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Abstract

Background
The S1P/S1PR3 axis has been demonstrated to be associated with the development of multiple human
cancers, but the potential role of it in the biological mechanisms of glioma, par-ticularly TME cell
in�ltration, remains unknown.

Methods
We analyzed gene expression data of gliomas and corresponding clinicopathological information to
assess overall survival by univariate and multivariate Cox regression. We also analyzed the signaling
pathways and genes associated with S1PR3 overexpression by Gene Set Enrichment Analysis, and the
characteristics of oncogenic pathways, biological pathways, and TME cell in�ltration, and validated the
results with PCR, cell proliferation, and migration assays.

Results
Cox regression analysis con�rmed that S1PR3 overexpression was signi�cantly correlated with overall
survival and clinicopathological features. Nomogram for prognostic prediction was successfully
constructed using S1PR3 and related genes, and Gene Set Enrichment Analysis revealed the association
of S1PR3 overexpression with cell cycle, DNA replication, MAPK, p53 and TGF-β signaling pathway.
Meanwhile, S1PR3 was shown to be signi�cantly associated with many immune checkpoints and
immune cell in�ltration.

Conclusions
Our study demon-strated that S1PR3 overexpression is a potential prognostic molecular marker for poor
prognosis in glioma, that S1PR3 plays an important role in immune cell in�ltration in TME. And
identi�cation of S1PR3-regulated signaling pathways and immune checkpoints enhances our
understanding of TME in�ltration characteristics, contributes to the development of immunotherapeutic
strategies.

1. Introduction
Sphingosine 1-phosphate (S1P) is a lipid mediator formed by sphingolipid metabolism, which exists in
the extracellular environment and is involved in a variety of physiological and pathological processes,
with the main function of regulating cell-matrix and cell-cell adhesion and in�uencing cell proliferation,
migration, and differentiation[1]. S1P has �ve speci�c cell surface G protein (G12/13, Gi/o and Gq)
coupled receptors, called S1PR1-5[2]. Several reports have demonstrated that the S1P/S1PR3 axis was
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closely related to proliferation, migration and angiogenesis in a variety of human cancer cells, such as
ependymomas, ovarian cancer cells, nasopharyngeal carcinoma and breast cancer[3–6]. S1PR3 can be
coupled to Gi/o, Gq, G12/13 families, causing activation of small GTPases such as Rho, Rac and Ras7. In
addition, S1PR3 is widely expressed in humans, with high expression in the central nervous system
(CNS), immune system, and cardiovascular system[7].

Low grade gliomas (LGG), including WHO grade II and III, are common primary tumors in the CNS,
accounting for approximately 20-29% of primary CNS tumors[8, 9]. LGG has the potential to evolve into
glioblastoma (GBM), but LGG is less aggressive than GBM, with a median survival time of more than 7
years, unlike GBM, which has a 5-year survival rate of 4-5%[9, 10]. The main treatment method for LGG
remains surgical resection, but surgery does not completely stop the recurrence of LGG due to the
presence of glioma stem cells and immune cell in�ltration of the tumor microenvironment (TME)[11, 12].
Moreover, glioma recurrence caused by tumor remnants has been reported to occur shortly after the
operation[11]. Although a combination of surgical resection, temozolomide (TMZ) chemotherapy and
radiotherapy is currently the main treatment strategy, strategies tailored to the innate immune and stem
cell properties of the glioma may ultimately achieve a survival bene�t. Notably, as a current biological
research hotspot with great potential, S1PR3 is attracting attention for the discovery of its novel role in
cancer, and research on S1PR3 provides new targets for improving cancer therapy[13–15]. S1PR3
expression may affect the formation of TME and tumor differentiation in cancer cells. Previous studies
have shown that S1PR3 expression may affect TME formation and tumor differentiation in cancer
cells[16]. In fact gliomas are more heterogeneous than other types of cancer and the immune signature of
the tumor and TME immune cell in�ltration may in�uence novel immunotherapy and developmental
plasticity of glioma cells.

The discovery of lymphatic vessels in the CNS has provided support for immunotherapy to penetrate the
blood-brain barrier, making immunotherapy a strategy with great potential for the treatment of CNS
tumors[17]. Recently, several studies have showed cancer treatment strategies using S1PR3 as a
therapeutic target and their associated mechanisms. One study pointed out that a signi�cant
upregulation of S1PR3 was found in the GBM TME �ow region[16]. The high expression of S1PR3
inhibited YAP phosphorylation and promoted translocation of YAP nuclear, thereby promoting the YAP-c-
MYC complex formation and increasing the transcription of PGAM1, an important glycolytic enzyme,
which affects energy metabolism in cancer cells[13]. S1PR3 was associated with the TGF-β/SMAD3
signaling pathway and together promoted the progression of human lung adenocarcinoma[18]. Cancer
formation involves the activation of proto-oncogenes and the inactivation of oncogenes. As a promising
immune target, the role of S1PR3 in glioma has not been comprehensively studied by scholars, and our
big picture understanding of the impact of S1PR3 expression on glioma progression and its mechanisms
is limited. Thus, a comprehensive analysis of S1PR3 expression in LGG is strongly needed. Further study
of cancer samples grouped according to S1PR3 expression will provide new strategies for the treatment
of LGG.
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In our study, the genomic information of 518 LGG samples from the TCGA database was used to
comprehensively assess S1PR3 expression and to determine the prognostic and immunological
characteristics of LGG and other cancer cells with different S1PR3 expression. Based on S1PR3
expression in LGG, we identi�ed two distinct immune phenotypes, the immune desert dedifferentiation
phenotype and the immune activation differentiation phenotype. We also found that S1PR3 expression
was associated with DNA damage and some classical OP.

