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A B S T R A C T   

Background: Studies verified that sphingosine kinase 1 (SPHK1)/sphingosine 1-phosphate re-
ceptors (S1PRs) and platelet-derived growth factor receptors (PDGFRs) play important roles in 
tumor occurrence and progression. However, the expression and clinical value of SPHK1/S1PRs 
and PDGFRs in colon adenocarcinoma (COAD) remains unclear. This study aimed to explore the 
expression of SPHK1/S1PRs and PDGFRs in COAD and further investigate their roles in predicting 
the prognosis of patients with COAD. 
Methods: SPHK1/S1PRs and PDGFRs expression in tissues from patient with COAD were analyzed 
using The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases. 
Kaplan–Meier survival analysis was used to evaluate the prognostic roles of SPHK1/S1PRs and 
PDGFRs in patients with COAD. Spearman’s correlation analysis was performed to assess the 
relationship between SPHK1/S1PRs and PDGFRs in COAD. Then, χ2 test was performed to 
analyze the correlation between SPHK1/S1PR3/PDGFRB and clinicopathological characteristics 
of the patients. Additionally, possible signaling pathways co-regulated by S1PR3 and PDGFRB 
were predicted using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) functional enrichment analyses. Least absolute shrinkage and selection operator (LASSO) 
regression was used to identify hub genes that co-regulated S1PR3 and PDGFRB expression. A 
prognostic model based on hub genes was constructed for patients with COPD. Finally, the 
relationship between the hub genes and tumor immune cell infiltration was investigated. 
Results: The expression levels of SPHK1 and PDGFRB were significantly upregulated in COAD 
patient tissues (P < 0.001 and P < 0.001, respectively). Moreover, Kaplan–Meier analysis showed 
that patients with COAD with high expression levels of SPHK1 and S1PR3 had shorter overall 
survival (OS) than those with low expression levels (P = 0.013 and P = 0.005, respectively). 
Spearman’s correlation analysis verified a strong positive correlation (P < 0.001, r = 0.790) 
between the expression of S1PR3 and PDGFRB. In addition, we found that high SPHK1 and 
PDGGRB expression levels were associated with perineural invasion (P < 0.001 and P = 0.011, 
respectively). High expression of S1PR3 and PDGGRB was prominently associated with N stage 
(P = 0.002 and P = 0.021, respectively). High levels of SPHK1, S1PR3, and PDGFRB were 
associated with lymph node invasion. (P = 0.018, P = 0.004, and P = 0.001, respectively). GO 
and KEGG results revealed that S1PR3 and PDGFRB may participate in COAD cell extracellular 
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matrix organization and cellular signal transduction. Five hub genes, SFRP2, GPRC5B, RSPO3, 
FGF14, and TCF7L1, were identified using LASSO regression. Survival analysis showed that the 
OS in the high-risk group was remarkably shorter than that in the low-risk group. The results 
indicated that tumor immune cells were significantly increased in the high-risk group compared 
to those in the low-risk group. 
Conclusions: S1PR3 and PDGFRB may be important markers for predicting lymphatic metastasis 
and poor prognosis in patients with COAD. The underlying mechanisms may involve immune cell 
infiltration.   

1. Introduction 

Colon cancer has the fifth highest incidence and mortality rate among all cancers, and is one of the most common malignancies in 
the world [1,2]. Colon adenocarcinoma (COAD) is the most common and aggressive type of colon cancer [3]. Despite improvements in 
radical resection and chemotherapy, the 5-year overall survival (OS) rate in patients remains unsatisfactory [4]. Clinical evidence 
shows that the 5-year OS rate of patients with stage III/IV is only 12.5 % [5]. Lymphatic node invasion, which is more common in 
COAD than vascular invasion, is responsible for the low OS rate, as it is associated with poor prognosis [6]. Therefore, exploring the 
mechanism underlying lymphatic metastasis may help improve the prognosis of patients. 

