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Sphingosine 1-phosphate (S1P) is a lipid mediator with numerous biologi-
cal functions. The term ‘SIP’ mainly refers to the sphingolipid molecule
with a long-chain sphingoid base of 18 carbon atoms, d18:1 SIP. The
enzyme serine palmitoyltransferase catalyses the first step of the sphin-
golipid de novo synthesis using palmitoyl-CoA as the main substrate. After
further reaction steps, d18:1 S1P is generated. However, also stearyl-CoA
or myristoyl-CoA can be utilised by the serine palmitoyltransferase, which
at the end of the S1P synthesis pathway, results in the production of d20:1
S1P and dl16:1 SIP respectively. We measured these SIP homologues in
mice and renal tissue of patients suffering from renal cell carcinoma
(RCCQ). Our experiments highlight the relevance of d16:1 SI1P for the induc-
tion of connective tissue growth factor (CTGF) in the human renal clear
cell carcinoma cell line A498 and human RCC tissue. We show that d16:1
S1P versus d18:1 and d20:1 S1P leads to the highest CTGF induction in
A498 cells via S1P2 signalling and that both d16:1 S1P and CTGF levels
are elevated in RCC compared to adjacent healthy tissue. Our data indi-
cate that d16:1 S1P modulates conventional SIP signalling by acting as a
more potent agonist at the SIP2 receptor than d18:1 SIP. We suggest that
elevated plasma levels of d16:1 S1P might play a pro-carcinogenic role in
the development of RCC via CTGF induction.

Introduction

Renal cell carcinoma (RCC) is the most common kid-
ney cancer in adults representing more than 90% of
the occurrences and emerges from cells lining the renal
tubules. RCC is highly metastatic and an aggressive
type of cancer that, when metastatic, is resistant to
conventional chemotherapy treatment regimes. The
proliferation comes from the tubular epithelium and is
histologically categorised in the clear cell, papillary

Abbreviations

and chromophobic renal carcinoma [1]. The tumour
microenvironment is characterised by constitutive acti-
vation of fibroblasts, epithelial-mesenchymal transition
and tumour—stroma interactions [2]. Renal fibrosis is
one of the main criteria of all chronic kidney diseases
and often occurs in tumours [3,4]. The terminal stage
of renal insufficiency is composed of glomerular, vas-
cular and tubulointerstitial fibrosis that strongly

CNS, central nervous system; CTGF, connective tissue growth factor; FCS, fetal calf serum; LCB, long-chain sphingoid base; RCC, renal cell
carcinoma; S1P, sphingosine 1-phosphate; S1P1-5, S1P receptor 1-5; SPT, serine palmitoyltransferase.
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correlates with the failure symptoms of the kidney as
well as with the prognosis of the disease [5-7].

Studies showed that the remodelling of the extracel-
lular matrix plays an important role in the increase of
tumour proliferation and the formation of metastasis
[8,9]. Intratumoural fibrosis and inflammation are fre-
quently observed histological findings in solid tumours.
Several studies described intratumoural fibrosis as a
negative prognostic factor in cancer [10]. The renal
carcinoma also belongs to the highly vascularised
tumours, that shows different forms of intratumoural
fibrosis [4].

The connective tissue growth factor (CTGF) is an
important profibrotic factor, that also plays a major role
in connection with kidney diseases [11]. It is a cysteine-
rich polypeptide, that, after its secretion into the extracel-
lular matrix, can modulate cell functions via interaction
with cytokines and growth factors [12-14]. An increased
CTGEF expression goes along with cell proliferation and
accumulation of components of the extracellular matrix,
which could also be observed in inflammatory glomerular
and tubulointerstitial diseases of the kidney [15]. Further-
more, several studies were performed that indicate that
CTGF plays a role in carcinogenic processes such as the
proliferation of hepatocellular carcinoma or peritoneal
metastasis of gastric cancer [16,17]. Another recently
published study by Okusha et al. [18] provides data about
tumour-derived extracellular vesicles that were enriched
with fragments of CTGF and turned out to be pro-
tumourigenic in mice.

Sphingolipids are structural components of cell
membranes and additionally act as bioactive lipid
mediators, which for example take part in the regula-
tion and recruitment of various immune cells and their
cellular functions [19,20]. They are composed of the
amino alcohol sphingosine, which has an amino group
and two hydroxy groups. The sphingolipid metabolite
sphingosine 1-phosphate (S1P) is characterised by its
functional diversity, as it takes part in numerous bio-
logical processes, among them cell migration, immune
response, cell proliferation and cell survival [19,21].
Therefore it has great relevance in plenty of diseases
such as ischemic stroke, atherosclerosis, cancer,
autoimmune processes or fibrosis [22-26]. It exerts its
effects para- or autocrine via five G protein-coupled
receptors (S1P1-5) or at the intracellular level [19,20].