2. Materials And Methods

2.1 Cell culture
We used human astrocytes HA-1800, M2 macrophages, oligodendroglioma Hs683 cell line, and U251
glioma cell line obtained from the American Typical Culture Collection (ATCC, Manassas, VA, USA) for in
vitro experiments. All cells were maintained in DMEM supplemented with 10% FCS, 2 mM non-essential
amino acids and 2 mM glutamine at 37°C, 5% CO2 and 95% humidity. In S1P (Sigma-Aldrich, Germany)
and S1PR3 inhibitor (CAY10444, CAYMAN Chemicals, Michigan, USA) stimulation experiments, glioma
cells were cultured in DMEM containing 0.05% FCS.

2.2 Quantitative real-time PCR (qRT‐PCR)
To analyze mRNA expression, we extracted total RNA from cultured normal and tumor cells using Trizol
reagent (Life Technologies Corporation). We used a High Capacity cDNA Reverse Transcription Kit
(Fermentas) to synthesize the �rst cDNA strand. Expression was analyzed by the following on-demand
gene expression assays from Applied Biosystems: S1PR3 (Hs01019574_m1); and eukaryotic 18S rRNA
endogenous control (4310893E). The quantitative real-time PCR was conducted in a 7900 HT Fast Real-
Time PCR system. Finally, every mRNA level was normalized to 18S rRNA and using the relative
quanti�cation (2-ΔΔCt) method to calculate the fold change.

2.3 Cell viability analysis
Glioma cells were inoculated into 96-well plates at 15,000 cells per well. After incubation for 24h, the
medium was removed and the cells were incubated for 48h using fresh medium containing CAY10444,
S1P or M2 cells. When the incubation time was reached, the medium in the multi-well plate was removed
and replaced with fresh medium containing 10% resazurine, and the plate was placed back into the
incubator until the medium changed from blue to light pink.

2.4 Scratch wound healing assay
Glioma cells are inoculated into 12-well plates with a total of 400,000 cells per well. When the cells
reached con�uence, use a 200 ul pipette tip to set a de�ned wound scratch into the middle of the cell
layer. Wounds were imaged using the PALM Robo software of the AxioVision HXP120C microscope (Carl
Zeiss Microscopy, Jena, Germany) and the exact location of the image was saved to analyze the same
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area after 24h. Treated cells with CAY10444 and/or S1P, M2 cells for 24 h and then analyzed for wound
width (software AxioVision SE64 Rel. 4.9, Carl Zeiss Microscopy).

2.5 Data Acquisition and Bioinformatic Analysis
All the data on gliomas collected in our study were derived from the Cancer Genome Atlas dataset (TCGA,
https://portal.gdc.cancer.gov/). The clinical data and gene expression pro�les of 518 low-grade glioma
cases were identi�ed for further analysis. We compared normalized RNA-seq data with S1PR3 gene
expression data by using the R programming language. The genes associated with S1PR3 were identi�ed
and their correlation with S1PR3 expression was analyzed by pearson analysis. The differential
expression of S1PR3 in various tissues and tumors was also determined by integrating datasets from
Genotype Tissue Expression (GTEx) and TCGA. All of our data were analyzed with the R Bioconductor
packages and R (version 3.6.1).

2.6 Gene set variation analysis and Gene Ontology
annotation
The limma package and DESeq2 package in R were used to differentially analyze each gene in the S1PR3
low and high expression group, and the intersection of the results of the two packages was used as
differentially expressed genes (DEGs). The Gene Set Variation Analysis (GSVA) analysis and the GSVA
package in R were used to investigate the variation in biological processes (BP) between different S1PR3
expression groups[19]. All biological features have been de�ned from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) gene set, with relevant data from the MSigDB database v7.1[20]. Gene ontology
(GO) annotation of S1PR3-related genes was conducted in the clusterPro�ler package in R with a cutoff
value of FDR < 0.05.

2.7 Assessment of independent prognostic factors
We performed a nomogram-based model to visualize the association between survival rates and
individual predictors using the rms package in R. We performed univariate and multivariate cox
regression analysis for OS analysis, as well as progression-free survival (PFS) analysis to verify the
feasibility of our model as an independent prognostic factor. We further used the "survival ROC" package
in R to assess prognostic ability by area under the curve (AUC) and receiver operating characteristic curve
(ROC) analysis.

