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Abstract

Neuroblastoma is a childhood malignancy that accounts for approximately 15% of childhood 

cancer deaths. Only 20–35% of children with metastatic neuroblastoma survive with standard 

therapy. Identification of more effective therapies is essential to improving the outcome of children 

with high-stage disease. Sphingadienes (SD) are growth-inhibitory sphingolipids found in natural 

sources including soy. They exhibit chemopreventive activity in mouse models of colon cancer, 

where they mediate cytotoxicity by inhibiting key pro-carcinogenic signaling pathways. In this 

study, the effect of SD on neuroblastoma was analyzed. Low micromolar concentrations of SD 

were cytotoxic to transformed and primary neuroblastoma cells independently of N-Myc 

amplification status. SD induced both caspase-dependent apoptosis and autophagy in 

neuroblastoma cells. However, only inhibition of caspase-dependent apoptosis protected 

neuroblastoma cells from SD-mediated cytotoxicity. SD also inhibited AKT activation in 

neuroblastoma cells as shown by reduced phosphorylated AKT levels. Pre-treatment with insulin 

attenuated SD-mediated cytotoxicity in vitro. SD-loaded nanoparticles (NP) administered 

parenterally to immunodeficient mice carrying neuroblastoma xenografts resulted in cytotoxic 

levels of SD in the circulation and significantly reduced tumor growth compared to vehicle-treated 

controls. Analysis of tumor extracts demonstrated reduced AKT activation in tumors of mice 
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treated with SD-NP compared to controls treated with empty NP. Our findings indicate SD are 

novel potential chemotherapeutic agents that promote neuroblastoma cell death and reduce 

tumorigenicity in vivo.
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Introduction

Neuroblastoma is a highly lethal malignancy of childhood. It is an embryonal malignancy of 

the sympathetic nervous system arising from neuroblasts (pluripotent sympathetic cells) and 

represents the most common extra cranial solid tumor in infancy [1–3]. More than 50% of 

afflicted children present with metastatic disease, and the current survival rate for patients 

presenting with high-stage disease is 20–35% [4, 5]. Neuroblastoma has a heterogeneous 

clinical presentation and course [6]. Tumors may regress spontaneously, mature into benign 

ganglioneuromas, or present as advanced/metastatic disease that carries a poor prognosis [4, 

7]. Current therapies include surgery, chemotherapy, immunotherapy, bone marrow 

transplant and radiation [1, 5, 8, 9]. Research efforts to identify new and more effective 

therapies are essential to improve the outcome of affected children.

Sphingolipids are a complex family of lipids built upon a sphingoid base backbone. Higher 

order sphingolipids are primarily located in the plasma membrane, where they serve 

structural membrane functions. The composition of membrane sphingolipids changes 

dramatically during carcinogenesis [10]. Novel or aberrantly glycosylated sphingolipids that 

are enriched in tumor cell plasma membranes have been identified as tumor-specific 

antigens and are targeted therapeutically [11–14]. One of the most promising new 

approaches for the treatment of neuroblastoma involves passive immunotherapy targeting the 

neuroectodermal sphingolipid ganglioside GD2 [8, 15]. Anti-GD2 monoclonal antibodies 

may act by mediating antibody-dependent cellular cytotoxicity (ADCC) and complement-

dependent cell cytotoxicity (CDC) [1, 4, 16, 17]. Membrane sphingolipids are regularly 

internalized and recycled [18], giving rise to bioactive intracellular metabolites involved in 

the regulation of cell proliferation, differentiation, migration and apoptotic and autophagic 

programmed cell death [10]. Thus, anti-GD2 and other sphingolipid-directed 

immunotherapies may exert cytotoxicity by mechanisms involving sphingolipid 

intermediates.

In contrast to the long history of targeting complex sphingolipids in neuroblastoma, the role 

of bioactive sphingolipid metabolites in the treatment of neuroblastoma has not been 

thoroughly explored. Sphingadienes (SD) are growth-inhibitory long chain sphingoid bases 

found in soybeans, insects, marine organisms and other natural sources [19]. SD contain an 

additional double bond compared to sphingosine, the most common mammalian sphingoid 

base sphingosine. This structural difference is thought to confer SD with their enhanced 

cytotoxicity [20]. SD induce colon cancer cell death and prevent intestinal tumorigenesis in 

murine models of colon cancer. We showed previously that SD inhibit PI3K/AKT-dependent 
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signaling by preventing AKT membrane translocation, thereby resulting in inhibition of 

protein translation and de-repression of apoptosis and autophagy [21]. SD have been shown 

to exert inhibitory effects on WNT signaling through a pathway involving PP2A, AKT and 

GSK3 beta [22]. Deregulation of the PI3K/AKT pathway has been shown to play a major 

role in cancer development and chemotherapy resistance [23]. AKT activation has been 

shown to be an indicator of poor prognosis in neuroblastoma [24].

In this study, we explored the potential of SD as therapeutic agents in neuroblastoma. 

