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Background: The sphingolipid metabolite sphingosine 1-phosphate (S1P) is a potent angiogenic factor.
Results: S1P content is 9-fold higher in glioblastomas compared with normal brain, and S1P production is necessary for
glioblastoma cells to trigger endothelial cell angiogenesis.
Conclusion: Excessive S1P synthesis is a major contributor to glioblastoma angiogenesis.
Significance: Inhibiting S1P synthesis may be a valuable antiangiogenic approach in glioblastoma.

Studies in cell culture and mouse models of cancer have indi-
cated that the soluble sphingolipid metabolite sphingosine
1-phosphate (S1P) promotes cancer cell proliferation, survival,
invasiveness, and tumor angiogenesis. In contrast, its metabolic
precursor ceramide is prodifferentiative and proapoptotic. To
determine whether sphingolipid balance plays a significant role
in glioma malignancy, we undertook a comprehensive analysis
of sphingolipid metabolites in human glioma and normal gray
matter tissue specimens. We demonstrate, for the first time, a
systematic shift in sphingolipid metabolism favoring S1P over
ceramide, which increases with increasing cancer grade. S1P
content was, on average, 9-fold higher in glioblastoma tissues
compared with normal graymatter, whereas themost abundant
form of ceramide in the brain, C18 ceramide, was on average
5-fold lower. Increased S1P content in the tumors was signifi-
cantly correlated with increased sphingosine kinase 1 (SPHK1)
and decreased sphingosine phosphate phosphatase 2 (SGPP2)
expression. Inhibition of S1P production by cultured glioblas-
toma cells, using a highly potent and selective SPHK1 inhibitor,
blocked angiogenesis in cocultured endothelial cells without
affecting VEGF secretion. Our findings validate the hypothesis
that an altered ceramide/S1P balance is an important feature of
human cancers and support the development of SPHK1 inhibi-
tors as antiangiogenic agents for cancer therapy.

Gliomas are themost common formof brain tumor in adults.
They are classified by theWorld Health Organization into four

grades according to malignancy. Glioblastoma (GBM)2 is the
most common form of glioma, accounting for 12–15% of all
intracranial tumors (1). There are approximately 10000 new
cases each year in the United States. Despite complete surgical
resection followed by cycles of radiotherapy and the DNA-al-
kylating agent temozolomide, median survival is only 12–15
months, and 5-year survival is less than 10% (1, 2). In an attempt
to improve quality of life and survival, targeted therapies are
being investigated to augment current treatments. Most have
failed to translate into the clinic (3). Recently, the antiangio-
genic drug bevacizumab (Avastin), a monoclonal antibody to
VEGF, was approved in the United States for patients with
recurrent GBM. Bevacizumab improves progression-free sur-
vival in GBM, associated with reduced steroid use, but confers
little or no improvement in overall survival (4, 5).Most targeted
therapies to date are directed against druggable oncogenes
identified through genomic profiling. In this study, we investi-
gate lipid metabolism as a potential therapeutic target in GBM.
The sphingolipids are one of themajor lipid families inmam-

malian cells, with a wide range of functions in the organization
of cell membranes, cell-cell recognition, and signal transduc-
tion (6). The central sphingolipid metabolite is ceramide, to
which different head groups may be added, giving rise to a
diverse array of lipid and glycolipid structures. Ceramide itself
plays an important role in the execution of cell death induced by
radiotherapy, chemotherapeutics, lethal autophagy, or proapo-
ptotic TNF family ligands (6–8). These prodeath functions of
ceramide are mediated through direct binding to protein tar-
gets such as the tumor suppressor phosphatase PP2A (9), kinase
suppressor of Ras (10), and autophagy protein LC3B-II (7).
Ceramides also play an essential role in neural stem cell differ-
entiation, mediated via direct binding to the kinase PKC� (8).
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Ceramide can be catabolized by ceramidases, producing the
monoacyl lipid sphingosine. Phosphorylation of sphingosine by
sphingosine kinase 1 (SPHK1) or 2 (SPHK2) yields the soluble
signaling metabolite sphingosine 1-phosphate (S1P) (Fig. 1A).
In direct contrast to ceramide, S1P is a potent proliferative,
prosurvival, and promigratory factor (11, 12). The majority of
the signaling functions of S1P have been attributed to its activa-
tion, at low nanomolar potency, of a family of five G protein-cou-
pled receptors, S1PR1–5. For example, S1P signaling throughS1P1,
S1P2, and S1P3 promotes GBM cell invasiveness in vitro, medi-
ated through SK1-dependent up-regulation of the urokinase
plasminogen activator and its receptor as well as the secreted
proinvasive molecule CCN1 (13, 14). However, S1P also binds
to and modifies the activity of specific intracellular proteins,
such as histone deacetylases, to mediate its effects (11).
The capacity for rapid enzymatic interconversion of cer-

