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Abstract

Targeting cell motility, which is required for dissemination and metastasis, has therapeutic 

potential for ovarian cancer metastasis, and regulatory mechanisms of cell motility need to be 

uncovered for developing novel therapeutics. Invasive ovarian cancer cells spontaneously formed 

protrusions, such as lamellipodia, which are required for generating locomotive force in cell 

motility. siRNA screening identified class II phosphatidylinositol 3-kinase C2β (PI3KC2β) as the 

predominant isoform of PI3K involved in lamellipodia formation of ovarian cancer cells. The 

bioactive sphingolipid ceramide has emerged as an antitumorigenic lipid, and treatment with short-

chain C6-ceramide decreased the number of ovarian cancer cells with PI3KC2β-driven 

lamellipodia. Pharmacological analysis demonstrated that long-chain ceramide regenerated from 

C6-ceramide through the salvage/recycling pathway, at least in part, mediated the action of C6-

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
*Corresponding Author: Kazuyuki Kitatani, Ph.D., Tohoku Medical Megabank Organization, Department of Obstetrics and 
Gynecology, Tohoku University Graduate School of Medicine, Tohoku University, 2-1 Seiryomachi, Aoba-ku, Sendai 980-0873, 
Japan. Tel: +81-022-717-7251; FAX: +81-022-717-7258; kitatani@med.tohoku.ac.jp. 

Disclosure of Potential Conflict of Interest: The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Oncogene. Author manuscript; available in PMC 2016 July 08.

Published in final edited form as:
Oncogene. 2016 May ; 35(21): 2801–2812. doi:10.1038/onc.2015.330.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


ceramide. Mechanistically, ceramide was revealed to interact with the PIK-catalytic domain of 

PI3KC2β and affect its compartmentalization, thereby suppressing PI3KC2β activation and its 

driven cell motility. Ceramide treatment also suppressed cell motility promoted by epithelial 

growth factor, which is a prometastatic factor. To examine the role of ceramide in ovarian cancer 

metastasis, ceramide liposomes were employed and confirmed to suppress cell motility in vitro. 

Ceramide liposomes had an inhibitory effect on peritoneal metastasis in a murine xenograft model 

of human ovarian cancer. Metastasis of PI3KC2β knocked-down cells was insensitive to treatment 

with ceramide liposomes, suggesting specific involvement of ceramide interaction with PI3KC2β 

in metastasis suppression. Our study identified ceramide as a bioactive lipid that limits PI3KC2β-

governed cell motility, and ceramide is proposed to serve as a metastasis-suppressor lipid in 

ovarian cancer. These findings could be translated into developing ceramide-based therapy for 

metastatic diseases.
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 Introduction

Ovarian cancer is a frequent cancer among women and causes more deaths per year than any 

other female reproductive cancer. It usually disseminates and metastasizes widely, 

significantly increasing mortality and decreasing quality of life.1-4 To overcome those 

clinical difficulties, it is important to develop novel pharmacotherapeutics to counter 

dissemination and metastasis of ovarian cancer.

Establishment of cancer dissemination and metastasis requires cell motility.5, 6 Cancer cells 

migrate when their actin cytoskeleton is reorganized for promotion of cell motility. 

Localized actin polymerization at the leading edge pushes the membrane forward in finger-

like structures known as filopodia and sheet-like structures known as lamellipodia.7, 8 These 

pseudopodia generate the locomotive force in the migrating cells. Increased membrane 

pseudopodia elicited by growth factor stimulation in two-dimensional cell culture have been 

shown to represent closely enhanced three-dimensional migration properties of invasive 

cells.9 Thus, cancer cell motility governed by pseudopodia formation is a strong candidate as 

a therapeutic target for cancer metastasis.

Sphingolipids are based on long-chain sphingoid bases (sphingosine or dihydrosphingosine), 

and ceramide, a central lipid in the metabolism of sphingolipids, has emerged as an 

important bioactive lipid that modulates cell death, cell cycle arrest, stress responses, and 

proinflammatory responses.10-14 Several enzymes are involved in forming ceramide15, and 

ceramide synthase11, 16 is a key enzyme in the de novo pathway or the salvage/recycling 

pathway of ceramide synthesis.11 A growing body of evidence has demonstrated roles of 

ceramide salvage/recycling pathway in many biological responses, such as proinflammatory 

responses17, growth arrest,18 apoptosis,19 cellular signaling,20 and trafficking.21 Therefore, 

the pathobiological role of ceramide has been extensively studied.
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Ceramide has been characterized as an apoptosis-inducing molecule in cancer cell biology.22 

Preclinical studies using ceramide-formulated nanoscale liposomes have demonstrated that 

ceramide serves as an antitumorigenic lipid in vivo, and have suggested that ceramide-based 

therapy is effective against tumor growth.23-28

It remains to be determined whether ceramide is involved in regulatory mechanisms of 

cancer metastasis. Recently, downregulation of ceramide synthase 6 was reported to increase 

cell motility during epithelial–mesenchymal transition (EMT)62, although its molecular 

mechanism and significance in metastasis remain to be clarified. Therefore, further 

understanding the significance of ceramide in cancer cell motility and metastasis could raise 

the potential of ceramide-based therapies for metastatic diseases.

Accumulating evidence is emerging that the phosphatidylinositol 3-kinase (PI3K)–Akt 

pathway plays important roles in cancer cell growth and motility,29 and this pathway is 

frequently active in ovarian cancer and is proposed to be a therapeutic target.30, 31 Extensive 

research has identified ceramide-interacting proteins that account for ceramide-transmitted 

biological responses. Ceramide has been shown to facilitate dephosphorylation and 

inactivation of oncogenic Akt by activating ceramide-activated protein phosphatases such 

PP2A.32, 33 Therefore, ceramide might limit PI3K–Akt-driven cell motility in ovarian cancer 

progression and metastasis.

In this study, for the first time, we uncovered the regulatory mechanism by which ceramide 

limits cell motility and propose that ceramide serves as a metastasis-suppressor lipid in 

ovarian cancer.

 Results

 Identification of PI3K catalytic subunits responsible for forming lamellipodia

The formation of pseudopodia plays a role in cell migration and motility,34 which is a 

critical step in the dissemination and metastasis of cancer cells. Invasive SKOV3 ovarian 

cancer cells form pseudopodia,35 and the PI3K–Akt pathway has been implicated in forming 

lamellipodia.36 Cells were stained with phalloidin for visualizing F-actin, which identified 

F-actin-enriched pseudopodia such as lamellipodia and filopodia. 26.6% of SKOV3 cells 

formed lamellipodia in medium supplemented with 10% serum, and the number of cells 

forming lamellipodia decreased by 3.7% with serum starvation (Supplementary Figure 1), 

showing that SKOV3 cells form lamellipodia in a serum-dependent manner. Furthermore, 

inhibition of PI3K by wortmannin abolished Akt phosphorylation at residue Ser473 and 

decreased formation of lamellipodia (Figure 1A and B), suggesting PI3K-dependent 

formation of lamellipodia in the presence of serum.