Utilizing a combination of transformed and primary neuroblastoma lines, we show that SD 

are cytotoxic to neuroblastoma cells through a mechanism involving inhibition of AKT and 

induction of apoptotic cell death. A novel method of delivering SD parenterally using 

apolipoprotein (apo)-phospholipid nanoparticles (NP) was employed [25]. Administration of 

SD-NP to mice inhibited neuroblastoma xenograft growth and reduced AKT activation in 

tumor tissue extracts. These findings suggest that SD may be potentially useful as 

chemotherapeutic agents in neuroblastoma.

Materials and methods

Antibodies and reagents

SD are from Avanti Polar Lipids (Alabaster, AL). Antibodies against synaptophysin are from 

Millipore (Billerica, MA, USA). Antibodies against tyrosine hydroxylase (TH), phospho-

AKT1/2/3 (Ser473), total AKT, LC3 and poly (ADP-ribose) polymerase (PARP) are from 

Cell Signaling Technology (Danvers, MA). Antibodies against GAPDH are from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibodies against β-actin and the compound 3-

methyladenine (3-MA) are from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase-

anti-rabbit IgG and FITC-anti-mouse IgG secondary antibodies are from Jackson Immuno 

Research Laboratories (West Grove, PA). DMEM:F12 with high glucose (DMEH-21), FBS, 

RPMI 1640, insulin and antibiotics are from UCSF Tissue Culture Facility (San Francisco, 

CA). Pan-caspase inhibitor Z-VAD-FMK is from Enzo Life Sciences (Farmingdale, NY). 

Bafilomycin A1 is from Cayman Chemical Company (Ann Arbor, MI).

Immunoblotting

Immunoblotting was performed as described [26]. Signals were visualized using the 

SuperSignal West-Pico kit (Fisher Scientific, Rockford, IL) and quantified by densitometry 

using ImageJ software (NIH).

Cell culture and transfections

Authenticated LAN-5 and KELLY neuroblastoma cell lines were purchased from UCSF 

Tissue Culture Facility (San Francisco, CA). Authenticated SHSY5Y cell line was 

purchased from ATCC (Rockville, MD, USA). LAN-5 and Kelly cells were grown in RPMI 

1640 medium containing 10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin. 

SHSY5Y was grown in DMEM-H21 with 10% FBS, 100 units/ml penicillin and 100 μg/ml 

streptomycin. SD were dissolved in ethanol or DMSO. SD treatment was performed in 

serum free DMEH-H21 or RPMI1640 medium depending of the cell line and compared to 

the appropriate vehicle.
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Establishment of primary cell lines from normal kidney tissue and neuroblastoma tumors

Primary human neuroblastoma cells were isolated from fresh tumor tissue from a stage IV 

N-Myc amplified adrenal mass. Primary human kidney cells were isolated from normal 

kidney tissue. Minced tissue was dissociated with papain (Worthington Biochemical 

Corporation, Lakewood, NJ) for 10–15 min at 37°C, triturated using a 5-ml pipette, and re-

suspended in complete media (DMEM + 10% FBS). The suspension was filtered twice 

through 70 μm and 40 μm filters. The suspension was collected in a 15-ml tube and 

subjected to centrifugation at 1200 rpm for 10 min. The supernatant was aspirated and 

discarded, and cells were washed with PBS supplemented with Ca2+ and Mg2+ and 

subjected to centrifugation at 1000 rpm for 10 min. The supernatant was aspirated, and the 

cells were re-suspended in DMEM-high glucose with 10% FBS, 100 units/ml penicillin, 100 

μg/ml streptomycin, 20 ng/ml EGF (Sigma-Aldrich, St. Louis, MO), 20 ng/ml recombinant 

human FGF (Preprotech, Rocky Hill, NJ), and fungizone 2.5 μg/ml (UCSF, San Francisco, 

CA), and seeded in a 10-cm dish for further propagation and characterization. Human tumor 

samples were obtained with informed consent in accordance with an approved Institutional 

Review Board Protocol.

Immunofluorescence

Cells were grown in a 4-well chamber slide until 70–80 % confluent. Cells were washed 

with cold PBS, fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton-X 100. 

After blocking, cells were incubated in 5% goat serum and 0.1% Triton-X 100 in PBS for 1 

h and then incubated overnight at 4°C with the primary antibody. Tyrosine hydroxylase and 

synaptophysin were tested. After washing, some cells were stained with DAPI and others 

with propidium iodide and mounted in Vectashield. Images were captures using a Zeiss 

Axioskop fluoresence microscope (Carl Zeiss, Thornwood, NY) and images were processed 

using Adobe Photoshop CS5.1 (Adobe, San Jose, CA).

Cell viability and cell death assays

Cells were analyzed for viability by [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTS] assay using the 

CellTiter96® AqueousOne Non-Radioactive Cell Proliferation Assay (Promega, Madison, 

WI), which relies on formation of the formazan product of MTS by viable cells. After 

addition of the MTS to the media, cells were incubated at 37°C for 45–60 min, and the 

absorbance at 490 nm was measured. PARP cleavage and LC3 modification were measured 

by immunoblotting as described [21, 27] using 10% and 15% SDS-PAGE gels, respectively.