SPHK1 converts sphingosine to sphingosine 1 phosphate (S1P) and is an important regulator of cancer development and metastasis 
[7]. S1P binds to S1PRs, which play a vital role in cancer lymphangiogenesis and lymphatic metastasis [8]. Recent studies have shown 
that SPHK1 promotes colon cancer cell proliferation and migration by upregulating S1PR1 expression [9]. However, the clinical 
significance of SPHK1/S1PRs in COAD remains unknown. 

The PDGFRs family is essential for physiological processes such as the migration and tube formation of endothelial cells, which 
contribute to angiogenesis and lymphangiogenesis [10]. Previous studies have verified that PDGFR, which is abnormally expressed in 
various tumors, is associated with cancer metastasis and cancer-related angiogenesis [11]. PDGFRA and PDGFRB are classic 
proto-oncogenes that encode receptor tyrosine kinases that respond to platelet-derived growth factor (PDGF) [12]. A previous study 
showed that PDGFRA was upregulated in oral squamous cell carcinoma and breast cancer, and was positively associated with cancer 
metastasis and poor prognosis [13,14]. Simultaneously, high PDGFRB expression was negatively correlated with the prognosis in 
gastric cancer. Another study revealed involvement of PDGFRB in promoting angiogenesis and modulating the tumor immune 
microenvironment [15]. However, the expression and clinical significance of PDGFRA/PDGFRB in COAD requires further research. 

In this study, we explored the expression of SPHK1/S1PRs and PDGFRs in the tissues of patients with COAD using the cancer 
genome atlas (TCGA) and genotype-tissue expression (GTEx) databases. Kaplan–Meier survival analysis and log-rank tests were used to 
investigate the role of SPHK1/S1PRs and PDGFRs in predicting the prognosis of patients with COAD. Moreover, the relationship 
between the expression of SPHK1/S1PRs/PDGFRs and the clinical characteristics of patients with COAD was analyzed. The possible 
correlation between SPHK1/S1PRs and PDGFRs in COAD was evaluated. Additionally, we analyzed the potential biological functions 
and signaling pathways co-mediated by S1PR3 and PDGFRB in COAD using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) functional enrichment analyses. Hub genes co-regulated with S1PR3 and PDGFRB were identified using LASSO 
regression, and a prognostic model based on hub genes was constructed for patients with COAD. Finally, the ssGSEA algorithm was 
used to investigate the levels of immune cell infiltration in patients with COAD. 

2. Materials and methods 

2.1. Patient information 

TCGA, GTEx, and Gene Expression Omnibus (GEO) databases were used to explore the gene expression profiles of SPHK1/S1PRs 
and PDGFRs in 349 patients with COAD and 290 healthy controls. The patients with COAD were divided into high and low expression 
groups based on the median values of SPHK1, S1PR3, and PDGFRB expression. Subsequently, the detailed clinical information of the 
patients was retrieved for further analysis. The Human Protein Atlas (http://www.proteinatlas.org) database was used to detect the 
tissue expression and localization of SPHK1 and PDGFRB. 

2.2. Correlation between SPHK1/S1PRs and PDGFRs in COAD 

To investigate the correlation of SPHK1/S1PRs and PDGFRs in COAD, Spearman’s correlation analysis was performed. 
Kaplan–Meier survival analysis was used to investigate the prognostic roles of SPHK1/S1PRs and PDGFRs in overall survival (OS). 

2.3. GO and KEGG function analysis 

The genes co-regulated by S1PR3 and PDGFRB were identified using the criteria r > 0.6 or p < 0.01. Subsequently, Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analyses were performed to investigate the 
possible biological functions of S1PR3 and PDGFRB co-regulation in COAD. 
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2.4. Construction of risk scoring and survival time model 

LASSO regression was used to investigate the risk stratification of patients with COAD. The risk score was as follows: 
SFRP2*0.0067+GPRC5B*0.1926-RSPO3*0.0881+FGF14*0.4365+TCF7L1*0.1473. After calculating the risk score, patients were 
divided into low- and high-risk groups based on the median risk score. Cox regression analysis was used to perform survival analysis of 
patients with COAD in both groups. 

