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Abstract

Sphingosine 1-phosphate (S1P) signaling influences numerous cell biological mech-
anisms such as differentiation, proliferation, survival, migration, and angiogenesis.
Intriguingly, our current knowledge is based solely on the role of S1P with an 18-car-
bon long-chain base length, S1P d18:1. Depending on the composition of the first
and rate-limiting enzyme of the sphingolipid de novo metabolism, the serine pal-
mitoyltransferase, other chain lengths have been described in vivo. While cells are
also able to produce S1P d20:1, its abundance and function remains elusive so far.
Our experiments are highlighting the role of S1P d20:1 in the mouse central nervous
system (CNS) and human glioblastoma. We show here that S1P d20:1 and its pre-
cursors are detectable in both healthy mouse CNS-tissue and human glioblastoma.
On the functional level, we focused our work on one particular, well-characterized
pathway, the induction of cyclooxygenase (COX)-2 expression via the S1P recep-
tor 2 (S1P,). Intriguingly, S1P d20:1 only fairly induces COX-2 expression and can
block the S1P d18:1-induced COX-2 expression mediated via S1P, activation in the
human glioblastoma cell line LN229. This data indicates that SIP d20:1 might act as
an endogenous modulator of S1P signaling via a partial agonism at the S1P, receptor.
While our findings might stimulate further research on the relevance of long-chain
base lengths in sphingolipid signaling, the metabolism of S1P d20:1 has to be con-

sidered as an integral part of S1P signaling pathways in vivo.
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1 | INTRODUCTION bovine central nervous system cells and tissues,'*>! only one

Sphingolipids are structural and signaling components of all
living organisms, defined by a hydrophilic head group and a
hydrophobic long-chain sphingoid base (LCB).! The metab-
olite sphingosine 1-phosphate (SIP) participates in a myriad
of signaling cascades and performs indispensable functions
like lymphocyte trafficking and endothelial cell function.”
The exact mechanism of action of SIP depends on the local
S1P concentration and on the cell-specific receptor profile.
Indicating the importance of such regulative mechanisms,
some effects of S1P are even opposing. For example, while S1P
is crucial in the maintenance of vascular integrity,3 # it can also
act as a proinflammatory mediator by inducing cyclooxygen-
ase (COX)-2 expression and activity in various cell types.s’7

In the de novo synthesis of all sphingolipids, the highly
conserved, rate-limiting enzyme serine palmitoyltransfer-
ase (SPT) catalyzes the initial condensation of different
acyl-CoAs usually with the amino acid L-serine to form the
precursor of sphingoid bases, 3-ketosphinganine. Although
fatty acids such as myristoyl-CoA (with 14 carbon atoms
[C14]) and stearoyl-CoA (C18) can form LCBs with a C16
and C20 chain length respectively, C18-LCBs generated
by palmitoyl-CoA (C16) as a substrate are most abundant
in eukaryotes.8 The SPT is a complex composed of large
subunits (SPTLC1 with either SPTLC2 or SPTLC3) and
small subunits (SPTssa or SPTssb).” The acyl-CoA pref-
erence and formation of different LCBs are attributed to
the discrete specificities of SPT subunits in the isoenzyme
complex. In different studies, it was demonstrated that
the SPTLC3 subunit favors the condensation of myris-
toyl-CoA, while the subunit SPTssb facilitates the use of
stearoyl-CoA.&10

The current data indicate a distinct functional relevance
of sphingolipids with C20-LCBs: The precursor of stea-
ryl-CoA, stearic acid, was demonstrated to alleviate throm-
bogenic and atherogenic risk factors in healthy males."!
Importantly, higher levels of stearic acid were associated
with a lower risk of cancer.'> Moreover, higher concen-
trations of sphingolipids with C20-LCBs in plasma have
also been shown to predict cardiovascular events.'® In
mice, Zhao et al have shown that the accumulation of C20-
LCBs by SPTssb mutation leads to compromised neural
and retinal functions."’