SD-NP preparation and characterization

Ten mg 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Avanti Polar Lipids) was 

dissolved in chloroform / methanol (3:1 v/v) and dried under a stream of N2 gas, forming a 

thin film on the vessel wall. Residual organic solvent was removed under vacuum. The 

prepared lipids were then dispersed in 1 ml phosphate buffered saline (PBS; 20 mM sodium 

phosphate, 150 mM sodium chloride, pH 7.0) and 1.0 mg SD (from a stock solution in 

dimethylsulfoxide; DMSO) was added. Following this, 4 mg isolated recombinant apoA-I 

[28] was added and the solution (2 ml final volume) subjected to bath sonication, with the 
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sample temperature maintained between 22°C and 25°C. After sonication the turbid mixture 

became clear, indicating apolipoprotein/phospholipid complexes (e.g. NP) had formed. This 

solution was dialyzed overnight against PBS, pH 7.4, to remove DMSO using a 23 mm 

Spectra/Por dialysis membrane (Spectrum Labs) with a tubing molecular weight cutoff of 6–

8 kDa filtered through a 0.22-μm sterile filter and stored at 4°C until use. Efficiency of SD 

incorporation into NP was determined to be 63.5% by quantifying SD in the pre- and post-

dialysis solutions. Empty NP were prepared as described for SD-NP except that SD was 

omitted. Size exclusion chromatography was performed as described [29]. Two hundred μl 

of the sample were applied on a Perkin-Elmer Series 200 System equipped with 9.4 × 250 

mm Zorbax GF-250 column equilibrated in 50 mM sodium phosphate plus 0.5 M sodium 

chloride buffer, pH 7.3, eluted with the same buffer at a flow rate of 1 ml/min, absorbance at 

280 nm was recorded and 0.5 ml fractions were collected. SD was quantified as described 

below on a portion of selected fractions.

SD quantitation

To quantify SD amount incorporated into NP preparations, present in gel filtration fractions, 

and plasma levels, a novel LC/MS method we recently reported was utilized [30]. An 

Agilent 1290 UPLC system coupled with Agilent 6490 Triple Quadrupole (QqQ) mass 

spectrometer were used for analysis. Briefly, C17-sphingosine (d18:1/17:0, Avanti Polar 

lipids; 10 nmol) was added to samples prior to extraction as a quantitative internal standard. 

SD and C17-sphingosine were eluted on Zorbax SB-C18 column (Agilent) by isocratic 

delivery of mobile phase [LC-MS grade methanol containing 1 mM ammonium formate and 

0.2% formic acid] at a flow rate of 1.0 ml/min. Analysis was carried out using multiple-

reaction-monitoring (MRM) mode. The MRM transitions used for SD and C17-sphingosine 

detection were 298.2 →280.2 [collision energy (CE):8V ]and 286.5→268.3 (CE 4,V), 

respectively. The general source settings in the positive ionization modes were as follows: 

gas temperature 200 °C; gas flow, 14 L min-1; nebulizer 20 psi; sheath gas temperature 

250 °C; sheath gas flow 11 L min-1; capillary voltage 3000 V; and nozzle voltage; 0V. The 

fragmentor voltage of 380V and a dwell time of 15 ms were used for all mass transitions, 

and both Q1 and Q3 resolutions were set to nominal mass unit resolution.

Animals

To assess the impact of SD-NP i.p. delivery on plasma SD levels, a single dose of 5 mg/kg 

SD-NP was administered to 15 mice, followed by euthanasia of 3 mice per time point at 5 

min, 10 min, 30 min, 2h and 8h after injection, with 3 additional mice euthanized at time 0 

as controls. SD levels were measured in plasma as described in Methods. To assess the 

potential toxicity of SD-NP, mice were treated with SD-NP at 5 mg/kg/dose twice a day (10 

mg/kg/d) or vehicle for five doses (n=3 per group), followed by euthanasia five days after 

the last dose. Blood was obtained by cardiac puncture and collected into EDTA-containing 

blood tubes for hematology tests or serum collection tubes for liver functions and blood 

chemistries. All blood tests were performed at the University of California at Davis 

Comparative Pathology Laboratory, and results were reported along with laboratory standard 

results for adult wild type Balb/c mice. For xenograft studies we chose to deliver SD-NP in 
vivo using a 5 mg/kg/dose twice a day (10 mg/kg/d) regimen. For xenograft studies, 6-week-

old NOD-CB17-Prkdcscid immunocompromised female mice (Sz/J) (Jackson Labs Stock 
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No: 001303) were injected subcutaneously in both flanks with Kelly neuroblastoma cells. 

