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Abstract 

Multiple myeloma (MM) remains an incurable disease despite improved treatments, including le-
nalidomide/pomalidomide and bortezomib/carfilzomib based therapies and high-dose chemo-
therapy with autologous stem cell rescue. New drug targets are needed to further improve 
treatment outcomes. Nuclear export of macromolecules is misregulated in many cancers, in-
cluding in hematological malignancies such as MM. CRM1 (chromosome maintenance protein-1) is 
a ubiquitous protein that exports large proteins (>40 kDa) from the nucleus to the cytoplasm. We 
found that small-molecule Selective Inhibitors of Nuclear Export (SINE) prevent CRM1-mediated 
export of p53 and topoisomerase IIα (topo IIα). SINE’s CRM1-inhibiting activity was verified by 
nuclear-cytoplasmic fractionation and immunocytochemical staining of the CRM1 cargoes p53 and 
topo IIα in MM cells. We found that SINE molecules reduced cell viability and induced apoptosis 
when used as both single agents in the sub-micromolar range and when combined with doxoru-
bicin, bortezomib, or carfilzomib but not lenalidomide, melphalan, or dexamethasone. In addition, 
CRM1 inhibition sensitized MM cell lines and patient myeloma cells to doxorubicin, bortezomib, 
and carfilzomib but did not affect peripheral blood mononuclear or non-myeloma bone marrow 
mononuclear cells as shown by cell viability and apoptosis assay. Drug resistance induced by 
co-culture of myeloma cells with bone marrow stroma cells was circumvented by the addition of 
SINE molecules. These results support the continued development of SINE for patients with MM. 
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Introduction 
 The intracellular location of a protein is crucial 

to its normal functioning in a cell. Cancer cells utilize 
the processes of nuclear-cytoplasmic transport 
through the nuclear pore complex to effectively evade 
anti-cancer mechanisms [1-3]. Examples of nuclear 
proteins that are exported into the cytoplasm in can-

cer include the drug targets topoisomerase (topo) IIα 
[3] and BCR-ABL [4] and tumor-suppressor proteins 
such as retinoblastoma [5], APC [6], p53 [7], p21 [8], 
and p27 [9]. In addition, CRM1-mediated export is 
increased in various cancers (reviewed in Turner et al 
[2]). The therapeutic potential of various CRM1 in-
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hibitors has begun to be addressed in the laboratory. 
Compounds under investigation include ratjadone 
compounds [3, 10-13], KOS-2464 [14], FOXO export 
inhibitors [15], valtrate [16], acetoxychavicol acetate 
[17], and most recently CBS9106 [18] and 
small-molecule selective inhibitors of nuclear export 
(SINE) [19]. Recent publications have indicated that 
SINE compounds may be effective against various 
malignancies, including leukemia [19-23], kidney 
cancer [24], mantle cell lymphoma [25], melanoma 
[26], and multiple myeloma (MM) [22]. 

In this study, we investigated whether SINE 
molecules would also be effective against MM in 
combination with drugs used to treat myeloma such 
as doxorubicin, bortezomib, carfilzomib, lenalido-
mide, dexamethasone, and melphalan. Using both 
human MM cell lines and patient bone marrow sam-
ples, we found that SINE molecules were effective 
both as single agents and when combined with the 
chemotherapeutic drugs doxorubicin, bortezomib, or 
carfilzomib but not lenalidomide, melphalan, or 
dexamethasone. These data support the ongoing de-
velopment of these small-molecule CRM1 antagonists 
in patients with MM. 

Materials and Methods 
For human samples, informed consent approved 

by the University of South Florida Institutional Re-
view Board was obtained from all patients, in ac-
cordance with the Declaration of Helsinki. 

Cell lines 
 Human myeloma cell lines RPMI 8226 (8226) 

and NCI-H929 (H929), as well as HS-5 bone marrow 
stromal cells, were newly obtained from the American 
Type Culture Collection (Manassas, VA). Additional 
cancer and normal cell lines assayed included the 
normal fibroblasts WI-38 (American Type Culture 
Collection) and Flow2000 (Flow Laboratories), pe-
ripheral blood mononuclear cells (PBMCs) from 
normal donors (Florida Blood Services), and HL-60 
human acute myeloid leukemia (AML) cells (Ameri-
can Type Culture Collection). 

SINE CRM1 antagonist molecules 
 Studies were performed with specific SINE 

molecules developed by Karyopharm Therapeutics. 
These molecules included KPT127, KPT185, KPT249, 
KPT276, and KPT330 (Fig. 1). In addition, a 
trans-isomer of KPT185 (KPT185T) was used in all 
experiments as an inactive control molecule. KPT185T 
has shown ~100-fold less CRM1-inhibiting activity 
than KPT185 (the active, cis-isomer; unpublished re-
sults, Karyopharm Therapeutics). Leptomycin B 
(LMB) (ENZO Life Sciences), a classic CRM1 inhibitor 
[27], was used in all experiments as a positive control 
for CRM1-inhibiting activity. Both the SINE and LMB 
CRM1 inhibitors used in this study function by cova-
lent modification of the active-site cysteine 528 [2, 27]. 
Stock solutions of SINE molecules (10 mM) were 
made in DMSO, and LMB (200 µM) was dissolved in 
absolute ethanol. Study drugs were stored in sin-
gle-use aliquots at -80°C. 