We propose that some of these functions could be medi-
ated by changes in S1P signaling, as C18-LCBs will finally
lead to SIP d18:1 and C20-LCBs to S1P d20:1. In this con-
text, one recent study showed that S1P with C16- to C20-
LCBs differ in their ability to activate the S1P receptors.18
However, to our knowledge, quantitative data on the concen-
trations of sphingolipids with C20-LCBs in the organism are
sparse and contradictory. While C20-LCBs were reported to
be abundantly present in gangliosides of rabbit, horse, and

study so far suggests high concentrations of SIP d20:1 in the
rodent brain.!” However, until now, no comprehensive data of
the distribution and functional relevance of S1P d20:1 in vivo
have been published.

The hypothesis of LCB-length-dependent efficacy
of SIP'™ and the suspected abundance of sphingolipids
with C20-LCBs in diverse tissues and especially the brain
prompted us to investigate the functional relevance.

We investigated the S1P d20:1 concentration in central
nervous system (CNS) tissue and performed first mechanistic
studies to provide evidence for a potential (patho-)physiolog-
ical relevance of S1P d20:1 which would add another layer of
complexity to the regulation of S1P signaling.

2 | MATERIAL AND METHODS

2.1 | Materials

S1P d18:1 and S1P d20:1 were purchased from Avanti polar
lipids (Alabaster, USA) and JTE-013 was from Cayman
Chemicals (Michigan, USA).

2.2 | Cell culture and stimulation

LN229 human glioblastoma cells between 15 and 30 pas-
sages were cultured in 6-well cell culture plates and DMEM
medium with 10% fetal calf serum (FCS) and 1% Pen/Strep
was used as a growth medium. All media used for the cell
culture and other components were acquired from Thermo
Fisher Scientific (Darmstadt, Germany). After reaching con-
fluency, cells were preincubated with serum-free medium.
After 16 hours, LN229 cells were stimulated with S1P d18:1,
S1P d20:1, and JTE-013 as indicated in the respective figure
legends. All stimulations were performed for 2 hours time
points unless mentioned otherwise. S1P (d18:1 and d20:1)
was dissolved in 0.4% fatty acid-free bovine serum albumin
(BSA) in phosphate-buffered saline (PBS). JTE-013 was dis-
solved in dimethyl sulfoxide. All control cells were treated
with vehicle alone.

2.3 | Two-step polymerase chain reaction
(PCR) analysis

Two-step PCR analysis was performed as described previ-
ously.5 Briefly, 1 pg of total RNA was isolated with TRIZOL
reagent (Sigma-Aldrich, Steinheim, Germany) according to
the manufacturer's protocol and used for the reverse tran-
scriptase-polymerase chain reaction (RT-PCR; RevertAid
first strand cDNA synthesis kit, Thermo Fisher Scientific,
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Darmstadt, Germany) utilizing random hexamer primers
for amplification. Real-time PCR (TagMan) was performed
using the Applied Biosystems 7500 Fast Real-Time PCR
System. Probes, primers, and the reporter dyes 6-FAM
and VIC were from Thermo Fisher Scientific (Darmstadt,
Germany). The cycling conditions were as following: 95°C
for 15 minutes (1 cycle), 95°C for 15 seconds and 60°C for
1 minute (40 cycles). The threshold cycle (Ct) was calcu-
lated by the instrument's software (7500 Fast System SDS
Software version 1.4). Analysis of the relative mRNA ex-
pression was performed using the AACt method. GAPDH
mRNA was used for normalizing.

2.4 | Western blot analysis

Following stimulation, medium from the 6-well plates
was aspirated completely and the cells were washed once
with PBS solution. After adding 75 pL of cold lysis buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 10% glycerol,
1% Triton X-100, 2 mM ethylenediaminetetraacetic acid
(EDTA), 2 mM ethylene glycol-bis(p-aminoethyl ether)-
N,N,N’",N’,-tetraacetic acid, 40 mM f-glycerophate, 50 mM
sodium fluoride, 10 mg/mL leupeptin, 10 mg/mL pepsta-
tin A, 1 mM phenylmethyl sulphonyl fluoride), the cells
were scraped and homogenized by sonication for 5 min-
utes. These samples were then centrifuged for 15 minutes
at 16 200 g and the supernatant was collected for protein
determination using BCA assay. Cell lysates containing
equal amounts of protein (25 pg) were separated on so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(10% acrylamide gel) and transferred on to a nitrocellulose
membrane and further subjected to Western blot analysis.
The antibodies used in this study include COX-2 anti-
body (sc-1747 (M19), Santa Cruz, Heidelberg, Germany)
and B-actin antibody (A-2228, Sigma Aldrich, Steinheim,
Germany).

