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Abstract
Multiple myeloma (MM) remains an incurable disease in need of the development of 
novel therapeutic agents and drug combinations. ABT-199 is a specific Bcl-2 inhibi-
tor in clinical trials for MM; however, its activity as a single agent was limited to 
myeloma patients with the t(11;14) translocation who acquire resistance due to co-
expression of Mcl-1 and Bcl-xL. These limitations preclude its use in a broader pa-
tient population. We have recently found that a sphingosine kinase 2-specific 
inhibitor (ABC294640) induces apoptosis in primary human CD138+ cells and MM 
cell lines. ABC294640 is currently in phase I/II clinical trials for myeloma (clinical-
trials.gov: #NCT01410981). Interestingly, ABC294640 down-regulates c-Myc and 
Mcl-1, but does not have any effects on Bcl-2. We first evaluated the combinatorial 
anti-myeloma effect of ABC294640 and ABT-199 in vitro in 7 MM cell lines, all of 
which harbor no t(11;14) translocation. Combination index calculation demonstrated 
a synergistic anti-myeloma effect of the combination of ABC294640 and ABT-199. 
This synergistic anti-myeloma effect was maintained even in the presence of bone 
marrow (BM) stromal cells. The combination of ABC294640 and ABT-199 led to 
enhanced cleavage of PARP and caspase-3/9 and increased Annexin-V expression, 
consistent with the induction of apoptosis by the combination treatment. In addition, 
the combination of ABC294640 and ABT-199 resulted in the down-regulation of the 
anti-apoptotic proteins Mcl-1, Bcl-2, and Bcl-xL and the cleavage of Bax and Bid. 
The combination induced both the mitochondrial mediated- and caspase-mediated 
apoptosis pathways. Finally, the combination of ABC294640 and ABT-199 resulted 
in augmented anti-myeloma effect in vivo in a mouse xenograft model. These find-
ings demonstrate that the co-administration of ABC294640 and ABT-199 exhibits 
synergistic anti-myeloma activity in vitro and in vivo, providing justification for a 
clinical study of this novel combination in patients with relapsed/refractory multiple 
myeloma.
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1  |   INTRODUCTION

Multiple myeloma (MM) is a malignant plasma cell disor-
der with no standard curative therapy.1 MM affects 4.3 per 
100 000 individuals yearly,2 and accounts for about 1% of 
all cancers and 10% of all hematologic malignancies in the 
United States.3 Over the last 2-3 decades, the outcomes and 
survival of patients with MM have significantly improved 
largely due to the use of “biologic” agents—immunomod-
ulatory drugs, proteasome inhibitors, and monoclonal anti-
bodies, and the incorporation of autologous hematopoietic 
stem-cell transplantation. However, despite these advances in 
treatment, MM remains an incurable disease. Patients may 
relapse within months after autologous hematopoietic stem-
cell transplantation. Furthermore, nearly all MM patients will 
eventually develop resistance to currently available agents. 
There is an unmet medical need for the development of novel 
therapeutic agents and/or novel drug combinations for MM. 
It is particularly important to develop new agents or drug 
combinations that do not share similar mechanisms of action 
with proteasome inhibitors or immunomodulatory drugs be-
cause most of the refractory/relapsed MM patients have been 
exposed to those agents during their course of treatment.

Sphingolipids are an extremely diverse group of water-
insoluble molecules that include ceramides, sphingoid bases, 
ceramide phosphates, and sphingoid base phosphates.4 In 
addition to supporting the structure and fluidity of the lipid 
bilayer, sphingolipid metabolites function as second mes-
sengers, and regulate cytokine-mediated cell signaling.5,6 
Sphingolipids are involved in a wide range of biologic and 
pathologic events including inflammation, cell proliferation, 
apoptosis, angiogenesis, and transformation (reviewed in 
ref. 7-12). Sphingolipid metabolism is increasingly recog-
nized as a key pathway in tumor cell survival and in cancer 
biology.13-20

Sphingosine kinases 1 and 2 (SK1 and SK2) phosphory-
late sphingosine to sphingosine-1-phosphate (S1P). Ceramide 
and sphingosine are pro-apoptotic, inducing apoptosis in 
tumor cells without disrupting quiescent normal cells.21-24 
In contrast, S1P is mitogenic and anti-apoptotic. A critical 
balance (ie, a ceramide: S1P rheostat) is hypothesized to de-
termine the fate of the cell.14,25,26 SK2 is an innovative mo-
lecular target for anti-cancer therapy. We have demonstrated 
that SK2 is overexpressed in MM cell lines and in human 
MM specimens.4 ABC294640 (YELIVA®) [3-(4-chloroph
enyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl) 
amide, hydrochloride salt] is an orally available inhibitor of 
SK2.4 Inhibition of SK2 by RNA interference or treatment 
with ABC294640 effectively promotes apoptosis in MM cell 
lines and inhibits the proliferation of primary human my-
eloma cells. Furthermore, ABC294640 up-regulates Noxa 
expression and reduces the expression of Mcl-1 and c-Myc 
by inducing their proteasome degradation.4 ABC294640 

effectively inhibited myeloma tumor growth in vivo in mouse 
xenograft models, and has recently completed a Phase I 
safety study where it demonstrated an excellent safety pro-
file in solid tumors.27 Our group has recently started a phase 
I/II clinical trial with single agent ABC294640 in relapsed 
and refractory multiple myeloma patients (clinicaltrials.gov: 
#NCT01410981).

