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ABSTRACT
Sphingosine kinase (SphK)/sphingosine-1-phosphate (S1P)/S1P receptor
(S1PR) signaling pathway has been implicated in a variety of pathological processes
of ovarian cancer. However, the function of this axis in ovarian cancer angiogenesis
remains incompletely defined. Here we provided the first evidence that SphK1/S1P/
S1PR1/3 pathway played key roles in ovarian cancer angiogenesis. The expression
level of SphK1, but not SphK2, was closely correlated with the microvascular density
(MVD) of ovarian cancer tissue. In vitro, the angiogenic potential and angiogenic
factor secretion of ovarian cancer cells could be attenuated by SphK1, but not SphK2,
blockage and were restored by the addition of S1P. Moreover, in these cells, we found
S1P stimulation induced the angiogenic factor secretion via S1PR1 and S1PR3, but not
S1PR2. Furthermore, inhibition of S1PR1/3, but not S1PR2, attenuated the angiogenic
potential and angiogenic factor secretion of the cells. in vivo, blockage of SphK or
S1PR1/3 could attenuate ovarian cancer angiogenesis and inhibit angiogenic factor
expression in mouse models. Collectively, the current study showed a novel role of
SphK1/S1P/S1PR1/3 axis within the ovarian cancer, suggesting a new target to block
ovarian cancer angiogenesis.

for regulating tumor-associated angiogenesis by secreting
a series of proangiogenic growth factors into the tumor
microenvironment [3]. Besides, increased angiogenesis
was associated with increased risk of disease progression
in the patients with advanced-stage epithelial ovarian
cancer (EOC) [4]. Moreover, anti-angiogenic therapy
with Bevacizumab, a humanized recombinant antibody
against vascular endothelial growth factor (VEGF),
revealed a more pronounced progression-free survival in
the patients with advanced EOC [5]. However, the current
understanding of molecular mechanisms of ovarian cancer
angiogenesis remains incomplete.

INTRODUCTION
Angiogenesis, the process through which new
blood vessels sprout from pre-existing ones, is one of
the hallmarks of cancer [1]. Recently, abundant evidence
has indicated that ovarian cancer progression has close
interactions with angiogenesis [2–5]. Indeed, angiogenesis
is induced early and remained on during the multistage
development of ovarian cancer, providing nutrients and
oxygen for sustained neoplastic growth [2]. In turn,
ovarian cancer cells have also been shown to be essential
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Inhibition of SphK by SKI-II suppressed the
angiogenic potential and inhibited S1P and
angiogenic factor secretion of ovarian cancer cells

Sphingosine kinase (SphK), the key enzyme to
produce sphingosine-1-phosphate (S1P), exhibits two
isoforms, SphK1 and SphK2. SphK1 has emerged as
a significant signaling enzyme because it contributes
to the growth, metastasis and chemoresistance of
various human cancers [6, 7]. The “inside-out” model
is widely used to explain the function of SphK1/S1P/
S1P receptor (S1PR) signaling, which propose that
intracellular S1P, generated by SphK, is secreted into
the extracellular milieu and then activates cell surface
S1PRs through autocrine and paracrine manners, leading
to the activation of downstream signals [8]. However,
the function of SphK2 has been less investigated and
its roles and mechanisms in cancer remain largely
unknown. In our previous study, we found that the level
of SphK1 was significantly increased in ovarian cancer
tissues [9]. Besides, earlier studies showed that the
plasma S1P level was elevated in patients with ovarian
cancer and decreased after tumor removal surgery
[10]. Moreover, S1P has been shown to be involved
in vascular tube formation process, including vascular
maturation [11] and permeability [12]. Therefore, we
hypothesized that SphK/S1P/S1PR signaling pathway
may have an important influence on the angiogenic
process of ovarian cancer.
Based on the above scientific background, our
aim was to reveal the roles of SphK/S1P/S1PR pathway
in ovarian cancer angiogenesis. The current study was
designed to evaluate the correlation between SphK
expression level and the microvascular density of
ovarian cancer tissue, and to investigate the in vitro and
in vivo effects of targeting SphK or S1PRs with specific
antagonists or siRNAs on ovarian cancer angiogenesis.

In order to further determine whether SphK was
involved in ovarian cancer angiogenesis, we examined
the effects of SphK inhibition by SKI-II, a highly
SphK selective inhibitor, on the angiogenic potential
of ovarian cancer cells through using endothelial cell
migration, invasion and tube formation assays. We found
the culture medium prepared from SKI-II pretreated
ovarian cancer cells significantly inhibited the migration,
invasion and tube formation ability of endothelial cells
(Figure 2A-2C), which suggested that SphK might play
an important role in ovarian cancer angiogenesis. It is
known that SphK activation leads to S1P formation,
which in turn regulates a variety of cellular functions. To
evaluate the role of S1P in SphK-induced ovarian cancer
angiogenesis, we measured the S1P secretion levels
in the supernant of ovarian cancer cells after SphK
inhibition. As expected, SphK blockage suppressed
the S1P secretion by ovarian cancer cells. Moreover,
VEGF, interleukin-8 (IL-8) and interleukin-6– (IL-6)
have been identified to play important roles in ovarian
cancer angiogenesis [13–15]. We next examined the
secretion levels of these angiogenic factors after SKI-II
pretreatment. As shown in Figure 2E, SphK blockage
also suppressed VEGF, IL-8 and IL-6 secretion of the
cancer cells. Taken together, these data suggested that
SphK blockage could attenuate the in vitro angiogenic
potential and inhibit S1P and angiogenic factor secretion
of ovarian cancer cells.

