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Abstract

Ceramides are bioactive lipids that mediate cell death in cancer cells and ceramide-based therapy 

is now being tested in dose-escalating phase 1 clinical trials as a cancer treatment. Multiple 

nanoscale delivery systems for ceramide have been proposed to overcome the inherent toxicities, 

poor pharmacokinetics and difficult biophysics associated with ceramide. Using the ceramide 

nanoliposomes (CNL) we now investigate the therapeutic efficacy and signaling mechanisms of 

this nanoscale delivery platform in refractory ovarian cancer. Treatment of ovarian cancer cells 

with CNL decreased the number of living cells through necroptosis but not apoptosis. 

Mechanistically, dying SKOV3 ovarian cancer cells exhibit activation of pseudokinase mixed 

lineage kinase domain-like (MLKL) as evidenced by oligomerization and relocalization to the 

blebbing membranes, showing necroptotic characteristics. Knock-down of MLKL, but not its 

upstream protein kinases such as receptor-interacting protein kinases, with siRNA significantly 

abolished CNL-induced cell death. Monomeric MLKL protein expression inversely correlated 

with the IC50 values of CNL in distinct ovarian cancer cell lines, suggesting MLKL as a possible 

determinant for CNL-induced cell death. Finally, systemic CNL administration suppressed 

metastatic growth in an ovarian cancer cell xenograft model. Taken together, these results suggest 

that MLKL is a novel pro-necroptotic target for ceramide in ovarian cancer models.
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Introduction

Despite advances in ovarian cancer diagnosis and treatment, more than half of patients 

relapse and develop a multifactorial drug resistance (1, 2). There is an urgent need to 

develop novel treatment strategy for refractory ovarian cancer.

Ceramide, a sphingolipid metabolite, is a bioactive lipid that plays a critical role in activating 

cell death signaling initiated by chemotherapeutic reagents and ionizing radiation (3–6). 

Accumulating evidence indicates that ceramide species are reduced in carcinoma tissues and 

chemo-resistance transformed cell lines (7–9), providing the rationale to investigate 

ceramide-based therapeutic strategies as cancer treatments (10, 11).

Regardless of the therapeutic potential of ceramides, the delivery of bioactive lipids into 

cancer cells has been hampered due to the inherent hydrophobicity and insolubility. For this 

reason, there is a critical need for improved delivery systems to optimize the delivery of 

ceramides to cells. Nanoscale formulations have been shown to dramatically improve the 

pharmacokinetic and toxicological profile of ceramide delivery to cancer cells. Therefore, 

several laboratories, including our own, are now employing nanotechnologies to improve 

therapeutic efficacy of ceramides (11, 12). Ceramides have been successfully intercalated 

within nanoscale liposomal bilayers generating pegylated (11) and transferrin-conjugated 

delivery vehicles (13, 14). Even though Torchilin’s studies have shown that ceramide 

delivery vehicles suppress tumor growth in ovarian cancer cells (13), the molecular 

mechanisms underlying cell death were not fully determined.

Ceramide nanoliposomes (CNL) (11, 15, 16) have been engineered and validated by our 

laboratory, and published preclinical studies support an FDA phase 1 first-in-man-dose 

escalation study under IND# 109571. Our formulation contains 30 molar percent C6-

ceramide in a 12 molar percent pegylated 80 nm, −7mV vehicle that extends the T1/2 of 

ceramide from 15 min to >15 h (11). Multiple studies demonstrated that CNL is selectively 

anti-proliferative in numerous cancer cell types in cell-based assay as well as animal models. 

For instance, CNL significantly inhibited proliferation and induced cell death in human 

breast adenocarcinoma cells (17) and melanoma cells (18). In addition to solid tumor 

models, CNL was also effective in nonsolid leukemia models (19). Mechanistically, 

ceramides inhibit prosurvival protein kinase Cζ-dependent AKT and ERK signaling 

cascades (20). Despite validating the effects of CNL upon these pro-survival regulatory 

pathways, the mechanisms underlying cell death of cancer cells are relatively controversial 

with both apoptotic and necrotic mechanisms proposed. In addition, the mechanisms 

responsible for the selectivity of the cell death response to ceramide to transformed cell lines 

are also relatively undefined, even though the selectivity of CNL has been shown to be 

dependent upon elevated glycolytic metabolism (Warburg effect) in transformed cells (15).