2.8 Estimation of TME cell in�ltration and assessment the correlation of S1PR3 gene features with other
relevant BP

In order to quantify the relative abundance of every cell in�ltrate in the glioma TME, we used the single
sample gene set enrichment analysis (ssGSEA) algorithm. The genomes used to mark each TME-
in�ltrating immune cell type were derived from Charoentong's research[21]. We classi�ed immune cells
into pro-tumor immune cells (TAM, imDC, pDC, CD56dimNK, Th2, MDSC, Neutrophil, and Treg) and anti-
tumor immune cells (TcmCD4, TcmCD8, TemCD4, TemCD8, NKT, ActCD4, ActCD8, ActDC, CD56briNK,
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Th1, Th17, and NK) based on their cellular functions. Furthermore, we used 29 immune signatures to
detect characteristics between different S1PR3 expression groups[22]. Analysis of the abundance of
different leukocyte subsets with glioma gene expression pro�les by the deconvolution method
CIBERSORT[23]. To study the connection between S1PR3 gene characteristics and some associated
biological pathways, we collected gene sets that store genes related to many BP[24, 25] (Table S1). In
addition, 10 groups of OP genomes were included in our study in order to better explore the mechanisms
of S1PR3 gene signatures in response to different treatments[26] (Table S2).

2.9 Statistical analysis
Data from experiments were analyzed by using GraphPad Prism 5.0 and SPSS 22.0. The statistics for all
bioinformatics analyses in our research were produced by R (version 3.6.1). The chi-square test was used
for comparisons between two groups, and Kruskal-Wallis and one-way ANOVA tests were used as
parametric and non-parametric methods for comparisons between three or more groups, respectively[27].
Pearson and distance correlation analyses were conducted to calculate association coe�cients between
glioma sample phenotypes (TME immune cell in�ltration, immune signature, single gene expression, OP,
TMB, MSI, CD274, CD8A) and expression of S1PR3. The survminer package in R is used to determine the
cutoff point for each data set subgroup. Hazard ratios for S1PR3 expression and other prognostic factors
were determined by Cox regression models. The statistical results with P < 0.05 were statistically
signi�cant.

3. Results

3.1 The landscape of genetic variation of S1PR3 in glioma
For examining the expression level of S1PR3 in glioma cells, we �rst con�rmed S1PR3 expression in
normal brain tissue in the GTEx database, S1PR3 was widely expressed in brain tissue (Figure S1A). Next,
we con�rmed S1PR3 expression in LGG and GBM by qRT-PCR. We observed a signi�cant increase in
S1PR3 expression in HS683 and U251 cells compared with HA-1800, and the expression level of S1PR3
was higher in U251 cells than in HS683 cells (Figure 1A). The S1PR3 expression pattern in gliomas was
further validated by investigating S1PR3 expression levels in normal, LGG and GBM tissues. The results
showed that S1PR3 expression was signi�cantly increased in gliomas, and the difference was more
pronounced in GBM than in LGG tissues, suggesting that the high expression of S1PR3 may be related to
the transformation of LGG to GBM (Figure 1B, C). Meanwhile, S1PR3 expression in different histological
subtypes of LGG also showed differences, and the highest expression level was found in astrocytoma
(Figure 1D).

To investigate the correlation between S1PR3 expression and patient survival, we compared OS and PFS
(Figure 1E, S1B) in patients with low and high S1PR3 expression. Patients in the low group had a
signi�cant survival advantage than those in the high group. To further assess the clinical signi�cance of
S1PR3 overexpression in LGG, we compared S1PR3 expression differences between molecular subtypes.
Our results showed that S1PR3 expression was signi�cantly associated with grade, IDH mutation status,
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MGMT promoter status, x1p19q codeletion status, and primary/recurrence type (Figure 1F-J). We further
investigated the effect of S1PR3 on OS by univariate and multivariate Cox regression analysis, and
S1PR3 expression could be an independent factor for LGG prognosis (Figure 1K-L). We further studied the
differences in somatic mutation distribution between the high and low S1PR3 expression groups (Figure
1M-N). The IDH1 mutation was signi�cantly higher in the low expression group than in the high
expression group, 86% and 65%, respectively, which is consistent with a better prognosis of LGG with
IDH1 mutations[28]; the tumor TP53 mutation load was higher in the high expression group than in the
low expression group, 59% and 34%, respectively, which is consistent with a poorer prognosis for glioma
patients with high TP53 expression[29].

3.2 Establishment of a prognostic prediction nomogram for
glioma associated with S1PR3 expression
To further assess the prognostic ability of S1PR3 expression in gliomas, we performed ROC analysis on
518 samples. The 1-year survival AUC associated with S1PR3 expression was 0.650 (Figure 2A), the 3-
year survival AUC was 0.684 (Figure 2B), and the 5-year AUC was 0.730 (Figure 2C). The results of the
ROC study rea�rmed that S1PR3 expression can be an independent prognostic factor in LGG patients.
Based on the results of the ROC study, we built a nomogram integrating S1PR3 expression and
clinicopathological variables, which can be used as a quantitative method to provide prediction of LGG
prognostic risk (Figure 2D). To verify the accuracy of the nomogram, we used the nomogram to re-predict
1-, 3-, and 5-year survival rates (Figure 2E-G) and used the C-index to assess predictive abilities. The �nal
resulting C index was 0.87361, indicating that the predictive accuracy of our nomogram in terms of
survival predictability was nearly high. Our nomogram could be used for a comprehensive analysis of
S1PR3 expression and other clinical parameters in LGG patients and predicting patient survival.

