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ABSTRACT
Selective Inhibitor of Nuclear Export (SINE) compounds are a family of small-

molecules that inhibit nuclear export through covalent binding to cysteine 528 (Cys528) 
in the cargo-binding pocket of Exportin 1 (XPO1/CRM1) and promote cancer cell death. 
Selinexor is the lead SINE compound currently in phase I and II clinical trials for advanced 
solid and hematological malignancies. In an effort to understand selinexor-XPO1 
interaction and to establish whether cancer cell response is a function of drug-target 
engagement, we developed a quantitative XPO1 occupancy assay. Biotinylated leptomycin 
B (b-LMB) was utilized as a tool compound to measure SINE-free XPO1. Binding to XPO1 
was quantitated from SINE compound treated adherent and suspension cells in vitro, 
dosed ex vivo human peripheral blood mononuclear cells (PBMCs), and PBMCs from 
mice dosed orally with drug in vivo. Evaluation of a panel of selinexor sensitive and 
resistant cell lines revealed that resistance was not attributed to XPO1 occupancy by 
selinexor. Administration of a single dose of selinexor bound XPO1 for minimally 72 
hours both in vitro and in vivo. While XPO1 inhibition directly correlates with selinexor 
pharmacokinetics, the biological outcome of this inhibition depends on modulation of 
pathways downstream of XPO1, which ultimately determines cancer cell responsiveness.

INTRODUCTION

A hallmark of all cancers regardless of their 
mutational status or histopathology is the dysregulation 
of the function of tumor suppressor proteins (TSPs) and 
growth regulatory proteins (GRPs) [1]. This malfunction 
is often directly attributed to the over expression or 
increased activity of exportin 1 (XPO1/CRM1) [2]. 
XPO1 serves as the nuclear export chaperone for over 
200 different cargo proteins [3, 4]. The interaction 
between XPO1 and the activated small G-protein Ran 
(Ran-GTP) in the nucleus facilitates the binding to 
cargo proteins containing a short amino acid sequence 
of hydrophobic residues called a nuclear export signal 
(NES). This binding leads to subsequent transport of the 
multimeric complex through the nuclear pore, hydrolysis 
of Ran-GTP, release of the cargo in the cytoplasm, and 
return of XPO1 to the nucleus [5–8]. In cancer, over 
expression of XPO1 protein results in an aberrant 
distribution of TSPs to the cytoplasm where they are 
rendered ineffective at surveying genomic damage and 
preventing abnormal cell growth [9–21]. Experiments 

with the natural product inhibitor of XPO1, leptomycin 
B (LMB), demonstrated high potency and cytoxicity 
in vitro and in vivo [22], but this compound failed in the 
clinic due to poor tolerability [23]. In an effort to target 
this dysfunctional mechanism common to many cancer 
types, Karyopharm Therapeutics has developed Selective 
Inhibitor of Nuclear Export (SINE) compounds which 
bind to and inhibit XPO1 function [24]. SINE compounds 
are slowly reversible small molecule inhibitors that 
covalently bind to the cysteine 528 (Cys528) in the cargo 
binding pocket of XPO1, block the binding of NES cargo 
and hence prevent XPO1 from removing cargo from the 
nucleus [18, 25]. SINE compounds have been shown to 
effectively block nuclear export of many major TSPs and 
GRPs including p53, p21, FOXO, IκB, and survivin, both 
in vitro and in vivo [reviewed in [26]]. In cancer cells 
nuclear retention of TSPs by SINE compounds results 
in cell cycle arrest, inhibition of proliferation, initiation 
of apoptosis [reviewed in [27]], and prevention of DNA 
damage repair (Kashyap et al. 2014 EORTC poster, 
manuscript in preparation). Normal cells, however, are 
resistant to apoptotic effects of SINE compounds and 
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typically undergo cell cycle arrest in the presence of 
these compounds [25]. These findings have made SINE 
compounds attractive therapies for a wide variety of solid 
and hematological malignancies [see [27] for review], as 
well as for the treatment of non-cancer indications with 
enhanced nuclear export activity [28–30].

Selinexor (KPT-330), the first clinical SINE 
compound, is currently being evaluated in Phase I and 
II clinical trials in many different cancer indications 
(see http://clinicaltrials.gov for details). To date, > 1000 
patients have been dosed with selinexor and the drug has 
shown good tolerability with manageable side effects. 
Selinexor pharmacokinetic (PK) analysis in humans 
has shown that the drug has a Tmax of ~4 hours and near 
complete plasma clearance by ~24 hours post-dose. In an 
effort to identify patients that would respond to selinexor 
treatment, we developed an assay that evaluates drug-
target interaction from patient blood samples. In theory, 
this assay could be used to correlate a patient’s response 
to selinexor to the level of XPO1 engagement. In the 
event that XPO1 from a particular patient was unable to 
bind selinexor then this individual could be offered an 

alternative therapy. Such an assay would be an ideal tool 
to screen patients to provide them with precision medicine 
and ensure they are receiving treatment that will be most 
effective for their malignancy.

RESULTS

Biotinylated LMB has anti-cancer properties 
that are similar to unmodified LMB

To determine whether a patient’s response to selinexor 
therapy could be predicted from evaluating drug-target 
interaction, we developed an assay to quantify XPO1 
occupancy by SINE compounds. For this assay we utilized 
biotinylated LMB (b-LMB) [31] as a tool compound to 
quantify the amount of XPO1 bound by SINE compounds 
(Figure 1). b-LMB was synthesized by coupling a biotin tag 
to LMB. We compared the inhibition of nuclear export and 
the cytotoxicity of b-LMB to that of the unmodified LMB. 
We first evaluated the nuclear retention of the XPO1 cargo 
protein Rev-GFP (HIV-Rev fused to the cAMP-dependent 
Protein Kinase Inhibitor (PKI) nuclear export signal) stably 

Figure 1: Chemical structures of SINE compounds KPT-185, KPT-301, KPT-276, KPT-330, KPT-8602, KPT-9058, 
KPT-335, KPT-350, KPT-9511, and leptomycin B (LMB) and biotinylated LMB (b-LMB). 
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expressed in U2OS cells treated with selinexor, LMB or 
b-LMB (Table 1). We then quantified the effects of these 
compounds on cell death in several cancer cell lines using 
an MTT cytotoxicity assay (Table 2). The ability of b-LMB 
to induce nuclear retention of Rev-GFP in U2OS cells was 
similar to unmodified LMB (IC50 0.11 nM vs. 0.16 nM, 
respectively; Table 1) and was 360-fold more potent than 
selinexor (IC50 40 nM; Table 1). Although b-LMB was less 
cytotoxic than unmodified LMB (~6 – 30-fold), it proved to 
be more potent than selinexor in all cell lines tested (Table 2). 
These results indicated that b-LMB has anti-cancer activity 
that is on par with unmodified LMB and is more potent 
than selinexor, allowing for further development as a tool 
compound for the XPO1 occupancy assay.