Briefly, 2 × 106 cells were suspended in PBS, mixed in a 1:1 ratio with Matrigel (BD 

Biosciences, USA) and injected subcutaneously into the mouse flank. Tumor size was 

measured using a digital caliper. Tumor volume was measured as described [31]. Mice were 

randomly allocated to each treatment group, and treatments were started once tumors 

reached 100 mm3. Mice received either SD-NP (10 mg/kg/day) or vehicle in 250 μL twice 

daily by i.p. injection. Mice were euthanized at the humane endpoint, i.e., when tumors 

reached > 9% of the body weight based on the formula: Length (cm)2 x Width (cm)/2 = 

volume. To measure the impact of SD on AKT activation in tumor tissues, tumor-bearing 

mice were injected with a single dose of either SD-NP or empty NP vehicle, followed by 

euthanasia 8 h after treatment. Euthanasia was performed by CO2 inhalation. Tumors were 

harvested and flash-frozen in liquid nitrogen for molecular analysis as described above for 

immunoblotting. These studies were performed in accordance with an approved CHORI 

Institutional Animal Care and Use Committee protocol.

Statistical analysis

Statistical analysis on in vitro experimental data for sets of 3 or more data points was 

performed using Student’s t-test. Statistical analysis on tumor growth was performed using 

two-way ANOVA followed by Tukey’s post-test. P values< 0.05 were considered significant.

Results

SD inhibit the growth of transformed and primary neuroblastoma cells

To explore the potential of SD to serve as chemotherapeutic agents in neuroblastoma, we 

tested the impact of SD on the viability of Kelly neuroblastoma cells, which represent a 

transformed and N-Myc amplified neuroblastoma cell line. SD induced a dose- and time-

dependent inhibition of viability in neuroblastoma cells as determined by MTS assay (Figure 

1A–B). As low as 0.5 μM SD significantly compromised Kelly cell viability. Similar to the 

observed effects on Kelly cells, inhibition of viability was observed in two additional well-

characterized neuroblastoma cell lines derived from patients with Stage IV disease, namely 

non-N-Myc amplified SHSY5Y cells and N-Myc-amplified LAN-5 cells after treatment 

with micromolar doses of SD (Supplementary Figure 1 A–C). In contrast to the effects on 

neuroblastoma cells, SD did not influence the viability of two non-malignant cell lines, NIH 

3T3 fibroblasts and a primary cell line we derived from human embryonic kidney tissue 

(Figure 1C). To ascertain the impact of SD in a more physiological cell model of 

neuroblastoma, we derived a primary cell line from an abdominal neuroblastoma tumor 

surgically removed from a chemotherapy-naïve patient as described in Methods. To verify 

the authenticity of the primary cells, we performed immunofluorescence labeling to detect 

the neuronal markers tyrosine hydroxylase and synaptophysin, followed by 

immunofluorescence microscopy. Kelly neuroblastoma cells were used as a positive control. 

As shown in Supplementary Figure 2A, primary neuroblastoma cells were positive for both 

neuronal markers. Primary neuroblastoma cells behaved similar to transformed 

neuroblastoma cell lines, exhibiting reduced viability after treatment with low micromolar 

doses of SD (Supplementary Figure 2B).
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SD induce neuroblastoma cell death by inducing apoptosis

The effect of SD detected in viability assays could be explained by an induction of cell death 

or cell cycle arrest. To distinguish between these two possibilities, we measured the 

percentage of cells undergoing cell death by the trypan blue assay. Trypan blue staining of 

LAN-5, Kelly and SHSY5Y cells treated with a range of SD concentrations confirmed that 

nearly 100% of neuroblastoma cells were nonviable after 48h of incubation with 10 μM SD 

(data not shown). To determine whether SD induced cell death by activating apoptosis, we 

measured the cleavage of the caspase-3 substrate PARP by immunoblotting whole cell 

extracts of Kelly cell cultures incubated with a range of SD concentrations for 6 h. As shown 

in the immunoblot in Figure 2A and image quantification graph in Figure 2B, PARP was 

intact in vehicle-treated cells, whereas the cleaved product was detectable in the extracts of 

cells treated with 5 and 10 μM SD. Similar results were observed in SHSY5Y and LAN-5 

cells (data not shown). We have shown previously that SD can elicit cell death by inducing 

apoptosis and also by inducing autophagy [21]. To assess whether SD elicit autophagy in 

neuroblastoma cells, we measured the presence of unmodified and modified forms of the 

autophagy marker LC3. Autophagy was induced in cells treated with 5–10 μM SD, as shown 

by the presence of the processed form of LC3 (LC3II) (Figure 2C and D). Autophagy can 

serve as both a cell survival mechanism as well as a cell death pathway. To ascertain which 

of the two forms of programmed cell death elicited by SD in neuroblastoma cells was 

primarily responsible for causing their cell death, we pretreated Kelly cells with the 

autophagy inhibitors 3-MA or bafilomycin, or with the pan-caspase inhibitor of apoptosis, 

Z-VAD-FMK, followed by treatment with either vehicle or 10 μM SD. As shown in Figure 

2E none of the autophagy inhibitors negatively impacted cell viability, as determined by 

MTS assay. In addition, pretreatment with 3-MA or bafilomycin did not protect the cells 

against SD-mediated cytotoxicity. In contrast, pretreatment with Z-VAD-FMK completely 

abrogated cell death in response to SD. These findings demonstrate that SD induce 

neuroblastoma cell death via apoptosis and not via autophagy.

