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Recent published studies suggest that increasing levels of cera-
mides enhance the chemo-sensitivity of curcumin. Using in vitro
approaches, we analyzed the impact of sphingosine kinase-1
(SphK-1) inhibition on ceramide production, and evaluated SphK1
inhibitor II (SKI-II) as a potential curcumin chemo-sensitizer in
ovarian cancer cells. We found that SphK1 is overexpressed in
ovarian cancer patients’ tumor tissues and in cultured ovarian
cancer cell lines. Inhibition of SphK1 by SKI-II or by RNA interfer-
ence (RNAi) knockdown dramatically enhanced curcumin-induced
apoptosis and growth inhibition in ovarian cancer cells. SKI-II
facilitated curcumin-induced ceramide production, p38 activation
and Akt inhibition. Inhibition of p38 by the pharmacological
inhibitor (SB 203580), a dominant-negative expression vector, or
by RNAi diminished curcumin and SKI-II co-administration-
induced ovarian cancer cell apoptosis. In addition, restoring Akt
activation introducing a constitutively active Akt, or inhibiting
ceramide production by fumonisin B1 also inhibited the curcumin
plus SKI-II co-administration-induced in vitro anti-ovarian cancer
effect, suggesting that ceramide accumulation, p38 activation
and Akt inhibition are downstream effectors. Our findings sug-
gest that low, well-tolerated doses of SKI-II may offer significant
improvement to the clinical curcumin treatment of ovarian
cancer. (Cancer Sci 2012; 103: 1538–1545)

C urcumin possesses wide-ranging anti-inflammatory, anti-
proliferative, anti-angiogenic and anti-cancer proper-

ties.(1,2) The chemotherapeutic potential of curcumin against
ovarian and other cancers(3–5) is due to its ability to induce
cancer cell apoptosis, and to inhibit cancer growth and angio-
genesis.(6) However, the systematic use of curcumin is limited
due to the poor bioavailability of curcumin after oral adminis-
tration.(7) As such, finding a curcumin sensitizer is crucial for
improving chemo-efficiency. Recent published studies demon-
strate that curcumin induces ceramide generation to promote
cancer cell apoptosis,(8–10) and indicate that agents that
enhance intracellular ceramide levels would enhance curcu-
min-induced tumor cell cytotoxicity and apoptosis.(10,11)

Metabolites of sphingolipids have emerged as key signaling
molecules in cancer cell progression. Ceramides, sphingosine
and sphingosine-1-phosphate (S1P) are three major plays of
sphingolipids metabolites.(12,13) While ceramides and their
precursor sphingosine cause cell apoptosis and cell cycle
arrest, S1P promotes cell growth, proliferation and sur-
vival.(12,13) Therefore, the balance between ceramide/sphingo-
sine and S1P levels is critical in determining cell fate. The
master kinase that regulates this balance is sphingosine kinase-
1 (SphK1). Increased expression and/or activity of SphK1,
which is seen in multiple types of cancer,(13–17) lead to

increased S1P levels and decreased sphingolipid/ceramide lev-
els, promoting cancer progression. Inhibitors of SphK1 are
expected not only to inhibit S1P production, but also to
increase sphingosine/ceramides, pushing cancer cells toward
apoptosis.(13,18) Here, we tested the expression level of SphK1
in ovarian tumor tissues and in cultured ovarian cancer cells.
Using in vitro approaches, we also analyzed the impact of
SphK-1 inhibition on ceramide production and evaluated
SphK1 inhibitor SKI-II as a potential curcumin chemo-sensi-
tizer against ovarian cancer.

Materials and Methods

Chemicals and reagents. Curcumin, SKI-II, fumonisin B1 and
SB 203580 were obtained from Sigma (Sigma, St. Louis, MO,
USA); Anti-Akt1, tubulin, rabbit and mouse IgG-HRP were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). All other antibodies were purchased from Cell Signal-
ing Technology (Bevery, MA, USA).

