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ABSTRACT
Selinexor is an orally bioavailable selective inhibitor of nuclear export that has
been demonstrated to have preclinical activity in various cancer types and that is
currently in Phase I and II clinical trials for advanced cancers. In this study, we
evaluated the effects of selinexor in several preclinical models of various sarcoma
subtypes. The efficacy of selinexor was investigated in vitro and in vivo using 17
cell lines and 9 sarcoma xenograft models including gastrointestinal stromal tumor
(GIST), liposarcoma (LPS), leiomyosarcoma, rhabdomyosarcoma, undifferentiated
sarcomas, and alveolar soft part sarcoma (ASPS). Most sarcoma cell lines were
sensitive to selinexor with IC50s ranging from 28.8 nM to 218.2 nM (median: 66.1 nM).
Selinexor suppressed sarcoma tumor xenograft growth, including models of ASPS
that were resistant in vitro. In GIST cells with KIT mutations, selinexor induced
G1- arrest without attenuation of phosphorylation of KIT, AKT, or MAPK, in contrast
to imatinib. In LPS cell lines with MDM2 and CDK4 amplification, selinexor induced
G1-arrest and apoptosis irrespective of p53 expression or mutation and irrespective
of RB expression. Selinexor increased p53 and p21 expression at the protein but not
RNA level, indicating a post-transcriptional effect. These results indicate that selinexor
has potent in vitro and in vivo activity against a wide variety of sarcoma models by
inducing G1-arrest independent of known molecular mechanisms in GIST and LPS.
These studies further justify the exploration of selinexor in clinical trials targeting
various sarcoma subtypes.

INTRODUCTION

XPO1 overexpression has been associated with
chemo-resistance and poor prognosis of several cancers
[13–16]. Although their role in tumor development or
progression remains to be elucidated, recurrent mutations
in XPO1 have been identified in chronic lymphoblastic
leukemia [17, 18]. The classic XPO1 inhibitor
Leptomycin B [19, 20] is cytotoxic in vitro and in vivo
[21], and disrupts mitotic progression and chromosome
segregation [12]. Selective inhibitors of nuclear export
(SINEs) have been designed to bind covalently to human
XPO1 at Cys528 in the NES-binding groove, thereby
irreversibly inhibiting the binding to target proteins and a
subsequent ternary complex formation [22, 23]. Selinexor
(KPT330) is an orally bioavailable SINE currently in

XPO1 is a member of the Karyopherin β superfamily
of nuclear transport proteins that facilitates the nuclear export
of RNA [1] and cargo proteins with leucine-rich nuclear
export signals (NESs) by forming a ternary complex with
Ran-GTP [2]. These NES-bearing cargo proteins include
tumor suppressors such as p53 [3, 4], RB [5], and APC [6],
cell cycle regulators such as p21 [7, 8], and many others
[9–11]. While it prominently accumulates at the nuclear
envelope in interphase, XPO1 localizes to kinetochores and
also plays a role in mitotic progression and chromosome
segregation together with Ran-GTP, as the nuclear envelope
breaks down in prometaphase during mitosis [12].
www.impactjournals.com/oncotarget
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Histological findings

clinical development. Prior preclinical and clinical
studies have demonstrated activity in certain solid tumors
[24–28] as well as in hematologic malignancies [29–31]
with induction of cell cycle arrest or apoptosis and
nuclear accumulation of XPO1 cargo tumor suppressor
proteins.
Sarcomas constitute a heterogeneous group of
malignant mesenchymal tumors. Effective small molecule
targeted therapies have been established only in a small
subset of this group with defined molecular backgrounds,
such as imatinib for mutated KIT in gastrointestinal
stromal tumors (GIST) [32, 33]. Cytotoxic agents remain
first line chemotherapy for the vast majority of high
grade sarcomas and the discovery of novel therapeutic
approaches is needed. In this study, we evaluated the
efficacy of selinexor in several preclinical models of
various sarcoma subtypes.

Tumors were harvested and fixed for subsequent
histologic analysis following treatment of either vehicle
or selinexor (Figure 3). LPS27 showed a dramatic change
in histologic appearance following treatment. Control
tumors showed sheets of large round cells with vesicular
chromatin and minimal cytoplasm with frequent mitotic
figures whereas tumors treated with selinexor showed
smaller nuclei and abundant clear cytoplasm. In most
models, selinexor-treated tumors tended to be less cellular
but demonstrated little appreciable difference in morphology
when compared with control tumors, like PG47 (GIST)
representatively shown in Figure 3. In ASPS models,
the treated tumors showed a loss of delicate capillary
vasculature and alveolar/nested architecture and there were
areas of smaller cells with a more compact appearance.
Cell proliferation as measured by BrdU incorporation was
significantly suppressed in all the models tested (Figure 3).
Assessment of apoptosis by TUNEL assay in LPS and ASPS
models did not show any significant difference between two
groups (data not shown).

RESULTS
Cell viability assays
We first conducted in vitro cell viability assays
using Cell Titer Glo following 72-hour treatment of
a wide variety of sarcoma cell lines with selinexor
(Figure 1, Supplementary Table 1). Most cell lines
were sensitive to selinexor with IC50s ranging from 28.8
nM to 218.2 nM (median: 66.1 nM). Among these, the
ASPS lines, ASPS-KY and ASPS-1, were exceptionally
resistant to selinexor with IC50 greater than 2 µM. Some
cell lines, such as LPS12, showed shallow curves; this
is likely due to their slow growth rates since the cell
viability curves shifted deeper with almost identical
relative IC50s when treated for seven days (data not
shown). These data demonstrate that many but not all
sarcoma histologic subtypes are sensitive to selinexor
in vitro.

