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KEYWORDS Abstract Glioblastoma (GBM) is the most challenging malignant tumor of the central nervous system

. because of its high morbidity, mortality, and recurrence rate. Currently, mechanisms of GBM are still un-
gif;ltitgoer?a; clear and there is no effective drug for GBM in the clinic. Therefore, it is urgent to identify new drug
SPHKI: ’ targets and corresponding drugs for GBM. In this study, in silico analyses and experimental data show

Tl that sphingosine kinase 1 (SPHK1) is up-regulated in GBM patients, and is strongly correlated with poor
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NF-«kB/IL-6/STAT3 signal
pathway;

ATF3;

PXT3

prognosis and reduced overall survival. Overexpression of SPHK1 promoted the proliferation, invasion,
metastasis, and clonogenicity of GBM cells, while silencing SPHK1 had the opposite effect. SPHK1 pro-
moted inflammation through the NF-xB/IL-6/STAT3 signaling pathway and led to the phosphorylation of
INK, activating the JNK—JUN and JNK—ATF3 pathways and promoting inflammation and proliferation

of GBM cells by transcriptional activation of PTX3. SPHKI1 interacted with PTX3 and formed a positive
feedback loop to reciprocally increase expression, promote inflammation and GBM growth. Inhibition of
SPHKI1 by the inhibitor, PF543, also decreased tumorigenesis in the U87-MG and U251-MG SPHKI1
orthotopic mouse models. In summary, we have characterized the role and molecular mechanisms by
which SPHK1 promotes GBM, which may provide opportunities for SPHK1-targeted therapy.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioblastoma (GBM) is the most common and aggressive tumor
of the brain, and stage IV is the most malignant type. Patients with
GBM have high mortality and poor prognosis with an overall
survival of less than 14.6 months'~. Surgical resection combined
with radiotherapy and simultaneous adjuvant temozolomide
chemotherapy are the main methods for the treatment of GBM;
however, few patients with GBM survive for very long. The 5-year
survival rate for GBM patients is only 10%'?. A high degree of
heterogeneity, diffuseness and invasiveness, and the presence of
brain tumor-initiating cells resistant to chemotherapy and radio-
therapy are the major obstacles for the development of effective
treatments’ ©. Therefore, identifying the key driving factors for
progression of GBM could provide in-depth understanding of the
disease and serve as predictors for prognosis and targets for pre-
cise treatment.

Sphingolipids are one of the main lipid families in mammalian
cells with a wide range of functions as components of the cell
membrane, in cell—cell recognition, and in signal
transduction’. Key molecules in the sphingolipid metabolic
pathway play critical roles in the progress of inflammatory dis-
eases and cancers. Sphingosine-1-phosphate (S1P) is an important
mediator that is phosphorylated by SPHK1 and SPHK2, and
functions through intracellular action or binding to the SIP re-
ceptor 1—5 (S1PR1-5, G protein-coupled receptor) on the cell
surface. The SPHK1/S1P/S1PR axis modulates numerous cellular
processes including proliferation, invasion, metastasis, and
angiogenesis. SPHK1, the key kinase in the SPHK1/S1P/S1PR
axis, was shown to be upregulated in many different cancer types,
such as breast, gastric, lung, colon, liver, and GBM. The increased
expression of SPHK1 was associated with a poor overall survival
in patients with GBM as well as those with breast® and lung
cancers’. However, its functional roles and the mechanisms of
SPHKI1 action in GBM have not yet been described.

Since the nineteenth century, inflammation has been correlated
with the development and progression of cancer'™''. Chronic
inflammation increases the risk of developing various types of
cancer in epidemiological studies'”. In glioma, surgical resection
of glioma tissue is often accompanied by obvious local brain
inflammation, up-regulation of inflammatory factor levels, and
activation of inflammatory signaling pathways'>'#. Thus, target-
ing transcription factors or kinases related to inflammation has
emerged as a promising therapy for cancers'”. SPHKI is a
sphingosine kinase that plays a key role in the regulation of

inflammation in various types of cancer. Previous studies showed
that SPHK1 was upregulated in GBM patients and correlated with
a poor prognosis'®'’. However, how SPHK1 could promote pro-
gression of GBM through inflammatory pathways and its specific
mechanisms have not been investigated.

In this study, we measured the expression of SPHK1 in patients
with GBM and investigated its function in GBM cells and in nude
mice with xenografted GBM tumors. Our results showed that
SPHK1 promoted proliferation and metastasis of GBM cells.
Transcriptome data indicates that SPHK1 promotes inflammation
through the NF-«xB/IL-6/STAT3 signaling pathway. The PTX3
gene, which is a biomarker for inflammatory conditions and is
involved in regulating inflammation and complement activation,
was also upregulated by overexpression of SPHK1. In addition,
SPHKI1 activated the JNK/JUN and JNK/ATF3 pathways that
further promoted inflammation and growth of GBM cells by
activating PTX3. More importantly, SPHK1 also interacted with
PTX3 to form a positive feedback loop to reciprocally increase
their expression in GBM cells. Thus, SPHK1 may prove to be a
useful drug target for the treatment of GBM.

2. Methods
2.1.  Cell culture

The human GBM cell lines, A172, U87-MG, T98G and U251-
MG, were obtained from Procell Life Science & Technology Co.,
Ltd. (Wuhan, China). The normal human glial cell line, HEB, and
the GBM cell lines, U138-MG, BT325, and TJ905, were obtained
from GuangZhou Jennio Biotech Co., Ltd. (Guangzhou, China).
The human GBM cell line, SF268, was obtained from the Chinese
Academy of Sciences (Beijing, China). All cells were maintained
in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10%
FBS (Procell Life Science &Technology Co., Ltd.) and incubated
in 5% CO, in a humidified incubator at 37 °C.

