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SLC2A3 is a membrane transporter that belongs to the solute carrier family, whose function includes transmembrane transport and glucose transmembrane transport activity. To clarify the expression and role of SLC2A3 in colorectal cancer (CRC), we analyzed the TCGA and GEO databases and found that SLC2A3 mRNA levels were significantly higher in CRC tissues than that in adjacent non-tumor tissues. Furthermore, high expression of SLC2A3 predicted poor overall survival and disease free survival for CRC patients. For validation, we collected 174 CRC samples and found that SLC2A3 expression was higher in CRC tissues than that in adjacent non-tumor colorectal mucosa tissues by immunohistochemistry staining. Further study showed that high expression of SLC2A3 was enriched in epithelial–mesenchymal transition (EMT) classical pathway, interferon-γ pathway by GSEA analysis enrichment, indicating that SLC2A3 may play a key role in the progression of CRC through EMT and immune response, which also has been validated by the global gene expression profiling of human CRC cell lines. The expression of SLC2A3 was positively correlated with CD4 and CD8+T cells by using TIMER and EPIC algorithm, respectively. SLC2A3 knockdown suppressed migration and inhibited the expression of Vimentin and MMP9 in CRC cell line SW480 and RKO. Meanwhile, PD-L1 expression was also significantly attenuated in SW480 and RKO cells transfected with SLC2A3 siRNA. The result suggests that SLC2A3 may be involved in the immune response of CRC by regulating PD-L1 immune checkpoint. In our series, SLC2A3 and PD-L1 positive expression was 74% (128/174) and 22% (39/174) of CRC, respectively. SLC2A3 expression was significantly associated with perineural invasion in CRC patients. In conclusion, SLC2A3 may play an important role in progression of CRC by regulating EMT and PD-L1 mediated immune responses.
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Background

Colorectal cancer (CRC) is a leading malignant tumor in the digestive tract (1). At the time of diagnosis about 30% of CRC patients had distant metastases, while about 20% of CRC patient had recurring and distant metastasis in 5 years after radical resection (2). Guinney et al. divided colorectal cancer into four distinct molecular subtypes (CMS) by gene expression profiling analysis: CMS1 represented microsatellite unstable immune type, accounting for about 14%, which had high gene mutation, microsatellite instability and strong immune activation. CMS2 represents the typical Wnt and Myc signaling pathways, accounting for about 37%. CMS3 represents metabolic type, accounting for about 13%, epithelialization accompanied by significant metabolic disorder. CMS4 represents the mesenchymal type, accounting for 23%, with significant transformation growth factor activation, interstitial infiltration, and angiogenesis (3). CMS classification may be a prognostic and predictive factor for CRC.

The SLC2A family includes 14 members from SLC2A1–SLC2A14, known as glucose transporters, that enables nutrients and glucose to pass through the hydrophobic cell membrane (4). The expression of these members is tissue specific. For example, SLC2A1 is generally expressed in all tissues, while SLC2A2 is expressed in liver tissues and SLC2A3 is expressed in brain tissues (5). Recent studies have indicated that SLC2A family increased in different tumors, which exhibit the potential oncogenic effect of SLC2A family. SLC2A1 is boost in CRC tissues and predicts poor prognosis and clinical characteristics (6), SLC2A2 is highly expressed in hepatocellular carcinoma (7). SLC2A3 expression is up-regulated in invasive gliomas, and high expression indicates poor prognosis (8). Recent reports revealed that SLC2A3 may take part in the metastasis of breast cancer cell to the brain (9). However, the role of SLC2A3 in CRC has not been well clarified.

In this study, we explored the expression of SLC2A3 in CRC by TCGA database and analyzed the relationship between SLC2A3 expression and prognosis and other clinical features. Furthermore, we detected SLC2A3 expression in our CRC samples and clarified the underlying mechanism. Our study suggests that SLC2A3 could be used as a prognosis marker in CRC and promotes the progression of CRC through EMT and PD-L1.