XPO1 can bind b-LMB in a dose-dependent 
manner

b-LMB was tested for the ability to bind XPO1 
protein. First, a dose-response curve was generated by 
exposing MM.1S cells to increasing concentrations of 
b-LMB (0 – 500 nM) for 1.5 hours in culture. The cells 
were then collected, lysed, and a portion of the lysate 
(input) was reserved prior to incubating the remaining 
lysate with streptavidin-tagged beads overnight. After 
extensive washes, b-LMB bound XPO1 was eluted from 
the beads, and XPO1 from both input and bead eluate 
was detected and quantified by Simple Western on Peggy 
Sue. Simple Western allows for the chemiluminescent 
detection of proteins from small volumes of samples 
that are run through a matrix-filled capillary. The signal 
is detected by a CCD camera which generates a digital 
image and then reports quantitative results. Figure 2A 
is a representative digital western for XPO1 detected in 
the eluate and input samples, with β-actin as a loading 

control. XPO1 was detected in the eluate from cells 
treated with as little as 0.01 nM of b-LMB, while equal 
levels of XPO1 and actin proteins were detected in all 
input samples tested. The protein signals for XPO1 
detected by Simple Western in Figure 2A were reported 
as mean peak areas and were used to compare levels of 
XPO1 present in each sample to produce a graphical 
representation of the ratio of free XPO1 detected at each 
concentration of b-LMB (Figure 2B). “Ratio of bound 
XPO1” is defined as the ratio of the mean peak area of 
b-LMB bound XPO1 detected in the eluate compared to 
the mean peak area of all XPO1 detected in the input 
lysate, while “free-fraction” refers to the amount of 
XPO1 not occupied by SINE compound, as described 
later. Increasing levels of bound XPO1 were detected 
with increasing concentrations of b-LMB (Figure 2B). 
The amount of b-LMB necessary to occupy 50% and 
90% of XPO1 was calculated from the ratio of free XPO1 
versus b-LMB concentration in MM.1S cells, which was 
0.27 +/− 0.11 and 2.53 +/− 1.72 nM (n = 3), respectively.

Occupation of XPO1 by SINE compounds can be 
quantitated

The next step was to evaluate whether selinexor 
or other SINE compounds could dose-dependently bind 
to XPO1. MM.1S cells were treated with increasing 
concentrations (0 – 10 μM) of SINE compounds selinexor, 
verdinexor (KPT-335), KPT-8602, or KPT-350 for one hour 
prior to treatment with 1 nM b-LMB, the amount found 
to reach a plateau in MM.1S cells (Figure 2B) as well as 
the amount tested by Sakakibara et al [32]], for 1.5 hours. 
The cells were then collected and processed for the XPO1 
occupancy assay. Figure 3 shows a graphical representation of 
an example of the ratios of free-fraction XPO1 (i.e. unbound 

Table 1: b-LMB inhibits nuclear export of the XPO1 cargo protein Rev-GFP in stably transfected 
U2OS cells similarly to unmodified LMB
Compound Rev-GFP (nM)

Selinexor 40

LMB 0.16

b-LMB 0.11

Table 2: b-LMB has anti-cancer activity that is less potent than unmodified LMB in a cellular 
cytotoxicity assay
Cell Line Selinexor IC50 (nM) LMB IC50 (nM) b-LMB IC50 (nM)

MM.1S 20 0.46 3.1

HCT-116 50 0.19 6.0

AML2 90 0.39 2.53

AML3 270 0.68 4.68
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Figure 2: b-LMB binds XPO1 in a dose-dependent manner in MM.1S cells. MM.1S cells were treated with increasing 
concentrations of b-LMB and evaluated in the XPO1 occupancy assay. A. Representative digital western blot images for eluates and inputs 
probed with antibodies to XPO1 and β-actin. B. Plot of the ratio of bound XPO1 as a function of b-LMB concentration. The ratio of bound 
XPO1 was calculated by dividing the mean peak area of b-LMB bound XPO1 detected in the eluate by the mean peak area of all XPO1 
detected in the input lysate.

Figure 3: SINE compounds occupy XPO1 in a dose-dependent manner in MM.1S cells with KPT-350 being the least 
potent. MM.1S cells were treated with increasing concentrations of either selinexor A. verdinexor B. KPT-8602 C. or KPT-350 D. and 
were subsequently processed for the XPO1 occupancy assay. Representative plots for the ratio of free-fraction XPO1 for each SINE 
compound is shown which was calculated by dividing the mean peak areas of XPO1 occupied by b-LMB (from the eluate) by the total 
amount of XPO1 (from the input), normalized to the corresponding SINE compound-free control.
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by SINE) versus SINE compound concentration. For these 
assays, the “ratio of free-fraction XPO1” is calculated by 
dividing the mean peak areas of XPO1 occupied by b-LMB 
(from the eluate) by the total amount of XPO1 (from the 
input). The ratio of free-fraction XPO1 is indicative of the 
amount of SINE compound bound to Cys528 of XPO1; 
a lower ratio of free-fraction XPO1 means more XPO1 is 
occupied by SINE compound and vice versa. All four SINE 
compounds bound in a dose-dependent manner to XPO1 
in the XPO1 occupancy assay. The average 50% and 90% 
occupancy values were calculated for each SINE compound 
and were compared to their Rev-GFP values (Table 3). 
Verdinexor, KPT-8602, and selinexor were similarly effective 
at occupying XPO1 while KPT-350 was less potent in the 
XPO1 occupancy assay. This is consistent with the higher 
Rev-GFP IC50 value for KPT-350, indicating that higher 
KPT-350 concentration is needed to achieve entrapment of 
REV-GFP relative to the other SINE compounds (Table 3). 
As a negative control, the XPO1 occupancy assay was 
also performed with KPT-301, the inactive, trans isomer 
of KPT-185 [ [18, 25]; Figure 1], that does not have anti-
cancer activity [15, 33, 34]. Treating MM.1S cells with 
increasing concentrations (0 – 10 μM) of KPT-301 followed 
by 1 nM b-LMB showed that no XPO1 bound to KPT-301, 
demonstrating the specificity of the active SINE compounds 
for XPO1 occupancy (data not shown). Together, these 
results indicate that b-LMB can be effectively utilized as 
an in vitro tool compound to evaluate the occupancy of all 
XPO1 inhibitors.