2.2.  Establishment of stable cell lines

The human full-length SPHK1 or PTX3 c¢cDNA clone (Myc-DDK-
tagged) was purchased from OriGene Technologies (Rockville,
USA). SPHKI1 small hairpin RNAs (SPHK1 shRNAs) were pur-
chased from Hanbio Biotechnology (Shanghai, China), and the
sequences of SPHK1 shRNA1, shRNA?2 and shRNA3 are listed in
Supporting Information Table S1. Stable cell clones with high
SPHK1/PTX3 expression (U251-MG SPHKI1/PTX3) and
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corresponding controls were selected by culturing with G418 at a
concentration of 400 pg/mL for about 1.5 months. The stable low
SPHKI1 expression (U87-MG SPHK1 shRNA1, U87-MG SPHK1
shRNA2) cell lines and a corresponding control were selected
with puromycin at a concentration of 2 pg/mL for 14 days. These
stable cell lines were used to assess the functional roles of SPHK1
in GBM cells, such as proliferation (CCK-8 assay), migration and
invasion (Transwell assays), clonogenicity, and cell growth in 3D
Matrigel.

2.3.  Cell proliferation, migration and invasion assays

The CCK-8 (Beyotime, Shanghai, China) assay was used to
determine cell proliferation'®. Briefly, 3 x 10* cells (per well)
were seeded in a 96-well plate and incubated for 0, 24, 48, 72 and
96 h. The absorbance of each well at 450 nm was quantified using
a SpectraMax M5 (Molecular Devices, LLC., San Jose, CA,
USA). Costar 24-Transwell Plates (Corning, New York, USA)
with 8 um polycarbonate membranes were used to measure cell
migration and invasion ability of GBM cells'®. For the invasion
assay, the bottom polycarbonate membrane was coated with 13%
Matrigel (Corning, NY, USA). Cells were harvested and re-
suspended in FBS-free medium, and 5 x 10* cells (about
300 pL) were added to the upper chamber. One mL of complete
medium was added to the lower chamber. After 18 h (migration)
or 24 h (invasion), the cells that had traversed the polycarbonate
membrane were fixed with 4% paraformaldehyde (4% PFA) for
15 min, stained with 1% crystal violet solution for 20 min, then
washed with water until no more color was seen. The non-
traversed cells were gently wiped off with a cotton swab and
the number of traversed cells was counted under a visible-light
microscope (Nikon, Tokyo, Japan).

2.4.  Colony formation assay and 3D matrigel culture

Six-well plates were used to perform the colony formation assay.
Two mL of 0.7% low-melting temperature agarose in DMEM
containing 10% FBS was added to each well of a 6-well plate to
serve as the bottom layer and the top layer contained 3000 cells
suspended in 1 mL of 0.35% low melting-temperature agarose in
DMEM with 10% FBS. The plates were incubated for 2—4 weeks.
Lastly, the clones were stained with 200 pL of MTT solution
(5 mg/mL) and the number of clones was counted. The 3D
Matrigel culture was carried out in 96-well plates with each well
containing 50 pL of Matrigel (Corning, NY, USA) and 50 pL of
complete medium plus 1000 cells. After culturing for two weeks,
the sizes of the colonies were determined under a visible-light
microscope (Nikon, Tokyo, Japan).

2.5.  Protein immunoassays by Western blot

For total protein extraction, cells were disrupted in RIPA
(Applygen, Beijing, China) lysis buffer containing a Protease and
Phosphatase Inhibitor Cocktail (Beyotime, Shanghai, China) at
4 °C for 30 min. The cell lysates were centrifuged at 12,000 x g
for 10 min at 4 °C and the supernatants were collected. The BCA
Protein Assay Kit (Beyotime, Shanghai, China) was used to
quantify the protein concentrations of each sample. Protein ali-
quots were separated on 10% SDS-PAGE and proteins were
transferred to polyvinylidenedifluoride (PVDF) membranes (Mil-
lipore, Billerica, USA). The blots were then blocked in 5% fat-free
milk for 1 h at room temperature and incubated with primary

antibodies at the recommended dilutions with gentle agitation
overnight at 4 °C. The primary antibodies included SPHK1, ATF3,
p-NF-kB-p65, NF-kB-p65, p-STAT3, STAT3, p-p38-MAPPK,
p38-MAPPK, p-ERK1/2, ERK1/2, p-INK, JNK, p-JUN and JUN
(Cell Signaling Technology, Danvers, USA), PTX3 and GAPDH
(Proteintech, Rosemont, USA). After washing, the blots were
incubated with the corresponding HRP-linked secondary antibody
(Cell Signaling, Danvers, USA). Stained bands were visualized
with a Tanon 5200 Automatic Imaging System (Tanon, Shanghai,
China) using a hypersensitive ECL solution (Applygen, Beijing,
China).

2.6. Differential gene expression analysis by real-time
quantitative PCR (RT-gPCR)

Total RNA was extracted from cells with TRIzol reagent (Invi-
trogen, Carlsbad, USA) and cDNA was synthesized using the
MonScriptTM RT 11l All-in-One Mix (Monad Biotech, Wuhan,
China). The AceQ Universal SYBR qPCR Master Mix (Vazyme
Biotech, Nanjing, China) was used with RT-qPCR to determine
the relative expression of selected differentially expressed genes
(DEGsS) in a CFX 96 thermocycler (Bio-Rad, Hercules, CA, USA).
The primers used in RT-qPCR are listed in Supporting Information
Table S2.

2.7.  Transcriptome sequencing and functional enrichment
analyses for DEGs

The U251-con and U251-SPHK1 cells were collected and lysed
with TRIzol reagent (Invitrogen, Carlsbad, USA) and prepared for
transcriptome sequencing by Novogene Co., Ltd. (Beijing, China).
The total RNA was qualified on the Agilent 2100 Bioanalyzer
System and libraries were generated using NEBNext® Ultra™
RNA Library Prep Kit for Illumina® following manufacturer’s
instructions. The llumina PE150 libraries were normalized, pooled
and sequenced on the [lluminaHiSeq™ Nova sequencing platform
(Illumina Inc., San Diego, CA, USA). For mapping the Illumina
RNA-seq reads, HISAT2 v2.0.5 was used to align the FASTQ data
to the reference genome (GRh38). The reads of each gene were
counted using HTSeq v0.6.1, then, the fragments per kilobase per
million (FPKM) were calculated to quantify the expression level
of the corresponding gene. DEGs between SPHK1 overexpression
and control groups were identified by the DESeq2 R package
v1.16.1. The DAVID website (https://david.ncifcrf.gov/home.jsp)
was used to perform the gene ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analysis of
DEGs.