Necrosis is often considered an accidental and unregulated event. However, growing 

evidence suggests that necrosis, like apoptosis, can be executed by regulated mechanisms. 

Necroptosis is the best-characterized form of regulated necrosis (21–23). Necroptosis is 

mediated with regulatory and/or effector proteins such as protein kinase receptor-interacting 

protein kinase (RIPK) 1, RIPK3 and pseudokinase mixed lineage kinase domain-like 
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(MLKL) (24, 25). In the present study, we demonstrate a novel mechanism of action for 

CNL in ovarian cancer models, identifying MLKL, but not RIPK1/3, as a target for CNL-

induced necroptotic cell death.

Materials and Methods

Antibodies and reagents

PARP antibody (sc7150) and horseradish peroxidase-conjugated antibodies for mouse 

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

MLKL antibody (ab184718) was obtained from Abcam (Cambridge, MA, USA). GAPDH 

antibody (#A01622) was from GenScript (Tokyo, Japan). Antibodies for LC3B (#2775), 

RIPK1 (#4926) and RIPK3 (#13526) were from Cell Signaling Technology (Massachusetts, 

USA). RNAiMax, Lipofectamine2000, siRNAs for control (4390846) and MLKL (s47088 

and s47089), and mouse monoclonal V5 antibody (R96025) were from Life Technologies 

(Carlsbad, California, USA). Tetramethylrhodamine isothiocyanate (TRITC)-conjugated 

phalloidin, biotin and β-actin antibodies (A5441) were obtained from Sigma (St Louis, MO, 

USA). Hoechst 33342 was from Dojindo (Kumamoto, Japan). CellTiter-Glo luminescent 

cell viability assay kit was obtained from Promega (Fitchburg, Wisconsin, USA). Annexin 

V/7-AAD kit and matrigels were from BD Biosciences (San Jose, CA, USA).

Cell culture

Ovarian cancer cell lines including SKOV3, TOV112D, A2780, A2780CP, PE01, and PE04 

were kindly provided by Dr. Carla Grandori (Fred Hutchinson Cancer Research Center, 

Seattle, WA, USA). All cell lines were free of mycoplasma contamination, determined by 

using the MycoAlert™ mycoplasma detection kit (LONZA). Cell lines SKOV3 and A2780 

were authenticated by JCRB Cell Bank (Osaka, Japan) in 2013. Ovarian cancer cells were 

cultured (passage number 5–20) in Dulbecco’s Modified Eagle’s Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified incubator 

containing 5% CO2. Cells were maintained at <80% confluence.

Preparation of nanoliposomal ceramide

The physiochemical characterization and validation of CNL as well as the preclinical 

evaluation of the CNL platform were previously described by Kester et al. (11).

Trypan blue exclusion assay

Briefly, cells were plated into 6-well plates (1 × 105 cells/well) and pre-incubated with 

growth medium overnight. The following day, the cells were treated with CNL or ghost 

nanoliposomes up to 48 h. The number of trypan blue-excluding living cells was counted.

Transfection with siRNAs

Cells were transfected with 5 nM of siRNAs using Lipofectamine RNAiMAX transfection 

reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s 

instructions.
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Preparation of MLKL vector constructs

Human MLKL cDNAs were amplified by PCR using human MLKL pFN21A 

HaloTag®CMV Flexi®Vector (Kazusa DNA Research Institute, Kisarazu, Japan). The PCR 

products and pcDNA3.1/V5-His A (ThermoFisher Scientific) were digested with EcoRI/
XhoI and each fragment was ligated, forming human MLKL pcDNA3.1/V5-His A vectors.

Transfection with vectors

Cells were transfected with empty or MLKL-V5 vector (2 μg/dish) using Lipofectamine 

2000 transfection reagent (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturer’s instructions.

