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Abstract 

Background  Sphingosine-1-phosphate receptor 3 (S1PR3) has been implicated in promoting tumor progression 
in various cancers. However, the role and molecular mechanisms of S1PR3 in oral squamous cell carcinoma (OSCC) 
remain poorly understood. The aims of this study were to investigate the function of S1PR3 in OSCC progression 
and its potential as a therapeutic target.

Method  The expression of S1PR3 was determined through qPCR, Western blotting analysis, immunohistochem-
istry (IHC), and the TCGA database. The correlation between S1PR3 expression and clinical prognosis was analyzed 
using the TCGA database and IHC. The effects of S1PR3 on OSCC cell proliferation and cell cycle were investigated 
through CCK-8 assay, colony formation assay, EdU incorporation assay, cell cycle analysis, and a xenograft mouse 
model. The potential mechanisms through which S1PR3 affects the OSCC cell cycle were explored using RNA-seq 
and a cell cycle array. The effects of combining S1PR3 antagonist with cisplatin on OSCC cell growth were examined 
through CCK-8 and EdU incorporation assays.

Results  S1PR3 was overexpressed in OSCC and the upregulation of S1PR3 in OSCC was correlated with unfavorable 
clinicopathological characteristics and adverse prognosis. Targeting S1PR3 reduced AKT phosphorylation, which led 
to a downregulation of WEE1, a kinase involved in cell cycle regulation. This downregulation resulted in reducing 
CDC2 phosphorylation, disrupting the G2/M cell cycle checkpoint and inhibiting OSCC cell proliferation. Furthermore, 
the combination of S1PR3 antagonist exhibited synergistic inhibitory effects on OSCC cell growth when combined 
with cisplatin.

Conclusions  These findings reveal a critical role for S1PR3 in regulating OSCC cell cycle via the AKT/WEE1/CDC2 
pathway, thus offering a basis for developing treatment strategies for OSCC patients.
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Introduction
Head and neck cancers rank as the sixth most preva-
lent cancer globally, with oral squamous cell carcinoma 
(OSCC) constituting approximately 90% of all cases [1, 
2]. According to GLOBOCAN 2020 statistics, an esti-
mated 377 713 new cases and 177 757 deaths due to 
oral cancer are reported annually [3]. Current OSCC 
treatments include primarily surgery, radiotherapy 
and chemotherapy, which possess limited efficacy, 
with 25–50% of OSCC patients experiencing recur-
rence [4]. In addition, radiotherapy and chemotherapy 
are frequently associated with adverse effects, includ-
ing dermatitis, osteoradionecrosis and nephrotoxicity, 
thus significantly impairing patients’ quality of life [5, 
6]. Moreover, the tendency of OSCC to metastasize and 
recur combined with low cure rates and high mortality 
rates constitute substantial challenges for patients and 
their families [7]. Therefore, it is imperative to advance 
research into the molecular basis of OSCC develop-
ment to identify novel treatment targets.

As members of the G-protein-coupled receptor 
(GPCR) family, sphingosine-1-phosphate receptors 
(S1PRs) are categorized into five distinct subtypes, i.e., 
S1PR1–S1PR5. Therapies targeting these receptors are 
widely recognized as promising strategies, given their 
prior use in treating immune diseases such as ulcerative 
colitis and multiple sclerosis [8]. Emerging evidence 
suggests that dysregulated S1PR expression is pivotal 
in the progression of multiple cancers [9]. Therefore, it 
can be hypothesized that the S1PR family may consti-
tute potential targets for preventing OSCC progression. 
More evidence suggests that S1PR3 contributes to the 
progression of multiple cancers, including osteosar-
coma, gastric cancer and nasopharyngeal carcinoma, 
thus influencing key biological processes within tumor 
cells such as proliferation, migration, apoptosis and 
invasion [10]. However, the specific biological mecha-
nisms by which S1PR3 contributes to OSCC remain to 
be clarified.

In the present study, we demonstrated that S1PR3 was 
overexpressed in OSCC and correlated with advanced 
clinical stages and adverse prognosis in OSCC patients, 
suggesting that S1PR3 may act as a pro-tumorigenic fac-
tor in OSCC development. Notably, targeting S1PR3 sig-
nificantly reduced OSCC cell growth both in  vitro and 
in vivo. Further mechanistic investigations demonstrated 
that targeting S1PR3 inhibited WEE1 expression via the 
AKT signaling pathway, which subsequently reduced 
CDC2 phosphorylation and disrupted the G2/M cell 
cycle checkpoint. Moreover, our results showed that the 
S1PR3 antagonist CAY10444 exhibited synergistic inhibi-
tion of OSCC cell growth when combined with cisplatin. 
Therefore, the S1PR3/AKT/WEE1 signaling pathway 

constitutes a promising potential target for the treatment 
of OSCC.

Materials and methods
Cell lines
Human immortalized keratinocyte cell line (HaCat) and 
HNSCC cell lines WSU-HN4, WSU-HN6, CAL27 and 
WSU-HN30 were obtained from Department of Oral 
Oncology, Ninth People’s Hospital, Shanghai Jiao Tong 
University School of Medicine, China. Cells were main-
tained at 37 °C in a humidified chamber with 5% CO2, 
using Dulbecco’s Modified Eagle’s Medium (DMEM; 
Gibco, NY, USA) containing 10% fetal bovine serum and 
1% penicillin–streptomycin.

Reagents and antibodies
The S1PR3 antagonist CAY10444 (Selleckchem, TX, 
USA) and the AKT agonist SC79 (Selleckchem) were pre-
pared and stored following the manufacturer’s guidelines. 
S1PR3 and S1PR4 antibodies were obtained from Abcam 
PLC (Cambridge, UK). S1PR1, S1PR2 and S1PR5 anti-
bodies were obtained from ProteinTech Group, Inc. (IL, 
USA). AKT, p-AKT, WEE1, CDC2, p-CDC2 and GAPDH 
antibodies were obtained from Cell Signaling Technol-
ogy, Inc. (MA, USA).