PI3K consists of catalytic and regulatory subunits, and eight isoforms of the former subunits 

have been identified.37 To determine which catalytic isoform is predominantly responsible 

for the formation of lamellipodia, effects of individual siRNAs on the formation of 

lamellipodia were assessed. The knockdown of PIK3C2B (PI3KC2B) or PIK3C1D (PI3K 

p110δ) genes significantly inhibited the formation of lamellipodia, and the former siRNA 

treatment was most effective (Figure 1C and D). The effectiveness of their siRNAs was 

Kitatani et al. Page 3

Oncogene. Author manuscript; available in PMC 2016 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



confirmed (Figure 1E). Collectively, these results suggest that PI3KC2β, a gene product of 

PIK3C2B, is predominantly responsible for the formation of lamellipodia representing cell 

motility.

 Short-chain ceramide treatment diminishes ovarian cancer cell motility

Ceramide has been implicated in the regulatory mechanisms of the PI3K–Akt signaling 

pathway. Treatment of SKOV3 cells with a short chain C6-ceramide for 3 h decreased the 

number of cells forming lamellipodia identified by phase-contrast microscopy 

(Supplementary Figure 2). We further evaluated the effects of ceramide on other cancer cell 

lines such as TOV112D ovarian cancer cells and highly metastatic MDA-MB-231 breast 

cancer cells. SKOV3 and MDA-MB-231 cells both predominantly formed lamellipodia, and 

TOV112D cells formed filopodia. C6-ceramide treatment suppressed the formation of 

pseudopodia in all cell lines (Figure 2A). The inhibitory effects of C6-ceramide on formation 

of pseudopodia, such as lamellipodia and filopodia, were suspected to result in decreased 

cell motility and migration. We determined the cellular pharmacodynamics of C6-ceramide 

toward pseudopodia formation. The number of SKOV3 cells forming lamellipodia 

significantly began to decline after 3 h treatment with C6-ceramide (Figure 2B). In addition, 

C6-ceramide treatment decreased the number of cells forming lamellipodia in a dose-

dependent manner, with an IC50 value of ~2 μM (Figure 2C).

We further tested the effects of ceramide on cell motility in a Transwell migration assay. 

Treatment of invasive ovarian cancer SKOV3 cells with C6-ceramide inhibited cell migration 

in a dose-dependent manner (Supplementary Figure 3). The data were further fitted using 

GraphPad Prism to determine the IC50, which showed a value of 3.8 μM.

Ceramide is known as an apoptosis-inducing lipid. However, 9 h treatment with up to 30 μM 

C6-ceramide, which was an experimental condition used for a cell motility assay, did not 

cause cell death (Supplementary Figure 4A) and PARP cleavage, which is a biochemical 

characteristic of apoptosis (Supplementary Figure 4B). C6-ceramide also had no effects on 

cellular levels of ATP, which is a prerequisite for F-actin formation (Supplementary Figure 

5). These findings suggest that ceramide selectively has an inhibitory effect on the signaling 

responsible for promoting cell motility.

To examine inhibitory effects of ceramide on cell motility in noncancerous cells, 

immortalized ovarian surface ovarian epithelial cells (OSE4)38 were used. C6-ceramide 

treatment suppressed the motility, and its IC50 value was 14.6 μM (Supplementary Figure 

6). Noncancerous immortalized cells appear to be less sensitive to C6-ceramide as compared 

with SKOV3 ovarian cancer cells (Figure 2C).

Constitutive turnover of sphingolipids occurs in living cells, and a short-chain C6-ceramide 

is converted to sphingosine, long-chain ceramide and its metabolites through the recycling 

pathway.11 To identify sphingolipids responsible for inhibiting cell motility in C6-ceramide-

treated cells, mass spectrometric analysis of C6-ceramide metabolism and pharmacological 

approaches were used. C6-ceramide treatment increased ceramides, hexosylceramides, and 

sphingosine, but not sphingomyelin (Figure 3A–D). Inhibition of C6-ceramide recycling by 

ceramide synthase inhibitor fumonisin B111, 39 in C6-ceramide-treated cells suppressed the 
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formation of ceramide and hexosylceramide, and conversely potentiated the formation of 

sphingosine. These results suggest that C6-ceramide is, at least in part, converted to long-

chain ceramide and hexosylceramide through the recycling pathway.

Importantly, inhibition of C6-ceramide recycling by fumonisin B1, partially and 

significantly, restored the formation of lamellipodia from 12.8% to 23.8% in C6-ceramide-

treated cells (Figure 3E and F). Consistently, cell migration in C6-ceramide-treated cells was 

also recovered by fumonisin B1 (Figure 3G). Glucosylceramide synthase converts ceramide 

to glucosylceramide that serves as a precursor for complex glycosphingolipids. Inhibition of 

glucosylceramide synthase by N-butyldeoxynojirimycin is assumed to increase ceramide 

and decrease glucosylceramide and complex glycosphingolipids. Substantially, its treatment 

per se reduced the number of cells forming lamellipodia, probably because of increased 

ceramide. N-butyldeoxynojirimycin had no significant effects on cell motility in C6-

ceramide-treated cells (Figure 3H and I), ruling out involvement of glucosylceramide and 

complex glycosphingolipids in anti-motility activities of C6-ceramide.

C6-ceramide can also be converted to C6-sphingomyelin, but this reaction is not inhibited by 

fumonisin B1. Treatment with exogenous 10 μM C6-sphingomyelin had no significant 

effects on cell migration (Figure 3J) and lamellipodia formation (data not shown), ruling out 

involvement of sphingomyelin in C6-ceramide-dependent inhibition of cell motility. In 

addition, C6-ceramide is not a substrate preferred for ceramide kinase,40 implying less 

involvement of ceramide-1-phosphate.

Collectively, C6-ceramide and long-chain ceramide generated through the recycling pathway 

are suggested to function primarily as inhibitory lipids in cell motility.

 Ceramide inhibits the PI3K pathway responsible for cell motility

Ceramide has a potent inhibitory effect on PI3K-controlled cell motility. C6-ceramide 

treatment reduced cellular amounts of phosphatidylinositol 3-phosphate, which is a 

metabolic product of PI3KC2β (Figure 4A). PI3KC2β products such as phosphatidylinositol 

3-phosphate are known to bind and activate PH domain-containing Akt. Consistent with 

phosphatidylinositol 3-phosphate reduction, C6-ceramide treatment decreased 

phosphorylated/active Akt at residues Thr308 and Ser473 in a dose-dependent manner (Figure 

4B). Fumonisin B1 treatment restored phosphorylation of Akt at residue Ser473 in C6-

ceramide-treated cells (Figure 4C), also implying an involvement of recycled ceramide in 

the regulatory mechanism of the PI3K–Akt pathway. These results suggest that ceramide 

selectively suppresses the PI3K–Akt pathway responsible for cell motility of ovarian cancer 

cells.