Material and Methods


Data Mining

TCGA CRC gene expression RNA-seq data and related clinical phenotype were downloaded from the UCSC website (10). There were 380 cases of CRC tissue and 51 cases of adjacent non-tumor tissue. To investigate the underlying mechanism of SLC2A3 expression, we divided them into low-SLC2A3 expression group and high-SLC2A3 expression group based on SLC2A3 median expression level. Moreover, GSE17536(N = 177) and GSE17537 (N = 55) data (11–14) were applied for further prognosis validation, which were from Gene Expression Omnibus (GEO) data (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17536 and https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17537). Among them, 55 CRC samples were from Vanderbilt Medical Center (VMC), while 177 CRC samples from the Moffitt Cancer Center. Human CRC cell lines expression profile were downloaded from GSE59857 (15, 16), which included 155 established CRC cell lines and two human fetal intestine cell lines.



Gene Set Enrichment Analysis

GSEA software (v4.0.3) (17, 18) was carried out to explore the mechanisms of SLC2A3 expression on the progression of CRC. HALLMARK gene set was obtained from MSigDB database V7.2. The Nominal p-value (NOM p <0.05) was considered to be significantly enriched.



Immune Cell Infiltration Analysis

The abundance of CRC immune cell infiltration was obtained from TIMER (19, 20). The TIMER web server is a comprehensive resource for systematical analysis of immune infiltrates across diverse cancer based on deconvolution. The composition of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages, and Dendritic cells) was predicted by input the gene expression profile data of tumor samples. EPIC (21) method was used to validate the results. EPIC is an analytical method to access the proportion of Immune and cancer cells from bulk tumor gene expression data.



Patients and Specimens

A total of 174 paired paraffin-embedded CRC specimens and corresponding adjacent non-tumor colorectal mucosal tissues were obtained from our Department of Pathology, the first Affiliated Hospital, Sun Yat-Sen University, Guangzhou, China, between January 2013 and December 2013. No patients had received chemotherapy and/or radiotherapy before operation. The histopathology of the disease was determined by two pathologists according to the criteria of the World Health Organization. Prior patient consent and approval were obtained from the Institutional Research Ethics Committee. Tissue microarray was constructed by 1.5-mm cores.



Immunohistochemistry Staining and Evaluation

Immunohistochemistry staining was performed as we previously described (22), where the working concentration of SLC2A3 antibody(20403-1-AP, Proteintech, Chicago) was 1:200. Immunohistochemical staining was assessed and scored by two independent pathologists. Staining intensity was graded as: absent staining as 0, weak as 1, moderate as 2, and strong as 3. The percentage of stained cells was categorized as positive cancer cells/total cancer cells. The staining score for each tissue was calculated by the area score × the intensity score. PD-L1 antibody(DAKO 22C3, Denmark)was performed according to the manufacturer’s guidance. The working concentration was 1:50. PD-L1 score is based on combined positive score (CPS), which is simply the percentage of living cancer cells, cancer associated lymphocytes and macrophages stained with partial or complete membranes at any intensity, namely the number of PD-L1 positive cells/all living tumor cells × 100. According to the receiver operative characteristic (ROC) analysis, the optimal cutoff value of SLC2A3 and PD-L1 was a staining score of 0.175 and 0.025 or lower defied as low-SLC2A3 and low-PD-L1 group respectively, while, a staining score of 0.175 and 0.025 higher defied as the high-SLC2A3 and high-PD-L1 group, respectively.



Cell Culture and siRNA Transfection

SW480 and RKO cells were purchased from Shanghai cell bank (Shanghai, China) and cultured in 10% FBS+DMEM. SLC2A3 siRNA and negative control NC were purchased from RiboBio Guangzhou (China). The targeted sequences are followed si-SLC2A3: GTAGCTAAGTCGGTTGAAA. siRNA transfection was performed by using Lipofectamine3000 reagent (Thermo Fisher Scientific)according to manufacturer’s protocols.



Quantitative Real Time PCR

The total RNA in cells was extracted with trizol reagent (Invitrogen, USA), and the relative mRNA expression was normalized to the GAPDH. The following primer sequences are purchased from SANGON BIOTECH (Shanghai, China) SLC2A3-Forward: GGTCGCTTGGTTATTGGC, SLC2A3-Reverse: ACCGCT GGAGGATCTGCT. Quantitative real time PCR was performed as our previously described (23).



Western Blot

Cells were collected after siRNA transfection for 48 h. The antibodies include SLC2A3 primary antibody (Protein tech #20403-1-AP), Vimentin (CST#5741), MMP9 (CST#13667), and PD-L1 (CST#13684). The working concentrations of the above primary bodies are 1:1,000. The working concentrations of anti-rabbit IgG, HRP-linked antibody (CST#7074) is 1:4,000. GAPDH (CST #5174) was used as loading control.