2.5 | PRESTO-Tango assay

The PRESTO-Tango assay was performed according to
Kroeze et al.?? Briefly, HTLA cells (HEK293 stable cell
line expressing a tTA-dependant luciferase reporter and a
B-arrestin2-TEV fusion gene) were cultured in DMEM me-
dium supplemented with 10% FCS, puromycin (2 pg/mL),
hygromycin (100 pg/mL), and maintained in a humidified
condition at 37°C in 5% CO,. Cells were grown in P100 cell
culture dishes coated with Poly-L-Lysine (50 pg/mL dis-
solved in PBS). At 50% confluency, cells were transfected
with the SIPR2-Tango construct (a gift from Bryan Roth,
Addgene plasmid #66497; http://n2t.net/addgene:66497;
using Lipofectamine 2000 according to the manufacturer's

protocol (Thermo Fisher Scientific, Darmstadt, Germany).
After 24 hours, cells were transferred in the HTLA selec-
tion medium onto a poly-L-Lysine coated 24-well plate
(Greiner Bio-one). Cells were allowed to adhere to the sur-
face for 4 hours, then the complete medium is replaced with
minimal medium and cells were starved for 12-16 hours.
After starvation, the cells were stimulated with S1P d18:1
and S1P d20:1 in different concentrations for 16 hours as
depicted in Figure 4C, D. Luciferase activity was meas-
ured according to the manufacturer's protocol using the
Dual-Luciferase Reporter Assay System (E1910, Promega,
Madison, USA) on the GloMax Discover System (Promega,
Madison, USA). The luciferase luminescence units were
normalized to protein values analyzed using Bradford pro-
tein assay.

2.6 | Transient transfection of CHO-K1 cells
Chinese hamster ovary (CHO) cells (CHO-K1) were cul-
tured in DMEM/F-12 (1:1) complete medium in the humidi-
fied temperature of 37°C in 5% CO,. When cells reached
70% confluency the CHO-K1 cells were transiently trans-
fected with SIP receptor 2 (S1P,)-GFP (kindly provided
by Dr. Deron Herr, Expression Drug Designs, San Diego,
USA).23 For Transfection, Lipofectamine 2000 (Thermo
Fisher Scientific, Darmstadt, Germany) was utilized follow-
ing the manufacturer's instructions. Following transfection,
cells were transferred to poly-L-lysine coated p-slide 8 well
plates (ibidi 80 824). The next day, cells were treated for
2 hours with S1P d18:1 and S1P d20:1, respectively, or with
S1P d20:1 for 1 hours followed by S1P d18:1. Thereafter,
cells were fixed with 4% formalin solution for 30 minutes,
washed with PBS and stained with DAPI for 5 minutes, and
finally stored in PBS. Images were acquired using LSM 510
Meta microscope equipped with a Plan-Apochromat 63/1.4
oil immersion objective (Carl Zeiss, Jena, Germany) as de-
scribed before.?* For the quantification of S1P, internaliza-
tion, ImagelJ software was used to measure the fluorescence
ratio of the cytoplasm and the plasma membrane. These ra-
tios were used for data analysis which was performed using
GraphPad Prism (v5.01; GraphPad Software Inc, San Diego,
CA, USA). The image quantification was performed in a
blinded fashion.