Immunoblotting

Cells (2 × 105 cells/60 mm dish) were treated with CNL, ghost nanoliposomes or 

staurosporine for 24 h. Cells were harvested, washed with ice-cold PBS and lysed in RIPA 

lysis buffer supplemented with Halt Phosphatase Inhibitor Cocktail. After brief 

centrifugation, the protein content of the samples was measured using the BCA protein 

assay reagent. Extracted proteins were submitted to SDS-PAGE (4–20% gradient gels). 

Proteins were electrophoretically transferred on to nitrocellulose membranes. Nonspecific 

binding to the membrane was blocked for 30 min at room temperature with PBS/0.1% 

Tween 20 (PBS-T) containing 5% nonfat dried milk. The membranes were incubated 

overnight at 4°C with the following primary antibodies: GAPDH (1:1,000), LC3B (1:1,000), 

MLKL (1:1,000), PARP (1:2,000), RIPK1 (1:1,000), RIPK3 (1:500), V5 (1:5,000). β-actin 

(1:200,000) was used as loading control. After an overnight incubation, the membranes were 

washed with PBS-T and incubated with a secondary antibody conjugated with horseradish 

peroxidase in PBS-T containing 5% nonfat dried milk for 1 h at 4°C. The labeled proteins 

were visualized using enhanced chemiluminescence reagents, and quantification of the 

chemiluminescent signals was performed with a digital imaging system.

Immunofluorescence

Cells (2 × 104 cells) were seeded in 35 mm glass-bottom dishes. After exposure to the CNL, 

cells were washed in PBS and then fixed in 4% formaldehyde for 10 min at room 

temperature. Fixed cells were treated with 0.1% Triton X-100 for 10 min, and then blocked 

for 1 h with PBS containing 20% human serum. Cells were incubated with primary antibody 

against MLKL in PBS containing 20% human serum overnight. After three times washed 

with PBS, cells were incubated with Alexa488-conjugated anti-rabbit IgG antibody for 1 h. 

Nuclear staining was performed with Hoechst 33342 in the dark and all images were 

captured using Zeiss LSM710 confocal microscope (Carl Zeiss, Thornwood, NY, USA).

Cell viability assay

Ovarian cancer cells (1 × 103 cells/well) were transfected with siRNA following treatment 

with nanoliposomes. The cell viability was determined using a CellTiter-Glo luminescent 

cell viability assay according to the manufacturer’s protocol.
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Apoptosis assay (Annexin V/7-AAD)

To determine apoptotic cells, Annexin V apoptosis detection kit was used according to the 

manufacturer’s protocol. Cells were exposed to CNL, ghost nanoliposomes or staurosporine 

for 18 h. Cells were trypsinized, collected by centrifugation. After removing the supernatant, 

cells were washed with PBS and resuspended in Annexin V binding buffer. Cells were 

labeled with 2.5 μl of Annexin V-FITC and 1 μl of 7-AAD in 50 μl Annexin V binding 

buffer, and incubated in the dark at room temperature for 30 min. Apoptotic cells were then 

detected by flow cytometer. Cells are considered necrotic, if they allow the penetration of 7-

AAD without annexin V staining.

Analysis of pseudopodia formation

Cells (2 × 104 cells) were seeded in 35 mm glass bottom dishes. After treatment with CNL, 

cells were washed with PBS twice and fixed with 4% formaldehyde for 10 min at room 

temperature. Fixed cells were further treated with 0.1% TritonX-100 for 10 min followed by 

staining with Hoechst 33342 and TRITC-conjugated phalloidin for 5 min in the dark. 

Fluorescence microscopy was performed with the Zeiss LSM 780 laser scanning confocal 

microscope with a 60× oil objective. The percentages of cells forming lamellipodia were 

determined by counting more than 300 cells.

Cell migration assay

The migration of treated cells was assessed by the ability of cells to migrate through a 

porous (8 μm) polycarbonate membrane of a transwell device towards a chemotactic cue. 

Thereafter, equal numbers of cells (1 × 105) were plated onto the upper chamber in serum-

free medium. The chamber was lodged into the lower chamber (10% FBS medium). After 

incubating at 37°C for 6 h, non-migrated cells on the top of the filter membrane were 

removed by a cotton swab, while migratory cells on the bottom of the filter membrane were 

fixed in 100% methanol and stained using Hoechst 33342. The imaging was performed by 

fluorescence microscopy. Cell migration was assessed by counting migrated cellc in 

fluorescence microscopy pictures (at least ten fields for each determination).