2.5. Identification of immune cells in patients with COAD 

Single-sample gene cluster enrichment analysis (ssGSEA) is an extension of the GSEA method. R packages (GSVA, GSEABase, and 
limma) were used to calculate the content of 24 types of immune cells in the high- and low-risk groups. 

2.6. Statistical analysis 

All statistical analyses were performed using SPSS software (version 22.0; IBM SPSS, Chicago, IL, USA) and R software 3.5.3. A t- 
test was used to explore the difference in SPHK1/S1PRs and PDGFR expression between patients with COAD and healthy controls. 
Kaplan–Meier survival curves were used to investigate the overall survival (OS) of patients with COAD. The relationship between the 
expression levels of SPHK1, S1PR3, PDGFRB and clinicopathological characteristics of the patients with COAD was analyzed using a χ2 
test. The correlation between S1PR3 and PDGFRB expression in COAD tissues was calculated using Spearman’s correlation. Statistical 
significance was set at P < 0.05. 

3. Results 

3.1. The expression levels of SPHK1 and PDGFRB were significantly upregulated in tissues from patients with COAD 

The TCGA and GTEx databases were used to explore the expression of SPHK1/S1PRs and PDGFRs in tissues from patients with 
COAD. The results showed that the mRNA expression levels of SPHK1 and PDGFRB were significantly increased in the patients with 
COAD (P < 0.001 and P < 0.001, respectively). In contrast, compared with the healthy control group, the mRNA expression levels of 
S1PR1 and PDGFRA were significantly downregulated in the patients (P < 0.001 and P < 0.001, respectively) (Fig. 1). No differences 
were observed in the expression of S1PR2 or S1PR3 between the two groups. The expression levels of these proteins in tumor tissues 
and paired normal adjacent tissues from patients with COAD were verified using the GEO database (GSE44076). Representative images 
revealed that PDGFRB and SPHK1 protein expression was increased in patient tissues (Fig. 2). 

3.2. High SPHK1 and S1PR3 expression levels predicted poor prognosis in patients with COAD 

Subsequently, the effects of SPHK1/S1PRs and PDGFRs on the OS of patients with COAD were evaluated using Kaplan–Meier 

Fig. 1. SPHK1 and PDGFRB were increased in tissues from patients with COAD. The mRNA expression levels of SPHK1, S1PRs, PDGFRA and 
PDGFRB in patient tissues versus normal samples from the TCGA and GTEx database were analyzed. ***P < 0.001. 
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Fig. 2. Immunohistochemical staining of PDGFRB and SPHK1 in tissues from healthy controls and patients with COAD in the Human Protein Atlas 
database. The low and high correspond to the weak and strong intensity of immunohistochemical staining, respectively. 

Fig. 3. Kaplan–Meier curves show the OS of patients with COAD with different expression levels of SPHK1, S1PR1, S1PR2, S1PR3, PDGFRA, 
and PDGFRB. 
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survival analysis and log-rank tests. The results revealed that patients with COAD with high expression levels of SPHK1 and S1PR3 had 
shorter OS than patients with low expression levels (P = 0.013 and P = 0.005, respectively), indicating that SPHK1 and S1PR3 may be 
potential markers for predicting the prognosis of patients with COAD. However, patients with COAD with high PDGFRA expression 
levels had longer OS than those with low expression levels (P = 0.031) (Fig. 3). 

3.3. Correlation between SPHK1/S1PRs and PDGFRs in COAD 

Based on these results, we further analyzed the correlation between SPHK1/S1PRs and PDGFRs in COAD. The results of TCGA 
database analysis showed a strong positive correlation (P < 0.001, r = 0.790) between S1PR3 and PDGFRB expression levels in COAD 
(Fig. 4) (Table 1). 