In the de novo synthesis of SIP, the enzyme serine palmi-
toyltransferase (SPT) catalyses the reaction of palmitoyl-
CoA and serine to 3-ketosphinganine. After several chemi-
cal transformations, the product S1P with a long-chain
sphingoid base (LCB) of 18 carbon atoms, d18:1 S1P, is
formed. This S1P homolog is the most prevalent and best
studied in eukaryotes. The enzyme SPT is composed of a
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large subunit dimer (SPTLCI and SPTLC2 or SPTLC3)
and a small subunit (SPTssa or SPTssb) [27]. Due to the
varying activity of the different subunits, different acyl-
CoAs can be preferred as substrates [28,29]. In SPT homo-
logues other determinants of substrate specificity such as
substrate-induced conformational changes have been
described. This could potentially result in the conversion
of other acyl-CoA substrates rather than the mainly used
palmitoyl-CoA [30].

A recently published study describes the presence and
relevance concerning COX-2 expression of a SI1P with a
LCB of 20 carbon atoms, d20:1 S1P, in the central nervous
system (CNS) of mice and human glioblastoma tissue [31].
Besides that, other S1P homologues of different chain
lengths are measurable in human plasma. Wang et al. [32]
for example could verify that the concentration of d16:1
S1P in patients undergoing therapy with oxaliplatin is
increased. Another study found out that d16:1 SIP is sig-
nificantly reduced in plasma of patients with vascular
dementia and suggests it to play a potential role in fine-
tuning of d18:1 S1P-mediated cytokine production [33].
According to Hornemann et al. [29] overexpression of the
SPT subunit SPTLC3 leads to the production of sphingoid
bases with 16 carbon atoms. Until now, there are few
investigations about SIP receptor activation by d16:1 S1P
[32,34], while hardly any data have been published to
explain its physiological role. The studies mentioned,
implicate a functional relevance of SIP homologues of dif-
ferent chain lengths. However, even though fine adjust-
ment in the production of SIP derivates of different chain
lengths might serve the maintenance of balance that can
be of great importance for the destiny of the cell, very few
investigations have been made on this subject so far [35].

This study aims to investigate a possible role of the
chain length of SIP concerning signalling pathways in
renal carcinoma cells, suggesting chain length depen-
dent effects of SIP signalling on physiological regula-
tory mechanisms. Therefore, SIP homologues with
LCBs of 16, 18 and 20 carbon atoms were used
in vitro and their effects on receptor activation and
CTGF-protein expression were analysed. Furthermore,
we investigated the concentration of the mentioned
S1P homologues in different organs in mice as well as
in human patient samples of RCC.

Results

Distribution of S1P homologues with different
chain lengths in mice and elevated levels of
d16:1 and d18:1 S1P in human RCC tissue

The emergence of the role of sphingolipids, especially
S1P, in health and diseases is being increasingly

The FEBS Journal 289 (2022) 5670-5681 © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 5671

Federation of European Biochemical Societies

85U8017 SUOWILLIOD @A 18810 3eoldde ayy Aq peusenob a1e s9jolie YO ‘8sn Jo SNl 10} ArIq1]8UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | 1M AeIq 1 [BUI|UO//SANL) SUORIPUOD PUe SWie | 8U 88S *[£202/0T/20] U0 AkeidiTauluo A8|Im puiolqigsiselsieAlun Aq 99T SGe)/TTTT 0T/I0p/L00 A3 1M Alelq Ul [U0'SeR)//:Sdny Wol pepeoiumod ‘8T ‘2202 ‘859rZr2T



d16:1 S1P mediates CTGF induction in renal cell carcinoma

recognised, whereas the contribution of different chain
lengths of SIP in vertebrates remains to be unravelled.
Recently, we published our findings on the distribution
and functions of d20:1 SIP in human glioblastoma
samples and LN229 cell line respectively. In the cur-
rent study, we investigated the occurrence of dl16:1
S1P in mice followed by the significance in human
RCC tissue and cell line A498.

At first, employing the LC-MS/MS method with ref-
erence lipids, we measured the levels of d16:1 S1P in
kidneys and various organs along with SIP homo-
logues of other long-chain bases. Regarding d20:1
S1P, our previous results in the CNS of mice could be
confirmed. We could detect dl16:1 SIP in kidneys
(Fig. 1A) and most of the peripheral organs except
thymus, heart and retina whereas d20:1 SIP was
measurable in all organs. (Fig. 1C). In all compart-
ments, the extent of d18:1 SIP is beyond 10- to 100-
fold compared to the other SIP homologues including
the CNS (Fig. 1A-D). The highest amount of dl16:1
S1P was detected in the cerebellum (Fig. 1D;
30.8 + 9.5 pg-mg~'). Interestingly, plasma and serum
of mice encompassed higher levels of dl16:1 SIP
than d20:1 S1P (Fig. 1B; dl16:1 SI1P vs. d20:1
SIP; 24554 323 pgmg ' wvs. 1.7 + 8.0 pgmg
P-value < 0.05). The levels of d20:1 Sphingosine and
Sphiganine in mice kidneys were below the level of
detection limit whereas, in case of d16:1, they were not
measured (n.m.) due to the non-availability of stan-
dards (Fig. 1A).