Invasion assay

Cells (1 × 105) in serum-free medium were seeded onto the upper chamber with 8 μm pores 

that were coated with 5% matrigel. The lower chamber was filled with 10% FBS-containing 

DMEM. After 18 h incubation with CNL or ghost nanoliposomes, non-invasive cells were 

removed from the upper surface of the filter membrane. The invading cells attached to the 

bottom surface of the filter membrane were stained with Hoechst 33342 in the dark. Cell 

invasiveness was determined by counting invading cell number. The number of invading 

cells was counted in at least ten randomly selected regions of interest.

Ethics statement

All animal experiments were performed according to the protocols approved by the 

Institutional Animal Care and Use Committee of Tohoku University, Japan.
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Human ovarian cancer cell xenograft studies

Nude mice (BALB/c; Charles River Japan) were housed under pathogen-free conditions 

with unlimited access to food and water. Cells (5 × 106 cells/mouse) in RPMI-1640 serum-

free medium were injected intraperitoneally into 4 weeks-old female mice. Mice were 

randomly allocated to two groups (n = 5). CNL or ghost nanoliposomes were 

intraperitoneally injected daily for 3 consecutive days. After 4 weeks, the mice were 

euthanized and the number and extent of overt metastases (>1 mm) were quantified. Mice 

that died of unrelated causes were excluded from analyses.

Statistical analysis

Data represent the mean ± SD of at least three independent experiments. Statistical analyses 

were performed using GraphPad Prism 6.0. p values lower than 0.05 are considered 

significant.

Results

To characterize anti-tumor effects of CNL in ovarian cancer cells, we initially determined 

cytotoxicity of CNL in ovarian cancer cells. Treatment of SKOV3 ovarian cancer cells with 

30 μM CNL was revealed to show cytotoxic effects (Figure 1A) and most of cells were dead 

within 48 h after treatment with 100 μM CNL (Figure 1B). The decrease in cell viability 

with CNL treatment was both dose and time responsive in SKOV3 cells (Figure 1B and 1C). 

Moreover, we determined the CNL IC50 values using GraphPad prism in various ovarian 

cancer cell lines. CNL exhibited cytotoxic effects in six ovarian cancer cell lines and IC50 

values ranged between 2 and 57 μM (Figure 1D, and Supplementary Figure 1). Ghost 

nanoliposomes, consisting of the exact amount of bilayer lipids, but without ceramide, had 

no cytotoxic effect upon ovarian cancer cell lines. Of interest, the IC50 values were higher 

for cisplatin-resistant cell lines (PE04 and A2780CP) and lower for cisplatin-sensitive cell 

lines (TOV112D and PE01).

We next investigated the underlying molecular mechanism of cell death induced by CNL. 

Cell death was initially assessed by an Annexin V/7-AAD apoptosis assay. Upon treatment 

with staurosporine known as an apoptosis-inducing reagent, Annexin V-positive/7-ADD-

negative cell population was increased, confirming apoptosis induction. Surprisingly, CNL 

treatment predominantly induced necrosis, but not apoptosis (Figure 2A). This phenomenon 

was not unique to SKOV3 cells, because we observed the same tendency in other multiple 

ovarian cancer cells (Supplementary Figure 2A). Furthermore, CNL had minimal effects on 

DNA fragmentation (Supplementary Figure 2B) and PARP cleavage (Figure 2B). 

Interestingly, procaspase 3 was cleaved upon 100 μM CNL treatment, although obvious 

cleavage of PARP was not coincidently observed. In addition, knockdown of apoptosis-

inducing factor (AIF) (Supplementary Figure 3A and 3B) or enforced expression of anti-

apoptotic protein Mcl-1 (Supplementary Figure 3C and 3D) had no protective effects against 

CNL-induced cytotoxicities. These results suggest that CNL promotes specifically necrosis 

induction in ovarian cancer cells. In contrast to non-solid including chronic lymphocytic 

leukemia cell lines (15), GAPDH expression remained unchanged after CNL treatment of 

SKOV3 cells (Figure 2B).
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Ceramide is known to induce autophagy. CNL treatment promoted the formation of LC3B-II 

representing biochemical characteristics of autophagy (Figure 2B), whereas the loss of cell 

viability induced by CNL was not significantly restored by inhibition of autophagy by 3-

methyladenine (an autophagy inhibitor targeting class III phosphatidylinositol 3-kinase) 

(Figure 2C). Therefore, autophagy appears to have minimal effects on the CNL-induced cell 

death.

