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Potential of a sphingosine 1-phosphate receptor
antagonist and sphingosine kinase inhibitors as
targets for multiple myeloma treatment
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Abstract. Sphingosine 1-phosphate (S1P) is a bioactive lipid
involved in cancer progression through its binding to S1P
receptors (SIPRs). However, the association between multiple
myeloma (MM) and S1P is unclear. The current study aimed
to investigate the potential anti-cancer effects of fingolimod
and sphingosine kinase (SK) inhibitors in myeloma cells and
the effects of S1P-induced chemoresistance and neovascular-
ization on MM cell proliferation. MM cell lines were treated
with the SIPR1 antagonist fingolimod and the SK inhibitors
ABC294640 and SK1-1, after which cell proliferation was
measured. Protein expression was also assessed under each
condition using immunoblotting. Serum SIP levels in patients
with MM, monoclonal gammopathy of undetermined signifi-
cance and healthy volunteers were assessed. Human umbilical
vessel cells (HUVECs) were co-cultured with anti-S1P agents
to assess the effect on cell migration. All treatments suppressed
myeloma cell proliferation and caspase-3-mediated apoptosis
by suppressing SIP activity. These findings suggest that S1P
activation is associated with proliferation and survival for
MM cells. S1P attenuated the proteosome inhibitor (PI) effect,
while the anti-S1P agents recovered the effect. In addition,
S1P promoted the migration and proliferation of HUVECs,
whereas the SIP inhibitors reduced the influence of S1P.
This study highlights the therapeutic potential of anti-S1P
agents for MM treatment. Inhibition of S1P function may
overcome resistance to PI developed by myeloma cells and
inhibit the changes to the bone marrow microenvironment via
neovascularization.
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Introduction

The survival of patients with multiple myeloma (MM) has
been remarkably extended because of the development of
new proteasome inhibitors (PIs) and immunomodulatory
drugs (1,2). However, most patients treated with these drugs ulti-
mately relapse owing to the development of chemotherapeutic
resistance in MM cells (3).

Sphingosine-1 phosphate (S1P) was originally identified as
a bioactive lipid and has been reported to be involved in the
regulation of various physiological cell functions, such as cell
proliferation, apoptosis, and angiogenesis (4). A molecule of
S1P contains a ceramide backbone; sphingosine (SP) is cata-
lyzed by two enzymes, namely, sphingosine kinase 1 (SK1)
and sphingosine kinase 2 (SK2). S1P exerts its activity, both
inside and outside the cell membrane, by interacting with a
G protein-coupled S1P receptor (SIPR) on the cell membrane.
Five isotypes of SIPR have been identified (SIPR1-S1PRS5),
and their respective functions have been reported (5,6).
Several studies have reported that S1P influences cancer
progression (7-10). Indeed, high activity of S1P and its synthe-
tases, SKs, combined with high expression of specific SIPR
isotypes has been reported in numerous cancer types (8,10).
Fingolimod is an SIPR1 receptor antagonist that was recently
adopted as a therapeutic drug for multiple sclerosis, and its
efficacy on various tumors in inducing apoptosis and reducing
angiogenesis has been previously reported (11). Moreover,
small-molecule SK inhibitors with anti-cancer potential
against cancer cell survival and proliferation have been iden-
tified (12-17). SK1-I is synthesized as a sphingosine analog
and specifically inhibits SK1. It reportedly inhibits growth
and survival by inducing apoptosis in leukemia cells (12).
ABC294640 is an SK2-specific inhibitor. This compound
reportedly inhibits tumor proliferation and migration by
promoting autophagic cell death (13,14).

However, the role of S1P in regulating myeloma cell prolif-
eration is unclear. We hypothesized that the bioactivity of S1P
affects myeloma cell proliferation or the acquisition of chemo-
therapeutic resistance. Thus, targeting SIPR or the enzymes
involved in SIP biosynthesis may serve as a novel therapeutic
strategy for MM. To test this hypothesis, we evaluated the
potential anti-cancer effects of fingolimod and SK inhibitors
in myeloma cells and investigated the effects of S1P-induced
chemoresistance and neovascularization on MM cell
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proliferation. Moreover, we evaluated circulating S1P levels in
the serum of patients with MM and monoclonal gammopathy
of undetermined significance (MGUS) to identify candidate
biomarkers capable of detecting disease progression of MM or
its advancement to a later disease stage.