Migration and Invasion Assays

The migration experiment was conducted by first laying SW480 and RKO cells in a 6-well plate and transfecting them with siRNA for 48 h, then laying 105 cells into 100 ul serum-free DMEM in the upper compartment, adding 500 ul 20% FBS to the lower compartment, and collecting the compartment after 48 (RKO) and 60 h (SW480), respectively. For the invasion experiment, 50 ul matrix glue (1:8) was first placed in the upper chamber, and the chamber was collected after 48 (RKO) and 84 h (SW480), respectively. All the cells were collected and fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The membrane of the cells was cut off and scanned for statistics. Five high-power (40×) field counts were randomly selected for each membrane.



Statistics Analysis

SPSS 25.0 statistical software and GraphPad Prism 8 (GraphPad Software) were used for statistical analysis. Unpaired, two tailed Student’s test was used to compare data between the two groups. Chi-square test and rank sum test are used to compare different parameters. Spearman correlation analysis was used to evaluate correlations between variables. Univariate and multivariate logistic regression analysis were used to analyze the relationship between SLC2A3 expression levels and clinical characteristics. P<0.05 was considered to be statistically significant.




Results


SLC2A3 Serves as an Oncogenic Role in CRC and High SLC2A3 Expression Predicts Poor Prognosis

To investigate the expression level and prognosis role of SLC2A3 in CRC, we analyzed the RNA-seq datasets and corresponding clinical features from TCGA CRC database and found that SLC2A3 was significantly up-regulated in paired CRC tissues (N = 32) compared with adjacent normal tissues (Figure 1A). We obtained the same result when compared all CRC tissues and normal tissues (Figure 1B). CRC patients with SLC2A3 high expression exhibited poor overall survival and disease free survival (Figures 1C, D). We further studied the relationship between SLC2A3 expression and prognosis from GSE17536 and GSE17537 data (Figures 1E–H). Consistent with TCGA results, the GEO results showed that up-regulated SLC2A3 expression was correlated with poor prognosis in CRC. The results indicate that SLC2A3 could be a prognosis marker for CRC patients.




Figure 1 | SLC2A3 serves as an oncogenic role in CRC and high SLC2A3 expression predicts poor prognosis. (A) The expression of SLC2A3 in paired CRC samples from TCGA. (B) The expression of SLC2A3 in all CRC samples from TCGA. The correlation between SLC2A3 expression and survival status in (C, D) TCGA, (E, F) GSE17536, and (G, H) GSE17537.





Relationship Between SLC2A3 Expression and Clinical Features of CRC

To explore the relationship between SLC2A3 expression and clinical features of CRC, the results showed that SLC2A3 expression was significantly associated with T classification, N classification, TNM stage, MSI status, histological type and lymphatic invasion (Table 1). Univariate COX regression analysis showed that SLC2A3 expression, age, T classification, N classification, M classification, TNM stage, histological type, venous invasion and lymphatic invasion were prognostic risk factors (Figure 2A). Multivariate COX regression analysis indicated that SLC2A3, age, T classification and TNM stage were independent prognostic risk factors (Figure 2B). Moreover, SLC2A3 expression was significant up-regulated in T3 + T4 groups (Figure 2C), N1 + N2 groups (Figure 2D), TNM III + IV groups (Figure 2E), MSI-H groups (Figure 2F), lymphatic invasion groups (Figure 2G) and mucous adenocarcinoma groups (Figure 2H). The results suggest that high SLC2A3 expression is associated with more aggressive behavior of CRC.


Table 1 | Relationship between SLC2A3 expression and clinicopathological features of CRC in TCGA.






Figure 2 | SLC2A3 expression was associated with clinicopathological features of CRC based on TCGA. (A) Univariate and (B) multivariate Cox analysis of SLC2A3 expression and clinicopathological variables. SLC2A3 expression associated with (C) increased invasive depth, (D) lymph node metastasis, (E) higher stage, (F) MSI-H, (G) lymphatic invasion, and (H) mucinous adenocarcinoma.