2.7 | Liquid chromatography/tandem mass
spectrometry analysis

Tissue samples were mixed with 200 pL of extraction buffer
(citric acid 30 mM, disodium hydrogen phosphate 40 mM)
and spiked with 20 pL of the internal standard mixture.
Afterwards, four zirconium oxide grinding balls and 600 pL
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of methanol:chloroform:HCL (15:83:2, v/v/v) were added.
Samples were homogenized using a swing mill (Retsch,
Haan, Germany, 25 Hz for 2.5 minutes). Samples were fur-
ther processed as described for plasma previously.25 For tis-
sue levels in mice, 8-week-old, male, C57BL/6] mice were
obtained from Charles River, Sulzfeld, Germany. Tissue sam-
ples from patients were provided by the University Cancer
Center Frankfurt (UCT). Written consent was obtained from
all patients and the study was approved by the Institutional
Review Boards of the UCT and the Ethical Committee of
the University Hospital Frankfurt (project-number: SNO-7-
2019). Internal standard mixture consisted of sphingosine
d18:1-d7, sphinganine d18:0-d7, S1P d18:1-d7. Reference
substances (sphingosine d18:1, sphingosine d20:1, sphinga-
nine d18:0, sphinganine d20:0, S1P d18:1 and S1P d20:1)
were purchased from Avanti Polar Lipids (Alabaster, USA).

For the analysis of PGE,, cell pellets were resuspended
in 200 pL of PBS. Samples were spiked with isotopically la-
beled internal standard (PGE,-d4), 100 pL of EDTA solu-
tion (0.15 M) and 600 pL ethyl acetate. Afterward, samples
were vortexed and centrifuged at 20 000 g for 5 minutes. The
organic phase was removed and the extraction was repeated
with 600 pL ethyl acetate. The organic fractions were com-
bined and evaporated at a temperature of 45°C under a gen-
tle stream of nitrogen. The residues were reconstituted with
50 pL of acetonitrile/water/formic acid (20:80:0.0025, v/v/v)
and transferred to glass vials. For calibration standards and
quality control samples, 200 pL of PBS were spiked with
standard working solutions and processed like the samples,
starting from spiking the internal standard.

The LC-MS/MS analysis was carried out using an Agilent
1290 Infinity LC system (Agilent, Waldbronn, Germany)
coupled with a hybrid triple quadrupole linear ion trap mass
spectrometer QTRAP 6500+ (Sciex, Darmstadt, Germany)
equipped with a Turbo-V-source operating in negative ESI
mode. The chromatographic separation was carried out using
a Synergi Hydro-RP column (150 X 2 mm, 4 um particle size
and 80 A pore size; Phenomenex, Aschaffenburg, Germany). A
gradient program was employed at a flow rate of 300 pL/min.
Mobile phase A was water/formic acid (100:0.0025, v/v) and
mobile phase B was acetonitrile/formic acid (100:0.0025, v/v).
The analytes were separated under gradient conditions within
16 minutes. The injection volume was 10 pL. The gradient
program started with 90% A for 1 minute, then mobile phase
A was decreased to 60% within 1 minute, held for 1 minute,
further decreased to 50% within 1 minute and held for 2 min-
utes. Within 2 minutes, mobile phase A was further decreased
to 10% and held for 1 minute. Within 1 minute, the initial con-
ditions were restored, and the column was reequilibrated for
6 minutes. Mass spectrometric parameters were set as follows:
Tonspray voltage —4500 V, source temperature 500°C, curtain
gas 40 psi, nebulizer gas 40 psi and Turbo heater gas 60 psi.
Both quadrupoles were running at unit resolution.
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For analysis and quantification, Analyst Software 1.6.3 and
Multiquant Software 3.0.2 (both Sciex, Darmstadt, Germany)
were used. The following precursor-to-product ion transition
was used for the quantification of PGE,: m/z 351.2 — m/z 315.0.
The peak area of the analyte was corrected by the peak area of
the corresponding internal standard. The calibration curve was
constructed using linear regression with 1/x° wei ghting. The co-
efficient of correlation was at least 0.99. Variations in accuracy
were less than 15% over the whole range of calibration, except
for the lowest limit of quantification, where a variation in accu-
racy of 20% was accepted.

2.8 | Statistical analysis

Statistical analysis was performed in GraphPad Prism (v5.01;
GraphPad Software Inc, San Diego, CA, USA). Sphingolipid
levels in mouse CNS and human glioblastoma were com-
pared using repeated measures ANOVA. All other statistical
analyses were performed using one-sided ANOVA Post-hoc
comparisons were performed using Tukey multiple compari-
son tests. Differences with P < .05 were considered as statis-
tically significant.