Bioinformatics analysis
Transcriptomic data of HNSCC patients were retrieved 
from TCGA. Based on the median expression level, 
patients were classified into S1PR3 high- and low-expres-
sion groups. The correlation between S1PR3 expression 
and overall survival (OS), disease-specific survival (DSS), 
as well as progression-free interval (PFI) was evaluated 
using GraphPad Prism 8.0.2 software. Hazard ratios (HR) 
and 95% confidence intervals (CI) were calculated.

Tissue specimens and tissue microarray
Tumor tissues and adjacent tissues from OSCC patients 
were collected from the Department of Oral Pathol-
ogy, Ninth People’s Hospital, Shanghai Jiao Tong Uni-
versity School of Medicine, China. A tissue microarray 
(TMA) was constructed by Taize Biotechnology Co., Ltd. 
(Guangzhou, China) using samples from OSCC patients.

Xenograft mouse model
Four-week-old male BALB/c nude mice were sourced 
from the Animal Experiment Center of the Ninth Peo-
ple’s Hospital, Shanghai Jiao Tong University School 
of Medicine, China and reared in the same facility. 2 × 
10⁷ S1PR3 knockdown CAL27 cells, along with control 
cells, were subcutaneously injected in mice’s inguinal 
region. Once xenograft tumors became palpable, mice 
body weight and tumor volume (tumor volume = tumor 
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width2 × tumor length/2) were recorded every five 
days. After 20 days, the mice were euthanized and the 
excised xenograft tumors were weighed and captured 
in images.

For chronic drug administration, 2 × 10⁷ S1PR3 knock-
down CAL27 cells, along with control cells, were sub-
cutaneously injected in mice’s inguinal region. Once 
xenograft tumors reached an appropriate size, the mice 
were divided into control and treatment groups using 
random assignment (5/group), which were intraperito-
neal injected with SC79 (20 mg/kg) or dimethyl sulfox-
ide. Drugs were administered every three days and mice 
body weight and tumor volume were recorded. After 12 
days, the mice were euthanized and the excised xenograft 
tumors were weighed and captured in images. Excised 
tumor sections were fixed in 4% paraformaldehyde in 
preparation for immunohistochemical (IHC) assays. See 
the section on IHC assays in Materials and Methods for 
details.

IHC assays
IHC assays were performed to evaluate S1PR3 expression 
in clinical samples and protein levels of S1PR3, p-AKT, 
WEE1 and Ki67 in xenograft tumors from nude mice. 
Paraffin-embedded OSCC sections were dewaxed, rehy-
drated and subjected to antigen retrieval in citrate buffer 
(pH 6.0) for 15 min. Sections were treated with 3% H₂O₂ 
for 10 min to block endogenous peroxidase activity. Fol-
lowing overnight incubation with primary antibodies at 
4 °C, sections were incubated with secondary antibodies 
for 1 h at room temperature. Visualization was achieved 
using DAB, followed by hematoxylin counterstaining. 
Stained sections were analyzed under a light microscope 
(Olympus, Tokyo, Japan).

RNA extraction, qPCR validation and PCR array
Total RNA was extracted with TRIzol reagent (Invit-
rogen Corporation, CA, USA) and then converted into 
cDNA with a reverse transcription kit (TaKaRa Biotech-
nology Co., Ltd., Kyoto, Japan). cDNA amplification was 
carried out via qPCR with the SYBR Premix Ex Taq II 
kit (TaKaRa) in triplicate in a 96-well plate. qPCR pro-
cesses were conducted on an Applied Biosystems™ 7500 
Real-Time PCR system (Life Technologies, NY, USA) 
employing primers specified in Supplementary Table  1 
and in accordance with the manufacturer’s protocol. The 
2−ΔΔCt method was used to measured mRNA levels, with 
β-actin serving as the reference gene. Cell cycle-related 
genes showing significant differential expression after 
CAY10444 treatment were identified using a human cell 
cycle PCR array kit (Wcgene Biotech, Shanghai, China).

Gene knockdown experiments
Short-hairpin RNAs (shRNAs) (Genomeditech, Shang-
hai, China) were employed to silence S1PR3 in OSCC 
cells. Supplementary Table  2 contains the shRNA 
sequences designed to target S1PR3. Stable S1PR3 knock-
down cell lines were established via lentivirus-mediated 
gene transfer. After stable growth was achieved, the 
extent of S1PR3 silencing was verified by qPCR and west-
ern blotting analyses.

Western blotting analysis
After collection, the cells were lysed in a lysis buffer 
(Epizyme Biomedical Technology Co., Ltd., Shanghai, 
China), and total protein was evaluated with a bicin-
choninic acid assay kit (Beyotime Biotechnology, Shang-
hai, China). Equal quantities of total protein samples 
were submitted to electrophoresis in 10% polyacrylamide 
gels and subsequently moved to polyvinylidene fluoride 
membranes (Bio-Rad Laboratories, Inc., CA, USA). The 
aforementioned membranes were treated at ambient 
temperature for 1 h with rapid blocking buffer (Epizyme) 
to inhibit non-specific binding and then exposed over-
night to primary antibodies. Next, membranes were 
treated with secondary antibodies at ambient tempera-
ture for 1 h. Employing an enhanced chemiluminescence 
reagent (Epizyme), signals were detected following the 
manufacturer’s guidelines.

Cell counting kit‑8 (CCK‑8) and colony formation assays
OSCC cells (5000/well) were plated into 96-well plates. 
After treatment, cultures were terminated at designated 
time points, and plates were placed in a cell incubator 
for 2 h after adding CCK8 solution (10 μL/well, Dojindo 
Laboratories Co., Ltd., Kumamoto, Japan). Cell viability 
was determined from absorbance at 450 nm, measured 
by a microplate reader (Bio-Rad Laboratories, CA, USA).