To evaluate possible involvement of necroptosis in cell death induced by CNL, we evaluated 

MLKL activation as evidenced by MLKL oligomerization and relocalization to the blebbing 

membranes. MLKL protein size is approximately 50 kDa as a monomer (26) and MLKL is 

oligomerized as a tetramer or an octamer upon necroptosis (27). Importantly, high 

molecular-mass complexes of V5-tagged MLKL (~100 kDa), possibly multiple forms of 

SDS-resistant oligomers, were detected with CNL treatment in V5-tagged MLKL 

overexpressing SKOV3 cells and the formation of oligomeric MLKLs was CNL-dose 

dependent (Figure 3A). Moreover, SDS-resistant octamer-like oligomers of endogenous 

MLKL were also formed in response to CNL treatment (Supplementary Figure 4). To further 

confirm MLKL activation, we next investigated intracellular localization with 

immunofluorescence using specific antibodies. MLKL was localized in cytoplasm and 

lamellipodia in ghost nanoliposomes-treated cells. Treatment with CNL promoted the 

relocalization of MLKL to the blebbing membranes (Figure 3B). MLKL oligomerization 

and relocalization to the plasma membranes are consistent with the late breakage of plasma 

membranes observed in necroptosis.

We next utilized a molecular approach to further confirm the importance of MLKL in 

necroptotic cell death. Two individual siRNAs for MLKL were employed and confirmed to 

efficiently knockdown MLKL protein expression in SKOV3 cells (Figure 4A). The 

reduction in cell viability induced by CNL was significantly restored by MLKL siRNA 

compared to control siRNA (Figure 4B). Similar results were observed in TOV112D ovarian 

cancer cells (Supplementary Figure 5A). These results indicate that MLKL is required for 

CNL-induced necroptosis.

Necrosulfonamide has been identified as a necroptosis inhibitor that specifically targets the 

Cys86 of MLKL protein (28). Its treatment had no significant effects on the loss of cell 

viability and the oligomerization of MLKL induced by CNL (Supplementary Figure 6). 

CNL is unlikey to target the Cys86 of human MLKL.

We next examined whether the MLKL upstream kinases RIPK1 and RIPK3 are also required 

for CNL-induced cell death. SKOV3 and TOV112D ovarian cancer cells were treated with a 

RIPK1 inhibitor necrostatin-1 (29) or RIPK3 siRNA in the presence of CNL or ghost 

nanoliposomes. Inhibition of MLKL upstream molecules by necrostatin-1 or RIPK3 siRNA 

had no effect on CNL-induced cytotoxicities in SKOV3 cells (Figure 4C and 4D) and 

TOV112D cells (Supplementary Figure 5). Moreover, inhibition of RIPK1/3 had no effects 

on the expression of monomeric MLKL in SKOV3 cells (Supplementary Figure 7). Taken 

together, CNL is suggested to regulate necroptosis in a MLKL-dependent but not RIPK-

dependent mechanism (Figure 4E).
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RIPK3 is known to phosphorylate MLKL at Thr357/Ser358 within the MLKL activation 

loop (28). Upon CNL treatment, the amount of phosphorylated MLKL at Ser358 did not 

change in TOV112D cells (X. Zhang; unpublished observations).

To investigate MLKL expression with therapeutic efficacy of CNL, we quantified 

monomeric MLKL expression. Immunoblotting analysis showed that MLKL expression 

varied in the six ovarian cancer cell lines (Figure 5A). Quantified MLKL expression was 

plotted against the IC50 values to CNL. Interestingly, monomeric MLKL expression 

inversely correlated with the IC50 values for CNL (Figure 5B), suggesting that monomeric 

MLKL protein expression possibly determines susceptibilities of ovarian cancer cells to 

CNL-induced cell death. In contrast, there was no correlation of RIPK1/RIPK3 expression 

with sensitivities to CNL-induced cell death (Figure 5C and 5D).