amide and S1P has given rise to the “sphingolipid rheostat”
hypothesis, whereby the balance between prodifferentiative,
proapoptotic ceramide and proproliferative, prosurvival S1P
exerts a powerful influence over cancer cell fate. This is sup-
ported by a large body of data demonstrating an important role
for SPHK1 in cellular transformation and cancer progression.
SPHK1 overexpression results in oncogenic transformation of
normal fibroblasts (15, 16), whereas the absence of SPHK1 in
mice protects against the development of colon adenomas (17,
18). Up-regulation of SPHK1 has been observed inmany differ-
ent tumors, including breast (19, 20), lung (21, 22), colon (17,
18), and glioma (23, 24), and increased SPHK1 expression has
been associated with a poor survival outcome in GBM (24) as
well as breast (20) and lung cancer (22). This has made SPHK1
a target of interest in cancer for biotechnology and pharmaceu-
tical companies.
Despite the implication of SPHK1 in cancer development

and malignancy, no studies to date have reported on S1P levels
in human cancer tissue specimens. LC-MS/MS now permits
the simultaneous quantification of hundreds of lipids, allowing
us to take a holistic overviewof lipidmetabolic pathways. In this
study, we quantified levels of S1P, sphingosine, ceramide, hexo-
sylceramide (HexCer), sphingomyelin (SM) and sulfatide in
normal graymatter (NGM), diffuse astrocytoma (WorldHealth
Organization grade II, AII), anaplastic astrocytoma (World
Health Organization grade III, AIII), and GBM (World Health
Organization grade IV) tissue specimens. We demonstrate a
highly significant shift in the sphingolipid rheostat away from
ceramide and in favor of S1P in the tumor tissues that becomes
increasingly pronounced as a function ofmalignancy. Increased
S1P content was associated not only with increased SPHK1
expression but also decreased expression of an S1P phospha-
tase (SGPP2). A highly specific SPHK1 inhibitor, although not
affecting GBM cell proliferation, potently inhibits the transfer
of angiogenic signals fromGBM cells to cocultured endothelial
cells.

EXPERIMENTAL PROCEDURES

Clinical Tissue Samples—Cryopreserved and histologically
confirmed glioma specimens (AII, AIII, and GBM) were
obtained from the Steve and Lynette Waugh Brain Tumor
Bank, Centre for Minimally Invasive Neuro-surgery, Prince of

Wales Private Hospital, Australia. Enrolment was restricted to
treatment-naive tumor specimens. The medical records for all
patients were reviewed, and follow-up data were collected.
Basic clinical and demographic data collected included age,
gender, surgical procedure, treatment received, as well as over-
all survival. NGM samples were obtained from the New South
Wales Tissue Resource Centre, Australian Brain Bank Net-
work. Ethics approval (HREC reference no. 10/174) was from
the SouthEastern Sydney IllawarraAreaHealth ServiceHuman
Research Ethics Committee.
Sphingolipid Quantification by LC-MS/MS—Lipid extraction

and sphingolipid quantification was performed as described pre-
viously (25, 26). Sphingomyelins were analyzed separately follow-
ing an additional alkaline hydrolysis step as described (26, 27).
Lipids were quantified relative to external standards for each
lipid class as ratios to relevant internal standards: 1250 pmol
d18:1/12:0 SM; 250 pmol each of d18:1/12:0 HexCer and d18:
1/12:0 sulfatide; and 50 pmol each of d18:1/17:0 ceramide,
d17:1 sphingosine, and d17:1 S1P. Lipid content in each sample
was then normalized to the tissue mass. Internal and external
lipid standards were purchased from Avanti Polar Lipids.
Quantitative Real-time PCR—Total RNAwas extracted from

all tissue samples using the RNeasy� mini kit (Qiagen GmbH)
and converted to cDNA using SuperscriptTM III First Strand
synthesis kit (Invitrogen). An automated pipetting system,
epMotion 5075 (Eppendorf), was used to aliquot 5 ng of cDNA
template, 0.5 �l of TaqMan probe (Applied Biosystems), 10 �l
of TaqMan gene expression master mix (Applied Biosystems),
and 5 �l of nuclease-free water into each well. Real-time PCR
was performed on an ABI 7900HT (Applied Biosystems) using
standard run parameters. The TaqMan probes used were as
follows: ACER2 (Hs01892094_g1), ACER3 (Hs00218034_m1),
ASAH1 (Hs00602774_m1), ASAH2 (Hs01015655_m1), CERS1
(Hs04195319_s1), CERS2 (Hs00371958_g1), CERS4 (Hs00226114_
m1), SGPL1 (Hs00900722_m1), SGPP1 (Hs00229266_m1),
SGPP2 (Hs00544786_m1), SPHK1 (Hs00184211_m1), SPHK2
(Hs00219999_m1), 18 S rRNA (4319413E-0909046), andGAPDH
(Hs03929097_g1). Each probe was repeated twice for all samples.
Expression was quantified from a cDNA standard curve and nor-
malized separately to 18 S rRNA and GAPDH in each sample.
Note that therewas insufficient tissue toprepareRNAfromfourof
theAII, three of theAIII, and one of theNGMtissue samples used
for lipid extraction.
Cell Culture and SK1 Inhibitor Studies—The U87MG cell