To validate the physiological relevance, we addition-
ally analysed the levels of d16:1 S1P along with other
LCBs in human renal carcinoma and control tissue of
patients obtained from the University Cancer Centre
(UCT), Frankfurt. We detected elevated levels of d16:1
SIP (Fig. 1E; Control vs. RCC; 13.1 + 13.2 pgmg™"
vs. 29.1 + 23.8 pgmg'; P-value < 0.05) and d18:1
S1P (Fig. 1E; Control vs. RCC; 30.1 + 30.3 pgmg '
vs. 70.1 £+ 57.3 pg-mg~'; P-value < 0.05) in a signifi-
cant number of tumour samples in comparison to the
corresponding controls. Also, other sphingolipid
metabolites such as sphingosine and sphinganine of
C18 and C20 LCB origin were raised in tumour tissues
(Fig. 1E). Due to the non-availability of standards for
sphingosine and sphinganine of C16 LCB these mea-
surements could not be performed.

d16:1 S1P induced CTGF to a higher extent than
d18:1 S1P in A498 renal carcinoma cell line

Recent literature implicated the role of CTGF in
tumour progression and vast evidence accorded d18:1
SIP to induce CTGF [2,17,18]. We aimed to
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investigate if d16:1- and d20:1 S1P induce CTGF in
RCC using the renal clear cell carcinoma cell line
A498 in vitro. Our results manifested a chain length
dependent elevation of CTGF mRNA [Fig. 2A; dl16:1
S1P: 355.6 £ 105.4 (fold expression of Gapdh); d18:1
SIP 259.9 + 93.3 (fold expression of Gapdh), P-
value < 0.05] and protein expression (Fig. 2B,C) by
different S1P homologues, where the shortest chain
length d16:1 displayed the highest CTGF induction
followed by d18:1 after 2 h of treatment with the
respective lipid. d20:1 S1P did not lead to a significant
CTGF mRNA induction compared to an untreated
control. Besides, a combination treatment of d18:1-
and dl16:1 SIP led to a further increase in CTGF
mRNA expression but not at protein level (Fig. 2A-C).
Furthermore, to check the main contributor of the
CTGF induction, we admixed d16:1- or d18:1 S1P
with different concentrations of either d18:1- or d16:1
S1P respectively. The combination treatment of d18:1-
and d16:1 SIP led to a higher induction of CTGF
mRNA than the single treatment with d18:1 S1P. This
effect appeared only at a concentration of d16:1 S1P
of 1 um and not when lower concentrations of d16:1
S1P were used (Fig 2F). Also, we performed the dose-
dependent activation of CTGF in A498 cells upon
treating with homologues of SIP of different chain
lengths. The results corroborated that d16:1- and
d18:1 S1P dose-dependently increased mRNA expres-
sion of CTGF 2 h after treatment in A498 cells while
d20:1 SIP did not show significant induction of CTGF
mRNA expression (Fig. 2D). We also performed time-
course experiments (0.5, 1, 2, 4, 8, 24 h) in the A498
cell line and our data revealed that CTGF mRNA
induction is highest after 2 h compared to other time
points in case of treatment with all SIP homologues
(Fig. 2E).

Induced CTGF, S1P2 and S1P3 expression in
human renal carcinoma tissues

To check our results in human conditions, we also ver-
ified the changes in CTGF expression in human RCC
tissue samples using mRNA [Fig. 3A; Control vs.
RCC; 8.3 £ 259 vs. 14.5 £ 40.1 (fold expression of
HPRTI1), P-value < 0.05] expression and Western blot
analysis (Fig. 3B,C). Both revealed a significant
increase of CTGF in tumour samples in comparison to
control (Fig. 3A—C). In the majority of the tumour tis-
sue samples, our Western blot experiments and their
quantification evinced the upregulation of SI1P2 and
S1P3 receptor protein significantly compared to the
corresponding healthy tissue (Fig. 3D-G) but not that
of the other S1P receptors (data not shown). It is well
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Fig. 1. Occurrence of different STP homologues in mice and renal cell carcinoma samples. S1P, sphingosine and sphinganine levels
measured in kidneys of male C57BL/6J mice (A). S1P levels were measured in plasma and serum (B), different organs (C) and brain tissue
(D) of male C57BL/6J mice. S1P, sphingosine and sphinganine levels were measured in the tissue of human patients with clear cell renal
carcinoma (E) by LCMS/MS as described in the section Material and Methods. (A-D): Data are shown as median £ IQR (n = 5-10, samples
measured from three independent measurements). (E): The levels of d16:1 S1P and d18:1 S1P are higher in 20 out of 25 and 28 out of 29
RCC samples compared to respective controls (non-tumourous kidney tissue from the same patient) (n = 25-29, samples measured from
three independent experiments). Sphingolipids not measured due to commercially non-availability of standards are indicated as n.m. (not
measured) and LLOQ implies a Lower limit of quantitation of the LCMS analysis. Wilcoxon matched-pairs signed-rank test was used for

measuring significance in case of human samples. **P < 0.01, ***P < 0.001, n.d implies not detectable in LCMS/MS measurements.