Effects on KIT, p53, and RB signaling pathways
Cell lines from several sarcoma subtypes with
defined molecular backgrounds, such as GIST with KIT
mutations and dedifferentiated LPS with MDM2 and CDK4
amplification, were treated with selinexor to investigate
potential mechanisms of action.

Selinexor induces cell cycle arrest in GIST
independent of alterations in the KIT signaling
pathway
The majority of GIST is driven by mutations in the
receptor tyrosine kinase KIT and corresponding constitutive
activation of signaling pathways [34]. We investigated the
mechanism of action of selinexor with particular attention
to the phosphorylation status of KIT and its downstream
pathways using a KIT-mutant cell line, GIST-T1, and its
imatinib-resistant subclone, GIST-T1/829, which contains
a secondary mutation in KIT [35]. In cell viability assays,
selinexor showed similar activity against GIST-T1 and
GIST-T1/829 (Supplementary Table 1 and Figure 1A). The
cells were exposed to 100 nM and 500 nM of selinexor in the
subsequent experiments, roughly equivalent to the IC50 and
IC75, respectively. In cell cycle analyses, selinexor induced
G1-arrest in a dose-dependent manner irrespective of the
presence of secondary KIT mutation, while imatinib induced
G1-arrest only in the naive GIST-T1 line and showed little
activity against GIST-T1/829 (Figure 4A). Western blotting
showed that selinexor slightly decreased the total protein
expression of KIT and phosphorylated KIT but exhibited
no effect on the phosphorylation of downstream molecules
(AKT and MAPK) in GIST-T1 cells, whereas imatinib

Selinexor suppresses tumor growth in human
sarcoma xenograft models
To investigate if selinexor exhibits antitumor activity
in a more physiologically relevant setting, we used 9 human
sarcoma xenograft models. We finally determined to treat
the mice at 15 mg/kg twice weekly, as treatment at 20 mg/kg
twice weekly led to severe weight loss (> 10% of their
weight) in 3 out of 7 mice (PG20 and ASPS-KY), while
severe weight loss was not observed when treated at
15 mg/kg (Supplementary Figure 1). Selinexor administered
at 15 mg/kg twice weekly significantly suppressed tumor
growth compared to tumors in mice treated with vehicle
alone. Although ASPS models were exceptionally resistant
to selinexor in vitro (Figure 1F), xenograft models showed
in vivo sensitivity comparable to other sarcoma models
(Figure 2E). These data demonstrate that selinexor has
in vivo activity in all models tested.
www.impactjournals.com/oncotarget
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MDM2, and compared it to the effects of a classic MDM2
inhibitor, Nutlin-3a [36], which was used as a positive
control. Selinexor increased the G1 population in cell
cycle analysis (Figure 5A), and increased the Annexin
V-positive population (Figure 5B), indicating that it
induced both G1-arrest and apoptosis in LP6 cells at 100
nM, equivalent to the IC50 in LP6 in the cell viability assay
(Table 1 and Figure 1). Western blotting showed an increase
in p53 and p21 protein expression, but no significant
change in expression of MDM2, in contrast to the effects
of Nutlin-3a which also induced MDM2 (Figure 5C)
following selinexor treatment. p53 expression increased
more significantly in the nucleus than in cytoplasm
(Figure 5D). Phosphorylation of RB decreased following
exposure to selinexor as well as to Nutlin-3a, coincident
with induction of the cyclin-dependent kinase inhibitor p21
(Figure 5C). PARP cleavage, an indicator of apoptosis, was

caused a dramatic decrease in phosphorylation of KIT
as well as of downstream molecules (Figure 4B). The
combination of selinexor and imatinib showed an additive
effect in cell viability assays (Figure 4C). The above data
suggested that these drugs work through different, parallel
pathways.

Selinexor induces cell cycle arrest and apoptosis
in dedifferentiated LPS differently from Nutlin3a and independently of p53 and RB
Since both p53 and p21 bear NESs and are exported
out of the nucleus by XPO1, we hypothesized that
selinexor might enhance their activities by maintaining
nuclear localization. To address this hypothesis, we
tested the in vitro effects of selinexor in a dedifferentiated
LPS cell line, LP6, which harbors high copy number of

Figure 1: Anti-proliferative activity of selinexor in a variety of sarcoma cell lines in vitro. Cell viability was measured using

Cell Titer Glo Luminescent Cell Viability Assay Kit. (A) GIST cell lines. (B) LPS cell lines. (C) LMS cell lines. (D) Rhabdomyosarcoma
cell lines. (E) Undifferentiated sarcoma cell lines. (F) ASPS cell lines.
www.impactjournals.com/oncotarget
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increased in a dose-dependent manner, although significant
changes in the p53 transcriptional target BAX expression
were not observed (Figure 5C).
Quantitative RT-PCR showed no increase in p53,
MDM2, or CDKN1A RNA level following treatment
of LP6 with selinexor (Figure 5E) whereas significant
induction of MDM2 and CDKN1A RNA expression
followed treatment with Nutlin-3a. The combination of
Nutlin-3a and selinexor did not show a significant additive
effect in the cell viability assay (Figure 5F), suggesting that
the effectors of selinexor treatment may overlap with those
of Nutlin-3a in MDM2-amplified LPS.