Materials and methods

Cell lines and primary myeloma cell culture. The human
myeloma cell lines RPMI8226, MM1S, MMIR, and human
umbilical vein endothelial cells (HUVECs) were purchased
from ATCC. Primary myeloma cells were derived from the
peripheral blood of two patients diagnosed with plasma cell
leukemia (PCL). Mononuclear cells were separated using
Lymphosepar (Immuno-biological Laboratories Co.). All
cells were cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum and 1% peni-
cillin/streptomycin in a humidified incubator containing
5% CO, at 37°C. The study protocol was approved by the
Institutional Review Board of Tokyo Medical University
(no. SH2408). Written informed consent was obtained from
all patients in accordance with the tenets of the Declaration
of Helsinki.

Cell proliferation assay. Cell proliferation was assessed
using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide assay with the Cell Euros Kit-8 (Dojindo Molecular
Technologies) in accordance with the manufacturer's protocol.

Immunoblotting. Immunoblot analysis was performed as
previously described (18). After appropriate treatment, the cells
were washed with ice-cold PBS twice and lysed with a radio-
immunoprecipitation assay lysis buffer. Forty micrograms of
total protein extract was separated on 4-20% polyacrylamide
gels and electro-transferred to a polyvinylidene difluoride
membrane. Thereafter, the membrane was probed using
the primary antibodies of interest at 1:1,000 dilutions for
1 h at 25 + 1°C. We then used the Amersham ECL chemi-
luminescence kit (GE Healthcare) in accordance with the
manufacturer's instructions. We used the following primary
antibodies: anti-phospho-S6 ribosomal protein (Ser235/236),
anti-cleaved caspase-3, and anti-poly-ADP-ribose polymerase
(PARP), purchased from Cell Signaling. Antibodies against
MAPK ERKI and (-actin were purchased from Santa Cruz
Biotechnology. The experiments were carried out in three
independent replicates. Protein band intensity was evaluated
using ImageJ software (National Institutes of Health).

Reverse-transcription PCR. Reverse-transcription PCR
(RT-PCR) was performed as previously described (1). Total
RNA was extracted form MM cells, HUVECs, and primary
patient samples using the RNA queous®-4PCR kit (Life
Technologies Japan, Ltd.). The RNA concentration was deter-
mined spectrophotometrically. Next, 82 ng RNA was used
to synthesize cDNA using a first-strand cDNA synthesis kit
(OriGene Technologies) under the following reaction condi-
tions: 1 cycle at 22°C for 5 min, 1 cycle at 42°C for 30 min,
and thenl cycle at 85°C for 5 min, followed by a hold at 4°C.
RT-PCR was performed using a PCR Master Mix (Promega
Corporation) and the Roche Light Cyber 2.0 detection system

(Roche Diagnosis Gmbh). Thermocycling conditions were
as follows: 95°C for 5 min, then 40 cycles at 95°C for 30 sec,
55.5°C for 30 sec, and 72°C for 1 min. The primer sequences
were as follows: GAPDH forward, 5'-ACCACAGTCCATGCC
ATCAC-3' and GAPDH reverse, 5'-TCCACCACCCTGTTG
CTGTA-3". The GAPDH primer was purchased from Life
Technology Japan, Ltd. The specific PCR primers of S1PR1,
S1PR2, S1PR3, S1PR4, S1PRS, SK1, and SK2 were purchased
from Santa Cruz Biotechnology. The information of the
sequences of these primers could not be provided from the
company then the sequences are not publicly available.