Cell culture. Ovarian cancer cell lines CaOV3, SKOV3 and
A2780 were cultured as previous reported.(19,20) The normal
ovarian epithelial cell line, the Moody cell, transfected with
hTERT, was obtained from Shanghai Shajing Molecular Bio-
technology (Shanghai, China), and was maintained in
MCDB109/M199 medium supplemented with 20% FBS.

Clonogenicity assay. Ovarian cancer cells (4 9 104) were sus-
pended in 1 mL of DMEM containing 0.5% agar (Sigma), 10%
FBS and with indicated treatments or vehicle controls. The cell
suspension was then added on top of a pre-solidified 1% agar in
a 100-m culture dish. The medium was replaced every 3 days.
After 12 days of incubation, colonies were photographed at 49.
Colonies larger than 50 lm in diameter were quantified using
Image J Software (http://rsbweb.nih.gov/ij/download.html).

Quantification of apoptosis by ELISA, analysis of apoptosis by
propidium iodide FACS, cell survival assay by “trypan blue“
staining and western blot, cell viability MTT assay, and analysis
of cellular ceramide levels. Please refer to our previous
publications.(21–22)

Generation of a CaOV3 line stably expressing a dominant-neg-
ative p38 mutant. The full length of p38 was cloned into pCB7
vector as a HindIIII fragment. This construct served as the
template to replace threonine 180 and tyrosine 182 with ala-
nine and phenylalanine, respectively. A C-terminal FLAG tag
was introduced to distinguish between endogenous and
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transfected p38. The hresulting fragment was cloned into
vector pOPI3 (Stratagene, La Jolla, CA, USA) as an NotI frag-
ment. The p38 insert was sequenced on both strands to confirm
the mutation. The plasmid was co-transfected into CaOV3 with
plasmid pCMVLacI (Stratagene), and stable transformants
were isolated in the presence of hygromycin (10 lg/mL,
Sigma); these p38-DN CaOV3 were grown in the continuous
presence of hygromycin.

Generation of a CaOV3 line stably expressing constitutively
active Akt. As previously reported,(21) a plasmid encoding a
constitutively active Akt1 cDNA (Plasmid 16244) was
obtained from Addgene (Cambridge, MA, USA). For transfec-
tion experiments, 4.0 lL PLUS Reagent (Invitrogen, Carlsbad,
CA, USA) was diluted in 90 lL of RNA dilution water (Santa
Cruz Biotechnology) for 5 min at room temperature. Then,
2 lg of CA-Akt plasmid or vector control were added to the
PLUS Reagent, which was left for 5 min at room temperature.
A total of 3.6 lL of Lipofectamine (Invitrogen) was then
added to the complex. After 30 min incubation, the transfec-
tion complex was formed and added to each well containing

1.25 mL of medium for 48 h; puromycin (10 lg/mL) were
added to select successfully transfected cells.

RNAi and plasmid transfection. SiRNA for SphK1 and p38
were purchased from Santa Cruz Biotechnology. CaOV3 cells
were seeded with 60% confluence. For RNAi experiments,
4.2 lL of PLUS Reagent (Invitrogen) was diluted in 90 lL of
RNA dilution water for 5 min in room temperature. Then, 20–
40 lL of siRNA (20 lM) or control siRNA (20 lM) was
added to PLUS Reagent and left for 5 min at room tempera-
ture; 4.5 lL of Lipofectamine (Invitrogen) was added to the
complex. After 30 min incubation, the transfection complex
was added to the cells. SphK1 and p38 protein expression was
determined by western blot 48 h after transfection and only
successfully transfected cells were used for further experi-
ments.