SLC2A3 Regulates the Progression of CRC Through EMT Pathway

To clarify the underlying mechanism of SLC2A3 in the progression of CRC, we performed GSEA enrichment based on high-SLC2A3 expression and low-SLC2A3 expression group. HALLMARK EMT pathway was the top enriched gene signature when compared high-SLC2A3 and low-SLC2A3 expression group from TCGA CRC samples (Figure 3A). To verify the conclusion, we analyzed CRC cell lines expression from GSE59857. In line with TCGA CRC samples, high-SLC2A3 group was also enriched in the EMT pathway (Figure 3B). Additionally, there was a positive correlation between SLC2A3 expression and N-CAD and Vimentin expression, a negative correlation with E-CAD expression. The consistent result was observed by other EMT classical signatures including SNAIL, SLUG, MMP9, TWIST1, and TWIST2 (Figure 3C). These findings suggest that SLC2A3 might promote CRC progression by regulating EMT pathway.




Figure 3 | SLC2A3 expression correlated with EMT signatures in CRC. (A) GSEA enrichment based on TCGA CRC samples, (B) GSEA enrichment based on GSE59857 CRC cell lines, and (C) TCGA database showed SLC2A3 expression was positively correlated with N-CAD, Vimentin, SNAIL, SLUG, MMP9, TWIST1, and TWIST2 expression, negatively correlated with E-CAD expression. All gene sets were significantly enriched at nominal p value <0.05 and FDR q value <0.05. NES, normalized enrichment score. FDR, false discovery rate.





SLC2A3 Regulates the Progression of CRC Through Immune Response

Recent immune response and immune environment regulates tumor progression (24). To clarify whether SLC2A3 has an impact on immune response, we analyzed GSEA results of TCGA (Figure 4A) and GSE59857 (Figure 4B) database and reached a consistent conclusion that high SLC2A3 expression group was enriched in the inflammatory response pathway including the IL6/JAK/STAT3 signaling pathway and the interferon-γ response pathway, respectively. Furthermore, both enrichment of immune signature of CRC samples and CRC cell lines showed that SLC2A3 expression was significantly related to immune response gene expression including CXCL9 and CXCL10 (Figure 4C).




Figure 4 | SLC2A3 expression correlated with IL6/JAK/STAT3 signaling and interferon-γ hallmark gene sets. (A) TCGA database, (B) GSE59857 database, (C) the positive correlation between SLC2A3 expression and CXCL9 and CXCL10 expression based on TCGA.





High Expression of SLC2A3 Increased PD-L1 Expression in CRC

Since cancer cells also drive the expression of PD-L1 mRNA via the IFN-/JAK/STAT1 signaling pathway (25). we hypothesized that SLC2A3 may be associated with immunotherapy checkpoint genes such as PD-L1. Heatmap and correlations between SLC2A3 and immune checkpoints including PD-L1, PD-L2, LAG3, CTLA4, and TIM3 were exhibited (Figures 5A, B). Significant positive correlation between SLC2A3 and PD-L1 expression was observed in CRC samples of TCGA, GSE17536 and GSE17537 databases (Figure 5C). Upregulation of SLC2A3 mRNA level also correlated with increased PD-L1 mRNA level based on the above three databases (Figure 5D).




Figure 5 | SLC2A3 expression was significantly associated with PD-L1 expression. (A) heatmap of immune checkpoints based on SLC2A3 expression; (B) the correlation between SLC2A3 expression and immune checkpoints; (C) the correlation between SLC2A3 expression and PD-L1 expression in different database; (D) PD-L1 mRNA expression increased by SLC2A3 upregulation.



Notably, recent studies revealed that tumor-Infiltrating Lymphocytes (TILs) in CRC tumor bed have been interrelated with favorable outcome (26), we were curious about the effect of SLC2A3 expression on TILs in CRC. Using online analysis TIMER, we found that SLC2A3 was significantly correlated with neutrophils, dendritic cells, macrophages, CD4+T cells and CD8+T cells (Figure 6A). In accordance with TIMER results, EPIC results showed that SLC2A3 mRNA expression was significantly correlated with CD4+T cells and CD8+T cell infiltration (Figures 6B, C). SLC2A3 upregulation was correlated with increased CD4+T cells and CD8+T cell infiltration, respectively (Figures 6D, E). Together, our result revealed that SLC2A3 might be as a novel predictor of immunotherapy response in CRC.




