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KSP inhibitor SB743921 induces death of multiple myeloma
cells via inhibition of the NF-«B signaling pathway
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SB743921 is a potent inhibitor of the spindle protein kinesin
and is being investigated in ongoing clinical trials for the
treatment of myeloma. However, little is known about the
molecular events underlying the induction of cell death in
multiple myeloma (MM) by SB743921, alone or in combi-
nation treatment. Here, we report that SB743921 induces
mitochondria-mediated cell death via inhibition of the NF-xB
signaling pathway, but does not cause cell cycle arrest in
KMS20 MM cells. SB743921-mediated inhibition of the NF-xB
pathway results in reduced expression of SOD2 and Mcl-1,
leading to mitochondrial dysfunction. We also found that com-
bination treatment with SB743921 and bortezomib induces
death in bortezomib-resistant KMS20 cells. Altogether, these
data suggest that treatment with SB743921 alone or in com-
bination with bortezomib offers excellent translational poten-
tial and promises to be a novel MM therapy. [BMB Reports
2015; 48(10): 571-576]

INTRODUCTION

Multiple myeloma (MM) is a type of hematological malignancy
characterized by abnormal plasma cells in the bone marrow (1).
In order to treat MM, it is important to develop anticancer drugs
targeting abnormal plasma cells. Since the introduction of com-
bination therapy involving melphalan and prednisone, numer-
ous multidrug chemotherapies employing agents such as dex-
amethasone, thalidomide, nitrosoureas, and bortezomib have
been used to treat MM (2, 3). However, many compounds have
been reported to have resistance to anticancer activities when
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used as single treatment because of the multistep process of tu-
morigenesis (4, 5). Thus, it is required to develop novel com-
pounds and strategies of optimized combinations of these drugs
to improve the suvival of MM patients.

The spindle protein kinesin (KSP, human Eg5) is one of several
microtubule-associated motor proteins required for proper spin-
dle dynamics (6). KSP is essential for the formation of the bipolar
spindle and proper segregation of sister chromatids during mi-
tosis (7, 8). Furthermore, it is required for other critical physio-
logical functions, such as intracellular transport and organelle
positioning (9). Consequently, KSP-targeted novel antimitotic
agents have been developed to cancer therapy, and several KSP
inhibitors have entered clinical trials.

KSP inhibitors have been developed as a new generation of an-
timitotic agent with a novel mechanism of action for cancer ther-
apy, and several KSP inhibitors have entered clinical trials. These
KSP inhibitors, such as ispinesib (SB715992), ARRY-520, and
MKO0731, provide new opportunities for the development of hem-
atological malignancy therapeutics. In particular, SB743921 is a
selective KSP inhibitor that is being investigated in ongoing clin-
ical trials for the treatment of myeloma, leukemia, and solid tu-
mors (10, 11). However, little is known about the molecular
events underlying the induction of cell death in multiple myeloma
(MM) by SB743921, alone or in combination with other agents.

In this study, we first investigated the antimyeloma activity
and mechanism of action for SB743921 in human MM cells. We
found that this compound induces mitochondria-mediated cell
death via inhibition of the NF-xB signaling pathway in these
cells. To maximize the efficacy of SB743921 in treating MM, we
investigated the antimyeloma activity by combined treatment
with SB743921 and bortezomib in KMS20 bortezomib-resistant
cells and found that the combination treatment induces cell
death in KMS20 cells. Here, we present evidence that the mech-
anism of action of SB743921 is the inhibition of SOD2 and
MCL-1 expression, which leads to bortezomib resistance.