Overexpression of epidermal growth factor (EGF) receptor by ovarian tumors is associated 

with more aggressive clinical behavior and correlates with poor prognosis.41, 42 The EGF–

EGF receptor axis is implicated in dissemination and metastasis of ovarian cancer.43 This 

EGF signal activates the PI3K–Akt pathway, thereby promoting lamellipodia formation and 

cell motility.36, 44 Treatment of SKOV3 cells with EGF for 5 min showed a 45% increase in 

lamellipodia formation, and 10 μM C6-ceramide treatment potently blocked the formation of 

lamellipodia in EGF-stimulated cells (Figures 4D and 3E). Immunofluorescence microscopy 
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showed Akt relocalization to tubular-shaped compartments enriched with F-actin in EGF-

treated cells, and C6-ceramide blocked its relocalization (Supplementary Figure 7). EGF 

treatment increased phosphorylation of Akt, ERK1/2, and EGF receptor, and C6-ceramide 

treatment selectively and significantly suppressed EGF activation of Akt at residues Thr308 

and Ser473 (Figure 4F), which was consistent with lamellipodia formation (Figure 4D and 

E). These results suggest that ceramide specifically targets the PI3K responsible for cell 

motility and acts in the signal pathway transducing receptors such as EGF receptor to PI3K.

Ceramide promotes the activity of serine/threonine protein phosphatase PP2A that is 

responsible for dephosphorylation of Akt.22, 45 The effect of ceramide on Akt 

dephosphorylation is specific to Ser473 but not Thr308. To clarify the involvement of 

ceramide-activated protein phosphatases46, 47 in decreasing phosphorylation of Akt at 

Thr473, the effects of specific inhibitors for PP2A on Akt dephosphorylation were tested. 

Inhibition of PP2A by 10 nM okadaic acid (IC50 for PP2A = 1.2 nM)48 or 1 nM calyculin A 

(IC50 for PP2A = 0.5-1.0 nM)49 failed to restore Akt phosphorylation in C6-ceramide-

treated cells (Supplementary Figure 8). These results argue against but do not totally rule out 

involvement of ceramide-activated PP2A in mediating ceramide-dependent decrease in Akt 

phosphorylation.

PTEN is a well-established tumor suppressor gene, and its biochemical function 

preferentially counteracts the activity of the class I PI3K by degrading its metabolite 

phosphatidylinositol-3,4,5-trisphosphate to form phosphatidylinositol-4,5-bisphosphate.50 

PTEN is thought to be involved in Akt inactivation by ceramide, but PTEN-silenced cells 

still displayed ceramide-dependent inactivation of Akt (Supplementary Figure 9). These 

results rule out involvement of PTEN in ceramide inactivation of Akt.

 Ceramide targets PI3KC2β and limits cell motility

The results above demonstrate that ceramide limits cell motility predominantly governed by 

PI3KC2β. To uncover whether ceramide is involved in the regulatory mechanism of 

PI3KC2β-driven cell motility, V5-tagged PI3KC2β expression vector was constructed to 

determine the effects of ceramide on PI3KC2β-promoted cell motility (Figure 5A). In 

vehicle (0.1% ethanol)-treated cells, enforced expression of PI3KC2β significantly increased 

the formation of lamellipodia by 26.3% as compared with empty vector expression, and 

importantly C6-ceramide treatment prevented the significant increases in lamellipodia 

formation by PI3KC2β overexpression (Figure 5B). These results suggest that ceramide 

specifically suppresses PI3KC2β-driven formation of lamellipodia. Indirect 

immunofluorescence confocal microscopy showed that phosphorylated Akt (Ser473) at the 

lamellipodia was increased in PI3KC2β-transfected cells compared with empty-vector-

transfected cells (Figure 5C). Moreover, C6-ceramide treatment reduced the phosphorylation 

of Akt.

Ceramide either directly or indirectly interacts with C2-domain-containing proteins such as 

PKCα51, 52 and cytosolic phospholipase A2 53, and PI3KC2β contains this domain. These 

considerations raised the potential of PI3KC2β as a ceramide-interacting protein. To test 

this, we used a pull-down assay using biotin-conjugated C6-ceramide. Biotin-conjugated C6-
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ceramide specifically interacted with PI3KC2β and PKCα, but not other proteins such as 

PI3K p110α and β-actin (Figure 5D).

P13KC2β37, 54, 55 consists of three domain including two C2 domains and a PIK-catalytic 

domain. Three types of domain deletion mutants (termed C2B deletion, PIK-catalytic, and 

C2A) were constructed to identify the binding domain of ceramide in PI3KC2β (Figure 5D). 

Biotin-conjugated C6-ceramide was revealed to interact specifically with full-length 

PI3KC2β and two types of mutants including C2B deletion and PIK-catalytic domain, but 

not C2A mutant (Figure 5E), thereby suggesting that PIK-catalytic domain is responsible for 

interacting with ceramide.

To uncover the significance of this interaction in catalytic activity, the effects of ceramide on 

in vitro PI3KC2β activity were tested. Ceramide had no inhibitory effects on kinase 

activities of PI3KC2β and other PI3Ks (Supplementary Table 1).

It is possible that ceramide affects compartmentalization of PI3KC2β. Full-length PI3KC2β 

in vehicle (ethanol)-treated cells was localized in lamellipodia characterized with F-actin 

enrichment. Treatment with C6-ceramide led to relocalization of full-length PI3KC2β away 

from lamellipodia, coincident with disappearance of the lamellipodia (Figure 5F). Similar to 

full-length PI3KC2β, two ceramide-interacting mutants, including C2B deletion and PIK-

catalytic, were also lamellipodium-resident and sensitive to C6-ceramide treatment. 

Therefore, ceramide interaction with PIK-catalytic is suggested to account for PI3KC2β 

relocalization away from lamellipodia.

Ceramide is suggested to interact with PI3KC2β via the PIK-catalytic domain and in turn 

suppress cell motility by causing its relocalization away from lamellipodia.

p110δ is also responsible for cell motility (Figure 1). To clarify whether ceramide targets 

p110δ in the regulatory mechanism of cell motility, we investigated the interaction of p110δ 

with ceramide. Similar to PI3KC2β, V5-tagged p110δ interacted with biotinylated C6-

ceramide (Supplementary Figure 10A). Moreover, V5-tagged p110δ was localized in 

lamellipodia and treatment with C6-ceramide led to its relocalization away from 

lamellipodia (Supplementary Figure 10B). These results suggest that ceramide–p110δ 

interaction also has an inhibitory effect on cell motility.