PBMCs can be utilized as a sample source to 
measure XPO1 occupancy by selinexor

Our goal was to use this method to quantify XPO1 
occupancy in patient tumor biopsies. However, after numerous 
attempts we found that this assay could only measure XPO1 
occupancy in living cells with intact membranes. Therefore, 
in addition to using this method on cultured monolayer cells 
that can be trypsinized into suspension cells, we also used the 
method on hematological suspension cells. Development of 
this method in hematological cells derived from selinexor 
patient peripheral blood or bone marrow biopsies required 
additional optimization. We envisioned collection of biopsies 
remotely in hospitals then shipment to a central laboratory 
performing the assay. For this we optimized the assay for 
measuring XPO1 occupancy in human PBMCs. Therefore 
it would require conditions for preserving these cells 
cryogenically at the clinic collecting the samples. In order 
to evaluate this process, the XPO1 occupancy assay was 
performed ex vivo on PBMCs isolated from pooled healthy 
donor blood, where half of the PMBCs were assayed fresh 
while the other half were cryopreserved (Figure 4). First, 
the assay was performed on the freshly isolated PBMCs 
(Figure 4A). Similar to the method described above, 
PBMCs were incubated with increasing concentrations 
of selinexor (0 – 0.5 μM) for 1 hour prior to a 1 hour 

treatment with 1 nM b-LMB. In freshly isolated PBMCs, 
50% XPO1 occupancy occurred at 0.01 μM selinexor, 
while 90% occupancy occurred at > 0.5 μM (Table 4), 
similar to results obtained in MM.1S cells. Since patient 
samples must be isolated and viably frozen at the clinic prior 
to being tested, the assay was performed on PBMCs that 
were revived after being viably frozen. For this, the other 
half of the pooled healthy donor PBMCs were cryopreserved, 
revived and assayed (Figure 4B). To allow sufficient time for 
recovery from cryopreservation, revived PBMCs were treated 
with increasing concentrations of selinexor (0 – 0.5 μM) for 4 
hours, subsequently washed to remove the drug, then treated 
with 1 nM b-LMB for 1 hour prior to the XPO1 occupancy 
assay. In revived PBMCs, 50% XPO1 occupancy occurred at 
the same concentration of selinexor as that of freshly isolated 
PBMCs (Table 4). These ex vivo assays demonstrated that 
PBMCs isolated from patients in the clinic and viably frozen 
would be a suitable source of material to perform the XPO1 
occupancy assay.

Based on these ex vivo results, we sought to determine 
whether the XPO1 occupancy assay could be performed 
on PBMCs exposed to selinexor in vivo (Figure 5). 
Mice were orally administered vehicle, 0.75, 1.5, 3, or 10 mg/
kg of selinexor and 4 hours later the mice were terminally 
bled. In order to have enough PBMCs to assay, the blood 
from the mice for each dose (n = 4) was pooled and PBMCs 
were immediately isolated. Mouse PBMCs were incubated 
with 1 nM b-LMB for 1.5 hours ex vivo then collected and 
prepared for the XPO1 occupancy assay. Increasing doses of 
selinexor corresponded to increasing occupancy of XPO1, as 
indicated by a decrease in the ratio of free-fraction XPO1 
(Figure 5A). The amount of selinexor required to occupy 
50% of XPO1 at 4 hours post-dosing was 1.84 mg/kg, while 
the amount to achieve 90% occupancy was > 10 mg/kg.

Single dose administration of selinexor results in 
sustained XPO1 occupancy

Using similar conditions, we sought to determine the 
duration of XPO1 occupancy by SINE compounds in mice. 
Once again mice were orally administered a single dose of 
either placebo, 3, or 10 mg/kg of selinexor. The mice were 
then terminally bled at 4, 24, 36, 48, 60, 72, and 96 hours 
post dose (n = 4 mice per dose per time point). Blood for each 
dose at each time point was pooled and PMBCs were isolated. 
Mouse PBMCs were incubated with 1 nM b-LMB for 1.5 
hours ex vivo before being processed for the XPO1 occupancy 
assay. Both 3 and 10 mg/kg had time-dependent increases in 
the ratio of free-fraction XPO1, with 50% XPO1 occupancy 
being sustained for up to 72 hours post-treatment (Figure 5B). 
Interestingly, full saturation of XPO1 was already achieved 
between 4–24 hours at the lower dose of 3 mg/kg. These 
in vivo data demonstrate that it is possible to correlate the 
level of occupied XPO1 to the amount of drug administered 
and that the binding of selinexor to XPO1 is robust and 
sustained for up to 72 hours after a single oral dose.
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Functional XPO1 inhibition correlates to XPO1 
occupancy by selinexor

Although the in vivo data indicated that selinexor 
remained bound to XPO1 for up to 72 hours, it did not 
address the question of whether XPO1 was continuously 
inhibited over this period of time. To test whether time-
dependent XPO1 occupancy by selinexor correlated with 
inhibition of activity, we used the U2OS Rev-GFP cells in the 
XPO1 occupancy assay. First, these cells were treated with 
increasing concentrations of selinexor (0–10 μM) for 1 hour, 
followed by 1 nM b-LMB treatment for 1.5 hours, and then 
analyzed by the XPO1 occupancy assay (Figure 6). Figure 
6A shows the XPO1 protein levels detected from eluates and 
inputs from the U2OS cells in each treatment group (β-actin 
is a loading control). Figure 6B is the graphical representation 
of the ratio of free-fraction XPO1 for each concentration of 
selinexor from Figure 6A. Selinexor bound dose-dependently 
to XPO1 in a similar fashion to MM.1S cells, with 50% of 
XPO1 occupancy occurring at 0.02 μM and 90% at 0.48 μM 
(compare to values in Table 3).

Since Rev-GFP cells were adequate for the XPO1 
occupancy assay, these cells could be used to test the 
correlation between drug-target interaction and inhibition 
of protein activity. Rev-GFP cells were treated with 3 fold 

serial dilutions of selinexor (starting from 10 μM) for 4 
hours, the time at which maximum Rev-GFP inhibition 
occurs. Cells were washed to remove the compound, 
replenished with fresh compound-free media, and then 
assayed at 0, 4, 24, 48, 72, and 96 hours post wash-out. 
At each time point the cells were prepared in duplicate 
such that one set was treated with 1 nM b-LMB and 
used for the XPO1 occupancy assay (Figure 7, Table 5), 
while the other set was prepared for immuno-fluorescent 
detection of Rev-GFP (Table 5). Figure 7 is the graphical 
representation for the ratio of free-fraction XPO1 plotted 
for each concentration of selinexor at each time point post 
wash-out. The horizontal line demarcates the 50% XPO1 
occupancy by selinexor. Selinexor occupied XPO1 in a 
dose-dependent manner at 0, 4, and 24 hours post wash-
out (Figure 7). From 48 to 96 hours post wash-out 3 and 
10 μM selinexor resulted in persistent XPO1 occupation 
(Figure 7). 50% occupancy of XPO1 was maximized at 3 
μM of selinexor at 48 hours and longer (Table 5). Similar 
to the PBMCs time-course from treated mice (Figure 5B), 
a single dose equivalent of selinexor demonstrates robust 
and sustained target interaction with full saturation of 
XPO1 occurring between 4–24 hours post-treatment both 
in vivo and in vitro. Wash-out of selinexor in the Rev-GFP 
assay showed that there was a decrease in inhibition of 

Table 3: Rev-GFP values correlate to XPO1 occupancy values in MM.1S cells treated with different 
SINE compounds
SINE Compound Rev-GFP IC50 (μM) Avg 50% Occupancy (μM) Avg 90% Occupancy (μM)

Verdinexor 0.01 0.04 +/− 0.03 (n = 3) 0.34 +/− 0.08 (n = 3)

KPT-8602 0.04 0.06 +/− 0.06 (n = 2) 1.1 +/− 1.03 (n = 2)

Selinexor 0.04 0.08 +/− 0.01 (n = 2) 0.52 +/− 0.05 (n = 2)