 

 
Fig 1. CRM1-targeted nuclear export inhibitors. Similar in mechanism to LMB, the SINE CRM1 inhibitors (KPT127, KPT185, KPT249, KPT 276, and KPT330) 
bind to the active site (CRM1 cysteine residue 528) and prevent transport receptor binding to the cargo protein. KPT185T is the inactive trans-isomer of KPT185. 
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Automated in vitro cell viability assay 
 The half-maximal inhibitory concentration (IC50; 

concentration of drug required for a 50% reduction in 
growth/viability) values and combination index (CI) 
values of the SINE molecules when used alone and in 
combination with other drugs were determined by a 
high-throughput CellTiter-Blue (Promega) cell viabil-
ity assay as described previously [28]. Cell cultures 
grown at log-phase densities (2 x 105/mL) were used 
to determine IC50 values, and cells grown at plateau 
densities (3 x 106/mL) were used to determine syner-
gistic activity. After additional reagents were added, 
including doxorubicin (Sigma), bortezomib (Fisher), 
carfilzomib (Selleck Chem), dexamethasone (Sigma), 
lenalidomide (Selleck Chem), and melphalan (Sigma), 
the plates were incubated for an additional 24 hours. 
All drugs were dissolved in DMSO except for mel-
phalan, which was dissolved in an acid-alcohol solu-
tion (150 mM HCl (Sigma) in ethanol (Sigma)). Sam-
ples were assayed in replicates of four. Fluorescence 
data were used to calculate IC50 values using a sig-
moidal equilibrium model regression with XLfit ver-
sion 5.2 (ID Business Solutions Ltd.). For drug com-
bination experiments, cell viability assays were per-
formed as described above, and the results were ana-
lyzed for synergistic, additive, and antagonistic effects 
using the CI method developed by Chou and Talalay 
[29]. Cell lines assayed included human MM cell lines 
8226 and H929, human AML cell line HL-60, and 
normal fibroblasts WI-38 and Flow2000. 

Cell density and drug treatment 
Our group has previously shown that MM cells 

grown at high density exhibit specific characteristics 
such as drug resistance and CRM1-dependent nuclear 
export of topo IIα [30-32]. Thus, human MM cells 
(H929) grown at 2 × 105 cells/mL were defined as low 
density (log phase), and cells grown at 3 × 106 
cells/mL were defined as high density (plateau 
phase). Cell lines were placed at log- and plat-
eau-density conditions and cultured for 20 hours with 
the SINE CRM1 inhibitors (300 nM) or with LMB (10 
nM) with and without doxorubicin (1-2 µM), borte-
zomib (10 nM), or carfilzomib (20 nM). Optimal drug 
concentrations were determined by titration experi-
ments for SINE compounds, doxorubicin, bortezomib, 
and carfilzomib. LMB concentrations were based on 
published IC50 data [14]. 

Immunofluorescent microscopy 
 Human H929 cells were treated with SINE 

KPT185T, KPT185, KPT249, and KPT330 at 100-300 
nM or with LMB (10-100 nM) for 20 hours. Samples 
assayed for p53 or CRM1 were treated with 100 nM 

SINE or 10 nM LMB, and cells assayed for topo IIα 
were treated with 300 nM SINE or 100 nM LMB. Im-
munofluorescent microscopy was performed as pre-
viously described [3, 30]. Antibodies used were 
mouse monoclonal DO-1 (Santa Cruz) to detect p53, 
454 polyclonal (produced in our lab) for topo IIα [33], 
and rabbit-polyclonal H-300 (Santa Cruz) for detec-
tion of CRM1. Antibodies were diluted 1:100 in a 
buffer containing 2% BSA-PBS, and slides were incu-
bated for 1 hour at room temperature. After three 
washes with PBS, slides were incubated with second-
ary antibodies: anti-rabbit Alexa Fluor 488 (Invitro-
gen) or anti-mouse Alexa Fluor 594 (Invitrogen). Each 
secondary antibody was diluted 1:500 in 2% BSA-PBS 
and incubated for 40 minutes at room temperature. 
Slides were washed four times in PBS, air dried, and 
covered with cover glass and Vectashield mounting 
media containing anti-fade/4',6-diamidino-2- 
phenylindole (DAPI) (Vector Laboratories Inc). Im-
munofluorescence was observed with a Zeiss Auto-
mated Upright Fluorescent Microscope. Images were 
captured with a high-resolution CCD camera. To 
quantify topo IIα intracellular location, H929 cells 
treated with SINE were scored as nuclear or cyto-
plasmic when ≥90% of the fluorescence was in the 
respective cellular compartment; LMB was used as a 
positive control. 