documented that SIP signalling, which predominantly
occurs through S1P1-5 G protein-coupled receptors is
involved in CTGF activation. To understand the
mechanism of CTGF activation by d16:1- and d18:1
S1P we investigated the occurrence of SIPRI1-5 and
alterations in receptor expression in the A498 cell line
and RCC tissue samples respectively. Our mRNA
analysis revealed the expression of all five SIP recep-
tors in both tumour tissue (data not shown) as well as
in the A498 cell line (Fig. 4A). Regarding general
expression, in A498 cells, the S1P3 receptor mRNA
has the highest presence, followed by SI1P5 (Fig. 4A).
These findings strengthen our hypothesis that the pro-
duction of CTGF, which is increased in the RCC

samples compared to healthy tissue, might be linked to
either SIP2 or S1P3 signalling.

S1P2 but not S1P3 inhibition leads to the
reduction of CTGF in renal carcinoma cells

Previous studies have published evidence connecting
S1P2 and S1P3 receptors to be responsible for the acti-
vation of the proliferative CTGF [16,36,37]. Hypothe-
sising the role of SIP2 and S1P3 receptors as being most
likely responsible for CTGF induction in A498 cells and
because they were upregulated in the tissue of RCC, we
concentrated our mechanistic studies on these two
receptors. Therefore, we co-stimulated A498 cells with
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Fig. 2. d16:1 S1P has the highest capability of CTGF induction compared to d18:1- and d20:1 S1P in A498 cells. Effect of d16:1-, d18:1- and
d20:1 S1P on the expression of CTGF mRNA (A) and protein (B, C) in A498 cells. Cells were stimulated for 2 h with 1 pm d16:1-, d18:1-,
d20:1 S1P or both d16:1 S1P + d18:1 S1P. CTGF mRNA and protein expression were measured by TagMan® and Western blot analysis as

described in the section Materials and Methods. Concentration-depende

nt effect of d16:1-, d18:1- and d20:1 S1P (D). Cells were stimulated

for 2 h with 1 nm, 10 nm, 100 nm or 1 um S1P as indicated. Time-dependent effect of d16:1-, d18:1- and d20:1 S1P (E). Cells were
stimulated for 0.5, 1, 2, 4, 8 or 24 h with the respective S1P homologues as indicated. mMRNA induction of CTGF with 1 um d16:1 S1P or
1 um d18:1 S1P alone or in combination with increasing doses of d16:1 S1P (0.017 um, 0.1 um and 1 um) (F). All experiments were
conducted three to five times with one to two samples in each experiment. Data are shown as median + IQR. *P < 0.05, **P < 0.01,

**4P < 0.001.

either the SIP2 inhibitor JTE-013 or the S1P3 and S1P1
inhibitor VPC23019, respectively, together with d16:1-
or d18:1 S1P for 2 h and analysed mRNA and protein
expression of CTGF (Fig. 4B-G). Our results exhibited
pronounced inhibition of CTGF protein as well as
mRNA expression in A498 cells with 10 um JTE-013
(Fig. 4B-D), whereas co-stimulation with 10 pm
VPC23019 (Fig. 4E-G) disposed no effect affirming our
hypothesis that SIP2 mediates CTGF induction in renal
clear cell carcinoma line A498. The blocking of CTGF
mRNA and protein expression was significant in both
dl6:1 + JTE-013 [Fig. 4B; dl6:1 SI1P vs. dl6:1
S1P + JTE-013, 496.5 &+ 355.9 vs. 246.8 + 87.1 (fold
expression of Gapdh) P-value <0.05] as well as
d18:1 + JTE-013 treatment paradigms (Fig. 4B-D). In
contrast, the protein intensity of CTGF was markedly
elevated in the co-stimulation of d18:1 with VPC23019
(Fig. 4E-G) offering a hint that S1P3 might be involved

5674

in checking the activation of CTGF by modulating the
final response of the receptor. Another possibility would
be that by blocking the S1P1 and S1P3 receptors, more
S1P binds to the S1P2 receptor leading to an increase in
CTGF production. As till date, there is no data avail-
able, that would explain this behaviour, further studies
on this subject would be interesting. Finally, we availed
PRESTO-Tango reporter assay to deduce the ability of
S1P homologues to activate S1P2 and S1P3 receptor
subtypes (Fig. 4H). There is little literature available
about the activation of SIP receptors by d16:1 SIP. Our
luciferase assay confirmed that like d18:1 SIP the
shorter chain length S1P homologue d16:1 S1P also
activates the S1P2 and S1P3 receptors (Fig. 4H). Also,
the S1P2 and S1P3 luciferase activity was highest when
treated with d16:1 S1P [Fig. 4H; 1291 + 1929.3 (fold
expression of control), P-value < 0.05] compared to
other homologues (Fig 4H). Overall, our results
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demonstrate that d16:1- and d18:1 S1P homologues
might play a role in RCC via enhancing CTGF protein
expression. Based on the results of our antagonistic
studies, we conclude that CTGF induction is most likely
activated by the S1P2 receptor.