KPT-350 0.17 0.63 +/− 0.29 (n = 3) 6.45 +/− 3.36 (n = 3)

Figure 4: Selinexor binds to XPO1 in both freshly isolated or revived from cryogenic preservation human PBMCs ex 
vivo. PBMCs were isolated and immediately treated with increasing concentrations of selinexor and processed for the XPO1 occupancy assay 
A. or were viably frozen, thawed, then treated with increasing concentrations of selinexor and processed for the XPO1 occupancy assay B. 
Representative plots for the ratio of free-fraction XPO1 for each condition is shown which was calculated by dividing the mean peak areas of 
XPO1 occupied by b-LMB (from the eluate) by the total amount of XPO1 (from the input), normalized to the corresponding selinexor-free control.
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Rev nuclear export with time. The time course revealed 
a dose-dependent response to selinexor, with Rev-GFP 
being retained in the nucleus at IC50 values of 1.3 μM 
selinexor at 48 hours, 6.8 μM at 72 hours, and 11.4 μM 
at 96 hours (Table 5). Comparison of these Rev-GFP IC50 
values to the corresponding 50% XPO1 occupancy values 
suggests that administration of a low dose of selinexor 
more frequently is as effective as administration of a 
higher dose of selinexor given less often. These results 
indicate that there is a correlation between the amounts 
of drug administered to the persistence of target binding 
coupled with inhibition of protein activity.

XPO1 occupancy by selinexor occurs to the same 
extent regardless of drug sensitivity

To test whether the XPO1 occupancy assay can 
predict sensitivity of cancer cells to selinexor treatment, 
it was performed on a panel of cell lines from many 
different types of both solid and hematological cancers 
each with various levels of selinexor sensitivity (by MTT, 
IC50 values). Table 6 lists each cell line tested in the XPO1 
occupancy assay compared to the corresponding selinexor 
IC50 (sensitive to resistant). Regardless of sensitivity to 
selinexor by IC50 values, all cell lines tested had similar 
50% and 90% occupancy values. However, when the 
XPO1 input areas for each cell type were averaged and 
then divided by the number of cells used for the assay, 
there was a strong correlation between the relative amount 
of XPO1 protein per cell and the sensitivity of that cell 
type to selinexor by the MTT assay. This result indicates 
that while loading of the drug into the XPO1 target occurs 
by the same kinetics in sensitive and resistant cells, high 
XPO1 protein levels itself could predict drug resistance.

Biotinylated SINE compounds are tools for 
evaluating SINE-XPO1 occupancy

Despite the fact that the XPO1 occupancy assay 
may not be able to predict patient response to selinexor, 
the assay could potentially be used to measure drug 
delivery and XPO1 inhibition. Since b-LMB is not 
pharmacologically relevant to SINE compounds, we next 
used this assay to compare the ability of other biotin-
tagged SINE compounds to bind to XPO1. Initially biotin 
was added to selinexor, but the modification significantly 
impaired the potency of the compound and therefore 
was not able to be utilized in the assay. Next, additional 

biotinylated SINE compounds were developed as a 
more relevant comparison to untagged SINE compound 
for patient samples. KPT-9085, the biotinylated version 
of KPT-276, and KPT-9511, the biotinylated version of 
KPT-8602 (Figure 1) were less potent in Rev-GFP and in 
MTT assays compared to their unmodified counterparts 
(Table 7). KPT-9058 was ~18-fold less potent in Rev-GFP 
compared to KPT-276 (961 vs. 53 nM) and ~6-fold less 
cytotoxic (110 nM vs. 18 nM). KPT-9511 was ~5 fold 
less potent in Rev-GFP compared to KPT-8602 (230 nM 
vs 42 nM) and ~15 fold less cytotoxic (280 vs 19 nM). 
Both biotinylated compounds, however, showed dose-
dependent binding to XPO1 and a binding ratio of 1:1 with 
their unmodified counterparts in the XPO1 occupancy 
assay (Figure 8, Table 8). MM.1S cells were treated 
with increasing concentrations of KPT-9058 (Figure 
8A) or KPT-9511 (Figure 8B) and the corresponding 
50% occupancy values were determined to be 0.12 μM 
for KPT-9058 and 0.18 μM for KPT-9511. MM.1S cells 
were then treated with increasing concentrations of either 
selinexor (Figure 8C) or KPT-8602 (Figure 8D) followed 
by treatment with 0.1 μM of either KPT-9058 or KPT-
9511. 50% and 90% XPO1 occupancy values were similar 
for each unmodified SINE compound/biotinylated SINE 
compound pair (Table 8). Selinexor had 50% and 90% 
XPO1 occupancy values of 0.03 and 0.1 μM with KPT-
9058, and KPT-8602 had 50% and 90% occupancy values 
of 0.02 and 0.11 μM with KPT-9511. For both selinexor 
and KPT-8602, the 90% occupancy values were equal to 
the amount of biotinylated SINE compound used for the 
assay, indicating a 1:1 ratio of binding of unmodified SINE 
compound compared to the biotinylated SINE compound. 
These data suggest that biotinylated SINE compounds 
can be used as tools to effectively evaluate the binding 
capacity of SINE compounds to XPO1 protein for research 
purposes.

DISCUSSION

Selinexor is currently being evaluated in Phase I 
and II clinical trials to treat patients with both solid and 
hematological malignancies. In addition to pharmacological 
measurements, it is clinically beneficial to develop an 
assay that will assess the level of target occupancy. Similar 
occupancy assays have been developed for other drug-target 
interactions such as ibrutinib/Bruton tyrosine kinase [35, 
36] and MDX-1106/programmed death-1 [37] proteins. 
While pharmacokinetic studies indicate an availability of 

Table 4: XPO1 occupancy values are similar regardless of whether PBMCs are processed 
immediately after isolation or revived from cryogenic preservation
Human PBMCs 50% Occupancy (μM) 90% Occupancy (μM)

Fresh 0.01 > 0.5

Revived 0.01 0.04
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selinexor in peripheral blood and in certain tissues or tumor, 
the occupancy assay correlates direct binding of the drug 
to its target with dosing levels. Such correlative studies of 
target engagement have the power to help optimize clinical 

trial dose while not exceeding levels that may potentially 
induce harsh adverse events.