Statistical analysis. The analysis was the same as in our pre-
vious publication.(22) Significance was chosen as P < 0.05.
The combination index (CI) was calculated using CalcuSyn
software (Version 2.0, purchased from Researchsoft.com.cn,
Beijing, China), and CI < 1 indicates synergism.
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Fig. 1. Sphingosine kinase-1 (SphK-1) inhibitor SKI-II sensitizes curcumin-induced growth inhibition in ovarian cancer cells. (A) Protein expres-
sion of SphK1 and tubulin in patients’ ovarian tumor samples (T) and surrounding normal ovarian epithelial tissues (N). (B) protein expression of
SphK1 and tubulin in normal ovarian epithelial cell line (Moody) and three different ovarian cancer cell lines. Western blot results were quanti-
fied by Image J software after normalized to tubulin and were expressed as fold change versus the lane labeled “1.0.” Ovarian cancer cells
CaOV3, SKOV and A2780 were either left untreated or exposed to 25 lM of curcumin, 5 lM of SKI-II or a combination of both agents; cell prolif-
eration was analyzed by cell number count (C), “MTT” cell viability assay (D) and “clonogenicity” assay (E). The values in the figures are
expressed as the means ± SD (same for the rest of the figures). All experiments were repeated three times and similar results were obtained
(same for the rest of the figures). *P < 0.05 versus curcumin only group; **P < 0.05 versus SKI-II only group, #P < 0.05. Statistical significance was
analyzed by ANOVA (same for the rest of the figures).
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Results

SphK1 inhibitor SKI-II sensitizes curcumin-induced growth inhi-
bition in ovarian cancer cells. We first examined the expression
level of SphK1 in clinical ovarian tumor tissues and in ovarian
cancer cells. Ovarian tumor tissues and their surrounding nor-
mal ovarian epithelial tissues were surgical removed from five
individuals (informed consent was received from these ovarian

cancer patients), and were immediately sliced and lysed by tis-
sue lysis buffer, followed by western blot testing for SphK1
and tubulin. We detected overexpressed SphK1 in four of the
five ovarian tumor samples (T), compared to their surrounding
normal ovarian epithelial tissues (N) (Fig. 1A). SphK1 was
also overexpressed in at least three ovarian cancer cell lines
(SKOV3, A2780 and CaOV3), compared to the normal ovarian
epithelial cells (Moody) (Fig. 1B). We then used CaOV3 as a
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Fig. 2. SKI-II sensitizes curcumin-induced ovarian cancer cells cytotoxicity and apoptosis. Ovarian cancer cells and normal ovarian Moody cells
were either left untreated (control) or exposed to indicated concentration of curcumin, SKI-II or a combination of both for 48 h. Trypan blue
staining was used to determine the percentage of remaining viable cells (A,B). Apoptosis in CaOV3 cells after 32 h of indicated treatments was
also quantified of by histone-DNA ELISA assay (C). Percentage of apoptotic ovarian cells was analyzed 36 h after treatments by FACS sorting PI
stained cells (D). For experiments B–D, curcumin concentration is 25 lM and SKI-II concentration is 5 lM. *P < 0.05 versus curcumin only group;
#P < 0.05.
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Fig. 3. SKI-II facilitates curcumin-induced mitochondrial apoptosis pathways to inhibit ovarian cancer cell proliferation. CaOV3 ovarian cancer
cells were either left untreated (control) or exposed to curcumin (25/50 lM) with or without 5 lM of SKI-II for 24 h. Cleaved-caspase-3, cleaved-
PARP (A), cytosol cytochrome c (B) and tubulin were analyzed by western blot. CaOV3 ovarian cancer cells were either left untreated (control) or
exposed to curcumin (25 lM)+SKI-II (5 lM) (Cur+SKI-II) with or without z-VAD-fmk (ZVAD 60 lM) for 4 days. Cell proliferation was analyzed by
“MTT” cell viability assay (C). Western blot results were quantified by Image J software after normalized to tubulin and were expressed as fold
change versus the lane labeled “1.0.” *P < 0.05.
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cell model to study SphK1. The impact of SphK1 inhibitor
SKI-II on curcumin’s effect in CaOV3 cells was tested.
Results in Figure 1C–E demonstrate that curcumin at 25 lM