line was obtained from the ATCC and cultured in minimal
essential medium supplemented with 2 mM L-glutamine and
10% FBS. Cells were cultured for a maximum of two months
after thawing. The glioma neural stem (GNS) cell lines RN1 and
BAH1 have been described recently (28) and were cultured in
NeurobasalTM A medium with advanced DMEM/F12 supple-
mented with 2 mM L-glutamine, B27 supplement, 20 ng/ml
bFGF, and 20 ng/ml EGF. Cell culture reagents were purchased
from Invitrogen, and growth factors were from Sigma. ForGNS
cells, culture plates were coatedwithMatrigel (BDBiosciences)
diluted 1:100 in PBS. Cells were seeded at a density of 106 cells/
10-cm dish to quantify the effect of inhibitors on sphingolipid
levels and a density of 500 cells/well in 96-well plates for MTT
assays (29). Cell proliferation over time was assayed using an
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xCELLigenceMP system (Roche Diagnostics). In all experiments,
the culture media and inhibitors were replaced every 48 h.
Assessing Cell Viability by Flow Cytometry—Cells were

seeded at a density of 5 � 104 cells/well into 12-well plates and
incubated for 48 h in growth medium or Hanks’ buffered salt
solution (HBSS) in the presence of 500 nM SKI-1a, SKI-1b, or
dimethyl sulfoxide vehicle control. Cells were dissociated and
incubated for 15 min at room temperature with 2% (v/v)
annexin V-allophycocyanin (BD Biosciences) and 2.5 �g/ml
propidium iodide. Viability was assessed on a BDFACSCanto II
flow cytometer.
LC3 Blots—Cells seeded in 12-well plates were preincubated

for 24 h with 500 nM SKI-1a or SKI-1b or vehicle control and
then incubated for a further 0, 1, 2, 4, or 7 h in HBSS with
inhibitors present. Cells were lysed with 0.2 ml radioimmune
precipitation assay buffer (10 mM Tris-HCl (pH 7.4), 100 mM

NaCl, 1 mM EDTA, 1 mM NaF, 20 mM Na4P2O7, 0.1% SDS, 1%
TritonX-100, 0.5% sodium deoxycholate, 10% glycerol, and
complete protease inhibitor mixture (Roche)). Protein extracts
(10 �g) were resolved on 4–12% NU-PAGE gels (Invitrogen)
andblottedwith anti-LC3 (1:1000,Cell SignalingTechnology) fol-
lowed by anti-rabbit IgG-HRP (1:2000, Cell Signaling Technol-
ogy). Bands were visualized withWestern Lightning Chemilumi-
nescence Reagent Plus (PerkinElmer Life Sciences), imagedwith a
Fujifilm Las-4000 CCD camera, and quantified by densitometry
with Fuji ImageQuant software.
Angiogenesis Assay—The human microvascular endothelial

cell line (HMEC-1) was cultured as described previously (30).
Angiogenesis was assessed in a three-dimensional fibrin gel
coculture model (31). Briefly, near-confluent HMEC-1 cells
were incubated with microcarrier beads for 72 h. The micro-
carriers were then embedded into fibrin gel in 24-well plates,
and U87MG cells were seeded on top (25,000 cells/well) in 500
�l of minimal essential medium, 2% FBS, and 2 mM L-gluta-
mine. Medium and compounds were replaced every 48 h, and
angiogenic sprouting was assessed after 4 days. Images of 6–10
beads/well were acquired with an AxioVert.A1 invertedmicro-
scope (Zeiss). The number and length of angiogenic sprouts
was quantified using AxioVision V4.8.2.0 software. Quantifica-
tion was performed blinded. Conditioned medium for use in
this assay was collected from near-confluent U87MG cells cul-
tured for 72 h in minimal essential medium with 2% FBS and 2
mM L-glutamine. To quantify S1P in conditionedmedium, 5 ml
of cell culture supernatant was centrifuged at 2000 rpm for 5
min to pellet any cells, and the top 4 ml was extracted with an
isopropanol/ethyl acetate mixture exactly as described by Bie-
lawski et al. (27). S1P was quantified as described above.
Angiogenesis Antibody Arrays—Angiogenesis antibody arrays

were purchased from R&D Systems. Angiogenic proteins were
detected according to the instructions of the manufacturer using
0.5 ml of cell culture supernatant.
VEGF ELISA—The Quantikine human VEGF ELISA kit from

R&D Systems was used to quantify VEGF in cell culture superna-
tants. Supernatant samples were assayed in duplicate, and the
results reported are mean � S.E. from two separate experiments.
Statistical Analyses—Lipid and gene expression data were

log-transformed to create a normal distribution before analysis
using one-way analysis of variance. Levene’s test was applied

to determine whether variances were equal between the
different sample groups. When groups displayed equal vari-
ances, Tukey’s post-test was applied to compare means
between different groups. If variances were unequal, Dunnett’s
T3 post-test was applied. Spearman correlation analysis was
used to test for significant correlations between S1P and SPHK1
or SGPP2 expression. Cell culture experiments were analyzed as
described in the figure legends.

