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Abstract
Hematological malignancies harboring various ABL1 fusions are expected to be sensitive to tyrosine kinase
inhibitors (TKIs), similar to those with BCR-ABL1. However, SEPT9-ABL1 exhibits TKI resistance both in vitro and in
vivo. SEPT9-ABL1 has the same ABL1 region as seen in BCR-ABL1 but no point mutation in its kinase domain,
which is one of the main mechanisms underlying TKI resistance in the leukemic cells harboring BCR-ABL1. The
purpose of this study was to reveal the mechanism underlying TKI resistance induced by SEPT9-ABL1. We
focused on the TP53 status because TKI-induced apoptosis in BCR-ABL1–positive cells is achieved through TP53.
Mouse TP53 homologue TRP53 was downregulated and less phosphorylated in the cells expressing SEPT9-ABL1
than in those with BCR-ABL1, resulting in the prevention of apoptosis induced by TKIs. The CRM1 inhibitor KPT-
330 accumulated nuclear TRP53 and NFKB1A (also known as IκBα), which is thought to capture TRP53 in the
cytoplasm, and induced apoptosis in the hematopoietic cells expressing SEPT9-ABL1. In addition, the combination
treatment of KPT-330 and imatinib, which induced the marked nuclear accumulation of PP2A and SET, reactivated
PP2A through its dephosphorylation and inhibited SET expression, resulting in the effective induction of the
apoptosis in the cells expressing SEPT9-ABL1. The combination treatment with KPT-330 and imatinib successfully
reduced the subcutaneous masses expressing SEPT9-ABL1 and extended the survival of the mice intraperitoneally
transplanted with SEPT9-ABL1–expressing cells. These results show that therapy with CRM1 inhibitors may be
effective for overcoming TKI resistance induced by SEPT9-ABL1.
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Introduction
The fusion gene BCR-ABL1 is derived from t(9;22)(q34;q11.2),
which is detected in patients with chronic myeloid leukemia (CML)
and approximately 30% of patients with acute lymphoblastic
leukemia (ALL) [1]. BCR-ABL1 is believed to contribute to
leukemogenesis through tyrosine kinase activity from the ABL1
region that activates multiple downstream signals [2]. Tyrosine kinase
inhibitors (TKIs), such as imatinib, dasatinib, and nilotinib, have
been developed to target BCR-ABL1 and reportedly induce
hematological remission in patients with CML immediately, resulting
in the dramatic improvement of their prognosis [3,4]. TKIs are also
effective for treating BCR-ABL1–positive ALL, and the prognosis of
such patients has been improved in combination with chemotherapy
and stem cell transplantation [5]. Therefore, TKIs against BCR-
ABL1 are a representative paradigm of molecular-targeted therapy for
malignancies.

Infrequently, ABL1 fusions that are fused to genes other than BCR
are found in various hematological malignancies [6]. Because they
share the ABL1 molecule in common, they are expected to be
,
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sensitive to TKIs. NUP214-ABL1, which is typically detected in T-
cell acute lymphoblastic leukemia (T-ALL), has been found to be
sensitive to TKIs in vitro, in vivo, and clinically [7]. In ar ABL1
fusions have been reported to be sensitive to TKIs.
We previously identified the fusion gene SEPT9-ABL1 in a patient

with T-prolymphocytic leukemia (T-PLL) [8]. SEPT9 is a GTP-binding
protein ubiquitously expressed and considered to be a component of
cytoskeletal structures [9]. We have proven that SEPT9-ABL1 exhibits
TKI resistance in vitro and in vivo, as seen in the clinical course [8,10].
Point mutations in the kinase domain of the BCR-ABL1 product are one
of the main mechanisms underlying the development of TKI resistance
[11]. However, SEPT9-ABL1 has no point mutations in the ABL1
region. As such, themechanisms underlying theTKI resistance in the cells
harboring SEPT9-ABL1 remain unclear.
It has been reported that the tumor suppressor TP53 is one of the

molecules responsible for the antileukemic effect of TKIs on BCR-
ABL1–positive cells [12]. TP53 is stabilized through tetramer
formation by the phosphorylation of Ser 392 [13] and transcription-
ally regulates genes involved in DNA repair, cellular senescence, and
apoptosis. In malignant cells, TP53 is often inactivated by mutations
in its exons or removed by pathophysiological mechanisms, including
mouse double minute 2 (MDM2) oncoprotein that promotes the
nuclear export and degradation of TP53 [14,15].
The purpose of this study was to clarify the mechanism underlying

TKI resistance in cells harboring SEPT9-ABL1. We focused on
analyzing the TP53 status of these cells in comparison to that of cells
harboring BCR-ABL1 which is a typical example of a TKI-sensitive
ABL1 fusion.