had a moderate effect on CaOV3 cell growth; adding 5 lM of
SKI-II dramatically enhanced curcumin’s effect (Fig. 1C–E).
Note that SKI-II itself only slightly decreased CaOV3 cell
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Fig. 4. RNAi-induced sphingosine kinase-1 (SphK-1) knockdown sensitizes curcumin-induced apoptosis and growth inhibition in ovarian cancer
cells. CaOV3 cells were transfected with scramble siRNA (C RNAi, 400 nM) or SphK1 siRNA (200/400 nM) for 48 h. Expression level of SphK1 and
tubulin were analyzed (A). Scramble siRNA (C RNAi, 400 nM) or SphK1 siRNA (C RNAi, 400 nM)-transfected CaOV3 ovarian cancer cells were
either left untreated or treated with curcumin. Cell proliferation was analyzed by “MTT” assay after 48 h (B), the percentage of viable cells after
indicated treatment/s was analyzed by trypan blue staining after 48 h (C) and percentage of apoptosis was analyzed by FACS sorting PI stained
cells (D). *P < 0.05.
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Fig. 5. Sphingosine kinase-1 (SphK-1) inhibition facilitates curcumin-induced ceramide production. Cellular ceramide level in CaOV3 cells with
the following treatments: CaOV3 cells were either left untreated (control) or treated with curcumin (25 lM), SKI-II (5 lM), curcumin+SKI-II
(Cur + SKI-II), fumonisin B1 (25 lM) + curcumin + SKI-II (F-B1 + Cur + SKI) for 24 h, cellular ceramide level was analyzed and was normalized to
the control level (lane 1). Cellular ceramide level in curcumin (25 lM, 24 h)-treated CaOV3 with SphK1 RNAi or scramble RNAi is shown in (B).
Effects of fumonisin B1 (F-B1, 25 lM) on curcumin (25 lM)+SKI-II (5 lM) (Cur+SKI-II)-induced cell death (48 h) and apoptosis (32 h) are shown in
(C) and (D), respectively. *P < 0.05.
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proliferation (Fig. 1C–E). MTT results in Figure 1D show a
20.3% reduction in cell viability after 4 days (96 h) of curcu-
min (25 lM) treatment, and a 39.1% reduction with SKI-II
(5 lM) treatment; a combination the two caused a synergistic
77.3% cell viability loss (P < 0.05 versus control, combination
index (CI) < 1). The synergistic anti-cell proliferation effect of
curcumin and SKI-II was also seen in two other ovarian cancer
cell lines, SKOV3 and A2780 (Fig. 1E).

SKI-II sensitizes curcumin-induced ovarian cancer cells cytotox-
icity and apoptosis. CaOV3 cell death after indicated doses of
curcumin and/or SKI-II treatments was also tested by trypan
blue staining (Fig. 2A). We decided to set the curcumin concen-
tration at 25 lM and the SKI-II concentration at 5 lM for fur-
ther experiments, because at the set concentration each agent
alone had a moderate effect on CaOV3 cell death, while a com-
bination of the two caused a significant and synergistic anti-
CaOV3 cell effect. It was found that 25 lM of curcumin caused
13.8% cell death and 5 lM of SKI-II resulted in 18.7% cell
death, while a combination of the two caused 67.8% cell death

(CI < 1). For Moody normal ovarian epitherial cells, cytotoxic-
ity assay results in Figure 2B show that curcumin (25 lM) alone
or SKI-II (25 lM) alone had a very limited effect on Moody cell
death (curcumin, 3.0% cell death; SKI-II, 11.2% cell death), and
a combination of the two did not significantly enhance cell death
(13.9% cell death). SKI-II and curcumin caused synergistic cell
apoptosis in cultured ovarian cancer cells CaOV3 (Fig. 2C,D),
SKOV3 and A2780 (Fig. 2D). The apoptosis percentage in
CaOV3 cells after SKI-II (5 lM) plus curcumin (25 lM) treat-
ment increased to 27%, compared to 9% after SKI-II only treat-
ment and 4% for curcumin only treatment (Fig. 2B).

SKI-II facilitates curcumin-induced mitochondrial apoptosis
pathways to inhibit ovarian cancer cell proliferation. Western
blot results show that SKI-II (5 lM) dramatically enhanced
curcumin (25 lM)-induced caspase 3 and PARP cleavage
(Fig. 3A) and cytochrome c release (Fig. 3B). Caspase-3
inhibitor z-VAD-fmk (60 lM) largely inhibited SKI-II and
curcumin co-administration induced cell viability loss
(Fig. 3C), suggesting that SKI-II and curcumin co-administra-
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tion-induced ovarian cancer cell growth inhibition might be
due to caspase-3 activation and mitochondrial apoptosis.