To address if G1-arrest and apoptosis induced by
selinexor in LPS are dependent on the status of p53, we
analyzed the activity of selinexor in two other models: a p53
mutant LPS line, LPS510 and the LP6 line with p53-knocked
down by siRNA treatment. Cell cycle analysis again showed
a significant increase in G1 phase following treatment with
selinexor in both models (Figure 6A, 6B). Western blotting
showed PARP cleavage induced by selinexor in a dosedependent manner in both models, without significant
increase in p53 protein expression or significant expression
of p21 and MDM2 (Figure 6C, 6D). Knockdown of p53 led
to minimal changes in the shape of the cell viability curve

Figure 2: Antitumor activity of selinexor in a variety of sarcoma models in vivo. Three mice were treated either with control

or selinexor in each cohort. The size of subcutaneously implanted tumors was evaluated by measuring the long and short diameters. The
Y-axis indicates average changes in volume from day 1. (A) GIST models. (B) LPS models. (C) LMS models. (D) Undifferentiated sarcoma
models. (E) ASPS models.
www.impactjournals.com/oncotarget
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and IC50 following treatment with selinexor (Figure 6E),
whereas it caused a significant change following
treatment with Nutlin-3a (Supplementary Figure 2).
These data demonstrate that selinexor induces cell cycle
arrest and apoptosis through p53-indpendent mechanisms
in LPS models. Similarly, siRNA-mediated knockdown of
RB in LP6 did not result in any significant change in cell
cycle arrest induced by selinexor (Supplementary Figure 3),
suggesting that its mechanism of action is also independent
of RB, in contrast with the RB-dependent effects of CDK
inhibitors [37].

solid tumors [24, 25, 38], with wide therapeutic windows
[39, 40]. The results from the current study, where IC50s
ranged from 28.8 nM to 218.2 nM (median: 66.1 nM),
were comparable to those in previous studies. In addition,
selinexor demonstrated significant antitumor activity in all
xenograft models in this study.
In general, in the experiments presented here,
selinexor appeared to exhibit a growth arrest rather than
cytotoxic activity as indicated by the curves in Figure 2 and
histological findings in Figure 3. Of note, the difference in
sensitivity of in vitro and in vivo ASPS models suggests
a potential effect on the tumor-stromal interaction or
anchorage-independent growth of the tumor.
A number of possible mechanisms of action of
SINEs have been suggested, since XPO1 is known to be
engaged in nuclear export of numerous cargo proteins,
including the involvement of many tumor suppressor
gene products [11, 24, 38, 41]. Sarcomas are highly
heterogeneous both histologically and genetically. Thus,
we considered that it would be difficult to identify a
common mechanism of selinexor in sarcoma models and
focused on investigating this in more detail in cell lines

DISCUSSION
In this study, we demonstrated the in vitro and
in vivo antitumor activity of selinexor, a selective
inhibitor of XPO1, in sarcomas using 17 cell lines and
9 xenograft models. A number of preclinical studies of
selinexor and other SINEs in different tumor models have
been reported so far. Selinexor has been demonstrated to
inhibit tumor growth in vitro with IC50 ranging from 10
nM to 1 μM both in hematologic malignancies [30] and

Figure 3: Histological changes and reduced cell proliferation following selinexor treatment. BrdU solution was injected
intraperitoneally 22 hours after the last drug administration. After 2 additional hours, tumors were harvested and fixed for histologic
analysis. BrdU positive cells were counted in three representative fields at 200× magnification and compared between two groups (right
bar graphs). LPS27, the tumor cells treated with selinexor showed smaller nuclei, some with a pyknotic appearance, and abundant clear
cytoplasm, whereas the control tumors showed sheets of large round cells with vesicular chromatin, prominent nucleoli, frequent mitotic
figures, and minimal cytoplasm; PG47 (GIST), the treated tumor did not show any appreciable difference in H & E; ASPS-1, the treated
tumor showed loss of delicate capillary vasculature and alveolar/nested architecture and there were areas of smaller cells with a more
compact appearance.
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from two subtypes with defined molecular backgrounds,
GIST and dedifferentiated LPS. The results in the study
indicated that although we could not identify the specific
mechanism of action in GIST, selinexor worked through
mechanisms completely independent of the KIT signaling
pathway and therefore use of selinexor may represent a
novel approach to the treatment of KIT inhibitor-resistant
disease.
The majority of well differentiated and
dedifferentiated LPS harbor genomic amplification of
12q13-15 resulting in overexpression of the genes in this
region [42, 43]. Among these, overexpression of MDM2, a
transcriptional repressor and E3 ubiquitin ligase responsible
for the ubiquitination and degradation of p53, has been
implicated in tumorigenesis in LPS, and several MDM2
inhibitors are under clinical development [44]. MDM2, p53,
and the p53 transcriptional target p21 all harbor a nuclear

export signal in their structure, and they are exported
by XPO1 from the nucleus to the cytoplasm [45, 46].
We hypothesized that selinexor could inhibit nuclear to
cytoplasmic shuttling of MDM2, and subsequently stabilize
p53, and investigated the activity of selinexor in vitro using
the LPS lines with MDM2 amplification (LP6, LPS141
and LPS12) and with mutant p53 (LPS510). Selinexor
induced both G1-arrest and apoptosis in LP6, and protein
and gene expression analysis indicated that the increase in
p53 and p21 protein was attributed to post-transcriptional
modification rather than changes in RNA expression.
Despite stabilization of p53 protein there was no induction
of transcriptional targets of p53 following exposure to
selinexor in these model system. The results in a similar
experiment using the p53-mutant LPS510 line and p53knockdown in LP6 indicated that selinexor was capable of
inducing both G1-arrest and apoptosis irrespective of the