Discussion

This study aimed to characterise the role of SIP
homologues of different chain lengths in renal cancer.
We first re-evaluated the concentrations of d18:1- and
d20:1 S1P and also measured d16:1 SIP in mice and
RCC tissue. We show that levels of d16:1-, d18:1 SIP
and CTGF are increased in RCC compared to healthy
tissue. Functionally, d16:1 S1P and d18:1 S1P can
induce CTGF upregulation in the renal clear cell carci-
noma cell line A498 most likely via S1P2. We identify
d16:1 SIP as the most potent agonist on the S1P2
receptor compared to the other SIP homologues used,
suggesting that d16:1 S1P might have carcinogenic

potential or influence RCC prognosis via CTGF-
induced fibrosis.

Our results show that d18:1 S1P is the predominant
SI1P homologue in all organs of mice as well as in
human RCC tissue. We could confirm the presence of
other SI1P homologues as described by others
[32,34,38], showing that also dl16:1- and d20:1 SIP
were detectable in the majority of organs of mice;
d16:1 S1P was additionally measured in the RCC sam-
ples. Performing luciferase assay of the SIP2 and S1P3
receptors, d16:1 S1P turned out to be the most potent
agonist of the S1P2 receptor compared to d18:1- and
d20:1 S1P. In this aspect, our findings contradict a
study published by Troupiotis-Tsailaki et al. [34] that
postulates d20:1 S1P as the most potent ligand of the
S1P2 receptor followed by other SIP homologues that
show a lower receptor activation potential with
decreasing chain length. Wang et al. [32] also describe
d16:1 S1P to have a lower efficacy on the S1P2 recep-
tor compared to d18:1 S1P. The differing results could
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be explained by the different methods and cell lines
that were wused to measure receptor activity.
Troupiotis-Tsailaki et al. [34] used the aequorin-based
calcium mobilisation assay in CHO-LI cells and Wang
et al. [32] made use of the TGFa-shedding assay in
HEK?293 cells. We, on the other hand, performed the
PRESTO-Tango luciferase assay in HTLA cells which,
compared to the other assays mentioned above, deter-
mines direct receptor activation. Moreover, the results
in our mRNA experiments in A498 cells show the
higher CTGF induction by d16:1- than by d18:1 SIP,
which was significantly reduced by the S1P2 receptor
inhibitor JTE-013. This strengthens our hypothesis
that the agonistic potential of d16:1 S1P on the S1P2
receptor is higher in comparison to d18:1 S1P.
Vutukuri et al. [31] observed that d20:1 SIP can
inhibit d18:1 S1P-induced S1P2 receptor activity, sug-
gesting a partial antagonism of d20:1 SI1P at that
receptor. Our data indicated that co-stimulation of
d16:1- and d18:1 S1P lead to a significantly higher
S1P2 receptor activity than d18:1 S1P alone. This led
to the assumption that different S1P homologues
might have chain length dependent agonistic potential

at SIP receptors. The data goes along with the findings
of Maeda et al. [39] showing that S1P homologues
with shorter lipid tails than d18:1 induce G,/3- and
Gj,o-biased signalling via the S1P3 receptor, whereas
d18:1 SIP can additionally activate Gy via the SIP3
receptor.

Troupiotis-Tsailaki et al. [34] describe, that with an
increasing chain length of the fatty acid of SIP, the
receptor activation potential increases. As an underly-
ing mechanism to this phenomenon, they propose that
the affinity of S1P for its receptor depends on polar
interactions between the head group of the lipid and
side chains of the receptor. Responsible for the activa-
tion of the receptor is an interaction of the hydropho-
bic lipid tail with a specific binding site of the
receptor. In case of the S1P2 receptor, our data do not
confirm the statement of Troupiotis-Tsailaki et al. [34],
as the activation potential decreases with an increasing
chain length of the S1P homologue (Fig. 4H).

It is already well known, that d18:1 SIP leads to an
upregulation of various proteins, including CTGF.
This protein is known to act profibrotic, playing a role
in the development of kidney fibrosis [40], but also
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acts in a pro-tumourigenic way [2,16-18]. Cheng et al.
[16] recently published, that SIP promotes the prolifer-
ation of hepatocellular carcinoma via an SI1P2
receptor-mediated CTGF upregulation. Errarte et al.
[2] described that cancer-associated fibroblasts recruit-
ment and activation of CTGF among others play an
important role in many malignant neoplasms, for
example, RCC. Additionally, Lv et al. [17] reported
that transforming growth factor f; by inducing
CTGF, promotes peritoneal metastasis of gastric can-
cer.