RESULTS

Gliomas Are Characterized by Decreased Ceramide and
Increased S1P—The levels of six related groups of sphingolip-
ids, shown in Fig. 1A (ceramide, HexCer, SM, sulfatide, sphin-
gosine, and S1P), comprising 90 individual metabolites, were
quantified in NGM, AII, AIII, and GBM tissue samples. Mean
metabolite levels in gliomas relative to NGM are shown in Fig.
1B. The complete dataset is available in supplemental Table 1.
An increase in S1P content (Fig. 1C) and a decrease in total
ceramides (D) with increasing glioma grade was observed. S1P
content was, on average, 9-fold higher and total ceramides on
average 2-fold lower in GBM than in NGM tissues (p � 0.001).
Also evident was a loss of the myelin lipids HexCer and sul-
fatide, which declined by 61 and 66%, respectively, in GBM
relative toNGM. There was no significant change in total levels
of the most abundant sphingolipid, SM, between NGM and
GBM.
Total ceramide content is comprised ofmultiple distinct cer-

amide species synthesized by different ceramide synthase
enzymes. C18 ceramide (d18:1/18:0 ceramide) was by far the
most abundant form in NGM, comprising 69% of the total cer-
amide mass, and the decrease in total ceramide in the tumor
tissue samples can be attributed almost entirely to the loss of
C18 ceramide (Fig. 2A). The C18 ceramide level was, on aver-
age, 5-fold lower in GBM than in NGM (p � 0.001). The two
next most abundant forms of ceramide, C24:1 ceramide (d18:
1/24:1) and C16 (d18:1/16:0), comprising 16 and 6% of total
ceramide mass in NGM, respectively, did not decline in the
gliomas (Fig. 2, B and C). Ceramide can be converted to SM or
HexCer, or it can be catabolized to sphingosine and subse-
quently phosphorylated to yield S1P (Fig. 1). C18 SM (d18:1/
18:0) was significantly lower in GBM compared with NGM and
AII tissues (Fig. 2D), and C18 HexCer (d18:1/18:0) trended
lower in GBM compared with NGM, although the difference
was not statistically significant (E). These results indicate that
C18 ceramide was not preferentially metabolized to either of
these lipids in GBM.
Sphingolipid Enzyme Expression Is Geared toward S1P Pro-

duction in Glioma—We next determined whether the altered
levels of sphingolipid rheostat metabolites were reflected by
alterations in the associated gene expression profile. The
mRNA levels for genes encoding the enzymes capable of con-
verting ceramide to S1P, and vice versa, were measured in the
same tissue samples as were used for metabolite profiling (Fig.
3A). In agreement with results published previously (23),
SPHK1 expression increased with increasing glioma grade (Fig.
3B). The mean expression of SPHK1 was, on average, 7-fold
higher in GBM than in NGM tissues and 3-fold higher than in
AII samples (p � 0.001). There was also a notable decline in
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expression of the S1P phosphatase SGPP2, which catalyzes the
reverse reaction to SPHK1 by dephosphorylating S1P (32).
SGPP2 expression was, on average, 6-fold lower in GBM and
4-fold lower in AII compared with NGM (Fig. 3C, p � 0.001).
Accordingly, there was a positive correlation between S1P level
and SPHK1 mRNA across all tissue samples (p � 0.002, r �
0.377) and a strong inverse correlation between SGPP2 expres-

FIGURE 1. S1P/ceramide balance shifts as a function of glioma malignancy. A, schematic of basic sphingolipid metabolism. Enzymes controlling the
balance between ceramide and S1P are shown in blue italics. Entry into the pathway occurs through de novo synthesis of ceramides by ceramide synthases 1– 6
(CERS1– 6). B, heat map showing the relative abundance of different sphingolipid metabolites among the four sample groups: NGM (n � 20), AII (n � 26), AIII
(n � 10), and GBM (n � 20). Each square is the mean of all samples in that group divided by the mean of the control NGM group. Red indicates increased and
green indicates decreased abundance for each metabolite shown. S1P (C) and total ceramide (D) levels in individual tissue samples. Statistical significance was
tested as described under “Experimental Procedures” (*, p � 0.05; **, p � 0.01; ***, p � 0.001; ns, not significant). For clarity of presentation, only significance
of comparisons between NGM, AII, and GBM is shown.

FIGURE 2. C18 ceramide declines in line with glioma malignancy. Shown
are levels of C18 ceramide (A), C24:1 ceramide (B), C16 ceramide (C), C18 SM
(D), and C18 hexosylceramide (E) in NGM, AII, AIII, and GBM tissue samples.
Statistical significance was tested as described under “Experimental Proce-
dures” (*, p � 0.05; **, p � 0.01; ***, p � 0.001; ns, not significant).