OSCC cells (800/well) were plated into 6-well plates. 
After treatment, cultures were terminated at specified 
time points, followed by the addition of 4% paraform-
aldehyde (1 mL/well) for cell fixation for 30 min. After 
washing once with PBS, 1% crystal violet staining solu-
tion was deposited into wells, and then subjected to 
a 30-min incubation at room temperature. Cells were 
rinsed with running water and left to air dry. Afterward, 
photographs of the cells were taken, and the cell colony 
count was performed.

Cell proliferation assay
OSCC cells (1 × 105/well) were plated into 12-well plates. 
After treatment, cultures were terminated at designated 
time points. DNA replication was assessed with the 
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5-ethynyl-2ʹdeoxyuridine (EdU) detection kit (Beyotime). 
EdU-positive cells were subsequently observed with a 
fluorescence microscope (Olympus, Tokyo, Japan).

Cell cycle analysis
S1PR3 knockdown CAL27 cells, along with control cells, 
were plated in 6-well plates and kept in a cell incubator 
for three days. Cells from each experimental group were 
collected in flow cytometry tubes for cell cycle analysis. 
OSCC cells were plated into 6-well plates and treated 
with 0 μM, 300 μM, or 400 μM CAY10444 for 24 h. Pre-
cooled 70% ethanol solution was added to flow cytometry 
tubes to fix cells overnight. Following the addition of PI/
RNase staining buffer, cells were stained in accordance 
with the manufacturer’s guidelines, and the cell cycle 
profile was analyzed in a flow cytometer (BD FACSCanto 
II, CA, USA).

RNA‑seq analysis
Following RNA isolation from OSCC cells using TRI-
zol reagent (Invitrogen), RNA-seq libraries were gener-
ated with the Ovation Universal RNA-Seq System 1–16 
(NuGEN Technologies, Inc., CA, USA). The indexed 
libraries were multiplexed in a single flow cell and 
sequenced using 75-base pair single-end reads on a Next-
Seq 500 High Output Kit v2 (75 cycles; Illumina, Inc., 
CA, USA), performed by BGI Group (Beijing, China).

Prediction analysis of immunotherapy responsiveness
To evaluate immunotherapy responsiveness in the TCGA 
HNSCC cohort, TIDE scores and Immune Prognostic 
Scores (IPS) were calculated for each patient.

Analysis of targeted agents sensitivity
The"oncopredict"R package was used to estimate the 
IC50 values of targeted agents in HNSCC patients with 
high or low S1PR3 expression. This analysis aimed to 
evaluate their differential sensitivity to pharmacological 
treatments.

Cell apoptosis analysis
Cell apoptosis was assessed using Annexin V-FITC/PI 
dual staining. Following treatment, cells were harvested, 
washed twice with cold PBS, and resuspended in binding 
buffer. Subsequently, 5 μL of Annexin V-FITC and 5 μL 
of PI were added, and the cells were incubated at room 
temperature in the dark for 15 min. Apoptosis was then 
analyzed using a flow cytometer (BD FACSCanto II, CA, 
USA).

γ‑H2 AX immunofluorescence
CAL27 cells were seeded in 6-well plates and treated 
with the indicated drugs. At the designated time points, 

the culture was terminated. Cells were washed with PBS 
and fixed for 15 min, followed by three washes. After 
blocking at room temperature for 20 min, cells were 
incubated with anti-γ-H2 AX primary antibody at 4  °C 
overnight and then washed three times. Subsequently, 
cells were incubated with Alexa Fluor 488-conjugated 
anti-rabbit secondary antibody for 1 h at room tempera-
ture, followed by two washes. Fluorescence signals were 
observed and imaged under a fluorescence microscope 
(Olympus, Tokyo, Japan), with γ-H2 AX appearing as 
green fluorescence.

Statistical analysis
Statistical analyses were performed with GraphPad Prism 
8.0.2 software. Chi-square test or Fisher’s exact test was 
used to assess correlations between S1PR3 expression 
and clinicopathological features. Pairwise comparisons 
were conducted using the two-tailed Student’s t-test. 
Multiple group comparisons were carried out using one-
way or two-way ANOVA. The results were expressed as 
mean ± standard deviation, and the level of statistical 
significance was considered according to the p values 
obtained (i.e., < 0.05, < 0.01, or < 0.001).

Results
The overexpression of S1PR3 is correlated with poor 
prognosis in OSCC patients
S1PRs have been found to show altered expression in var-
ious cancers and influence cancer progression [11]. Thus, 
we examined S1PR expression levels in HaCat, HNSCC 
cell lines using qPCR and western blotting analyses. The 
findings revealed that S1PR1, S1PR3 and S1PR4 were 
upregulated in HNSCC cell lines, with S1PR3 exhibit-
ing higher expression in most HNSCC cell lines com-
pared to the other S1PRs (Supplementary Fig.  1 A, B). 
Subsequently, HNSCC transcriptome sequencing data 
retrieved from the TCGA database were employed to 
assess the clinical relevance of S1PR3 mRNA levels in 
HNSCC. The data revealed that S1PR3 was abnormally 
upregulated in HNSCC tissues when contrasted with 
normal tissues (Fig.  1A, B). Additionally, we performed 
IHC staining to confirm S1PR3 expression in human 
tissues. The findings indicated that S1PR3 exhibited 
elevated expression in clinical OSCC tissues relative to 
adjacent tissues (Fig. 1C). Importantly, elevated levels of 
S1PR3 expression correlated with advanced pathological 
stages in HNSCC patients (Fig. 1D, E).