3.3 Annotation of classi�cation functions determined by
consensus clustering analysis
To further understand the mechanism by which S1PR3 overexpression affects glioma progression, we
investigated the DEGs between the high and low S1PR3 expression groups. Then we performed KEGG
and GO analysis on DEGs in S1PR3 high expression group. KEGG enrichment analysis of DEGs indicated
that S1PR3 overexpression may be associated with recognized oncogenic and immune-related pathways,
such as Neuroactive ligand, ECM and Cytokine-cytokine receptor interaction, PI3K-Akt, cAMP, NF-κ B, et al
(Figure 3A). Interestingly, further GO enrichment analysis of DEGs revealed that S1PR3 overexpression
may be associated with regualte immune cells activation, proliferation and intercellular interactions, such
as T cell activation, positive regulation of cell activation, regulation of T cell activation, regulation of cell-
cell adhesion, leukocyte cell-cell adhesion, et al (Figure 3B). The top 15 GO terms for LGG indicated that
DEGs were enriched in gene expression, cellular biosynthetic process, regulation of gene expression,
cellular aromatic compound metabolic process, nucleic acid metabolic process, immune response, RNA
metabolic process, regulation of RNA metabolic process, regulation of transcription DNA-templated,
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regulation of nucleic acid-templated transcription, regulation of RNA biosynthetic process, transcription
DNA-templated, et al (Figure 3C).

Meanwhile, we performed GSEA analysis on LGG tissues with high S1PR3 expression, and we showed
representative BP (Figure 3D-N), including cell cycle, cytokine-cytokine receptor interaction, DNA
replication, JAK-STAT signaling pathway, MAPK signaling pathway, mTOR signaling pathway, p53
signaling pathway, TGF-β signaling pathway, et al. S1PR3 expression in LGG was associated with tumor
immune and OP, and high expression was involved in malignant progression of gliomas.

3.4 Identi�cation of S1PR3-related genes and S1PR3
inhibitors inhibited proliferation and migration of glioma
cells
To better understand the mechanisms by which S1PR3 expression affects glioma progression, we
examined S1PR3-related genes (Table S3). We selected �ve of the most positively (Figure 4A-E) and �ve
of the most negatively associated genes (Figure 4F-J) for further study. The �ve most positively
associated genes were IQGAP1, ELF4, ECM2, ANQ6, VIM. The �ve most negatively associated genes were
RHBDL1, KCNIP2, CKMT1B, CKMT1A, RUNDC3A. In addition, we selected the top 20 LGG somatic
mutation genes for the Pearson correlation study with S1PR3. The results showed that 12 of them were
correlated with S1PR3 expression, including ARID1A, ARID1B, EGFR, HMCN1, IDH1, IDH2, NF1, NIPBL,
PIK3CA, PTEN, RYR2, TP53 (Figure S1C-N). We further selected the top 20 differentially expressed genes
in LGG, the results indicated that 12 of them were associated with S1PR3 expression (Figure S2).

The results of these genetic correlations suggested that the positively associated genes might have a
synergistic effect with S1PR3 high expression, promoting the malignant progression of LGG, and the
negatively associated genes have an antagonistic effect, providing a direction for further research.

We next validated the above study by in vitro experiments. Cell viability decreased signi�cantly to 71.72%,
64.08% and 16.75% after treating HS683 cells with 5, 10 and 20 µM CAY10444 for 48 h, respectively
(Figure 4K). Interestingly, 20 µM CAY10444 showed a stronger inhibitory effect on HS683 cells than TMZ
(41.21%). We got similar results in the study of U251 cells (Figure 4L). Moreover, CAY10444 could reverse
the proliferation-promoting effect of S1P on glioma cells (Figure 4M-N). We further investigated the
migration of HS683 cells using a scratch wound-healing assay. The results showed that CAY10444 could
signi�cantly reverse the effect of S1P in promoting HS683 cell migration (Figure 4O).

3.5 Characterization of TME immune cell in�ltration in
gliomas with different S1PR3 expression
To investigate the effect of S1PR3 expression on LGG TME immune cell in�ltration, we �rst investigated
the enrichment of 23 immune cells in high and low S1PR3 expression groups. We found that the high
expression group showed an enrichment advantage for approximately all immune cells relative to the low
group (Figure 5A, Table S4). Furthermore, in the analysis of immune signatures, the high expression
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group was upregulated in almost all immune signatures compared to the low group (Figure S3A, Table
S5). Interestingly, the high expression group was signi�cantly upregulated in both anti-tumor and pro-
tumor immune cells and signatures, indicating that the effect of S1PR3 expression on tumor immunity is
bidirectional. To investigate the mechanisms involved, we compared the correlation between pro- and
anti-tumor immune cells in different S1PR3 expression groups. We investigated the correlation between
pro- and anti-tumor immune cells in the whole sample, S1PR3 high and low expression group (Figure 5B-
D), respectively, and found that the low expression group had higher anti-tumor ability, while the high
expression group showed more pro-tumor ability.