FIGURE 3. Increased SPHK1 and decreased SGPP2 expression drive S1P
production in gliomas. A, heat map showing mRNA expression of enzymes
catalyzing reactions that interconvert ceramide, sphingosine, and S1P. Aver-
age gene expression levels, normalized to 18 S rRNA, in AII (n � 22), AIII (n �
7), and GBM (n � 20) are expressed as fold changes over the average of 19
NGM samples. Red indicates increased and green indicates decreased expres-
sion. Normalizing enzyme expression to GAPDH gave very similar results for
all genes examined. SGPP1, sphingosine 1-phosphate phosphatase 1; SGPL1,
sphingosine 1-phosphate lyase; ACER2, alkaline ceramidase 2; ACER3, alkaline
ceramidase 3; CERS4, ceramide synthase 4. B–E, expression level for SPHK1 (B),
SGPP2 (C), SPHK2 (D), and ASAH1 (E) is shown for each sample in the cohort.
Statistical significance was tested as described under “Experimental Proce-
dures” (*, p � 0.05; **, p � 0.01; ***, p � 0.001). Expression of neutral cerami-
dase ASAH2 was below the limit of detection.
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sion and S1P level (p � 0.0005, r � �0.412). In direct contrast
to SPHK1, average SPHK2 expression in GBM tissues was
3-fold lower than in NGM (p � 0.001) and 2-fold lower than in
AII samples (p � 0.01), suggestive of an inverse regulation of
these two enzymes (Fig. 3D).
C18 ceramide synthesis is catalyzed primarily by CERS1,

which is highly abundant in the brain (33, 34). CERS1 expres-
sion was unchanged between NGM and the astrocytoma sam-
ples, indicating that reduced C18 ceramide levels could not be
attributed to the loss of this enzyme. Interestingly, expression
of CERS2, the enzyme responsible for formation of very long
chain ceramides (33, 35), was, on average, 2.3-, 2.7-, and 2.1-fold
higher in AII, AIII, and GBM tissues, respectively, compared
with NGM (p � 0.001). Acid ceramidase (ASAH1), which con-
verts ceramide to sphingosine, was significantly up-regulated in
all gliomas (Fig. 3E), although less so in GBM compared with
AII and AIII tissues. Increased expression of CERS2maymain-
tain levels of very long chain ceramides such as C24:1 (Fig. 2B)
despite increased flux through the ceramidase-SPHK1 path-
way. Overall, our metabolite and gene expression results sug-
gest increased flux through the pathway converting ceramide to
S1P, with themost significant changes being gain of SPHK1 and
loss of SGPP2.
A Highly Specific SPHK1 Inhibitor Does Not Affect GBM Cell

Proliferation and Viability—Recently, some controversy over
the role of SPHK1 in cancer cell proliferation and survival has
arisen, with three independent research teams reporting on
highly potent, highly selective SPHK1 inhibitors that do not
affect cancer cell proliferation or survival (36–38). In light of
our gene expression and metabolite data, we probed the role of
S1P overproduction by SPHK1 in GBM cell proliferation and
viability using one of these inhibitors, SKI-1a, which has a Ki of
100 nM (36). The stereoisomer, SKI-1b, is two orders of magni-
tude less potent as a SPHK1 inhibitor and, therefore, acts as a
control compound.
In theGBMcell lineU87MG,which expresses SPHK1 at high

levels (Fig. 4A), SKI-1a, but not SKI-1b, dose-dependently
reduced S1P levels (B). This was coupled to an increase in
sphingosine and total ceramide (Fig. 4, C and D). Despite this,
SKI-1a had no effect on U87MG proliferation, assessed using
either the MTT assay or the xCELLigence system (Fig. 4, E and
F), or cell viability, assessed by flow cytometry (G). SKI-1a did
not sensitize these cells to temozolomide (TMZ), the standard
therapy used for GBM in the clinic (Fig. 4H).
Similarly, SKI-1a did not affect proliferation, temozolomide

sensitivity, or viability of the primary GNS cell line RN1 (28),
which is also characterized by high SPHK1 expression (Fig. 5,
A–E). GNS cells are maintained in serum-free medium supple-
mented with bFGF and EGF. These conditions accurately pre-
serve the glioblastoma phenotype, resulting in a cell culture
model that more closely resembles clinical GBM (39). There
was also no effect of SKI-1a on proliferation or viability of the
GNS cell line BAH1 (data not shown), which is characterized by
lower SPHK1 expression (Fig. 5A). SPHK1 has been reported to
maintain cell viability under conditions of nutrient deprivation
and enhanced autophagy (40). Inhibition of autophagosome
turnover with chloroquine, visualized as accumulation of the
autophagy marker LC3B-II, indicated active autophagy under

growth conditions. Ahigh concentration of SKI-1a (500 nM) did
not affect basal autophagy or the modest induction of LC3B-II
seen at �2 h under conditions of nutrient deprivation (Fig. 5F).
SKI-1a treatment did not sensitize U87MG or RN1 cells to loss
of viability caused by culturing under conditions of nutrient
deprivation (Figs. 4G and 5E). In summary, these results indi-
cate that GBM cell proliferation and viability are not directly
dependent on bulk S1P production by SPHK1.
SPHK1 Activity Is Necessary for Angiogenic Signaling—S1P

has for some time been recognized as a potent angiogenic fac-
tor, and a role in tumor angiogenesis has been established using
both genetic and pharmacological approaches (41–43). Angio-
genesis was examined in a three-dimensional coculture model
in which HMEC-1 cells were grown on microcarrier beads
embedded in a fibrin gel and formed sprouts in response to
angiogenic factors secreted byU87MGcells grownon top of the
fibrin gel (Fig. 6A). This in vitro model closely reproduced all
the key features of physiological angiogenesis (31, 44). In the
absence ofU87MGcells, therewas very little sprouting of endo-
thelial cells after 4 days in culture. Addition of U87MG cells
promoted endothelial sprouting from the microcarriers, which
was dose-dependently inhibited by SKI-1a but not the control
compound, 1b (Fig. 6, A–D). The number of sprouts, average
sprout length, and the proportion of long sprouts were reduced
at 100 nM and further reduced at 300 nM SKI-1a, correlating
well with the concentration needed to block S1P production by
U87MG cells (Fig. 4A). Importantly, SKI-1a had no effect on
HMEC-1 proliferation or viability at concentrations up to 1 �M