Figure 4: Selinexor induced cell cycle arrest in GIST independent of KIT signaling pathway. (A) Cell cycle analysis by

propidium iodide staining in the GIST-T1 line and the GIST-T1/829 subclone. The cells were fixed following 24-hour exposure of each
drug and analyzed by flow cytometry. (B) Protein expression analysis in the GIST-T1 line following 24-hour exposure of each drug.
(C) Cell viability assay in the GIST-T1 line following the 72-hour exposure to the serial concentration of imatinib (IM) with or without
100 nM selinexor.
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Figure 5: Selinexor induced cell cycle arrest and apoptosis in LPS differently from Nutlin-3a. (A) Cell cycle analysis by
propidium iodide staining in the LP6 line. The cells were fixed following 24-hour exposure of each drug. (B) Apoptosis analysis by annexin
V/propidium iodide staining in the LP6 line. The cells were stained following 24-hour exposure of each drug. (C) Protein expression
analysis in the LP6 line following 24-hour exposure of each drug. (D) Nuclear localization of p53 following 24-hour exposure with 100 nM
Selinexor. (E) Gene expression analysis of p53, MDM2 and CDKN1A (gene encoding p21) in the LP6 by qPCR. Total RNA was extracted
following 24-hour exposure of each drug. Expression at the transcription in each condition was normalized to the one treated with 0.1%
DMSO. (F) Cell viability assay in the LP6 line following the 72-hour exposure to the serial concentration of Nutlin-3a with or without
100 nM selinexor.
www.impactjournals.com/oncotarget
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mutation status or expression of p53 in LPS lines. We also
observed that selinexor caused G1-arrest in LP6 irrespective
of RB expression in a similar way.
The results from the in vitro experiments suggest that
selinexor exhibited its anti-tumor activity independently
of the defined pathways in both GIST and LPS. The
precise mechanisms of action of selinexor remained to be
elucidated but these data raise the possibility that selinexor
may be active even in the context of resistance to other
targeted agents.
On account of the great diversity of the cargo proteins
of XPO1, we hypothesize that SINEs may activate multiple
checkpoints that can overcome genetic alterations that create
the molecular background of many different types of tumors.
Interestingly, we found a difference in activity on combination
use of selinexor in vitro. The combination of imatinib and
selinexor demonstrated an additive effect in GIST, whereas
no significant enhancement of the effects of Nutlin-3a and

selinexor was observed in LPS. On the contrary, Kojima et
al. reported that another SINE, KPT-185, synergized with the
MDM2 inhibitor Nutlin-3a to induce p53 and apoptosis in
AML [41]. We speculate that selinexor’s unique stabilization
of p53 protein without induction of p53 transcriptional
targets may partially antagonize the effects of Nutlin-3a in
the context of MDM2 amplification. Extrapolating from these
results, it is possible that selinexor provides an additive effect
when used with drugs that work outside the nucleus, such as
receptor tyrosine kinase inhibitors.
One limitation of this study is the relatively
small cohort sizes for the xenograft studies. By using
the minimal number of mice for statistical analyses
(n = 3) in each experimental group, we were able
to test the activity of selinexor in a wide variety of
xenograft models (n = 9). Using more mice per cohort
may have provided further statistical confidence in our
observations but nonetheless the differences compared to

Figure 6: Selinexor acts independently of p53 in LPS (LPS510 and p53 knocked-down LP6). (A) Cell cycle analysis by

propidium iodide staining in the p53-mutant LPS510 line. The cells were fixed following 24-hour exposure of each drug. (B) Cell cycle
analysis by propidium iodide staining in the LP6 lines that were treated with control or p53 siRNA. The cells were fixed following 24-hour
exposure of each drug. (C) Protein expression analysis in the p53-mutant LPS510 line following 24-hour exposure of each drug. (D) Protein
expression analysis in the LP6 lines transfected with control or p53 siRNA following 24-hour exposure of each drug. (E) Cell viability assay
in the p53-knocked down LP6 lines following the 72-hour exposure to the serial concentration of selinexor.
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the control group were evident with this cohort size. The
small cohort size limited our ability to observe effects
of prolonged treatment or of regrowth after treatment
cessation, since all tumors were used at the end of the
treatment to focus on immunohistochemical and BrdU
anslyses.
In conclusion, selinexor has potent in vitro and in vivo
activity against a wide variety of sarcoma models. Selinexor
induced G1-arrest independent of known molecular
mechanisms in GIST and LPS. These studies further justify
the exploration of selinexor in clinical trials targeting
various sarcoma subtypes.

the long-term effects of selinexor in comparison to vehicle
control for up to four weeks. Mice were randomized into
statistically identical cohorts (3 mice/group). Selinexor
was prepared once a week in 0.6% w/v Pluronic F-68
and 0.6% w/v PVP K-29/32 diluent) and administered
twice weekly at the designated dose (14–20 mg/kg) by
oral gavage. Tumor size and mouse weight were recorded
every 2 to 3 days. Bromodeoxyuridine (BrdU) solution
(10 mg/mL, 0.2 mL/mouse) was injected intraperitoneally
22 hours after the last drug administration. After 2
additional hours, mice were sacrificed and tumors were
fixed in 10% formalin for immunohistochemistry analysis.
BrdU positive cells were counted in three representative
fields at 200× magnification. All procedures were carried
out according to protocols approved by the Institutional
Animal Care and Use Committee of the Dana-Farber
Cancer Institute.

MATERIALS AND METHODS
Cell lines
The efficacy of selinexor was investigated in vitro
using 17 cell lines including GIST, liposarcoma (LPS),
leiomyosarcoma (LMS), rhabdomyosarcoma, alveolar
soft part sarcoma (ASPS), and undifferentiated sarcomas
(Supplementary Table 1) [47–49]. Of these, 13 cell
lines and an imatinib-resistant sub-clone of GIST-T1,
GIST-T1/829, were established at Brigham and Women’s
Hospital or Dana-Farber Cancer Institute [35]. GIST-T1
(39) was generously provided by Dr. Takahiro Taguchi.
ASPS-KY (40) was obtained from an ASPS support group
in 2009 with the permission of Dr. Shunsuke Yanoma.
ASPS-1 (41) was purchased from DCTD Tumor/cell line
Repository at the NCI at Frederick in 2013. All cell lines
have been characterized by high-resolution short tandem
repeat profiling with Promega PowerPlex 1.2 system at the
Molecular Diagnostics Laboratory of Dana-Farber Cancer
Institute. The cells used for the experiment are passaged
for less than 6 months after authentication. Cell lines were
cultured in DMEM/F12 medium (Gibco, Grand Island,
NY, USA), supplemented with 10% fetal bovine serum,
Glutamax (Gibco) and Antibiotic-Antimycotic (Gibco).