2.8.  Immunohistochemistry

Glioma tissue arrays were purchased from Xi’an Alenabio Bio-
logical Technology Co., Ltd. (Xi’an, China). Immunohistochem-
ical staining was carried out as previously described”*'. In brief,
the arrays were dried, deparaffinized, and rehydrated. Subse-
quently, the slides were immersed in boiling 10 mmol/L. sodium
citrate buffer (pH 6.0) for 20 min for antigen retrieval. The slides
were then incubated with 3% hydrogen peroxide solution at room
temperature for 10 min to block the activity of endogenous
peroxidase. Sections were blocked with 10% normal goat serum
for 30 min, and then incubated with SPHK1/PTX3 primary anti-
body (1:50 dilution; Proteintech, Rosemount, IL, USA) overnight
at 4 °C. Negative controls were incubated with PBS alone. The
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IHC Detection System (ZSGB-BIO, Beijing, China) was used for
the subsequent experiments. Sections were counterstained with
hematoxylin and mounted with neutral gum. The semi-
quantitative analysis of stained slides was performed according
to the Remmele and Stegner immunoreactivity score (IRS)**’
under a visible-light Microscope (Nikon, Tokyo, Japan).

2.9.  Edu DNA synthesis assay

The DNA synthesis assay was performed using the Cell-Light
EdU Apollo 567 In Vitro Imaging Kit (RIBOBIO, Guangzhou,
China) according to the manufacturer’s instructions®”. Briefly,
cells were seeded in 96-well plates at a density of 1 x 10° per
well, and 24 h later, 50 pmol/L EdU was added to the culture
medium and incubated for 4—6 h. The cells were then fixed for
30 min in 4% paraformaldehyde, permeabilized for 10 min using
0.5% Triton-X 100, and stained for 30 min with 10 pmol/L. Apollo
567. DNA was stained with Hoechst 33342 for 30 min and cells
were imaged with a High-Resolution Digital Imaging System
(Thermo Fisher Scientific, Waltham, USA).

2.10.  Chromatin immunoprecipitation (ChIP) assay

U251 cells were transfected with ATF3-overexpressing or control
plasmids and 24 h later, the cells were collected and processed
using the SimpleChIP® Enzymatic Chromatin IP Kit (9002,
Signaling Technology, Danvers, MA, USA). Cells were cross-
linked in 1% formaldehyde and then quenched using 0.125 mol/L
glycine. Nuclear lysates were digested by micrococcal nuclease
and incubated with control IgG or anti-ATF3 antibody. The
genomic DNA of interest was precipitated by magnetic beads,
reverse-crosslinked, purified by spin column, and used as template
for RT-qPCR analysis.

2.11.  Co-immunoprecipitation (Co-IP) assay

U251-MG cells were transfected with SPHK1 or PTX3 plasmids,
and 24 h later the cells were collected and disrupted in lysis buffer.
Cell lysates were incubated with control IgG or SPHK1/PTX3
primary antibodies with gentle agitation overnight at 4 °C. Then,
25 pL of protein A/G agarose beads were added to lysates and
incubated for 2 h. The agarose beads were pelleted and washed
five times. Immunoprecipitated proteins were eluted by heating at
95 °C for 10 min. The protein levels of SPHK1 and PTX3 were
determined by Western blot.

2.12.  In vivo GBM models

2.12.1.  Animals

Six-week-old BALB/c nu/nu mice (female) were used in this
study. The mice were purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd. (Beijing, China). All mice
were housed in a barrier system (12-h light/dark cycle, tempera-
ture 22 £ 2 °C, relative humidity 50 £ 10%) with free access to
food and water. All experimental procedures were performed ac-
cording to the principles of the NIH Guide for the Care and Use of
Laboratory Animals and the experimental procedures were
approved by the animal ethics committee of the Institute of
Materia Medica, CAMS & PUMC (Beijing, China).

2.12.2.  Xenograft tumor model

U251-MG Con, U251-MG SPHKI1, U87-MG Sh-NC, U87-MG
Sh-SPHKI1-1, and U87-MG Sh-SPHKI1-2 cells (a total of
1 x 107 cells) were collected and subcutaneously injected into the
right flank of the mice. After tumor formation, the length and
width were measured with a digital Vernier caliper and the tumor
volume was calculated using Eq. (1):

V (mm’)=0.5 x L x W* (1)

where L is the length in mm and W is the width in mm of the
tumor. After 28 days, all the mice were euthanized, the tumors
were weighed, and the tumor tissues were collected for
examination.

2.12.3.  GBM orthotopic model

BALB/c nu/nu mice were anesthetized with sodium pentobarbital
(60 mg/kg, i. p.) and fixed in a stereotaxic apparatus>. A small
hole (3 mm to the right and 0.5 mm anterior to the bregma) was
drilled through the skull and U87-MG or U251-MG Con/U251-
MG SPHKI cells (2 x 10° cells/uL) were transplanted into the
right striatum of the mice at a depth of 3.3 mm below the skull.
Aliquots of 5 puL of cell suspension were slowly injected at a rate
of 1 pL/min into the striatum of the mice. For the U87-MG GBM
orthotopic model, at five days after the surgery, 10 mg/kg of
PF543 was administered to the mice on alternate days for 21 days.
For the U251-MG Con/U251-MG SPHKI1 glioma orthotopic
model, at two weeks after the surgery, 10 mg/kg PF543 was
administered to mice on alternate days for 21 days. At the end of
the experiment, magnetic resonance imaging was used to deter-
mine the tumor volume in the mice.

2.13.  Statistical analysis

The results are presented as mean =+ standard deviation (SD).
Student’s ¢ test was used to evaluate differences between two
groups and one-way ANOVA to analyze differences among
different groups. The difference was considered significant at
P < 0.05.