(Fig. 6E). These findings indicate that SPHK1 activity is
required for the transfer of angiogenic signals from GBM cells
to cocultured endothelial cells.
To test whether SPHK1 activity in the U87MG cells or the

HMEC-1 cells, or both, is required for angiogenesis, condi-
tioned medium taken from U87MG cells was added to
HMEC-1 cells on microcarriers, and sprouting was assessed
after 4 days in the presence or absence of SKI-1a. Treatment of
the U87MG cells with 500 nM SKI-1a reduced the S1P concen-
tration in the culture medium by 73% (Fig. 7A). Angiogenic
sprouting was inhibited in conditioned medium taken from
U87MG cells that had been treated with SKI-1a (Fig. 7, B–D)
but not when SKI-1a was added to the assay after collecting
conditionedmedium fromuntreatedU87MGcells (E--G). This
indicates that SPHK1 activity inGBM, but not endothelial cells,
is necessary to induce angiogenic behavior in the coculture sys-
tem. Endothelial sprouting in conditioned medium taken from
U87MG cells treated with SKI-1a was rescued by addition of
S1P (Fig. 7, B–D), strongly suggesting that S1P, secreted into
the conditioned medium by GBM cells, is an essential cofactor
for endothelial sprouting. In further support of this hypothesis,
conditionedmedium fromU87MG cells treated with SKI-1a or
1b was analyzed for expression of 55 different angiogenic cyto-
kines. Secretion of angiogenic factors, including VEGF, uPA,
and IL-8, by the U87MG cells was clearly evident (Fig. 8). How-
ever, this was not affected by SKI-1a or 1b treatment. Because
VEGF is an important angiogenic factor and a current target in
GBM therapy, a VEGF ELISA was used to verify the absence of
any change in VEGF levels in the supernatant of U87MG cells
treated with SKI-1a. VEGF was present at an average of 1.74 �
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0.008, 1.63 � 0.012, and 1.50 � 0.17 ng/ml supernatant from
U87MG cells treated for 48 h with vehicle, 500 nM SKI-1a, or
500 nM SKI-1b, respectively.

DISCUSSION

The hypothesis that cancer cell fate is heavily influenced by
the balance between prodifferentiative, proapoptotic ceramide
and prosurvival, proangiogenic S1P was first postulated in the
1990s (6, 11, 45). However, few studies have investigated sph-
ingolipid levels in cancer tissue specimens. Our results indicate
a metabolic shift in favor of S1P and at the expense of ceramide
in human gliomas, suggestive of an increased drive through the
pathway converting ceramide to S1P. The magnitude of this
metabolic shift increased with increasing malignancy so that it
was relatively universal inGBM tissues. All GBMs analyzed had
lower C18 ceramide, and 80% had higher S1P, than any of the
NGM samples (Figs. 2A and 1C, respectively). This suggests
that these changes to sphingolipidmetabolism are independent
of the individual genetic fingerprint of each cancer sample,

which varies greatly in GBM. Although elevated S1P has been
reported in plasma samples from ovarian and breast cancer
patients (41, 46), this is the first study to demonstrate increased
S1P levels in human cancer tissues.
The sphingolipid profiling results are supported by the gene

expression profile, which also points to an increased drive
through the pathway converting ceramide to S1P. Numerous
studies have described increased SPHK1 expression in a wide
array of cancers, including GBM, and have shown that high
SPHK1 expression is associated with a poor prognosis (20–24).
In addition to SPHK1 up-regulation, we show that the S1P
phosphatase SGPP2 is significantly down-regulated in astrocy-
tomas, particularly GBM. Loss of SGPP2 was relatively univer-
sal, with 17 of 20GBM samples having lower SGPP2 expression
than any of theNGMsamples. The difference in SGPP2 expres-
sion between AII and NGM samples was more pronounced
than for SPHK1, suggesting that loss of SGPP2 is a major con-
tributor to higher S1P levels in these gliomas. SGPP1 expres-
sion has been shown previously to increase ceramide levels by