3.4. High expression of SPHK1, S1PR3, and PDGFRB indicated unfavorable clinical symptoms of patients with COAD 

SPHK1 and PDGFRB were highly expressed in patients with COAD. Moreover, increased SPHK1 and S1PR3 expression predicted 
poor prognosis in patients with COAD. To better understand the associations between the expression levels of the three proteins and 
clinicopathological parameters of patients with COAD, data from 239 patients with COAD were analyzed in detail. The patients were 
divided into high- and low-expression groups based on the median values of SPHK1, S1PR3, and PDGFRB expression. As shown in 
Table 2, there were no significant differences between the expression levels of the three proteins by the patients’ age, gender, M stage, 
and CEA level (all P > 0.05). We found that high SPHK1 and PDGGRB expression levels were strongly related to residual tumors (P =
0.018 and P = 0.045, respectively) and perineural invasion (P < 0.001 and P = 0.011, respectively). In addition, high S1PR3 and 
PDGGRB expression levels were associated with the N stage (P = 0.002 and P = 0.021, respectively). More importantly, the results 
verified that high SPHK1, S1PR3, and PDGFRB expression levels were significantly associated with positive lymph invasion (P = 0.018, 
P = 0.004, and P = 0.001, respectively), suggesting that SPHK1, S1PR3, and PDGFRB synergistically promote lymph node metastasis in 
COAD. 

3.5. Bioinformatics analysis of S1PR3 and PDGFRB co-regulated genes 

In total, 2096 genes related to the prognosis of patients with COAD were selected using univariate Cox regression analysis. There 
were 1022 genes related to PDGFRB and 668 genes related to S1PR3. After combining these three results, 34 genes were selected as co- 
regulated (Fig. 5A). To further investigate the role of these 34 genes in COAD, GO and KEGG analyses were performed to predict the 
potential biological functions and signaling pathways mediated by S1PR3 and PDGFRB. KEGG pathway analysis revealed that the 34 
genes were mainly involved in the Wnt signaling pathway and focal adhesion (Fig. 5B). GO term enrichment analysis of the co- 
regulated genes indicated that the 34 genes were mainly involved in cytoskeletal rearrangements (Fig. 5C). GO and KEGG analyses 
showed that S1PR3 and PDGFRB may participate in COAD cell cytoskeletal rearrangement and cellular signal transduction. 

3.6. Construction of a prognostic model of the S1PR3 and PDGFRB co-regulated genes 

Bioinformatics analysis showed that there were 34 genes not only related to the prognosis of COAD patients, but also to the 

Fig. 4. Correlation between S1PR3 and PDGFRB expression levels in tissues from patients with COAD analyzed from the TCGA and GTEx databases.  
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expression levels of PDGFRB and S1PR3. LASSO regression was then used to select 5 hub genes (SFRP2, GPRC5B, RSPO3, FGF14, and 
TCF7L1) from the 34 genes. The risk score for each patient was calculated using the TCGA cohort. Patients were divided into high- and 
low-risk groups based on the median risk score. Survival analysis demonstrated that the OS in the high-risk group was shorter than that 
in the low-risk group (Fig. 6). 

3.7. Differences in immune infiltration between the high- and the low-risk groups 

High expression of the five hub genes was associated with poor prognosis in patients with COAD. The ssGSEA algorithm was used to 
further assess the relationship between hub genes and immune cell infiltration. The results showed a significant correlation between 
the five hub genes (SFRP2, GPRC5B, RSPO3, FGF14, and TCF7L1) and immune cells. Counts of B cells, cytotoxic cells, DC, eosinophils, 
iDC, Macrophages, Mast cells, Neutrophils, CD56dim cells, NK cells, pDC, T cells, Tcm, Tem, TFH, Tgd, Th1 cells, and Tregs were 
significantly higher in the high-risk group than in the low-risk group. However, Th17 and Th2 cells were negatively correlated with the 
risk score (Fig. 7). This suggests that hub genes may be involved in tumor immune cell infiltration. 