SphK1, but not SphK2, was responsible for the
angiogenic potential of ovarian cancer cells

RESULTS

Having shown that SphK inhibition by SKI-II
attenuated the angiogenic potential of ovarian cancer
cells, we aimed to determine which isoform was
involved in this process. For this purpose, specific
siRNAs were used to down-regulate the expression
levels of SphK1 or SphK2 (Figure 3A-3B). SphK1,
but not SphK2, blockage significantly decreased
S1P release from ovarian cancer cells (Figure 3C).
Moreover, SphK1, but not SphK2, siRNA transfection
significantly attenuated the angiogenic potential and
angiogenic factor secretion of ovarian cancer cells
(Figure 3D-3F), which suggested that SphK1, but not
SphK2, was involved in ovarian cancer angiogenesis.
Furthermore, these changes of phenotypes induced by
SphK1 blockage could be reversed by exogenous S1P
addition (Figure 3D-3F), which suggested that SphK1
blockage attenuated the angiogenic potential of ovarian
cancer cells partly through inhibition of S1P.

Elevated levels of SphK1 was accompanied
by increased microvascular density (MVD) in
ovarian cancer tissue
We investigated the SphK1, SphK2, MVDCD34
and MVDCD105 expression in samples from ovarian
cancer patients. Figure 1A, 1C, 1E and 1G showed the
representative fields of low SphK1, SphK2, MVDCD34
and MVDCD105 in these samples respectively. For
comparison, Figure 1B, 1D, 1F and 1H showed the
representative fields of high SphK1, SphK2, MVDCD34
and MVDCD105 respectively. In the current study, we
found both MVDCD34 and MVDCD105 were significantly
correlated with the levels of SphK1 in tumor tissue
(Table 1). However, neither MVDCD34 nor MVDCD105
were correlated with the expression levels of SphK2.
These findings suggested that SphK1 might be related
to ovarian cancer angiogenesis.
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Figure 1: Immunohistochemical staining of SphK1, SphK2, CD34 and CD105 in epithelial ovarian cancer tissues. (A)

Low SphK1 expression; (B) high SphK1 expression; (C) low SphK2 expression; (D) high SphK2 expression; (E) low MVDCD34 area; (F)
high MVDCD34 area; (G) low MVDCD105 area; (H) high MVDCD105 area. Magnification, 200× (A–H).
www.impactjournals.com/oncotarget
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Table 1: Spearman correlation analysis of SphK1/2 expression and microvascular density (MVD)
SphK1
MVDCD34

Low (n=23)

High (n=27)

Correlation
coefficients (ρ)

Low (n=28)

20

8

0.576

<0.01

High (n=22)

3

19
P value

SphK1
MVDCD105

Low (n=23)

High (n=27)

Correlation
coefficients (ρ)

Low (n=28)

19

9

0.495

<0.01

High (n=22)

4

18
P value

SphK2
MVDCD34

Low (n=14)

High (n=36)

Correlation
coefficients (ρ)

Low (n=28)

7

21

-0.075

0.603

High (n=22)

7

15
P value
0.252

SphK2
MVDCD105

P value

Low (n=14)

High (n=36)

Correlation
coefficients (ρ)

Low (n=28)

6

22

-0.165

High (n=22)

8

14

S1PR1 and S1PR3 mediated S1P-induced
angiogenic factor secretion in ovarian cancer
cells

the secretion of VEGF, IL-8 and IL-6 induced by S1P. In
contrast, S1PR2 siRNA did not alter the effects of S1P on
VEGF, IL-8 and IL-6 secretion. These results suggested
that S1PR1 and S1PR3 might be involved in S1P-induced
VEGF, IL-8 and IL-6 secretion in ovarian cancer cells,
while S1PR2 had almost no effect on the process.

SphK blockage suppressed VEGF, IL-8 and IL-6
secretion in ovarian cancer cells (Figures 2E and 3F).
As the roles of SphK mainly depend on its production
of S1P, we investigated whether S1P could promote the
angiogenic factor secretion. We found that S1P could
induce substantial increases of VEGF, IL-8 and IL-6
release from ovarian cells in vitro (data not shown).
S1P can function either intracellularly or extracellularly,
such as through S1P receptors. Since S1PR1-3 are widely
expressed in almost all types of cells, we examined S1PR1expression levels in 20 ovarian cancer samples and 10
3
normal ovarian tissue samples, as shown in Figure 4A.
In ovarian cancer, we observed that 55% (11/20) samples
displayed high S1PR1 level, 80% (16/20) samples showed
high S1PR2 level and 75% (15/20) samples showed
high S1PR3 level. In contrast, in normal ovarian tissue,
we observed 10% (1/10) samples displayed high S1PR1
level, 20% (2/10) samples showed high S1PR2 level and
20% (2/10) samples showed high S1PR3 level. Then we
investigated which subtypes of S1PRs were implicated
in the stimulation of VEGF, IL-8 and IL-6 by S1P by
using siRNAs (Figure 4B-4C). As shown in Figure 4D4F, knockdown of S1PR1 or S1PR3 significantly abrogated
www.impactjournals.com/oncotarget