Furthermore, the association between S1PR3 levels 
and clinicopathological characteristics among 52 OSCC 
patients was thoroughly examined. After the quantifi-
cation of IHC images, it was demonstrated that S1PR3 
expression was markedly elevated in stage III/IV tumors 
when contrasted with stage I/II tumors (Fig.  1F, G). 
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Fig. 1  The overexpression of S1PR3 was correlated with poor prognosis in OSCC patients. A, B Analysis of S1PR3 mRNA levels in HNSCC patients 
according to the TCGA database. S1PR3 mRNA levels were markedly increased in HNSCC tissues (A). S1PR3 expression in HNSCC was higher 
compared to the matched normal samples (B). C S1PR3 expression patterns in OSCC tissues and adjacent tissues were identified through IHC 
staining. D, E Analysis of S1PR3 mRNA levels in HNSCC patients according to the TCGA database. Upregulated S1PR3 expression demonstrated 
a significant association with T (D) and N stage (E). F, G The relationship between S1PR3 protein levels and clinicopathological characteristics 
was observed in 52 OSCC patients. H–J Survival analysis of the correlations between S1PR3 mRNA levels and OS, DSS and PFI of HNSCC patients 
using TCGA database. Data were presented as mean ± SD, with n = 3 biological replicates. ***P < 0.001. Scale bar, 100 μm
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Moreover, S1PR3 upregulation was significantly asso-
ciated with AJCC (P < 0.001), T (P < 0.05) and N stages 
(P < 0.05) in OSCC patients (Table 1). Subsequently, the 
predictive value of S1PR3 in HNSCC patients was inves-
tigated. As shown in Fig. 1H–J, among the S1PR family, 
only high S1PR3 expression exhibited a negative cor-
relation with patient prognosis. In particular, HNSCC 
patients with higher S1PR3 expression had shorter OS 
(HR = 2.67, P < 0.001), DSS (HR = 3.13, P < 0.001) and PFI 
(HR = 2.33, P < 0.001). In addition, afatinib is a second-
generation EGFR TKI inhibitor that is used as a second-
line treatment for recurrent or metastatic HNSCC [12]. 
The analysis of TCGA data showed that high S1PR3 

expression was associated with higher afatinib IC50 val-
ues, increased TIDE scores and reduced IPS (Supplemen-
tary Fig. 2 A–C). Therefore, S1PR3 was found to promote 
OSCC progression, thus playing a crucial role in predict-
ing clinical outcomes in OSCC patients.

S1PR3 inhibition suppresses OSCC cell growth
Based on the above-discussed observations, S1PR3 was 
frequently overexpressed in OSCC, which might con-
tribute to tumor initiation and progression. Therefore, 
we constructed two lentiviral plasmids, S1PR3-SH1 and 
S1PR3-SH2, to achieve S1PR3 knockdown and thereby 
explore the impact of S1PR3 on the biological functions 
of OSCC cells. Furthermore, CAL27 cells were selected 
to establish stable knockdown cell lines due to their ele-
vated S1PR3 expression. The efficiency of knockdown 
was verified by qPCR (Fig. 2A) and western blotting anal-
yses (Fig. 2B).

CCK8 and colony formation assays were subsequently 
performed to examine the impact of S1PR3 inhibition 
on OSCC cell proliferation. The analysis showed that 
viability and colony count of OSCC cells were notably 
decreased by S1PR3 knockdown (Fig. 2C, D). To further 
validate these observations, OSCC cells were treated 
with the specific an S1PR3 antagonist, CAY10444, which 
suppressed OSCC cell growth in a dose-dependent way 
(Fig. 2E, F). In addition, the results of CCK8 assay dem-
onstrated that inhibiting S1PR3 significantly suppressed 
the growth of human laryngeal squamous cell carcinoma 
cell line WSU-HN4 cells (Supplementary Fig. 3 A). There-
fore, targeting S1PR3 via shRNA or by using a specific 
antagonist effectively suppressed malignancy of OSCC 
cells.

S1PR3 inhibition suppresses OSCC cell proliferation 
by regulating the cell cycle
The EdU incorporation assay was conducted to evalu-
ate whether reduced S1PR3 expression inhibited OSCC 
cell proliferation. The analysis demonstrated that the 
knockdown of S1PR3 in CAL27 cells decreased EdU-
positive rates, dropping from 35.64% ± 3.46% to 22.62% 
± 2.69% or 18.87% ± 2.72% (Fig.  3A and Supplementary 
Fig. 4 A), indicating a suppressive effect of S1PR3 knock-
down on cell proliferation. Comparable findings were 

Table 1  Correlation between S1PR3 expression and 
clinicopathological features in patients with OSCC (n = 52)