The Bcl-2 family proteins are key regulators of the intrin-
sic (mitochondrial) apoptotic pathway and consist of pro- and 
anti-apoptotic proteins. The anti-apoptotic proteins (Bcl-2, 
Bcl-xL, and Mcl-1) bind with pro-apoptotic proteins (Bim, 
Bid, Bak, and Bax), thereby sequestering the pro-apoptotic 
proteins in a neutralized state and preventing them from in-
ducing apoptosis. ABT-199 (Venetoclax®) is a novel, orally 
bioavailable small molecule inhibitor of Bcl-2 with a much 
lower affinity for other anti-apoptotic proteins Bcl-xL and 
Bcl-W (>480-fold and >2,000-fold lower affinity, respec-
tively).28-31 ABT-199 was developed to specifically target 
Bcl-2 and spare Bcl-xL and Mcl-1, thus preventing deleterious 
adverse effects such as thrombocytopenia and T-cell lympho-
penia seen with previous generations of Bcl-2 inhibitors.32-36 
ABT-199 has demonstrated activity against B-cell follicular 
lymphomas, mantle cell lymphomas, diffuse large B-cell 
lymphomas, acute myeloid leukemia, and MM. Treatment of 
relapsed/refractory MM patients with single agent ABT-199 
revealed an acceptable safety profile and evidence of activity 
in patients; especially those with a t(11;14) translocation and 
those with a favorable Bcl-2 family profile.33 MM cell lines 
and primary myeloma cells bearing the t(11;14) translocation 
were particularly sensitive to ABT-199. The sensitivity of 
MM cell lines to ABT-199 correlated most closely with their 
Bcl-2/Mcl-1 mRNA expression ratio, with the most sensitive 
cell lines expressing high levels of Bcl-2 relative to Mcl-1, a 
known resistance factor for Bcl-2 inhibitors.

ABT-199 activity relies on t(11;14), high Bcl-2/Mcl-1 
or high Bcl-2/Bcl-xL ratio. Translocation (11;14) results in 
a dysregulated cyclin D1 expression under the transcription 
control of immunoglobulin heavy chain and an accelerated 
G1 to S phase transition.37 Patients with a t(11;14) translo-
cation only account for 15-20% of all myeloma patients,38-40 
and single agent ABT-199 has very limited activity on my-
eloma cells without the translocation. Furthermore, ABT-
199 has no effects on Mcl-1, and up-regulation of Mcl-1 
is one of the main molecular mechanisms contributing to 
ABT-199 resistance. ABT-199 binds to Bcl-2, releasing 
the pro-apoptotic protein Bim. However, in the presence of 
Mcl-1 and Bcl-xL, Bim can bind to Mcl-1 and/or Bcl-xL and 
is unable to cause apoptosis, rendering resistance to ABT-
199. Resistance to ABT-199 occurs very quickly resulting 
in rapid disease relapse.41,42 Overexpression of Mcl-1 has 
been observed in various cancers including MM and plays 
a major role in myeloma cell survival and resistance to 
chemotherapy.43,44 Due to these limitations, there has been 
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great interest in combining ABT-199 with other agents to 
augment ABT-199’s activity in patients without a t(11;14) 
translocation, and to prevent drug resistance to ABT-199.

ABC294640 induces proteasome degradation and 
down-regulation of Mcl-1 and c-Myc, but has no effect 
on Bcl-2. On the other hand, ABT-199 inhibits Bcl-2, but 
has no effect on Mcl-1 and Bcl-xL. We hypothesize that 
the combination of ABC294640 and ABT-199 will lead 
to synergistic anti-myeloma effects. In the current study, 
we investigated the anti-myeloma effects of ABC294640 
combined with ABT-199. Our results show that the com-
bination of ABC294640 and ABT-199 synergistically 
induced apoptosis in MM cells in vitro and in vivo. Our 
findings suggest a role for the combination of ABT-199 
and ABC294640 in MM patients.

2  |   MATERIALS AND METHODS

2.1  |  Cell culture
Human multiple myeloma cell lines (AMO1, JJN3, L363, 
and OPM2) were kindly provided by Dr. Bernard Klein at 
Institute of Human Genetics, Montpellier, France. Human 
myeloma cell lines (RPMI8226, RPMI8226/DOX, and 
U266) were originally purchased from the American Type 
Culture Collection (Manassa, VA, USA). All MM cell lines 
were grown in RPMI1640 medium supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin at 37°C 
with 5% CO2 in a humidified incubator.

2.2  |  Reagents and antibodies
ABC294640 (the SK2-specific inhibitor) was synthesized and 
provided by Apogee Biotechnology Corp (Hummelstown, 
PA, USA). Bcl-2 inhibitor (ABT-199) was purchased from 
Selleckchem (Houston, TX). Primary antibodies against 
poly(ADP-ribose) polymerase-1, caspase-3, caspase-9, Bim, 
Bad, Bax, Bid, Bcl-2, Bcl-xL, Mcl-1, c-Myc, and GAPDH, 
and the corresponding secondary antibodies for western 
blotting were purchased from Cell Signaling Technology 
(Danvers, Massachusetts, USA). Propidium iodide, ribonu-
clease, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) and dimethyl sulfoxide (DMSO) 
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3  |  MTT assay
The cytotoxicity of ABC294640 and ABT-199 was deter-
mined by MTT assay. ABC294640 and ABT-199 were dis-
solved in DMSO at 60 mmol/L and 10 mmol/L, respectively, 
and the final concentration of DMSO was 0.1% in the vehi-
cle control for all the experiments. Briefly, cells were treated 
with various concentrations of ABC294640 and/or ABT-199 

for 48 hours. MTT (5 mg/mL in PBS, 20 μL) dye was added 
and incubated for 2 hours at 37°C in a humidified incuba-
tor containing 5% CO2. The media was removed and cells 
were then pelleted, and insoluble formazan complexes were 
solubilized with 100 μL of DMSO and the absorbance was 
measured at 570 nm using microplate spectrophotometer 
(Bio-Rad). MM cell survival and the combination index (CI) 
were calculated using CalcuSyn software (Biosoft). All ex-
periments were conducted in triplicate and repeated at least 
twice.

2.4  |  Western blot
Western blotting was performed as described previously.45,46 
Briefly, cells were collected and lysed with RIPA buffer 
(Thermo Scientific, MA, USA). Approximately, 20 μg 
protein was loaded and run on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The 
proteins were transferred onto polyvinylidene difluoride 
membrane (Millipore). The membrane was blocked with 
5% skim milk and subsequently incubated with the specific 
primary antibodies overnight at 4°C with gentle shaking. 
The membrane was then probed with ECL system (AbClon) 
for signal detection. Films were developed using a Kodak 
M35-A X-OMAT processor.

2.5  |  Annexin V and propidium iodide  
staining
JJN3, OPM2, and RPMI8226 cells were seeded on 6-well 
plates (2 × 105 cell/mL) and treated with ABC294640 and/
or ABT-199. Apoptosis was determined by the Annexin-V 
FITC Apoptosis Detection Kit, which was performed ac-
cording to the manufacturer’s instructions (BD Pharmingen). 
Data were acquired on a FACSCalibur flow cytometer (BD 
Biosciences). Results were obtained by analyzing data with 
FlowJo software.