3 | RESULTS
3.1 | S1P d20:1 is present in the CNS of
healthy mice and in human glioblastoma tissue

A potential physiological and pathophysiological function
of sphingolipids with C20-LCBs requires the proof of their
presence in vivo. In this regard, we attempted to confirm
previously published concentrations of sphingolipids in the
CNS. However, in contrast to previous attempts, we used
LC-MS/MS with the appropriate reference substrates and
quantitatively analyzed sphingolipids with C20-LCBs for the
first time in human CNS tissue.

In the cortex, the spinal cord and the cerebellum of
healthy adult male C57BL/6] mice we found that sphin-
ganine d20:0, sphingosine d20:1, and S1P d20:1 were detect-
able (Figure 1A-C). Interestingly, in all regions investigated,
concentrations of sphingolipids with C20-LCBs were clearly
lower compared to their C18-LCB counterpart (Figure 1A-C),
with ratios ranging from 1:5 to 1:100.

S1P d20:1 was significantly higher in the cerebellum as
compared to the cortex (mean difference = 204.2 ng/mg,
95%CI = 261.2 to 147.6, P value < .0001) or the spinal cord
(mean difference = 270.4 ng/mg, 95%CI = 199.0 to 341.8, P
value < .0001). Similar loco-regional differences in the CNS
could not be found for sphingosine d20:1 or sphinganine d20:0.

Additionally, we analyzed samples of human glioblas-
toma tissue, acquired directly after primary surgical resection
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(Figure 1D). First of all, sphinganine d20:0, sphingosine
d20:1, and S1P d20:1 could be detected in GBM tissue. Of
note, the concentrations varied considerably between patients
(eg, SIP d20:1, min.: 5.2 ng/mg, max.: 201.5 ng/mg).

Interestingly, the S1P d18:1 level was considerably lower
compared to healthy mouse tissue, while other sphingolipid
levels measured were in a similar range (Figure 1).

3.2 | S1P d20:1 suppresses COX-2
upregulation induced by S1P d18:1 via S1P,

To get indications for a potential pathophysiological rel-
evance in glioblastoma, we investigated the capability of S1P
d20:1 to induce COX-2 expression and activity in the LN229
glioblastoma cell line.

First of all, we replicated in glioblastoma cells the find-
ing, previously published in renal mesangial cells,’ that
a stimulation with S1P d18:1 consistently induced COX-2
mRNA expression in a time and concentration-dependent
manner (Figure 2A,B) as well as COX-2 protein expression

(Figures 2F, 3B,E) and the formation of PGE, (Figure 3C).
COX-1 expression was not influenced by either SIP d18:1
or S1P d20:1 (data not shown). The effect of S1P d18:1
on COX-2 mRNA (S1P d18:1 vs S1P d18:1 + JTE-013:
Mean difference = 10.1 [fold expression relative to control],
95%CI =8.6to 11.7, P value < .001) and protein (S1P d18:1
vs S1P d18:1 4+ JTE-013: Mean difference = 2.6 [fold expres-
sion relative to control], 95%CI = 1.2 to 3.9, P value < .01)
was blocked by 10 uM JTE-013, indicating the necessity of
S1P, signaling pathways for COX-2 induction in this cell line
(Figure 2E,F). Stimulation with 1 uM S1P d20:1 for 2 hours
significantly induced the COX-2 mRNA but not COX-2 pro-
tein levels or the amount of PGE, (Figures 2C,D and 3B,C).
Further analysis also revealed that lower doses of S1P d20:1
(0.01 pM and 0.1 pM) are sufficient to abate mRNA and pro-
tein expression of COX-2 induced by either 1 pM S1P d18:1
or 0.1 pM S1P d18:1 respectively (Figure 3D,E).

The lower efficacy of SI1P d20:1 to induce COX-2 via
S1P,-mediated signaling could be the consequence of a much
lower affinity of S1P d20:1 to bind to S1P,, thus displaying
only partial agonistic activity. In this case, co-stimulation of
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cells with S1P d20:1 and S1P d18:1 might reduce the effi-
cacy of S1P d18:1 on COX-2 induction. Indeed, we found
here, that 1 uM of S1P d20:1 added to the same amount of
S1P d18:1 led to lower levels of COX-2 mRNA (Figure 3A;
S1P d18:1 vs S1P d18:1 + d20:1, mean difference = 9.4
[fold expression relative to control], 95% CI = 6.2 to 12.7,
P value < .0001) compared to SIP d18:1 alone. Importantly,
this effect could be confirmed by Western blot (Figure 3B;
mean difference = 1.1 [fold expression relative to control],
95% CI = 0.14 to 2.2, P value < .05) and PGE, levels in the
supernatant (Figure 3C; mean difference = 144.8 [ng/mg],
95% CI = 65.2 to 224.3, P value < .001).