3. Results

3.1.  SPHKI is highly expressed in GBM and associated with
clinical characteristics of patients with GBM

To evaluate the expression level of SPHK1 in GBM, we measured
mRNA expression of SPHKI in normal cells and tissues compared
to GBM cells and tissues using GEPIA, the Broad Institute, the
Human Protein Atlas, Oncomine, and TCGA databases by in
silico methods. Results show that the mRNA expression of SPHK]
was higher in GBM than in normal tissues (Fig. 1A and B). In
addition, SPHK1 was highly expressed in some GBM cells, such
as U138-MG, A172, and U87-MG (Fig. 1C), and the mRNA
expression of SPHKI was higher in GBM tissues than in normal
and other types of glioma tissues (Fig. 1D and E). These data
demonstrate that SPHK1 was highly expressed in GBM. To clarify
why SPHK1 was highly expressed in GBM, we searched tran-
scription factors in the promoters of SPHK1 by using PROMO
website and checked if they were associated with GBM. We found
that 78 transcription factors could bind the promoter of SPHKI
(Supporting Information Fig. S1). Among 78 transcription factors,
ATF3, CMYB, HOXDY9, HOXD10, ATF1, AR, LEF1, IRF2, ELFI,
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XBP1, CEBPB, CEBP3, GATA3, RELA, TP53, WT1 are associated
with malignant GBM.

In silico analysis was used to determine the relationship be-
tween SPHK1 expression and survival rate of patients with GBM.
As shown in Fig. 1F, GBM patients with high expression of
SPHK1 had a lower overall survival rate than those with low
expression of SPHK1, suggesting that SPHK1 could be a potential
drug target for treating GBM. To determine if expression of
SPHK1 is associated with the clinical characteristics of patients
with GBM, we analyzed the expression of SPHK1 in paraffin-
embedded GBM tissues and adjacent normal tissues. Our results
show that SPHK1 expression was significantly higher in GBM
tissues than in normal brain tissues (Fig. 1G). These results
demonstrate that SPHK1 is highly expressed in GBM, and that
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SPHK1 expression is associated with poor outcomes in GBM
patients.

3.2.  SPHKI plays an important role in GBM cells

To investigate the role of SPHK1 in GBM cells, loss- and gain-of
function assays were carried out (Fig. 2A). Firstly, we measured
the mRNA and protein expressions of SPHK1 and S1P levels in a
panel of GBM cell lines and found the lowest expression in U251-
MG cells and the highest expression in U87-MG cells (Fig. 2B and
Supporting Information Fig. S2). Stable U251-MG cells with
overexpression of SPHK1 were established by the sub-cloning of
full-length human SPHKI! cDNA into the pCMV6 vector
(pCMV6-SPHK1), which was named U251-MG SPHKI. Stable
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SPHKI1 promotes proliferation, migration, invasion, colony formation, and growth of GBM cells. (A) Approach for defining the

function of SPHK1 in GBM cells. (B) Western blot and ELISA results show that the protein levels of SPHK1 and S1P were higher in A172 and
U87-MG cells and lower in U251-MG and H4 cells. (C) Overexpression of SPHK1 in U251 cells. (D) Overexpression of SPHK1 promotes
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U87-MG cells with low SPHK1 expression were established using
RNA interference with SPHKI shRNAs (pHBLV-shSPHK1 1/2),
and were named U87-MG shSPHK1-1 and U87-MG shSPHK1-2,
respectively. Overexpression of SPHK1 in U251-MG cells pro-
moted cell proliferation (Fig. 2C and D) and increased clonoge-
nicity and growth in both soft agar and 3D Matrigel (Fig. 2D, and

Supporting Information Fig. S3A), whereas knockdown of SPHK1
in U87-MG and A172 cells reduced proliferation (Fig. 2E), clo-
nogenicity and growth (Fig. 2F and Fig. S3B).

To define the role of SPHK1 in the motility of GBM cells,
invasion and migration assays were carried out in U251-MG Con,
U251-MG SPHKI, U87-MG shNC, U87-MG shSPHKI-1, and
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U87-MG shSPHK1-2 cell lines. As shown in Fig. 2G and
Fig. S3C, overexpression of SPHK1 facilitated the migration and
invasion of GBM cells, whereas knockdown of SPHK1 expression
reduced cell migration and invasion of U87-MG and A172 cells
(Fig. 2H, Fig. S3D and S3E). Taken together, we think that
SPHKI1 plays an important role in the development of GBM.

3.3.  SPHKI increases inflammation in GBM

To elucidate the mechanism by which SPHK1 promotes GBM
development, we examined the transcriptomic sequencing after
overexpression of SPHK1 in U251-MG cells to identify the differ-
entially expressed genes (DEGs) (Fig. 3A). Compared with the
U251-MG control group, a total of 72 down-regulated genes and 58
up-regulated genes were identified after overexpression of SPHK1
(Fig. 3B). Subsequently, the GO (gene ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway enrichment ana-
lyses of these DEGs were performed on the DAVID website (Fig. 3C
and D). The enriched KEGG pathways included rheumatoid
arthritis, TNF signaling pathway, NF-«kB signaling pathway,
PI3BK—Akt signaling pathway, and cytokine—cytokine receptor
interaction (Fig. 3D and Supporting Information Table S3). The
String website using Cytoscape software was used to construct the
PPI (protein—protein interaction) network (Supporting Information
Fig. S4). These results suggest that SPHK1 may be involved in
signaling pathways related to inflammation.

To test the results of RNA-Seq, 12 DEGs involved in
inflammation-related signaling pathways were selected for vali-
dation by RT-qPCR assay (Fig. 3E). In addition, the results from
an ELISA show that the level of IL-6 was increased in U251-MG
SPHKI cells and decreased in U87-MG and A172 si-SPHK1 cells
(Fig. 3F and G). The results from Western blots show that the
ratios of p-NF-«kB-p65/NF-kB-p65 and p-STAT3/STAT3 were
increased in U251-MG SPHKI1 cells and decreased in U87-MG
and A172 si-SPHKI1 cells (Fig. 3H and I). In summary, these re-
sults confirm that SPHK1 plays an important role in regulation of
inflammation-related signaling pathways.