SD mediate cytotoxicity in neuroblastoma cells by targeting AKT signaling

The ability of SD to induce both apoptosis and autophagy in neuroblastoma cells was 

reminiscent of the effects of SD in colon cancer cells. In the latter, SD have been 

demonstrated to mediate cytotoxicity by inhibiting the membrane translocation and 

activation of AKT, thereby preventing AKT signaling events that suppress both of these 

forms of programmed cell death [21, 22]. To measure the impact of SD on AKT signaling in 

neuroblastoma cells, Kelly cells were treated with 10 μM SD, followed by incubation for 1–

6 h. Cells were harvested, and immunoblotting was performed on whole cell extracts to 

measure the abundance of Ser473-phosphorylated AKT, which corresponds to an activated 

form of AKT. As shown in Figure 3A and Supplemental Figure 3A, SD caused an inhibition 

of AKT detectible within 2 h after treatment, as shown by a reduction of phosphorylated 

AKT (P-AKT) relative to total AKT (T-AKT) in whole cell extracts. Apoptosis, indicated by 

the presence of PARP cleavage, was detectible at 4 h after treatment (Figure 3A and 

Supplemental Figure 3B). Treatment of Kelly cells with as low as 3 μM SD for 8 h reduced 

AKT activity and induced apoptosis indicated by PARP cleavage, as shown in Figure 3B and 

Supplemental Figures 3C–D. Similar results were observed in other neuroblastoma cell lines 

(data not shown). To test the role of AKT inhibition in mediating the cytotoxic effects of SD 
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on neuroblastoma cells, Kelly cells were pretreated for 1 h with insulin to activate the AKT 

signaling pathway, whereas other cells received vehicle pretreatment. Cells were then 

exposed to different amounts of SD up to 15 μM for 6h, followed by cell harvest and 

immunoblotting to detect PARP cleavage. As shown in Fig 3C and Supplemental Figure 3E, 

insulin pre-treated cells were protected from SD-mediated apoptosis. Consistent with this 

finding, Kelly cells pretreated with insulin for 6 h followed by treatment with 10 μM SD 

were resistant to SD-mediated cytotoxicity as shown by a significant increase in viability 

(Figure 3D).

Characterization of SD-loaded nanoparticles and plasma levels after intraperitoneal 
delivery

Based on our in vitro findings suggesting that SD are cytotoxic to neuroblastoma cells, it 

became important to ascertain the impact of SD on neuroblastoma tumorigenicity in vivo. 

SD are hydrophobic molecules that are insoluble in aqueous solution and challenging to 

deliver by a parenteral route. We have also found that orally delivered SD are only 

transiently detectible in the blood, which suggests they are rapidly metabolized [30]. 

Nanoparticles [NP] are nanoscale phospholipid particles that are stabilized by 

apolipoproteins and can serve as carriers for hydrophobic drugs [32]. Our previous 

experience with solubilization of the poorly absorbed compound curcumin using disk-

shaped NPs and reduced toxicity of the antibiotic amphotericin B when delivered in vivo 
using NP suggested that they might be an effective delivery system for SD [25, 33–35]. To 

explore the utility of NP as a vehicle for solubilization and transport of SD, we generated 

apoA1-containing NP incorporating SD as described in Methods. Addition of apoA-I to an 

aqueous dispersion of DMPC/SD induced clarification of the reaction mixture with complete 

solubilization of the drug in a transparent solution. From these results, it is evident that 

apoA-I interacted with the lipid/drug mixture to form soluble, SD-bearing lipid complexes, 

similar to drug-bearing NP we described previously [25, 35]. Dialysis of the sample against 

PBS resulted in the loss of 36.5% of the original SD, as determined by quantification of SD 

in the pre- and post-dialysis mixture using LC/MS/MS, thus indicating an efficiency of 

loading of 63.5%. To further confirm that the SD was loaded on the NP, the sample was 

subjected to density gradient ultracentrifugation. After centrifugation, the tube contents were 

fractionated and analyzed for protein, SD and density. As shown in Figure 4A, the majority 

of the SD co-migrated with the apolipoprotein carrier in a heterogeneous population of 

higher molecular weight species as compared to empty NP. These results confirm that SD is 

contained within the NP. Like SD solutions in DMSO, SD-NP were cytotoxic to 

neuroblastoma cells in a dose-dependent fashion when delivered to neuroblastoma cell 

cultures (data not shown). We then examined plasma SD levels after treatment of wild type 

mice with SD-NP by intraperitoneal delivery. SD were undetectable at time 0, rose to 

approximately 2 μM at 10 min and peaked at 30 min at 4 μM. SD was detectable but less 

than 1 μM at 8h (Figure 4B). Thus, a cytotoxic plasma level of SD was achieved by delivery 

of SD-NP by parenteral delivery.

To assess potential toxicities of SD-NP administration, mice were treated with SD-NP at 5 

mg/kg/dose or vehicle given i.p. for five consecutive doses (n=3/group). Blood chemistry, 

hematology and liver function tests were performed on mice five days after the last treatment 
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dose. As shown in Table 1, some values were significantly different between the two groups. 