Number(52) S1PR3 expression P value

Low High

Age

 < 60 32 14 18 0.393

 ≥ 60 20 12 8

Gender

 Male 43 23 20 0.465

 Female 9 3 6

Location

 Tongue 30 14 16 0.532

 Gingiva 4 2 2

 Pharynx oralis 13 8 5

 Palatal 2 0 2

 Others 3 2 1

AJCC stage

 I 3 3 0 P < 0.01

 II 7 7 0

 III 32 14 18

 IV 10 2 8

T stage

 T1 + T2 32 20 12 P < 0.05

 T3 + T4 20 6 14

N stage

 N0 23 16 7 P < 0.05

 N1 + N2 29 10 19

(See figure on next page.)
Fig. 2  S1PR3 inhibition suppressed OSCC cell growth. A, B Establishment of S1PR3 knockdown CAL27 cell lines. The efficiency of knockdown 
was verified using qPCR (A) and western blotting analysis (B). C Cell viability of S1PR3 knockdown and control CAL27 cells was evaluated 
by the CCK8 assay. D Colony-forming ability of S1PR3 knockdown and control CAL27 cells was evaluated by the colony formation assay. E The 
results of the CCK8 assay indicated that the S1PR3 antagonist inhibited the viability of CAL27 and WSU-HN30 cells in a dose-dependent manner (25 
μM, 50 μM, 100 μM, 200 μM, 300 μM and 400 μM vs 0 μM). F The results of the colony formation assay indicated that the S1PR3 antagonist inhibited 
the colony-forming ability of CAL27 and WSU-HN30 cells in a dose-dependent manner (25 μM, 50 μM, 100 μM, 200 μM, 300 μM and 400 μM vs 
0 μM). Data were presented as mean ± SD, with n = 3 biological replicates. **P < 0.01, ***P < 0.001
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Fig. 2  (See legend on previous page.)
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noted in OSCC cells subjected to the S1PR3 antagonist 
(Fig. 3B and Supplementary Fig. 4B). CAL27 and WSU-
HN30 cells were subjected to the antagonist CAY10444 
at a range of concentrations. In CAL27 cells, treatment 
with 300 μM CAY10444 reduced the EdU-positive rate to 
3.00% ± 0.70%, with a further decrease to 0.53% ± 0.40% 
when treated with 400 μM CAY10444, in comparison 
with the control group rate of 32.47% ± 5.04%. A similar 
trend was noted in WSU-HN30 cells.

To better elucidate the role of S1PR3 in OSCC, KEGG 
enrichment analysis of RNA-seq results was conducted, 
and the top 20 statistically significantly enriched func-
tional entries were identified. Among these, cell cycle-
related genes were particularly enriched in the CAY10444 
treatment group (Fig. 3C), suggesting that S1PR3 inhibi-
tion might hinder the proliferation of OSCC cells via reg-
ulation of cell cycle. Subsequently, we evaluated the effect 
of S1PR3 inhibition on the distribution of the OSCC cell 
cycle. As shown in Fig. 3D and E, the percentage of cells 
in the S phase significantly decreased, while the percent-
age of cells in the G2/M phase increased after S1PR3 
knockdown or antagonist treatment. This indicates that 
S1PR3 intervention led to a modification in cell cycle reg-
ulation. Hence, it can be hypothesized that S1PR3 inter-
vention inhibits cell proliferation by regulating OSCC cell 
cycle.

S1PR3 inhibition modulates OSCC cell cycle 
by reducing WEE1 expression
To analyse the molecular basis driving the impact of 
S1PR3 inhibition on the OSCC cell cycle, a qPCR array 
targeting 90 cell cycle-related genes was performed. The 
findings indicated that four genes, i.e., WEE1, GADD45 
A, CDKN1 A and CCNA1, were differentially expressed 
after treatment with CAY10444 compared to control 
CAL27 cells. WEE1 was downregulated, while GADD45 
A, CDKN1 A and CCNA1 were upregulated (Fig.  4A, 
B). The transcription levels of these four genes were 
further validated using qPCR, confirming that WEE1 
transcription was downregulated in the S1PR3 knock-
down group and the presence of the antagonist (Fig. 4C). 
WEE1, a gene encoding a protein within the serine/
threonine kinase family, regulates CDC2 activity via 

phosphorylation. WEE1 downregulation disrupts the 
G2/M checkpoint by reducing CDC2 phosphorylation, 
thereby modulating the cell cycle [13]. Therefore, we fur-
ther examined WEE1 expression and CDC2 phosphoryl-
ation via western blotting analysis. The findings revealed 
that both WEE1 expression and CDC2 phosphorylation 
were decreased in S1PR3 knockdown and antagonist-
treated OSCC cells (Fig.  4D, E). Thus, it was hypoth-
esized that S1PR3 inhibition might modulate the OSCC 
cell cycle by downregulating WEE1 expression.

S1PR3 inhibition downregulates WEE1 expression 
by regulating the AKT signaling pathway
Subsequently, gene clustering analysis was used to iden-
tify signaling pathways affected by both CAY10444 
treatment or S1PR3 knockdown. Compared to control 
CAL27 cells, the findings indicated that treatment with 
CAY10444 modulated several signaling pathways, includ-
ing PI3 K/AKT, PI3 K/AKT/mTOR and MAPK. However, 
the most significant impact was observed on the PI3 K/
AKT signaling pathway (Supplementary Fig. 5 A). Impor-
tantly, the PI3 K/AKT signaling pathway was the only 
pathway commonly regulated by both CAY10444 treat-
ment and S1PR3 knockdown (Fig.  5A). The PI3 K/AKT 
signaling pathway is essential for regulating cell survival, 
metastasis and apoptosis, thereby contributing to tumor 
progression [14–19]. Previous research has indicated that 
S1PR3 activates various pathways, including the PI3 K/
AKT signaling pathway, by binding specifically to Gi [20].

To further determine whether inhibiting S1PR3 expres-
sion in OSCC cells affects the PI3 K/AKT signaling path-
way, we analyzed the phosphorylation levels of AKT 
in tumor cells after S1PR3 knockdown and antagonist 
treatment and protein levels of the involved molecules 
were measured via western blotting analysis. The data 
revealed that both S1PR3 knockdown and antagonist 
treatment inhibited AKT phosphorylation (Fig.  5B, C). 
Therefore, it could be hypothesized that inhibiting S1PR3 
might downregulate the abundance of WEE1 by the AKT 
signaling pathway. Thus, we further evaluated whether 
an AKT agonist could reverse the growth inhibition 
effect of targeting S1PR3 in OSCC cells. Based on west-
ern blotting results, SC79 was found to increase AKT 