3.4. PTX3 is regulated by SPHKI in GBM cells and highly
expressed in GBM tissues

To further delve into the influence of SPHK1 on the regulation of
inflammation in GBM cells, we screened DEGs in U251-MG Con
and U251-MG SPHKI1 cells to identify inflammation-related
genes that were regulated by SPHK1. In the list of DEGs from
over-expression of SPHK1, PTX3 was one of the top-ranked genes
(Fig. 4A). PTX3 encodes a secreted protein of the pentraxin pro-
tein family, which is linked to regulation of inflammation and
complement activation. This gene is involved in regulating
inflammation and complement activation and is a biomarker for
several inflammatory conditions. The results of RT-qPCR and
Western blot confirmed that both mRNA and protein expression of
PTX3 were regulated by SPHK1 (Fig. 4B and C). Additionally,
results from ELISAs and confocal immunofluorescence show that
SPHKI1 overexpression increased the expression of PTX3 in
U251-MG cells (Fig. 4D and E), suggesting that PTX3 may be a
downstream target of SPHK1.

To further confirm that SPHKI1 regulates the expression of
PTX3, we checked whether the expression of PTX3 was also high in
GBM tissues using GEPIA, the Broad Institute, Oncomine, and
GTEXx databases. Data from GEPIA and the Broad Institute showed
that PTX3 expression was higher in glioma tissues than in normal

tissues (Fig. 4F) and was markedly higher in the GBM tissues than in
other types of glioma (Fig. 4G). Similar results were confirmed by
results from the Oncomine database (Fig. 4H and I), and data from
GTEx databases also showed that PTX3 expression was highly
expressed in GBM tissues independent of sample types, patient’s
races, ages, and p53 mutation status (Fig. 4J).

Overall, our results show that PTX3 expression was especially
high in GBM relative to normal and other types of tumors. The
methods of in silico analysis were used to investigate whether the
expression of PTX3 correlated with the survival rate of GBM patients,
and we found that the overall survival rate of patients with high PTX3
expression was lower than that of patients with low PTX3 expression
(Fig. 4K). IHC results also show that the expression of PTX3 was
obviously higher in GBM tissues than in normal brain tissues
(Fig. 4L). These results, combined with the previous data showing
that SPHK1 overexpression increased the expression of PTX3, sup-
port the hypothesis that PTX3 was regulated by SPHK1.

3.5.  PTX3 mediates the role of SPHKI in GBM cells

We found that SPHK1 increased the expression of PTX3, which
was also highly expressed in GBM tissues. Therefore, we specu-
lated that PTX3 must be a major downstream gene of SPHKI,
mediating its function in GBM cells. To test this hypothesis, we
first determined if PTX3 and SPHK1 had similar functions. We
measured the mRNA and protein levels of PTX3 in many GBM
cell lines and found the lowest expression in U251-MG, and the
highest expression in U138-MG among the GBM cell lines
(Fig. 5A). Stable U251-MG cells with overexpression of PTX3
were established by sub-cloning the full-length human P7X3
c¢DNA into the pCMV6 vector (pCMV6-SPHK1) (Fig. 5B), which
was named U251-MG PTX3. Stable U138-MG cells with low
PTX3 expression were established using PTX3 shRNAs (Fig. 5C),
which were named U138-MG shPTX3-1 and U138-MG shPTX3-
3, respectively. Overexpression of PTX3 increased metastasis and
tumor spheroid formation of U251-MG cells (Fig. 5B, Supporting
Information Fig. S5A and S5C), whereas knockdown of PTX3
expression in U138-MG cells had the opposite effect (Fig. 5C,
Fig. S5B and S5D). Overexpression of PTX3 also increased 1L-6
concentration and reduced the ratio of p-STAT3/STAT3 in U251-
MG cells, whereas knockdown of PTX3 in U138-MG cells had the
opposite effect (Fig. 5B and C). These results indicate that PTX3
enhanced growth and promoted the inflammatory response in
GBM cells, similar to the function of SPHK1.

Next, we tested whether knockdown of PTX3 expression could
rescue GBM cells by silencing PTX3 in U251-MG Con and U251-
MG SPHKI1 cells (Fig. 5D). Silencing PTX3 impaired release of IL-6,
colony formation, 3D growth, as well as the ratio of p-STAT3/STAT3
caused by SPHK1 in U251-MG cells (Fig. SE—H, Fig. SS5E).
Furthermore, EAU and CCK-8 analyses revealed that SPHK1 pro-
moted proliferation of U251-MG cells, while silencing PTX3
inhibited proliferation in U251-MG Con and U251-MG SPHK1 cells
(Fig. 5T and J). Lastly, confocal immunofluorescence assays revealed
co-localization of SPHK1 and PTX3 in the nucleus and cytoplasm in
U251-MG and U87-MG cells (Fig. 5K). Our results suggest that
PTX3 mediated the activity of SPHK1 in GBM cells.

3.6. SPHKI enhances PTX3 expression through the ATF3
pathway

To investigate how SPHK1 regulated the expression of PTX3, we
tested several transcription factors to determine if they were
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Figure 4 PTX3 is regulated by SPHK1 and promotes inflammation and proliferation of GBM cells. (A) Heatmap of top-ranked DEGs after
SPHKI1 overexpression in U251 cells. (B) The mRNA and protein expression of PTX3 was increased in U251 cells after overexpression of
SPHKI1. (C) The mRNA and protein expression of PTX3 was decreased in A172 and U87-MG cells after knockdown of SPHKI1. (D) The
concentration of PTX3 was increased in U251 cells after overexpression of SPHK1. (E) Confocal immunofluorescence staining of SPHK1 and
PTX3 showed that protein expression of PTX3 was increased after overexpression of SPHKI1. (F) Data from GEPIA website (http://gepia.cancer-
pku.cn/) shows that expression of PTX3 is higher in GBM tissues than in healthy tissues. (G) Data from the Broad Institute website (http://gdac.
broadinstitute.org/.) shows that the expression of PTX3 is higher in GBM tissues than in healthy tissues. Data from (H, I) Oncomine (www.
oncomine.org) and (J) UALCAN (http://ualcan.path.uab.edu/index.html) website shows that the expression of PTX3 is higher in GBM tissues
than in normal tissues. (K) Data from Betastasis (https://www.betastasis.com/) and GEPIA (http://gepia.cancer-pku.cn/) website shows that the
overall survival rate in patients with high expression of PTX3 is lower than in those with low expression of PTX3. (L) Immunohistochemical
results indicate that the expression of PTX3 was higher in GBM tissues than in normal tissues. Representative images showing the expression of
PTX3 in GBM and adjacent normal tissues. The data are presented as mean £ SD, and the experiments were performed in triplicate.
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Figure 5  PTX3 mediates the function of SPHK1 in GBM cells. (A) Protein expression of PTX3 in normal vs. GBM cells. (B) Overexpression