 Potential of ceramide as a metastasis suppressor in ovarian cancer

To investigate the role of ceramide in ovarian cancer metastasis, ceramide liposomes are 

used. Liposomes as nanocarriers are used for drug delivery56, and functional liposomes such 

as ceramide liposomes have therapeutic effects in cells or animal models.24, 26, 57 Our group 

recently established transferrin- and octadecylrhodamine-B-conjugated C6-ceramide 

liposomes (C6-Cer TLs) for targeting cancer cells abundantly expressing transferrin 

receptors, and demonstrated that the liposomes initiated apoptosis of ovarian cancer cells in 
vitro and in vivo.27 Therefore, ceramide liposomes are exploited to not only evaluate 

ceramide-based therapy, but also define a role for ceramide in cancer in vivo.

To confirm antimetastatic activities of C6-Cer TLs in a cell model, SKOV3 cells were treated 

with ceramide-free liposomes (TLs) or C6-Cer TLs for 12 h. Confocal microscopy showed 
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that TLs and C6-Cer TLs were both incorporated into SKOV3 cells (Figure 6A). 

Importantly, the formation of lamellipodia was suppressed in cells treated with C6-Cer TLs 

(Figure 6A). The number of cells forming lamellipodia in liposome-treated cells was 

determined. As shown in Figure 6B, 10 μM C6-ceramide-containing C6-Cer TLs 

significantly reduced the formation of lamellipodia by 60% relative to that of TLs. 

Consistent with cell motility, treatment with C6-Cer TLs decreased phosphorylation of Akt 

at Ser473 in a dose-dependent manner (Figure 6C and D). Those results demonstrate that 

ceramide liposomes have an inhibitory effect on PI3K-driven cell motility.

To test the effects of ceramide liposomes on ovarian cancer metastasis in vivo, a human 

ovarian cancer xenograft model was used. Inoculation of SKOV3 cells into the peritoneal 

cavity of nude mice led to the generation of metastatic nodules in the mesentery, and 

liposome treatment had no effect on body weight (Figure 6E and F). The number of 

metastatic nodules in TL-treated mice was 64.3 ± 7.2/mouse, and importantly, C6-Cer TL 

treatment significantly inhibited the formation of metastatic nodules by 33.3% or 26.1% as 

compared with TLs or PBS (control), respectively (Figure 6F and G). These results 

demonstrated that C6-Cer TLs had an inhibitory effect on peritoneal dissemination and 

metastasis in an ovarian cancer xenograft model. These results suggest that ceramide serves 

as a metastasis-suppressor lipid in ovarian cancer.

In a cell model, ceramide specifically limits PI3KC2β-governed cell motility. To confirm the 

in vivo significance of ceramide–PI3KC2β interaction in suppressing metastasis of ovarian 

cancer, we examined the effects of C6-Cer TLs on metastasis in PI3KC2β-silenced cells in 
vivo. At first, in vitro effects of ceramide on cell motility were determined in PI3KC2β-

silenced cells. In the migration assay, PI3KC2β-knocked-down cells were less sensitive to 

C6-ceramide compared with control-2 siRNA-treated cells. However they were still 

substantially sensitive to C6-ceramide to some extent (Figure 7A). This remaining sensitivity 

to C6-ceramide might be attributed to ceramide–p110β interaction.

To determine in vivo effects of C6-Cer TLs on metastasis of PI3KC2β-silenced cells, we 

used siRNA for PI3KC2β knockdown. SKOV3 cells were transfected with control-2 or 

PI3KC2β siRNAs for 24 h and then transfection reagents were removed. The significant 

effectiveness of PI3KC2β knockdown was confirmed to persist for up to 3 days (Figure 7B).

Transfected cells were inoculated into the peritoneum of nude mice. PI3KC2β knockdown 

per se resulted in significant suppression in the number of metastatic nodules, showing in 
vivo effectiveness of PI3KC2β siRNAs and involvement of PI3KC2β in metastasis of 

ovarian cancer (Figure 7C). The siRNA-transfected SKOV3-xenografted mice were treated 

with TLs or C6-Cer TLs continuously for 3 days after inoculation. C6-Cer TL treatment had 

no significant effects on metastasis in PI3KC2β-silenced cells. These results suggest that 

ceramide–PI3KC2β interaction plays roles in suppressing metastasis of ovarian cancer in 
vivo.
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 Discussion

In the present study, we identified ceramide as an inhibitory lipid in regulatory mechanisms 

of PI3K-controlled motility and ceramide is proposed to serve as a tumor-suppressor lipid in 

ovarian cancer. These findings suggest the potential of ceramide-based therapy for 

prevention and/or treatment of ovarian cancer metastasis.

The initial cellular events required for metastasis are triggered by a switch from an epithelial 

cell type to a less differentiated mesenchymal one, which is known as EMT.58 Cells 

undergoing EMT reorganize their cytoskeletons and extend protrusions such as pseudopodia, 

allowing for increased migratory capacity.58 Those events could lead to cancer invasion and 

metastasis. Therefore, uncovering the regulatory mechanisms of pseudopodia formation is of 

critical importance to understanding cancer metastasis and discovering novel therapeutics.

The PI3K pathway is aberrantly activated in ovarian cancer, thereby emerging as a 

therapeutic target.2, 31 In particular, class I PI3K catalytic isoforms have been well studied. 

siRNA screening identified class II PI3KC2β as a predominant catalytic isoform responsible 

for serum-dependent formation of lamellipodia (Figure 1), suggesting PI3KC2β-dependent 

cell motility in ovarian cancer. Importantly, PI3KC2β silencing had an inhibitory effect on 

metastasis of ovarian cancer (Figure 7). This isoform and its product phosphatidylinositol 3-

phosphate have been also implicated in cell migration induced by lysophosphatidic acid59 

that stimulates survival, proliferation, migration and invasion of ovarian cancer cells.60 

Boller et al. have demonstrated not only that PI3KC2β is overexpressed in tumor samples 

and cell lines of acute myeloid leukemia and brain, but also that PI3KC2β inhibition leads to 

apoptosis.61 As specific involvement of PI3KC2β and p110δ in progression and metastasis 

of ovarian cancer remains to be fully established, intensive investigation is needed to 

determine the clinical significance of those ceramide-interacting proteins in ovarian cancer.

Cancer cells contain ceramide, which consists of a sphingoid base attached to long- or very-

long-chain free fatty acids via an amide bond. The natural ceramide is hydrophobic, 

although short chain C6-ceramide is cell permeable. C6-ceramide incorporated into cells is 

metabolized to form long-chain ceramide such as C16-ceramide through the salvage/

recycling pathway in cancer cells.11 The recycling pathway of C6-ceramide contributes, at 

least in part, to the response to C6-ceramide in the suppression of cell motility (Figure 3), 

thus, demonstrating that the observed effects are mediated by endogenous natural ceramides. 