Materials and Methods

Patient Samples
The patient's frozen bone marrow samples were obtained after

written informed consent was provided in accordance with the
Declaration of Helsinki and with approval from the Tokai University
Committee on Clinical Investigation (permit number: #15I-26).
Other samples were obtained from the untreated patients with
chronic myeloid leukemia in blastic crisis (CML-BC) and B-cell ALL
patients harboring the BCR-ABL1 fusion gene, as well as a T-PLL
patient harboring SEPT9-ABL1.

Cell Culture, Retroviral Infection
A packaging cell line consisting of Plat-gp cells (a generous gift

from Prof. Toshio Kitamura, Institute of Medical Science, University
of Tokyo) was cultured in DMEM containing 10% fetal bovine
serum (FBS) at 37°C under 5% CO2. The transduction of the
plasmids into attached cells to produce viral supernatant was
performed using Fugene HD (Promega, Madison, WI), according
to the manufacturer's protocol.
32D cells and BaF3 cells, a murine interleukin-3 (IL-3)–dependent

hematopoietic cell line, were cultured in RPMI 1640medium containing
10% FBS and recombinant murine IL-3 (5 ng/ml) at 37°C under 5%
CO2. One of the SEPT9-ABL1 isoforms (SEPT9f-ABL1) and BCR-
ABL1 were retrovirally transduced into 32D and BaF3 cells to generate
32D/SEPT9-ABL1, 32D/BCR-ABL1, BaF3/SEPT9-ABL1, and BaF3/
BCR-ABL1 cells, as previously described [16].

Chemicals
The CRM1 antagonist, termed a selective inhibitor of nuclear

export (SINE), KPT-330 (Selleck Chemicals, Houston, TX) and
imatinib (Santa Cruz Biotechnology, Dallas, TX) were dissolved in
DMSO at 50 mM for KPT-330 and 100 mM for imatinib. The
selective casein kinase 2 (CK2) inhibitor tetrabromobenzotriazole
(TBB) (Abcam, Cambridge, MA) and the MDM2 antagonist Nutlin-
3a (Sigma-Aldrich, St. Louis, MO) were dissolved in DMSO at
100 mM for TBB and 30 mM for Nutlin-3a. These solutions were
then aliquoted and stored at −80°C.

Cell viability Assay, Establishment of IC50 Values
To evaluate the drug sensitivity, 10,000 cells were cultured in 96-

well plates with increasing concentrations of imatinib or KPT-330.
After 48 hours, the cell proliferation was evaluated using a Cell Titer-
Glo Luminescent cell viability assay (Promega).

Apoptosis Assay
32D and BaF3 cells were co-incubated with Annexin V-fluorescein

isothiocynate (FITC) and propidium iodide (PI) for 24 hours using
the Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, San
Jose, CA) according to the manufacturer's protocol. Analyses were
performed using BD LSRFortessa (BD Biosciences), and Annexin V/
PI double-positive cells were regarded as apoptotic cells.

Western Blot Analyses
Total cell lysates prepared using RIPA buffer were electrophoresed

and transferred to polyvinylidene fluoride membranes. Intranuclear
or intracytoplasmic protein was fractionated and extracted using a
ProteoExtract Subcellular Proteome Extraction Kit (Merck Millipore,
Darmstadt, Germany) and then blocked in 0.5% Tween 20 (TBST)
containing 5% milk, incubated with diluted primary and secondary
antibodies, and visualized with Immobilon Western Chemilumines-
cent HRP Substrate (Millipore) or ECL prime (GE Healthcare,
Chicago, IL). The antibodies used were as follows: anti-ACTB from
Sigma-Aldrich; anti–c-Abl, anti–phospho-TP53 (Ser392), anti-
TP53, anti–phospho-MDM2 (Ser166), anti–protein phosphatase
type 2A (PP2A), anti-NFKB1A, anti-CRM1, anti–Lamin A/C, and
horseradish peroxidase (HRP)–conjugated anti-rabbit IgG from Cell
Signaling (Boston, MA); anti-MDM2 and anti–T-cell lymphoma
invasion and metastasis 1 protein (TIAM1) from Santa Cruz; anti-
SET from Abcam (Cambridge, MA); anti-phospho-PP2A from R&D
Systems (Minneapolis, MN); and HRP-conjugated anti-mouse IgG
from GE Healthcare. The protein expression was analyzed using the
CS Analyzer software program, ver.3.0 (Atto Corp., Tokyo, Japan).