of PTX3 increases the ratio of p-STAT3/STAT3 and the release of IL-6, and promotes colony formation of U251-MG cells. (C) Knockdown of
PTX3 decreases the ratio of p-STAT3/STAT3 and the release of IL-6, and inhibits colony formation of U138-MG cells. (D) Strategy for
investigating PTX3 function after overexpression of SPHK1. (E) Knockdown of PTX3 in U251 cells with overexpressed SPHKI1. (F) ELISA
results show that silencing PTX3 impairs release of IL-6 caused by overexpression of SPHK1 in U251-MG cells. (G) Silencing PTX3 decreases
colony formation caused by overexpression of SPHK1 in U251-MG cells. (H) Silencing PTX3 inhibits growth of U251 cells in 3D Matrigel
caused by overexpression of SPHK1. EAU analysis (I) and CCK-8 analysis (J) show that silencing PTX3 inhibits proliferation of U251 cells
caused by overexpression of SPHK1. (K) Results from confocal immunofluorescence show that SPHK1 and PTX3 were co-localized in the
cytoplasm and nuclei in U251-MG and U87-MG cells. The data are presented as mean + SD, and the experiments were performed in triplicate.

involved in the regulation of PTX3 expression by SPHKI1
(Fig. 6A). The PROMO website (http://alggen.Isi.upc.es/cgi-bin/
promo_v3/promo/promoinit.cgi?dirDB =TF_8.3.) was used to
identify putative transcription factors that might regulate the

expression of PTX3, and we found 71 transcription factors that
might be involved in PTX3 regulation (Supporting Information
Fig. S6A). By screening the transcriptome data after over-
expression of SPHK1 in U251-MG cells, we identified IRF-1,
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Figure 6 SPHKI promotes the expression of PTX3 through ATF3. (A) Strategy for identifying ATF3 as the key transcription factor in
regulating the expression of PTX3. (B) In silico analysis of TCGA data shows that SPHK1 is highly correlated with PTX3. (C) Results from
confocal immunofluorescence show that SPHK1 and ATF3 or ATF3 and PTX3 are co-localized in the nucleus in U251-MG and U87-MG cells.
(D) Prediction of the binding site of ATF3 in the promoter region of PTX3 using PROMO website (http://alggen.lsi.upc.es/cgi-bin/promo_v3/
promo/promoinit.cgi?dirDB=TF_8.3.). (E) ChIP-qPCR analysis shows that ATF3 binds to PTX3 promoter in U251 cells. (F) Gel electropho-
resis of ChIP-qPCR products. (G) Confocal immunofluorescence assay revealing that overexpression of ATF3 increases PTX3 expression in
U251-MG cells. (H) Western blot results show that silencing ATF3 impairs the effects of SPHK1 on the expression of ATF3, PTX3, and the ratio
of p-STAT3/STAT3 in U251-MG cells. Silencing ATF3 impairs the effect of SPHK1 on the expression of PTX3 (I), colony formation (J), 3D
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ATF-3, and CEBPB as the most likely transcription factors for gPCR (Fig. S6C) and Western blot (Fig. S6D), and the results
mediating the function of SPHK1 (Fig. S6B). We determined the show that the mRNA and protein expression of ATF3 was
mRNA and protein levels of IRF-1, ATF-3, and CEBPB by RT- increased after overexpression of SPHKI1 in U251 cells
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(Fig. S6D). Results from in silico analysis of TCGA data also
showed that SPHK1 was highly correlated with PTX3 (Fig. 6B),
suggesting that ATF3 mediated the regulatory effect of SPHK1 on
PTX3 expression. A confocal immunofluorescence assay revealed
co-localization of SPHK1 with ATF3 and ATF3 with PTX3 in the
nuclei of both U251-MG and U87-MG cells (Fig. 6C). Next, a
chromatin-immunoprecipitation (ChIP)-qPCR assay was used to
confirm whether ATF3 could directly bind to the promoter of
PTX3. As shown in Fig. 6D—F, we observed increased amounts of
PTX3 promoter DNA in cells overexpressing SPHK1 compared
with control cells. A confocal immunofluorescence assay revealed
that overexpression of ATF3 increased PTX3 expression in U251-
MG cells (Fig. 6G). Rescue experiments also confirmed that
silencing ATF3 impaired the effects of SPHK1 on release of
PTX3, colony formation, 3D growth, and the ratio of p-STAT3/
STAT3 in U251-MG cells (Fig. 6H—K and Supporting Informa-
tion Fig. S7A), suggesting that PTX3 is a direct downstream target
of ATF3 in GBM cells. Taken together, these results suggest that
SPHK1-actived ATF3 binds to the promoter of PTX3 to regulate
its expression.