S1PR1/3 was responsible for the angiogenic
potential of ovarian cancer cells
Because S1PR1 and S1PR3 mediated S1P-induced
angiogenic factor secretion in ovarian cancer cells, we
wanted to determine whether they are responsible for
the angiogenic potential of the cells. To this end, specific
S1PRs antagonists were used. As shown in Figure 5A-5B,
the culture medium prepared from S1PR1/3 antagonist,
VPC23019, pretreated ovarian cancer cells significantly
inhibited endothelial cell migration, invasion and tube
formation. We next examined VEGF, IL-8 and IL-6
secretion levels after VPC23019 pretreatment. As shown
in Figure 5C, S1PR1/3 blockage suppressed the angiogenic
factor secretion of ovarian cancer cells. In contrast, S1PR2
antagonist, JTE-013, pretreatment had almost no effect
on the angiogenic potential and the angiogenic factor
secretion of the cancer cells. The above data suggested that
S1PR1/3, but not S1PR2, was responsible for the angiogenic
potential of ovarian cancer cells.
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Effect of SphK blockage on ovarian cancer
angiogenesis in vivo

tumor tissue were also characterized by IHC staining. The
results showed that SKI-II administration significantly
inhibited the VEGF, IL-8 and IL-6 levels in mouse models
(Figure 6D and 6F). Moreover, the levels of S1P in tumor
tissue were tested by ELISA. S1P levels were markedly
decreased in the SKI-II treated group compared with the
PBS group (Figure 6G). The above results indicated that
the tumor growth, tumor angiogenesis, S1P and angiogenic
factor expression of ovarian cancer could be blocked by
SphK inhibitor in vivo.

In light of the in vitro data, we hypothesized
that SphK blockage may also inhibit ovarian cancer
angiogenesis in vivo. Ovarian cancer mouse models were
intraperitoneally injected with SKI-II twice a week. SKIII injection resulted in significantly decreased tumor
number and tumor weight (Figure 6A-6C). Inspection
of the tumors harvested from the experimental group
revealed that tumors were smaller and less vascularized
in the SKI-II group than those in PBS group (Figure 6A).
The microvascular density (MVD) in the largest tumor of
each mouse was characterized by immunohistochemical
(IHC) staining using CD31, CD34 and CD105 antibodies
that specifically recognize endothelial cells. The results
revealed decreased MVD in the SKI-II group (Figure
6D-6E). The angiogenic factor expression levels in the

Effect of S1PR1/3 blockage on ovarian cancer
angiogenesis in vivo
We found that S1PR1 and S1PR3, but not S1PR2,
were responsible for the angiogenic potential and
angiogenic factor secretion of ovarian cancer cells in
vitro. Therefore, we further determined whether S1PR1/3

Figure 2: Effect of SphK inhibition by SKI-II on angiogenesis in vitro. (A) Cell migration assay. Endothelial cells were

stimulated with the culture media (CM) collected from the ovarian cancer cells precultured with or without SKI-II (2.5μM). The migrated
cells were stained, photographed and counted. (B) Cell invasion assay. Endothelial cells were stimulated with CM, the invaded cells were
photographed and counted. (C) Tube formation assay. Endothelial cells suspended in CM were placed on the matrigel to form tube like
structures, which were then photographed and quantificated. (D) Effect of SKI-II on the S1P secretion of ovarian cancer cells. (E) Effect
of SKI-II on the VEGF, IL-8 and IL-6 secretion of ovarian cancer cells. All experiments were repeated three times, with three replicates in
each group (* p<0.05 vs. Control group).
www.impactjournals.com/oncotarget
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Figure 3: Effect of SphK1 or SphK2 blockage on angiogenesis in vitro. (A) SKOV3 cells were transfected with control-siRNA,

SphK1-siRNA or SphK2-siRNA. Expression of SphK1 or SphK2 mRNA levels were determined by PCR and normalized to GAPDH
mRNA. (B) Protein levels of SphK1 and SphK2 were determined by western blot. (C) S1P levels in the culture media (CM) from siRNA
transfected cells were determined by ELISA. (D) Representative images of the migration, invasion and tube formation assays. Endothelial
cells were stimulated with the CM collected from siRNA transfected cells with or without S1P (1μM) addition. Migrated cells, invaded cells
and tube like structures were photographed. (E) Statistical analysis of the migrated cells, invaded cells and tube like structures. (F) Effect
of siRNA transfection with or without S1P addition on the VEGF, IL-8 and IL-6 secretion of ovarian cancer cells. All experiments were
repeated three times, with three replicates in each group (* p<0.05 vs. Control group).
www.impactjournals.com/oncotarget
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also regulated in vivo angiogenesis by intraperitoneally
injecting the mouse models with S1PR1/3 antagonist
VPC23019. We found that the tumor number and tumor
weight were significantly inhibited by VPC23019
administration (Figure 7A-7C). Besides, the results of
IHC showed that VPC23019 administration inhibited the
MVD level and the angiogenic factor expression in mouse
models. These results suggested that S1PR1/3 antagonist
could block the tumor growth, tumor angiogenesis and
angiogenic factor expression of ovarian cancer in vivo.

be attenuated by SphK1, but not SphK2, blockage and
were restored by the addition of S1P; (3) S1P induced
the angiogenic factor expression via S1PR1 and S1PR3
in ovarian cancer cells; (4) Blockage of SphK or S1PR1/3
could effectively inhibit ovarian cancer angiogenesis.
SphK exhibits two isoforms, SphK1 and SphK2.
SphK1 plays a critical role in ovarian cancer. Our previous
study indicated that SphK1, elevated in ovarian cancer
tissue, was involved in the metastasis of this deadly
disease [9]. It was also reported that SphK1 promoted
ovarian cancer cell proliferation and protected the cells
from apoptosis through activating the survival pathways
[16, 17]. However, the function of SphK2 in ovarian
cancer remains largely unknown. Here, we explored the
roles of SphK signaling in ovarian cancer angiogenesis,
another important hallmark of this disease. As shown
in Table 1, elevated level of SphK1 is accompanied by
increased MVD in ovarian cancer tissue, which suggested
the possible role of SphK in ovarian cancer angiogenesis.
Therefore, we investigated the effect of SphK blockage
on the angiogenic potential of ovarian cancer cells in
vitro. As expected, SphK blockage by SKI-II, a specific