Fig. 3  S1PR3 inhibition suppressed OSCC cell proliferation by regulating the cell cycle. A The proliferative ability of the knockdown and control 
CAL27 cells was detected using the EdU incorporation assay at designated time points. B Following treatment with 0 μM, 300 μM, or 400 μM 
CAY10444, the proliferation of CAL27 and WSU-HN30 cells was evaluated using the EdU incorporation assay. C RNA sequencing was conducted 
on CAY10444-treated and control CAL27 cells, followed by KEGG enrichment analysis to reveal the mechanism by which CAY10444 restrains 
OSCC cell growth. D The PI staining and flow cytometry were used to assess the cell cycle phases in S1PR3 knockdown and control CAL27cells. E 
Following treatment with 0 μM, 300 μM, or 400 μM CAY10444, the PI staining and flow cytometry were used to assess the cell cycle phases in CAL27 
and WSU-HN30 cells. Data were presented as mean ± SD, with n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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phosphorylation levels (Supplementary Fig. 6 A). Moreo-
ver, the CCK8 assay showed that the AKT agonist SC79 
partly mitigated the repressive effect of S1PR3 knock-
down and antagonist treatment on OSCC cell growth 
(Fig.  5D, E). As shown in Fig.  5F, SC79 significantly 
upregulated WEE1 expression and CDC2 phosphoryla-
tion in S1PR3 antagonist-treated OSCC cells. Thus, these 
findings suggest that the AKT/WEE1/CDC2 axis medi-
ates the growth inhibition effect of S1PR3 inhibition in 
OSCC cells.

S1PR3 inhibition suppresses OSCC cell growth 
via AKT signaling pathway in vivo
We established a cell line-derived xenograft model to 
validate the growth-inhibitory effect of targeting S1PR3 
on OSCC cells. No notable adverse effects were detected 
in mice following injection with S1PR3 knockdown cells 
(Supplementary Fig. 7 A). Moreover, the injection of sta-
ble S1PR3 knockdown cells into mice led to a marked 
delay in tumor growth, with both tumor volume and 
weight substantially reduced (Fig. 6A–C).

Additionally, the effect of S1PR3 knockdown on expres-
sion of S1PR3, p-AKT, WEE1 and Ki67 was appraised 
in  vivo using IHC staining. In alignment with in  vitro 
results, expression of S1PR3, p-AKT and WEE1 were 
substantially decreased among mice injected with S1PR3 
knockdown groups, and OSCC cell proliferation was 
inhibited (Fig.  6D). In summary, these findings indicate 
that S1PR3 knockdown inhibited OSCC cell expansion 
in vivo.

Furthermore, to determine whether targeting S1PR3 
curbs OSCC cell growth in  vivo via the AKT signaling 
pathway, mice with xenograft tumors after injection of 
S1PR3 knockdown cells and control CAL27 cells were 
further divided into drug treatment and non-treatment 
groups. SC79 was administered intraperitoneally to the 
treatment group, while the non-treatment group received 
an equivalent amount of DMSO. Consistent with previ-
ous experimental results, No notable adverse effects were 
detected in mice following injection with S1PR3 knock-
down cells (Supplementary Fig. 7B). As shown in Fig. 6E–
G, mice injected with stable  S1PR3 knockdown cells 
showed significantly reduced tumor volume and weight. 

Notably, SC79 markedly attenuated tumor suppression 
induced by injection with S1PR3 knockdown cells.

In addition, we examined the expression of S1PR3, 
p-AKT, WEE1 and Ki67 in xenograft tumors from each 
group using IHC staining. The expression of p-AKT, 
WEE1 and Ki67 were markedly decreased among mice 
injected with S1PR3 knockdown cells, an effect which 
was reversed by treatment with SC79 (Fig. 6H). Thus, the 
results of in  vivo experiments further demonstrate that 
S1PR3 promotes OSCC progression by regulating the 
AKT signaling pathway.

S1PR3 antagonist combined with cisplatin 
suppresses OSCC cells growth
Cisplatin (CDDP) is a widely used chemotherapeutic 
drug for OSCC treatment and exerts its antitumor effect 
by disrupting the structure and function of tumor cell 
DNA [21, 22]. Therefore, the impact of treatment with 
S1PR3 antagonist CAY10444 on the antitumor effects 
of CDDP in OSCC cells was evaluated. It was found 
that treatment with either CDDP or CAY10444 inhib-
ited OSCC cell viability, and when used in combination, 
the inhibitory effect was further exacerbated (Fig.  7A, 
B). Moreover, using the EdU incorporation assay, it was 
further revealed that the combination of CDDP and 
CAY10444 significantly inhibited OSCC cell proliferation 
compared to their effect when employed alone (Fig. 7C, 
D). Additionally, the apoptosis assay and γ-H2 AX detec-
tion indicated that the combination of the S1PR3 antag-
onist and CDDP promotes apoptosis (Supplementary 
Fig.  8 A) and enhances DNA damage (Supplementary 
Fig.  8B). Collectively, these data imply that combining 
CDDP with CAY10444 may result in enhanced therapeu-
tic benefits.

Discussion
It is known that S1PRs display differential expression 
patterns in different types of tumors, significantly influ-
encing tumor progression. For instance, S1PR1 is upregu-
lated in breast and ovarian cancers [23]. However, S1PR2 
expression varies by tumor type, showing high levels in 
pancreatic cancer but low levels in gastric and colorectal 
cancers [24–26]. S1PR3 is upregulated in various tumors, 
including osteosarcoma, lung adenocarcinoma and breast 