Cell viability assay
Cells were plated at a density of 1,000 to 2,000 cells
per well in 100 µl of medium in a 96-well plate. After
24 hours, cells were exposed to 0.1% DMSO or serial
dilutions of selinexor (up to 10 mM) for 3 days. Cell
viability was measured using Cell Titer Glo Luminescent
Cell Viability Assay Kit (Promega, Madison, WI, USA)
with a modification in the protocol in that the Cell Titer
Glo reagent was diluted 1:3 with PBS. The relative
luminescence units (RLU) were measured using FLUOstar
Optima plate reader (BMG Labtech GmbH) and relative
cell number was calculated by normalization to the RLU
of the 0.1% DMSO treated cells.

Cell cycle analysis
Cells were exposed to selinexor or 0.1% DMSO
for 24 hours and harvested. After washing with cold PBS,
cells were fixed with 70% ethanol and cryopreserved at
-20°C. Fixed cells were stained in PBS containing 10 µg/
mL RNase A and 20 µg/mL propidium iodide (Sigma)
for 15 min at room temperature in the dark. Cells were
analyzed by flow cytometry using BD LSR Fortessa (BD
Biosciences, San Jose, CA, USA). The DNA histograms
were analyzed using ModFit LT cell cycle analysis software
(Verify Software House, Topsham, ME, USA).

Xenograft models
The efficacy of selinexor was investigated in vivo
using 9 sarcoma xenograft models including GIST, LPS,
LMS, ASPS, and undifferentiated sarcomas. Tumors
used for xenograft studies were obtained from patients
undergoing standard care of surgery who consented to
research use of material according to an Institutional
Review Board-approved protocol. Either cryopreserved
tumors or cell lines mixed 1:1 with Matrigel were
subcutaneously implanted into the flanks of female nude
mice (Nu/Nu; Charles River Laboratories). Tumor volume
(V) was estimated using the following equation: V = A ×
B2 × 0.5 (A, long diameter; B, short diameter). Since some
of the xenograft tumors grow extremely fast, we began
treatment at a relatively early stage when tumors reached an
average size of 50−100 mm3 in order to be able to observe
www.impactjournals.com/oncotarget

Apoptosis analysis
Annexin V-FITC Apoptosis Detection Kit I (BD
Biosciences) was used to detect apoptotic cells by
annexin V staining. Cells were co-incubated with annexin
V-fluorescein isothiocynate (FITC) and propidium iodide
(PI) and measured by two-color FACS cytometry using
BD LSR Fortessa. The percentage of annexin V and PIpositive cells was determined based on the dot plots of
FITC vs. PI.
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Western blotting

Statistical analysis

Attached cells, as well as floating cell in culture
medium, were lysed in cell lysis buffer (RIPA buffer (1%
NP-40, 50 mM Tris (pH 8.0), 50 mM sodium fluoride,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCI,
2 mM EDTA) with protease inhibitor (Roche) for the
liposarcoma cell lines, and kinase buffer (1% NP-40,
50 mM Tris (pH 8.0), 100 mM sodium fluoride, 30 mM
sodium pyrophosphate, 2 mM sodium molybdate, 5 mM
EDTA, 2 mM sodium vanadate, 10 µg/ml aprotinin,
10 µg/ml leupeptin, and 1 mM phenylmethylsulfonyl
fluoride) for the GIST lines). Whole cell lysates were
subjected to SDS-PAGE followed by immunoblot with the
following antibodies: pKIT Y703, #3073, Cell Signaling
Technology Inc., Beverly, MA, USA; pKIT Y721, #3391,
Cell Signaling Technology Inc., Beverly, MA, USA; KIT,
A4502, DAKO, Carpinteria, CA, USA; pAKT Y308,
#9275, Cell Signaling Technology Inc., Beverly, MA,
USA; AKT, #9272, Cell Signaling Technology Inc.,
Beverly, MA, USA; pMAPK(p44/42) Y202/Y204, #9101,
Cell Signaling Technology Inc., Beverly, MA, USA;
MAPK(p44/42), #4695, Cell Signaling Technology Inc.,
Beverly, MA, USA; p53, OP43T, Calbiochem, Darmstadt,
Germany; MDM2, sc-965, Santa Cruz Biotechnology,
Santa Cruz, CA, USA; p21, #2947, Cell Signaling
Technology Inc., Beverly, MA, USA; RB, #9309, Cell
Signaling Technology Inc.; pRB(Ser807/811), #9308, Cell
Signaling Technology Inc.; PARP, #9542, Cell Signaling
Technology Inc.; BAX, #2772, Cell Signaling Technology
Inc.; α-tubulin, T9026, Sigma-Aldrich, St. Luis, MO, USA;
Lamin A/C (JoL3), sc-56140, Santa Cruz Biotechnology,
Santa Cruz, CA, USA .

Comparisons between groups were made using the
two-tailed unpaired t test. Differences in mean ± SEM
with P < 0.05 were considered statistically significant.

ACKNOWLEDGMENTS
The authors are grateful to Karyopharm for
providing selinexor, Dr. Shunsuke Yanoma (Kanagawa
Cancer Center, Japan) for providing the ASPS-KY cell
line, and Dr. Takahiro Taguchi (Kochi University, Japan)
for providing the GIST-T1 cell line.

GRANT SUPPORT
The WWWW Foundation (QuadW) (RN), The Uehara
Memorial Foundation (RN), NIH/NCI 1P50CA127003 (JAF
and GDD), NIH/NCI 1P50CA168512 (JAF and GDD), the
Ludwig Center at Harvard (GDD and AJW), and the Fasseas
Family Liposarcoma Research Fund (AJW and GDD).