Western blot  
 Human H929 MM cells were incubated with 

SINE (100 nM) or LMB (10 nM) for 20 hours to de-
termine their effect on CRM1 and topo IIα protein 
expression. Fifty micrograms of protein were loaded 
into each lane of an 8% SDS-PAGE gel (Bio-Rad) and 
transferred to PVDF membranes (Amersham) over-
night (30 V at 4ºC) with the use of a Bio-Rad 
Mini-Transblot apparatus. Membranes were blocked 
for 1 hour at ambient temperature in a blocking buffer 
containing 0.1 M Tris-HCl (Sigma), 0.9% NaCl (Sig-
ma), and 0.5% Tween 20 (Bio-Rad) (TBST) and 5% 
non-fat dry milk. CRM1 and topo IIα were identified 
by incubation with H-300 antibody or Ki-S1 antibody 
[34] (Millipore), respectively, at a 1:1000 dilution in 
blocking buffer for 1 hour at ambient temperature. 
Membranes were washed three times for 10 minutes 
in TBST and incubated for 1 hour with goat anti-rabbit 
polyclonal IgG antibody linked to a horseradish pe-
roxidase antibody (Sigma) in blocking buffer at a 
1:1000 dilution. Antibody binding was visualized by 
enhanced chemiluminescence (Amersham) on auto-
radiography film (Kodak). GAPDH was co-assayed 
with topo IIα and CRM1 as a protein loading control 
using the anti-GAPDH clone 6C5 (Millipore) at a 
1:1000 dilution. 
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Cellular fractionation of p53 and topo IIα 
 Cellular fractionation experiments were per-

formed to confirm whether SINE molecules prevented 
nuclear export of p53 and topo IIα. H929 cells were 
placed at plateau concentrations for assay of topo IIα 
and log-phase conditions for p53. SINE molecules 
were then added at 100 nM for 20 hours, with LMB at 
10 nM used as control. Cells were collected, washed in 
PBS, and fractionated by a method adapted from Li et 
al [35]. To fractionate topo IIα, a high-salt lysis buffer 
containing 50 mM Tris, 0.1% Triton X-100 (Sigma), 400 
mM NaCl, 10% glycerol (Sigma), and 5 mM EDTA 
(Sigma) was used. Separated fractions containing nu-
clei or precipitated cytosol were dissolved in 2% SDS 
buffer and assayed by SDS-PAGE Western blot anal-
ysis. Cytosolic fractions were probed with the an-
ti-topo IIα Ki-S1 antibody. Nuclei were assayed for 
p53 protein (anti-p53 (DO-1)). In addition, blots were 
probed with anti-GAPDH clone 6C5 and anti-lamin 
(BD Biosciences) to verify cytosol and nuclear fraction 
separations, respectively. 

Activated caspase 3 apoptosis assay and time 
course study 

 High-density (3 x 106) H929 MM cells were 
treated with 300 nM SINE and various concentrations 
of doxorubicin (0.1, 0.5, or 1 µM), bortezomib (2.5, 5, 
10 nM), and carfilzomib (10, 20, 40 nM) for 20 hours 
and assayed for apoptosis (activated caspase 3). A 
time course experiment was performed in which H929 
cells were co-incubated with 300 nM SINE and 1 µM 
doxorubicin for 4, 8, 16, 20, and 24 hours. In addition, 
H929 cells were incubated with 300 nM SINE and 10 
nM bortezomib for 8, 16, 20, and 24 hours. 

Cells were fixed and permeabilized, and apop-
tosis was measured by activated anti-caspase 3/Alexa 
Fluor 488 (Cell Signaling Technology) in accordance 
with the standard manufacturer’s protocol. Percent 
apoptosis was analyzed by flow cytometry on a 
FACSCalibur bench-top analyzer with FlowJo analy-
sis software (Becton-Dickinson). 

Bone marrow aspirate processing 
 Bone marrow aspirates (20 mL) from patients 

were collected (sodium heparin tubes), and mononu-
clear cells were immediately isolated by centrifuging 
diluted marrow (1:1 with sterile PBS) over a Fi-
coll-Paque Plus (Amersham Biosciences) gradient at 
400 x g for 35 minutes at ambient temperature. The 
interface was removed, cells were washed with cold 
PBS and counted, and 2 x 105 cells were plated on 
double cytoslides by centrifugation at 30 x g for 3 
minutes. Slides were fixed with 4% paraformaldehyde 
for 10 minutes, washed in PBS, and stored at -80°C. 

These slides were used to determine the percent 
plasma cell population. Plasma cells were identified 
by microscopic morphology of toluidine-stained cells. 
The isolated bone marrow mononuclear cells were 
plated at 4 x 106/mL in 200 µL RPMI (Fisher) con-
taining 10% FBS in 96-well plates, treated with 300 nM 
SINE molecules with and without 2 µM doxorubicin, 
10 nM bortezomib, or 20 nM carfilzomib, and incu-
bated for 20 hours in a 5% CO2 humidified incubator. 
The following day, the cells were fixed and assayed 
for caspase activation and apoptosis. 

Apoptosis assay of patient myeloma cells 
 After isolation and drug treatment (SINE mole-

cules with and without doxorubicin, bortezomib, or 
carfilzomib) for 20 hours, bone marrow mononuclear 
cells were fluorescently labeled with antibodies 
against activated caspase 3 (ASP175-Alexa 488), 
CD138 (M115-Alexa 647, BD Bioscience), and light 
chain kappa (G20-193 V450, BD Bioscience) or lambda 
(JDC-12 V450, BD Bioscience). A BD Bioscience LSR II 
flow cytometer was used to gate MM cell populations, 
defined as cells that are both CD138 positive and light 
chain positive. Non-myeloma patient bone marrow 
cells were defined as cells that were both CD138 and 
light-chain double negative. The percentage of apop-
totic cells from each sample was determined by acti-
vated caspase 3. Data analysis was performed using 
Flowjo version 9.4 software (Tree Star, Inc). 