To better understand the effect of S1PR3 expression on TME, we further analyzed the expression
differences of typical immune-related genes in high and low expression groups. The expression of
checkpoint inhibitor-associated genes did not show signi�cant differences between high and low group
(Figure 5E), the expression of stimulator-associated genes was signi�cantly increased in the high group
(Figure 5F), while the expression of major histocompatibility complex (MHC) (Figure 5G) was signi�cantly
increased in the low group. Based on it, we suggested that different S1PR3 expression involving different
DNA damage-related phenotypes may inhibit or promote the anti-tumor ability of immune cells. Given
this, we examined both the high and low groups which BP were enriched for DNA damage and showed
that Angiogenesis, Antigen processing Machinery, CD8 T effector, EMT, FGFR3-related genes, Immune
checkpoint, Mismatched repair and Pan-F-Target were signi�cantly increased in the high group compared
to the low group. (Figure 5H). We further analyzed the enrichment of 10 OP in the S1PR3 high and low
expression group and found that nearly all OP were signi�cantly enriched in the high group (Figure 5I).
We next performed an OS analysis of immune cells in�ltrating TME affected by S1PR3 expression. In the
immune cell high enrichment group compared with the immune cell low enrichment group, OS was
signi�cantly different, including CD4+ T, CD8+ T, Macrophages, Neutrophils, T cell regulatory tregs. The
prognosis was poorer in the high immune cell enrichment group which was consistent with the prognosis
of the high S1PR3 group, which further validated our results. We calculated the ESTIMATEScore,
immuneScore and stromalScore for LGG and GBM using the ESTIMATE algorithm in order to further
identify the potential mechanisms associated with S1PR3 expression. The results showed that S1PR3
expression was correlated with all three scoring systems in LGG (Figure 5J-L) and GBM (Figure S3G-I),
respectively. In addition, we examined the correlation between BP and the correlation between OP in
different S1PR3 expression groups, respectively. We investigated the correlation between BP in the whole
sample, S1PR3 high and low expression group (Figure S3J-L), respectively, it was further demonstrated
that the high expression group was enriched for DNA damage. Then we investigated the correlation
between OP in the whole sample, S1PR3 high and low expression group (Figure S3M-O), respectively, it
was found that although OP were enriched in the high expression group, the correlation between OP was
higher in the low expression group than in the high group, which needs further study.

We further validated the effects of CAY10444 and macrophages on glioma cells. After 48h of treatment,
M2 cells could reverse the inhibitory proliferative effect of CAY10444 on U251 cells, increasing from
17.69–28.14% (Figure 6A). Similar results were observed in HS683 cells, where M2 cells could reverse the
inhibitory proliferative effect of CAY10444, increasing from 16.75–30.02% (Figure 6B). The scratch
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wound healing assay showed that CAY10444 signi�cantly reversed the effect of M2 cells to promote
HS683 cell migration from 26.40–19.97% (Figure 6C). By examining the immune cell in�ltration
characteristics of TME in the S1PR3 high and low expression groups, we found signi�cant differences in
immune cell in�ltration, tumor differentiation and clinical features. Regarding the immune characteristics,
the high expression group was the immune desert dedifferentiated phenotype showing promotion of
tumor immune in�ltration and immunosuppression, the low expression group was an immune activating
differentiated phenotype that showed anti-tumor immune in�ltration and immune activation. Moreover,
the high expression group exhibited DNA damage and dedifferentiation relative to the low expression
group.

3.6 Expression of S1PR3 in pan-cancer and the effect of
S1PR3 expression on immune cell in�ltration across tumor
types
We �rst analyzed the expression levels of S1PR3 in a pan-cancer cohort and showed that S1PR3 was
expressed in a variety of cancer tissues (Figure S4A). In addition, data from the GTEx database con�rmed
that while S1PR3 expression was signi�cantly higher in multiple tumor tissues than in normal tissues,
there were still some cancers that showed opposite changes, suggesting that S1PR3 expression is not
regulated in the same way across cancers (Figure 6D). Since the immune in�ltration characteristics of
each cancer TME are different, different immune cells and immune signatures may be involved. We
analyzed the correlation between S1PR3 expression and immune cells (Figure 6E) and immune
signatures (Figure S4B) for each cancer type and performed ssGSEA analysis samples for each cell
population in the pan-cancer cohort. In most cancers, most immune cells are associated with S1PR3
expression, which contains both anti-tumor and pro-tumor immune cells, indicating that the effect of
S1PR3 expression on immune function may not be consistent. Checkpoint blockade immunotherapy is
currently a hot topic in glioma treatment, and the key clinically validated biomarkers re�ecting treatment
response include TME cell in�ltration, Tumor mutation burden (TMB), and Microsatellite instability (MSI)
[30]. Radar plots of labeled TMB and MSI showed a signi�cant correlation between S1PR3 expression
and TMB and MSI in multiple cancers (Figure 6F-G). We also analyzed the PD-L1 (CD274) and PD-1
(CD8A) expression values in correlation with S1PR3 expression, it was found a signi�cant correlation
between CD274 and S1PR3 expression in a variety of cancers (Figure 6H); similar results were observed
for studies in CD8A (Figure 6I). Throughout the checkpoint blockade immunotherapy marker analysis,
inconsistent trends were observed across cancers with positive and negative correlations in terms of
correlations between markers and S1PR3 expression.