2.6  |  Mitochondrial membrane potential 
(ΔΨm) assay
Cells were seeded into 6-well plates and treated with 
ABC294640 and/or ABT-199 for 12 hours. After treatment, 
cells were collected by centrifugation at 300 × g at 4°C for 
5 minutes. Mitochondrial outer membrane potential was as-
sessed by JC-1 staining (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetr
aethyl-benzimidazolylcarbocyanin iodide), which was per-
formed according to the manufacturer’s instructions (Life 
Technologies). JC-1 is a cationic dye that forms a red fluo-
rescent J-aggregate in mitochondria with a high membrane 
potential and low membrane potential JC-1 shows a cytosolic 
green fluorescence. Mitochondrial membrane potential was 
analyzed by flow cytometry and cells having increased green 
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fluorescence were assumed as cells with reduced mitochon-
drial membrane potential (ΔΨm).

2.7  |  In vivo myeloma xenograft mouse  
experiment
The mouse study was conducted in accordance with guide-
lines approved by the Institutional Animal Care and Use 
Committees at Duke University. JJN3 cells (3-5 × 105 cells/
mouse) were injected subcutaneously into sub-lethally irradi-
ated (1.5 Gy) non-obese diabetic severe combined immuno-
deficiency IL-2λ null mice (NSG) mice (8-week old; Jackson 
Laboratory). When the tumor became measurable, animals 
were randomly divided into 4 groups (n = 5 per group): con-
trol group, ABC294640, ABT-199, and the combination of 
ABC294640 and ABT-199. The drugs were dissolved in 
60:30:10 (PEG400: Phosal G: Ethanol) and were orally ad-
ministered every day for 20 days at a dose of 50 mg/kg/d for 
ABC294640 and ABT-199. Tumor size was measured twice 
a week using a digital caliper and the tumor volume (V) was 
calculated as V = ((width)2 × length)/2. The animals were 
sacrificed at the end of experiment and the primary tumor 
was excised, weighed, and subjected to further analysis.

2.8  |  Statistical analysis
All the data were presented as the mean ± SD. Comparison 
was performed by the student’s t test for analysis of vari-
ance for continuous data. All statistical analyses were per-
formed using Star View software (SAS institute, Cary, NC) 
or Microsoft Excel (Microsoft, Seattle, WA). P values less 
than .05 were considered significant.

3  |   RESULTS

3.1  |  The combination of sphingosine kinase 
2 inhibitor (ABC294640) and Bcl-2 inhibitor 
(ABT-199) synergistically inhibits myeloma cell 
growth in vitro
In our previous study, we showed that the SK2 inhibitor 
(ABC294640) decreased multiple myeloma cell prolifera-
tion in vitro and exhibited significant anti-myeloma efficacy 
in vivo.4 In the present study, we investigated the combina-
torial effects of ABC294640 and Bcl-2 inhibitor (ABT-199) 
on MM cells. Single agent ABT-199’s anti-myeloma activity 
was limited to myeloma cells harboring a t(11;14) translo-
cation. Myeloma cells that do not have a t(11;14) transloca-
tion are generally resistant to ABT-199. To test if combining 
ABT-199 with ABC294640 would sensitize myeloma cells 
without the translocation) to ABT-199, we treated 7 different 
myeloma cell lines (AMO1, JJN3, L363, OPM2, RPMI8226, 
RPMI8226/DOX, and U266) with various concentrations of 

ABC294640 or ABT-199 alone or in combination, and meas-
ured cell survival using a MTT assay. None of these 7 my-
eloma cell lines harbor the t(11;14) translocation. Consistent 
with previous reports, these cell lines were relatively resist-
ant to single agent ABT-199 with IC50s of >30 μmol/L.4,42 
The addition of ABC294640 led to significantly enhanced 
anti-myeloma effects (Figure 1A). To determine if the com-
binatorial effect is additive or synergistic, we calculated the 
combination index (CI) using the CompuSyn software. A CI 
of less than 1 is considered to be a synergetic effect, whereas a 
CI of >1 is additive. As shown in Figure 1B, the combination 
of ABC294640 at 15 μmol/L and ABT-199 at 3 μmol/L dem-
onstrated a synergistic cytotoxic effect in all MM cell lines 
tested (CI < 1), except L363 cell lines (CI > 1). These data 
indicate that ABC294640 is able to synergize with ABT-199 
to inhibit the proliferation of MM in a synergistic manner.

3.2  |  The combination of ABC294640 and 
ABT-199 demonstrates synergy in inducing 
apoptotic cell death in myeloma cells
Our previous data have demonstrated that treatment with 
ABC294640 resulted in apoptosis of MM cells. It has also 
been shown previously that Bcl-2 inhibitors can induce apop-
tosis in MM cells. To test if the combination of ABC294640 
and ABT-199 could induce synergy in apoptosis in MM cells, 
MM (JJN3, OPM2, and RPMI8226) cells were exposed to 
ABC294640 (15 μmol/L) and ABT-199 (3 μmol/L), alone or 
in combination for 16 hours and the number apoptotic cells 
was measured using Annexin-V staining by flow cytometry. 
As shown in Figure 2A,B, single agent ABC294640 and 
ABT-199 induced apoptotic cell death in the range of 16%-
40% and 11%-30%, respectively. The combination treatment 
significantly increased apoptosis to 60%-72%.