In Vivo Tumor Models
In subcutaneous model, 5 × 106 BaF3/SEPT9-ABL1 cells were

syngeneically transplanted into BALB/c mice. The treatment was
started 10 days after cell implantation. Mice were orally treated with
imatinib 20 mg/kg daily, KPT-330 5 mg/kg 3 times/week or
imatinib 20 mg/kg daily, plus KPT-330 5 mg/kg 3 times/week.
The diameters of the subcutaneous tumors were measured twice a
week, and the tumor volume ( ) was calculated using the following
formula for estimation: V = (W2 × L)/2 (V: tumor volume,W: short
diameter, L: long diameter).

In the intraperitoneal model, 2 × 106 BaF3/SEPT9-ABL1 or
32D/SEPT9-ABL1 cells were transplanted into BALB/c nude mice.
The treatment was started the day after the cell implantation. Mice
were orally treated with imatinib 20 mg/kg daily, KPT-330 50 mg/
kg 3 times/week, or imatinib 20 mg/kg daily plus KPT-330 50 mg/
kg 3 times/week. Moribund mice were humanly sacrificed and
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evaluated histopathologically to confirm the infiltration of trans-
planted cells into the bone marrow, spleen, and liver using
hematoxylin-eosin staining.

All experiments using animals were approved by the animal care
committee of Tokai University (permit number: #171025), and all
experiments were performed in accordance with the relevant
guidelines and regulations.

Statistical Analyses
The significance of the differences between two groups was

determined by the Mann-Whitney test. The survival curve was
evaluated by the Kaplan-Meier method. These analyses were
performed using the SPSS statistics software program, ver. 24
(IBM, Tokyo, Japan). Values with P b .05 were considered to be
statistically significant.

Results

TKI Resistance Induced by SEPT9-ABL1
SEPT9-ABL1 possesses a proline-rich region along with a small part of

the CDC/Septin domain from SEPT9, which is important for hetero-
oligomerization between SEPT9 and other proteins, in the N-terminus
and the SH3, SH2, and SH1 domains with a C-terminal structure
identical to that of BCR-ABL1 in the C-terminus (Figure 1A). Our
previous study revealed that SEPT9f-ABL1 exerted the strongest
Figure 1. TKI responsiveness induced by SEPT9-ABL1.(A) The
structures of BCR-ABL1 and SEPT9-ABL1. Isoform f is shown as a
representative of SEPT9. The number of amino acids is also
indicated. aa, amino acid; DNA-BD, DNA binding domain; F-A-B, F-
actin binding; P-R-R, proline-rich region; SH, SRC homology.(B)
The IC50 of imatinib in 32D and BaF3 cells expressing BCR-ABL1 or
SEPT9-ABL1. The cells were analyzed at 48 hours after starting
culture with various concentrations of imatinib.
oncogenic activities among SEPT9-ABL1 isoforms [10]. Therefore, this
isoform was utilized in this study to represent SEPT9-ABL1.

The 50% inhibitory concentration (IC50) of imatinib was higher
with the expression of SEPT9-ABL1 than with that of BCR-ABL1 in
32D and BaF3 cells (Figure 1B). The resistance was 9.5-fold in 32D/
SEPT9-ABL1 and 2.5-fold in BaF3/SEPT9-ABL1. These results
confirmed that SEPT9-ABL1 contributed to TKI resistance, as seen
in our previous study [10].
The Low Expression of TP53 in Hematopoietic Cells
Harboring SEPT9-ABL1

To analyze the mechanisms underlying the TKI resistance in
SEPT9-ABL1–expressing cells, we first analyzed the expression and
phosphorylation status of TP53 in the patients' samples with ABL1
fusions using Western blotting. The TP53/ACTB and phosphory-
lated TP53/ACTB ratios of case 5, who was diagnosed with T-PLL
harboring SEPT9-ABL1 [8], were lower than in the patients who
were diagnosed with CML-BC (case 1) and ALL harboring BCR-
ABL1 (cases 2 to 4) (Figure 2A). Consistent with these data, TRP53,
a mouse homologue of TP53, was downregulated and less
phosphorylated in 32D/SEPT9-ABL1 than in 32D/BCR-ABL1
(Figure 2B). The phosphorylation status of TRP53 in BaF3 cells also
showed the same tendency using infected BaF3 cells (Figure 2C).
Sequence analyses confirmed that 32D and BaF3 cells did not have
any point mutations in the Trp53 gene (data not shown).

The expression and phosphorylation status of MDM2, a major
TP53 regulator, were then analyzed in 32D and BaF3 cells expressing
BCR-ABL1 or SEPT9-ABL1. MDM2 was phosphorylated in these
cells. When the cells were treated with imatinib, MDM2 was
dephosphorylated in 32D/BCR-ABL1 and BaF3/BCR-ABL1. In
contrast, the phosphorylation of MDM2 and the decreased
expression and phosphorylation of TRP53 were sustained in 32D/
SEPT9-ABL1 up to 5 μM and in BaF3/SEPT9-ABL1 up to 10μM of
imatinib treatment (Figure 2, B and C).