Lentiviral SK1 and SIPRI1 shRNA. We purchased lentiviral
vector sShRNAs of shS1PR1, SK1, and scramble shRNA from
Vector Builder Japan. The method of lentiviral vector trans-
duction into RPMI8226 cells followed the Addgene protocol
(http://www.addgene.org/tools/protocols/plko#E). We used
Polybrene for enhancing lentiviral transduction with cells,
the concentration of Polybrene 5 yg/ml and 2 ul shRNA was
mixed and cultured overnight. The effect of sShRNA knock-
down for SK1 and S1PRI1 expression was estimated by real
time PCR and immunoblotting. Total RNA extraction and
cDNA synthesis did the same method as previously. Real
time PCR was performed using a Fast Strand Essential DNA
Green Master and Roche Light Cyber 2.0 detection system
(Roche Diagnosis Gmbh). Thermocycling conditions were as
follows: 95°C for 10 min, then 45 cycles at 95°C for 10 sec,
60°C for 30 sec. The primer sequences were as follows: SIPR1
forward, 5'-GGCTATGTTGAGTACGTAGGCTGTG-3' and
S1PR1 reverse, 5-"-TCCCGCTTACATGGAAACTTTG-3/,
SphK1 forward, 5'-CTGGCAGCTTCCTTGAACCAT-3'
and SphK1 reverse, 5"TGTGCAGAGACAGCAGGTTCA-3'
(Takara Bio). The immunoblotting technique was the same
method as previous mentioned. Anti-SIPR1 and SphK1 rabbit
polyclonal antibodies were purchased from Proteintech®.
The membrane was probed using the primary antibodies of
interest at 1:300 dilutions. The shRNA knockdown cells were
cultured with carfilzomib and the suppressive ability for cell
proliferation was assessed by caspase-3/7 activity. We used the
kit, Caspase-Glo® 3/7 Assay (Promega Corporation).

Chemotaxis assay. The chemotaxis assay for HUVECs was
performed using a Boyden chamber with an 8-ym pore size
(Corning, Inc.) (19). In the upper chamber, we seeded HUVECs.
In the lower chamber, indicated materials (supernatant of
cell line, S1P and anti-S1P agents) were added with medium
(0.2% FBS DMEM). The cells were incubated at 37°C for
4 h in humidified air with 5% CO,. Non-migrated cells were
removed by a cotton swab, and migrated cells were stained by
May-Giemsa method. The stained migrated cells were counted
by microscopic x100 field of vision in three random fields. The
cell number was average of three random fields.

Assessment of serum SIP concentration among MM patients,
MGUS patients, and healthy adults via ELISA. We determined
serum S1P levels in 13 patients who were newly diagnosed
with MM, in five patients with MGUS, and age-matched
16 healthy volunteers. The specimens were harvested in 2013,
and patients and healthy volunteers provided informed consent
to participate in the study (approved no. ‘SH2408”). However,
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sample size determination, randomization, and blinding were
not performed as some people could not consent when we
planned to design another clinical study for SIP measurement.
Furthermore, the serum S1P levels were assessed using an
ELISA Sphingosine 1-phosphate Assay Kit (Echlon, Inc.).

Statistical analysis. The Mann-Whitney U-test was used
to estimate serum S1P levels among MM patients, MGUS
patients, and healthy volunteers, and between MM patients
with or without symptoms. The Student's t-test was used to
assess the effects of drug treatment in comparison with the
control group. P<0.05 was considered significant. All data
were analyzed using IBM SPSS statistic ver.28 and PrismS.

Results

mRNA expression levels of SK1, SK2 and SIPRI-SIPRS in
HUVECs and MM cells. We performed RT-PCR to confirm
the mRNA expression of both SK1 and SK2 in the following
samples: HUVECs, primary myeloma cells from two patients
with PCL, and three MM-derived cell lines, RPM18226, MM1.S
and MMI1.R (Fig. 1A). As SIP exerts its effects by binding to
S1PRs, we examined the mRNA expression of the five SIPR
isotypes (SIPR1-S1PRY) to determine their expression patterns
in our cell lines. All tested cell lines expressed SIPR1 mRNA,
the target of fingolimod, but not SIPR4 mRNA. SIPR2 mRNA
was expressed in all cells, except for one of the PCL samples
(sample A). Finally, we observed SIPR3 mRNA expression in
MMI1.S, MM1.R, PCL sample A, and HUVECs (Fig. 1B). It
has been reported that SIPR1, SIPR2 and S1PR3 are expressed
in almost all tissues and organs; conversely, SIPR4 and SIPRS
are expressed mainly in lymphoid tissue (20). Our results are
consistent with these previous observations.