DISCUSSION
In the current study, we provided evidence that
SphK1/S1P/S1PR1/3 signaling played an important role in
ovarian cancer angiogenesis and blockage of this pathway
could significantly inhibit the angiogenic process of the
cancer. Specially, our study provided the following new
findings: (1) SphK1, but not SphK2, expression level was
closely correlated with microvascular density (MVD) of
ovarian cancer tissue; (2) The angiogenic potential and
angiogenic factor secretion of ovarian cancer cells could

Figure 4: S1PR1 and S1PR3 mediate S1P-induced VEGF, IL-8 and IL-6 expression. (A) Immunohistochemical staining of
S1PR1, S1PR2 and S1PR3 in human normal ovarian tissue and ovarian cancer tissue. (B) SKOV3 cells were transfected with control-siRNA,
S1PR1-siRNA, S1PR2-siRNA or S1PR3-siRNA. Expression levels of S1PR1, S1PR2 and S1PR3 were determined by PCR and normalized to
GAPDH mRNA. (C) S1PR1, S1PR2 and S1PR3 proteins were determined by western blot. (D) Effects of S1PR1-siRNA on VEGF, IL-8 and
IL-6 secretion in response to S1P treatment. (E) Effects of S1PR2-siRNA on VEGF, IL-8 and IL-6 secretion in response to S1P treatment.
(F) Effects of S1PR3-siRNA on VEGF, IL-8 and IL-6 secretion in response to S1P treatment. All experiments were repeated three times,
with three replicates in each group (* p<0.05 vs. Control group).
www.impactjournals.com/oncotarget
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Figure 5: Effect of S1PR1-3 inhibition on angiogenesis in vitro. (A) Representative images of the migration, invasion and tube

formation assays. Endothelial cells were stimulated with CM collected from the ovarian cancer cells precultured with VPC23019 (300nM)
or JTE-013 (1μM). Migrated cells, invaded cells and tube like structures were photographed. (B) Statistical analysis of the migrated cells,
invaded cells and tube like structures. (C) Effect of VPC23019 and JTE-013 on the VEGF, IL-8 and IL-6 secretion of ovarian cancer cells.
All experiments were repeated three times, with three replicates in each group (* p<0.05 vs. Control group).
www.impactjournals.com/oncotarget
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Figure 6: Effect of SphK blockage on angiogenesis in vivo. (A) Representative images of disseminated tumors in intraperitoneal