When the cell pellets under imatinib treatment were fractionated
in order to assess the cellular TRP53 distribution, the nuclear TRP53
expression was lower in 32D/SEPT9-ABL1 than in 32D/BCR-ABL1
at each concentration of imatinib (Figure 2D). The nuclear expression
status of TRP53 in BaF3 cells also showed the same tendency using
infected BaF3 cells (Figure 2E). These findings suggest that SEPT9-
ABL1 suppressed the phosphorylation and nuclear expression of
TRP53, even at elevated imatinib concentrations, probably by
maintaining MDM2 phosphorylation, in order to prevent apoptosis
induced by imatinib.
The Effect of a CRM1 Inhibitor on Cells Harboring SEPT9-
ABL1 In Vitro

To explore ways to overcome TKI resistance in cells harboring
SEPT9-ABL1, two types of agents were examined. One was the
selective CK2 inhibitor TBB. It has been reported that the kinase
activity of CK2 is regulated by BCR-ABL1 and that CK2 is related to
TKI resistance through S6RP hyperphosphorylation and PTEN
inactivation [16]. The other was the MDM2 antagonist Nutlin-3a,
which inhibits MDM2-TP53 interactions and stabilizes the TP53
protein, thereby inducing cell cycle arrest and apoptosis [17].
However, the administration of these agents combined with or
without imatinib did not inhibit the proliferation of 32D/SEPT9-
ABL1 (data not shown).

Image of Figure 1
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We next focused on the nuclear export of TP53. Chromosomal
region maintenance 1 (CRM1, also known as XPO1) is a ubiquitous
nuclear export receptor protein of the karyopherin-β family that
contributes to the nuclear export of more than 200 proteins [18,19].
CRM1 inhibitors have been reported to suppress the nuclear export
of TP53 and induce its nuclear accumulation [20–22]. When a
CRM1 inhibitor KPT-330 was administered, BCR-ABL1 and
SEPT9-ABL1 showed similar IC50 without significant differences
in both 32D and BaF3 cells (Figure 3A), with the modest effect on
the alteration of the CRM1 expression (Figure 3B). We therefore
examined the effect of KPT-330 on the hematopoietic cells expressing
SEPT9-ABL1.
Figure 2. TP53 expression in BCR-ABL1 and SEPT9-ABL1.(A) The T
SEPT9-ABL1 using a Western blot analysis. Case 1, CML-BC; cases
ABL1. The phosphorylated TP53 (p-TP53)/ACTB ratio and TP53/ACTB
MDM2 expression and phosphorylation in 32D cells (B) and BaF3 cel
after treatment with imatinib (0, 1, 5, and 25 μM for 32D cells; 0, 1, and
analysis. Each Western blot analysis was repeated three times, and
phosphorylated TRP53 (p-TRP53)/ACTB, TRP53/ACTB, phosphorylate
calculated using all of the analyzed data. The arrows and asterisks in
cellular distribution of TRP53 in 32D cells (D) and BaF3 cells (E)exp
treatment with imatinib (0, 1, and 10 μM) for 8 hours was evaluated b
three times, and the representative images are shown. The arrows and
To determine whether or not KPT-330 inhibited transport of TRP53
by CRM1, we evaluated the intracellular distribution of TRP53 using
32D/BCR-ABL1 and 32D/SEPT9-ABL1. The basal expression of
TRP53 without any treatment was higher in 32D/BCR-ABL1 than in
32D/SEPT9-ABL1. Imatinib did not inhibit but rather promoted the
nuclear export of TRP53. However, KPT-330 induced the marked
nuclear accumulation of TRP53 in the 32D/SEPT9-ABL1 as well as
32D/BCR-ABL1. The nuclear TRP53 accumulationwas also induced by
the combination treatment with KPT-330 and imatinib in both 32D/
BCR-ABL1 and 32D/SEPT9-ABL1, dependent on the effect of
imatinib, although the amount of nuclear TRP53 was less than noted
with the treatment with KPT-330 alone (Figure 3C).
P53 expression in the patient samples harboring BCR-ABL1 and
2 to 4, ALL harboring BCR-ABL1; case 5, T-PLL harboring SEPT9-
ratio is shown below.(B, C) The mouse TP53 homologue TRP53 and
ls (C) harboring BCR-ABL1 or SEPT9-ABL1. The protein expression
10 μM for BaF3 cells) for 3 hours was evaluated by aWestern blot
the representative images are shown. In B and C, the ratios of
d MDM2 (p-MDM2)/ACTB, and MDM2/ACTB shown below were
dicate the specific and nonspecific bands, respectively.(D, E) The
ressing BCR-ABL1 and SEPT9-ABL1. The TRP53 expression after
y a Western blot analysis. Each Western blot analysis was repeated
asterisks indicate the specific and nonspecific bands, respectively.
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Regarding the nuclear accumulation of TRP53 with KPT-330
treatment, we also analyzed the intracellular distribution of NFKB1A
(also known as IκBα) in these cells because BCR-ABL1 has been
reported to promote the nuclear exclusion of TP53 through
interaction with cytoplasmic NFKB1A, which has been reported to
accumulate in the nucleus through CRM1 inhibition in CML and
malignant lymphomas [23–26]. As expected, nuclear NFKB1A
accumulated in 32D/BCR-ABL1 as well as 32D/SEPT9-ABL1 under
treatment with KPT-330. Combination treatment with KPT-330
and imatinib further induced the nuclear accumulation of NFKB1A
in 32D/SEPT9-ABL1 (Figure 3D).