Serum SIP levels increased in patients with MM. We next
determined the serum levels of SIP in MM patients using
ELISA. The results showed that the serum concentration of
S1P was higher in MM patients and MGUS patients than in
healthy age-matched controls. The difference between MM
and healthy age-matched controls was significant (P<0.05;
Fig. 2A). Moreover, among MM patients with anemia as a
complication, the median serum S1P level was significantly
lower than that in the group without anemia (P<0.05; Fig. 2B).
Regarding other complications, including the co-occurrence
of bone disease, hypercalcemia, and renal dysfunction, we did
not observe a significant change in serum S1P levels (P<0.05;
Fig. 2C-F). The group profile (MM, MGUS, and healthy
control) and the number of patients with MM symptoms are
shown in Fig. 2F.

Fingolimod, SKI-1, and ABC294640 inhibit the proliferation
of MM cell lines. We investigated the effect of fingolimod,
SKI-I, and ABC294640 on the proliferation of MM cells.
All agents inhibited the growth of RPMI8226, MM1.S, and
MMI.R cell lines at concentrations of 5 and 10 uM (P<0.05;
Figs. 3A and SIA and B). Thereafter, we investigated the
effects of the three anti-S1P agents on intracellular signaling in
RPMI8226 cells. RPMI8226 cells were treated with the indi-
cated anti-S1P agents for 24 h. At high concentrations, the three
molecules inhibited the phosphorylation of the S6 ribosomal
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Figure 1. Expression of SIPR and SPK mRNA in multiple myeloma cell
lines, HUVECs and primary samples. (A) SPK1 and SPK2 mRNA expres-
sion, and (B) the expression of five isotype SIP receptors (SIPR1-S1PRS)
were assessed. HUVECs, human umbilical vessel cells; PCL, plasma cell
leukemia; SIPR, sphingosine 1-phosphate receptor; SK, sphingosine kinase.

B

protein. At the same concentration, we observed induction of
PARP and cleaved caspase-3 (Fig. 3B). To confirm the relation
between inhibition of SK or SIPR function and myeloma cell
proliferation, we assessed the effect of SK1 and SIPR1 mRNA
knockdown. Western blotting revealed that caspases were related
to cell apoptosis induced by SKs and S1PRs, and therefore, we
estimated and confirmed caspase activity. We concluded that
suppression of the S1P pathway induced caspase-mediated
myeloma cell death. We next evaluated whether caspase-3/7
activity was affected by shRNA and culturing with carfilzomib.
shRNA knockdown was performed by lentiviral infection to
RPMIg226, and we confirmed the transfection efficiency by
RT-gPCR and immunoblotting. The result of immunoblotting
and RT-qPCR showed the knock down efficiency for both protein
and DNA of SIPR1 and SK1 by shRNA (Fig. SIC and D).
RPMI8226 that was performed bySK1 or SIPR1 knockdown
using shRNA showed a significantly higher caspase activity
than did non-knockdown cells. When carfilzomib was added
to the culture, the caspase-3/7 activity was higher than that in
knockdown cells without carfilzomib. These results demon-
strated that SIPR1 and SK1 were concerned with myeloma cell
survival and S1P interfered the cytotoxic effect of proteasome
inhibitor for myeloma cell. (Fig. S1E and F).