FIGURE 4. A selective inhibitor of SPHK1 does not affect GBM cell proliferation or survival. A, expression of SPHK1, normalized to 18 S rRNA, was compared
in a panel of GBM cell lines. The expression level is relative to the U251 cell line (mean � S.D. from three measurements). B–D, S1P (B), sphingosine (C), and total
ceramide (D) content of U87MG cells treated for 72 h with SKI-1a or 1b at the indicated concentrations. Lipids were extracted and quantified as described under
“Experimental Procedures.” E, the effect of SKI-1a and 1b on U87MG cell proliferation was assessed after 7 days by MTT assay. F, the effect of 500 nM SKI-1a or
1b on U87MG proliferation was assessed using the xCELLigence real-time growth assay system. G, viability of U87MG cells cultured for 48 h in growth medium
or HBSS in the presence of 500 nM SKI-1a, SKI-1b, or vehicle control (Veh). The proportion of non-viable cells, as detected using annexin V/propidium iodide
staining and flow cytometry, is shown. H, the effect of SKI-1a on viable U87MG cell number in the presence of the indicated concentrations of temozolomide
(TMZ) was assessed by MTT assay. Cells were treated for 6 days. Results are mean � S.D. from a minimum of three treatments and are representative of two
experiments. Statistical significance was determined using a two-way analysis of variance followed by Bonferroni’s post-test to compare SKI-1a to 1b. *, p �
0.05; **, p � 0.01; ***, p � 0.001.
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recycling S1P, formed by SPHK2, into sphingosine and, thence,
ceramide at the endoplasmic reticulum (47). Therefore, it is
possible that the loss of SGPP2 expression in astrocytomas,
potentially in conjunction with decreased SPHK2 expression,
drives ceramide levels down. This will be investigated in future
studies.
A decline in total ceramides in high-grade versus low-grade

gliomas, and in gliomas compared with peritumoral tissue, has
been demonstrated in a previous study that used a biochemical
assay tomeasure ceramide content (48). Total ceramide content is
comprised of multiple distinct ceramide species that cannot be
distinguished using these older biochemical approaches but are
readily distinguished using LC-MS/MS. In this study, we iden-
tify a specific reduction in C18 ceramide as a function of tumor
grade. In a study looking specifically at ceramide levels in head

and neck squamous cell carcinoma, C18 ceramide was also the
only form of ceramide whose levels were decreased, and levels
of this metabolite inversely correlated with metastasis (49).
CERS1-mediated C18 ceramide synthesis was shown subse-
quently to induce cell death in head and neck carcinoma cells
(50), an effect that appears to result from lethal mitochondrial
autophagy (7). Noting that GBM is a distinct disease from the
grade II and III astrocytomas used in this study, we hypothesize
that reduced C18 ceramide levels may be a common feature in
several forms of cancer, contributing to the intrinsic resistance
to cell death that is characteristic of cancer cells.
Our results address a significant controversy in current

research on SPHK1 and S1P. An abundance of literature using

FIGURE 5. SPHK1 inhibitor SKI-1a does not affect GNS cell proliferation or
survival. A, expression of SPHK1, normalized to 18 S rRNA, was compared in a
panel of GNS cell lines. The expression level is relative to the BAH1 cell line. B,
the effect of SKI-1a and 1b on RN1 proliferation was assessed after 7 days by
MTT assay. C, the effect of 500 nM SKI-1a or 1b on RN1 proliferation was
assessed using the xCELLigence real-time growth assay system. D, the effect
of SKI-1a on viable RN1 cell number after 3 days in the presence of temozolo-
mide (TMZ), measured using an MTT assay. E, RN1 cells were cultured for 48 h
in growth medium or HBSS in the presence of 500 nM SKI-1a, SKI-1b, or vehicle
control (Veh). The proportion of non-viable cells was determined by flow
cytometry. Proliferation and viability results are mean � S.D. derived from a
minimum of three treatments and are representative of two experiments. F,
RN1 cells were pretreated for 24 h with 500 nM SKI-1a, SKI-1b, or vehicle con-
trol and then incubated for the indicated times in HBSS. Lysates were blotted
with anti-LC3B, after which the membranes were stripped and reprobed with
anti-�-tubulin as a loading control. The arrows indicate the lower LC3B-II
band, a marker of autophagy. Some wells were treated for 24 h with 10 �M

chloroquine (Chlq) as a positive control to block autophagosome turnover. V,
vehicle control.

FIGURE 6. SPHK1 activity is required for in vitro angiogenesis. A–D,
HMEC-1 cells grown on microcarrier beads were cocultured with U87MG cells,
and angiogenic response was assessed after 4 days. A, representative images
of microcarrier beads in the absence (i) or presence (ii–iv) of U87MG cells
treated with vehicle only (ii), 0.3 �M SKI-1a (iii), or 0.3 �M SKI-1b (iv). Scale bar �
100 �m. B–D, number of sprouts per microcarrier (B), mean length of each
sprout (C), and percentage of sprouts greater than 100 �m in length (D) were
determined for a minimum of 10 microcarriers derived from three experimen-
tal repeats. Mean � S.D. are shown for each condition. The base-line values
obtained with microcarriers in the absence of cocultured U87MG cells are
shown as dotted lines. E, HMEC-1 cells were treated for 7 days with the indi-
cated concentrations of SKI-1a or 1b, and viable cell number was assessed
with an MTT assay (mean � S.D. from triplicate treatments, representative of
two experiments). Statistical significance was determined using a two-way
analysis of variance followed by a Bonferroni’s post-test to compare SKI-1a to
1b. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001.
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both genetic ablation and SPHK inhibitors with micromolar
inhibitory constants has described a role for SPHK1 in cancer
cell proliferation and resistance to radiotherapy and chemo-
therapeutics (19, 51–53). In agreement with the results pub-
lished by Kharel et al. (36), Schnute et al. (37), and Rex et al.
(38), we found that specific pharmacological inhibition of bulk
S1P production by SPHK1 does not affect cancer cell prolifer-
ation and therapeutic resistance. However, SKI-1a did inhibit
the angiogenic response of cocultured endothelial cells, in
agreement with recent results showing an antiangiogenic effect