(See figure on next page.)
Fig. 4  S1PR3 inhibition modulated OSCC cell cycle by reducing WEE1 expression. A, B The mRNA levels of genes associated with the cell cycle 
in S1PR3 antagonist-treated CAL27 cells were analyzed using a qPCR-based cell cycle array. C The mRNA levels of differentially expressed genes 
in S1PR3 knockdown and antagonist-treated CAL27 cells were validated using qPCR. D Western blotting analysis revealed the translational levels 
of S1PR3, WEE1, CDC2 and p-CDC2 in CAY10444-treated CAL27 and WSU-HN30 cells. E Western blotting analysis revealed the translational levels 
of S1PR3, WEE1, CDC2 and p-CDC2 in S1PR3 knockdown and control CAL27 cells. Data were presented as mean ± SD, with n = 3 biological 
replicates. *P < 0.05, **P < 0.01, ***P < 0.001
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cancer, being linked to poor prognosis in cancer patients 
[27–29]. A clinical study reported that S1PR4 expres-
sion levels are elevated in ER-negative breast cancer and 
show a negative correlation with disease-free survival 
[30]. Research indicates that the protein levels of S1PR5 
are reduced in esophageal squamous cell carcinoma [9]. 
However, the transcriptional and translational levels of 
S1PRs in OSCC have not been fully elucidated. In this 
study, S1PR1, S1PR3 and S1PR4 were found upregulated 
in most OSCC cells. Inhibition of S1PR3 may lead to 
compensatory activation of other receptors. The results 
of qPCR validation showed that S1PR1 was upregulated 
after inhibition of S1PR3 (Supplementary Fig.  9A). The 
combination of S1PR1 and S1PR3 antagonist enhanced 
the inhibitory effects on OSCC cell growth (Supplemen-
tary Fig. 9B). In addition, S1PR3 was the only S1PR cor-
related with unfavorable prognosis in HNSCC patients. 
In recent years, there has been rapid development in 
computational algorithms and bioinformatics [39–42]. 
The analysis of TCGA database showed that HNSCC 
patients exhibiting higher S1PR3 expression tended to 
be found in more advanced clinical stages of the disease 
and to exhibit worse OS, DSS and PFI. Additionally, this 
study found that high S1PR3 expression was associated 
with reduced sensitivity to afatinib, which is a second-
line treatment for recurrent or metastatic HNSCC [12]. 
IPS and TIDE scores, key indicators of immunotherapy 
response, showed that the high S1PR3 expression group 
had significantly lower IPS, decreased tumor suppres-
sor cell infiltration and higher TIDE scores. Moreover, 
T cell exclusion and CAF infiltration were significantly 
increased, while MSI scores were lower in this group. 
These findings suggested that patients with high S1PR3 
expression have lower immunotherapy responsiveness. 
S1PR3 has been implicated in tumor progression, signifi-
cantly affecting key biological processes in tumoral cells 
including proliferation, apoptosis, invasion and migra-
tion. The S1P/S1PR3 signaling pathway enhances aerobic 
glycolysis in osteosarcoma cells, suppressing apoptosis 
and promoting cell proliferation [27]. Additionally, it 
has been shown that high S1PR3 expression enhances 
invasion and migration in gastric carcinoma cells [10]. 
The findings of this study showed that the inhibition of 

S1PR3 significantly attenuated the proliferative capac-
ity of OSCC and LSCC cells, which provided a more 
comprehensive understanding of the role of S1PR3 in 
head and neck cancers. Moreover, S1PR3 knockdown or 
antagonist-mediated inhibition suppressed OSCC cell 
proliferation by regulating the cell cycle, thereby exerting 
antitumor effects.

In order to investigate how S1PR3 regulates the OSCC 
cell cycle, a qPCR-based cell cycle array was employed 
to identify differentially expressed genes after treatment 
with the S1PR3 antagonist. WEE1 was identified as the 
most significantly downregulated gene. WEE1 encodes 
a tyrosine/threonine protein kinase that is crucial for 
regulating the cell cycle and repairing DNA damage. 
WEE1 primarily inhibits the activity of the G2/M phase 
regulatory protein CDC2 by phosphorylating it. Thus, 
downregulation of WEE1 can lead to G2/M checkpoint 
dysregulation, thereby affecting the cell cycle and further 
inhibiting tumor cell growth. A previous study described 
that inhibiting WEE1 expression via small interfering 
RNA (siRNA) increased the percentage of melanoma 
cells in the G2/M transition phase, thereby inhibiting 
cell proliferation [31]. Another study reported that add-
ing a WEE1 inhibitor to drug-resistant breast cancer 
cells resulted in prolongation of the G2/M phase, which 
significantly inhibited tumor proliferation and induced 
apoptosis [32]. Similarly, the findings discussed herein 
showed that downregulation of WEE1 inhibited CDC2 
phosphorylation in OSCC, leading to G2/M checkpoint 
failure and thereby affecting the cell cycle.

Gene clustering functional analysis was employed 
to identify signaling pathways impacted by CAY10444 
treatment and S1PR3 knockdown, aiming to explore the 
molecular pathway by which targeting S1PR3 affects 
WEE1 expression. The results indicated that although 
CAY10444 treatment affected the PI3 K/AKT, PI3 K/
AKT/mTOR and MAPK signaling pathways, the PI3 K/
AKT signaling pathway was the only common pathway 
influenced by both treatments. Studies have reported 
that S1PR3 can bind to multiple Gα proteins, including 
Gi, Gq and G12/13, thus modulating signaling pathways 
such as AC/cAMP, Ras/ERK/AC, PI3 K/AKT, PLC/Ca2+ 
and Rho/ROCK [20]. Therefore, it can be hypothesized 

Fig. 5  S1PR3 blockade downregulated WEE1 expression via regulating the AKT signaling pathway. A The signaling pathways that exhibited 
statistically significant differences after S1PR3 antagonist treatment and S1PR3 knockdown compared to control CAL27 cells were identified 
by RNA-seq. B The translational levels of S1PR3, p-AKT and AKT in S1PR3 knockdown and control CAL27 cells were measured using western 
blotting analyses. C The translational levels of S1PR3, p-AKT and AKT in S1PR3 antagonist-treated CAL27 and WSU-HN30 cells were measured using 
western blotting analyses. D OSCC cell viability in different groups (control, CAY10444, SC79, CAY10444 + SC79) was measured by the CCK8 assay. 
E Following SC79 treatment or non-treatment, the viability of S1PR3 knockdown and control CAL27 cells was measured by the CCK8 assay. F The 
translational levels of S1PR3, AKT, p-AKT, WEE1, CDC2 and p-CDC2 in OSCC cells from different groups (control, CAY10444, SC79, CAY10444 + SC79) 
were measured by western blotting analyses. Data were presented as mean ± SD, with n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001