When we first developed the XPO1 occupancy 
assay, we hypothesized that this assay would explain the 

Figure 5: PMBCs from mice dosed with selinexor show dose- and time-dependent responses of XPO1 occupancy. A. 
Mice (n = 4 per dose) were administered a single oral gavage of either 0, 0.75, 1.5, 3, or 10 mg/kg of selinexor for 4 hours, were terminally 
bled, and then PBMCs were processed for the XPO1 occupancy assay. Ratio of free-fraction XPO1 versus selinexor dose is shown (see how 
calculated below). B. Mice (n = 4 per dose per time point) were dosed once with either 0, 3, or 10 mg/kg selinexor and terminally bled at 
4, 24, 36, 48, 60, 72, and 96 hours post-dose. PBMCs were processed for the XPO1 occupancy assay. Ratio of free-fraction XPO1 versus 
selinexor dose for each time point is shown which was calculated by dividing the mean peak areas of XPO1 occupied by b-LMB (from the 
eluate) by the total amount of XPO1 (from the input), normalized to the corresponding selinexor-free control.
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difference in cancer cell sensitivity to selinexor observed 
in cytotoxicity assays. We predicted that sensitive cells 
would have increased XPO1 occupancy at a lower drug 
concentration, and therefore utilize a patient’s cancer 

cells to predict a positive response to selinexor. We 
found, however, that selinexor was capable of binding to 
XPO1 similarly in all cell types tested regardless of their 
sensitivity to selinexor. Hence this assay demonstrated that 

Figure 7: Selinexor – XPO1 interaction persists with time in a dose-dependent manner post drug wash-out in Rev-GFP 
U2OS cells. The ratio of free-fraction XPO1 was calculated from cells that were dosed for 4 hours with increasing amounts of selinexor 
followed by drug wash out and collection at 4, 24, 48, 72, and 96 hours post wash-out. Horizontal line demarks the position where half of 
XPO1 is occupied by selinexor. The ratio of free-fraction XPO1 was calculated by dividing the mean peak areas of XPO1 occupied by b-LMB 
(from the eluate) by the total amount of XPO1 (from the input), normalized to the corresponding selinexor-free control for each time point.

Figure 6: Selinexor binds to XPO1 in a dose-dependent manner in Rev-GFP U2OS cells in the XPO1 occupancy 
assay. A. Digital western blot images for eluates and inputs from Rev-GFP U2OS cells that were treated with serially increasing 
concentrations of selinexor and processed for the XPO1 occupancy assay. B. Plot of the ratio of free-fraction XPO1 for each selinexor 
concentration which was calculated by dividing the mean peak areas of XPO1 occupied by b-LMB (from the eluate) by the total amount of 
XPO1 (from the input), normalized to the corresponding selinexor-free control.
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Table 6: Cell lines with varying sensitivities to selinexor (IC50 values) have similar XPO1 occupancy values
Cell Line Selinexor IC50 (μM) 50% Occupancy 

selinexor (μM)
90% Occupancy 
selinexor (μM)

Relative XPO1 
protein level per cell

MM.1S 0.02 0.07 0.48 0.5

MV-4–11 0.02 0.04 0.61 0.06

HCT-116 0.05 0.15 0.76 0.52

HT1080 0.07 0.44 1.35 1.74

AML2 0.09 0.01 0.22 0.07

AML3 0.27 0.04 0.46 0.01

HEL 0.35 0.12 0.31 0.1

Kasumi-6 0.53 0.14 0.57 0.13

THP-1 1.06 0.1 0.94 0.44

HT1080 resistant 2.4 0.4 1.67 1.99

A549 3 0.09 0.56 0.3

UCH1 7 0.15 0.65 2.18

UCH2 30 0.27 0.89 2.84

LS174T >10 0.11 0.38 0.32

ASPS-KY >10 0.24 0.72 2.65

Table 7: Rev-GFP and MTT IC50 values for unmodified and biotinylated SINE compounds
Compound Rev GFP IC50 (nM) MTT IC50 (nM)

KPT-276 53 18

KPT-9058 (biotinylated KPT-276) 961 110

KPT-8602 42 19

KPT-9511 (biotinylated KPT-8602) 230 280

Table 5: Rev-GFP IC50 and XPO1 occupancy values for Rev-GFP U2OS cells assayed in the dose-
response, time-course, wash-out experiment
Hours post washout RevGFP Assay IC50 (μM) 50% Occupancy (μM) 90% Occupancy (μM)

0 0.01 0.02 0.16

4 0.02 0.04 2.87

24 0.5 1.06 > 10

48 1.3 2.95 > 10

72 6.8 3.49 > 10

96 11.4 2.17 > 10
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drug sensitivity was determined by factors downstream of 
drug-target interaction and possibly by overexpression 
of the XPO1 target. We also found that different SINE 
compounds bound XPO1 with a potency that correlated 
with their capacity to inhibit nuclear export by the Rev-
GFP assay and to induce cell death by MTT assay. 
Additionally, we found that the binding of selinexor to 
XPO1 was prolonged and sustained whereby saturation 
was achieved at 4–24 hours and persisted for up to 72 
hours both in vitro and in vivo after a single administration 
indicating that dosing of patients could be further 
optimized.

Although this assay successfully correlated 
occupancy of XPO1 to dosing level, this assay revealed 
no correlation of XPO1 occupancy to efficacy across 
a diverse panel of cell lines. Therefore, we can 
conclude that the difference in response to selinexor is 
downstream of XPO1 inhibition. We came to this same 
conclusion when we compared the parental HT1080 
(fibrosarcoma) cell line to the in vitro-generated 
selinexor resistant counterpart [38]. Comparison of 

sensitive parental cells to resistant cells by microarray 
analysis revealed differences in pathways related to 
adhesion, apoptosis, and inflammation. Given the vast 
number of cargoes which rely on XPO1 for nuclear 
transport it is reasonable to suspect that selinexor 
response may be governed by the cellular context of 
signaling mechanisms downstream of nuclear export 
inhibition and the differential dependence of tumor 
cell survival on these downstream mechanisms in 
one type of cancer versus another. Indeed the concept 
of oncogene addiction is now known to play a role 
in growth and survival of certain tumor types, and 
exploitation of this concept has led to some successful 
precision cancer therapeutics [39, 40]. The same 
general principle may apply to XPO1 inhibition, where 
in a particular tumor cell context, cell survival is 
exquisitely dependent on the cytoplasmic localization 
(or reduced nuclear localization) of an XPO1 cargo. 
In particular this concept of differential dependence 
on XPO1 cargo localization based on cellular context 
is further supported by the observation that normal, 

Figure 8: Biotinylated SINE compounds bind XPO1 in a dose-dependent manner and unmodified SINE compounds 
bind XPO1 at a 1:1 ratio to biotinylated SINE compounds in MM.1S cells. MM.1S cells were treated with increasing 
concentrations of either KPT-9058 A. or KPT-9511 B. and processed for the XPO1 occupancy assay. MM.1S cells were treated with 
increasing concentrations of either selinexor C. or KPT-8602 D. followed by treatment with 0.1 μM biotinylated SINE compound and 
processed for the XPO1 occupancy assay. Digital western blot images for eluates and inputs as well as plots for the ratio of free-fraction 
XPO1 versus SINE compound concentration are shown. The ratio of free-fraction XPO1 was calculated by dividing the mean peak areas 
of XPO1 occupied by b-LMB (from the eluate) by the total amount of XPO1 (from the input), normalized to the corresponding SINE 
compound-free control.

Table 8: XPO1 occupancy values for MM.1S cells treated with biotinylated SINE compounds and 
unmodified SINE compounds with biotinylated SINE compounds
SINE Compound(s) 50% Occupancy (μM) 90% Occupancy (μM)

KPT-9058 (biotinylated KPT-276) 0.12 0.69

Selinexor/KPT-9058 0.03 0.10

KPT-9511 (biotinylated KPT-8602) 0.18 0.61

KPT-8602/KPT-9511 0.02 0.11
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non-malignant cells are more resistant to apoptosis 
induced by XPO1 inhibition than their malignant 
counterparts [25].