Ceramide synthase, which is a target of fumonisin B1, catalyzes the formation of long-chain 

ceramide in the recycling pathway of C6-ceramide. Recently, Edmond et al. demonstrated 

that the ceramide synthase 6/C16-ceramide pathway reduces cell motility,62 which is 

consistent with our characterization of ceramide as an inhibitory lipid in cell motility. These 

findings implicate a novel role for the salvage/recycling pathway for ceramide synthesis in 

the regulatory mechanisms of cancer cell motility.

Several ceramide target proteins have been identified, including PKCα, PKCζ, PP2A, 

I2PP2A, cRaf, and kinase suppressor of Ras.11, 63 Ceramide affects catalytic activities 

and/or compartmentalization of its target proteins. Here, for the first time, we identified 

PI3KC2β and p110δ as novel ceramide-interacting proteins (Figure 5). This ceramide-
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PI3KC2β interaction is suggested to affect compartmentalization and suppress subsequent 

activation of PI3KC2β, thereby inhibiting cell motility and metastasis. The biological 

significance of ceramide interaction with PI3KC2β was partially disclosed and describing 

the dynamic interaction remains a challenge to structural biology.

We demonstrated that ceramide liposomes exhibit a strong inhibitory effect on cell motility 

(Figure 6). Similar to A2780 ovarian cancer cells,27 SKOV3 cells are assumed to take up C6-

Cer TLs via transferrin receptors, because those cell lines abundantly express transferrin 

receptor 1.64 The transferrin–transferrin receptor complex is internalized via clathrin-coated 

pits and passes through early endosomes to recycling endosomes. However, a significant 

portion of transferrin liposomes is trapped in endolysosomal compartments owing to 

octadecyl-rhodamine B modification of the liposomes for lysosomal targeting.27 Indeed, the 

endolysosomal targeting of C6-Cer TLs was effective against PI3KC2β–controlled cell 

motility, similar to C6-ceramide treatment. Although the metabolic mechanism remains not 

fully known, the catalytic action of acid ceramidase in endolysosomes is assumed to account 

for degrading some liposomal C6-ceramides to form sphingosine that serves as substrate for 

ceramide synthase. Collectively, lysosomal C6-ceramide is presumably converted to long-

chain ceramide through the salvage/recycling pathway, probably yielding anti-cell motility 

activity of C6-Cer TLs.

Our studies in a mouse model also provide evidence indicating the therapeutic efficacy of 

ceramide liposomes against metastasis of ovarian cancer and demonstrate the significance of 

ceramide-PI3KC2β interaction in the anti-metastatic activities (Figures 6 and 7). Previously, 

in vivo studies of ceramide liposomes used in the present study have shown therapeutic 

efficacy against tumor growth in an ovarian cancer xenograft mouse model.27 Collectively, 

ceramide liposomes are believed to have multiple activities against the progression of 

ovarian cancer.

The clinical relevance of ceramide levels in tumor progression remains to be fully studied. In 

human head and neck squamous cell carcinoma, the levels of C18-ceramide were decreased 

in the tumor tissues, and decreased levels of C18-ceramide were significantly associated with 

higher incidence of pathological nodal metastasis.65 These findings indicate the possible 

clinical significance of ceramide reduction in cancer metastasis, and encourage the 

development of ceramide-based therapy for dissemination and metastasis in ovarian cancer.

In summary, ceramide is proposed to function as a bioactive lipid that inhibits PI3KC2β-

controlled motility of ovarian cancer cells and serve as a metastasis suppressor. Our studies 

indicate the need to develop ceramide-based therapy for ovarian cancer metastasis.

 Materials and Methods

 Antibodies and reagents

PKCα antibody (sc208) and horseradish-peroxidase-conjugated antibodies for mouse 

(sc2005) and rabbit IgG (sc2004) were from Santa Cruz Biotechnology (Dallas, TX, USA). 

Fumonisin B1 was purchased from Alexis (San Diego, CA, USA). Mouse monoclonal V5 

antibodies (R960-25), RNAiMax, Alexa Fluor488-conjugated phalloidin, 
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Lipofectamine2000, and siRNAs for the catalytic subunits of PI3K family were from Life 

Technologies. Tetramethylrhodamine isothiocyanate (TRITC)-conjugated phalloidin, biotin 

and β-actin antibodies (A5441) were from Sigma (St Louis, MO, USA). Hoechst 33342 was 

from Dojindo (Kumamoto, Japan). C6-ceramide and C6-sphingomyelin were from Matreya 

(Pleasant, PA, USA). Recombinant human EGF was from Peprotech (Rocky Hill, NJ, USA). 

Antibodies specific for p110α (#4249), EGF receptor (#2232), phospho-EGF receptor at 

Tyr845 (#2231), phospho ERK1/2, ERK1/2, Akt (#9272), phospho-Akt at Thr308 (#2965) or 

Ser473 (#9271) were from Cell Signaling Technology (Boston, MA, USA). Streptavidin-

conjugated magnetic beads, SuperSignal West Dura Extended Duration Substrate, and Halt 

Phosphatase Inhibitor Cocktail were from Thermo Fisher Scientific (Rockford, IL, USA). 

Antibodies for p110δ (ab32401) and PI3KC2β (ab140525) were from Abcam (Cambridge, 

MA, USA). Phosphatidylinositol 3-phosphate ELISA kit and biotin-conjugated C6-ceramide 

were from Echelon (Salt Lake City, UT, USA). Human PI3KC2β cDNA was a gift from Dr. 

Alexandre Arcaro (Universität Bern, Switzerland).

 Cell culture

Ovarian cancer cell lines SKOV3 and TOV112D were kindly provided by Dr. Carla 

Grandori (Fred Hutchinson Cancer Research Center, Seattle, WA, USA) and grown in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS). Those cell lines were authenticated by JCRB Cell Bank (Osaka, Japan). MDA-

MB-231 breast cancer cells were from the American Type Culture Collection and grown in 

RPMI 1640 medium supplemented with 10% FBS. OSE4 cells cultured in DMEM 

supplemented with 10% FBS were gifted from the Department of Obstetrics and 

Gynecology, Kumamoto University, Japan. Cells were maintained at <80% confluence under 

standard incubator conditions (humidified atmosphere, 95% air, 5% CO2, 37°C). No 

mycoplasma contamination was observed in all cell lines.