Myeloma cells reside in the bone marrow (BM) and 
the BM microenvironment plays an important role in MM 
cell growth, survival, and drug resistance.47,48 Thus, we 
next sought to determine whether the combinatorial effect 
of ABC294640 and ABT-199 on myeloma cells still ex-
ists when co-cultured with BM stromal cells. RPMI8226 
cells expressing green fluorescent protein (GFP) were co-
cultured with BM stromal HS5 cell line and treated with 
ABC294640 and ABT-199 alone or in combination for 
24 hours. Apoptosis was measured in GFP+ RPMI8226 cells 
and GFP− HS5 stromal cells (Figure 3A,B). ABC294640, 
ABT-199, or the combination failed to induce apoptosis 
in HS5 stromal cells. On the other hand, ABC294640 and 
ABT-199 combination demonstrated synergistic effects in 
killing RPMI8226 in the presence of HS5 stromal cells, 
similar to RPMI8226 cells alone. These results indicate 
that ABC294640 synergistically acts with ABT-199 in the 
induction of apoptosis in MM cells, even in the presence of 
stromal cells.
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3.3  |  Combination of ABC294640 and ABT-
199 resulted in augmented PARP cleavage and 
Caspase 3 and 9 activation
Apoptotic cell death is characterized by the cleavage of 
poly(ADP-ribose) polymerase (PARP), and the cleavage and 
activation of pro-Caspase 3. Pro-caspase-3 is cleaved by cas-
pase-8, caspase-9, and granzyme B to form the active heterodi-
mer of caspase-3 subunits. Caspase-3 then cleaves PARP into a 
89-Kda and 24-Kda fragments, which trigger apoptosis signal-
ing pathways.49 Caspase activation plays an important role in 
the activation of apoptosis: caspases can activate the apoptotic 
signaling pathway and thus lead to cell death.50,51 To character-
ize whether apoptosis was the mode of cell death induced by 
ABC294640 in combination with ABT-199, caspase and PARP 

cleavage was assessed in JJN3, OPM2, and RPMI8226 cells by 
western blot analysis. As seen in Figure 4, compared to single 
agent alone, treating the cells with ABC294640 (15 μmol/L) 
and ABT-199 (3 μmol/L) in combination for 16 hours resulted 
in enhanced down-regulation of pro-caspase-3, caspase-9, and 
full-length PARP, with increased cleavage products of cas-
pase-3 and PARP in all three MM cell lines.

3.4  |  Combination of ABC294640 and ABT-
199 results in enhanced down-regulation of 
Mcl-1 and Bcl-xL in myeloma cells
While ABT-199 is able to inhibit Bcl-2, it has no effects on 
Mcl-1 and Bcl-xL. In fact, expression of Mcl-1 and Bcl-xL 
was the underlying mechanism driving drug resistance to 

F I G U R E   1   In vitro synergistic effect of ABC294640 and ABT-199 combination in MM cells. A, AMO1, JJN3, L363, OPM2, RPMI8226, 
RPMI8226/DOX, and U266 cells were plated into 96-well plate (3-5 × 105 cell/well), and treated with various concentration of ABC294640 
and ABT-199, alone or in combination for 48 h followed by MTT assay. B, The combination index was calculated using CalcuSyn software for 
AMO1 (◆), JJN3 (■), L363 (▲), OPM2 (×), RPMI8226 (✳), RPMI8226/DOX (●), and U266 (+) cell lines. The data were obtained from three 
independent experiments and is presented as mean ±SD.
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ABT-199 in myeloma cells. Previously, we showed that 
treatment of ABC294640 led to down-regulation of Mcl-1 
and c-Myc expression via proteasome degradation in MM 
cells.4 To analyze the mechanism underlying the syn-
ergy of ABC294640 and ABT-199, we investigated the 
changes of Bcl-2 family members after combination treat-
ment. Consistent with our previous results, treatment with 
ABC294640 decreased the levels of Mcl-1, c-Myc, and more 
importantly Bcl-xL in all three MM cell lines. On the other 
hand, ABT-199 alone did not affect the expression of all these 
three proteins (Figure 5). When treated with the combination, 
the expression of Bcl-xL is further decreased compared to 
that with ABC294640 treatment alone. Similarly, the levels 
of Mcl-1 and c-Myc expression in the combination treatment 
were significantly decreased in comparison to those with 
ABC294640 alone in all three MM cell lines.

The effects of the combination of ABC294640 and ABT-
199 on the expression of pro-apoptotic proteins were also in-
vestigated. As shown in Figure 5, no significant changes were 
observed in Bak, whereas total Bid was down-regulated in 
the combination treatment. Previous studies have shown that 
activated caspase induced Bid cleavage.52,53 In addition, the 
level of full-length Bax was reduced, and cleaved Bax was 
observed with the combination treatment. Bax cleavage was 

reported to be associated with mitochondrial-mediated apop-
tosis.54,55 To further investigate mitochondrial damage, we 
performed a JC-1 MitoProbe assay. As shown in Figure 6A,B, 
the combination treatment led to significant mitochondrial 
depolarization. Interestingly, the mitochondrial damage was 
predominantly attributed to ABT-199, and not ABC294640. 
These data imply that the combination of ABC294640 and 
ABT-199 causes apoptotic cell death from 2 non-overlapping 
pathways: one from the intrinsic, mitochondrial-associated 
apoptosis by ABT-199, and the other from extrinsic, 
cytoplasmic-associated apoptosis by ABC294640. Taken 
together, our results demonstrated that the combination of 
ABC294640 and ABT-199 led to dramatic down-regulation 
of Mcl-1, c-Myc, and Bcl-xL, and activation of both intrinsic 
and extrinsic apoptosis pathways.

3.5  |  The combination of ABC294640 and 
ABT-199 demonstrated enhanced anti-
myeloma activity in vivo in a myeloma 
xenograft mouse model
To determine the in vivo anti-myeloma activity of the 
ABC294640 and ABT-199 combination, we used NSG mice 
for a xenograft model. JJN3 cells were injected s.c. into 

F I G U R E   2   ABC294640 in combination with ABT-199 induces synergistic apoptosis in MM cells. A, JJN3, OPM2, and RPMI8266 cells 
treated with ABC294640 (15 μmol/L) and ABT-199 (3 μmol/L), either alone or in combination for 16 h, followed by Annexin V-FITC/PI staining 
and analysis by flow cytometer and percentage of cells is shown within each quadrant. B, Quantification of cell death percentage. Results are 
representative of three independent experiments as the mean ± SD. The P values were calculated between control and combination treatment 
(*P = .05; **P = .01; and ***P = .001)
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sub-lethally irradiated (1.5 Gy) NSG mice. When the tumor 
mass became measurable, mice were separated into 4 groups 
and treated with vehicle, ABC294640 (50 mg/kg), ABT-199 
(50 mg/kg), or in combination, daily, for 20 days by oral gav-
age. No behavioral changes or weight loss were observed 
in treated animals. The anti-tumor effect of ABC294640 or 
ABT-199 alone was rather moderate. However, the combina-
tion of ABC294640 and ABT-199 had significantly stronger 

anti-tumor effect (Figure 7A-C). We continued to follow the 
mice for 5 days after the treatment was stopped. While the 
tumor size increased in the ABC294640 alone and ABT-199 
alone groups, the tumors remained significantly suppressed 
in the combination group. Western blots on the tumor sam-
ples confirmed that the combination treatment markedly de-
creased Mcl-1, c-Myc, Bcl-2, and Bcl-xL (Figure 7D). These 
findings indicate that co-administration of ABC294640 and 