Our studies indicate that cancer cell response 
to selinexor therapy is determined by pathways 
downstream of XPO1 inhibition, and in at least 4 
out of 7 selinexor resistant cell lines, could also be 
determined by overexpression of the XPO1 target. Such 
an overexpression enhances exclusion of essential TSPs 
and GRPs from the nucleus and supports unregulated 
cell division. This observation should be further tested in 
additional cell lines as well in biopsies of selinexor treated 
patients where drug response is documented.

The XPO1 occupancy assay could be used to 
determine direct inhibition of XPO1 in a specific tumor 
biopsies but only from intact and viable cells. To use this 
assay in biopsies of solid tumors additional optimization 
steps are needed. Optimization of the solid tumor XPO1 
occupancy assay would most likely include immediate 
collagenase treatment of biopsies after collection on-
site, cryopreservation, and then shipment to a central 
laboratory. While the assay has not been optimized for 
solid tumors, it is available for the measurement of XPO1 
occupancy in patient PBMCs ex vivo. Therefore, the next 
step of implementing XPO1 occupancy in a clinical trial 
is to perform the assay with purified cancer cells from 
hematological patient bone marrow.

Based on our occupancy assay we predict that 
modulation of pathways downstream of XPO1 may confer 
resistance to selinexor. Alternatively, resistance to SINE 
compounds could develop through mutations in the cargo 
binding pocket of XPO1, i.e. a spontaneous mutation of 
Cys528 [41]. Since our experiments indicated that the 
affinity of XPO1 for selinexor is relatively similar across 
a panel of selinexor sensitive and resistant cell lines, a 
mutation in the cargo binding pocket of XPO1 is highly 
unlikely. However, further investigation is warranted 
to determine how mutations present in the XPO1 cargo 
binding site might affect compound occupancy. Based on 
these predicted results, our occupancy assay could be used 
to identify patients with XPO1 mutations who might not 
respond to selinexor and could benefit from alternative 
therapies.

MATERIALS AND METHODS

Cell culture and reagents

The following cell lines (ATCC, except where 
noted) were grown in culture medium supplemented 
with 10% heat-inactivated fetal bovine serum 
(FBS, Gibco), 100 units/mL penicillin, 100 μg/mL 
streptomycin (Gibco), and 1x GlutaMAX (Gibco) 
(except where noted), and maintained in a humidified 
incubator at 37°C in 5% CO2; Rev-GFP U2OS 
[McCoy’s 5A, 200 ug/ml G418 (Sigma)], MM.1S 

(RPMI), MV-4–11 (IMDM), THP-1 (RPMI), HCT-116 
(McCoy’s 5A), AML2 (DSMZ, RPMI), AML3 (DSMZ, 
RPMI), HT1080 (EMEM), HEL (DSMZ, RPMI), 
Kasumi-6 (RPMI, 2 mM L-glutamine, 1.5g/L sodium 
biocarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM 
sodium pyruvate, 2 ng/mL GM-CSF, 20% FBS), SINE 
compound resistant HT1080 (EMEM, 600 nM KPT-
185), A549 (RPMI), UCH1 (4:1 IMDM:RPMI), UCH2 
(4:1 IMDM:RPMI), LS174T (EMEM), and ASPS-KY 
(gifted from A. Ogose, RPMI). The XPO1 SINE™ 
compounds KPT-330 (selinexor), KPT-335, KPT-350, 
KPT-8602, KPT-301, KPT-9159 (biotinylated LMB, 
b-LMB), KPT-9058 (biotinylated KPT-276), and KPT-
9511 (biotinylated KPT-8602) were synthesized at 
Karyopharm Therapeutics, Inc. (Newton, MA). LMB 
was purchased from Cell Signaling.

Rev-GFP assay

For the typical Rev-GFP assay, U2OS cells 
stably expressing Rev-GFP [42] were cultured in 96 
well plates at 7,500 - 15,000 cells/well. U2OS cells 
were treated with serial dilutions of selinexor (started 
at 10 μM; 1:3 dilution), LMB (started at 100 nM; 1:3 
dilution), or b-LMB (started at 100 nM; 1:3 dilution) for 
4 hours, then collected, washed with PBS, and fixed with 
3% paraformaldehyde solution for at least 15 minutes 
at room temperature. For the wash-out experiment, 
complete media changed was performed after 4 hours 
of treatment with selinexor and cells were collected for 
fixation at 0, 4, 24, 48, 72, and 96 hours post-selinexor 
wash-out. After fixation cells were stained with DAPI 
(Invitrogen) for 10 minutes at room temperature. Cells 
were imaged with a Nikon fluorescent microscope at 10X 
magnification and intensity of the GFP and nuclear area 
were measured and recorded. Cells were scored as either 
GFP nuclear positive or negative. Number of positive 
cells were divided by total number of cells in order to 
calculate percentage of cells with nuclear GFP per well. 
XLFit model 205 was used to calculate IC50 curves to 
report the amount of drug necessary to cause nuclear 
retention of Rev-GFP in 50% of the cells.

MTT assay

Cells were seeded in 96-well flat-bottom culture plates. 
Titrating concentrations of KPT-330, KPT-335, KPT-350, 
KPT-8602, b-LMB, or leptomycin B (LMB) were added 
to the wells and incubated at 37°C in a 5% humidified CO2 
incubator for 72 hours. Triplicate wells per concentration 
were used to calculate IC50 curves. The CellTiter-Fluor Cell 
Viability Assay (Promega) was performed as instructed by 
the manufacturer. The whole procedure was repeated three 
times. The inhibitory rate of cell growth was calculated using 
the formula: % growth inhibition = (1− OD extract treated)/
OD negative control × 100) [43].
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PBMC isolation and treatment

Human donor blood collected in Vacutainer® 
EDTA tubes (BD) (BioreclamationIVT) was purchased 
for peripheral blood mononuclear cells (PBMCs) 
isolation. For dose-response, mice (n = 4 per group) 
were orally administered 0, 0.75, 1.5, 3, or 10 mg/kg 
selinexor and terminally bled after 4 hours. For time 
course, mice (n = 4 per group) were administered 0, 
3, or 10 mg/kg selinexor and terminally bled after 4, 
24, 36, 48, 72, and 96 hours. Mouse whole blood was 
collected in Vacutainer® EDTA tubes (BD) and pooled 
from each group for each time point. Human and mouse 
PBMCs were separated by Ficoll (GE Healthcare) 
gradient. Human PMBCs were cryogenically preserved 
in Recovery™ Cell Culture Freezing Medium 
(Gibco). Freshly isolated or previously frozen human 
donor PBMCs were treated ex vivo with titrating 
concentrations of selinexor for 1 (fresh) or 4 (revived) 
hours followed by treatment with 1 nM b-LMB for 1 
hour and were subsequently collected for processing for 
the XPO1 occupancy assay. Freshly isolated PBMCs 
from control or selinexor-treated mice were treated ex 
vivo with 1 nM b-LMB for 1.5 hours prior to collection 
and processing for the XPO1 occupancy assay.