We then focused on the tumor suppressor PP2A and BCR-ABL1–
induced PP2A inhibitor SET, whichhave been also reported to
accumulate in the nucleus in CML-BC cells with KPT-330
treatment, resulting in their apoptosis [27]. Imatinib treatment has
been reported to induce the reactivation of PP2A, which is inhibited
by the SET expression [28]. We first analyzed the phosphorylation
status of PP2A and the SET expression in 32D/BCR-ABL1 and 32D/
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SEPT9-ABL1 treated with KPT-330. Imatinib induced the PP2A
reactivation characterized by its dephosphorylation, and it also
inhibited the SET expression in 32D/BCR-ABL1, where a
considerable amount of nuclear TRP53 accumulation was detected,
Figure 3. The effect of the CRM1 inhibitor KPT-330 on SEPT9-ABL1 in
KPT-330 in 32D and BaF3 cells expressing BCR-ABL1 or SEPT9-ABL
various concentrations of KPT-330. These experiments were repeated
the representative dose-response curves are shown.(B). The CRM1 ex
culture without treatment for controls or with treatment of imatinib 1
24 hours, the protein expression was evaluated by a Western blot
cellular TRP53 distribution in 32D/BCR-ABL1 and 32D/SEPT9-ABL1 tr
with treatment of imatinib 1 μM, KPT-330 1 μM, or combination of
evaluated by a Western blot analysis. These experiments were perfor
cellular distribution of NFKB1A in 32D cells expressing BCR-ABL1 an
treatment of imatinib 1 μM, KPT-330 1 μM, or the combination of im
evaluated by a Western blot analysis. These experiments were perfor
in 32D/BCR-ABL1 and 32D/SEPT9-ABL1 treated with KPT-330 and
treatment of imatinib 1 μM, KPT-330 10 μM, or combination of imatini
by a Western blot analysis. These experiments were performed three
asterisks indicate the specific and nonspecific bands, respectively. Th
ACTB, and SET/ACTB in comparison with those from untreated contr
from all the analyzed data. * indicates a P value b.05.(F) The cellular d
SEPT9-ABL1. After culture without treatment for controls or with tr
imatinib and KPT-330 for 24 hours, the cells were fractionated and
performed three times. The arrows and asterisks indicate the specifi
32D/BCR-ABL1 and 32D/SEPT9-ABL1 treated with KPT-330 and/or ima
of imatinib 1 μM, KPT-330 1 μM, or combination of imatinib and KPT-3
blot analysis.(H, I) The frequency of Annexin V and PI double-positiv
SEPT9-ABL1 that were cultured without treatment or with imatinib 1
330 1 μM. The analyses were performed 24 hours after treatment usin
* indicates a P value b.05.
but did not induce these effects in 32D/SEPT9-ABL1, where less
nuclear TRP53 accumulation was detected. KPT-330 alone induced
neither the PP2A reactivation nor the inhibition of SET expression in
both 32D/BCR-ABL1 and 32D/SEPT9-ABL1. The combination
vitro.(A) The IC50 and the dose-response curve of the CRM1 inhibitor
1. The cells were analyzed at 48 hours after starting culture with
five times, and the median values of IC50 are shown. Additionally,
pression in 32D cells expressing BCR-ABL1 and SEPT9-ABL1. After
μM, KPT-330 1 μM, or the combination of imatinib and KPT-330 for
analysis. These experiments were performed three times.(C) The
eated with KPT-330. After culturewithout treatment for controls or
imatinib and KPT-330 for 4 hours, the cells were fractionated and
med three times, and the representative images are shown.(D) The
d SEPT9-ABL1. After culture without treatment for controls or with
atinib and KPT-330 for 24 hours, the cells were fractionated and

med three times.(E) The PP2A phosphorylation and SET expression
/or imatinib. After culture without treatment for controls or with
b and KPT-330 for 24 hours, the protein expressions were evaluated
times, and the representative images are shown. The arrows and