4. Discussion
Short-term recurrence and malignant progression of LGG currently remain di�cult to treat despite
aggressive multimodal therapy, and examining the signaling pathways that lead to rapid relapse and the
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malignant prognosis is essential to help optimize current treatment strategies. The effects of S1PR3
inhibitors on the proliferation and migration of GBM cells have been reported[16, 31]. However, results
regarding the effects of the S1P/S1PR3 signaling system on GBM cell proliferation and migration were
partially inconsistent in their conclusions. In our study, a comprehensive analysis of S1PR3 expression in
glioma was performed to explore the impact of different S1PR3 expression patterns on the malignant
progression and prognosis of glioma, and a nomogram for predicting survival was developed.

By analyzing the S1PR3 expression values of 518 LGG patients in the TCGA database, we identi�ed two
patterns of high and low expression, we veri�ed that low expression of S1PR3 has a signi�cant survival
advantage, and we demonstrated the predictive ability of S1PR3 expression by conducting ROC analysis.
Through GO, KEGG, and ssGSEA analysis, we have a better understanding of classical cellular pathways
with different expression patterns. We also performed immune cell in�ltration, BP and OP gene analysis
to identify the potential mechanisms by which S1PR3 expression promotes tumorigenesis. Our study
�nally identi�ed two immune phenotypes associated with S1PR3 expression: the low S1PR3 expression
group presented an immune activation differentiation phenotype; the high expression group presented an
immune desert dedifferentiation phenotype. The results of this study support the utility of S1PR3
expression as a potential predictor of prognosis in LGG patients, which acts through multiple
mechanisms to promote tumor progression and immune evasion. The results of this study support the
utility of S1PR3 expression as a potential predictor of prognosis in LGG patients, which acts through
multiple mechanisms to promote tumor progression and immune evasion.

Our PCR results con�rmed that S1PR3 expression was signi�cantly higher in glioma cells than in normal
cells, and analysis of glioma samples from the TCGA database con�rmed that S1PR3 expression was
signi�cantly higher in glioma tissue than in adjacent normal tissue, which supports previous related
studies[31, 32]. High S1PR3 expression in LGG patients was signi�cantly associated with higher WHO
grade, histological grade and poorer OS. Although S1PR3 expression levels were correlated with many
clinical parameters[33], the results of our COX and correlation analyses suggest that S1PR3 expression
can not only in�uence the prognosis of LGG together with other parameters, but also serve as an
independent predictor of OS in LGG patients. We con�rmed the difference in the distribution of IDH1
mutations and TP53 mutations between the high and low S1PR3 expression groups by somatic
mutational analysis, with the high expression group having lower IDH1 mutations and higher TP53
mutations. While lower IDH1 mutations[34] and higher TP53 mutations[35] have been shown to be
associated with poorer survival in glioma patients, this further con�rmed the impact of S1PR3 expression
on OS in LGG patients. We constructed a risk scoring system that can predict the prognosis of LGG
patients and further validated the performance of the system in predicting 1-, 3-, and 5-year survival rates,
and the results demonstrated the high accuracy of our system. Our GSEA analysis showed that high
S1PR3 expression was associated with cell cycle, DNA replication, JAK-STAT signaling pathway, MAPK
signaling pathway, mTOR signaling pathway, p53 signaling pathway, TGF-β signaling pathway, PD-L1
expression and PD-1 checkpoint pathway, and RNA degradation signaling pathway. Aberrant activation of
the essential signaling pathways JAK-STAT, MAPK, mTOR, p53, and TGF-β has been shown to be
associated with the development of glioma[36–40]. We investigated and validated the relationship
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between S1PR3 and related genes based on the TCGA dataset and identi�ed the �ve most positively
associated genes as ANO6, ECM2, ELF4, IQGAP and VIM, while the �ve most negatively associated genes
were CKMT1A, CKMT1B, KCNIP2, RHBDL1 and RUNDC3. ANO6, ECM2, ELF4, IQGAP and VIM have been
shown to be positively associated with malignant progression of gliomas[41–45]. We further con�rmed
with cellular experiments that blocking S1PR3 expression inhibits the proliferation of glioma cells and
that inhibitors of S1PR3 reversed the promotion of S1P on glioma cell migration.