F I G U R E   3   ABC294640 and ABT-199 synergistically induce apoptosis in MM cells in the presence of BM stromal cells. A, HS5 cells were 
grown for 48 h to form monolayer, then GFP-expressing RPM8226 cells were added into the HS5 well for 24 h and subsequently the cells were 
treated with ABC294640 (15 μmol/L) or ABT-199 (3 μmol/L), alone or in combination for 24 h. The cells were stained with APC-Annexin/PI and 
apoptosis cell were gated on GFP+ cells. B, Quantification of cell death percentage. Results are representative of three independent experiments as 
the mean ± SD, n.s., no statistical difference. The P values were calculated between control and combination treatment (*P = .05; **P = .01; and 
***P = .001)

F I G U R E   4   ABC294640 and ABT-
199 combination induces caspase-mediated 
apoptosis in MM cells. JJN3, OPM2, 
and RPMI8266 cells were treated with 
ABC294640 and ABT-199 either alone or 
in combination at indicated concentration 
for 16 h. Whole cell lysate was subjected 
for immunoblot analysis with PARP, 
caspase-3, -9, and GAPDH antibodies. The 
immunoblots shown here are representative 
of 2 or 3 experiments
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F I G U R E   6   ABC294640 and ABT-199 synergistically induce mitochondrial membrane damage in MM cells. A, JJN3, OPM2, and 
RPMI8266 cells were treated with indicated concentration for 16 h, either alone or in combination. An increased green fluorescence indicates that 
mitochondrial membrane depolarization. B, Quantification of green florescence. Results are representative of three independent experiments as the 
mean ± SD. The P values were calculated between control and combination treatment (*P = .05; **P = .01; and ***P = .001)

F I G U R E   5   Changes of anti-apoptotic 
Bcl-2 family protein by ABC294640 and 
ABT-199 combination in MM cells. JJN3, 
OPM2, and RPMI8266 cells were treated 
with indicated concentration for 16 h, either 
alone or in combination. Anti-apoptotic 
proteins Mcl-1, Bcl-2, and Bcl-xL, and 
pro-apoptotic proteins Bax, Bim, Bid, and 
Bak were analyzed by immunoblot. The 
data shown are representative of 2 or 3 
experiments
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ABT-199 markedly reduces in vivo myeloma tumor growth 
associated with the down-regulation of Mcl-1, c-Myc, Bcl-2, 
and Bcl-xL.

4  |   DISCUSSION

Despite advances in chemotherapy and stem-cell transplanta-
tion, multiple myeloma remains an incurable disease. There 
is unmet medical need to develop novel therapeutic agents 
and more effective drug combinations. Sphingosine kinase 
2 was found to be a novel therapeutic target.4 As shown in 
our previous study, SK2 was overexpressed in MM cell lines 
and primary human bone marrow CD138+ myeloma cells. 
Inhibition of SK2 by ABC294640 effectively suppressed the 
myeloma growth in vitro and in vivo.4 A phase I/II clinical 
trial of single agent ABC294640 in relapsed and refractory 
myeloma patients is currently ongoing (www.clinicaltrials.
gov: #NCT01410981). In the current study, we examined 
the combination effect of ABC294640 and Bcl-2 inhibitor 
(ABT-199, venetoclax) on MM cell growth. We found that 

the combination of the SK2 inhibitor ABC294640 and the 
Bcl-2 inhibitor ABT-199 had a synergistic cytotoxic effect 
on MM cells in vitro and in vivo.

Induction of apoptosis in tumor cells is an import-
ant goal of cancer chemotherapy. It has been shown that 
anti-apoptotic members of Bcl-2 family proteins are cru-
cial regulators of survival in various cancers including 
MM. Bcl-2, Bcl-xL, and Mcl-1 are significantly overex-
pressed in myeloma cells, and are considered to be among 
the major contributing factors to the survival, growth, and 
chemo-resistance of myeloma.32,34 Therefore, targeting 
these proteins represents an attractive therapeutic strategy. 
ABT-199, a specific Bcl-2 inhibitor, showed promising 
therapeutic efficacy in early phase clinical trials in Bcl-
2-dependent tumor including MM patients with a t(11;14) 
translocation.56 However, ABT-199 had very limited activ-
ity in myeloma patients who did not have the t(11;14) trans-
location, which accounts for >75% of myeloma patients. 
Furthermore, studies have shown that expression of Bcl-xL 
and/or Mcl-1 leads to resistance to ABT-199, and down-
regulating Mcl-1 and Bcl-xL could potentially increase the 

F I G U R E   7   In vivo therapeutic effects of ABC294640 or ABT-199-199 combination treatment on established myeloma in NSG mice. A, 
JJN3 tumors were established in NSG mice, when tumors became measurable the mice were evenly separated into 4 groups (n = 5) with equal 
tumor size and treated with vehicle, ABC294640 (50 mg/kg) and ABT-199-199 (50 mg/kg), alone or in combination every day for 20 d by oral 
gavage; B, tumor weight; C, tumor image; and D, western blot analysis showed the expression of Mcl-1, c-Myc, Bcl-2, and Bcl-xl. The P values 
were calculated between control and combination treatment (*P = .05; **P = .01; and ***P = .001)

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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anti-tumor activity of ABT-199.57,58 These observations 
suggest that ABT-199 would best be used in combination 
therapy.41,57 In fact, combination of ABT-199 with dexa-
methasone broadens ABT-199 activity to myeloma cell lines 
that do not harbor at(11;14) translocation.57 Additionally, 
combination of ABT-199 and bortezomib demonstrated 
safety and efficacy in an early phase clinical trial of pa-
tients with relapsed myeloma.59 Our current study demon-
strated synergistic anti-myeloma effects of ABC294640 
and ABT-199 in vitro and in vivo in myeloma cells that 
have no t(11;14) translocations. Because ABC294640 does 
not share the same mechanisms of action as proteasome in-
hibitors or immunomodulatory agents, ABC294640 and the 
combination of ABC294640 with ABT-199 are particularly 
attractive agents for relapsed and/or refractory myeloma pa-
tients who have been previously treated with proteasome 
inhibitors and immunomodulatory agents. Our study pro-
vides justification rational for testing this combination in 
the clinical setting.