XPO1 occupancy assay and Simple Western

Adherent cell lines were plated at 375,000 – 500,000 
cells/well in 6 well plates while suspension cell lines were 
plated at 500,000 – 2,000,000 cells/well and treated with 
either DMSO (control) or increasing concentrations of 
KPT-330, KPT-335, KPT-350, KPT-8602, KPT-276, KPT-
301, KPT-9058, KPT-9511, b-LMB, or LMB for 1 – 1.5 
hours, followed by treatment with either 1 nM b-LMB, 0.1 
μM KPT-9058, or 0.1 μM KPT-9511 for 1.5 hours prior to 
collection and processing. Cells were collected, washed 
with PBS, and lysed with RIPA Buffer (Thermo Scientific) 
with protease inhibitors [Complete Ultra Tablets, Mini, 
EDTA-free, Easy pack (Roche), PhosStop Easy (Roche)]. 
A portion of the lysate was reserved (input) while the rest 
was added to washed Dynabeads MyOne Streptavidin T1 
(Invitrogen) with RIPA Buffer. Samples were incubated 
overnight with constant rotation at 4°C. Beads were then 
washed 5 times with modified RIPA (150 mM NaCl, 
50 mM Tris, 1% NP-40, 0.1% Na deoxycholate, 1 mM 
EDTA, pH 7.8). The reserved portion of lysates (input) 
and the beads were each mixed with Protein Simple 
buffer (Protein Simple), DTT (Invitrogen), and fluorescent 
standards (Protein Simple), then boiled at 95°C for 10 
min. Eluates and inputs were analyzed using a capillary 
western method (Peggy Sue; Protein Simple) with the 
following primary antibodies: XPO1 (Santa Cruz) and 
β-actin (Santa Cruz). Capillary westerns were performed 
by SBH Sciences (Natick, MA). Peak areas corresponding 
to the protein molecular weight of XPO1 and actin were 

compared for sample inputs, while the ratio of XPO1 peak 
areas in eluate to input (ratio of bound or free-fraction 
XPO1) versus compound concentration were used in 
XLFit model 205 to calculate 50% and 90% occupancy 
curves.

ACKNOWLEDGMENTS

Karyopharm Therapeutics thanks Shanghai 
ChemPartner for synthesizing SINE compounds and 
b-LMB, as well as Dr. Thayer White and Adam Nir at 
SBH Sciences for performing the experiments on the 
Peggy Sue. The authors would also like to thank Drs. 
William Senapedis, T.J. Unger, and Nava Almog for their 
excellent review of the manuscript.

CONFLICTS OF INTEREST

All authors are current or former employees of 
Karyopharm Therapeutics, Inc.

GRANT SUPPORT

None

REFERENCES

1. Hanahan D and Weinberg RA. Hallmarks of cancer: the 
next generation. Cell. 2011; 144:646–674.

2. Turner JG and Sullivan DM. CRM1-mediated nuclear 
export of proteins and drug resistance in cancer. Curr Med 
Chem. 2008; 15:2648–2655.

3. Xu D, Grishin NV and Chook YM. NESdb: a database 
of NES-containing CRM1 cargoes. Mol Biol Cell. 2012; 
23:3673–3676.

4. Fu SC, Huang HC, Horton P and Juan HF. ValidNESs: a 
database of validated leucine-rich nuclear export signals. 
Nucleic Acids Res. 2013; 41:D338–343.

5. Fornerod M, Ohno M, Yoshida M and Mattaj IW. CRM1 
Is an Export Receptor for Leucine-Rich Nuclear Export 
Signals. Cell. 90:1051–1060.

6. Fukuda M, Asano S, Nakamura T, Adachi M, Yoshida M, 
Yanagida M and Nishida E. CRM1 is responsible for intra-
cellular transport mediated by the nuclear export signal. 
Nature. 1997; 390:308–311.

7. Ossareh-Nazari B, Bachelerie F and Dargemont C. 
Evidence for a role of CRM1 in signal-mediated nuclear 
protein export. Science. 1997; 278:141–144.

8. Nguyen KT, Holloway MP and Altura RA. The CRM1 
nuclear export protein in normal development and disease. 
Int J Biochem Mol Biol. 2012; 3:137–151.

9. Noske A, Weichert W, Niesporek S, Roske A, Buckendahl 
AC, Koch I, Sehouli J, Dietel M and Denkert C. Expression 



Oncotarget14www.impactjournals.com/oncotarget

of the nuclear export protein chromosomal region main-
tenance/exportin 1/Xpo1 is a prognostic factor in human 
ovarian cancer. Cancer. 2008; 112:1733–1743.

10. Huang WY, Yue L, Qiu WS, Wang LW, Zhou XH and Sun 
YJ. Prognostic value of CRM1 in pancreas cancer. Clin 
Invest Med. 2009; 32:E315.

11. van der Watt PJ, Maske CP, Hendricks DT, Parker MI, Denny 
L, Govender D, Birrer MJ and 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.

12. Shen A, Wang Y, Zhao Y, Zou L, Sun L and 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.

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

14. Inoue H, Kauffman M, Shacham S, Landesman Y, Yang 
J, Evans CP and Weiss RH. CRM1 blockade by selec-
tive inhibitors of nuclear export attenuates kidney cancer 
growth. J Urol. 2013; 189:2317–2326.

15. 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, Shacham S, Kauffman M and 
Andreeff M. Prognostic impact and targeting of CRM1 in 
acute myeloid leukemia. Blood. 2013; 121:4166–4174.

16. 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, Lopez-Guerra M, 
Colomer D, Tubio JMC, et al. Whole-genome sequencing 
identifies recurrent mutations in chronic lymphocytic leu-
kaemia. Nature. 2011; 475:101–105.

17. Zhang K, Wang M, Tamayo AT, Shacham S, Kauffman M, 
Lee J, Zhang L, Ou Z, Li C, Sun L, Ford RJ and Pham LV. 
Novel selective inhibitors of nuclear export CRM1 antago-
nists for therapy in mantle cell lymphoma. Exp Hematol. 
2013; 41:67–78 e64.

18. Lapalombella R, Sun Q, Williams K, Tangeman L, Jha 
S, Zhong Y, Goettl V, Mahoney E, Berglund C, Gupta S, 
Farmer A, Mani R, Johnson AJ, Lucas D, Mo X, Daelemans 
D, et al. Selective inhibitors of nuclear export show that 
CRM1/XPO1 is a target in chronic lymphocytic leukemia. 
Blood. 2012; 120:4621–4634.

19. Schmidt J, Braggio E, Kortuem KM, Egan JB, Zhu YX, 
Xin CS, Tiedemann RE, Palmer SE, Garbitt VM, McCauley 
D, Kauffman M, Shacham S, Chesi M, Bergsagel PL and 
Stewart AK. Genome-wide studies in multiple myeloma 
identify XPO1/CRM1 as a critical target validated using 
the selective nuclear export inhibitor KPT-276. Leukemia. 
2013.