ovarian cancer xenograft model treated with PBS (n=8) or SKI-II (n=8). Tumor number (B) and tumor weight (C) were quantificated. (D)
Immunohistochemical staining for CD31, CD34, CD105, VEGF, IL-8 and IL-6 was performed. (E) The number of CD31-positive, CD34positive or CD105-positive vessels was quantificated. (F) Statistical analysis of integrated optical density (IOD)/area of VEGF, IL-8 and
IL-6. (G) S1P levels in the tumor tissue were significantly deceased in the SKI-II treated group (* p<0.05 vs. PBS group).
www.impactjournals.com/oncotarget
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Figure 7: Effect of S1PR1/3 blockage on angiogenesis in vivo. (A) Representative images of disseminated tumors in intraperitoneal
ovarian cancer xenograft model treated with PBS (n=8) or VPC23019 (n=8). Tumor number (B) and tumor weight (C) were quantificated.
(D) Immunohistochemical staining for CD31, CD34, CD105, VEGF, IL-8 and IL-6 was performed. (E) The number of CD31-positive,
CD34-positive or CD105-positive vessels was quantificated. (F) Statistical analysis of IOD/area of VEGF, IL-8 and IL-6 (* p<0.05 vs. PBS
group).
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inhibitor of SphK, significantly inhibited the angiogenic
potential and the angiogenic factor secretion of the cells.
In accordance with the in vitro results, SphK blockage
also attenuated angiogenesis in a mouse ovarian cancer
model. Moreover, SphK1, but not SphK2 knockdown,
resulted in the suppression of the angiogenic potential and
the angiogenic factor secretion of ovarian cancer cells,
indicating that SphK1, but not SphK2, was responsible for
ovarian cancer angiogenesis. These results suggested that
SphK1 might be involved in ovarian cancer angiogenesis
and raised the possibility that SphK1 might serve as a
novel target to block tumor-associated angiogenesis in
ovarian cancer.
The biological function of SphK mainly depends on
its production of S1P, a bioactive sphingolipid generated
from sphingosine by SphK [7]. We found that knockdown
of SphK1, but not SphK2, by siRNA inhibited S1P
secretion in ovarian cancer cells. Moreover, S1P expression
could also be blocked by SKI-II in a mouse ovarian cancer
model. S1P, known as a major proangiogenic factor, could
stimulate endothelial cell proliferation, migration and
capillary tube formation, which are the essential process
of angiogenesis [18–20]. Besides endothelial cells, S1P
has also been indicated to modulate many pathologic
processes in ovarian cancer cells [21–23]. Notably,
we found S1P pretreatment significantly promoted the
angiogenic potential and the angiogenic factor secretion
of ovarian cancer cells in vitro (Supplementary Figure
1), which suggested that the angiogenic effect of S1P
also derived from its stimulation on cancer cells. S1P can
act by binding to S1PRs. S1PRs, a group of G proteincoupled receptors, include S1PR1, S1PR2, S1PR3, S1PR4
and S1PR5 [24]. These five receptors are differentially
expressed in various tissues and cells, leading to diverse
functional outcomes. Normally, S1PR1-3 are widely
expressed in almost all types of cells while S1PR4-5 are
relatively restricted to the immune or nerve systems [25,
26]. We found S1PR1-3 were overexpressed in ovarian
cancer tissues. To further assess the roles of these S1PRs
in ovarian cancer angiogenesis, we used S1PR specific
antagonists or siRNAs. Our results showed that downregulation of S1PR1 or S1PR3, but not S1PR2, effectively
inhibited S1P-induced VEGF, IL-8 and IL-6 secretion
in ovarian cancer cells. These results indicated that S1P
could induce the angiogenic factor secretion through
S1PR1 and S1PR3. However, the exact mechanisms of
the angiogenic factor secretion induced by S1P/S1PRs
are still far from clear. For instance, besides S1PR1-3, the
roles of other S1PRs in angiogenic factor secretion need
further investigation. Moreover, S1P has been shown
to promote the activation of several intracellular signal
transduction cascades, including NF-κB signaling [27],
ERK1/2 signaling [28] and Akt signaling [29]. Further
studies need to be carried out to determine the signaling
pathway through which S1P induced the angiogenic factor
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secretion. Importantly, S1P has been reported to elicit
synergistic effects with other angiogenic cytokines, such
as IL-8 and VEGF, to promote vascular network formation
in vitro [30, 31]. Thus, the regulation of angiogenesis by
SphK1/S1P/S1PR axis could be very effective, which
may integrate the joint and interactive effects of multiple
proangiogenic factors. In addition to VEGF, IL-8 and IL6, there are also many other proangiogenic factors that
participate in ovarian cancer angiogenesis [15, 32]. Further
studies are needed in the future to evaluate the roles of
the other proangiogenic cytokines in SphK1/S1P/S1PR
axis. In view of the function of S1PR1/3 in S1P-induced
angiogenic factor secretion, we further determined its
roles in the angiogenic potential of ovarian cancer. We
found that S1PR1 and S1PR3 blockage by VPC23019
also decreased the proangiogenic factor expression and
attenuated angiogenesis in vitro and in vivo. Together,
these results provided evidence that both S1P and S1PR1/3
are responsible for the angiogenic factor secretion and
the angiogenic potential of ovarian cancer. Although the
major biological effects of S1P are known to be mediated
through S1PRs on the cell surface, some important roles
of intracellular S1P have recently been discovered [33,
34]. Further studies are needed in the future to explore
the functions of intracellular S1P in ovarian cancer
angiogenesis.
Collectively, our findings presented evidence that the
SphK1/S1P/S1PR1/3 axis played a critical role in regulating
ovarian cancer angiogenesis. SphK1 could control the
release of S1P, which was able to promote the secretion of
some proangiogenic cytokines in ovarian cancer cells via
S1PR1 and S1PR3. These cytokines, together with S1P, led
to the tumor-associated angiogenesis and progression of
ovarian cancer. The results showed a novel role of SphK1/
S1P/S1PR1/3 axis within the ovarian cancer. As we know,
bevacizumab, a monoclonal antibody targeting VEGF,
is the first FDA-approved antiangiogenic agent for the
therapy of recurrent ovarian cancer [35]. The success of
bevacizumab has impelled us to search similar or more
efficacious targets to block ovarian cancer angiogenesis.
Since SphK1/S1P/S1PR1/3 axis regulated a set of important
proangiogenic factors, this signaling may become a
promising target for novel therapeutic approaches, which
needs further evaluation.

MATERIALS AND METHODS
Reagents and antibodies
SphK inhibitor-2 (SKI-II) and Sphingosine
1-phosphate (S1P) were bought from Sigma-Aldrich.
VPC23019 and JTE-013 was purchased from Santa Cruz
Biotechnology. Calcein-AM was ordered from Dojindo
Molecular Technologies. Antibodies against SphK1,
SphK2, S1PR1, S1PR2, S1PR3, CD31, CD34, CD105,
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VEGF, IL-8 and IL-6 were ordered from Santa Cruz
Biotechnology. Antibody against GAPDH was purchased
from Sigma-Aldrich.

considered to be high when score was >3, and low when
score was ≤3. Software Image-Pro Plus 6.0 was also used
to calculate the immunostaining intensity.

Tissue samples

Quantification of microvasculature density

Tissue samples were collected from surgical
patients, including 10 normal ovarian tissues and 50
primary epithelial ovarian cancer (EOC) tissues (stage I-II
24 cases, stage III-IV 26 cases). This study was approved
by Institutional Review Board of Shanghai Jiaotong
University. All patients provided informed consent.

Quantification of microvasculature density was
performed as described before [36, 37]. Microvessels
were identified by CD31, CD34 or CD105 staining.
After immunostaining, the entire section was scanned at
×40 magnification to find the hot-spots, regions with the
highest vascular density. The number of CD31-positive,
CD34-positive or CD105-positive vessels were counted in
hot spots at ×200 magnification, and then the mean value
was calculated, which were then taken as the MVDCD31,
MVDCD34 or MVDCD105. The mean MVD value of all the
samples was used to classify samples in high or low MVD
groups.

Cell lines and culture conditions
Human ovarian cancer cell lines (SKOV3 and
HO8910PM) were bought from American Type Culture
Collection (ATCC) and Cell Bank, Chinese Academy of
Sciences. The human umbilical vein cell line (EA.hy926)
was purchased from ATCC. These cells were cultured in
DMEM complete media. When agonists or antagonists
were used, cells were serum-starved overnight prior to
treatment. Unless otherwise indicated, the drug-containing
medium was replaced with the drug-free medium after the
cells were pretreated for 12 hours.