Co-culture experiments 
 Co-culture of HS-5 bone marrow stromal cells 

was used to simulate a drug-resistant bone marrow 
microenvironment, similar to that found in MM pa-
tients [36-38]. HS-5/GFP cells were plated (5 x 105 
cells/mL) in 12-well plates for 24 hours before addi-
tion of H929 cells (5 x 105 cells/mL). In addition, a 
control group of H929 cells (5 x 105 cells/mL) grown 
in suspension without HS-5 cells were plated in 
12-well plates. The cells were treated with 300 nM of 
the indicated CRM1 inhibitor and 2 µM doxorubicin 
or vehicle control (DMSO) for 20 hours. After drug 
treatment, cell death was assayed using FACS analy-
sis to detect annexin V/APC (BD/Pharmingen)- 
positive cells in the GFP-negative quadrant. The ex-
periment was repeated 3 times, with results shown as 
a representative figure. 

Results 
IC50 values for SINE molecules as single agents 

 Human log-phase myeloma and AML cell lines 
were incubated with SINE compounds for 48 hours 
(Table 1). IC50 data were produced by CT-Blue viabil-
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ity assays. As shown in Table 1, KPT127, KPT185, 
KPT249, KPT276, and KPT330 were found to be po-
tent inhibitors of myeloma cells 8226 and H929 and 
AML cells HL-60, with IC50 values in the nanomolar to 
low micromolar range. Human H929 MM cells were 
up to 239-fold more sensitive to SINE than PBMCs 
and normal fibroblasts WI-38 and Flow2000, as shown 
by higher IC50 values in the micromolar range. 

CRM1, p53, and topo IIα protein expression 
and intracellular localization  

 As shown by immunofluorescence microscopy, 
baseline CRM1 (green) nuclear localization and over-
all expression were high in untreated human MM 
cells and human MM cells treated with the inactive 
SINE trans-isomer KPT185T (Fig. 2A, first column). In 
addition, cells treated with the CRM1 inhibitor LMB 
had high levels of CRM1 protein. However, cells 
treated with the active SINE KPT185, KPT249, and 
KPT330 showed a decrease in CRM1 protein expres-
sion (Fig. 2A, first column). These data were con-
firmed by Western blot analysis (Fig. 2B). After 20 
hours of treatment, protein levels of CRM1 were high 
in untreated controls and in KPT185T- and 
LMB-treated cells (Fig. 2B) but were significantly de-
creased in KPT185-, KPT249- and KPT330-treated cells 
(Fig. 2B). These data are in contrast to the effects seen 
on CRM1 mRNA, which is upregulated after treat-
ment with all CRM1 inhibitors (Fig. 2B). CRM1 pro-
tein degradation was inhibited when cells were 
treated with the proteasome inhibitor bortezomib 
(Fig. 2B), indicating that SINE molecules may target 
CRM1 for proteosomal degradation. 

 Based on relative fluorescence, overall p53 (red) 
protein levels were low in low-density control and 
KPT185T-treated cells (Fig. 2A, second column). 
However, cells treated with the CRM1 inhibitors 
KPT185, KPT249, KPT330, and LMB showed nuclear 
accumulation of high levels of p53 (Fig. 2A, second 
column). Nuclear fractions isolated from treated cells 

and analyzed by Western blot showed that CRM1 
inhibition prevented nuclear export of p53 (Fig. 2B). 

Topo IIα (green) was assayed by immunofluo-
rescence microscopy in high-density cells (3 x 
106/mL) after treatment with CRM1 inhibitors (Fig. 
2A, third column). Untreated high-density cells ex-
pressed topo IIα (green) in both the nucleus and cy-
toplasm; however, KPT185, KPT249, and KPT330, as 
well as LMB, prevented nuclear export of topo IIα 
(Fig. 2A, third column). Whole cell lysates from 
SINE-treated MM cells were assayed for topo IIα 
protein (Fig. 2B) and demonstrated minimal change in 
the total amount of topo IIα. However, nuclear export 
of topo IIα was inhibited by KPT185, KPT249, and 
LMB and the corresponding cytoplasmic fraction was 
reduced (Fig. 2B). To quantify topo IIα intracellular 
localization, H929 cells treated with SINE were scored 
as nuclear or cytoplasmic when ≥90% of the fluores-
cence was in the respective cellular compartment. In 
untreated high-density controls, 52.5±4.9% of the cells 
had cytosolic topo IIα. KPT185- and KPT249-treated 
cells had 14.0±7.1% and 23.0±16.9%, respectively, cy-
tosolic topo IIα. In LMB-treated controls, 9.5±10.6% of 
the cells had topo IIα in the cytoplasm. Therefore, 
CRM1 inhibitors prevented export of topo IIα from 
the nucleus to the cytoplasm. 

SINE molecules synergize with doxorubicin, 
bortezomib, and carfilzomib 

 Human H929 MM cells were incubated at 
high-density conditions (3.0 x 106/mL) with SINE 
molecules, +/-doxorubicin, bortezomib, carfilzomib, 
lenalidomide, dexamethasone, and melphalan. When 
the percent viability versus drug concentration was 
plotted for each SINE molecule (Fig. 3), we found that 
the SINE molecules tested were strongly synergistic 
with doxorubicin, bortezomib, and carfilzomib in 
human H929 MM cells.  

 

Table 1. SINE IC50 values of normal, leukemic, and multiple myeloma log-phase cell lines with 48-hour drug exposure by CT-Blue assay. 