CONFLICTS OF INTEREST
No conflicts of interest to disclose.

REFERENCES
1. Hutten S, Kehlenbach RH. CRM1-mediated nuclear export:
to the pore and beyond. Trends in cell biology. 2007;
17:193–201.
2. Kau TR, Way JC, Silver PA. Nuclear transport and cancer:
from mechanism to intervention. Nature reviews Cancer.
2004; 4:106–117.

Gene expression analysis

3. Stommel JM, Marchenko ND, Jimenez GS, Moll UM,
Hope TJ, Wahl GM. A leucine-rich nuclear export signal in
the p53 tetramerization domain: regulation of subcellular
localization and p53 activity by NES masking. The EMBO
journal. 1999; 18:1660–1672.

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, USA) and subsequently reverse-transcribed to
synthesize cDNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA) according to the manufacturer’s instruction. Transcript
levels were quantified using TaqMan Gene Expression
Master Mix (TP53, Hs01034249_m1; CDKN1A (gene
encoding p21), Hs00355782_m1; MDM2, Hs01066930_
m1; GAPDH, Hs99999905_m1; ACTB, Hs99999903_
m1; Applied Biosystems) on a 7900HT Fast Real-Time
PCR System and normalized to the average of ACTB and
GAPDH. Relative quantification between different samples
was determined according to the 2−ΔΔCt [50].

4. Zhang Y, Xiong Y. A p53 amino-terminal nuclear export
signal inhibited by DNA damage-induced phosphorylation.
Science. 2001; 292:1910–1915.
5. Jiao W, Datta J, Lin HM, Dundr M, Rane SG.
Nucleocytoplasmic shuttling of the retinoblastoma tumor
suppressor protein via Cdk phosphorylation-dependent
nuclear export. The Journal of biological chemistry. 2006;
281:38098–38108.
6. Neufeld KL, Nix DA, Bogerd H, Kang Y, Beckerle MC,
Cullen BR, White RL. Adenomatous polyposis coli protein
contains two nuclear export signals and shuttles between
the nucleus and cytoplasm. Proceedings of the National
Academy of Sciences of the United States of America.
2000; 97:12085–12090.

p53 and RB knockdown by siRNA
Lipofectamine® RNAiMAX (Invitrogen, Carlsbad
CA USA) was used for siRNA transfection. Cells were
seeded with 2 ml of antibiotic-free medium in a 6-well
plate 24 hours prior to the transfection and incubated
for another 48 hours after adding 400 µl of RNA-lipid
complex for subsequent drug treatment.
www.impactjournals.com/oncotarget

7. Zhou BP, Liao Y, Xia W, Spohn B, Lee MH, Hung MC.
Cytoplasmic localization of p21Cip1/WAF1 by Akt-induced
16590

Oncotarget

phosphorylation in HER-2/neu-overexpressing cells. Nature
cell biology. 2001; 3:245–252.

of higher order chromosome structure and gene expression.
The Journal of biological chemistry. 1994; 269:6320–6324.

8. Asada M, Yamada T, Ichijo H, Delia D, Miyazono K,
Fukumuro K and Mizutani S. Apoptosis inhibitory
activity of cytoplasmic p21(Cip1/WAF1) in monocytic
differentiation. The EMBO journal. 1999; 18(5):
1223–1234.

20. Kudo N, Matsumori N, Taoka H, Fujiwara D, Schreiner EP,
Wolff B, Yoshida M, Horinouchi S. Leptomycin B inactivates
CRM1/exportin 1 by covalent modification at a cysteine
residue in the central conserved region. Proceedings of
the National Academy of Sciences of the United States of
America. 1999; 96:9112–9117.

9. Turner JG, Dawson J, Sullivan DM. Nuclear export of proteins
and drug resistance in cancer. Biochemical pharmacology.
2012; 83:1021–1032.

21. Roberts BJ, Hamelehle KL, Sebolt JS, Leopold WR. In vivo
and in vitro anticancer activity of the structurally novel and
highly potent antibiotic CI-940 and its hydroxy analog (PD
114,721). Cancer chemotherapy and pharmacology. 1986;
16:95–101.

10. Thakar K, Karaca S, Port SA, Urlaub H and Kehlenbach
RH. Identification of CRM1-dependent Nuclear Export
Cargos Using Quantitative Mass Spectrometry. Molecular
& cellular proteomics : MCP. 2013; 12:664–678.

22. Sun Q, Carrasco YP, Hu Y, Guo X, Mirzaei H, Macmillan J,
Chook YM. Nuclear export inhibition through covalent
conjugation and hydrolysis of Leptomycin B by CRM1.
Proceedings of the National Academy of Sciences of the
United States of America. 2013; 110:1303–1308.

11. Tan DS, Bedard PL, Kuruvilla J, Siu LL, Razak AR.
Promising SINEs for embargoing nuclear-cytoplasmic export
as an anticancer strategy. Cancer discovery. 2014; 4:527–537.
12. Arnaoutov A, Azuma Y, Ribbeck K, Joseph J, Boyarchuk Y,
Karpova T, McNally J, Dasso M. Crm1 is a mitotic effector
of Ran-GTP in somatic cells. Nature cell biology. 2005;
7:626–632.

23. Neggers JE, Vercruysse T, Jacquemyn M, Vanstreels E,
Baloglu E, Shacham S, Crochiere M, Landesman Y,
Daelemans D. Identifying drug-target selectivity of smallmolecule CRM1/XPO1 inhibitors by CRISPR/Cas9 genome
editing. Chemistry & biology. 2015; 22:107–116.

13. Yao Y, Dong Y, Lin F, Zhao H, Shen Z, Chen P, Sun YJ,
Tang LN, Zheng SE. The expression of CRM1 is associated
with prognosis in human osteosarcoma. Oncology reports.
2009; 21:229–235.