On a functional level, we investigated the effects of
S1P homologues of different chain lengths on the
expression of CTGF, as currently there is little data
available on this subject. As our results showed ele-
vated levels of CTGF in RCC compared to healthy
kidney tissue, our data might be another hint for
CTGF’s pro-carcinogenic potential. The fact, that also
d16:1- and d18:1 SIP levels were increased in the
tumour tissue in such a way that levels of d16:1 SIP
even reached the levels of d18:1 SIP and that both
lipids lead to the upregulation of CTGF in the human
renal cancer cell line, confirms the pre-existing assump-
tion that SI1P induces CTGF [40,41]. This additionally
suggests, that chain length-dependent signalling path-
ways also play a role in CTGF expression as mRNA
levels of CTGF were higher after stimulation with
d16:1- than with d18:1 S1P and not present after incu-
bation with d20:1 S1P. By blocking the S1P2 receptor
in A498 cells, we proved that the CTGF pathway is,
at least partly, SIP2-dependent, which goes along with
previously provided data [16,36]. The higher activation
of the S1P2 receptor by d16:1- compared to d18:1 S1P
and the fact that the S1P2 receptor was upregulated in
the RCC tissue, suggests that d16:1 S1P could partly
be responsible for tumour proliferation via CTGF
upregulation. In this aspect, our data partly disagree
with Chua et al. [33], who postulate d16:1- and d18:1
S1P as inductors of pro-inflammatory cytokines. In
contrast, they showed, that d16:1 SI1P reduced the pro-
inflammatory effects of d18:1 S1P. In a previous analy-
sis [31], we showed, that d20:1 S1P can inhibit a d18:1
S1P-induced COX-2 upregulation in glioblastoma cells.
Interestingly, co-stimulation with d16:1- and d18:1 SIP
led to an increased S1P2 activity compared to incuba-
tion with d18:1 SI1P alone (data not shown). On the
other hand, the presence of higher concentrations of
d16:1 SIP but not d18:1 S1P enhanced CTGF and the
maximum induction of CTGF did not rise beyond the
d16:1 S1P (1 um) treatment alone. That is why we
would expect higher levels of d16:1 S1P to potentiate
CTGF expression probably because of stronger recep-
tor activation. It should be mentioned, that in case of

d16:1 S1P mediates CTGF induction in renal cell carcinoma

the RCC samples, S1P levels were measured in control
tissue collected nearby the tumour, so that real health
conditions might not be represented by our data. Tis-
sue that is surrounded by malignant tissue, could also
underlie fibroblast activation and therefore produce
higher amounts of CTGF. It is difficult to represent
true health conditions since biopsies are rarely per-
formed from healthy organs. An animal model in
which the contralateral kidney that is not infiltrated by
malignant tissue is observed, would be interesting.

Mechanistically, a similar affinity but lower efficacy
of SIP homologues of different chain lengths could be
the reason for their different agonistic potential at the
different receptors [31,42]. This would also support the
hypothesis that the polar head group of S1P is respon-
sible for its affinity at the receptor, while the chain
length of the fatty acid component determines the
degree of activation of the receptor [42].

There are already data, that suggest therapeutic
effects of SIP, for example, in connection with the
development of renal fibrosis [43]. Ren et al. [44] for
example, explain the antifibrotic effects of intracellular
formed S1P via a reduction of CTGF production in
podocytes. Koch et al. [45] were able to observe this
effect in human mesangial cells and mice. On the other
hand, S1P which stimulates the cell from extracellular
has profibrotic effects via increased CTGF expression
[41]. These research results suggest that SIP can influ-
ence CTGF production through different signalling
pathways. Our data offer a modulation option for the
signalling cascade triggered by S1P, which has so far
not been carefully addressed. The fact, that d16:1 S1P
is the strongest inducer of CTGF mRNA expression
and is also upregulated in RCC tissue, could be a hint
that increased plasma levels of d16:1 SIP might be a
risk factor for the development of renal cancer. In our
study, we used high doses of S1P as a proof of concept
to reach sufficient receptor activation. In the future,
in vivo studies will be necessary to strengthen our data
as it is very difficult to replicate compartmental differ-
ences and turnover effects that can affect signalling
in vitro. We assume, that physiological levels of d16:1
S1P under homeostatic conditions do not account for
higher CTGF expression and that there might be con-
trolling mechanisms to inhibit d16:1 S1P production.
A future study, in which the corresponding plasma
levels in patients who suffer from renal fibrosis com-
pared to healthy individuals, could provide informa-
tion on this hypothesis.