 KPT127 (µM) KPT185 (µM) KPT249 (µM) KPT276 (µM) KPT330 (µM) 
 Mean SEM n Mean SEM n Mean SEM n Mean SEM n Mean SEM n 
PBMCs 13.6 0.99 5 13.1 1.0 6 18.3 1.7 6 74.6 15.6 4 16.9 1.76 4 
Flow20001 27.0 2.5 2 12.6 5.0 6 19.2 5.2 3 26.14  1 26.4  1 
Wi-381 16.8 4.3 2 11.1 4.0 5 13.4 5.1 3 3.52 0.55 3 10.5  1 
HL-602 1.54 0.19 2 0.17 0.04 7 0.25 0.10 3 0.57 0.20 3 3.5 3.4 3 
H9293 0.86 0.05 2 0.12 0.02 9 0.17 0.03 5 0.32 0.04 5 0.115 0.005 2 
82263 1.06 0.02 2 0.15 0.04 7 0.15 0.03 3 0.45 0.09 3 0.568 0.103 2 
PBMCs, peripheral blood mononuclear cells. 1Normal fibroblasts. 2Leukemia cell line. 3Multiple myeloma cell line. 
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Fig 2. CRM1, p53, and topo IIα localization in SINE-treated cells. A, Immunofluorescence microscopy. Human H929 MM cells were treated with SINE or 
leptomycin B for 20 hours. Samples assayed for p53 and CRM1 were treated with 100 nM SINE and 10 nM LMB. Samples assayed for topoisomerase (topo) IIα were 
treated with 300 nM SINE and 100 nM LMB. Intracellular localization and expression of p53, CRM1, and topo IIα were examined by immunofluorescence microscopy. 
Nuclei were counter-stained using DAPI (blue). Column 1: CRM1 (green) nuclear localization in low-density log-phase cells (2 x 105/mL) was increased in untreated 
controls, in KPT185T-treated cells, and in LMB-treated cells, but not in KPT185-, KPT249-, or KPT330-treated cells. Column 2: p53 (red) was exported from the 
nucleus in low-density log-phase (2 x 105/mL) untreated control, and KPT185T-treated cells; however, cells treated with KPT185, KPT249, KPT330, and LMB had 
increased nuclear accumulation of p53. Column 3: high-density (3 x 106/mL) untreated control cells exported topo IIα (green) to the cytoplasm (as did KPT185T 
treated cells) and had low levels of topo IIα in the nuclei (arrows) (blue/DAPI). KPT185, KPT249, KPT330, and LMB prevented nuclear export of topo IIα; therefore, 
the nuclei were green (topo IIα) (arrows). B, CRM1, p53, and topo IIα protein expression in SINE-treated cells. H929 cells were treated with 100 nM of each CRM1 
inhibitor for 20 hours at high-density (3 x 106/mL) growth conditions. Whole cell lysates assayed for topo IIα protein demonstrated minimal change in total amount 
of topo IIα; however, cytoplasmic fractions showed that the nuclear export of topo IIα was inhibited by KPT185, KPT249, and LMB. GAPDH protein (loading control) 
showed that equal amounts of protein were loaded for topo IIα. H929 cells were also treated with 100 nM of each CRM1 inhibitor for 20 hours at log-phase growth 
conditions. Whole cell lysates assayed for p53 showed that total cellular p53 increased in cells treated with CRM1 inhibitors when compared to untreated and 
KPT185T-treated control samples. Nuclear fractions isolated from treated cells and assayed by Western blot demonstrated that nuclear p53 increased when cells 
were exposed to the active CRM1 inhibitors KPT185, KPT249, and LMB. KPT185 and KPT249, but not LMB or KPT185T, decreased CRM1 protein expression in 
whole cell lysates. However, when cells were treated with the proteasome inhibitor bortezomib, CRM1 protein levels did not decrease. Treated cells were also 
assayed for CRM1 mRNA levels. We found that all CRM1 inhibitors had significantly (P < 0.05) increased mRNA levels as compared to untreated and 
KPT185T-treated controls. 
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Fig 3. SINE molecules work synergistically with doxorubicin, bortezomib, and carfilzomib in H929 cells. SINE compound KPT185 was serially diluted, 
added to the wells containing H929 MM cells grown at plateau densities (2 x 106/mL), and incubated overnight at 37°C and 5% CO2. Doxorubicin (A), bortezomib (B), 
carfilzomib (C), lenalidomide (D), dexamethasone (E), and melphalan (F) were serially diluted and added the following day, and the plates were incubated an additional 
24 hours. Samples were assayed for cell viability (CellTiter-Blue reagent) in replicates of 2-4 (see Table 2). Percent viability versus drug concentration was plotted. 
SINE compounds were found to be synergistic with doxorubicin, bortezomib, and carfilzomib, additive with melphalan, and non-synergistic/antagonistic for le-
nalidomide and dexamethasone in H929 cells. 

 
 As shown in Table 2, SINE molecules KPT185, 

KPT249, and KPT330 worked synergistically with 
doxorubicin with combination indices of 0.377, 0.505, 
and 0.092, respectively. KPT185, KPT249, and KPT330 
were synergistic with bortezomib (CI = 0.410, 0.888, 
and 0.502) and with carfilzomib (CI=0.322, 0.310, and 
0.482). When co-incubated with melphalan, SINE 
produced a mild synergistic effect with KPT330 
(CI=0.687) and KPT185 (CI=0.849) and an additive 
effect with KPT249 (CI=0.979). KPT185, KPT249, and 
KPT330 were antagonistic (CI >2.0, 1.263 and >2.0) 
when used in combination with dexamethasone. Le-
nalidomide was additive (CI=1.098) when used with 
KPT249 and antagonistic (CI>2.0) when used with 
KPT185 and KPT330. 