Figure 6 | SLC2A3 significantly correlated with T cell infiltration in CRC based on (A) TIMER and (B, C) EPIC algorithm; (D, E) SLC2A3 expression increased CD4+ and CD8+T cell infiltration in CRC based on EPIC algorithm.





SLC2A3 Expression in Our CRC Samples and Regulates EMT Signaling Pathway and PD-L1 Expression

To further explore the expression pattern of SLC2A3 protein in CRC clinical samples, immunohistochemistry (IHC) staining was performed using tissue microarray which contains 174 paired CRC and non-tumor colorectal mucosa tissues. As shown in Figure 7A, SLC2A3 signal was localized in the cell membrane, and SLC2A3 protein expression was remarkedly higher in CRC compared with adjacent non-tumor colorectal mucosa tissues (Figures 7B, C). In our series, 74% (128/174) CRC showed SLC2A3 positive staining, high and low SLC2A3 expression was 45% (79/174) and 55% (95/174) CRC based on the cutoff value, respectively. High expression of SLC2A3 (Figures 7D, E) and PD-L1 (Figures 7F, G) was associated with poor overall survival and disease free survival, but it did not reach statistical difference. Furthermore, SLC2A3 expression was significantly associated with perineural invasion (Figure 7H). Other features including T, N, M, TNM stage, tumor size, degree of differentiation, vessel invasion was not significantly associated with SLC2A3 expression (Figure 7H). While PD-L1 positive staining was found in 22% (39/174)of our CRC samples. Expressions of SLC2A3 and PD-L1 in differently differentiated CRC tissues were shown in Figure 8.




Figure 7 | SLC2A3 and PD-L1 expression in CRC tissues. (A) SLC2A3 expression in CRC and adjacent non-tumor colorectal mucosal tissue by immunohistochemistry staining. Expression of SLC2A3 in (B) paired and (C) unpaired CRC tissues and non-tumor colorectal mucosal tissues, respectively; prognostic role of (D, E) SLC2A3 and (F, G) PD-L1 expression in CRC samples; (H) the relationship between SLC2A3 expression and T, N, M, clinical stage, tumor size, degree of differentiation, vessel invasion, and perineural invasion.






Figure 8 | Expression of SLC2A3 and PD-L1 in different differentiated CRC tissues (HE and IHC, original magnification, 400×).



To further investigate the role of SLC2A3, SLC2A3 expression was downregulated using siRNA in CRC cell line SW480 and RKO. SLC2A3 mRNA expression level was significantly downregulated compared with the control group (Figure 9A). SLC2A3 knockdown inhibited vimentin, MMP9, and PD-L1 expression in SW480 and RKO transfected with SLC2A3 siRNA by Western blot, respectively (Figure 9B). Migration and invasion assays showed that SLC2A3 knockdown suppressed migration but not invasion in SW480 and RKO cells compared with the control group, respectively (Figures 9C–E).




Figure 9 | SLC2A3 knockdown inhibited migration in CRC cell lines. (A) SLC2A3 mRNA expression decreased in SW480 and RKO transfected with SLC2A3 siRNA, respectively; (B) SLC2A3 knockdown inhibited Vimentin, MMP9, and PD-L1 expression in SW480 and RKO by Western blot, respectively; (C–E) SLC2A3 knockdown suppressed migration in SW480 and RKO cells, respectively (original magnification, 200×).






Discussion

Recent reports showed that the trend towards CRC is getting younger (27). The 5-year survival rate of CRC was only 20%, indicating that precise therapy for CRC patient needs to be improved (2). In CRC, immune checkpoint therapy have been received approval in 2017 for the subtype of mismatch-repair-deficient (dMMR) or microsatellite instability (MSI-H) (28). Neoantigens accumulation evokes a strong host immune response, which is associated with increased amount of Tumor-Infiltrating Lymphocytes (TILs) and upregulation of immune checkpoint expression (29). An important immune tolerance mechanism is to regulate the response of effector T cells to CTL and stimulate CD4+ T cells to protect tissues from inflammatory damage through immune checkpoints. Among them, many studies were focused on the immune checkpoint molecules CTLA-4 and PD-1 of T cells (30). As a peripheral checkpoint, PD-1 can associated with its ligands PD-L1 or B7-H1/CD274, PDL2 or B7-DC/CD273 to target tumor cells (31). In tumor microenvironment, cancer cells attach to the PD-1 protein of T lymphocytes by the ligand PD-L1, making T cells disable to detect the tumor and tumor cells can escape from the attack by immune system. PD-L1 expression is regulated by complicated processes such as gene transcription, post-transcriptional and post-translational modification. PD-L1 expression in CRC tissues was significantly increased and patients with high PD-L1 expression indicates poor clinical outcome (32). Additionally, Pyo et al. reported that PD-L1 expression in tumor and immune cells of 265 CRC tissues was 25 (9.4%) and 41 (17.7%) respectively. PD-L1 expression in immune cells was significantly associated with clinical features, such as lymph node metastasis and distant metastasis, less lymphatic invasion, lower pT and pTNM stages (33).