We found that the protein levels of c-Myc and Mcl-1 
but not Bcl-2 levels were decreased by ABC294640 treat-
ment in all three MM cell lines, consistent with our pre-
vious results, and we found that the down-regulation of 
c-Myc and Mcl-1 by ABC284640 was through the pro-
teasome degradation pathway.4 c-Myc plays an important 
role in tumor progression in various cancers and its ac-
tivation leads to MM survival and progression, whereas 
c-Myc inhibition induced cell death indicating that c-Myc 
is a promising therapeutic target.60,61 In the current study, 
we showed for the first time that ABC294640 is also 
able to down-regulate Bcl-xL expression, suggesting that 
ABC294640 effectively increases ABT-199 anti-myeloma 
activity by affecting several Bcl-2 family members. 
Consistent with our hypothesis, when the MM cells were 
treated with the combination of ABC294640 and ABT-
199, all three anti-apoptotic proteins were significantly 
decreased. Furthermore, we examined apoptosis-related 
proteins such as PARP, pro-caspase-3, and, -9 and found 
that the combination treatment increased the cleavage of 
PARP, pro-caspase-3, and -9 in all three MM cell lines 
(Figure 4). We also observed that ABC294640 and ABT-
199 can induce the cleavage of pro-apoptotic proteins such 
as Bax (Figure 5). However, the cleavage of Bax does not 
imply a decrease in pro-apoptotic function because pre-
vious studies have shown that the cleavage of Bax and 
Bid is mediated by caspase-dependent processes, and 
the cleaved Bax and Bid were associated with increased 
mitochondrial-mediated apoptotic pathway.62,63 To fur-
ther support this rationale, we performed the mitochon-
drial membrane potential (MMP) assay in MM cells, and 
showed ABC294640 does not induce mitochondrial mem-
brane damage, whereas ABT-199 reduces mitochondrial 
membrane potential (Figure 6). These data indicate that 

ABT-199 acts through mitochondrial-mediated pathway, 
whereas ABC294640 induces cell death through cytoplas-
mic pathway, which could be the reason for the synergistic 
effect of the ABC294640-ABT-199 combination.

Decreased sensitivity to ABT-199 due to co-expression 
or up-regulation of Mcl-1 or Bcl-xL has been previously ob-
served in MM mouse model. In the current study, we aimed at 
enhancing ABT-199’s anti-myeloma activity through combi-
nation with novel agents. We selected an SK2 inhibitor, which 
we have previously shown can promote proteasomal degrada-
tion of c-Myc and Mcl-1 and induce caspase-mediated apop-
tosis in MM cell in vitro and in vivo.4 In the present study, 
we showed ABC294640 can also down-regulate Bcl-xL in 
MM cell lines. Importantly, the combination of ABC294640 
and ABT-199 showed statistically significant anti-myeloma 
activity (Figure 7).

In summary, our findings show that the combination of 
ABC294640 and ABT-199 has synergistic cytotoxicity in 
MM cells, and that this synergistic effect leads to the in-
duction of apoptosis through regulation of several Bcl-2 
family proteins. Importantly, the experiments carried out 
in the in vivo model showed significant suppression of 
myeloma tumor growth with the combination. Taken to-
gether, these data provide a novel insight into the potential 
application of ABC294640 and ABT-199 for multiple my-
eloma, and offer support for further clinical evaluation of 
the combination of ABC294640 and ABT-199 in patients 
with multiple myeloma.

CONFLICT OF INTEREST

None declared.

ORCID

Yubin Kang   http://orcid.org/0000-0001-6678-8732

REFERENCES

	 1.	 Ludwig H, Bolejack V, Crowley J, et al. Survival and years of life 
lost in different age cohorts of patients with multiple myeloma. J 
Clin Oncol. 2010;28:1599‐1605.

	 2.	 Cronin CC, Harris AM. Atrial fibrillation and interatrial septal 
aneurysm in a patient with Marfan’s syndrome. Int J Cardiol. 
1992;34:115‐117.

	 3.	 Kyle RA, Rajkumar SV. Multiple myeloma. Blood. 
2008;111:2962‐2972.

	 4.	 Venkata JK, An N, Stuart R, et al. Inhibition of sphingosine kinase 
2 downregulates the expression of c-Myc and Mcl-1 and induces 
apoptosis in multiple myeloma. Blood. 2014;124:1915‐1925.

	 5.	 Furuya H, Shimizu Y, Kawamori T. Sphingolipids in cancer. 
Cancer Metastasis Rev. 2011;30:567‐576.

	 6.	 Santos CR, Schulze A. Lipid metabolism in cancer. FEBS J. 
2012;279:2610‐2623.

http://orcid.org/0000-0001-6678-8732
http://orcid.org/0000-0001-6678-8732


      |  3267SUNDARAMOORTHY et al.

	 7.	 Snider AJ, Alexa Orr Gandy K, Obeid LM. Sphingosine kinase: 
role in regulation of bioactive sphingolipid mediators in inflam-
mation. Biochimie. 2010;92:707‐715.

	 8.	 Nixon GF. Sphingolipids in inflammation: pathological im-
plications and potential therapeutic targets. Br J Pharmacol. 
2009;158:982‐993.

	 9.	 Maceyka M, Milstien S, Spiegel S. Sphingosine-1-phosphate: 
the Swiss army knife of sphingolipid signaling. J Lipid Res. 
2009;50(Suppl):S272‐S276.

	 10.	 Cowart LA. Sphingolipids: players in the pathology of metabolic 
disease. Trends Endocrinol Metab. 2009;20:34‐42.

	 11.	 Saddoughi SA, Song P, Ogretmen B. Roles of bioactive sphin-
golipids in cancer biology and therapeutics. Subcell Biochem. 
2008;49:413‐440.