Small interfering RNA (siRNA) and transient
transfection
The chemically synthesized siRNAs targeting human
SphK1
(5'-AAGAGCUGCAAGGCCUUGCCC-3'),
SphK2
(5’-AACCUCAUCCAGACAGAACGA-3’)
S1PR1
(5'-AAGCUACACAAAAAGCCUGGA-3'),
S1PR2 (5'-AAUACCUUGCUCUCUGGCUCU-3'), S1PR3
(5'-CUGCCUGCACAAUCUCCCUTT-3') and the control
siRNA (5'-AAUUCUCCGAACGUGUCACGU-3') were
ordered from GenePharma. SiRNA transfection was
performed by using Lipofectamine (Invitrogen). After 48
hours of transfection, the levels of the targeted genes were
detected by Western blots.

Mouse models
The animal studies were approved by the
Institutional Animal Care and Use Committee of Shanghai
Jiao Tong University School of Medicine. Female BALB/c
nu/nu mice aged 6 weeks were ordered from the Chinese
Academy of Sciences. To establish intraperitoneal
transplantation models, 8 mice in each group were
intraperitoneally injected with 5×106 SKOV3 cells. 10
mg/kg b.w. SKI-II or 0.2 mg/kg b.w. VPC23019 was
administered into mice twice per week starting on day 7
after the injection of SKOV3 cells. 30 days after injection
of tumor cells, the mice were sacrificed and the weight and
number of visible tumors were calculated.

Cell migration assay
Transwell chambers (8 μm pore size, Corning, USA)
were used to test the migration ability of the cells. The
culture media (CM) were prepared from drug-pretreated
ovarian cancer cells cultured in serum-free media for 24 h.
Endothelial cells were re-suspended in the CM and placed
into the upper chamber. The complete medium was used
as a chemoattractant in the lower chamber. The migrated
cells on the membrane were stained and counted after 8 h.

Immunohistochemistry
Formalin-fixed, paraffin-embedded specimens were
used for immunostaining. Briefly, tumor sections were
dewaxed and then rehydrated. The slides were heated near
the boiling stage by microwave. After blocking, the slides
were incubated with each primary antibody. Sections
were then incubated with secondary antibody followed by
treatment with 3, 3'-diaminobenzidine and counterstaining
with hematoxylin. The intensity of immunostaining was
scored as follows: strong (3), moderate (2), weak (1), or
negative (0). The proportion of positively stained tumor
cells was assessed as follows: no positive tumor cells
(0), <25% (1), 26–50% (2), 50–75% (3), and >75% (4).
Staining index (SI) was calculated as staining intensity
score × proportion score. The protein expression level was
www.impactjournals.com/oncotarget

Matrigel invasion assay
Transwell chambers, pre-coated with matrigel, were
used to test the invasion ability of the cells. Endothelial
cells, re-suspended in the indicated CM, were placed into
the upper chamber. The complete medium was used as a
chemoattractant. The invaded cells were counted after 24 h.

Tube formation assay
Endothelial cells were re-suspended in the indicated
CM and seeded on the Matrigel pre-coated plates to
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form tube like structures. After 8 hours, the cells were
stained with 2 μM Calcein-AM. Tube like structures
were observed and quantified by counting the number of
connected tubes under ×100 magnification.
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SYBR Green RT-PCR was performed to measure
mRNA levels, which were then calculated by using
the 2-ΔΔCt method. Primers were as follows: SphK1,
5′-CATTATGCTGGCTATGAGCAG-3′ (forward) and
5′-GTCCACATCAGCAATGAAGC-3′ (reverse); SphK2,
5′-GGTTGCTTCTATTGGTCAATCC-3′ (forward) and
5′-GTTCTGTCGTTCTGTCTGGATG-3′
(reverse);
S1PR1, 5′-CCTCTTCCTGCTAATCAGCG-3′ (forward)
and 5′-ACAGGTCTTCACCTTGCAGC-3′ (reverse);
S1PR2, 5′-CATTGCCAAGGTCAAGCTGT-3′ (forward)
and 5′-ACGATGGTGACCGTCTTGAG-3′ (reverse);
S1PR3, 5′-TCAGCCTGTCTCCCACGGTC-3′ (forward)
and 5′-ACGGCTGCTGGACTTCACCA-3′ (reverse);
GAPDH, 5′-TGCACCACCAACTGCTTAGC-3′ (forward)
and 5′-GGCATGGACTGTGGTCATGAG-3′ (reverse).

This work was supported by the grants from
National Natural Science Foundation of China (NSFC)
(No. 81402128 to Lan Dai, No. 81472426 to Wen Di and
No. 81272884 to Lihua Qiu), the grant from science and
technology commission of Shanghai municipality (No.
14ZR1424700 to Xia Wu) and the grants from Shanghai
Municipal Commission of Health and Family Planning
(No. 2013ZYJB0202 to Wen Di and No. 2017YQ035 to
Lan Dai).

REFERENCES
1. Hanahan D, Weinberg RA. Hallmarks of cancer: the next
generation. Cell. 2011; 144:646-674.
2. Folkman J. Tumor angiogenesis: therapeutic implications.
N Engl J Med. 1971; 285:1182-1186.

Western blot analysis

3. Musrap N, Diamandis EP. Revisiting the complexity of the
ovarian cancer microenvironment—clinical implications for
treatment strategies. Mol Cancer Res. 2012; 10:1254-1264.

Cells were harvested at 48 h post-transfection. Then
we performed the western blotting as previously described
[38].

4. Rubatt JM, Darcy KM, Hutson A, Bean SM, Havrilesky
LJ, Grace LA, Berchuck A, Secord AA. Independent
prognostic relevance of microvessel density in advanced
epithelial ovarian cancer and associations between CD31,
CD105, p53 status, and angiogenic marker expression: a
Gynecologic Oncology Group study. Gynecol Oncol. 2009;
112:469-474.