e bars below the images indicated the ratio of p-PP2A/ACTB, PP2A/
ols in 32D/BCR-ABL1 and 32D/SEPT9-ABL1, whichwere calculated
istribution of PP2A and SET in 32D cells expressing BCR-ABL1 and
eatment of imatinib 1 μM, KPT-330 1 μM, or the combination of
evaluated by a Western blot analysis. These experiments were

c and nonspecific bands, respectively.(G) The TIAM1 expression in
tinib. After culture without treatment for controls or with treatment
30 for 24 hours, the protein expression was evaluated by aWestern
e cells in 32D cells (D) and BaF3 cells (E) harboring BCR-ABL1 or
μM, KPT-330 1 μM, or the combination of imatinib 1 μM and KPT-
g a flow cytometry. These experiments were performed five times.
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treatment with KPT-330 and imatinib modestly induced the PP2A
reactivation and inhibited the SET expression in both 32D/BCR-
ABL1 and 32D/SEPT9-ABL1 (Figure 3E).

We therefore analyzed the intracellular distribution of PP2A and
SET in 32D/BCR-ABL1 and 32D/SEPT9-ABL1 when they were
treated with KPT-330. Imatinib induced the nuclear accumulation of
PP2A and SET in 32D/BCR-ABL1 but not in 32D/SEPT9-ABL1.
In contrast, KPT-330 induced the nuclear accumulation of PP2A and
SET in 32D/BCR-ABL1 as well as 32D/SEPT9-ABL1. The
combination treatment with KPT-330 and imatinib further induced
the nuclear accumulation of PP2A and SET in 32D/BCR-ABL1. In
32D/SEPT9-ABL1, the amount of the nuclear PP2A was comparable
in the combination treatment and KPT-330 alone (Figure 3F). The
expression of TIAM1, the activation of which is reported to be
associated with the proliferation of CLL and to cause resistance to
fludarabine [29] and which is reportedly destabilized by PP2A [30],
was also decreased in 32D/BCR-ABL1 and 32D/SEPT9-ABL1, in
accordance with the nuclear accumulation of PP2A induced by
treatment with KPT-330 alone as well as by combination treatment
with KPT-330 and imatinib (Figure 3G). Furthermore, the amount
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of the nuclear SET was greater after combination treatment than after
treatment with KPT-330 alone (Figure 3F).
To evaluate the cellular response to KPT-330 in the combination

with or without imatinib, 32D/BCR-ABL1 and 32D/SEPT9-ABL1
were cultured without treatment or with imatinib 1 μM, KPT-330
1 μM, or imatinib 1 μM plus KPT-330 1 μM. In 32D/BCR-ABL1
cells, imatinib or KPT-330 alone induced apoptosis, and the
frequency of apoptotic cells was higher in the combination treatment
than treated with either alone. In 32D/SEPT9-ABL1 cells, KPT-330
but not imatinib induced apoptosis. The frequency of apoptotic cells
was higher in the combination treatment than treated with KPT-330
alone (Figure 3H). Similar results were demonstrated using BaF3/
BCR-ABL1 and BaF3/SEPT9-ABL1 (Figure 3I).
These results demonstrated that CRM1 inhibitor KPT-330

inhibited the nuclear export of TRP53 directly or through the
nuclear accumulation of NFKB1A and induced apoptosis in cells
harboring SEPT9-ABL1 in vitro. Because the combination treatment
was the most effective way to induce apoptosis, the nuclear
accumulation of PP2A and SET was supposed to be important for
inducing apoptosis in cells expressing SEPT9-ABL1.

The Effect of a CRM1 Inhibitor on Cells Harboring SEPT9-
ABL1 In Vivo
Finally, we investigated the in vivo effects of a CRM1 inhibitor and

its combination with imatinib using BaF3/SEPT9-ABL1 and 32D/
SEPT9-ABL1 cells.
In the subcutaneous tumor model, imatinib treatment did not alter

the tumor volume, and the tumor volume at day 22 was 132 mm2. In
contrast, the tumor volume after KPT-330 treatment was 75.6 mm2

at day 22, which was significantly smaller than that after imatinib
treatment (P = .030). The combination treatment further decreased
the tumor volume to 38.5 mm2 at day 22, which was also
significantly smaller than that after imatinib treatment (P = .008),
although no significant difference was noted between the volume after
combination treatment and that after KPT-330 alone (Figure 4A).