Use of fingolimod, SKI-1, and ABC294640 in combination
with carfilzomib protease inhibitor enhanced anti-tumor
activity in MM cell lines and primary cells. Three agents
were further assessed in combination with the PI carfilzomib
in RPMI8226 MM cells. Because we observed more effec-
tive for cell reduction at 5 nM carfilzomib than at 2 nM
carfilzomib previously (Fig. S1F), we evaluated the impact
of the combination of 5 nM carfilzomib with fingolimod,
SKI-I, or ABC294640 on cell growth at the concentration
that suppressed MM cell growth (Figs. 3A and S1A and B).
The results showed that fingolimod (5 M), SKI-I (2.5 uM),
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Figure 2. Serum SIP levels as measured by ELISA. (A) Serum SIP levels were determined in patients with MM and compared with patients with MGUS
(P=0.0379) and healthy controls (P=0.0349). (B) The clinical feature and median serum S1P level of each group, the number of MM patients with or without
complications and profile of MM patients including ISS (median serum S1P level) and M protein types. Serum SIP levels in patients with MM and various
complications, including (C) anemia, (D) bone disease, (E) hypercalcemia and (F) renal dysfunction, were compared with those individuals that did not
demonstrate these complications. Red indicates significant P-values. ISS, international scoring system; MGUS, monoclonal gammopathy of undetermined

significance; MM, multiple myeloma; S1P, sphingosine 1-phosphate.
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Figure 3. Effects of anti-sphingosine 1-phosphate agents on the growth of MM cell lines. (A) Fingolimod, SKI-I and ABC294640 suppressed the growth of the
MM cell line (RPMI8226). (B) immunoblotting analysis was performed to measure the total protein extract after 24 h. "P<0.05 vs. control; “P<0.05 vs. 200 nM;
"P<0.05 vs. 500 nM; “P<0.05 vs. 1 uM and #P<0.05 vs. 10 uM. MM, multiple myeloma; PARP, poly (ADP-ribose) polymerase; SK, sphingosine kinase.

and ABC294640 (25 M) in combination with carfilzomib
significantly increased cell growth compared to 5 nM carfil-
zomib treatment alone (Fig. 4A). We then assessed the effect
of these combinations on the proliferation of PCL sample A.
Consequently, the combination of fingolimod (3 yM), SKI-I
(2.5 uM), or ABC294640 (25 uM) with 5 nM carfilzomib
synergistically inhibited the growth of primary MM cells
(Fig. 4B). In each bar plot of Fig. 4A and 4B, the mean and SD
of three independent replicates are shown.

We next investigated the effects of the three anti-S1P agents
in combination with carfilzomib on intracellular signaling in
RPMI8226 cells. RPMI8226 cells were treated with fingolimod,
SKI-I, or ABC294640, with or without carfilzomib, for 24 h.
We observed that combinatorial treatment exerted the same

effect as that observed with the three agents alone, resulting in
similar protein expression patterns (Figs. 3B and 4D). Notably,
the combinatorial treatment inhibited the S6 ribosomal protein
more strongly than carfilzomib monotherapy, which was
consistent with the observed synergistic cell growth inhibition.
Moreover, we observed increased cleaved PARP activation
upon treating cells with the same amount of inhibitor used for
cells harvested from patients with PCL (Fig. 4C).

SIP attenuates the PI-mediated anti-tumor effect in MM cells,
which is recovered by co-treatment with anti-SIP agents. After
confirming that the serum SIP level was higher in patients
with MM than in healthy controls, we examined the effect of
the addition of exogenous S1P to RPMI8226 cells co-cultured
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Figure 4. Effect of fingolimod, SK-1I and ABC294640 in combination with carfilzomib. (A) RPMI18226 or (B) PCL patient cells were used for assessment.
Images represent the indicated total protein extract examined by immunoblot analysis for (D) fingolimod, ABC294640 and SKI-I, and (C) cleaved PARP.
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abc, ABC294640; car, carfilzomib; Figo, fingolimod; PCL, plasma cell leukemia; PARP, poly(ADP-ribose) polymerase; SKI, SKI-1.

with carfilzomib alone or through sequential addition of
fingolimod, SKI-I, or ABC294640. As shown in Fig. 5A,
the addition of exogenous S1P attenuated the anti-tumor
activity of carfilzomib at 5 and 10 nM. In particular, 10 nM
carfilzomib reduced cell growth by 72%, while S1P addition
resulted in only a 45% reduction. However, the anti-tumor
effect of carfilzomib in the presence of SIP was restored when
used in combination with fingolimod, SKI-I, or ABC294640
(Fig. 5B). In each bar plot of Fig. SA-B, the mean and SD of
three independent replicates are shown (P<0.05).