Enzyme-linked immunosorbent assay (ELISA)
Cell culture medium was collected after the
indicated treatments. ELISA kits (R&D Systems) were
used to determine the levels of VEGF-A, IL-8 and IL-6
according to the manufacturer’s instructions.

5. Burger RA, Brady MF, Bookman MA, Fleming GF,
Monk BJ, Huang H, Mannel RS, Homesley HD, Fowler J,
Greer BE, Boente M, Birrer MJ, Liang SX; Gynecologic
Oncology Group. Incorporation of bevacizumab in the
primary treatment of ovarian cancer. N Engl J Med. 2011;
365:2473-2483.

S1P determination
As previously described [39, 40], the S1P level in
the tumor tissue homogenate or the culture medium was
analyzed using ELISA kits (Echelon Biosciences).

6. Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat
Rev Cancer. 2010; 10:489-503.

Statistical analysis

7. Dai L, Xia P, Di W. Sphingosine 1-phosphate: a potential
molecular target for ovarian cancer therapy? Cancer Invest.
2014; 32:71-80.

Statistical analyses were performed using the SPSS
software. MVD and SphK1/2 expression were examined
using the Spearman correlation test. The values were
presented as the mean ± SD and were analyzed by t-test or
ANOVA (p<0.05 was considered significant).

8. Takabe K, Paugh SW, Milstien S, Spiegel S. "Inside-out"
signaling of sphingosine-1-phosphate: therapeutic targets.
Pharmacol Rev. 2008; 60:181-195.
9. Zhang H, Wang Q, Zhao Q, Di W. MiR-124 inhibits the
migration and invasion of ovarian cancer cells by targeting
SphK1. J Ovarian Res. 2013; 6:84.

Author contributions

10. Sutphen R, Xu Y, Wilbanks GD, Fiorica J, Grendys
EC Jr, LaPolla JP, Arango H, Hoffman MS, Martino
M, Wakeley K, Griffin D, Blanco RW, Cantor AB, et al.
Lysophospholipids are potential biomarkers of ovarian

LD, YL and LX conducted the experiments and
analyzed the data; LD, LQ, XW and WD designed the
study and wrote the manuscript.

www.impactjournals.com/oncotarget

74959

Oncotarget

cancer. Cancer Epidemiol Biomarkers Prev. 2004;
13:1185-1191.

of epithelial ovarian cancer cells. Gynecol Oncol. 2007;
107:298-309.

11. Liu Y, Wada R, Yamashita T, Mi Y, Deng CX, Hobson
JP, Rosenfeldt HM, Nava VE, Chae SS, Lee MJ, Liu CH,
Hla T, Spiegel S, Proia RL. Edg-1, the G protein-coupled
receptor for sphingosine-1-phosphate, is essential for
vascular maturation. J Clin Invest. 2000; 106:951-961.

24. Rosen H, Goetzl EJ. Sphingosine 1-phosphate and its
receptors: an autocrine and paracrine network. Nat Rev
Immunol. 2005; 5:560-570.
25. Graler MH, Bernhardt G, Lipp M. EDG6, a novel
G-protein-coupled receptor related to receptors for bioactive
lysophospholipids, is specifically expressed in lymphoid
tissue. Genomics. 1998; 53:164-169.

12. Tauseef M, Kini V, Knezevic N, Brannan M, Ramchandaran
R, Fyrst H, Saba J, Vogel SM, Malik AB, Mehta D.
Activation of sphingosine kinase-1 reverses the increase
in lung vascular permeability through sphingosine-1phosphate receptor signaling in endothelial cells. Circ Res.
2008; 103:1164-1172.

26. Im DS, Heise CE, Ancellin N, O'Dowd BF, Shei GJ,
Heavens RP, Rigby MR, Hla T, Mandala S, McAllister
G, George SR, Lynch KR. Characterization of a novel
sphingosine 1-phosphate receptor, Edg-8. J Biol Chem.
2000; 275:14281-14286.

13. Wang Y, Xu RC, Zhang XL, Niu XL, Qu Y, Li LZ, Meng
XY. Interleukin-8 secretion by ovarian cancer cells
increases anchorage-independent growth, proliferation,
angiogenic potential, adhesion and invasion. Cytokine.
2012; 59:145-155.

27. Dusaban SS, Purcell NH, Rockenstein E, Masliah E, Cho
MK, Smrcka AV, Brown JH. Phospholipase C epsilon links
G protein-coupled receptor activation to inflammatory
astrocytic responses. Proc Natl Acad Sci U S A. 2013;
110:3609-3614.

14. Coward J, Kulbe H, Chakravarty P, Leader D, Vassileva
V, Leinster DA, Thompson R, Schioppa T, Nemeth
J, Vermeulen J, Singh N, Avril N, Cummings J, et al.
Interleukin-6 as a therapeutic target in human ovarian
cancer. Clin Cancer Res. 2011; 17:6083-6096.

28. Rodgers A, Mormeneo D, Long JS, Delgado A, Pyne NJ,
Pyne S. Sphingosine 1-phosphate regulation of extracellular
signal-regulated kinase-1/2 in embryonic stem cells. Stem
Cells Dev. 2009; 18:1319-1330.

15. Gavalas NG, Liontos M, Trachana SP, Bagratuni T, Arapinis
C, Liacos C, Dimopoulos MA, Bamias A. Angiogenesisrelated pathways in the pathogenesis of ovarian cancer. Int
J Mol Sci. 2013; 14:15885-15909.