In the intraperitoneal tumor model, we first confirmed that the
intraperitoneallytransplanted BaF3/SEPT9-ABL1 cells systemically infil-
trated afterward, making their way to bone marrow, spleen, and liver in
the sacrificed moribund mice with hepatosplenomegaly (Figure 4B).
When mice were treated with imatinib or KPT-330 alone, the median
survival durations were 16 and 17 days, respectively, without any
significant difference (P = .099). The median survival duration after the
combination treatment of KPT-330 and imatinib was 20.5 days, which
was significantly longer than that after treatmentwith imatinib (P = .004)
or KPT-330 alone (P = .039) (Figure 4C). In 32D/SEPT9-ABL1 cells,
the median survival duration with imatinib and KPT-330 alone was 23
and 28 days, respectively, and treatment with KPT-330 alone resulted in
a significantly longer survival period than that with imatinib alone (P =
.045). The median survival duration with the combination treatment
with KPT-330 and imatinib was 29 days, which was significantly longer
than that after treatment with imatinib (P = .005) or KPT-330 alone
(P = .027) (Figure 4D).

These results indicated that combination treatment with KPT-330
and imatinib was more effective in reducing the leukemic cells
harboring SEPT9-ABL1 in vivo, resulting in a prolonged survival in
comparison to the imatinib alone.

Discussion
The current study found that the nuclear TP53 was downregulated
and less phosphorylated in the cells expressing SEPT9-ABL1 than in
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cells expressing BCR-ABL1, resulting in the prevention of apoptosis
induced by TKIs. The administration of a CRM1 inhibitor, which
suppresses the nuclear export of TP53 directly, or through the nuclear
accumulation of NFKB1A, and causes the reactivation of PP2A, and
the inhibition of SET expression successfully induced the apoptosis in
the cells expressing SEPT9-ABL1 and inhibited their proliferation in
vivo. Furthermore, combination therapy of a CRM1 inhibitor and
imatinib was more effective in overcoming TKI resistance in cells
expressing SEPT9-ABL1 than a CRM1 inhibitor.
Among the 10 ABL1-fusions reported thus far, only SNX2-ABL1
and SEPT9-ABL1 have exhibited resistance to TKIs natively. Both
fusions had no point mutations in the catalytic domain of ABL1
[8,31], although such mutations have been reported in BCR-ABL1
fusion from acquired TKI-resistant cells [32]. In SNX2-ABL1, both
the SH2 and SH3 domains in ABL1, which are negative regulatory
elements for the kinase domain, have been lost. The deficit of these
SH2 and SH3 domains may promote the strong activation of ABL1
kinases, which may contribute to TKI resistance [33]. SEPT9-ABL1
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shares the ABL1 region harboring SH2 and SH3 domains with BCR-
ABL1 with no point mutations. Although it is possible that the
higher-order structure of SEPT9-ABL1 may be related to TKIs
resistance, the mechanisms underlying TKI resistance from a
molecular structure perspective have yet to be clarified.
BCR-ABL1 recruits and constitutively activates multiple signal

pathways including the RAF/MEK/ERK pathway, JAK/STAT
pathway, and PI3K/AKT pathway for consistent proliferation [34].
These signaling molecules have been examined as a target for
treatment as well as overcoming TKI resistance [35–40]. The pro-
survival protein kinase CK2 is a fascinating molecule that
phosphorylates several targets, including RPS6, a common down-
stream effector of the RAF/MEK/ERK and PI3K/AKT pathways
[41]. CK2 is highly expressed in CML progenitors [42] and even
more highly expressed in the imatinib-resistant cells with BCR-ABL1
gene amplification compared with imatinib-sensitive cells [43]. It
interacts with BCR-ABL1, and the inhibition of CK2 restores TKIs
sensitivity in cells with CK2 upregulation as well as without a high
CK2 level [44]. The finding that a CK2 inhibitor was not effective in
repressing the proliferation of cells harboring SEPT9-ABL1 suggests that
while the RAF/MEK/ERK and PI3K/AKT pathways might not be
involved in SEPT9-ABL1–induced TKIs resistance, other pathways
might be involved, as was suggested by the strong phosphorylation of
STAT5 in cells harboring SEPT9-ABL1 in our previous study [10].

The inhibition of BCR-ABL1 with TKIs has been reported to lead
to the inactivation of MDM2 and activation of TP53 [45].
Furthermore, mutations or allelic losses of TP53 have been reported
to be linked to the TKI resistance, progression to blast crisis, and a
poor outcome in CML [12]. These findings suggest that the
enhancement of the TP53 function may be a novel target in the
treatment of TKI-resistant CML. MDM2 inhibitors have been
proposed as a promising strategy for treating B-ALL, regardless of
BCR-ABL1 [46]. However, the MDM2 inhibitors Nutlin-3a failed
to overcome TKI resistance in cells harboring SEPT9-ABL1 in this
study.