RESULTS

SB743921 potently induces cell death in multiple myeloma
cells
We first examined the capability of SB743921 to induce cell
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death using a CCK-8 assay. As shown in Fig. 1A, SB743921 in-
duced cell death in a dose-dependent manner. SB743921-treated
cells also displayed an abrupt time-dependent increase in cell
death, visualized by annexin V/propidium iodide (Pl) staining
(Fig. 1B). Interestingly, SB743921 treatment induced cell death of
more than 30% even at an early time point (12 h) and low con-
centration (1 nM). Further, cell death was not significantly altered
between 24 h and 48 h. We next measured the change in cell
death based on dose and duration of treatment using annexin
V/PI staining (Fig. 1C). Cell death increased from 30% to 50% be-
tween 12 h and 24 h. However, consistent with the data shown in
Fig. 1A, cell death did not increase with an increase in dose from
1 nM to 2 nM. Thus, the optimal dose and duration of treatment
for SB743921-induced MM cell death were 1 nM and 24 h, re-
spectively, and these conditions were used in subsequent
experiments. We next used western blot analysis to determine
whether SB743921 treatment modified caspase-3, caspase-8, and
poly-(ADP-ribose) polymerase (PARP) levels in a time-dependent
manner (Fig. 1D). Western bands for cleaved caspase-8, cas-
pase-3, and PARP increased in density with SB743921 treatment
in a time- dependent manner. Conversely, levels of procaspase-3,
-8, and -9 gradually decreased with SB743921 treatment. Next,
we examined whether mitochondria were involved in
SB743921-induced cell death. In the mitochondrial apoptotic
pathway, the signal mediator between the cytosol and the mi-
tochondrion is cytochrome c. Thus, cytochrome c release was
measured in  SB743921-treated KMS20 cells (Fig. 1E).
Cytochrome c release into the cytosol was markedly increased in

cells treated with SB743921. As a result of this release, caspase-3
cleavage was subsequently enhanced in KMS20 cells. Finally, we
investigated whether SB743921 induces cell death in human pri-
mary bone marrow mononuclear cells. As shown in Fig. 1F,
SB743921 did not induce cell death in these cells. Collectively,
these results indicate that treatment with SB743921 alone specifi-
cally induces cell death in MM cells.

SB743921 induces cell cycle arrest at early time points, but
G2M arrest may not lead to cell death in MM cells

To determine the effect of SB743921 on the cell cycle, we per-
formed cell cycle analysis in KMS20 cells treated with 0.5 nM and
1nM SB743921. A time-course analysis showed that cell cycle ar-
rest was detectable prior to cell death. In the case of cells treated
with 0.5 nM SB743921, G2M arrest was detectable at 6 h and sim-
ilarly decreased at 12 h and 24 h, whereas cell death (subG1
phase) was detectable at 12 h (Fig. 2). However, G2M arrest in 1
nM-treated cells was detectable at 6 h and gradually decreased at
12 h-24 h, whereas cell death (subG1 phase) was detectable at 12
h and more pronounced at 24 h (Fig. 2B and C). This means that
dead cells were primarily derived from the G2M-arrested pop-
ulation at a low concentration of SB743921, whereas cell death is
independent of cell cycle status at a lethal dose. Next, we exam-
ined the level of p53 in SB743921-induced cell death. It has been
suggested that an increase in p53 level is required for maximal cell
sensitivity to microtubule-targeting agents (12, 13). However, p53
level was not increased in KMS20 cells treated with SB743921
(Fig. 2D). Collectively, our results suggest that SB743921 induces

A D Fig. 1. SB743921 induces dose- and
SB743921 (1nM) time-dependent cell death in MM cells.
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then subjected to CCK-8 assay to meas-
urement of cell death.
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cell death independent of p53-dependent cell cycle arrest.

SB743921 induces cell death via inhibition of the NF-xB
signaling pathway

NF-«B is aberrantly activated in a wide range of human cancers, in-
cluding MM, in which it promotes cell survival and malignancy by
upregulating antiapoptotic genes (14, 15). Compelling evidence
has established the paramount importance of aberrant NF-xB sig-
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naling in MM pathogenesis. To investigate the possible con-
tribution of the NF-xB signaling pathway to this process, we inves-
tigated whether l«Ba. phosphorylation is decreased by SB743921
treatment. In the case of KMS20 cells, NF-kB signaling was con-
stitutively activated. As shown in Fig. 3A, IkBa phosphorylation
was clearly decreased in SB743921-treated KMS20 cells.
Especially, the phosphorylation of IkBo was dramatically de-
creased at 24 h after SB743921 treatment. Next, KMS20 cells were
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co-treated with a proteasome inhibitor (MG-132) to determine
whether the effect was due to a change in NF-xB activation (Fig.
3B). In the presence of MG132, SB743921-pretreated cells
showed a dramatic reduction in lkBo phosphorylation. In contrast,
the control cells showed a robust increase in the level of phos-
phorylated IkBa, including the polyubiquitinated species, con-
sistent with the activation of endogenous NF-xB signaling.
Additionally, induction of the endogenous NF-«B target genes was
examined in SB743921- treated cells. Levels of superoxide dismu-
tase (SOD) 2; cyclin D1; TFAM; and an antiapoptotic Bcl-2 homo-
logue, Mcl-1; were significantly reduced in SB743921-treated cells
compared with control cells (Fig. 3Q). Lastly, we examined wheth-
er SB743921-induced cell death was occurred through the mi-
tochondrial dysfunction by the inhibition of the NF-xB signal
pathway. As shown in Fig. 3D, mitochondrial ROS and calcium
levels were increased by treatment with SB743921, and resulted in
depolarization of the mitochondrial membrane potential.
Collectively, these results show that SB743921 is an inhibitor of
NF-«B signaling that mediates NF-kB transcriptional activation.