3.3 | S1P d20:1 inhibits S1P, activation and
internalization by S1P d18:1

As a consequence of our observation that S1P d20:1 inhibits
S1P d18:1 and S1P,-mediated COX-2 induction, we further
tested the hypothesis that S1P d20:1 only partially activates
S1P,.

By using Chinese hamster ovary (CHO) cells, transfected
with a S1P,-GFP construct, we analyzed S1P, internaliza-
tion in response to S1P. Here, we found that while S1P d18:1
lead to a strong internalization of S1P,-GFP as expected,
only a very limited internalization could be detected after
stimulation with S1P d20:1. In the case of a co-stimulation
with both, SIP d18:1 and d20:1, we found an intermediate
localization of S1P,-GFP signal with partial fluorescence
localized to the membrane and some internalization of the
S1P,-GFP construct (Figure 4A). The GFP signal of the
S1P, receptor was quantified in a blinded fashion using
Image J software wherein the fluorescence ratio between the
cytosol and plasma membrane were considered. The quan-
tification co-related with the observed images, as the ratio
of GFP signal in the cytoplasm was significantly higher in
case of the treatment with 1 uM S1P d18:1 whereas highest
plasma membrane signal was detected in S1P d20:1 treated
cells followed by combination treatment of 1 uM S1P d20:1
and 1 uM S1P d18:1 (Figure 4B).

In order to verify and quantify this qualitative observa-
tion, we used a Presto-Tango assay with a SI1P,-TEV-TF
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S1P d20:1 modulates S1P d18:1-dependent effect of COX-2 expression and the formation of PGE,. A and B, Effect of S1P d20:1

on S1P d18:1-dependent COX-2 mRNA (A) and protein expression (B) in LN229 cells. Cells were stimulated for 2 hours with 1 uM S1P d18:1
and/or 1 uM S1P d20:1 as indicated. C, Quantification of PGE, levels in cell supernatant. Cells were stimulated for 2 hours with 1 uM S1P d18:1
and/or 1 uM S1P d20:1 as indicated. D, Concentration-dependent effect of SIP d20:1 on S1P d18:1-dependent COX-2 mRNA expression. Cells
were stimulated for 2 hours with 1 pM S1P d18:1 and 0.01 uM, 0.1 uM and 1 uM S1P d20:1. E, Representative Western blot of the concentration-
dependent effect of S1P d20:1 on S1P d18:1-dependent COX-2 protein expression. Cells were stimulated for 2 hours with either 0.1 uM or 1 uM
S1P d18:1 and 0.01 uM, 0.1 uM, and 1 uM S1P d20:1. COX-2 mRNA and protein expression were measured by TagMan and Western blot analysis
respectively and PGE, levels were measured by LC-MS/MS as described in the Material and Methods section. All experiments were conducted as
duplicates of three to five independent experiments. Data are shown as means + SD. ***P < .001, **P < .01 and *P < .05

construct (Figure 4C,D). As shown in Figure 4C, we found
an induction of Luciferase expression after stimulation with
SIP d18:1 in comparison to control conditions (S1P d18:1
vs control: Mean difference = 1.3 [fold expression relative
to control], 95%CI = 7.2 to 19.6, P value < .001) but not
with d20:1 (S1P d20:1 vs control: Mean difference = 2.5
[fold expression relative to control], 95%CI = —59.8 to 64.7).
In this case, no induction of Luciferase expression could be