RNAi-induced SphK1 knockdown sensitizes curcumin induced
apoptosis and growth inhibition in ovarian cancer cells. SiRNA
was used to knock down SphK1 in ovarian cancer cells. Wes-
tern blot results in Figure 4A show that 400 nM of SphK1 siR-
NA reduced the expression of SphK1 by 83% in CaOV3 cells,
while the same concentration of scramble siRNA (C RNAi)
had no effect. SphK1-knocked-down CaOV3 cells grew more
slowly than scramble siRNA (C RNAi) transfected cells
(Fig. 4B left). Knockdown of SphK1 significantly enhanced
curcumin-induced cell viability loss in CaOV3 cells (Fig. 4B
right). Furthermore, SphK1 siRNA knockdown cells were more
sensitive to curcumin-induced cell death (Fig. 4C) and apopto-
sis (Fig. 4D). The curcumin (25 lM)-induced cell death per-
centage increased from 15.3% in scramble siRNA transfected
cells to 53.7% in SphK1 RNAi cells (Fig. 4C). The cell apopto-
sis percentage also increased, from 6.3 to 24.6% (Fig. 4D).

SphK1 inhibition facilitates curcumin-induced ceramide produc-
tion. Consistent with previous findings,(10,21) we observed a
moderate ceramide accumulation after 24 h of curcumin
(25 lM) treatment in CaOV3 cells (Fig. 5A). Inhibition of
SphK1 by SKI-II (5 lM, 24 h) also increased the ceramide
level (Fig. 5A). Significantly, SKI-II and curcumin synergisti-
cally increased the ceramide level (Fig. 5A). Similarly, knock-
down of SphK1 by target RNAi increased the basal and
curcumin-induced ceramide level in CaOV3 cells (Fig. 5B).
Fumonisin B1 (F-B1, 25 lM), a de-novo ceramide synthesis
inhibitor,(23) largely inhibited curcumin and SKI-II co-adminis-
tration-induced ceramide accumulation (Fig. 5A) and cell
apoptosis (Fig. 5C,D). Fumonisin B1 (25 lM) alone had no
effect on ceramide accumulation and CaOV3 cell apoptosis
(data not shown). We conclude that inhibition of SphK1 facili-
tated curcumin-induced ceramide production to mediate ovar-
ian cancer cell apoptosis.

SKI-II facilitates curcumin-induced p38 activation to mediate
ovarian cancer cell death and apoptosis. Consistent with previ-
ous findings,(4,24,25) we also found moderate p38 activation
after curcumin (25 lM) treatment in CaOV3 cells (Fig. 6A),

and co-administration with SKI-II (5 lM) largely increased
p38 activation (Fig. 6A). Importantly, p38 inhibition, either by
target siRNA knockdown (Fig. 6B,C) or by pharmacological
inhibitor SB 203580 (10 lM, Fig. 6D,E), inhibited curcumin
and SKI-II co-administration-induced CaOV3 cell death and
apoptosis, suggesting that activation of p38 is important for
the process (Fig. 6B–E). Fumonisin B1 (25 lM) significantly
inhibited p38 activation by curcumin and SKI-II co-administra-
tion, indicating that ceramide production might be the
upstream signal for p38 activation (Fig. 6F).

Dominant negative form of p38 inhibits curcumin and SKI-II-
induced cytotoxicity. To further confirm the role of p38 in can-
cer cell cytotoxicity by curcumin and SKI-II, a dominant nega-
tive form of p38 (FLAG tagged) was introduced to CaOV3
cells (Fig. 7A). Results in Figure 7B show that p38 mutation
inhibited curcumin and/or SKI-II-induced cell death, further
supporting the involvement of p38 activation in regulating
CaOV3 cell death by curcumin and SKI-II.