Combined treatment with SB743921 and bortezomib
overcomes bortezomib resistance

In Fig. 1, we showed that cell death was induced by treament of
SB743921. However, SB743921-induced cell death did not in-
crease by more than 60%, even at a concentration of 3 nM or after
48 h of treatment in KMS20 cells. In a previous study, we reported
that mitochondria play critical role in resisting cell death by borte-
zomib, and the potentiation of mitochondrial function resulted in
the resistantance of KMS20 cells to bortezomib (16). Moreover, we
have showed that alteration of mitochondria-related genes ex-
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pression led to changes in mitochondrial function and resistance or
susceptibility to bortezomib; these alteration contributed to dis-
criminative susceptibility or resistance to bortezomib in MM cells.
Thus, the powerful activity of SB743921 in inducing cell death in
MM (in even bortezomib-resistant cells) suggests the combination
of SB743921 and bortezomib would increase therapeutic potency
(Fig. 4). KMS20 cells were treated with 1 nM SB743921 and differ-
ent concentrations of bortezomib for 24 h followed by labeling
with annexin V-FITC/PI and flow cytometric analysis. As shown in
Fig. 4, the combination of bortezomib with SB743921 showed
strong additional cytotoxicity in KMS20 bortezomib-resistant cells,
whereas the respective monotherapies had no or a moderately cy-
totoxic effect. To verify whether the cell death by combination treat-
ment were induced by apoptosis, we performed immunoblot analy-
sis with bortezomib or combination treatment in KMS20 cells.
Immunoreative bands for cleaved caspase-3 and PARP were more
intense in lysates of combination-treated cells than in those of cells
treated with bortezomib alone (Fig. 4B). Finally, we examined
whether mitochondria were involved in combination treat-
ment-induced cell death. Cytochrome c release into the cytosol was
markedly increased in cells treated with both compounds com-
pared with those treated with bortezomib alone (Fig. 4C). Finally,
we examined whether combination treatment with SB743921 and
bortezomib induced mitochondrial dysfunction in KMS20 cells. As
shown in Fig. 4D, mitochondrial ROS and calcium levels were sig-
nificantly increased by combination treatment compared to single
treatment, and resulted in the depolarization of mitochondrial
membrane potential. Collectively, these results indicate that combi-
nation treatment with SB743921 and bortezomib induces a cell
death mechanism in boretzomib-resistant KMS20 cells.
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DISCUSSION

SB743921 is being investigated in clinical trials for the treatment
of myeloma, leukemia, and solid tumors, but its mechanism of
action is unknown. Here, we show that SB743921 has significant
cytotoxic activity in MM cells, supporting its potential use for
therapeutic intervention in MM. Additionally, we demonstrated
the induction of cell death specifically in MM cells, and not in hu-
man primary bone marrow cells (Fig. 1F). This study demon-
strated that SB743921 inhibits the NF-kB signaling pathway with-
out the impairing of cell cycle progression at an early time point,
leading to MM cell death via activation of the mitochon-
dria-mediated pathway. This effect is independent of both p53
level and cell cycle arrest. SB743921 strongly inhibited transcrip-
tional activation of NF-xB target genes Mcl-1 and SOD2 (15, 17,
18). Inhibition of the NF-xB survival pathway is possible and con-
stitutes a promising candidate therapy that has no preclusive tox-
icity and could be of profound benefit for patients with MM (19).