Although immunotherapy has shown promising results in CRC, the factors that predict the immune checkpoint response in CRC patients remain unclear. Li et al. have reported that FGFR2 enhances expression of PD-L1 through JAK/SATA3 signaling pathway in CRC (34). Zhang et al. found that Metformin decreased PD-L1 expression via activating Hippo signaling pathway in CRC cell lines (35). Using an animal model of CRC, Liu et al. revealed that macrophage-derived CCL5 enhances immune escape of CRC cells through the p65/STAT3-CSN5-PD-L1 pathway (36). These results suggested that the mechanisms of potential immune milieu via PD-L1 in CRC.

Chai et al. analyzed the expression of SLC2A family by mining TCGA data and found that SLC2A3 could be used as a marker of CRC in the SLC2A family (37). Kuo et al. have found that SLC2A3 can motivate CRC cell lines’ invasion and stemness via activate YAP protein (38). We analyzed the expression level of SLC2A3 in CRC using TCGA database and revealed that high SLC2A3 expression predicted poor prognosis, and the conclusion was verified by two different GSE data. Increasing SLC2A3 expression also indicates more aggressive behavior of CRC, such as higher levels of infiltration and clinic stage. High SLC2A3 expression also indicates the susceptibility of lymph node metastasis, distant metastasis, and MSI-H. The above results suggest that SLC2A3 promotes CRC progression. To clarify the underlying mechanism SLC2A3 in the progression of CRC, GSEA enrichment showed SLC2A3 was involved in EMT pathway and immune response, and SLC2A3 expression was positively correlated with mesenchymal markers and immune reactive-related checkpoints such as PD-L1, PD-L2, LAG3, CTLA4, and TIM3. TIMER website analysis found that SLC2A3 was positively correlated with the infiltration of CD4+ and CD8+T cells in CRC, which was also verified by EPIC. Furthermore, immunohistochemistry staining analysis showed that SLC2A3 expression was significantly higher in CRC compared with that in the adjacent non-tumor colorectal mucosa tissues. Moreover, SLC2A3 expression was significantly associated with perineural invasion of CRC. The result suggests that SLC2A3 promotes progression of CRC.

The underlying mechanism of SLC2A3 in CRC progression remains unclear. Recently, Kuo et al. provided evidence that SLC2A3 can promote metastasis property of brain cancer cell and cAMP-response element binding protein (CREB) can directly regulate SLC2A3 expression (9). SLC2A3 can accelerate AML development through impaired vitamin C uptake and diminish TET2 restoration (39). SLC2A3-STAT3-SLC2A3 feedback loop may strengthen phosphorylation of the STAT3 signaling pathway and SLC2A3 may involve in gastric cancer immune response by promote M2 subtype transition of macrophage infiltration (40). Consistent with these results, our study showed that SLC2A3 knockdown significantly suppressed migration ability in CRC cell line SW480 and RKO transfected with SLC2A3 siRNA. Further study showed that SLC2A3 promoted the progression of CRC through EMT. Moreover, the expression of PD-L1 also decreased with the downregulation of SLC2A3 expression, indicating that SLC2A3 may participate in the immune response of CRC through PD-L1. The results suggest that SLC2A3 promote CRC progression by regulating EMT and immune response. The underlying molecular mechanism of SLC2A3 regulating EMT and immune markers including PD-L1 in development and progression of CRC needs further study in the future.