Human myeloma cells are sensitized to the 
topo II inhibitor doxorubicin and proteasome 
inhibitors bortezomib and carfilzomib 

 Since the activity of topo II inhibitors such as 
doxorubicin requires nuclear localization of topo IIα 
for their effect, forced nuclear retention of the target 
may augment or restore sensitivity to topo II inhibi-
tors [3]. Therefore, high-density human MM H929 
cells were co-treated with 300 nM SINE and doxoru-
bicin (0.1, 0.5, and 1 µM) for 20 hours and assayed for 
apoptosis by activated caspase 3 (n=3). Fig. 4A 
demonstrates that high-density H929 cells were ren-
dered more sensitive to the topo II inhibitor doxoru-
bicin in a dose-dependent manner when co-incubated 
with KPT185, KPT249, and KPT330. The untreated 
and the inactive control KPT185T did not sensitize 
myeloma cells to doxorubicin. In a separate experi-
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ment, we found that human PBMCs from normal 
donors (n=3) were unaffected by treatment with SINE 
(300 nM) and were not sensitized to doxorubicin, 
bortezomib, or carfilzomib (Fig. 4B). In addition, 
high-density H929 myeloma cells co-incubated with 
SINE and 10 nM bortezomib were sensitized by 
KPT185, KPT249, and KPT330 (Fig. 4C). 
Co-incubation of SINE with the proteasome inhibitor 
carfilzomib also induced higher levels of apoptosis in 
H929 human myeloma cells (Fig. 4D). When com-
pared to the inactive isomer KPT185T, cells treated 
with SINE and carfilzomib (20 and 40 nM) had sig-
nificantly (P<0.05) higher levels of apoptosis after 20 
hours of incubation (Fig. 4D). 

In a time course study, high-density H929 mye-
loma cells co-incubated with SINE and doxorubicin 
were sensitized by KPT185, KPT249, and KPT330 be-
ginning at 8 hours after co-incubation with doxorubi-
cin (Fig. 5A).This effect was found to plateau at 16-20 
hours and decreased at 24 hours due to an increase in 
necrotic cell death as indicated by flow cytometry. 
Co-incubation of SINE with the proteasome inhibitor 
bortezomib also induced higher levels of apoptosis in 
H929 cells. When compared to the inactive isomer 
(KPT185T) or vehicle control-treated cells, 
co-incubation of bortezomib with KPT185 and 
KPT249 resulted in significantly (P<0.05) higher levels 
of apoptosis at 8, 16, 20, and 24 hours of incubation 
(Fig. 5B). 

Table 2. Combination index values of high-density H929 cells 
pre-treated with SINE molecules for 24 hours followed by 24-hour 
incubation with additional myeloma chemotherapeutic drugs. 

SINE Chemo drug CI (mean) CI (SEM) n 
KPT185 Bortezomib 0.410 0.019 3 

Carfilzomib 0.322 0.136 3 
Dexamethasone >2.0 * 5 
Doxorubicin 0.377 0.060 4 
Lenalidomide >2.0 * 4 
Melphalan 0.849 0.104 4 

KPT249 Bortezomib 0.888 0.166 3 
Carfilzomib 0.310 0.013 2 
Dexamethasone 1.263 0.193 4 
Doxorubicin 0.505 0.055 9 
Lenalidomide 1.098 0.186 3 
Melphalan 0.979 0.164 3 

KPT330 Bortezomib 0.502 0.040 2 
Carfilzomib 0.482 0.043 2 
Dexamethasone >2.0 * 2 
Doxorubicin 0.092 0.025 3 
Lenalidomide >2.0 * 1 
Melphalan 0.687 0.254 3 

Drug concentration ranges were as follows: SINE compounds KPT185, 249, and 330 
were used at 4 nM to100 µM, doxorubicin at 4 nM to 100 µM, bortezomib at 40 pM 
to 10 µM, carfilzomib at 2 to 200 nM, and dexamethasone, melphalan and le-
nalidomide at 40 nM to 200 µM. *CI values and SEMs could not be calculated for 
several experiments due to the insufficient effects of single-agent lenalidomide or 
dexamethasone at the concentrations used. CI, combination index. The combination 
index method is based on that described by Chou and Talalay [29]. CI < 1, = 1, and 
>1 indicate synergism, additive effect, and antagonism, respectively. 