of another SPHK1 inhibitor (41) and an inhibitory effect of
SPHK1 silencing in cancer cells on the alignment of cocultured
endothelial cells into tube-like structures in the two-dimen-
sional Matrigel angiogenesis model (54). SKI-1a affected the
early sprouting response in our experiments, as treatment with
this compound elicited a reduction in both the number of
sprouts and the length of sprouts, particularly the alignment of
endothelial cells into long, multicellular sprouts (Fig. 6D).
A number of observations indicate that SKI-1a inhibits endo-

thelial sprouting by blocking the secretion of S1P byGBM cells:
1) S1P in the culture medium of U87MG cells treated with
SKI-1a was reduced by 73%; 2) endothelial sprouting was inhib-
ited in conditionedmedium taken fromGBM cells treated with
SKI-1a but not when SKI-1a was added to endothelial cells cul-
tured in conditioned medium from untreated GBM cells; 3)
addition of exogenous S1P to conditioned medium taken from
GBM cells treated with SKI-1a restored angiogenic sprouting;
and 4) secretion of major angiogenic factors, including VEGF,
by GBM cells was not affected by SKI-1a treatment. This latter
result demonstrates that S1P signaling is required even when
potent angiogenic factors such as VEGF are present in the cul-
turemedium.An essential role for S1P, signaling through endo-
thelial cell S1P1 receptors, in tumor angiogenesis has been
demonstrated previously (43), and an anti-S1P monoclonal
antibody has been shown to inhibit tumor angiogenesis (42).
The inhibitors used in this study exhibit a very short half-life in
vivo (36), precluding their use in preclinical mouse models of
GBM. It will be of great interest and importance to determine
whether future potent and selective SPHK1 inhibitors with an
improvedpharmacokinetic profile inhibitGBMangiogenesis in
mouse models.
In conclusion, the changes to sphingolipid metabolism that

we describe in this study are an important confirmation that the
ceramide-S1P rheostat is broadly relevant to human cancer tis-
sue. Concomitant up-regulation of SPHK1 and down-regula-
tion of the S1P phosphatase SGPP2 underscores the impor-
tance of S1P production in astrocytomas. An order of
magnitude increase in the local S1P concentration is very likely
to play a key role as a driver of angiogenesis in GBM, which is a
highly angiogenic tumor. Anti-VEGF therapies afford an

FIGURE 7. SPHK1-mediated S1P secretion by GBM cells drives in vitro
angiogenesis. A, S1P concentration in cell culture medium was determined
following 72 h treatment of U87MG cells with vehicle (Veh), 500 nM SKI-1a (1a),
or 500 nM SKI-1b (1b). Results are mean � S.D. of four independent treat-
ments. B–D, number of sprouts per microcarrier (B), mean sprout length (C),
and percentage of sprouts greater than 100 �m in length (D) were deter-
mined for HMEC-coated microcarriers cultured for 4 days in conditioned
medium taken from U87MG cells treated with vehicle, 500 nM SKI-1a, or 500
nM SKI-1b. S1P (100 nM) was added directly to the angiogenesis assay where
indicated. Results shown are mean � S.D. derived from a minimum of 10
microcarriers/condition and are representative of two independent experi-
ments. Statistical significance was determined using a one-way analysis of
variance followed by Dunnett’s post-test comparing all treatments to the
vehicle control. *, p � 0.05, **, p � 0.01, ***, p � 0.001. E–G, number of sprouts
per microcarrier (E), mean sprout length (F), and percentage of sprouts
greater than 100 �m in length (G) were determined for HMEC-coated micro-
carriers cultured for 4 days in U87MG cell-conditioned medium and treated
with vehicle or 500 nM SKI-1a. None of these measures differed significantly
between the vehicle control and SKI-1a, as determined by unpaired t tests.

FIGURE 8. SPHK1 inhibition does not affect secretion of angiogenic cyto-
kines by U87MG cells. Angiogenesis antibody arrays were probed with con-
ditioned medium taken from U87MG cells incubated for 48 h with 500 nM

SKI-1a, SKI-1b, or dimethyl sulfoxide vehicle. The five strongest signals
detected on the membrane corresponded to Serpin E1, TIMP-1, uPA, IL-8, and
VEGF, as indicated. The control membrane was probed with fresh medium.
Positive spots in the control medium are intrinsic controls on each array mem-
brane. No angiogenic cytokines were detected on this membrane.
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improvement in quality of life and progression-free survival in
GBM but do not significantly enhance overall survival (4, 5).
Combining anti-VEGF treatments with inhibition of S1P syn-
thesis could enhance the potency of antiangiogenic therapies in
GBM and other highly vascular tumors. Our results, therefore,
provide important evidence supporting inhibition of S1P syn-
thesis as a target for antiangiogenic therapy in cancer.
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