Anti-S1P agents inhibit S1P-promoted migration of HUVECs.
We next evaluated the chemotactic response of HUVECs to
S1P or its inhibitors. We observed that the addition of the
supernatant of MM cells significantly induced HUVEC
migration (Fig. 5C). This was probably S1P dependent, as
incubation with S1P for 4 h significantly induced the migra-
tion of HUVECs compared with the control medium (with
a peak effect detected at 100 nM S1P). However, simulta-
neous treatment with fingolimod, SKI-I, or ABC294640
inhibited S1P-induced cell migration (Fig. 5D; P<0.05).
Moreover, we observed increases in pMAPK and ERKI1
within 5-15 min after adding S1P, followed by decreased
pPMAPK thereafter (until 60 min) (Fig. SE). The addition
of the three anti-S1P agents repressed S1P-induced MAPK
phosphorylation (Fig. 5F).

Discussion

In this study, we assessed the serum S1P levels among
patients with MM or MGUS compared with those in healthy

individuals. Notably, our results show that serum S1P levels
were significantly higher among patients with MM than in
healthy individuals.

S1P and SKs are involved in numerous cancer types, influ-
encing cell growth, cell survival, mortality, transformation,
and chemotherapy resistance (7,10,16,17). However, although
some recent studies suggested that S1P and SKs are involved
in MM, their association with MM is unclear. For example,
Yasui et al (21) reported that fingolimod has anti-cancer
effects in MM cell lines. In addition, SIP may play important
roles in the adhesion of MM cells, which is dependent on the
a4p1 integrin (22). Venkata et al (23) reported that SK2 is
overexpressed in both MM cell lines and primary cells and
demonstrated the efficacy of SK2 inhibitors in inhibiting cell
growth. Thus, further assessment of the roles of S1P and SKs
in MM cell proliferation may facilitate the development of
new treatment strategies for MM.

Xia et al (16) reported that SK1 activation, which depends
on V12 RAS, promotes NIH/3T3 fibroblast transformation
to fibrosarcoma, suggesting that SK1 has oncogenic activity.
Thus, S1P activation via SKs is potentially associated with
MM progression. The median serum S1P level among MM
patients was higher than that of healthy volunteers. Our study
is the first to report serum S1P elevation in MM patients.
The proliferation of MM cells might be associated with
S1P-related signaling. Anemia in MM is typically observed
when the tumor is abundant, or the disease is advanced (24).
The S1P level of MM patients with anemia were lower than
that of those without anemia. The main supplier of serum S1P
is red blood cells (RBC), and thus the low level of S1P in MM
patients with anemia might be related to a reduction in RBC.
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Figure 5. Cellular response of MM cell lines and HUVECs treated with carfilzomib, SIP and anti-S1P agents. (A) Effect of exogenous SIP on RPMI8226
cell growth inhibition by carfilzomib. (B) Effect of S1P addition during treatment with carfilzomib and the indicated inhibitor in different MM cell lines.
“P<0.05. (C) Migration assay of HUVECs in the presence of a supernatant derived from a MM cell line. "P<0.05 cell line supernant vs. control. (D) Migration
assay assessing the effect of S1P inhibitors on the S1P-mediated migration of HUVECs. "P<0.05 vs. SIP1 1uM. (E) Immunoblot assay showing the expression
kinetic of pMAPK and ERK1 in HUVECsS upon S1P addition. (F) Immunoblot assay showing the effect of S1P inhibitors on the expression of pMAPK. ABC,
ABC294640; car, carfilzomib; Figo, fingolimod; HUVECSs, human umbilical vessel cells; MM, multiple myeloma; p-, phosphorylated; S1P, sphingosine

1-phosphate; SK, sphingosine kinase.