Ovarian cancer usually metastasizes widely, and metastatic growth is the leading cause of 

death for patients (30, 31). Thus, cell motility and invasiveness are critical therapeutic 

targets for metastatic ovarian cancer. Considering that ceramide serves as a metastasis-

suppressor lipid in ovarian cancer (14), it is important to determine effects of CNL on 

metastatic growth as evidenced by cell motility corresponding to lamellipodia formation and 

cell migration. Confocal microscopy demonstrated that CNL significantly decreased the 

formation of lamellipodia in SKOV3 cells (Figure 6A). Treatment with CNL for 18 h also 

showed a significant decrease in cell motility as assessed by transwell assay as compared 

with ghost nanoliposomes in SKOV3 cells (Figure 6B) and other ovarian cancer cells 

(A2780, A2780CP, and TOV112D cells; Supplementary Figure 8). Similar to inhibitory 

effects on cell motility, CNL also significantly reduced cell invasion by 50% relative to ghost 

nanoliposomes group (Figure 6C). Therefore, CNL is suggested to suppress the metastatic 

potential.

To test the effects of CNL on ovarian cancer metastatic growth in vivo, we utilized a human 

ovarian SKOV3 cancer xenograft model (14). CNL or ghost nanoliposomes were 

administered intraperitoneally for 3 consecutive days after inoculation of SKOV3 cells into 

peritoneal cavity. After additional 4 weeks of no treatment, metastatic tumor growth in the 

peritoneal cavity was determined. The number of metastatic nodules in CNL-treated mice 

was reduced by approximately 50% without signs of systemic toxicities (Figure 6D). Taken 

together, these data suggest that CNL can limit the metastatic growth of ovarian cancer 

through both pro-death (necroptosis) and anti-metastatic mechanisms.

Discussion

In this study, we demonstrated that CNL activates MLKL, leading to necroptosis in ovarian 

cancer cell lines. CNL displayed cytotoxicity in multiple ovarian cancer cell lines. The IC50 

values of growth inhibition for CNL (2 to 57 μM, Figure 1D and Supplementary Figure 1) 

are similar to those of pancreatic cancer cells (IC50 > 20 μM) (32) and breast cancer cells 

(IC50 > 4 μM) (33). Though the cytotoxic effects of CNL seem to be conserved across 

cancer types, the necroptotic mechanism of action seems to be unique to ovarian cancer and 

thus offers additional therapeutic options, especially to drug resistant ovarian cancers. Our 

data (Figure 1 and Supplementary Figure 1) indicated that CNL is able to significantly 
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induce cell death in multiple ovarian cancer cell lines, including several cisplatin-resistant 

cell lines (A2780cp and PE04). Our studies are consistent with recent findings documenting 

dysfunctional ceramide metabolism in multidrug resistant cancer models (8, 10) and argues 

that targeting necroptotic cell death with ceramide-based therapy could be an attractive 

treatment strategy for overcoming chemoresistance.

Recent studies demonstrated that necroptosis is mediated through the RIPK-MLKL pathway 

(34–37). Intramolecular autophosphorylation of RIPK results in the phosphorylation and 

subsequent oligomerization and recruitment of MLKL to the plasma membrane (28). This 

translocation is believed to increase sodium influx, leading to water influx and ultimately 

plasma membrane rupture (38). It was reported that exogenous C2-ceramide caused 

programmed necrosis (39), however the molecular mechanism remains unknown. In the 

present study, our findings strongly implicate that CNL targets MLKL activation 

independently of RIPK1/RIPK3–regulated pathway. Recently, Chen et al. showed that 

MLKL is translocated to lipid rafts in the plasma membrane during necroptosis (40). 

Considering that the lipid rafts are enriched with several sphingolipids, including ceramides, 

and serve as a signaling platform (41, 42), we argue that CNL forms lipid rafts-mimetics on 

plasma membranes or promotes MLKL relocalization to the lipid rafts. Even though our 

molecular and pharmacological experimentation suggests that MLKL is a critical protein for 

executing CNL-induced cell death, we have not demonstrated if MLKL is directly targeted 

by nanoliposomal ceramide. Ongoing studies are aimed at elucidating the specific molecular 

association of ceramide with MLKL in a cell-free system.