In conclusion, our data suggest increased levels of
d16:1 S1P to be a potential risk factor of RCC. We
propose, that d16:1- and d20:1 S1P might be endoge-
nous modulators of SIP signalling and assume that
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the metabolism of SIP homologues of different chain
lengths might be an essential part of S1P-signalling.
The maintenance of balance of various S1P homo-
logues could significantly contribute to the evolvement
of S1P’s effects and implications in homeostasis and
diseases.

Materials and Methods

Materials

d16:1 S1P, d18:1 S1P and d20:1 SI1P were purchased from
Avanti polar lipids (Alabaster, AL, USA), JTE-013 was
from Cayman Chemicals (Ann Arbor, MI, USA) and
VPC23019 was obtained from Tocris biosciences (Bristol,
UK). All media and cell culture essentials were purchased
from Thermo Fisher Scientific (Darmstadt, Germany).

Cell culture and stimulation

For all in vitro experiments in the present study, A498
human clear cell kidney carcinoma cells between passages
10 and 20 were seeded in six-well cell culture plates and
grown in Dulbecco’s modified Eagle medium (DMEM)
containing 10% (v/v) fetal calf serum (FCS) and 1% (v/v)
penicillin/streptomycin to confluency. Prior to stimulation,
the complete medium was substituted with a minimal med-
ium without FCS overnight. On the next day, cells were
treated for 2 h (unless otherwise mentioned) with either
dle:1 S1P, d18:1 S1P, d20:1 S1P, JTE-013 or VPC23019 as
described in the respective figure legends. All chemicals
were dissolved according to manufacturers’ instructions.

Real-time PCR analysis of gene expression

For mRNA gene expression analysis, a two-step PCR exper-
iment was done as described previously [46]. RNA was iso-
lated with TRIZOL reagent (Sigma-Aldrich, Steinheim,
Germany) and cDNA was transcribed from 1 pg total RNA
using RevertAid Reverse Transcriptase kit (Thermo Scien-
tific, Darmstadt, Germany) following manufacturer’s proto-
col. RT-PCR was performed using 2 x qPCRBIO probe
mix Lo-ROX (Nippon Genetics, Dueren, Germany). The
cycling conditions of the Applied Biosystems 7500 Fast
Real-Time PCR System used, were as follows: 95 °C for
2 min (1 cycle), 95 °C for 5 s and 60 °C for 30 s (40 cycles).
The following predesigned Tagman probes with reporter
dyes 6-FAM or VIC from Thermo Fisher Scientific were uti-
lised: Hs00170014_m1 (for human CTGF), Hs01922614_ml
(for human SIPI), Hs00245464_m1 (for human SI1P3),
Hs02330084_m!1 (for human S1P4), Hs00928195_ml (for
human S1P5), Hs99999905 m1 (for human Gapdh),
Hs02800695_ml (for human HPRT1) and qHsaCEP0024756
(for S1P2 from Bio-rad). Relative changes in the mRNA
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expression were performed using the 2—AC, or AAC,
method, the threshold cycle (C,) was calculated by the
instrument’s software. Gapdh for cell culture experiments
and HPRT1 mRNA expression for human samples were
used for normalising.

Western blot analysis

For whole protein lysate preparation from A498 cells fol-
lowing stimulation, the medium was completely aspirated,
the cells were washed once with PBS solution and 75 pL of
cold lysis buffer (composition previously described [31])
was added to the cells, scraped and homogenised for 5 min
in an ultrasonic bath. For human kidney samples, 100 pL
of protein lysis buffer was used for homogenisation in an
ultrasonic bath for 10 min. The human and cell culture
lysates were centrifuged for 15 min at 17 000 g, the super-
natant was collected and by using bicinchoninic acid pro-
tein assay kit (Pierce; Thermo Fisher Scientific) the protein
concentration was determined. Twenty-five microgram of
protein lysates were subjected to SDS gel electrophoresis
(10% acrylamide gel), transferred onto a 0.45 pm nitrocel-
lulose membrane (GE Healthcare; Amersham, UK; Thermo
Fisher Scientific), blocked with 2.5% (w/v) non-fat milk
and incubated with primary antibodies overnight at 4 °C.
A secondary antibody against primary, conjugated to
horseradish peroxidase and signal detection using luminol
enhancer 32106 (Pierce; Thermo Fisher Scientific) was uti-
lised to visualise protein bands. The antibodies used in this
study include CTGF (s5c365970, E-5 clonel1220) (Santacruz,
Heidelberg, Germany), S1P2 (Acris AP-01311, Herford,
Germany), S1P3 (sc30024, Santacruz) and B-actin antibody
(A-2228; Sigma Aldrich, St. Louis, MO, USA).

