomib as well as carfilzomib
was mitigated by overexpression of Pim-1 (Figure 5/ and supplementary
Figure S1B). In these cells overexpressing Pim-1, phosphorylation of S6K
and 4EBP1, but not that of Akt, was increased in accordance with our
previous report [19] and was less distinctively downregulated by
bortezomib (Figure 5K). Taken together, these results suggest that Pim
kinases expressed downstream of STAT5 may play a role in acquisition of
bortezomib resistance in FLT3-ITD—expressing cells by sustaining the
mTORCI signaling pathway.

S6K Also Plays an Essential Role in Acquisition of the Bortezomib
Resistance by FLT3-ITD—Expressing Leukemic Cells

We finally examined the possible involvement of S6K activated
downstream of mTORCI in acquisition of the bortezomib resistance
by FLT3-ITD-expressing leukemic cells. As shown in Figure 64, the
S6K inhibitor PF-4708671 not only dose-dependently reduced viable
cell numbers of MV4-11 but also significantly enhanced the ability of
bortezomib to reduce them. Furthermore, PF-4708671 drastically
enhanced apoptosis induced by bortezomib as well as carfilzomib
(Figure 6B and supplementary Figure S2A). In accordance with this,
inhibition of S6K as well as Pim kinases remarkably induced
activation of Bak as well as Bax and Caspase-3 in combination with
bortezomib (Figure 6, C and D). Although the pan-caspase inhibitor
Boc-d-FMK prevented apoptosis in MV4-11 cells induced by the
combination treatment with bortezomib and PF-4708671 or
PIM447, it only modestly inhibited activation of Bak or Bax, thus
indicating that these proapoptotic Bcl-2 family effector molecules
were activated upstream of caspase activation (Supplementary Figure
S2B, C). PF-4708671 and bortezomib synergistically induced
apoptosis also in 32D/ITD cells, which was mostly prevented by
overexpression of Mcl-1 in these cells as well as in MV4-11 (Figure 6E
and Supplementary Figure S2D). Interestingly, PF-4708671 reduced
not only phosphorylation of S6RP on $240/244 but also that of
elF4B on S422 and S406 (Figure 6F), which is known to play a role
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in enhancement of cap-dependent translation through modulation of
the elF4A helicase activity [16]. Accordingly, PF-4708671 reduced the
expression levels of Mcl-1 and Pim-2, which are regulated through both
cap-dependent translation and proteasome-dependent degradation, and
mostly prevented their upregulation by bortezomib (Figure 6F).
Moreover, inhibiton of S6K and Pim kinases cooperatively induced
apoptosis in MV4-11 cells, which was remarkably enhanced by
bortezomib (Figure 6G). Consistent with this, PF-4708671 and
PIM447 cooperatively downregulated the mTORCI pathway and
expression levels of Mcl-1 in MV4-11 cells treated with or without
bortezomib (Figure 6H). Together, these results imply that S6K activated
downstream of mTORCI may also play a role in acquisition of the
bortezomib resistance possibly and at least partly through phosphorylation
of elF4B to protect the cap-dependent translation of Mcl-1 and other
proteins in FLT3-ITD—positive leukemic cells.

Discussion

The present study indicates that apoptosis induced by proteasome
inhibitors may be mainly mediated by downregulation of the
mTORCI pathway, which is partly prevented through the STAT5/
Pim kinase axis by FLT3-ITD. This is because the induction of
apoptosis closely correlated with downregulation of mMTORCI under
a variety of conditions in various cell types, including primary AML
cells, and was synergistically enhanced by inhibition of mTORCI.
On the other hand, previous studies have shown that bortezomib-
induced downregulation of the mTORCI pathway played protective
roles in multiple myeloma and prostate cancer cells [28,29]. This
protective role could be explained by the decrease in translation or
induction of autophagy to reduce accumulation of misfolded proteins
causing lethal stress responses. On the other hand, cap-dependent
translation regulated by phosphorylation of 4EBP1 downstream of
mTORCI has been reported to contribute to resistance of multiple
myeloma cells to bortezomib [30]. The present study is in line with
this and further suggests that S6K activated by mTORCI may also
contribute to resistance to bortezomib because its inhibition
drastically enhanced apoptosis induced by bortezomib in a synergistic
manner. In this regard, it should be noted that S6K upregulates cap-
dependent as well as global translation of mRNAs by phosphorylating
elF4B to enhance elF4A helicase activity [16]. The present study also
revealed that Mcl-1 may mediate a protective role downstream of
mTORCI1, which regulates cap-dependent translation, because its