For example, white blood cell count (WBC), red cell distribution width (RDW) and blood 

urea nitrogen (BUN) were significantly higher in SD-NP treated vs. control mice. Other 

values, including mean platelet volume (MPV), alkaline phosphatase and total protein (TP) 

were lower than controls. However, all blood chemistry, liver function and hematology test 

results for SD-NP treated and control mice fell within the normal limits for wild type mice 

as reported by the laboratory.

SD-NP inhibit growth and suppress AKT signaling in neuroblastoma xenograft tumors

We next treated NOD/SCID mice bearing Kelly neuroblastoma cell xenografts with SD-NP 

(n = 17) or control (n = 3). When the tumors reached 100 mm3, mice received SD-NP at a 

dose of 10 mg/kg/d or vehicle by i.p. injection, and tumor growth was monitored daily with 

calipers. As shown in Figure 5A, average tumor size of SD-NP treated mice was 

significantly lower than that of control mice beginning on day 6 after starting the treatment 

and continuing through day 8. Whereas xenograft tumors grew appreciably from day 6 to 

day 8 in control mice, tumors in SD-NP treated mice did not grow significantly during the 

same time period. Representative tumors in mice injected with empty NP and SD-NP are 

shown in Figure 5B. We next sought to determine whether the reduction in tumor growth 

was accompanied by a change in AKT activation status within tumor tissue. Toward that 

end, an independent study was conducted in tumor-bearing mice that were treated with a 

single dose of either vehicle (n = 4) or SD-NP (n = 3) in 500 μL volume by i.p. injection, 

followed by euthanasia at 8 h after the treatment. The tumors were harvested and 

homogenized for molecular analysis. As shown in Figure 5C–D, immunoblotting of tumor 

extracts revealed a reduction in AKT activation (as determined by P-AKT/T-AKT) in the 

tumors of SD-NP treated mice compared to those of empty NP treated mice. These findings 

suggest that SD-NP inhibit tumor growth and reduce AKT activation in neuroblastoma 

xenografts in vivo.

Discussion

Here, we report the effects of a natural plant sphingolipid called SD in neuroblastoma. We 

have previously shown that SD exert cytotoxicity in colon cancer cells via inhibition of AKT 

and that short-term oral administration of SD prevents intestinal tumorigenesis without 

causing toxicity [22]. Our results show that SD are cytotoxic to neuroblastoma cells 

irrespective of N-Myc amplification status. The effects of SD were observed in primary and 

transformed neuroblastoma cell lines but not in primary or transformed nonmalignant cell 

lines. We found that SD induce apoptosis and autophagy when administered at low 

micromolar doses. However, the cytotoxicity of SD in neuroblastoma is mediated 

specifically by the induction of apoptosis.

Sphingolipid metabolism and bioactive metabolites have been implicated in neuroblastoma 

biology. Sphingosine kinase 2 (SphK2), one of two lipid kinases capable of converting 

sphingosine to the anti-apoptotic and pro-angiogenic sphingolipid sphingosine 1-phosphate 

(S1P), is overexpressed in neuroblastoma [36]. Villullas et al. reported expression of S1P 

receptors 2, 3, and 5 in neuroblastoma cells [37]. S1P influences the tumor 

Zhao et al. Page 9

Invest New Drugs. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



microenvironment in neuroblastoma by inducing VEGF expression via S1P2 [36]. Since 

VEGF is highly overexpressed in poor prognosis neuroblastoma, SphK2 overexpression and 

S1P generation could potentially promote neuroblastoma progression [36]. S1P also appaB, 

AKT/PI3K, and STAT3 [38]. Li et al. reported that FTY720, a sphingosine analogue and 

S1P receptor modulatory agent, exerts an antitumor effect on neuroblastoma cells by 

reducing SphK2 expression, thereby increasing sphingosine levels and inducing apoptosis in 

a caspase-independent manner [39]. Sphingosine and S1P have been reported to induce 

neuronal cell differentiation in neuroblastoma cells [38, 40]. Similar to sphingosine and S1P, 

ceramide induces neuronal cell differentiation via a mechanism mediated by PP2A [38]. 

Given that current neuroblastoma therapy aims at achieving tumor regression through cell 

differentiation, these findings may prove to be significant. Ceramide has been implicated in 

the regulation of programmed cell death [20, 41]. Czubowicz and colleagues report that 

ceramide induces cell death regulated through PARP/apoptosis-inducing factor (PARP/PAR/

AIF) and S1P receptor signaling [42]. Kraveka et al. demonstrated that the in vitro target of 

fenretinide, a drug used for relapse and high-risk neuroblastoma, inhibits dihydroceramide 

desaturase, which is the enzyme that catalyzes the conversion of dihydroceramide to 

ceramide [43]. This suggests that dihydroceramide may be active against neuroblastoma and 

that DEGS1, the major active dihydroceramide desaturase in neuroblastoma cells, could 

function as a target in this disease. Combined with these cumulative observations, our 

findings regarding SD suggest that sphingolipid metabolites, intermediates, and/or synthetic 

analogs may have potential in neuroblastoma treatment.