24. Cheng Y, Holloway MP, Nguyen K, McCauley D, Landesman Y,
Kauffman MG, Shacham S, Altura RA. XPO1 (CRM1)
Inhibition Represses STAT3 Activation to Drive a SurvivinDependent Oncogenic Switch in Triple-Negative Breast
Cancer. Molecular cancer therapeutics. 2014; 13:675–686.

14. Shen A, Wang Y, Zhao Y, Zou L, Sun L, Cheng C. Expression
of CRM1 in human gliomas and its significance in p27
expression and clinical prognosis. Neurosurgery. 2009;
65:153–159; discussion 159–160.

25. Sun H, Hattori N, Chien W, Sun Q, Sudo M, GL EL, Ding L,
Lim SL, Shacham S, Kauffman M, Nakamaki T, Koeffler
HP. KPT-330 has antitumour activity against non-small cell
lung cancer. British journal of cancer. 2014; 111:281–291.

15. Noske A, Weichert W, Niesporek S, Roske A, Buckendahl AC,
Koch I, Sehouli J, Dietel M, Denkert C. Expression of the
nuclear export protein chromosomal region maintenance/
exportin 1/Xpo1 is a prognostic factor in human ovarian
cancer. Cancer. 2008; 112:1733–1743.

26. Gravina GL, Tortoreto M, Mancini A, Addis A, Di Cesare E,
Lenzi A, Landesman Y, McCauley D, Kauffman M, Shacham S,
Zaffaroni N, Festuccia C. XPO1/CRM1-selective inhibitors
of nuclear export (SINE) reduce tumor spreading and
improve overall survival in preclinical models of prostate
cancer (PCa). Journal of hematology & oncology. 2014; 7:46.

16. van der Watt PJ, Maske CP, Hendricks DT, Parker MI, Denny L,
Govender D, Birrer MJ, Leaner VD. The Karyopherin
proteins, Crm1 and Karyopherin beta1, are overexpressed in
cervical cancer and are critical for cancer cell survival and
proliferation. Int J Cancer. 2009; 124:1829–1840.

27. Green AL, Ramkissoon SH, McCauley D, Jones K, Perry JA,
Hsu JH, Ramkissoon LA, Maire CL, Hubbell-Engler B,
Knoff DS, Shacham S, Ligon KL, Kung AL. Preclinical
antitumor efficacy of selective exportin 1 inhibitors in
glioblastoma. Neuro-oncology. 2014.

17. Puente XS, Pinyol M, Quesada V, Conde L, Ordonez GR,
Villamor N, Escaramis G, Jares P, Bea S, Gonzalez-Diaz M,
Bassaganyas L, Baumann T, Juan M, et al. Whole-genome
sequencing identifies recurrent mutations in chronic
lymphocytic leukaemia. Nature. 2011; 475:101–105.

28. Yang J, Bill MA, Young GS, La Perle K, Landesman Y,
Shacham S, Kauffman M, Senapedis W, Kashyap T, SaintMartin JR, Kendra K, Lesinski GB. Novel small molecule
XPO1/CRM1 inhibitors induce nuclear accumulation of
TP53, phosphorylated MAPK and apoptosis in human
melanoma cells. PloS one. 2014; 9:e102983.

18. Jeromin S, Weissmann S, Haferlach C, Dicker F, Bayer K,
Grossmann V, Alpermann T, Roller A, Kohlmann A,
Haferlach T, Kern W, Schnittger S. SF3B1 mutations
correlated to cytogenetics and mutations in NOTCH1,
FBXW7, MYD88, XPO1 and TP53 in 1160 untreated CLL
patients. Leukemia. 2014; 28:108–117.

29. Walker CJ, Oaks JJ, Santhanam R, Neviani P, Harb JG,
Ferenchak G, Ellis JJ, Landesman Y, Eisfeld AK, Gabrail NY,
Smith CL, Caligiuri MA, Hokland P, et al. Preclinical
and clinical efficacy of XPO1/CRM1 inhibition by the

19. Nishi K, Yoshida M, Fujiwara D, Nishikawa M, Horinouchi S,
Beppu T. Leptomycin B targets a regulatory cascade of
crm1, a fission yeast nuclear protein, involved in control

www.impactjournals.com/oncotarget

16591

Oncotarget

karyopherin inhibitor KPT-330 in Ph+ leukemias. Blood.
2013; 122:3034–3044.

Farmer A, Mani R, Johnson AJ, et al. Selective inhibitors of
nuclear export show that CRM1/XPO1 is a target in chronic
lymphocytic leukemia. Blood. 2012; 120:4621–4634.