SKI-II facilitates curcumin induced-Akt inhibition. The fact that
p38 inhibition inhibited, but did not reverse, curcumin and
SKI-II-induced CaOV3 cell death suggests that other mecha-
nisms may also be involved. Western blot results in Figure 8A
show that curcumin (25 lM) only slightly reduced Akt activa-
tion in CaOV3 cells; co-administration with SKI-II (5 lM)
caused significant Akt inhibition (Fig. 8A). Fumonisin B1
(25 lM) almost reversed Akt inhibition by curcumin and SKI-
II co-administration (Fig. 8B), suggesting that ceramide pro-
duction is important for Akt inactivation. We introduced a consti-
tutively active form of Akt (CA-Akt) to CaOV3 cells, CA-Akt
restored Akt activation after curcumin and SKI-II treatment,
further, CA-Akt inhibited SKI-II plus curcumin-induced
anti-CaOV3 cells effect. These results suggest that Akt inhibition
is important for CaOV3 cell death by curcumin and SKI-II (Fig.
8C–E).

Discussion

In the present paper, we propose that SphK1 might be a key
potential oncogene for ovarian cancer, and that it is expressed
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in clinical ovarian tumor tissues and in cultured ovarian cancer
cells. SphK1 inhibition, either by siRNA knockdown or
through pharmacological inhibitor SKI-II, inhibits ovarian can-
cer cell growth and facilitates curcumin-induced cytotoxicity
and apoptosis, which are associated with profound p38 activa-
tion and Akt inhibition (see Fig. 8F).
Recent published studies confirm that curcumin induces

ceramide production to mediate cancer cell apoptosis.(8,10) Fur-
thermore, exogenously added short-chain ceramides (C6) sensi-
tize curcumin-induced melanoma cell death and apoptosis
in vitro.(11) 1-Phenyl-2-decanoylamino-3-morpholino-1-propa-
nol (PDMP), a well-known inhibitor of sphingolipid metabo-
lism,(26) facilitates curcumin-induced ceramide production and
tumor cell apoptosis.(10) Here, we found that SphK1 inhibition
by siRNA knockdown or by the pharmacological inhibitor
SKI-II facilitated curcumin-induced ceramide production and
cancer cell apoptosis, while inhibition of ceramides by fumoni-
sin B1 diminished curcumin and SKI-II’s anti-ovarian cancer
effect in vitro.
Activation of p38 is as an important mediator of cell apoptosis

in curcumin-treated cancer cells;(4,24,27,28) however, the
upstream signaling molecule has not been studied extensively.
We found that SKI-II, which facilitated curcumin-induced cera-
mide production, also enhanced p38 activation, whereas the
ceramide inhibitor fumonisin B1 largely inhibited curcumin or
curcumin and SKI-II co-administration-induced p38 activation,
suggesting that ceramides might be the key upstream signal for
the activation of pro-apoptotic p38 pathway in curcumin treated
cells. As a matter of fact, several published studies have estab-
lished that activation of p38 is critical for ceramide-induced cell
apoptosis,(29–31) that ceramides cause apoptosis signal-regulating
kinase 1-regulated p38 activation, and that pharmacologic or
siRNA-mediated inhibition of p38 reduces ceramide-induced
apoptosis.(32) However, how exactly curcumin increases cera-
mide production to activate p38 requires further investigation.

Curcumin has been shown to effectively inhibit Akt/mTOR
signaling in a number of cancer cells, but the mechanism
remains unclear.(3,4,33) Recent studies suggest that the phospha-
tase-dependent mechanism might be responsible for Akt inhibi-
tion by curcumin.(33) Previous studies, including ours,(21) have
indentified ceramide-activated protein phosphatase (CAPP) as
ceramide regulated enzymes. CAPP includes serine/threonine
phosphatases 2A (PP2A)(34–36) and protein phophatase-1
(PP1).(37) Increased levels of ceramide activates PP1 and
PP2A, which de-phosphorylate their target proteins, including
Akt.(34–36) Here, we found that SKI-II facilitates curcumin-
induced ceramide production. The fact that inhibition of
ceramide production by fumonisin B1 reversed curcumin and
SKI-II co-administration-induced Akt inhibition suggests that
activation of CAPP by ceramides might be responsible for Akt
dephosphorylation after curcumin or curcumin and SKI-II
co-administration treatment. The detailed mechanism, however,
requires further investigation.
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