4. Discussion 

COAD is one of the most fatal cancers worldwide. Currently, recurrence and metastasis are the major factors that limit the survival 
of patients [16]. Despite improvements in targeted therapies, the survival rate of patients remains unsatisfactory [17]. Currently, there 
is an urgent need to accurately predict the prognosis of patients and develop effective treatments to prevent cancer cell invasion and 
metastasis. In this study, potential prognostic factors of patients with COAD were analyzed to evaluate their prognostic prediction 
capability. 

Previous studies have shown that SPHK1 and PDGFR are abnormally expressed in many types of cancer and participate in tumor 

Table 1 
Correlation between the expression levels of SPHK1/S1PRs and PDGFRs in COAD.   

PDGFRA P PDGFRB P 

SPHK1 0.290 2.71e-11 0.687 2.25e-74 
S1PR1 0.710 1.36e-81 0.719 1.66e-84 
S1PR2 0.26 2.18e-9 0.607 3.98e-54 
S1PR3 0.567 7.90e-46 0.790 1.03e-103  

Table 2 
Correlation between the expression levels of SPHK1, S1PR3, PDGFRB and clinicopathological characteristics of patients with COAD.  

Parameters SPHK1 S1PR3 PDGFRB 

Low (239) High (239) P Low (239) High (239) P Low (239) High (239) P 

Age ≥65 93 101 0.514 86 108 0.05 94 100 0.641 
<65 146 138 153 131 145 139 

Gender Female 113 113 1.000 112 114 0.927 107 119 0.314 
male 126 126 127 125 132 120 

Pathologic stage I 44 37 0.551 47 34 0.03 42 39 0.355 
II 93 94 103 84 100 87 
III 6 73 57 76 58 75 
IV 35 31 27 39 42 39 

T stage T1 5 6 0.639 9 2 0.017 7 4 0.535 
T2 46 37 47 36 44 39 
T3 160 163 161 162 161 162 
T4 27 33 22 38 26 34 

N stage N0 149 135 0.100 160 124 0.002 154 130 0.021 
N1 56 52 47 61 53 55 
N2 34 52 32 54 32 54 

M stage M0 171 178 0.641 181 168 0.134 172 177 0.843 
M1 35 31 27 39 34 32 

CEA level ≤5 90 106 0.524 95 101 0.989 93 103 0.943 
>5 54 53 51 56 52 55 

Lymphatic invasion No 140 126 0.018 144 122 0.004 146 120 0.001 
Yes 68 100 66 102 65 103 

Colon polyps No 145 117 0.034 129 133 0.658 132 130 0.724 
Yes 64 82 76 70 77 69 

Residual tumor R0 161 185 0.018 174 172 1.00 165 181 0.045 
R1 2 2 2 2 1 3 
R2 18 6 12 12 165 181 

Perineural invasion No 74 61 <0.001 59 76 0.375 63 72 0.011 
Yes 9 37 16 30 11 35 (  
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progression, including cancer cell invasion and metastasis [18,19]. SPHK1 has been identified as an oncogene in gastric cancer, 
suggesting that SPHK1 is a potential biomarker and therapeutic target [20]. S1PRs expression is tissue specific and plays an important 
role in regulating cell proliferation and metastasis in various cancers [21]. Previous studies have found that PDGFRB plays a crucial 
role in breast cancer tumorigenesis and metastasis and may be a potential therapeutic target for breast cancer treatment [22]. 
Therefore, we analyzed TCGA and GTEx databases to evaluate the expression of SPHK1/S1PRs and PDGFR in COAD. Consistent with 
previous reports on lung and gastric cancer [23,24], our results showed that the mRNA expression of SPHK1 and PDGFRB was 
significantly upregulated in the COAD group, suggesting that SPHK1 and PDGFRB might play vital roles in COAD development. 
Further studies revealed that patients with COAD with high SPHK1 and S1PR3 expression had shorter OS than those with low 
expression, indicating that SPHK1 and S1PR3 are related to poor prognosis. Therefore, SPHK1 and S1PR3 may serve as markers for the 
diagnosis and prognosis of COAD. 