	 12.	 Billich A, Baumruker T. Sphingolipid metabolizing enzymes as 
novel therapeutic targets. Subcell Biochem. 2008;49:487‐522.

	 13.	 Cuvillier O. Sphingosine in apoptosis signaling. Biochim Biophys 
Acta. 2002;1585:153‐162.

	 14.	 Cuvillier O, Pirianov G, Kleuser B, et al. Suppression of ceramide-
mediated programmed cell death by sphingosine-1-phosphate. 
Nature. 1996;381:800‐803.

	 15.	 Pl T, Wang HG. Editorial [hot topic: therapeutic targeting of the 
sphingolipid “biostat” in hematologic malignancies (guest ed-
itors: Thomas p. Loughran and Hong-gang wang)]. Anticancer 
Agents Med Chem. 2011;11:780‐781.

	 16.	 Ponnusamy S, Meyers-Needham M, Senkal CE, et  al. 
Sphingolipids and cancer: ceramide and sphingosine-1-phosphate 
in the regulation of cell death and drug resistance. Future Oncol. 
2010;6:1603‐1624.

	 17.	 Leung RW, Alison JA, McKeough ZJ, Peters MJ. A study de-
sign to investigate the effect of short-form Sun-style Tai Chi in 
improving functional exercise capacity, physical performance, 
balance and health related quality of life in people with Chronic 
Obstructive Pulmonary Disease (COPD). Contemp Clin Trials. 
2011;32:267‐272.

	 18.	 Ekiz HA, Baran Y. Therapeutic applications of bioactive 
sphingolipids in hematological malignancies. Int J Cancer. 
2010;127:1497‐1506.

	 19.	 Leong WI, Saba JD. S1P metabolism in cancer and other patho-
logical conditions. Biochimie. 2010;92:716‐723.

	 20.	 Isakoff SJ, Overmoyer B, Tung NM, et al. A phase II trial of the 
PARP inhibitor veliparib (ABT888) and temozolomide for meta-
static breast cancer. J Clin Oncol. 2010;28(Suppl):abstr 1019.

	 21.	 Mathias S, Pena LA, Kolesnick RN. Signal transduction of stress 
via ceramide. Biochem J. 1998;335(Pt 3):465‐480.

	 22.	 Perry DK, Hannun YA. The role of ceramide in cell signaling. 
Biochim Biophys Acta. 1998;1436:233‐243.

	 23.	 Perry DK, Kolesnick RN. Ceramide and sphingosine 1-phosphate 
in anti-cancer therapies. Cancer Treat Res. 2003;115:345‐354.

	 24.	 Kolesnick R, Fuks Z. Radiation and ceramide-induced apoptosis. 
Oncogene. 2003;22:5897‐5906.

	 25.	 Olivera A, Spiegel S. Sphingosine kinase: a mediator of vital cel-
lular functions. Prostaglandins. 2001;64:123‐134.

	 26.	 Spiegel S, Milstien S. Sphingosine 1-phosphate, a key cell signal-
ing molecule. J Biol Chem. 2002;277:25851‐25854.

	 27.	 Britten CD, Garrett-Mayer E, Chin SH, et  al. A phase I study 
of ABC294640, a first-in-class sphingosine kinase-2 inhibi-
tor, in patients with advanced solid tumors. Clin Cancer Res. 
2017;23:4642‐4650.

	 28.	 Choo EF, Boggs J, Zhu C, et al. The role of lymphatic transport 
on the systemic bioavailability of the Bcl-2 protein family inhib-
itors navitoclax (ABT-263) and ABT-199. Drug Metab Dispos. 
2014;42:207‐212.

	 29.	 Souers AJ, Leverson JD, Boghaert ER, et al. ABT-199, a potent 
and selective BCL-2 inhibitor, achieves antitumor activity while 
sparing platelets. Nat Med. 2013;19:202.

	 30.	 Li M, Chen F, Clifton N, et al. Combined inhibition of Notch sig-
naling and Bcl-2/Bcl-xL results in synergistic antimyeloma effect. 
Mol Cancer Ther. 2010;9:3200‐3209.

	 31.	 Chauhan D, Velankar M, Brahmandam M, et al. A novel Bcl-2/
Bcl-X L/Bcl-w inhibitor ABT-737 as therapy in multiple my-
eloma. Oncogene. 2007;26:2374.

	 32.	 Punnoose EA, Leverson JD, Peale F, et al. Expression profile of 
BCL-2, BCL-XL, and MCL-1 predicts pharmacological response 
to the BCL-2 selective antagonist venetoclax in multiple my-
eloma models. Mol Cancer Ther. 2016;15:1132‐1144.

	 33.	 Kumar S, Kaufman JL, Gasparetto C, et al. Efficacy of venetoclax 
as targeted therapy for relapsed/refractory t (11; 14) multiple my-
eloma. Blood. 2017;130:2401‐2409.

	 34.	 Ruefli-Brasse A, Reed JC. Therapeutics targeting Bcl-2 in hema-
tological malignancies. Biochem J. 2017;474:3643‐3657.

	 35.	 Tse C, Shoemaker AR, Adickes J, et  al. ABT-263: a po-
tent and orally bioavailable Bcl-2 family inhibitor. Can Res. 
2008;68:3421‐3428.

	 36.	 Vandenberg CJ, Cory S. ABT-199, a new Bcl-2–specific BH3 
mimetic, has in vivo efficacy against aggressive Myc-driven 
mouse lymphomas without provoking thrombocytopenia. Blood. 
2013;121:2285‐2288.

	 37.	 Lakshman A, Moustafa MA, Rajkumar SV, et al. Natural history 
of t (11; 14) multiple myeloma. Leukemia. 2018;32:131.

	 38.	 Königsberg R, Zojer N, Ackermann J, et al. Predictive role of in-
terphase cytogenetics for survival of patients with multiple my-
eloma. J Clin Oncol. 2000;18:804.

	 39.	 Fonseca R, Blood EA, Oken MM, et al. Myeloma and the t (11; 
14)(q13; q32); evidence for a biologically defined unique subset 
of patients. Blood. 2002;99:3735‐3741.