PRESTO-Tango assay

The PRESTO-Tango reporter activation assay was per-
formed as described by Kroeze et al. [47] In concise, HTLA
cells (HEK293 stable cell line expressing a tTA-dependent
luciferase reporter and a B-arrestin2-TEV fusion gene) were
seeded on Poly-L-Lysine (50 pg-mL~! dissolved in PBS)
coated P100 cell culture dishes and maintained in DMEM
complete medium [supplemented with 10% FCS, puromycin
(2 pgmL™"), hygromycin (100 pg-mL™")]. Transfection of
S1PR-Tango constructs (Addgene plasmids gift from Bryan
Roth, SIPR2-Tango #66497 and S1PR3-Tango #66498) was
performed using Lipofectamine 2000 (Thermo Fisher Scien-
tific). Twenty-four hours after transfection, cells were shifted
onto a poly-L-Lysine coated 24-well plate (Greiner Bio-one,
Kremsmiinster, Austria) with HTLA selection medium. Cells
were allowed to settle and were brought to quiescence by
adding minimal medium overnight. Following starvation,
the cells were treated with d16:1 S1P, d18:1 SIP or d20:1
S1P in different concentrations for 16 h. Finally, Luciferase
activity was measured using the Dual-Luciferase Reporter
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Assay System (E1910; Promega, Madison, WI, USA) on the
GloMax Discover System (Promega) according to the com-
pany protocol. The luciferase luminescence readings from
the instrument were normalised to protein values measured
using Bradford protein assay.

Liquid chromatography/tandem mass
spectrometry analysis

Measurement of Sphingolipids using liquid chromatography-
tandem mass spectrometry in mice tissue, plasma and serum
and human tissue samples was performed as described previ-
ously [31]. For sphingolipid measurements in tissue in mice,
8-week-old, male, C57BL/6J mice were purchased from
Charles River, Sulzfeld, Germany.

Tissue/tumour samples used in this study were provided
by the University Cancer Center Frankfurt (UCT). Written
informed consent was obtained from all patients and the
study was approved by the Institutional Review Boards of
the UCT and the Ethical Committee at the University
Hospital Frankfurt (project-number: UCT-12-2020). The
distinction between tumour and normal tissue was made by
a pathologist using instantaneous section diagnostics. Nor-
mal kidney tissue from the same patient was used as corre-
sponding healthy control to tumour tissue.

Briefly, tissue samples were blended with 200 uL of
extraction buffer (citric acid 30 mm, disodium hydrogen
phosphate 40 mm) and spiked with 20 pL of the internal
standard mixture (consisting of sphingosine d18:1-d7, sph-
inganine d18:0-d7, S1P d18:1-d7). Reference substances
(sphingosine d18:1, sphingosine d20:1, sphinganine d18:0,
sphinganine d20:0, SIP d18:1 and S1P d20:1) were pur-
chased from Avanti Polar Lipids. Afterwards, samples were
homogenised with methanol:chloroform: HCI (15:83:2, v/v/
v) vortexed and centrifuged at 20 000 g for 5 min. The
lower organic phase was evaporated under a gentle stream
of nitrogen at 45 °C temperature and the residues were
mixed with 100 pL methanol containing 5% formic acid
and pipetted to glass vials. For calibration standards and
quality control samples preparation, 20 uL of the working
solution were processed as stated instead of sample.

The quantification of all analytes was performed using a
hybrid triple quadrupole-ion trap mass spectrometer
QTRAP 5500 (Sciex, Darmstadt, Germany) equipped with
a Turbo-V-source operating in positive ESI mode. Sphin-
golipids were separated using an Agilent 1290 HPLC sys-
tem equipped with a Zorbax C8 Eclipse Plus UHPLC
column (2.1 * 30 mm, 1.8 um; Agilent technologies, Wald-
bronn, Germany). Quality control samples at three differ-
ent concentration levels (low, middle and high) were run at
the beginning and end of each run. Samples were processed
using Analyst software 1.6 and the obtained concentrations
were evaluated using MultiQuant Software 3.0 (both Sciex,
Toronto, Canada) using the internal standard method
(isotope-dilution mass spectrometry). Calibration curves

d16:1 S1P mediates CTGF induction in renal cell carcinoma

were calculated by linear or quadratic regression with 1/x
weighting or 1/x> weighting, respectively. Variations in the
accuracy of the calibration standards were lower than 15%
over the range of calibration, except for the lower limit of
quantification (LLOQ), where a limit of 20% was accepted.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
(v6.01; GraphPad Software Inc., San Diego, CA, USA). We
have first performed normality tests using D’Agostino and
Pearson test for parametric distribution as well as the Kol-
mogorov—Smirnov test. All data with more than two groups
were analysed by Kruskal-Wallis with Dunn’s multiple-
comparison test. Data are shown as box and whisker plots
and shown as median 4+ IQR. In case of human samples,
mRNA and sphingolipid levels line graphs were used and for
the protein band analysis, box plots were used. For all exper-
iments dealing with human samples, the Wilcoxon matched-
pairs signed-rank test was used to calculate significance levels.
A P-value < 0.05 was considered as statistically significant.
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