Our previous study verified that S1PR3 and lymphatic endothelial hyaluronic acid receptors (LYVE-1) are co-localized in lymphatic 
endothelial cells and participate in tumor lymphangiogenesis [25]. PDGFRB and LYVE-1 were confirmed as “partners” involved in the 
opening of lymphatic intercellular junctions [26]. Combined with the expression level of SPHK1 in COAD and its role in predicting the 
prognosis of patients with COAD, we hypothesized that SPHK1, S1PR3, and PDGFRB may coordinate COAD progression. The results 
showed that the expression of SPHK1, S1PR3, and PDGFRB was markedly associated with lymph invasion, indicating that they might 
synergistically promote COAD lymph node metastasis. A recent study showed that SPHK1 enhanced colon cancer cell proliferation and 
invasion by upregulating MMP-2/9 expression [27]. SPHK1 promotes colorectal cancer metastasis through the FAK/AKT/MMP 
pathway [28]. However, the mechanism of SPHK1-induced lymphatic metastasis remains unclear. In this study, high S1PR3 and 
PDGGRB expression was associated with N stage in patients with COAD. The correlation between SPHK1/S1PRs and PDGFR expression 
in COAD was analyzed. The results revealed a strong positive correlation between S1PR3 and PDGFRB expression. In addition, S1PR3 
and PDGFRB, as receptors on the cell surface, interact with LYVE-1. Therefore, we propose that S1PR3 and PDGFRB colocalize in the 
cytomembrane and function as complex receptors for binding S1P. This may be the mechanism underlying COAD metastasis. 

Fig. 5. GO term and KEGG analysis of the co-related genes. (A) Genes selected by combining results of prognosis related genes and S1PR3/PDGFRB 
related genes in COAD. (B) KEGG enrichment. The length of the bars is proportional to the number of genes. (C) GO term enrichment. The y-axis 
shows the GO terms of biological process. The length of the bars is proportional to the number of genes. GO, gene ontology; KEGG, Kyoto Ency-
clopedia of Genes and Genomes. 
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SPHK1 is a synthetase of S1P, an important component of the extracellular matrix in the tumor microenvironment [29]. S1P 
promotes cancer progression by stimulating lymphatic spread and lymphangiogenesis in breast cancer and esophageal squamous cell 
carcinoma [30,31]. In the present study, GO and KEGG pathway analyses showed that S1PR3 and PDGFRB were mainly involved in 
cytoskeletal rearrangement and cellular signal transduction. Then the hub genes regulated by S1PR3 and PDGFRB were further 
investigated to explore the molecular mechanism underlying COAD metastasis, which might be target genes in applicable to pancreatic 
cancer therapy. Five hub genes (SFRP2, GPRC5B, RSPO3, FGF14, and TCF7L1) were selected using LASSO regression. SFRP2 is an 
oncogene in urothelial cells and is associated with lymphatic metastasis and vascular invasion [32]. GPRC5B was reported as a novel 

Fig. 6. Construction of risk score and survival time model of patients with COAD in high- and low-risk groups.  

Fig. 7. The correlation of the immune cell infiltration in the high-r and the low-risk groups.  
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invasion-related gene for prognosis prediction in COAD, and FGF14 promotes tumor aggressiveness in breast cancer [33,34]. These 
reports indicate that hub genes play important roles in cancer progression. Our results were consistent with those of previous studies. 
In the present study, survival analysis suggested that the OS in the high-risk group was significantly shorter than that in the low-risk 
group. A recent study indicated that tumor-associated immune cells, including macrophages, mast cells, and neutrophils, promote 
lymphangiogenesis and lymphatic metastasis by regulating VEGFC-VEGFR3 signaling in tumor microenvironment [35,36]. T and NK 
cells promote lymphatic metastasis and invasion in COAD and rectal cancer, respectively [37,38]. In this study, the results of immune 
cell infiltration showed that NK and T cells were significantly increased in the high-risk group compared to the low-risk group, sug-
gesting that hub genes might recruit T and NK cells for lymphatic metastasis in COAD. 