3.7.  SPHKI activates ATF3 through the JNK pathway

To investigate how SPHKI1 regulates the expression of ATF3, we
tested whether several S1PR-related signaling pathways,
including the MAPK, ERK, and JNK pathways, were involved in
ATF3 expression mediated by SPHK1 (Fig. 7A). Overexpression
of SPHKI significantly increased the ratios of p-ERK/ERK and p-
JNK/INK in U251 cells (Fig. 7B). In contrast, knockdown of
SPHKI1 in A172 cells reduced the ratios of p-ERK/ERK, p-JNK/
JNK, and p-JUN/JUN in U87-MG (Fig. 7C). However, p-p38-
MAPK/p-38-MAPK was not changed when SPHK1 was overex-
pressed in GBM cells (Fig. 7C). We then treated U251-MG cells
with the ERK inhibitor, PD98059, or the JNK inhibitor,
SP600125, and found that SP600125 but not PD98059 suppressed
the expression levels of p-STAT3/STAT3, ATF3, PTX3, IL-6, and
the tumor spheroid formation ability in U251-MG cells (Fig.
7D—G and Supporting Information Fig. S7). Only SP600125
was able to rescue the effect of SPHK1 on the regulation of ATF3
and PTX3 and the tumor spheroid formation ability in U251-MG
cells (Fig. 7F and G). In addition, to confirm that the activation of
JNK by SPHKI1 was caused by S1PRs rather than NF-«B acti-
vation, we detected the effects of the NF-«B inhibitor BAY11-
7082 on the activation of JNK after overexpression of SPHK1
in U251-MG cells. Our results show that the phosphorylation of
JNK was not changed after treatment of BAY11-7082 (Supporting
Information Fig. S8). We speculate that the activation of JNK was
caused by S1PR activation rather than NF-«B activation. Globally,
these results suggest that SPHK1 activates ATF3 through the
JNK/JUN pathway.

3.8.  SPHKI interacts with PTX3 and forms a positive feedback
loop to regulate inflammation and tumor growth of GBM cells

To investigate whether SPHKI1 interacted with PTX3, a co-
immunoprecipitation (co-IP) assay was carried out. We found that
SPHK1 and PTX3 were co-immunoprecipitated in U251-MG cells
and GBM tissues, suggesting that SPHK1 interacted with PTX3
(Fig. 7H). An SPR assay using a Biacore x 100 instrument showed
that PTX3 bound to SPHKI1 with a K, value is 2.98 pmol/L
(Supporting Information Fig. S9). In addition, immunofluorescence
results showed that SPHK1 and PTX3 were co-localized in the

cytoplasm and nucleus in U251-MG and U87-MG cells (Fig. 4E).
These results suggest that there is an interaction between SPHK1
and PTX3.

Additionally, the expression of ATF3, p-JNK/JNK and p-JUN/
JUN were upregulated after overexpression of PTX3 in U251-MG
cells (Fig. 7J and K), and were also increased after overexpression
of SPHK1. PTX3 also increased the expression of SPHK1 (Fig.
7]). Taken together, these results suggest that SPHK1 and PTX3
may interact to form a positive feedback loop which can promote
mutual expression, inflammation, and growth of GBM.

3.9.  SPHKI promotes tumorigenesis;, SPHKI inhibition
suppresses tumorigenesis

To assess the role of SPHK1 in increasing the growth of tumors
in vivo, stable cell lines with SPHK1 overexpression or knockdown
were transplanted into nude mice (Fig. 8A). Tumor growth was
monitored, and overexpression of SPHK1 increased tumor volume,
tumor weight (Fig. 8B), the expression of PTX3, and the levels of
S1P in tumor and serum (Fig. 8C) compared to control, confirming
that SPHK1 promotes the growth of U251-MG cells in nude mice,
while SPHK1 knockdown suppresses tumor growth, SPHK1
expression and the S1P level (Fig. 8D and E). To determine if
SPHKI1 could be a potential drug target for GBM therapy, a specific
inhibitor of SPHK1, PF543, was tested in the GBM orthotopic
model. Many studies have shown that PF543 is effective
in mitigating bronchopulmonary dysplasia®*, high blood
pressure”’, gastric cancer”®, prostate cancer”’ and breast cancer”".
Here, we show that PF543 (10 mg/kg) significantly reduced tumor
volume, the expression of PTX3, and the S1P level in mice trans-
planted with U87-MG cells (Fig. 8F and G) or U251-MG SPHK1
cells in an orthotopic model (Fig. 8H and I). These results provide
evidence that SPHK1 could be a drug target in treating GBM.

4. Discussion

GBM is the most malignant type of brain tumor and TMZ is the only
first-line drug, but it is not very effective. The molecular mechanism
of GBM tumorigenesis is unclear and potential drug targets have not
been identified. We found that SPHK1 was upregulated in GBM
compared to normal tissues, and SPHK1 overexpression promoted
growth and metastasis of GBM cells. SPHK1 induced inflammation
through the NF-«B and IL-6/STAT3 pathways and promoted growth
of GBM through the JUN/ATF3-mediated PTX3 pathway. SPHK1
interacted with PTX3 to form a positive feedback loop to mutually
increase expression in GBM cells. Based on these results, SPHK1
may be a drug target for GBM treatment.

Inflammation is associated with the initiation, development,
and progression of many cancers”” 2. A previous study showed
that SIP, a bioactive molecule induced by SPHKI, activated
STAT3 and increased the expression of NF-«kB and IL-6 in a
colitis-associated mouse colon cancer model. Consistent with the
previous study, we observed that overexpression of SPHK1 acti-
vated STAT3 and p65-NF-«B and increased IL-6 in GBM cells.
IL-6 plays a crucial role in the development of GBM. Weissen-
berger et al.* demonstrated that abrogation of IL-6 prevented
development of GBM in GFAP-v-src transgenic mice. Subsequent
activation of JAK family members JAK1-3 leads to the activation
of transcription factor STAT3. STAT3 promotes migration and
invasion of U87MG, U251, and T98G GBM cells** and increases
the expression of MMP-2, a protease involved in tumor
metastasis”’*>. IL-6/STAT3 also promotes proliferation and
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ERK/ERK and p-JNK/INK in U251 cells. (C) Western blot results show that knockdown of SPHK1 and A172 cells reduces the ratio of P-ERK/
ERK, p-JNK/INK, and p-JUN/JUN in A172 and U87 cells. (D) The JNK inhibitor, SP600125, but not the ERK inhibitor, PD98059, suppresses
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ERK inhibitor, PD98059, suppresses the release of IL-6 (E), colony formation (F) and growth in 3D Matrigel (G) in U251-MG cells after
overexpression of SPHK1. (H) Co-IP analysis shows that SPHK1 and PTX3 co-immunoprecipitated in U251-MG cells and GBM tissues. (I)
Confocal immunofluorescence results show that SPHK1 and PTX3 co-localize in the cytoplasm and nuclei in U251-MG cells. (J) Overexpression
of PTX3 increases the expression of ATF3, p-JUN/JUN, and p-JNK/INK in U251 cells. (K) Overexpression of SPHK1 or PTX3 increases the
expression of ATF3, p-JUN/JUN, and p-STAT3/STATS3 in the nuclei of U251 cells. The data are presented as mean = SD, and the experiments
were performed in triplicate.