(See figure on next page.)
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that targeting S1PR3 in OSCC can inhibit the activa-
tion of the PI3 K/AKT signaling pathway. The PI3 K/
AKT signaling pathway has very important biological 
functions in tumors [33–35]. The results confirmed that 
inhibiting S1PR3 resulted in decreased AKT phosphoryl-
ation levels. In contrast, the AKT agonist SC79 restored 
the inhibitory effect on OSCC cell growth caused by 
S1PR3 inhibition both in vitro and in vivo. Furthermore, 
SC79 partially reversed the downregulation of WEE1 
and p-CDC2 induced by targeting S1PR3. Collectively, 
these findings indicated that S1PR3 knockdown inhibited 
OSCC cell growth through modulating the AKT/WEE1 
signaling pathway.

CDDP is a widely used chemotherapeutic agent, known 
for its strong antitumor activity against various cancers, 
and remains the first-line treatment for OSCC. In fact, 
adjuvant cisplatin therapy administered pre- or postoper-
atively enhanced the prognosis of OSCC patients [36, 37]. 
However, the extensive use of cisplatin in more recent 
years has contributed to the development of chemother-
apy resistance, substantially reducing its effectiveness in 
OSCC treatment. Therefore, improving or reestablishing 
tumor cell sensitivity to cisplatin has become a critical 
research direction for enhancing chemotherapy efficacy. 
Furthermore, AKT activation has been closely tied to 
cisplatin resistance in lung cancer, with AKT1 driving 
the chemoresistance in tumor cells via the mTOR sign-
aling pathway [38]. Our findings in this study showed 
that the combination of cisplatin and the S1PR3 antago-
nist enhanced the inhibition of the malignant biological 
behaviors of OSCC cells. Herein, S1PR3 antagonists were 
found to significantly enhance the suppressive influence 
of cisplatin on OSCC cell growth by increasing apop-
tosis induction and DNA damage, as well as regulating 
cell cycle. Additionally, the AKT signaling pathway was 
confirmed to function as a key downstream effector 

of S1PR3. Although our findings indicated that S1PR3 
antagonist enhanced the cytotoxic effects of cisplatin on 
OSCC cells, the underlying mechanisms remain to be 
fully elucidated. Moreover, the immunomodulatory roles 
of S1PR3 antagonist and its clinical therapeutic poten-
tial require further investigation and validation through 
additional experimental and clinical data.

Recent insights into S1PRs as therapeutic targets for 
enhancing antitumor drug sensitivity have garnered con-
siderable attention. Fingolimod (FTY720), a modulator of 
S1PRs (including S1PR3), has shown efficacy in reversing 
trastuzumab resistance in HER2-positive breast cancer 
patients [43]. In colon cancer, FTY720 has been shown to 
enhance tumor cell chemosensitivity to doxorubicin and 
etoposide by modulating P-glycoprotein and multidrug 
resistance protein 1 [44]. Therefore, S1PR3 could repre-
sent a potential therapeutic target to increase OSCC cell 
sensitivity to cisplatin.

Hence, the findings discussed herein revealed that 
targeting S1PR3 could regulate OSCC cell cycle by 
modulating the AKT/WEE1 signaling pathway, thereby 
inhibiting OSCC cell proliferation (Fig.  8). Further-
more, it was found that the specific S1PR3 antagonist 
CAY10444 exhibited a synergetic effect with cisplatin to 
inhibit OSCC cell growth, providing new insights into 
the clinical treatment of OSCC. Therefore, targeting the 
S1PR3/AKT/WEE1 signaling pathway might represent a 
novel therapeutic strategy for OSCC. However, the thera-
peutic effects of targeting S1PR3 require further clinical 
studies.

Conclusions
These findings reveal a critical role for S1PR3 in regulat-
ing OSCC cell cycle via the AKT/WEE1/CDC2 pathway, 
thus offering a basis for developing treatment strategies 
for OSCC patients.

(See figure on next page.)
Fig. 6  S1PR3 inhibition suppressed OSCC cell growth via AKT signaling pathway in vivo. A–C The xenograft tumor model using S1PR3 knockdown 
or control CAL27 cells was established in the groin of nude mice. Volumes of xenograft tumors (A) were evaluated every 5 days. The tumors of each 
group were excised and photographed after 20 days. Tumor images (B) and weights (C) were then evaluated. D The translational levels of S1PR3, 
p-AKT, WEE1 and Ki67 in the xenograft tumors were analyzed through IHC staining. E–G The xenograft tumor models using S1PR3 knockdown 
and control CAL27 cells were established and randomly divided into treatment and non-treatment groups. SC79 was administered to the treatment 
group every 3 days at a concentration of 20 mg/kg, while the non-treatment group received an equivalent volume of DMSO. Volumes of xenograft 
tumors (E) were evaluated every 3 days. The tumors of each group were excised and photographed after 12 days. Tumor images (F) and weights (G) 
were then evaluated. H The translational levels of S1PR3, p-AKT, WEE1 and Ki67 in the xenograft tumors were analyzed through IHC staining. Data 
were presented as mean ± SD, with n = 3 biological replicates. *P < 0.05, ***P < 0.001. Scale bar, 100 μm
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Fig. 7  S1PR3 antagonist combined with cisplatin suppressed OSCC cells growth. A, B CCK8 assays were performed on CAL27 and WSU-HN30 
cells subjected to CAY10444, CDDP, or the combination of CAY10444 and CDDP. C, D EdU incorporation assays were conducted on CAL27 
and WSU-HN30 cells subjected to CAY10444, CDDP, or the combination of CAY10444 and CDDP. Data were presented as mean ± SD, with n = 3 
biological replicates. ***P < 0.001. Scale bar, 100 μm
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