However, the median S1P level of MM patients with anemia
were higher than that of healthy volunteers, indicating that S1P
level might be constantly high among MM patients.

This study showed that the addition of exogenous S1P
reduced the efficacy of PI in the RPMI8226 myeloma cell line,
suggesting that SIP is involved in increased PI resistance in
MM cells. These results show that the tested anti-S1P agents
enhanced the PI-dependent cytotoxic effect in MM cell lines
and primary myeloma cells, even in the presence of SI1P,
which can reduce PI-dependent antimyeloma effects. Taken
together, these findings suggest the involvement of S1P in
regulating proteasome activity. Moreover, some studies have
reported associations among SK1, S1P, and the ubiquitin-
proteasome system (UPS). For instance, SIP promotes

NF-«B activation by interacting with the E3 ubiquitin ligase
TNF receptor-associated factor 2 as a cofactor (25). This
interaction activates proteasome and induces inflammation.
Other studies have reported that S1P accumulation leads
to UPS activation owing to the concomitant downregula-
tion of the deubiquitinating enzyme (26,27). Accordingly,
myeloma cell proliferation may be promoted by the upregu-
lation of S1P and SKs through increased UPS activation.
Therefore, inhibition of S1P signaling may suppress UPS
and increase the efficacy of PI. S1P signaling is also involved
in other signaling pathways. SIP potentially activates the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway
through S1PR1 (28). When MM cells were cultured with an
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anti-S1P agent, alone or in combination with carfilzomib, we
observed a stronger reduction in pS6 than with carfilzomib
monotherapy. Furthermore, PI3K signaling is very active in
myeloma cells (29). Therefore, inhibition of S1P-mediated
MM cell proliferation may be PI3K signaling-dependent.
Moreover, all the tested anti-S1P agents promoted apoptosis
in MM cells by increasing the levels of cleaved caspase-3
and PARP. Thus, our results suggest that the tested inhibi-
tors promote caspase-induced apoptosis and suppress UPS
and PI3K signaling by inactivating the S6 ribosomal protein,
thereby repressing translation.

The bone marrow microenvironment plays an important
role in the pathophysiology and progression of MM. In partic-
ular, angiogenesis is strongly associated with myeloma cell
proliferation (30). In vascular endothelial cells, SI1P regulates
proliferation, migration, and angiogenesis. This study shows
that the inhibition of S1P activity by fingolimod or SK inhibi-
tors suppressed the migration of HUVECs. Therefore, the use
of these inhibitors potentially reduces S1P-mediated angio-
genesis in the bone marrow microenvironment. Similarly,
LaMontagne et al (11) reported that fingolimod suppressed
tumor angiogenesis and proliferation in a mouse model. We
observed that upon culturing HUVECs with S1P, the levels of
pPMAPK and ERK-1 increased. However, the expression levels
reverted to baseline upon treatment with SIP antagonists.
These results suggest that S1P signaling affects angiogenesis
by modulating endothelial cell migration and proliferation
through the MAPK signaling pathway.

Overall, our results indicate that inactivation of SIP by an
S1PR1 antagonist and two SK inhibitors affected MM cell
growth and apoptosis. In addition, these inhibitors displayed
synergistic effects with PI carfilzomib treatment, even in the
presence of S1P-mediated resistance. Moreover, inhibition of
S1PR1 and SKs impaired the migration of endothelial cells,
which is a critical mechanism involved in angiogenesis in the
bone marrow microenvironment.

In conclusion, the results of the present study suggest that
combinatorial treatment of PI with fingolimod or SK inhibi-
tors constitutes a novel approach to treat MM and to overcome
chemotherapeutic resistance. However, it is uncertain whether
these agents can be developed as new therapeutic drugs for
MM. Even though this study is limited by its small sample size
and use of only in vitro data, the identified association between
myeloma cell growth and S1P signaling is a new finding and
might be helpful in decision making when choosing existing
myeloma drugs and biomarkers for disease prognosis.
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