 

 
Fig 4. Human myeloma cells are sensitized to doxorubicin, bortezomib, and carfilzomib. A, High-density (3.0 x 106 cells/mL) H929 cells were treated 
concurrently with 300 nM SINE and doxorubicin (dox; 0.1, 0.5, or 1 µM) for 20 hours and assayed for apoptosis by activated caspase 3. Apoptosis was induced in 
SINE/doxorubicin-treated cells in a dose-dependent manner (P < 0.021). B, Human peripheral blood mononuclear cells (PBMC) from normal donors (n=3) were 
unaffected by treatment with SINE (300 nM) and were not sensitized to doxorubicin, bortezomib (BTZ), or carfilzomib (CFZ). C, H929 MM cells co-incubated with 
SINE (100 nM) and bortezomib (2.5, 5, or 10 nM) for 20 hours were sensitized to 10 nM bortezomib (P < 0.0036). D, H929 cells co-incubated with SINE drugs +/- 
carfilzomib (10, 20, or 40 nM) demonstrated apoptosis (P < 0.05) in a dose-dependent manner. 
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Fig 5. Human myeloma cells are sensitized to the topo IIα inhibitor 
doxorubicin and the proteasome inhibitor bortezomib. A, High-density 
(3.0 x 106 cells/mL) H929 myeloma cells were incubated concurrently with SINE 
(100 nM) and 1 µM doxorubicin over a time course of 4, 8, 16, 20, and 24 hours. 
MM cells demonstrated significant (P < 0.023) apoptosis beginning at 8 hours 
with co-treatment of SINE and doxorubicin. B, Human H929 MM cells 
co-incubated with SINE drugs ± bortezomib (10 nM) induced significantly (P < 
0.05) higher levels of apoptosis than vehicle control and KPT185T at 16, 20, and 
24 hours of incubation. 

 

Stromal cell co-culture induces drug resistance  
 HS-5 stromal cells have been shown to support 

the proliferation of hematopoietic progenitor cells and 
promote drug resistance [36-38]. We found that MM 
cells co-cultured with HS-5 cells are relatively drug 
resistant to CRM1 inhibitors (P=0.00014) and doxoru-
bicin (P=0.0002) when used as a single agents as 
compared to H929 cells grown in suspension (Fig. 6). 
Using flow cytometry analyses, we found that both 
KPT185 and KPT249 induced apoptosis when used as 
single agents and when used in combination with 
doxorubicin versus that shown in cells treated with 
the inactive trans-isomer (P<0.02) or DMSO vehicle 
control (P<0.0001) (Fig. 6). SINE compounds sensi-
tized both suspension cells and co-cultured myeloma 
cells to doxorubicin. 

SINE KPT185, KPT249, and KPT330 sensitize 
patient myeloma cells to doxorubicin, borte-
zomib, and carfilzomib 

 To determine whether SINE would sensitize pa-
tient myeloma cells ex vivo, bone marrow mononu-
clear cells were isolated from both newly diagnosed 

and refractory/relapsed myeloma patients. Our re-
sults showed that SINE molecules highly sensitized 
patient MM cells (n=12) to doxorubicin (Fig. 7A), 
bortezomib (Fig. 7B), and carfilzomib (Fig. 7C). Both 
the drug-free controls and KPT185T did not sensitize 
cells. SINE-drug (doxorubicin, bortezomib, or carfil-
zomib) co-incubation synergistically induced apopto-
sis (activated caspase 3) in CD138/light-chain dou-
ble-positive myeloma cell populations (Fig. 7A, 7B, 
and 7C) but not in non-myeloma CD138/light-chain 
double-negative cells (Fig. 7D, 7E, and 7F), indicating 
that SINE may specifically inhibit neoplastic cells in 
MM patients. 

Discussion 
 In this study, we examined the cytotoxic effects 

of SINE in MM cells. We showed by immunofluores-
cence microscopy and nuclear-cytoplasmic fractiona-
tion that these molecules were able to prevent nuclear 
export of the tumor suppressor protein p53 and the 
nuclear drug target topo IIα. Cell viability data 
demonstrated that SINE molecules were effective as 
single agents against human myeloma H929 and 8226 
and HL-60 AML cells at nanomolar concentrations 
but were up to 239-fold less toxic to normal cells. SINE 
molecules, when used in combination with anti-MM 
agents (doxorubicin, bortezomib, and carfilzomib), 
were found to sensitize drug-resistant MM cells in 
both the high-density cell culture model and in 
co-culture with HS-5/GFP bone marrow stromal cells. 
Further studies are needed to determine the mecha-
nism of resistance to CRM1 inhibitors in the bone 
marrow co-culture model. 

 

 
Fig 6. Stromal cell co-culture induced drug resistance. H929 myeloma 
cells (5 x 105) co-cultured with HS-5 cells (5 x 105) are drug-resistant to CRM1 
inhibitors (P=0.0001) and doxorubicin (P=0.0002) when used as a single agent 
compared with H929 cells grown in suspension. When compared to doxoru-
bicin alone (columns 1 and 3 of the VC group (vehicle control)) (P<0.0001) or 
the inactive trans-isomer KPT-185T (P<0.02), both KPT185 and KPT249 
sensitized H929 cells when used in combination with doxorubicin. SINE 
compounds sensitized both suspension cells and co-cultured myeloma cells to 
doxorubicin. 
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Fig 7. KPT185, KPT249, and KPT330 sensitize patient myeloma cells to doxorubicin, bortezomib, and carfilzomib. Bone marrow mononuclear cells 
were isolated and treated with SINE (300 nM) ± doxorubicin (2 µM), bortezomib (10 nM), carfilzomib (20 nM), or DMSO vehicle control (VC) for 20 hours. Treated 
cells were fluorescently labeled with antibodies against activated caspase 3, CD138, and light chain (kappa or lambda). Results for patient multiple myeloma cells (n=12 
patient samples) (A-C) and patient non-myeloma cells (n=12) (D-F) are shown. Apoptosis was induced when SINE molecules were co-incubated with doxorubicin (P 
= 0.0004), bortezomib (P = 0.003), or carfilzomib (P = 0.002) in CD138/light-chain double-positive myeloma cell populations (A-C) but not in non-myeloma 
CD138/light-chain double-negative cells (P > 0.25) (D-F). This indicates that SINE may specifically inhibit neoplastic cells in MM patients. 