detected after a stimulation with S1P d18:1 plus d20:1 in
comparison to control conditions (S1P d18:1 + SIP d20:1
vs control: Mean difference = 0.2 [fold expression relative to
control], 95%CI = —0.4 to 0.8). Also, in Presto-Tango assay,
we detected the concentration-dependent inhibitory effect of
S1P d20:1 (0.01 pM — 1 pM) on S1P, receptor activation me-
diated by 1 uM S1P d18:1 (Figure 4D), indicating that low
concentration of S1P d20:1, such as those documented by us
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S1P d20:1 inhibits S1P d18:1-dependent activation of S1P,. A, Representative images of CHO cells transfected with S1P,-GFP

and treated for 2 hours with either vehicle, 1 uM S1P d18:1 and 1 pM S1P d20:1 as indicated. Arrowheads indicate membrane localization. B,
Quantification of A by analyzing the fluorescence ratio between cytosol and the plasma membrane of at least 14-15 fields in a p-slide 8 well plate

(four independent experiments). C and D, Luciferase activity induced by S1P, activation. Cells were treated for 16 hours with either vehicle, 1 uM
S1P d18:1 and/or 1 uM S1P d20:1 (C) or with 1 uM S1P d18:1 and 0.01 uM, 0.1 uM and 1 pM S1P d20:1 (D). All experiments were conducted as
duplicates of three to four independent experiments. Data in B are shown as means + SD. **P < .05 and ***P < .001

in the healthy CNS, are sufficient to block SI1P d18:1-related
S1P, activation further supporting our internalization data in
CHO cells.

4 | DISCUSSION

In this study, we determined the concentrations of sphinga-
nine d20:0, sphingosine d20:1, and S1P d20:1 in the healthy
CNS of mice and in human glioblastoma tissue. On the func-
tional level, we show that S1P d20:1 only moderately induces
COX-2 at high concentrations. Importantly, S1P d20:1 is able
to block S1P d18:1-mediated COX-2 induction. Concerning
the mechanism, we show that S1P d20:1 has only a minimal
activity of S1P, receptor activation and subsequent internali-
zation. However, S1P d20:1 strongly reduced S1P, receptor
activity upon S1P d18:1, thus arguing that S1P d20:1 acts as
a partial agonist at the S1P, receptor.

Moreover, concentrations of sphingolipids with a C20-
LCB are much lower compared to their C18 counterpart. This
is in line with the observation that palmitoyl-CoA is the main
substrate for the SPT.%° Furthermore, the magnitude of C20-
LCB concentrations and the relative relation to C18-LCBs
we detected fit also well to the concentrations described in
plasma by others'®* and to older data from the brain and
spinal cord of the rabbit.”!

However, to our surprise, our data in part disagree with
the most recent two publications of C20-LCB concentrations
in the CNS.'”" Most recently, Zhao et al'” described levels
of S1P d20:1 and sphingosine d20:1 at least as high as S1P
d18:1 and sphingosine d18:1 in the CNS of mice. Their data
is in part supported by the observation that gangliosides in
the CNS with sphingosine d20:1 in the rat and human brain
represent 50% of ganglioside LCBs in the adult.'® However,
Sonnino et al" provide data about the concentration of the
LCBs of all sphingolipids, and thus are not able to postulate
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assumptions about the concentration of free sphinganine
d20:0 or sphingosine d20:1. Interestingly, this might indicate
that STP d20:1 and sphingosine d20:1 are directly generated
by the sphingolipid de novo synthesis pathway and not by
hydrolysis of complex sphingolipids such as gangliosides.
This is in line with previous observations that the treatment
of cells with ['*C]stearic acid leads to a higher content of
C20-LCB gangliosides but not of sphingosine d20:1.%

In general, the most likely explanation for the detection
of different levels with C20-LCBs in comparison to Zhao et
al'’ is the use of divergent analytical methods. While we used
LC-MS/MS with S1P d20:1 as a reference substrate and S1P
d18:1 as the deuterated standard, Zhao et al used the calibra-
tion curves of C18-LCBs for C20-LCB quantification. As a
limitation of both studies, the most accurate methodology to
quantify the S1P d20:1 level would be the comparison with a
deuterated S1P d20:1 standard, which, however, is not avail-
able so far.