In the TCGA COAD cohort, we found that the expression levels of S1PR3 and PDGGRB were prominently associated with N stage 
and lymph invasion. Subsequently, SFRP2, GPRC5B, RSPO3, FGF14, and TCF7L1 were screened as hub genes that might participate in 
COAD development by regulating immune cell infiltration and cancer invasion. However, the function of S1PR3 and PDGGRB in COAD 
needs further exploration in vivo. Moreover, the role of S1PR3 and PDGGRB in immune cell infiltration and COAD invasion needs to be 
verified in vitro experiments. 

In conclusion, this study demonstrates for the first time that the expression levels of SPHK1 and PDGFRB are significantly upre-
gulated in COAD. High expression of S1PR3 and PDGFRB may be involved in cancer lymphatic metastasis by regulating immune cell 
infiltration through downstream hub genes. Thus, S1PR3 and PDGFRB may serve as novel markers for predicting COAD prognosis. 
However, the specific in vitro mechanism remains unclear. 
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[12] E. Guérit, F. Arts, G. Dachy, et al., PDGF receptor mutations in human diseases, Cell. Mol. Life Sci. 78 (8) (2021) 3867–3881. 
[13] H.S. Ong, S. Gokavarapu, Z. Tian, PDGFRA mRNA overexpression is associated with regional metastasis and reduced survival in oral squamous cell carcinoma, 

J. Oral Pathol. Med. 47 (7) (2018) 652–659. 
[14] M. Joglekar-Javadekar, S. Van Laere, M. Bourne, et al., Characterization and targeting of platelet-derived growth factor receptor alpha (PDGFRA) in 

inflammatory breast cancer (IBC), Neoplasia 19 (7) (2017) 564–573. 
[15] B. Liu, X. Xiao, Z. Lin, et al., PDGFRB is a potential prognostic biomarker and correlated with immune infiltrates in gastric cancer, Cancer Biomarkers 34 (2) 

(2022) 251–264. 
[16] X. Li, W. Yu, C. Liang, et al., INHBA is a prognostic predictor for patients with colon adenocarcinoma, BMC Cancer 20 (1) (2020) 305. 
[17] M. Yang, H. He, T. Peng, et al., Identification of 9 gene signatures by WGCNA to predict prognosis for colon adenocarcinoma, Comput. Intell. Neurosci. 2022 

(2022) 8598046. 

M. Yu et al.                                                                                                                                                                                                             

http://refhub.elsevier.com/S2405-8440(24)11563-0/sref1
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref1
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref2
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref2
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref3
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref4
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref5
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref5
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref6
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref6
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref7
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref7
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref8
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref8
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref9
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref9
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref10
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref11
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref12
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref13
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref13
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref14
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref14
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref15
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref15
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref16
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref17
http://refhub.elsevier.com/S2405-8440(24)11563-0/sref17


Heliyon 10 (2024) e35532

10

[18] S. Acharya, J. Yao, P. Li, et al., Sphingosine kinase 1 signaling promotes metastasis of triple-negative breast cancer, Cancer Res. 79 (16) (2019) 4211–4226. 
[19] A. Bernat-Peguera, P. Simón-Extremera, V. da Silva-Diz, et al., PDGFR-induced autocrine SDF-1 signaling in cancer cells promotes metastasis in advanced skin 

carcinoma, Oncogene 38 (25) (2019) 5021–5037. 
[20] Z. Wang, H. Qu, W. Gong, et al., Up-regulation and tumor-promoting role of SPHK1 were attenuated by miR-330-3p in gastric cancer, IUBMB Life 70 (11) (2018) 