Figure 5. Pim kinases play a key role in STAT5-mediated acquisition of bortezomib resistance by sustaining the mTORC1 pathway in FLT3-
ITD—expressing cells. (A) 32D/ITD cells were treated for 48 hours with or without 1 ng/ml bortezomib (BZM) and 1 uM AZD1208 (AZD), as
indicated, and analyzed for the cellular DNA content by flow cytometry. Percentages of apoptotic cells with sub-G1 DNA content are
indicated. (B) 32D/TKD cells transduced with STAT5A1*6 or vector control cells (Vect. Cont.) were cultured for 48 hours with 2 ng/ml BZM
and 1 uM AZD, as indicated, and analyzed. (C) MV4-11 cells were treated for 48 hours with or without 0.75 ng/ml BZM and 2 uM PIM447,
as indicated, and analyzed. (D) Primary AML cells from a FLT3-ITD—positive patient (ITD+ AML #1) were cultured for 48 hours with 0.5 ng/
ml BZM and 0.5 uM AZD, as indicated. The means of relative viable cell numbers from triplicate measurements expressed as percentages
of control cells are plotted, with error bars indicating standard errors. The asterisks indicate statistically significant differences determined
by Student's ¢ test (**P < .01). (E) Primary AML cells from FLT3-ITD—positive patients (ITD+ AML #2) were cultured for 24 hours with
0.3 ng/ml BZM and 0.25 uM AZD, as indicated, and analyzed. (F) 32D/ITD or MV4-11 cells were treated with indicated concentrations (ng/
ml) of BZM with or without 0.5 uM AZD, as indicated, for 6 hours and subjected to Western blot analysis with antibodies against indicated
proteins. Abbreviations: S6K-PT, phospho-T389-S6K; 4EBP1-P, phospho-T37/46-4EBP1; 4EBP1-nonP, non-phospho-T46-4EBP1. (G) Cells
indicated were treated for 8 hours with 3 ng/mI BZM and 0.5 uM AZD, as indicated, and analyzed. 4EBP1-S65P: phospho-S65-4EBP1. (H)
Cells indicated were treated for 8 hours with 4 ng/ml BZM and 0.3 uM AZD, as indicated, and analyzed. (I) MV4-11 cells were treated with
indicated concentrations (ng/ml) of BZM and 1 uM AZD for 6 hours and subjected to the cap-binding assay to analyze elF4E-elF4G
complex formation. Proteins bound to m’-GTP-sepharose (m’-GTP) as well as total cell lysates (TCL) were analyzed by immunoblotting
with indicated antibodies. STAT5-PY: phospho-Y694-STAT5. (J) 32D/TKD cells transduced with Pim-1 or vector control cells, as indicated,
were treated with indicated concentrations of BZM for 48 hours and analyzed. (K) Cells indicated were treated with or without 4 ng/ml
BZM, as indicated, for 6 hours and analyzed.
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Figure 6. S6K also plays an essential role in acquisition of the bortezomib resistance by FLT3HTD-expressing leukemic cells. (A) MV4-11 cells were
cultured for 48 hours with or without 0.75 ng/ml bortezomib (BZM) and indicated concentrations of PF-4708671. The means of relative viable cell
numbers from triplicate measurements expressed as percentages of cells cultured without PF-4708671 are plotted, with error bars indicating standard
errors. The asterisks indicate statistically significant differences determined by Student's ¢ test (*P < .05). (B) MV4-11 cells were treated for 48 hours
with or without 0.75 ng/ml BZM and 10 uM PF-4708671, as indicated, and analyzed for the cellular DNA content by flow cytometry. Percentages of
apoptotic cells with sub-G1 DNA content are indicated. (C) MV4-11 cells were treated for 36 hours with or without 0.75 ng/ml BZM and 5 uM PF-
4708671 (PF) or 3 uM PIM447 (PIM), as indicated, and analyzed. (D) MV4-11 cells were treated as described for C and analyzed for activation of Bak
and Bax by flow cytometry. Red and black lines represent cells treated with or without inhibitors. (E) 32D/TD cells transduced with Mcl-1 or vector
control cells were treated with or without 1.5 ng/ml bortezomib BZM and 10 uM PF, as indicated, for 48 hours and analyzed. (F) MV4-11 cells were
treated with or without 2 ng/ml BZM and 10 uM PF, as indicated, for 8 hours and subjected to \Western blot analysis with antibodies against indicated
proteins. Abbreviations: elF4B-S422P, phospho-S422-elF4B; elF4B-S406P, phospho-S406-elF4B; 4EBP1-S65P, phospho-S65-4EBP1; S6RP-PS:
phospho-5240/244-S6RP. (G) MV4-11 cells were treated for 48 hours with or without 0.75 ng/ml BZM, 7.5 uM PF, or 2 uM PIM, as indicated, and
analyzed. (H) MV4-11 cells were treated for 6 hours with or without 3 ng/ml BZM, 10 uM PF, or 3 uM PIM, as indicated, and analyzed.
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Figure 7. A schematic model of intracellular signaling mechanisms
regulating proteasome inhibitor-induced apoptosis by FLT3-ITD
involving the STAT5/Pim axis and the mTORC1/elF4F/Mcl-1 pathway.

exogenous overexpression showed a potent protective effect on cells
treated with combination of bortezomib and the S6K inhibitor
(Figure 6F and Supplementary Figure 2D). Previous studies have also
shown that upregulation of Mcl-1 may mediate resistance to bortezomib
or catfilzomib in AML [21]. Thus, reduction of bortezomib-induced
upregulation of Mcl-1 by downregulation of cap-dependent translation
in cells cotreated with the PIM or S6K inhibitor likely plays an important
role in increasing sensitivity to bortezomib.