 Immunoblotting

Cells were washed three times with PBS supplemented with Halt Phosphatase Inhibitor 

Cocktail and lysed using Laemmli buffer. The protein samples (20 μg) were subjected to 

SDS-PAGE (4–20% gradient gels). Proteins were electrophoretically transferred to 

nitrocellulose membranes, blocked with PBS/0.1% Tween 20 (PBS-T) containing 5% nonfat 

dried milk, washed with PBS-T, and incubated with antibodies for Akt1 (1 in 1000 dilution), 

phospho-Akt (1 in 1000 dilution), ERK1/2 (1 in 1000 dilution), phospho-ERK1/2 (1 in 1000 

dilution), or EGF (1 in 1000 dilution) in PBS-T containing 5% nonfat dried milk. The 

phospho-EGF receptor antibody (1 in 1000 dilution) was diluted with PBS-T containing 2% 

bovine serum albumin. The blots were washed with PBS-T and incubated with a secondary 

antibody conjugated with horseradish peroxidase in PBS-T containing 5% nonfat dried milk. 

Detection was performed using enhanced chemiluminescence reagent, and quantification of 

the chemiluminescent signals was performed with a digital imaging system.

 Analysis of pseudopodia formation

Cells growing on glass-bottom dishes were treated with sphingolipids. After incubation, 

cells were washed with PBS twice and fixed with 4% formaldehyde for 10 min. Fixed cells 

were further treated with 0.1% TritonX-100 for 10 min followed by staining with Hoechst 
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33342 and TRITC-conjugated phalloidin for 5 min. For analysis of pseudopodia, including 

filopodia and lamellipodia, samples were examined with confocal microscopy. Lamellipodia 

are thin and veil-like extensions at the edge of cells that contain a dynamic array of actin 

filaments, and are biologically characterized with enrichment of F-actin. Cells were counted 

as having formed lamellipodia if there was an increase in visualized F-actin in the 

lamellipodia. The formation of lamellipodia was assessed by blinded quantification of 

fluorescence microscopy (each sample of >300 cells). Two investigators independently 

assessed the formation of lamellipodia.

 Cell migration assay

Cells were plated onto the Transwell chambers. The migratory cells attached to the lower 

surface were stained with Hoechst 33342, and the imaging was performed by fluorescence 

microscopy. The cell migration was assessed by quantification of fluorescence microscopy 

pictures (at least three fields for each determination).

 Lipid measurement by liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Analysis of sphingolipids in lipid extracts was performed by LC-MS/MS as described in 

Ogiso et al.66

 Lipid extraction and determination of phosphatidylinositol 3-phosphate

The culture media were removed, and cells were washed rapidly three times with ice-cold 

PBS. After protein determination, lipids were extracted via the modified method of Bligh 

and Dyer.67 Lipids were dried down and resuspended in assay buffer, and then 

phosphatidylinositol 3-phosphate levels were determined by ELISA kit.

 Preparation of expression constructs

PI3KC2β (full length) was amplified by PCR using the sets of primers, EcoRI-start1F 

(ggtaccgaattcatgtcttcgactcagggcaat) containing an EcoRI site, and XhoI-nostop5058R 

(tctagactcgagcaaggtgccatgacttcg) containing a XhoI site without a stop codon. The C2 

domain of the N terminus (C2A) was amplified using EcoRI-start1F and reverse primer 

XhoI-nostop2382R (tctagactcgaggaacttgatgtcaaaggccg). PIK-catalytic domain was amplified 

using EcoRI-start2437F (ggtaccgaattcatggaagaagaccagcgcaagctta) and XhoI-4431R 

(tctagactcgagcagtgggtggaagaaggtgta). The region of PIK-catalytic domain upstream from 

C2B domain (C2B deletion) was amplified using forward primer EcoRI-start1F and the 

reverse primer XhoI-C2del-4515R (tctagactcgagtcccacctttccgacg) containing a XhoI site 

without a stop codon. Each PCR product and pcDNA3.1/V5-His A were digested with 

EcoRI/XhoI and each fragment was ligated. The sequence of the produced plasmid was 

verified with T7 primer and BGH primer as universal primer.

 Transfection with siRNAs or PI3KC2β vectors

For siRNA transfection, SKOV3 cells (2 × 104) grown on glass-bottom dishes were 

transfected with siRNAs using RNAiMax transfection reagent. For transfection with plasmid 

vectors, cells (5 × 104) grown on glass-bottom dishes were transfected with 2 μg plasmid 

vectors using Lipofectamine 2000.
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 Immunofluorescence

Cells growing on 35-mm glass-bottom dishes were fixed for 10 min at room temperature 

with 4% formaldehyde in PBS and then washed with PBS. Cells were treated for 10 min 

with 0.1% TritonX-100, washed with PBS, and blocked for 1 h with PBS containing 2% 

human serum. Cells were incubated with V5 or phospho-Akt antibodies in PBS containing 

2% human serum overnight. After washing with PBS, cells were incubated with Alexa488- 

and/or Alexa555-conjugated anti-IgG antibodies and Hoechst 33342 in PBS containing 2% 

human serum for 1 h. Confocal laser microscopy was performed using an LSM780 confocal 

microscope (Carl Zeiss, Thornwood, NY, USA).

 Determination of ceramide-interacting proteins

SKOV3 cells were lysed in RIPA buffer (100 mM NaCl, 1% Triton-X 100, 1% sodium 

deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM Tris HCl, pH 7.5) at room temperature. The 

lysates were centrifuged at 20,000 × g for 10 min, and the supernatants (1 mg/ml protein) 

were treated with 10 μM biotin or C6-ceramide-conjugated biotin in the presence of 

streptavidin-conjugated magnetic beads at room temperature for 1 h. The magnetic bead 

complexes were washed three times with RIPA buffer, and C6-ceramide-interacting proteins 

were extracted. The proteins were subjected to immunoblotting using antibodies against 

PI3KC2β, V5, β-actin, PKCα, and PI3KCα/p110α.

 Preparation of ceramide liposomes

Ceramide liposomes conjugated with transferrin and octadecyl-rhodamine B were prepared 

as described by Koshkaryev et al.27

 Ethics statement

All animal studies were approved by the Institutional Animal Care and Use Committee of 

Tohoku University, Japan. The ID numbers are 2013MeDo-006 and 2015MeDo-001.

 Human ovarian cancer cell xenograft studies

Five-week-old female nude mice (BALB/c; Charles River Japan) were injected 

intraperitoneally with SKOV3 cells for examination of their peritoneal metastatic potential. 