1164–1176. 
[21] R.J. Watters, H.G. Wang, S.S. Sung, et al., Targeting sphingosine-1-phosphate receptors in cancer, Anti Cancer Agents Med. Chem. 11 (9) (2011) 810–817. 
[22] R. Yeeravalli, K. Kaushik, A. Das, TWIST1-mediated transcriptional activation of PDGFRβ in breast cancer stem cells promotes tumorigenesis and metastasis, 

Biochim. Biophys. Acta, Mol. Basis Dis. 1867 (7) (2021) 166141. 
[23] S. Arora, P. Singh, G. Tabassum, et al., miR-495-3p regulates sphingolipid metabolic reprogramming to induce Sphk1/ceramide mediated mitophagy and 

apoptosis in NSCLC, Free Radic. Biol. Med. 189 (2022) 71–84. 
[24] J.X. Wang, J.F. Zhou, F.K. Huang, et al., GLI2 induces PDGFRB expression and modulates cancer stem cell properties of gastric cancer, Eur. Rev. Med. 

Pharmacol. Sci. 21 (17) (2017) 3857–3865. 
[25] M. Yu, H. Zhang, Y. Liu, et al., The cooperative role of S1P3 with LYVE-1 in LMW-HA-induced lymphangiogenesis, Exp. Cell Res. 336 (1) (2015) 150–157. 
[26] W.H. Hou, I.H. Liu, C.C. Tsai, et al., CRSBP-1/LYVE-1 ligands disrupt lymphatic intercellular adhesion by inducing tyrosine phosphorylation and internalization 

of VE-cadherin, J. Cell Sci. 124 (Pt 8) (2011) 1231–1244. 
[27] S.Q. Liu, J.A. Huang, M.B. Qin, et al., Sphingosine kinase 1 enhances colon cancer cell proliferation and invasion by upregulating the production of MMP-2/9 

and uPA via MAPK pathways, Int. J. Colorectal Dis. 27 (12) (2012) 1569–1578. 
[28] S.Q. Liu, C.Y. Xu, W.H. Wu, et al., Sphingosine kinase 1 promotes the metastasis of colorectal cancer by inducing the epithelial-mesenchymal transition 

mediated by the FAK/AKT/MMPs axis, Int. J. Oncol. 54 (1) (2019) 41–52. 
[29] P. Ko, D. Kim, E. You, et al., Extracellular matrix rigidity-dependent sphingosine-1-phosphate secretion regulates metastatic cancer cell invasion and adhesion, 

Sci. Rep. 6 (2016) 21564. 
[30] M. Nemoto, H. Ichikawa, M. Nagahashi, et al., Phospho-sphingosine kinase 1 expression in lymphatic spread of esophageal squamous cell carcinoma, J. Surg. 

Res. 234 (2019) 123–131. 
[31] J. Tsuchida, M. Nagahashi, M. Nakajima, et al., Breast cancer sphingosine-1-phosphate is associated with phospho-sphingosine kinase 1 and lymphatic 

metastasis, J. Surg. Res. 205 (1) (2016) 85–94. 
[32] H.Y. Lai, C.C. Chiu, Y.H. Kuo, et al., High stromal SFRP2 expression in urothelial carcinoma confers an unfavorable prognosis, Front. Oncol. 12 (2022) 834249. 
[33] J. Liu, C. Jiang, C. Xu, et al., Identification and development of a novel invasion-related gene signature for prognosis prediction in colon adenocarcinoma, 

Cancer Cell Int. 21 (1) (2021) 101. 
[34] M. Zhang, J. Wang, Y. Jin, et al., YTHDF2-mediated FGF14-AS2 decay promotes osteolytic metastasis of breast cancer by enhancing RUNX2 mRNA translation, 

Br. J. Cancer 127 (12) (2022) 2141–2153. 
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