Given our data demonstrating an inverse relationship between monomeric MLKL expression 

and CNL efficacy, it can be suggested that MLKL serves as a possible biomarker of 

predicting therapeutic efficiency of CNL-based therapy. A corollary to this finding is that 

necroptotic signaling molecules such as MLKL can serve as precision medicine biomarkers 

for all chemotherapeutic agents that selectively induce necroptosis.

Our major finding demonstrating that CNL exhibits a cytotoxic effect by inducing MLKL-

dependent necroptosis in ovarian cancer supports the therapeutic utility of CNL due to this 

unique mechanism of action. Moreover, our studies demonstrating the dual effect of CNL to 

induce necroptosis as well as reduce metastases in ovarian cancer models may offer 

additional opportunities for combinatorial cancer therapies (43, 44). For example, CNL may 

synergize with many of the recently validated necroptotic reagents including FTY720, β-

lapachone and kuguaglycoside c (45–48). In addition, validating MLKL as a CNL-mediated 

necroptotic target suggests the utility of rationally designing more specific MLKL 

therapeutics as necroptosis-inducing drugs. Nevertheless, more preclinical studies are 

needed to evaluate the potential for necroptosis-targeted cancer therapies to further augment 

the efficacy of anti-metastatic or cytotoxic therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytotoxic effects of ceramide nanoliposomes in ovarian cancer cells
A, SKOV3 cells (1 × 105/well) were treated with 30 μM ceramide or ghost nanoliposomes 

for 24 h and then imaged by a phase-contrast microscopy. B, SKOV3 cells were treated with 

30 or 100 μM nanoliposomes up to 48 h. The number of living cells was counted. The data 

represent the mean ± SD (n = 3). C, SKOV3 cells were treated with 1, 3, 10, 30, or 100 μM 

nanoliposomes. The cell viability was determined using a CellTiter-Glo luminescent cell 

viability assay according to the manufacturer’s protocol. The results are expressed as the 

percentages of 1 μM ghost nanoliposomes and the data represent the mean ± SD (n = 3). D, 

IC50 values were determined by GraphPad prism. The IC50 values of ceramide 

nanoliposomes in six kinds of ovarian cancer cell lines were shown.
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Figure 2. Effects of ceramide nanoliposomes on cell death
A, SKOV3 cells were treated with 30 μM ceramide or ghost nanoliposomes, DMSO or 1 μM 

staurosporine for 18 h. Annexin V/7-AAD assay was performed for determining apoptotic 

cell death. B, SKOV3 cells were treated with ceramide nanoliposomes, ghost nanoliposomes 

or staurosporine for 24 h. Extracted cellular proteins were subjected to immunoblot analysis 

with antibodies for β-actin, GAPDH, LC3B, PARP, and procaspase 3 (apoptosis detection 

antibodies cocktail). Equal amounts of proteins were loaded in each lane. Three independent 

experiments were performed and representative images are shown. C, SKOV3 cells were 

incubated with the indicated concentrations of 3-methyladenine for 1 h and then treated with 

30 μM ceramide or ghost nanoliposomes for 48 h. Cell viability was determined using a 

CellTiter-Glo luminescent assay according to the manufacturer’s protocol. The results are 

expressed as the percentages of 30 μM ghost nanoliposomes in non-3-methyladenine 

treatment group and the data represent the mean ± SD (n = 3).
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Figure 3. Activation of MLKL by ceramide nanoliposomes
A, SKOV3 cells were transfected with MLKL-V5 vectors for 24 h followed by treatment 

with the indicated concentrations of ceramide or ghost nanoliposomes for 24 h. Cellular 

proteins extracted without reducing reagents were subjected to SDS-PAGE. Immunoblotting 

was performed using antibodies against V5 and β-actin. Three independent experiments 

were performed. Representative images are shown. B, SKOV3 cells were incubated with 30 

μM ceramide or ghost nanoliposomes for 6 h and then were fixed followed by staining with 

TRITC-conjugated phalloidin (red), Hoechst 33342 (blue), MLKL (green). Imaging was 

performed by confocal microscopy, and representative images are shown. Arrows show the 

blebbing membranes.
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Figure 4. MLKL-dependent cell death
A, SKOV3 cells were transfected with 5 nM control siRNA or two individual MLKL siRNA 

(sequence-1 and -2) for 24 h. The knockdown efficiency was confirmed by immunoblotting. 