We revealed two distinct immune patterns based on S1PR3 expression, which have signi�cantly different
TME cell in�ltration characteristics, with the high expression group showing an immune desert
dedifferentiation phenotype that is immunosuppressive and the low expression group showing an
immune activation differentiation phenotype that corresponds to immune and stroma activation. The
immune desert phenotype was associated with immune tolerance and lack of initiation and activation of
T cells[46]. In contrast to the immuno-desert phenotype, the immune activation phenotype does not show
a large enrichment of immune cells; in fact, the immune activation phenotype also showed the presence
of large numbers of immune cells, but the difference is that the immune cells were kept in the stroma
surrounding the tumor cell nest instead of penetrating the stroma. And the stroma may be con�ned within
the tumor envelope or may penetrate the tumor itself, making it appear that the immune cells are actually
inside the tumor[47, 48]. EMT has been reported as a classical process of mesenchymal acquisition by
epithelial cells, which is associated with tumorigenesis, metastasis, invasion and drug resistance in many
cancers[49]. Moreover, EMT can drive the tumorigenic and stemness characteristics of cells and induce
stem cell-like properties in tumor cells. In our study on BP, EMT was highly enriched in the S1PR3 high
expression group, this feature perhaps leading to alkylator TMZ resistance. Higher levels of TGF-β
expression were signi�cantly associated with poor prognosis of glioma, and TGF-β expression promoted
the proliferation and migration of glioma cells and induced an aggressive glioma phenotype[40].
Moreover, TGF-β-induced EMT in hepatocellular carcinoma cells was associated with changes in the
expression of stem markers[50]. Our study on OP also showed signi�cant TGF-β enrichment in the S1PR3
high expression group, suggesting that this association may also apply to LGG. Our in vitro experiments
also con�rmed the reversal of M2 macrophage-induced glioma cell proliferation and migration after
blocking the S1PR3 pathway.

Applying S1PR3 expression patterns and the associated immune in�ltration patterns to other cancers, it
was found that cancers did not show signi�cant concordance with each other. This suggests that S1PR3
expression was heterogeneous among different cancers. However, S1PR3 expression showed signi�cant
differences between almost all cancers and normal tissues. In cancer, the correlation between the
immune cell in�ltration characteristics of TME and S1PR3 expression may lead to uncontrolled immune
dysregulation and dedifferentiation. Study of TMB, MSI, CD274 and CD8A suggested that S1PR3 may be
an effective target for immunotherapy. The association of S1PR3 expression with multiple tumor distinct
phenotypes in the pan-cancer cohort study may re�ect TME immune in�ltration speci�city, differential
immune checkpoint expression, and diversity of BP.
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5. Conclusions
Overall, our results suggest that S1PR3 expression is an important factor affecting the prognosis of
glioma patients. Our study demonstrated the mechanisms involved in the regulation of S1PR3 expression
on LGG and other tumor TME immune cell in�ltration and BP. For S1PR3 expression alone or in
combination with other clinical parameters to predict LGG prognosis, our nomogram revealed satisfactory
predictive ability. We also identi�ed signaling pathways and genes associated with S1PR3 expression in
LGG. Our study will contribute to the development of prediction tools for glioma prognostic, quanti�cation
of S1PR3 expression in individual cancers, and potential future application in predicting cancer
recurrence, choice of treatment modality.
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Figure 1

The landscape of genetic variation of S1PR3 in LGG. A. Relative qPCR expression levels of S1PR3 in
HA1800, HS683, and U251 cells. B. Differential expression of S1PR3 between LGG and normal tissues. C.
Differential expression of S1PR3 between GBM and normal tissues. D. Differential expression of S1PR3
between different pathological subtypes of LGG and normal tissues. E. Kaplan–Meier overall survival
curves of LGG patients for high and low S1PR3 expression groups in TCGA-LGG cohort. F-G. Correlation
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of S1PR3 expression with (F) Grade, (G) IDH status, (H) MGMT promoter status, (I) x1p19q codeletion
status, (J) primary/recurrence type. K‐L. Forest plot showing univariate (K) and multivariate (L) cox
regression analyses of S1PR3 mRNA levels and clinicopathological variables predictive of overall
survival. M-N. The waterfall plot of tumor somatic mutation was established by those with Low S1PR3
expression (M) and High S1PR3 expression (N). The upper and lower ends of the boxes represented an
interquartile range of values. The lines in the boxes represented the median value, and the dots showed
outliers. The asterisks represented the statistical P-value (*P < 0.05; **P < 0.01).
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Figure 2

Evaluation of S1PR3 expression as a prognostic indicator for LGG. A‐C. ROC curves with calculated area
under the curve (AUC) for risk prediction in 1 year (A), 3 years (B), 5 years (C), respectively. D. Nomogram
to predict the overall survival of LGG patients based on clinical parameters and S1PR3 expression. E‐G:
Nomogram‐predicted probabilities of 1year (E), 3 years (F) and 5 years(G) survival.
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Figure 3