SD caused a dose- and time-dependent inhibition of AKT activation in neuroblastoma cells, 

with effects in the low micromolar range. We observed similar results in other 

neuroblastoma cell lines. Importantly, pre-treatment with insulin protected neuroblastoma 

cells, inhibiting SD-mediated cytotoxicity and apoptosis. These findings suggest that in 

neuroblastoma, as in colon cancer cells, SD exert cytotoxic effects via suppression of AKT 

signaling. Deregulation of the PI3K/AKT pathway is a common event in human 

malignancies and plays a key role in cancer development, progression, and chemotherapy 

resistance. Tumors that show high levels of activated AKT have been shown to be more 

aggressive than those exhibiting low levels of AKT activation [44, 45]. All three isoforms of 

activated AKT (AKT1/2/3) have been associated with poor prognosis in neuroblastoma, but 

AKT2 regulates N-Myc expression in neuroblastoma cells and, therefore, is likely to be a 

key player in neuroblastoma biology [46]. Foley et al. demonstrated a link between micro-

RNA 184 (miR-184), N-Myc, and AKT. N-Myc represses miR-184 and thereby increases 

levels of AKT2 (a direct target of miR-184 in neuroblastoma), increasing cell proliferation 

and survival [47]. Silencing AKT2 in neuroblastoma cells has been shown to impair cell 

proliferation, migration, and invasion [46]. In neuroblastoma, amplification of AKT 

commonly occurs, and activation of AKT correlates with poor patient outcome. Analysis of 

116 primary neuroblastoma tissues demonstrated a high degree of phosphorylation of AKT 

in aggressive neuroblastoma, and a significant correlation was found between high levels of 

activated AKT and disease stage [44]. Chesler et al. reported that PI3K inhibition led to 

decreased tumor mass and reduced levels of N-Myc protein in a N-Myc murine 

neuroblastoma model [48]. Thus, the fact that SD exert their effect on neuroblastoma 

through their impact on AKT signaling is likely to have translational relevance.
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We used a nano-delivery system to administer SD parenterally and demonstrated this led to a 

reduction of neuroblastoma tumor growth and inhibition of AKT activation in vivo. The 

drug was given twice daily at a dose of 5 mg/kg per dose, roughly equivalent to the low 

micromolar doses that led to a reduction of cytotoxicity and AKT activation in 

neuroblastoma cells grown in culture. Based on our findings, we conclude that SD may have 

efficacy in neuroblastoma.

Relatively little is known about the metabolism of SD. There is evidence that SD are 

incorporated into C18:2 ceramides in mammals and other species [49, 50] and that they 

preferentially accumulate in the mitochondria of BAX/BAK double knockout mouse 

epithelial cells [51]. These findings suggest the possibility that SD could influence the 

regulation of apoptosis, consistent with our previous reports [21, 22]. However, it has been 

reported that steady-state concentrations of SD-containing ceramides are only minor 

components of the plasma ceramide pool [52]. Long chain bases are normally catabolized 

through phosphorylation by sphingosine kinase and subsequent degradation by S1P lyase 

[53]. We are not aware of any reports demonstrating that SD-phosphate formation is the 

major route of its catabolism, but we speculate that this does occur and could therefore 

create unusual long chain base phosphates that could be biologically active and/or 

competitive with endogenous phosphorylated long chain bases in interacting with targets, 

receptors and/or enzymes. SD may also be excreted unchanged, i.e., without being 

metabolized to another species [54]. Further study will be required to assess the safety and 

efficacy of SD-NP in the treatment of neuroblastoma and other malignant diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SD are cytotoxic to neuroblastoma cells but not non-malignant cells
(A) Dose response of SD-mediated cytotoxicity. Exponentially growing Kelly cells were 

exposed to a range of SD concentrations (0–15 μM). After 24 h incubation, cell viability was 

assessed by MTS assay. Results are presented as arbitrary units (AU). * P values: p < 0.001 

for 0.5 μM; p = 0.02 for 1 μM; p < 0.001 for 5 μM; p = 2 x10−6 for 10 μM; p < 2 x 10−6 for 

15 μM. The results shown are representative of three similar experiments; n = 3 for each 

point. (B) Time-dependent inhibition of viability in response to SD treatment. Exponentially 

growing Kelly cells were treated with 10 μM SD or vehicle and incubated for 0–6 h, and 

viability was determined by MTS assay. * P values: p < 0.02 for 2h; p = 1 x 10−5 for 4h; p = 