 
Combining SINE molecules with doxorubicin, 

bortezomib, or carfilzomib induced apoptosis and 
decreased cell viability of myeloma cells synergisti-
cally. The synergistic effect of KPT185, KPT249, and 
KPT330 with myeloma drugs (doxorubicin, borte-
zomib, and carfilzomib) was dose dependent, and 
time-course studies performed in high-density 
drug-resistant MM cultures showed that apoptosis 
was induced after an 8-hour co-treatment with doxo-
rubicin-SINE or a 16-hour co-treatment with borte-
zomib-SINE. Normal human PBMCs were unaffected 
by SINE treatment and were not sensitized to doxo-
rubicin, bortezomib, or carfilzomib. Co-incubation of 
SINE with the proteasome inhibitor bortezomib was 
found to strongly induce apoptosis in H929 human 
myeloma cells. KPT185 and KPT249 used in combi-
nation with bortezomib had significantly (P<0.05) 
higher levels of apoptosis at 8, 16, 20 and 24 hours of 
incubation. In studies done on MM patient bone 
marrow mononuclear cells, SINE-doxorubicin 
co-incubation synergistically induced activated 
caspase 3 in CD138/light-chain double-positive my-

eloma cell populations but not in CD138/light-chain 
double-negative non-myeloma cells, indicating that 
SINE may specifically inhibit neoplastic cells in MM 
patients. We found that CRM1 protein levels are de-
creased by SINE but not by LMB. This is an unusual 
finding because both SINE and LMB inhibit CRM1 
activity by covalent modification of the active site 
cysteine 528. It is possible that SINE molecules may 
signal proteosomal degradation of CRM1 but LMB 
does not. When SINE-treated cells were co-incubated 
with the proteasome inhibitor bortezomib, CRM1 
protein levels were increased to the levels of untreat-
ed controls and LMB. Interestingly, CRM1 mRNA 
levels were increased by both SINE and LMB even 
with the concurrent decrease of CRM1 protein found 
in SINE-treated cells. 

Recent publications on the effects of SINE com-
pounds on AML have shown that SINE compounds 
have anti-proliferative effects on AML cell lines and 
primary AML samples [19, 20]. In addition, when 
used as single agents, SINE induced apoptosis and 
accumulation of p53 in the nucleus of AML cells [19]. 
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We found parallel results in human MM cell lines and 
in patient MM bone marrow mononuclear cells with 
SINE as single agents; in addition, SINE compounds 
sensitized MM cells both in vitro and ex vivo to dox-
orubicin, bortezomib, and carfilzomib.  

NF-κB is constitutively active in multiple mye-
loma, resulting in increased cell survival and prolif-
eration. In a recent publication [23], CRM1 inhibitors 
have been shown to increase IκB (inhibitor of NF-κB) 
levels in CLL cells. This increase in IκB may result in 
inhibition of NF-κB and result in decreased viability 
of cancer cells. The addition of the proteasome inhib-
itor bortezomib will further inhibit IkB degradation, 
synergize with CRM1, and possibly result in in-
creased cell death. Furthermore, increased nuclear 
p53 from the CRM1-bortezomib combination ob-
served in this paper would also induce apoptosis of 
myeloma cells. Therefore, inhibiting the an-
ti-apoptotic effect of NF-κB and addition of the 
pro-apoptotic effect of p53 may synergistically induce 
cell death in myeloma. 

High-density drug-resistant MM cell lines and 
cells made resistant by stromal cell co-culture were 
sensitive to SINE treatment. KPT185, KPT249, and 
KPT330 induced apoptosis both as single agents and 
in combination with doxorubicin, bortezomib, or car-
filzomib as compared to the inactive trans-isomer 
(P<0.02) or DMSO vehicle control (P<0.0001). SINE 
compounds were found to sensitize both suspension 
cells and co-cultured myeloma cells to doxorubicin. 

 Drug-resistant myeloma cells export topo IIα 
into the cytoplasm of the cell. Once topo IIα is traf-
ficked from the nucleus into the cytoplasm, topo II 
inhibitors such as doxorubicin can no longer induce 
topo II/DNA cleavable complexes and cell death. In a 
previous study with the CRM1-specific inhibitor rat-
jadone C, our group found that CRM1 inhibition by 
specific chemical inhibitors (ratjadone/LMB) or by 
siRNA knockdown sensitized drug-resistant myelo-
ma cells to doxorubicin and etoposide [3]. In the cur-
rent study, we found that SINE molecules exhibit an 
anti-myeloma effect similar to ratjadone or siRNA 
knockdown of CRM1. SINE molecules have been 
shown to effectively inhibit CRM1-mediated nuclear 
export without the off-target cytotoxic effects found in 
LMB-based molecules [19]. KPT330, an orally bioa-
vailable SINE molecule with potency similar to 
KPT185 and KPT249, is currently undergoing phase I 
studies in both solid and hematologic malignancies, 
including patients with MM. These data support such 
clinical studies, as well as studies investigating com-
binations of SINE with doxorubicin, liposomal doxo-
rubicin, or bortezomib in MM. 
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