Dipeptidyl-boronic acid derivative, bortezomib inhibits the
proteasomes activity and is used in patients with relapsed/ re-
fractory MM. Unfortunately, such MM patients have a low sus-
ceptibility to agents, and resistance have frequently occurred in
early stage of treatment (20, 21). Here, we showed that the com-
bination treatment of bortezomib and SB743921 induces cell
death via inhibition of the NF-xB pathway in bortezomib-re-
sistant MM cells. Human KMS20 MM cells were quite resistant at
a high concentration bortezomib (22). In previous study, we re-
ported that bortezomib resistance occurs because of changes in
the expression of important mitochondrial genes, such as cyclo-
philin D, SOD2, and the mitochondrial calcium uniporter (16).
Thus, SB743921-induced cell death may be the result of mi-
tochondrial dysfunction via suppression of SOD2 and Mcl-1, in-
duced by inhibition of the NF-xB pathway. However, the mecha-
nism to NF-kB inhibition by SB743921 is not yet clear. Activation
of the PI3K/AKT pathway, which is mostly related to signaling
from major growth factors in MM (23), is also not yet verified in
response to SB743921. Therefore, future research topics include
examining potential candidates linking SB743921 to the IKK/NF-
kB signaling cascades and PI3K/AKT activation.

In summary, our study reports that SB743921 alone and in
combination with bortezomib induce cell death of myeloma
cells as a novel therapeutic tool for relapsed/refractory MM.
SB743921 alone and combined treatment with bortezomib fa-
cilitates reduction in protein levels of MCIl-1 and SOD2 due to
the inhibition of the NF-xB pathway, and induces cell death in
MM. Collectively, our results offer that treatment with SB743921,
alone or in combination with bortezomib, offers excellent trans-
lational potential and novel strategies for MM therapy.

MATERIALS AND METHODS

Reagents, Cell culture, Measurement of cell death,
Measurement of mitochondrial ROS, membrane potential
(4 ¥ m), and calcium concentration are described in the online
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data supplement, available at http://www.bmbreports.org/.

Western analysis and subcellular fractionation

Cells were lysed in lysis buffer A [20 mM HEPES (pH 7.5), T mM
EDTA, 2 mM EGTA, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, and protease cocktail I/ll (Sigma-Aldrich)]. Proteins were
separated by sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto nitrocellulose
membranes. Membranes were blocked in 5% skim milk in 0.01
M Tris-buffered saline (pH 7.5) containing 0.5% Tween 20 and
then incubated with the appropriate primary antibodies. For cy-
tochrome c release after treatment with SB743921 alone or in
combination with bortezomib, subcellular fractions were pre-
pared using the ProteoExtract Subcellular Proteome Extraction
Kit (Calbiochem, La Jolla, CA, USA). The purity of each fraction
was verified using a-tubulin and peroxiredoxin 3 (Prx3) as spe-
cific markers of cytosol and mitochondria, respectively (16).

Measurement of cell cycle distribution

Cell cycle distribution was determined by DNA staining with PI
(Sigma-Aldrich). Cells (1 x 10°%) were collected and fixed in 70%
ethanol. The cells were suspended in Pl and simultaneously
treated with RNase at 37°C for 30 min (24). The proportion of
cells in each phase of the cell cycle was measured using a
FACSCanto Il flow cytometer (BD Biosciences).

Quantitative PCR (qPCR)

gPCR was performed using the first strand complementary DNA
as template and specific primers for SOD2 (forward, 5'- ggaagc-
catcaaacgtgact-3'; reverse, 5'-acacatcaatccccagcagt-3'), Mcl-1
(forward, 5'-agaaagctgcatcgaaccat-3'; reverse, 5'-ccagctc ctactc-
cagcaac-3'), TFAM (forward, 5'-ccgaggtggttttcatctgt-3'; reverse,
5'-tccgecctataagcatcttg-3'), B2M (forward, 5'-ctcgctecgtggecttag-
3'; reverse, 5'-caaatgcggcatcttcaa-3'), cyclin D1 (forward, 5'-caat-
gaccccgcacgatttc-3'; reverse, 5'-catggagggceggattggaa-3'). Ampli-
fication was carried out using the CFX96™ Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) in 15-ul re-
action mixtures containing 2 ul diluted DNA template, 2 pmol
each primer, and 7.5 ul 2x SYBR®Premix Ex Tag™ (TaKaRa,
Shiga, Japan). B2M was used as a control, and all reactions were
performed in triplicate. Quantification of relative gene ex-
pression was analyzed using the 27" method (25).

Statistical analysis

Data were analyzed using Student’s t-test and SigmaPlot 8.0 soft-
ware; P values were derived to assess statistical significance, as
follows: *P < 0.05; **P < 0.01; and ***P < 0.001. Data in all
figures are expressed as the mean + standard deviation (SD) of
three independent experiments.
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