Interaction among functional annotation of LGG and different S1PR3 expression groups. A. Functional
annotation for S1PR3-related DEGs using KEGG enrichment analysis in high S1PR3 expression group. B.
Functional annotation for S1PR3-related DEGs using GO enrichment analysis in high S1PR3 expression
group. C. GO cluster plot showing a chord dendrogram of the clustering of the expression spectrum of
signi�cantly DEGs. D-N. Enrichment of pathways and genes identi�ed by gene set enrichment analysis
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(GSEA). (D) cell cycle, (E) cytokine-cytokine receptor interaction, (F) DNA replication, (G) JAK-STAT
signaling pathway, (H) MAPK signaling pathway, (I) mTOR signaling pathway, (J) p53 signaling pathway,
(K) TGF-β signaling pathway, (L) PD-L1 expression and PD-1 checkpoint pathway in cancer, (M) RNA
degradation, (N) EGFR tyrosine kinase inhibitor resistance. 
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Figure 4

S1PR3-related genes, S1PR3 inhibitors inhibited the proliferation and migration of glioma cells. A-J.
Correlation of S1PR3 expression in LGG with the expression of other genes. The expression of EZH2 in
glioma samples from the CGGA dataset showed positive correlations with IQGAP1 (A), ELF4 (B), ECM2
(C), ANQ6 (D) and VIM (E); and negative correlations with RHBDL1 (F), KCNIP2 (G), CKMT1B (H), CKMT1A
(I) and RUNDC3A (J). K-L. Determination of HS683 (K) and U251 (L) cell viability by using the resazurine
assay after treatment with TMZ and CAY10444 (0.5, 1, 5, 10 and 20 μM) for 48h. M-N. Determination of
U251 (M) and HS683 (N) cell viability by using the resazurine assay after treatment with 20 μM
CAY10444 alone or together with S1P for 48h. O. Analysis of HS683 cell migration using the wound
closure assay with setting a scratch into the cell layer and measurement of the wound width at the
beginning of the experiment (0 h) and 24 h after treatment with S1P alone or together with 20 μM
CAY10444. Cell viability is shown in relation to the 0 μM CAY10444 (100%), mean values and SD, n = 3,
One-way analysis of variance with Dunnett's multiple comparison test, *p < 0.05, **p < 0.005 and ***p <
0.001 vs. control.
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Figure 5

TME immune cell in�ltration in LGG with different S1PR3 expression. A. Differences in the abundance of
immune cells and pathways between the high S1PR3-expressing and low S1PR3-expressing groups in
LGG. (B-D) Correlation of samples in the total samples (B), in the high S1PR3 expression group (C) and
high S1PR3 expression group (D) between in�ltration of cell types executing anti-tumor immunity
(ActCD4, ActCD8, TcmCD4, TcmCD8, TemCD4, TemCD8, Th1, Th17, ActDC, CD56briNK, NK, NKT) and cell
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types executing pro-tumor, immune-suppressive functions (Treg, Th2, CD56dimNK, imDC, TAM, MDSC,
Neutrophil, and pDC). E. Differences in the expression of inhibitor genes in the high and low S1PR3
expression groups. F. Differences in the expression of stimulator genes in the high and low S1PR3
expression groups. G. Differences in the expression of MHC genes in the high and low S1PR3 expression
groups. H-I. The enrichment differences of typical biological processes (H) and oncogenic pathways (I)
between high and low S1PR3 expression. J-L. Association between S1PR3 expression with immune
in�ltration and the tumor microenvironment. J. ESTIMATEScore, K. ImmuneScore, L. StromalScore. R
coe�cient of Pearson's correlation. The upper and lower ends of the boxes represented an interquartile
range of values. The lines in the boxes represented the median value, and the dots showed outliers. The
asterisks represented the statistical p-value (*P < 0.05; **P < 0.01; ***P < 0.001, ns, no signi�cant).
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Figure 6

S1PR3 inhibitor inhibited the effect of M2 cells on glioma cells. A-B. Determination of U251 (A) and
HS683 (B) cell viability by using the resazurine assay after treatment with 20 μM CAY10444 alone or
together with M2 cells for 48h. C. Analysis of HS683 cell migration using the wound closure assay with
setting a scratch into the cell layer and measurement of the wound width at the beginning of the
experiment (0 h) and 24 h after treatment with M2 alone or together with 20 μM CAY10444. Cell viability
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is shown in relation to the 0 μM CAY10444 (100%), mean values and SD, n = 3, One-way analysis of
variance with Dunnett's multiple comparison test, *p < 0.05, **p < 0.005 and ***p < 0.001 vs. control.
Effect of S1PR3 expression on immune cell in�ltration across tumor types. D. The expression values of
S1PR3 in different tumors and corresponding normal tissues. E. Correlations between the S1PR3
expression and immune cell fractions for each cancer type (Pearson test). F-I. Radar chart of the
correlation between S1PR3 expression and TMB (F), MSI (G) and PD-L1 expression value (CD274) (H),
PD-1 expression value (CD8A) (I). The asterisks represented the statistical p-value (*P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001).
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