The present study suggests that upregulation of REDDI
expression induced by bortezomib may play a role in downregulation
of the mTORCI pathway because genetic enhancement of REDD1
induction distinctively augmented the bortezomib-induced down-
regulation of this pathway (Figure 4C). It has been previously
reported that bortezomib increased the expression level of REDDI
also in multiple myeloma and prostate cancer cells [28,29,31].
Although the increase in REDDI1 transcript level was previously
implicated in multiple myeloma cells [29], it was later reported that
bortezomib induced REDD1 expression not through transcriptional
upregulation but through stabilization in prostate cancer cells [28]. In
accordance with this, bortezomib upregulated the expression levels of
both endogenous and exogenous REDD1 in the present study, thus
implicating the stabilization of this highly unstable protein rapidly
degraded by the proteasome [32], rather than the transcriptional
upregulation of its gene as the underlying major mechanism. REDD1
has been reported to inhibit the mTORCI1 pathway by various
molecular mechanisms, including inhibition of the upstream Akt
kinase [12,33,34]. In the present study, Akt was rather activated by
overexpression of REDDI1, possibly through a negative feedback
mechanism, implying that it affected signaling events downstream of
Akt. In contrast to the present study, the bortezomib-induced
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REDDI1 expression was implicated in protection of cell survival
through downregulation of mTORCI1 pathway to enhance autoph-
agy in the previous reports [28,29]. Thus, REDDI1 induced by
bortezomib may play different roles in regulation of cell survival in
different cellular contexts. Future studies are warranted to explore the
possibility that various pharmacological agents inducing cellular
stresses to induce REDDI1 expression may promote the effects of
bortezomib on AML with or without FLT3-ITD.

The present study has shown that bortezomib downregulated the
expression level of FLT3-ITD in AML cells, which is in agreement
with previous reports [22,35]. However, different mechanisms have
been described to induce the downregulation. While Blum et al. [35]
reported that bortezomib inhibited the FLT3-ITD expression at the
transcriptional level in MV4-11 as well as primary AML cells, Larrue
et al. [22] more recently reported that bortezomib inhibited the
mTORCI pathway to induce autophagic degradation in these cells,
which was not prevented by caspase inhibitors. In the present study,
however, the decrease in FLT3-ITD expression was observed under
the conditions where autophagic flux was not increased and was at
least partly prevented by inhibition of caspases but not autophagy
(Figure 4, E and F). Moreover, bortezomib only modestly or
drastically accelerated the decrease in FLT3-ITD expression when
translation or transcription was shut down, respectively, thus
implicating translational downregulation as the major underlying
mechanism (Figure 4G). In accordance with this, bortezomib
retarded the recovery of FLT3-ITD expression after reinitiation of
translation in MV4-11 cells (Figure 4H). Furthermore, inhibition of
mTORCI downregulated FLT3-ITD (Figure 4/). Thus, our results
strongly suggest that bortezomib reduced the FLT3-ITD expression
by the translation mechanisms regulated by mTORCI1 and
subsequently by the caspase-mediated mechanisms in cells undergo-
ing apoptosis. The discrepancy with the previous reports might have
been caused at least partly by the differences in experimental
conditions. For instance, Larrue et al. examined the effect of
bortezomib on autophagy in MV4-11 cells treated with 10 nM
bortezomib for 24 hours, while we examined the earlier (8 hours)
effects of a slightly higher concentration (5 ng/ml or 13.0 nM) of
bortezomib on FLT3-ITD and autophagy in these cells. Together,
these data suggest that proteasome inhibitors may reduce the
expression of FLT3-ITD through various mechanisms dependent
on cellular and experimental conditions. Irrespective of the
underlying mechanisms, the decrease in FLT3-ITD expression may
play a significant role in enhancement of long-term cytotoxic effects
of proteasome inhibitors on FLT3-ITD—positive AML cells, which
may explain the report that primary AML samples bearing FLT3-
ITD mutations are more sensitive to proteasome inhibitors than wild-
type samples [22].

In summary, we have demonstrated that the proteasome inhibitors
bortezomib and carfilzomib downregulated the mTORCI pathway
to induce apoptosis mediated through the intrinsic mitochondrial
pathway in hematopoietic cells including the FLT3-ITD-positive
MV4-11 and primary AML cells. FLT3-ITD as compared with
FLT3-TKD diminished the cytotoxic effect of proteasome inhibitors
by partly sustaining the mMTORCI pathway through activation of the
STAT5/Pim kinase axis. Induction of REDD1 by bortezomib was
implicated in reducing the mTORCI activity critical for translation
of mRNAs, which led to decrease in FLT3-ITD expression as well as
decrease in induction of Mcl-1 expression by proteasome inhibitors to
result in induction of apoptosis. Because inhibition of the STAT5/
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Pim kinase pathway as well as that of the mTORCI pathway
remarkably enhanced apoptosis induced by the proteasome

inhibitors, various molecules in these pathways are supposed to

be promising targets to augment the therapeutic effects of
proteasome inhibitors against therapy-resistant FLT3-ITD—positive
AML (Figure 7).
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