3 x 10−7 for 6h. The results shown are representative of three similar experiments; n = 3 for 

each point. (C) NIH 3T3 fibroblasts and primary human kidney cells established as 

described in Methods were exposed to a range of SD concentrations from 0–15 μM. After 24 

h, cell viability was assessed by the MTS assay. The results shown are representative of 

three similar experiments; n = 3 for each point. There is no significant difference in SD-

treated vs. vehicle-treated NIH3T3 or kidney cells at any concentration.
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Figure 2. SD mediate cytotoxicity by inducing apoptosis in neuroblastoma cells
Kelly cells were grown to 70% confluence in DMEM plus 10% FCS, then changed to 

serum-free medium and treated with vehicle or varying concentrations of SD. Cells were 

harvested at 6 h, and whole cell extracts were analysed by immunoblotting to detect (A–B) 

uncleaved and cleaved PARP as an indicator of apoptosis, or (C–D) unprocessed and 

processed LC3 as an indicator of autophagy. Actin is used as a loading control. (B) and (D) 

represent image quantification of immunoblots shown in (A) and (C), respectively. In each 

case, the ratio of cleaved PARP to uncleaved PARP or LC3II to LC3I in the vehicle sample 

was arbitrarily set at one. These experiments were repeated at least three times with similar 

results. (E) Kelly neuroblastoma cells were pre-treated with either autophagy inhibitors 

bafilomycin (BAF, 1 μM) or 3-methyladenine (3MA, 1 mM), or with the pan-caspase 

inhibitor of apoptosis Z-VAD-FMK (100 μM) for 2 h, followed by treatment with either 10 

μM SD or vehicle. Cells were incubated for an additional 12 h, harvested and evaluated for 

viability by MTS assay. This experiment was repeated at least three times with similar 

results.
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Figure 3. SD mediate cytotoxicity in neuroblastoma cells by inhibiting AKT signaling
(A) Kelly cells were grown to 70% confluence in the preferred medium plus 10% FCS, 

switched to serum-free medium, treated with 10 μM SD and incubated for an additional 0, 1, 

2, 4 or 6 h. Cells were harvested at the designated time point, and whole cell extracts were 

analyzed by immunoblotting for total AKT (T-AKT) and phosphorylated AKT (P-AKT) and 

cleaved and uncleaved PARP. (B) Kelly cells were grown as described in (A) and after 

incubation in serum-free medium for 8 h were then treated with 0–3 μM SD for 20 h. Cells 

were harvested and whole cell extracts were analyzed by immunoblotting for T-AKT, P-

AKT and cleaved and uncleaved PARP. (C) Kelly cells were serum starved for 12 h, pre-

treated with insulin (2 μg/ml) for 1 h, followed by treatment with SD (0–15 μM). After 6 h 

of incubation, cells were harvested, and cleaved and uncleaved PARP were measured by 

immunoblotting of whole cell extracts. GAPDH was used as loading control. (D) Kelly cells 

received either no pre-treatment (control), insulin (2 μg/ml) pre-treatment for 1 h to activate 

AKT signaling, 10 μM SD without pre-treatment, or insulin pre-treatment followed by SD 

treatment. Cells were incubated for an additional 6 h, and cell viability was determined by 

the MTS assay. * p < 0.05. These experiments were repeated at least three times with similar 

results.
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Figure 4. Characterization and kinetics SD-NP
(A) SD-NP were subjected to HPLC on a GF-250 size-exclusion column with continuous 

monitoring of protein absorbance at 280 nm (blue line). The red line is a plot of the SD 

content of specified fractions (filled red circles) determined by LC/MS/MS analysis. The SD 

concentration in μM is shown on the right hand Y axis. The chromatograph depicted in 

green corresponds to the 280 nm absorbance profile of control ND lacking SD while the 

black arrows depict the elution position of molecular weight standards (330, 199.5, 133 and 

66.5 kDa). (B) Plasma SD levels determined by LC/MS after delivery to wild type mice by 

i.p. route as described in Methods.
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Figure 5. SD delivered via SD-NP inhibit tumor growth and AKT signaling in neuroblastoma 
xenografts in vivo
(A) Adult NOD/SCID mice were injected subcutaneously with 2 million Kelly cells 

suspended 1:1 (v/v) in matrigel. Xenograft tumor growth was assessed daily by calipers. 

Mice were randomly assigned to groups and received either SD-NP (10 mg/kg/d) or vehicle 

by i.p. injection twice daily starting when tumors were 100 mm3 in size and continuing for 

approximately 8 d. Average tumor size in SD-NP treated mice (n = 17) are shown in red 

circles, and vehicle-treated mice (n = 3) are shown in black circles. Statistical analysis was 

performed using two-way ANOVA followed by Tukey’s post-test. †, p < 0.05 for control vs. 

SD-NP; ††, p < 0.0001 for control vs. SD-NP. (B) Shown are representative tumors from one 

control mouse (in this case harboring a single xenograft in one flank) treated with empty NP 

and one SD-NP treated-mouse (harboring xenograft tumors in both flanks). Brackets show 

longest diameter of each tumor. (C) Adult NOD/SCID mice were implanted with Kelly 

xenografts as described in (A). When tumors were 100 mm3 in size, mice either received a 

single dose of empty NP (n = 4) or SD-NP (n = 3) by i.p. injection. Mice were euthanized by 

CO2 inhalation 8 h after administration of SD-NP or empty NP. Tumors were excised and 

flash frozen for molecular analysis. Whole tumor extracts were analyzed by immunoblotting 

to detect total AKT (T-AKT) or phosphorylated AKT (P-AKT). GAPDH was used as a 

loading control. (D) Image quantification of P-AKT/ T-AKT in immunoblot shown in (C).
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