30. Tai YT, Landesman Y, Acharya C, Calle Y, Zhong MY, Cea M,
Tannenbaum D, Cagnetta A, Reagan M, Munshi AA,
Senapedis W, Saint-Martin JR, Kashyap T, et al. CRM1
inhibition induces tumor cell cytotoxicity and impairs
osteoclastogenesis in multiple myeloma: molecular
mechanisms and therapeutic implications. Leukemia. 2014;
28:155–165.
31. Etchin J, Sanda T, Mansour MR, Kentsis A, Montero J, Le BT,
Christie AL, McCauley D, Rodig SJ, Kauffman M,
Shacham S, Stone R, Letai A, et al. KPT-330 inhibitor of
CRM1 (XPO1)-mediated nuclear export has selective antileukaemic activity in preclinical models of T-cell acute
lymphoblastic leukaemia and acute myeloid leukaemia.
British journal of haematology. 2013; 161:117–127.
32. van Oosterom AT, Judson I, Verweij J, Stroobants S, Donato
di Paola E, Dimitrijevic S, Martens M, Webb A, Sciot R, Van
Glabbeke M, Silberman S, Nielsen OS. Safety and efficacy
of imatinib (STI571) in metastatic gastrointestinal stromal
tumours: a phase I study. Lancet. 2001; 358:1421–1423.
33. Dematteo RP, Ballman KV, Antonescu CR, Maki RG,
Pisters PW, Demetri GD, Blackstein ME, Blanke CD, von
Mehren M, Brennan MF, Patel S, McCarter MD, Polikoff JA,
et al. Adjuvant imatinib mesylate after resection of localised,
primary gastrointestinal stromal tumour: a randomised, doubleblind, placebo-controlled trial. Lancet. 2009; 373:1097–1104.
34. Fletcher JA and Rubin BP. KIT mutations in GIST. Current
opinion in genetics & development. 2007; 17:3–7.
35. Heinrich MC, Marino-Enriquez A, Presnell A, Donsky RS,
Griffith DJ, McKinley A, Patterson J, Taguchi T, Liang CW,
Fletcher JA. Sorafenib inhibits many kinase mutations
associated with drug-resistant gastrointestinal stromal
tumors. Molecular cancer therapeutics. 2012; 11:1770–1780.
36. Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F,
Filipovic Z, Kong N, Kammlott U, Lukacs C, Klein C,
Fotouhi N, Liu EA. In vivo activation of the p53 pathway
by small-molecule antagonists of MDM2. Science. 2004;
303:844–848.
37. Zhang YX, Sicinska E, Czaplinski JT, Remillard SP, Moss S,
Wang Y, Brain C, Loo A, Snyder EL, Demetri GD, Kim S,
Kung AL, Wagner AJ. Antiproliferative effects of CDK4/6
inhibition in CDK4-amplified human liposarcoma in vitro and
in vivo. Molecular cancer therapeutics. 2014; 13:2184–2193.
38. Zheng Y, Gery S, Sun H, Shacham S, Kauffman M, Koeffler HP.
KPT-330 inhibitor of XPO1-mediated nuclear export has
anti-proliferative activity in hepatocellular carcinoma. Cancer
chemotherapy and pharmacology. 2014; 74:487–495.
39. Etchin J, Sun Q, Kentsis A, Farmer A, Zhang ZC, Sanda T,
Mansour MR, Barcelo C, McCauley D, Kauffman M,
Shacham S, Christie AL, Kung AL, et al. Antileukemic
activity of nuclear export inhibitors that spare normal
hematopoietic cells. Leukemia. 2013; 27:66–74.
40. Lapalombella R, Sun Q, Williams K, Tangeman L, Jha S,
Zhong Y, Goettl V, Mahoney E, Berglund C, Gupta S,
www.impactjournals.com/oncotarget

41. Kojima K, Kornblau SM, Ruvolo V, Dilip A, Duvvuri S, Davis
RE, Zhang M, Wang Z, Coombes KR, Zhang N, Qiu YH,
Burks JK, Kantarjian H, et al. Prognostic impact and targeting
of CRM1 in acute myeloid leukemia. Blood. 2013; 121:
4166–4174.
42. Rosai J, Akerman M, Dal Cin P, DeWever I, Fletcher CD,
Mandahl N, Mertens F, Mitelman F, Rydholm A, Sciot R,
Tallini G, Van den Berghe H, Van de Ven W, et al. Combined
morphologic and karyotypic study of 59 atypical lipomatous
tumors. Evaluation of their relationship and differential
diagnosis with other adipose tissue tumors (a report of the
CHAMP Study Group). The American journal of surgical
pathology. 1996; 20:1182–1189.
43. Rubin BP, Dal Cin P. The genetics of lipomatous tumors.
Seminars in diagnostic pathology. 2001; 18:286–293.
44. Ray-Coquard I, Blay JY, Italiano A, Le Cesne A, Penel
N, Zhi J, Heil F, Rueger R, Graves B, Ding M, Geho D,
Middleton SA, Vassilev LT, et al. Effect of the MDM2
antagonist RG7112 on the P53 pathway in patients with
MDM2-amplified, well-differentiated or dedifferentiated
liposarcoma: an exploratory proof-of-mechanism study. The
Lancet Oncology. 2012; 13:1133–1140.
45. Roth J, Dobbelstein M, Freedman DA, Shenk T, Levine AJ.
Nucleo-cytoplasmic shuttling of the hdm2 oncoprotein
regulates the levels of the p53 protein via a pathway used by
the human immunodeficiency virus rev protein. The EMBO
journal. 1998; 17:554–564.
46. Freedman DA, Levine AJ. Nuclear export is required for
degradation of endogenous p53 by MDM2 and human
papillomavirus E6. Molecular and cellular biology. 1998;
18:7288–7293.
47. Taguchi T, Sonobe H, Toyonaga S, Yamasaki I, Shuin T,
Takano A, Araki K, Akimaru K, Yuri K. Conventional and
molecular cytogenetic characterization of a new human cell
line, GIST-T1, established from gastrointestinal stromal
tumor. Lab Invest. 2002; 82:663–665.
48. Hoshino M, Ogose A, Kawashima H, Izumi T, Hotta T,
Hatano H, Morita T, Otsuka H, Umezu H, Yanoma S,
Tsukuda M, Endo N. Molecular analyses of cell origin and
detection of circulating tumor cells in the peripheral blood in
alveolar soft part sarcoma. Cancer genetics and cytogenetics.
2009; 190:75–80.
49. Kenney S, Vistica DT, Stockwin LH, Burkett S,
Hollingshead MG, Borgel SD, Butcher DO, Schrump DS,
Shoemaker RH. ASPS-1, a novel cell line manifesting key
features of alveolar soft part sarcoma. Journal of pediatric
hematology/oncology. 2011; 33:360–368.
50. Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and the
2(−ΔΔC(T)) Method. Methods. 2001; 25:402–408.

16592

Oncotarget