36

gene knockout or target drug modestly improves GBM T-cell
infiltration and mouse survival rate™,

Pentraxin 3 (PTX3) is a member of the pentraxin protein
family and its concentration reflects the severity of inflammation.

inhibits apoptosis of GBM cells””. Moreover, a recent study re-
ports that vascular niche-derived IL-6 induces alternative M¢
activation in GBM, suggesting that IL-6 may serve as a thera-
peutic target for GBM immunotherapy’’, Inhibition of IL-6 by
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Figure 8 SPHKI1 promotes tumor growth and SPHKI1 inhibitor, PF543, suppresses tumorigenesis in vivo. (A) Strategy for studying the tumor
promotion effects of SPHK1 in vivo. (B) Overexpression of SPHK1 in U251-MG cells increases tumor volume and weight in nude mice. The data are
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A previous study showed that PTX3 expression was upregulated carcinoma®”. PTX3 may promote invasion through enhanced
and closely correlated with tumor progression in pancreatic car- angiogenesis in the GBM microenvironment through the
cinoma, cervical, prostate, gastric, and breast cancers and lung IL8—VEGF signaling pathway’’. In addition, silencing PTX3
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Figure 9  Diagram showing the proposed mechanism of SPHKI
action in GBM cells. SPHK1 promotes growth of GBM by increasing
inflammation mediated by the NF-«xB/IL-6/STAT3 and JNK/PTX3
pathways.

reduced the expression of VEGF and MMP-1*'. PTX3 can also
inhibit the expression of fibroblast growth factor two in rheuma-
toid arthritis*>. We speculated that PTX3 may mediate the pro-
liferation and motility of GBM cells through increased levels of
growth factor and chemotactic receptors in GBM cells. Here, we
report that SPHKI1 increased the expression of PTX3 in GBM
cells and show that PTX3 may be the main downstream gene
target of SPHK1.

To clarify how SPHKI1 increased the expression of PTX3, we
determined if specific transcription factors were involved in PTX3
expression that was mediated by SPHK1. ATF3 is an important
transcription factor that regulates the expression of many genes
involved in cell cycle, apoptosis, and inflammation. We consid-
ered ATF3 as a putative mediator of SPHK1 and PTX3 because
S1P binds to its receptors, SIPR1 or S1PRS, and then activates the
MAPK signaling pathway, which is the upstream signal for ATF3.
Also, our in silico analysis showed that the PTX3 promoter has an
ATF3 binding site. Our results demonstrate that SPHK1 increased
the expression of ATF3, and the ChIP-PCR data show that ATF3
was bound to the PTX3 promoter. This suggests that SPHK1 en-
hances the expression of PTX3 through transcriptional activation
by ATF3 binding in GBM.

ATF3 is induced by pro-inflammatory cytokines, glucose, and
other stimuli*®. It is regulated by the NF-«B, STAT3, SAPK, and
MAPK sub-family signaling pathways**** depending on the
stimulus®®. In the present work, we observed increased phos-
phorylation of p38 MAPK, ERK, and JNK after overexpression of
SPHKI1. Using the ERK inhibitor, PD98059, and the JNK inhib-
itor, SP600125, we determined if JNK activation was required for
SPHKI1-induced ATF3. Our findings indicate that the JNK path-
ways rather than the p38 MAPK or ERK pathways were the up-
stream regulators of ATF3 induced by SPHKI. Previous results

showed that ATF3 exerted its function by forming homodimers or
heterodimers with other family members. For example, in the
central nervous system, c-Jun was an important partner of ATF3
and a potential inducer of ATF3 expression. ATF3 and c-Jun can
form heterodimers in reticulocytes”, PC12 cells***°, and Neuro-
2a cells®. In addition, as the key transcription factor, ATF3 in-
teracts with other transcription factors, such as JUN, Spl, and
STAT3, in response to nerve injury’™>'. Previous results also
showed that PTX3 was transcriptionally regulated by JUN in
breast cancer cells, and correlated with breast cancer stem-like
properties™”. We found that overexpression of SPHK1 increased
the expression of JUN, which is also a downstream transcription
factor in the JNK signaling pathway. Considering this evidence,
we speculate that the bioactive product of SPHK1 is bound to its
receptor and phosphorylates JNK to increase the expression of
ATF3 and JUN. Subsequently, ATF3 interacts with JUN to form
heterodimers to increase the expression of PTX3 in GBM cells.

Lastly, we found that SPHK1 could interact with PTX3 and co-
localize with it in the cytoplasm and nucleus of U251-MG and
U87-MG cells. Overexpression of PTX3 increased the expression
of JNK, JUN and ATF3, which were also increased by over-
expression of SPHK1. These findings indicate that SPHK1 and
PTX3 established a positive feedback loop to reciprocally increase
their expression, inflammation, and GBM proliferation.

5. Conclusions

We found that SPHK1 expression was upregulated in GBM tissues
and cells and its expression was strongly associated with poor
overall survival of patients with GBM. SPHK1 promoted the
development of GBM by activating the INK—JUN/ATF3 pathway,
which transcriptionally regulated the expression of PTX3 and
increased inflammatory processes and tumor progression. In
addition, SPHK1 interacted with PTX3 to create a positive feed-
back loop that regulates the process of inflammation and tumori-
genesis (Fig. 9). These results suggest that SPHK1 promotes the
progression of GBM and may be useful as a therapeutic target for
GBM therapy.
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