For assessing effects of liposomal ceramides on metastasis (Figure 6), five million of the 

suspended cells were treated with PBS, TLs, or C6-Cer TLs for 30 min and intraperitoneally 

inoculated into mice. Mice were randomly allocated to three groups (n = 12). For assessing 

effects of PI3KC2β knockdown on anti-metastatic activities of ceramide liposomes (Figure 

7), twenty mice were randomly allocated to four groups (n = 5) and siRNA-treated cells (5 × 

106 cells) were inoculated into mouse peritoneal. The mice were sacrificed at 4 weeks after 

inoculation, and the number and extent of overt metastases (>1 mm) were quantified. When 

inoculation of cells to mouse peritoneal failed, the mice were euthanized and excluded from 

analysis. Moreover, mice with early death were also excluded from analysis.

 Statistical analysis

Data presented in bar graphs represent the mean ± SEM of at least two independent 

experiments. Pictures presented were representative of at least three independent 
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experiments. Sample sizes for relevant experiments were determined by power analyses 

conducted during experiment planning (β = 0.8, P = 0.05). Statistical analyses were 

performed using GraphPad Prism and Instat. Individual t tests were performed for 

significance assessment of the differences between treatments. All P-values less than 0.05 

were considered as significant.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of C6-ceramide on motility of ovarian cancer cells
(A and B) SKOV3 cells, growing in DMEM supplemented with 10% FBS, were incubated 

with vehicle (control) or 100 nM wortmannin for 30 min. After treatment, cells were fixed 

followed by staining with phospho-Akt (green), TRITC-conjugated phalloidin (red) and 

Hoechst 33342 (blue). Imaging was performed by confocal microscopy, and representative 

images are shown (A). Formation of lamellipodia was assessed as described in “Materials 

and Methods” (B). The data shown (mean ± SEM, n = 3) are the percentage of cells forming 

lamellipodia. (C and D) SKOV3 cells were transfected with 20 nM siRNAs for control-1 (n 
= 12), control-2 (n = 8), PIK3CA (n = 6), PIK3CB (n = 4), PIK3CG (n = 4), PIK3CD (n = 

5), PIK3C2A (n = 4), PIK3C2B (n = 7), PIK3C2G (n = 4), or PIK3C3 (n = 4). After 48 h 

transfection, cells were fixed followed by staining with TRITC-conjugated phalloidin 

(white) and Hoechst 33342 (blue). Imaging was performed by confocal microscopy, and 

representative images are shown (C). Formation of lamellipodia was assessed as described in 

“Materials and Methods” and yellow allows show lamellipodia (D). Data shown (mean ± 

SEM, at least four independent experiments) are the percentages relative to cells treated with 

control-1 siRNAs. Statistical analyses were performed by unpaired, student t-test. *, P < 

0.02 and P < 0.001 compared with control-1 and control-2, respectively; **, P < 0.02 and P 
< 0.002 compared with control-1 and control-2. (E) SKOV3 cells were transfected with the 

indicated siRNA for 48 h. Extracted proteins were submitted to immunoblot analysis using 

antibodies specific for PI3KC2β (PIK3C2B) and p110δ (PIK3CD), and β-actin. Equal 

amounts of protein were loaded in each lane. Results are representative of three independent 

experiments.
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Figure 2. Effects of C6-ceramide on formation of pseudopodia, including lamellipodia and 
filopodia, in ovarian and breast cancer cells
(A) SKOV3, TOV112D, and MDA-MB-231 cells were treated with or without 10 μM C6-

ceramide for 3 h. Cells were fixed followed by staining with TRITC-conjugated phalloidin 

(red) and Hoechst 33342 (blue). Imaging was performed by confocal microscopy and results 

are representative of three independent experiments. White allows show lamellipodia. (B and 

C) SKOV3 cells, grown in DMEM supplemented with 10% FBS, were treated with 10 μM 

C6-ceramide for the indicated times (B) or with the indicated concentrations of C6-ceramide 

for 3 h (C). Formation of lamellipodia was assessed as described in “Materials and 

Methods”. The data shown (mean ± SEM) are the percentages of cells forming lamellipodia. 

Four or three independent experiments were performed. Statistical analyses were performed 

by unpaired, student t-test. *, P < 0.05. A, n = 7 for vehicle, n = 8 (0.5 h), 8 (1 h), 13 (3 h), 

13 (6 h) for C6-ceramide; B, n = 3.
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Figure 3. Identification of ceramide as an inhibitory lipid in cell motility of ovarian cancer cells
SKOV3 cells were simultaneously treated with or without 200 μM fumonisin B1 (FB1) in 

the absence or presence of 10 μM C6-ceramide for 3 h. (A–D) Lipids were extracted from 

cells and then sphingolipids (A, long-chain ceramide; B, long-chain hexosylceramide; C, 

long-chain sphingomyelin; D, sphingosine) were determined by MS. Values are means ± 

SEM (two independent experiments, n = 4). (E and F) Cells were fixed and stained with 

TRITC-conjugated phalloidin (red) and Hoechst 33342 (blue). Representative images are 

shown (E). Formation of lamellipodia was assessed as described in “Materials and Methods” 

(F). Data shown (mean ± SEM, at least three independent experiments are the percentages of 

cells forming lamellipodia. n = 3 (Control), 5 (FB1), 4 (C6-Cer), 4 (FB1+C6-Cer). (G) Cell 

migration was assessed as described in “Materials and Methods”. Data shown (mean ± 

SEM, four independent experiments, n = 4) are the percentages of vehicle control cells 

(0.1% ethanol treatment). (H and I) SKOV3 cells were simultaneously treated with 10 μM 

C6-ceramide in the absence or presence of N-butyldeoxynojirimycin for 3 h. Cells were 

fixed and stained with TRITC-conjugated phalloidin (red) and Hoechst 33342 (blue). 

Representative images are shown and white allows show lamellipodia. Formation of 

lamellipodia was assessed as described in “Materials and Methods”. Data shown (mean ± 

SEM, three independent experiments, n = 3) are the percentages relative to EtOH. *, P < 

0.0001, **, P < 0.002 compared with EtOH. (J) SKOV3 cells were incubated with vehicle 

(0.1% ethanol), 10 μM C6-ceramide (C6-Cer) or C6-sphingomyelin (C6-SM) for 3 h. Cell 

migration was assessed as described in “Materials and Methods”. Data shown (mean ± 

SEM, three independent experiments, n = 3) are percentages of vehicle control cells (0.1% 

ethanol treatment). Statistical analyses were performed by unpaired, student t-test.
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Figure 4. Effects of ceramide on PI3K signaling in ovarian cancer cells
(A) SKOV3 cells were incubated with 10 μM C6-ceramide for 3 h. After treatment, lipids 

were extracted and phosphatidylinositol 3-phosphate mass was determined by ELISA. 