COX-2 induction by S1P is a well-known cellular response
that is described in various cell types and tissues.” %% Most
of the current data to date points to a S1P,-mediated mecha-
nism,”® however, tissue/cell-specific mechanisms are likely.30
We show the importance of S1P, signaling for COX-2 induc-
tion in the glioma cell line LN229 by the use of JTE-013 an
extensively characterized inhibitor of S1P,. This is well in
line with the frequent observation that, depending on the cell
type, S1P, mediates the proinflammatory actions of S1p’!
Importantly, S1P has been shown to be upregulated in glio-
blastoma while the sphingosine kinase 1-S1P, axis mediates
glioma cell migration.*> Moreover, COX-2 has been shown
to be involved in the pathophysiology of glioblastoma.33
Thus, it is tempting to speculate that the dose-dependent in-
duction of COX-2 by SIP d18:1 might contribute to glioma
invasiveness.

Importantly, our observation that a co-stimulation with
SIP d18:1 and d20:1 leads to reduced COX-2 mRNA levels
indicates a partial agonism of S1P d20:1 at the S1P, recep-
tor. The effects on COX-2 protein, PGE, levels and results
from the Presto-Tango assays may even be interpreted as pure
antagonistic function. Thus, moreover, SIP d20:1 must have
an at least similar affinity to the S1P, receptor, but a lower
efficacy. This assumption is partly in line with the hypothesis
that the S1P head group determines the binding affinity, while
the alkyl chain drives receptor activation.”* However, these
results are contradictive to a recent report that S1P d20:1 has
a lower potency but higher efficacy at S1P, compared to S1P
d18:1."® This discrepancy is to some degree explainable by
different concentrations applied, that is, the higher efficacy
of S1P d20:1 demonstrated by Troupiotis-Tsailaki et al'® was
shown only at concentrations above 1 uM.

While we used this experimental setup primarily as a
proof of principle, our finding that S1P- d20:1 inhibits S1P

d18:1-S1P,-mediated signaling might suggest that potential
S1P d18:1-induced proinflammatory and angiogenic mech-
anisms in glioblastoma can be modulated by S1P d20:1. It
will be interesting to see whether the regulation of S1P d20:1
level modulates features of glioblastoma biology such as
invasiveness, proliferation, and angiogenesis, both features
known to be influenced by S1P, signaling.35

Furthermore, S1P d20:1 could also inhibit S1P,-mediated
proinflammatory signals in other pathologies, such as those
mediating blood-brain barrier permeability.36 In this line, S1P
d20:1 could reduce S1P,-mediated blood-brain barrier dis-
ruption in pathologies such as stroke®’ or multiple sclerosis.*®

Intriguingly, concentrations of S1P measured in organ-
isms are often much higher than the K, values of their re-
ceptors (eg, S1P, K4 = 16-27 nM>?). This is indicative of
complex regulation of S1P signaling in vivo. Known reg-
ulative mechanisms are the relative SIP receptor subtype
expression, their localization, as well as the local activity
of S1P metabolizing lyases and phosphatases. Due to its
action as a partial receptor agonist that we observed in this
study, we propose that the S1P d20:1 level is another im-
portant endogenous mechanism to keep S1P signaling in
check. In addition, we could also show that S1P d20:1 even
at low concentrations could inhibit both, COX-2 mRNA
and protein expression upregulated by S1P d18:1 in LN229
as well as inhibit S1P, receptor activation in CHO cells
and PRESTO-Tango assay. Even in vivo, there exist low
concentrations of S1P d20:1 compared to very high lev-
els of S1P d18:1 and our data strengthen the relevance of
S1P d20:1 at such low concentrations. Thus, in the future,
it is crucial to investigate how the organism controls the
local SIP d20:1 concentration and the mechanism of in-
hibition of S1P d18:1-mediated S1P, activation. Targeting
the responsible enzymes could represent yet another po-
tential therapeutic approach in modulating S1P signaling
in diseases.

In conclusion, we provide a new mechanism of S1P recep-
tor signaling. With achieving our main goal to demonstrate
the concept of S1P d20:1-mediated modulation of SIP sig-
naling, further questions need to be addressed in future stud-
ies. Our data suggest that the consideration of the S1P d20:1
level is necessary to understand the cell biological effects of
S1P d18:1 in vivo. Further research regarding the metabolism
of S1P d20:1 is warranted.
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