B, Cells treated with siRNAs were further incubated with ceramide or ghost nanoliposomes 

for 48 h. Cell viability was determined using a CellTiter-Glo luminescent assay according to 

the manufacturer’s protocol. The results are expressed as the percentages of 10 μM ghost 

nanoliposomes in control siRNA group and the data represent the mean ± SD (n = 3). 

Statistical analyses were performed by unpaired, Student t-test. * p < 0.05 compared with 

control siRNA group. C, SKOV3 cells were incubated with the indicated concentrations of 

necrostatin-1 for 1 h and then treated with 30 μM ceramide or ghost nanoliposomes for 48 h. 

Cell viability was determined using a CellTiter-Glo luminescent assay according to the 

manufacturer’s protocol. The results are expressed as the percentages of 30 μM ghost 

nanoliposomes in non-necrostatin-1 treatment group and the data represent the mean ± SD 

(n = 3). D, SKOV3 cells were transfected with 5 nM control or RIPK3 siRNA for 24 h 

followed by treatment with ceramide or ghost nanoliposomes for 48 h. Cell viability was 

determined using a CellTiter-Glo luminescent assay according to the manufacturer’s 

protocol. The results are expressed as the percentages of 10 μM ghost nanoliposomes in 

control siRNA group and the data represent the mean ± SD (n = 3). E, proposed action 

mechanisms of ceramide nanoliposomes.
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Figure 5. Significant correlation of MLKL expression with susceptibilities of ovarian cancer cells 
to ceramide nanoliposomes-induced cell death
A, Extracted cellular proteins from the indicated ovarian cancer cell lines were subjected to 

immunoblot analysis with antibodies for MLKL, RIPK-1, RIPK-3 and β-actin. Equal 

amounts of protein were loaded in each lane. Three independent experiments were 

performed and representative images are shown. The intensity of MLKL protein expression 

was quantified using Image Lab. IC50 values for ceramide nanoliposomes are plotted with 

MLKL protein expression (B), RIPK1 protein expression (C) and RIPK3 protein expression 

(D). R2 values were determined by GraphPad prism.
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Figure 6. Effects of ceramide nanoliposomes on metastatic growth
A, SKOV3 cells were treated with 30 μM ceramide or ghost nanoliposomes for 6 h. Cells 

were fixed and counterstained with TRITC-conjugated phalloidin (red) and Hoechst 33342 

(blue). Imaging was performed by confocal microscopy and the cell number forming 

lamellipodia were determined by counting more than 300 cells. The values represent the 

percentage of cells forming lamellipodia relative to total cells and the data represent the 

mean ± SD (n = 4). Four independent experiments were performed and yellow arrows show 

lamellipodia. Statistical analyses were performed by unpaired, student t-test. B and C, 

SKOV3 cells were treated with 30 μM ceramide nanoliposomes or ghost nanoliposomes for 

18 h and then the assay for migration (B) and invasion (C) was performed as described in 

“Materials and Methods”. Data are represented as the percentage compared with ghost 

nanoliposomes’ group. The data represent are the means ± SD (n = 9). Statistical analyses 

were performed by unpaired, Student t-test. D, SKOV3 cells (5 × 106 / mouse) were injected 

intraperitoneally into peritoneal cavity of 4 weeks-old female nude mice. One day after 

implantation of cells, mice were intraperitoneally treated with ceramide or ghost 

nanoliposomes (40 mg/kg/day) continuously for 3 days. Four weeks later after inoculation, 

mice were euthanized to determine metastatic growth in the mesentery. The number of 

metastatic nodules was determined and mouse body weight was measured (n = 5). The data 

represent the mean ± SD and the representative images of specimens from mice were shown. 

White arrowheads indicate metastatic nodules. Statistical analyses were performed by 

unpaired, student t-test.
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