Results represent mean ± SEM (two independent experiments, n = 4). (B) SKOV3 cells were 

treated with the indicated concentration of C6-ceramide for 3 h. Extracted cellular proteins 

were submitted to immunoblot analysis using antibodies specific for phospho-Akt at Ser473 

or Thr308, Akt, phosphor-ERK1/2, and ERK1/2. Equal amounts of protein were loaded in 

each lane. Results are representative of three independent experiments. (C) SKOV3 cells 

were simultaneously treated with or without 200 μM fumonisin B1 (FB1) in the absence or 

presence of 10 μM C6-ceramide for 3 h. Whole-cell lysates were prepared and subjected to 

immunoblot analysis with antibodies specific for phospho-Akt and Akt. Equal amounts of 

protein were loaded in each lane. Results are representative of four independent 

experiments. (D and E) SKOV3 cells were incubated with or without 10 μM C6-ceramide for 

3 h followed by treatment with or without 100 ng/ml EGF for 5 min. Cells were fixed and 

stained with TRITC-conjugated phalloidin (red) and Hoechst 33342 (blue). Representative 

images are shown (D). Formation of lamellipodia was assessed as described in “Materials 

and Methods” (E). Data shown (mean ± SEM, three independent experiments, n = 3) are the 

percentages of cells forming lamellipodia. (F) SKOV3 cells were incubated with or without 

10 μM C6-ceramide for 3 h followed by treatment with 100 ng/ml EGF for 2 or 5 min. 

Proteins were subjected to immunoblot analysis with antibodies specific for phospho-Akt, 

Akt, and phospo-ERK1/2, ERK1/2, phospho-EGF receptor (EGFR), and EGFR. Equal 

amounts of protein were loaded in each lane. Results are representative of three independent 

experiments.
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Figure 5. Ceramide interaction with PI3KC2β suppresses cell motility
(A) SKOV3 cells were transfected with empty or V5-tagged PI3KC2β expression vectors. 

Extracted proteins were submitted to immunoblot analysis with antibodies specific to 

PI3KC2β or V5. (B) SKOV3 cells transfected with empty or V5-tagged PI3KC2β expression 

vectors were treated with or without 10 μM C6-ceramide for 3 h. After cell fixation, cells 

were stained with TRITC-conjugated phalloidin (red) and Hoechst 33342 (blue). Formation 

of lamellipodia was assessed as described in “Materials and Methods”. Data shown (mean ± 

SEM, eight independent experiments, n = 8) are the percentages of cells forming 

lamellipodia. Statistical analyses were performed by unpaired, student t-test. (C) SKOV3 

cells transfected with full-length PI3KC2β were treated with vehicle (ethanol) or 30 μM C6-

ceramide for 3 h. After cell fixation, cells were stained with Hoechst 33342 (blue) and 

antibodies specific for V5 antibody (green) and phospho-Akt (Ser473) (red). Arrows show 

lamellipodia. Results are representative of two independent experiments. (D) Cell 

supernatants from SKOV3 cells were treated with DMSO, 10 μM biotin, or 10 μM 

biotinylated C6-ceramide for 1 h at room temperature. Ceramide-interacting proteins were 

pulled down and submitted to immunoblot analysis using antibodies specific for PI3KC2β, 

PI3KCα (p110α), and PKCα. Results are representative of three independent experiments. 

(E) Deletion mutant vectors were constructed. Cell supernatants from SKOV3 cells 

transfected with those vectors were treated with DMSO, 10 μM biotin, or 10 μM biotinylated 

C6-ceramide for 1 h at room temperature. Ceramide-interacting proteins were pulled down 

and submitted to immunoblot analysis using V5 antibody. Results are representative of three 

independent experiments. (F) SKOV3 cells transfected with the indicated vectors were 

treated with vehicle (ethanol) or 30 μM C6-ceramide for 3 h. After fixation, cells were 

stained with V5 antibody (green), TRITC-conjugated phalloidin (red) and Hoechst 33342 

(blue). Results are representative of three independent experiments.
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Figure 6. Anti-metastatic effects of ceramide liposomes in vitro and in vivo
(A–D) SKOV3 cells were incubated with TLs or C6-Cer TLs for 12 h. Cells were fixed and 

stained with Alexa-488-conjugated phalloidin (green). Rhodamine (red) shows the uptake of 

TLs and C6-Cer-TLs. Imaging was performed by confocal microscopy, and representative 

images are shown (A). Formation of lamellipodia was assessed as described in “Materials 

and Methods”. Data shown (mean ± SEM, three independent experiments, n = 3) are the 

percentages of cells forming lamellipodia (B). Proteins were subjected to immunoblot 

analysis with antibodies specific for phospho-Akt at Ser473 and Akt. Representative blot 

images are shown (C). Band signals for phospho-Akt at Ser473 and Akt were quantified, and 

phospho-Akt/Akt values were calculated. Data shown (mean ± SEM, n = 3 for 21 and 69 

μg/ml lipids liposomal lipids, n = 1 for 138 μg/ml lipids liposomal lipids,) are the 

percentages of phospho-Akt/Akt values relative to TL treatment (21 μg/ml liposomal lipids) 

(D). (E–G) SKOV3 cells were inoculated into nude mice. Mice were treated with PBS 

(control, n = 11), TLs (15 mg/kg, n = 8), C6-Cer TLs (15 mg/kg, n = 12) every other day. 

Body weight was measured every other day (E). Four weeks later, mice were sacrificed, and 

the number of metastatic nodules was determined (F and G). Arrows show metastatic 

nodules. Statistical analyses were performed by unpaired, student t-test. P-values were 

shown in Figure.

Kitatani et al. Page 23

Oncogene. Author manuscript; available in PMC 2016 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Effects of ceramides on the metastasis of PI3KC2β-silenced cells
(A) SKOV3 cells were transfected with 5 nM control-2 or PI3KC2β siRNAs for 48 h 

followed by treatment with vehicle (ethanol) or 30 μM C6-ceramide for 3 h. Cell migration 

was assessed as described in “Materials and Methods”. Data shown (mean ± SEM, four 

independent experiments, n = 4) are the percentages of vehicle control cells (0.1% ethanol 

treatment). Cell migration in control-2 group was compared with other groups: *P < 0.02; 

**P < 0.0008; ***P < 0.0007. (B) SKOV3 cells were transfected with 5 nM control-2 or 

PI3KC2β siRNAs for 24 h and then transfection reagents were removed. Cells were cultured 

for up to 3 days. Extracted proteins were subjected to immunoblot analysis with PI3KC2β 

antibody. Results are representative of two independent experiments. (C) SKOV3 cells 

transfected with siRNAs were inoculated into nude mice. The mice were treated with 15 

mg/kg TLs (15 mg/kg, n = 5) or C6-Cer TLs (15 mg/kg, n = 5) on the indicated days. Four 

weeks later after inoculation, mice were sacrificed and the number of metastatic nodules was 

determined. Metastasis in control-2 group was compared with other groups: *P < 0.02; **P 
< 0.05; ***P < 0.007. All statistical analyses were performed by unpaired, student t-test.
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