	 40.	 An G, Xu Y, Shi L, et  al. t (11; 14) multiple myeloma: a sub-
type associated with distinct immunological features, immuno-
phenotypic characteristics but divergent outcome. Leuk Res. 
2013;37:1251‐1257.

	 41.	 Bajpai R, Matulis S, Wei C, et al. Targeting glutamine metabolism 
in multiple myeloma enhances BIM binding to BCL-2 eliciting 
synthetic lethality to venetoclax. Oncogene. 2016;35:3955‐3964.

	 42.	 Touzeau C, Dousset C, Le Gouill S, et al. The Bcl-2 specific BH3 
mimetic ABT-199: a promising targeted therapy for t (11; 14) 
multiple myeloma. Leukemia. 2014;28:210.

	 43.	 Van Delft MF, Wei AH, Mason KD, et  al. The BH3 mimetic 
ABT-737 targets selective Bcl-2 proteins and efficiently induces 
apoptosis via Bak/Bax if Mcl-1 is neutralized. Cancer Cell. 
2006;10:389‐399.

	 44.	 Gouill SL, Podar K, Harousseau J-L, Anderson KC. Mcl-1 
regulation and its role in multiple myeloma. Cell Cycle. 
2004;3:1259‐1262.

	 45.	 Sundaramoorthy P, Baskaran R, Mishra SK, et  al. Novel self-
micellizing anticancer lipid nanoparticles induce cell death of 
colorectal cancer cells. Colloids Surf B. 2015;135:793‐801.

	 46.	 Sundaramoorthy P, Ramasamy T, Mishra SK, et al. Engineering of 
caveolae-specific self-micellizing anticancer lipid nanoparticles 



3268  |      SUNDARAMOORTHY et al.

to enhance the chemotherapeutic efficacy of oxaliplatin in col-
orectal cancer cells. Acta Biomater. 2016;42:220‐231.

	 47.	 Cheung W, Van Ness B. The bone marrow stromal microen-
vironment influences myeloma therapeutic response in vitro. 
Leukemia. 2001;15:264.

	 48.	 Furukawa M, Ohkawara H, Ogawa K, et al. Autocrine and para-
crine interactions between multiple myeloma cells and bone mar-
row stromal cells by growth arrest-specific gene 6 cross-talk with 
interleukin-6. J Biol Chem. 2017;292:4280‐4292.

	 49.	 Elmore S. Apoptosis: a review of programmed cell death. Toxicol 
Pathol. 2007;35:495‐516.

	 50.	 Fiandalo M, Kyprianou N. Caspase control: protagonists of can-
cer cell apoptosis. Exp Oncol. 2012;34:165.

	 51.	 Oancea M, Mani A, Hussein MA, Almasan A. Apoptosis of mul-
tiple myeloma. Int J Hematol. 2004;80:224.

	 52.	 Li H, Zhu H, C-j Xu, Yuan J. Cleavage of BID by caspase 8 me-
diates the mitochondrial damage in the Fas pathway of apoptosis. 
Cell. 1998;94:491‐501.

	 53.	 Gillissen B, Richter A, Richter A, et al. Bax/Bak-independent mi-
tochondrial depolarization and reactive oxygen species induction 
by sorafenib overcome resistance to apoptosis in renal cell carci-
noma. J Biol Chem. 2017;292:6478‐6492.

	 54.	 Toyota H, Yanase N, Yoshimoto T, et al. Calpain-induced Bax-
cleavage product is a more potent inducer of apoptotic cell death 
than wild-type Bax. Cancer Lett. 2003;189:221‐230.

	 55.	 Park M-T, Song M-J, Lee H, et  al. β-lapachone significantly in-
creases the effect of ionizing radiation to cause mitochondrial apop-
tosis via JNK activation in cancer cells. PLoS ONE. 2011;6:e25976.

	 56.	 Touzeau C, Dousset C, Le Gouill S, et al. The Bcl-2 specific BH3 
mimetic ABT-199: a promising targeted therapy for t(11;14) mul-
tiple myeloma. Leukemia. 2013;28:210.

	 57.	 Matulis SM, Gupta VA, Nooka AK, et al. Dexamethasone treat-
ment promotes Bcl-2 dependence in multiple myeloma resulting 
in sensitivity to venetoclax. Leukemia. 2016;30:1086‐1093.

	 58.	 Choudhary G, Al-Harbi S, Mazumder S, et al. MCL-1 and BCL-
xL-dependent resistance to the BCL-2 inhibitor ABT-199 can be 
overcome by preventing PI3K/AKT/mTOR activation in lym-
phoid malignancies. Cell Death Dis. 2015;6:e1593.

	 59.	 Moreau P, Chanan-Khan A, Roberts AW, et  al. Safety and ef-
ficacy of venetoclax (ABT-199/GDC-0199) in combination 
with bortezomib and dexamethasone in relapsed/refractory 
multiple myeloma: phase 1b results. Am Soc Hematology.  
2015.

	 60.	 Shou Y, Martelli ML, Gabrea A, et al. Diverse karyotypic abnor-
malities of the c-myc locus associated with c-myc dysregulation 
and tumor progression in multiple myeloma. Proc Natl Acad Sci 
USA. 2000;97:228‐233.

	 61.	 Kuehl WM, Bergsagel PL. MYC addiction: a potential therapeu-
tic target in MM. Blood. 2012;120:2351‐2352.

	 62.	 Hu J, Van Valckenborgh E, Xu D, et al. Synergistic induction of 
apoptosis in multiple myeloma cells by bortezomib and hypoxia-
activated prodrug TH-302, in vivo and in vitro. Mol Cancer Ther. 
2013;12:1763‐1773.

	 63.	 Upton J-P, Austgen K, Nishino M, et al. Caspase-2 cleavage of 
BID is a critical apoptotic signal downstream of endoplasmic re-
ticulum stress. Mol Cell Biol. 2008;28:3943‐3951.

How to cite this article: Sundaramoorthy P, 
Gasparetto C, Kang Y. The combination of a 
sphingosine kinase 2 inhibitor (ABC294640) and a 
Bcl-2 inhibitor (ABT-199) displays synergistic 
anti-myeloma effects in myeloma cells without a 
t(11;14) translocation. Cancer Med. 2018;7:3257–
3268. https://doi.org/10.1002/cam4.1543

https://doi.org/10.1002/cam4.1543