Another strategy for targeting TP53 is the application of CRM1
inhibitors. CRM1 is overexpressed in several hematologic and
nonhematologic malignancies, and the upregulation of CRM1 is
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correlated with a poor prognosis and drug resistance [47]. The SINE
compounds KPT-251, KPT-276, and KPT-330, which interact with
the NES-binding groove of CRM1 for nuclear export, are effective on
Figure 4. The effect of the CRM1 inhibitor on SEPT9-ABL1 in vivo.The ch
mice transplanted with 5 × 106 BaF3/SEPT9-ABL1 cells subcutaneously
times/week (n 6), or imatinib 20mg/kg daily and KPT-330 5mg/kg 3 tim
volume of the subcutaneous tumors is indicated at the vertical axis. * ind
leukemic mice with BaF3/SEPT9-ABL1 cells. The histological sections st
infiltrated diffusely throughout the bone marrow, predominantly in the r
Glisson's sheath in the liver. * indicates tumor cells. The magnification ra
figure. The bars indicate 200 μm in the upper figures and 50 μm in the lo
tumor model. BALB/c mice transplanted with 2 × 106 BaF3/SEPT9-AB
20 mg/kg daily (n = 7), KPT-330 50 mg/kg 3 times/week (n = 8), or imati
thedayafter transplantation. * indicates aP valueb.05 (imatinib andKPT-3
KPT-330).(D) The Kaplan-Meier survival curves of the intraperitoneal tumo
intraperitoneally were treated with vehicle (n = 3), imatinib 20 mg/kg dai
kg daily and KPT-330 50 mg/kg 3 times/week (n = 8) from the day afte
imatinib), **indicates a P value b.05 (imatinib and KPT-330 vs. KPT-330),
acute leukemia, chronic lymphocytic leukemia, and multiple
myeloma by inducing apoptosis [22,27,48,49]. The present data
showed that KPT-330 effectively inhibited the cellular growth of cells
anges in the tumor volume in the subcutaneous tumormodel. BALB/c
were treated with imatinib 20 mg/kg daily (n = 5), KPT-330 5mg/kg 3
es/week (n = 5) from 10 days after transplantation. The calculated
icates a P value b.05.(B) The pathohistology of the involved organs in
ained with hematoxylin and eosin are shown. BaF3/SEPT9-ABL1 cells
ed pulp of spleen, and the lobules as well as around the vessels and
tio was showed at 20× in the upper figures and at 100× in the lower
wer figures.(C) The Kaplan-Meier survival curves of the intraperitoneal
L1 cells intraperitoneally were treated with vehicle (n = 3), imatinib
nib 20 mg/kg daily and KPT-330 50 mg/kg 3 times/week (n = 12) from
30vs. imatinib), and **indicates aP valueb.05 (imatinib andKPT-330 vs.
r model. BALB/cmice transplanted with 2 106 32D/SEPT9-ABL1 cells
ly (n = 7), KPT-330 50 mg/kg 3 times/week (n = 7), or imatinib 20 mg/
r transplantation. * indicates a P value b.05 (imatinib and KPT-330 vs.
and ***indicates a P value b.05 (imatinib vs. KPT-330).
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harboring SEPT9-ABL1 in vitro and in vivo. Because KPT-330 but
not the MDM2-specific inhibitor Nutlin-3a was effective, KPT-330
might inhibit the key molecular changes induced by CRM1 that
mediate the SEPT9-ABL1 function cooperatively, including the
export of TP53 as well as the alteration of other molecules, such as
NFKB1A, PP2A, and SET, as shown in this study. These molecules
also have an important role in nonhematologic malignancies: the loss
NFKB1A causes resistance to TKIs in EGFR mutant lung cancer
[50], and CRM1 inhibition is effective through inducing intolerance
of nuclear NFKB1A accumulation in KRAS mutant lung cancer [51].
PP2A and SET are involved in EGFR or KRAS-driven lung
tumorigenesis [52]. TIAM1, which is inhibited by PP2A, is required
for EGFR-induced tumorigenesis [30]. Although it remains unclear
to what extent each kind of molecule contributes to tumorigenesis
with SEPT9-ABL1, it is suggested that the nuclear accumulation and
the resulting functional alteration of these molecules including TP53
induced by CRM1 inhibition comprehensively achieve a regression of
the leukemic cells harboring SEPT9-ABL1.
In conclusion, the SEPT9-ABL1, which possesses the same ABL1

structure as BCR-ABL1 but a different N-terminal, induced the low
expression of TP53 and TKI resistance. A CRM1 inhibitor
administered in combination with imatinib was an effective method
of overcoming the TKI resistance of SEPT9-ABL1. CRM1 inhibitors
are fascinating and a potentially useful strategy that affects several key
molecules, including the nuclear accumulation of TP53. Further
analyses and refinement of CRM1 inhibitors will facilitate their
application in the treatment of various malignancies in the future.
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