29. Lee HM, Lo KW, Wei W, Tsao SW, Chung GT, Ibrahim MH,
Dawson CW, Murray PG, Paterson IC, Yap LF. Oncogenic
S1P signalling in EBV-associated nasopharyngeal
carcinoma activates AKT and promotes cell migration
through S1P receptor 3. J Pathol. 2017; 242:62-72.

16. Yang YL, Ji C, Cheng L, He L, Lu CC, Wang R, Bi ZG.
Sphingosine kinase-1 inhibition sensitizes curcumininduced growth inhibition and apoptosis in ovarian cancer
cells. Cancer Sci. 2012; 103:1538-1545.

30. Igarashi J, Erwin PA, Dantas AP, Chen H, Michel T. VEGF
induces S1P1 receptors in endothelial cells: implications for
cross-talk between sphingolipid and growth factor receptors.
Proc Natl Acad Sci U S A. 2003; 100:10664-10669.

17. Lee JW, Ryu JY, Yoon G, Jeon HK, Cho YJ, Choi JJ, Song
SY, Do IG, Lee YY, Kim TJ, Choi CH, Kim BG, Bae DS.
Sphingosine kinase 1 as a potential therapeutic target in
epithelial ovarian cancer. Int J Cancer. 2015; 137:221-229.

31. Schwartz BM, Hong G, Morrison BH, Wu W, Baudhuin
LM, Xiao YJ, Mok SC, Xu Y. Lysophospholipids increase
interleukin-8 expression in ovarian cancer cells. Gynecol
Oncol. 2001; 81:291-300.

18. Takabe K, Spiegel S. Export of sphingosine-1-phosphate
and cancer progression. J Lipid Res. 2014; 55:1839-1846.

32. Vera C, Tapia V, Vega M, Romero C. Role of nerve growth
factor and its TRKA receptor in normal ovarian and
epithelial ovarian cancer angiogenesis. J Ovarian Res. 2014;
7:82.

19. Allende ML, Proia RL. Sphingosine-1-phosphate receptors
and the development of the vascular system. Biochim
Biophys Acta. 2002; 1582:222-227.
20. Argraves KM, Wilkerson BA, Argraves WS, Fleming PA,
Obeid LM, Drake CJ. Sphingosine-1-phosphate signaling
promotes critical migratory events in vasculogenesis. J Biol
Chem. 2004; 279:50580-50590.

33. Xiu L, Chang N, Yang L, Liu X, Yang L, Ge J, Li L.
Intracellular sphingosine 1-phosphate contributes to
collagen expression of hepatic myofibroblasts in human
liver fibrosis independent of its receptors. Am J Pathol.
2015; 185:387-398.

21. Devine KM, Smicun Y, Hope JM, Fishman DA. S1P
induced changes in epithelial ovarian cancer proteolysis,
invasion, and attachment are mediated by Gi and Rac.
Gynecol Oncol. 2008; 110:237-245.

34. Park K, Ikushiro H, Seo HS, Shin KO, Kim YI, Kim JY,
Lee YM, Yano T, Holleran WM, Elias P, Uchida Y. ER
stress stimulates production of the key antimicrobial
peptide, cathelicidin, by forming a previously unidentified
intracellular S1P signaling complex. Proc Natl Acad Sci U
S A. 2016; 113:E1334-1342.

22. Wang D, Zhao Z, Caperell-Grant A, Yang G, Mok SC, Liu J,
Bigsby RM, Xu Y. S1P differentially regulates migration of
human ovarian cancer and human ovarian surface epithelial
cells. Mol Cancer Ther. 2008; 7:1993-2002.

35. Pujade-Lauraine E, Hilpert F, Weber B, Reuss A,
Poveda A, Kristensen G, Sorio R, Vergote I, Witteveen
P, Bamias A, Pereira D, Wimberger P, Oaknin A, et al.

23. Smicun Y, Gil O, Devine K, Fishman DA. S1P and LPA
have an attachment-dependent regulatory effect on invasion
www.impactjournals.com/oncotarget

74960

Oncotarget

Bevacizumab combined with chemotherapy for platinumresistant recurrent ovarian cancer: the AURELIA openlabel randomized phase III trial. J Clin Oncol. 2014;
32:1302-1308.

38. Dai L, Qi Y, Chen J, Kaczorowski D, Di W, Wang W,
Xia P. Sphingosine kinase (SphK) 1 and SphK2 play
equivalent roles in mediating insulin's mitogenic action.
Mol Endocrinol. 2014; 28:197-207.

36. Weidner N, Semple JP, Welch WR, Folkman J. Tumor
angiogenesis and metastasis--correlation in invasive breast
carcinoma. N Engl J Med. 1991; 324:1-8.

39. Lu Z, Xiao Z, Liu F, Cui M, Li W, Yang Z, Li J, Ye L,
Zhang X. Long non-coding RNA HULC promotes tumor
angiogenesis in liver cancer by up-regulating sphingosine
kinase 1 (SPHK1). Oncotarget. 2016; 7:241-254. https://doi.
org/10.18632/oncotarget.6280.

37. Li C, Li R, Song H, Wang D, Feng T, Yu X, Zhao Y, Liu J,
Yu X, Wang Y, Geng J. Significance of AEG-1 expression
in correlation with VEGF, microvessel density and
clinicopathological characteristics in triple-negative breast
cancer. J Surg Oncol. 2011; 103:184-192.

www.impactjournals.com/oncotarget

40. Jin J, Liao W, Yao W, Zhu R, Li Y, He S. Aldo-keto
reductase family 1 member B 10 mediates liver cancer cell
proliferation through sphingosine-1-phosphate. Sci Rep.
2016; 6:22746.

74961

Oncotarget