20. Pathria G, Wagner C and Wagner SN. Inhibition of 
CRM1-mediated nucleocytoplasmic transport: triggering 

human melanoma cell apoptosis by perturbing multiple cel-
lular pathways. J Invest Dermatol. 2012; 132:2780–2790.

21. 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, Roy DC, Reid 
A, Milojkovic D, et al. Preclinical and clinical efficacy of 
XPO1/CRM1 inhibition by the karyopherin inhibitor KPT-
330 in Ph+ leukemias. Blood. 2013.

22. Roberts BJ, Hamelehle KL, Sebolt JS and 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 Chemother Pharmacol. 1986; 
16:95–101.

23. Newlands ES, Rustin GJ and Brampton MH. Phase I trial of 
elactocin. Br J Cancer. 1996; 74:648–649.

24. Kalid O, Toledo Warshaviak D, Shechter S, Sherman W 
and Shacham S. Consensus Induced Fit Docking (cIFD): 
methodology, validation, and application to the discovery 
of novel Crm1 inhibitors. J Comput Aided Mol Des. 2012; 
26:1217–1228.

25. 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, Rodig SJ, Chook YM and Look AT. 
Antileukemic activity of nuclear export inhibitors that spare 
normal hematopoietic cells. Leukemia. 2013; 27:66–74.

26. Gravina G, Senapedis W, McCauley D, Baloglu E, Shacham 
S and Festuccia C. Nucleo-cytoplasmic transport as a thera-
peutic target of cancer. J Hematol Oncol. 2014; 7:85.

27. Senapedis WT, Baloglu E and Landesman Y. Clinical trans-
lation of nuclear export inhibitors in cancer. Semin Cancer 
Biol. 2014; 27:74–86.

28. Perwitasari O, Johnson S, Yan X, Howerth E, Shacham S, 
Landesman Y, Baloglu E, McCauley D, Tamir S, Tompkins 
SM and Tripp RA. Verdinexor, a novel selective inhibitor 
of nuclear export, reduces influenza a virus replication 
in vitro and in vivo. J Virol. 2014; 88:10228–10243.

29. Haines JD, Herbin O, de la Hera B, Vidaurre OG, Moy 
GA, Sun Q, Fung HY, Albrecht S, Alexandropoulos K, 
McCauley D, Chook YM, Kuhlmann T, Kidd GJ, Shacham 
S and Casaccia P. Nuclear export inhibitors avert progres-
sion in preclinical models of inflammatory demyelination. 
Nat Neurosci. 2015; 18:511–520.

30. Tan M, Wettersten HI, Chu K, Huso DL, Watnick T, 
Friedlander S, Landesman Y and Weiss RH. Novel inhibi-
tors of nuclear transport cause cell cycle arrest and decrease 
cyst growth in ADPKD associated with decreased CDK4 
levels. Am J Physiol Renal Physiol. 2014; 307:F1179–1186.

31. Kudo N, Matsumori N, Taoka H, Fujiwara D, Schreiner 
EP, Wolff B, Yoshida M and Horinouchi S. Leptomycin B 
inactivates CRM1/exportin 1 by covalent modification at a 
cysteine residue in the central conserved region. Proc Natl 
Acad Sci U S A. 1999; 96:9112–9117.

32. Sakakibara K, Saito N, Sato T, Suzuki A, Hasegawa Y, 
Friedman JM, Kufe DW, Vonhoff DD, Iwami T and Kawabe T. 



Oncotarget15www.impactjournals.com/oncotarget

CBS9106 is a novel reversible oral CRM1 inhibitor with 
CRM1 degrading activity. Blood. 2011; 118:3922–3931.

33. Cheng Y, Holloway MP, Nguyen K, McCauley D, 
Landesman Y, Kauffman MG, Shacham S and Altura 
RA. XPO1 (CRM1) inhibition represses STAT3 activa-
tion to drive a survivin-dependent oncogenic switch in 
triple-negative breast cancer. Mol Cancer Ther. 2014; 
13:675–686.

34. Azmi AS, Aboukameel A, Bao B, Sarkar FH, Philip 
PA, Kauffman M, Shacham S and Mohammad RM. 
Selective inhibitors of nuclear export block pancreatic 
cancer cell proliferation and reduce tumor growth in mice. 
Gastroenterology. 2013; 144:447–456.

35. Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury 
D, Chang B, Li S, Pan Z, Thamm DH, Miller RA and 
Buggy JJ. The Bruton tyrosine kinase inhibitor PCI-32765 
blocks B-cell activation and is efficacious in models of 
autoimmune disease and B-cell malignancy. Proc Natl Acad 
Sci U S A. 2010; 107:13075–13080.

36. Advani RH, Buggy JJ, Sharman JP, Smith SM, Boyd TE, 
Grant B, Kolibaba KS, Furman RR, Rodriguez S, Chang BY, 
Sukbuntherng J, Izumi R, Hamdy A, Hedrick E and Fowler 
NH. Bruton tyrosine kinase inhibitor ibrutinib (PCI-32765) 
has significant activity in patients with relapsed/refractory 
B-cell malignancies. J Clin Oncol. 2013; 31:88–94.

37. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus J, 
Sharfman WH, Stankevich E, Pons A, Salay TM, 

McMiller TL, Gilson MM, Wang C, Selby M, Taube JM, 
Anders R, Chen L, et al. Phase I study of single-agent 
anti-programmed death-1 (MDX-1106) in refractory solid 
tumors: safety, clinical activity, pharmacodynamics, and 
immunologic correlates. J Clin Oncol. 2010; 28:3167–3175.

38. Crochiere M, Kashyap T, Kalid O, Shechter S, Klebanov B, 
Senapedis W, Saint-Martin JR, Landesman Y. Deciphering 
Mechanisms of Drug Sensitivity and Resistance to Selective 
Inhibitor of Nuclear Export (SINE) Compounds. BMC 
Cancer. 2015; 15:910.

39. Weinstein IB and Joe A. Oncogene addiction. Cancer Res. 
2008; 68:3077–3080; discussion 3080.

40. Pagliarini R, Shao W and Sellers WR. Oncogene addiction: 
pathways of therapeutic response, resistance, and road maps 
toward a cure. EMBO Rep. 2015; 16:280–296.

41. Neggers JE, Vercruysse T, Jacquemyn M, Vanstreels E, 
Baloglu E, Shacham S, Crochiere M, Landesman Y and 
Daelemans D. Identifying Drug-Target Selectivity of 
Small-Molecule CRM1/XPO1 Inhibitors by CRISPR/Cas9 
Genome Editing. Chem Biol. 2015; 22:107–116.

42. Wolff B, Sanglier J-J and Wang Y. Leptomycin B is an 
inhibitor of nuclear export: inhibition of nucleo-cytoplasmic 
translocation of the human immunodeficiency virus type 1 
(HIV-1) Rev protein and Rev-dependent mRNA. Chemistry 
& Biology. 4:139–147.

43. Phelan MC. Basic techniques in mammalian cell tissue cul-
ture. Curr Protoc Cell Biol. 2007; Chapter 1:Unit 1 1.