There are some limitations in our study. First, whether SLC2A3 regulates EMT and immune response directly or indirectly and its molecular mechanism needs further study. Second, migration and invasion function in vitro still needs to be verified by in vivo animal metastasis model. In summary, our study shows that SLC2A3 is involved in the progression of CRC through EMT and immune response, and SLC2A3 could be used as the prognosis marker of CRC and a novel candidate target for CRC treatment.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author Contributions

HG, JL, and JD performed experiment and data analysis. LC, HL, and TZ collected data. FZ and YD provided the tissue specimen and staining. HS performed the data analysis. AH designed and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Grant Nos. : 81472251, 81272636).



References

1. Siegel, R, Desantis, C, and Jemal, A. Colorectal Cancer Statistics, 2014. CA Cancer J Clin (2014) 64:2. doi: 10.3322/caac.21220

2. Franke, AJ, Skelton, WP, Starr, JS, Parekh, H, Lee, JJ, Overman, MJ, et al. Immunotherapy for Colorectal Cancer: A Review of Current and Novel Therapeutic Approaches. J Natl Cancer Inst (2019) 111:11. doi: 10.1093/jnci/djz093

3. Guinney, J, Dienstmann, R, Wang, X, de Reynies, A, Schlicker, A, Soneson, C, et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat Med (2015) 21:11. doi: 10.1038/nm.3967

4. Cesar-Razquin, A, Snijder, B, Frappier-Brinton, T, Isserlin, R, Gyimesi, G, Bai, X, et al. Call for Systematic Research on Solute Carriers. Cell (2015) 162:3. doi: 10.1016/j.cell.2015.07.022

5. Medina, RA, and Owen, GI. Glucose Transporters: Expression, Regulation and Cancer. Biol Res (2002) 35:1. doi: 10.4067/s0716-97602002000100004

6. Jun, YJ, Jang, SM, Han, HL, Lee, KH, Jang, KS, and Paik, SS. Clinicopathologic Significance of GLUT1 Expression and Its Correlation With Apaf-1 in Colorectal Adenocarcinomas. World J Gastroenterol (2011) 17:14. doi: 10.3748/wjg.v17.i14.1866

7. Kim, YH, Jeong, DC, Pak, K, Han, ME, Kim, JY, Liangwen, L, et al. SLC2A2 (GLUT2) as a Novel Prognostic Factor for Hepatocellular Carcinoma. Oncotarget (2017) 8:40. doi: 10.18632/oncotarget.20266

8. Flavahan, WA, Wu, Q, Hitomi, M, Rahim, N, Kim, Y, Sloan, AE, et al. Brain Tumor Initiating Cells Adapt to Restricted Nutrition Through Preferential Glucose Uptake. Nat Neurosci (2013) 16:10. doi: 10.1038/nn.3510

9. Kuo, MH, Chang, WW, Yeh, BW, Chu, YS, Lee, YC, and Lee, HT. Glucose Transporter 3 Is Essential for the Survival of Breast Cancer Cells in the Brain. Cells (2019) 8:12. doi: 10.3390/cells8121568

10. Goldman, MJ, Craft, B, Hastie, M, Repecka, K, McDade, F, Kamath, A, et al. Visualizing and Interpreting Cancer Genomics Data Via the Xena Platform. Nat Biotechnol (2020) 38:6. doi: 10.1038/s41587-020-0546-8

11. Smith, JJ, Deane, NG, Wu, F, Merchant, NB, Zhang, B, Jiang, A, et al. Experimentally Derived Metastasis Gene Expression Profile Predicts Recurrence and Death in Patients With Colon Cancer. Gastroenterology (2010) 138:3. doi: 10.1053/j.gastro.2009.11.005

12. Freeman, TJ, Smith, JJ, Chen, X, Washington, MK, Roland, JT, Means, AL, et al. Smad4-Mediated Signaling Inhibits Intestinal Neoplasia by Inhibiting Expression of Beta-Catenin. Gastroenterology (2012) 142:3. doi: 10.1053/j.gastro.2011.11.026

13. Williams, CS, Bernard, JK, Demory Beckler, M, Almohazey, D, Washington, MK, Smith, JJ, et al. ERBB4 Is Over-Expressed in Human Colon Cancer and Enhances Cellular Transformation. Carcinogenesis (2015) 36:7. doi: 10.1093/carcin/bgv049

14. Chen, MS, Lo, YH, Chen, X, Williams, CS, Donnelly, JM, Criss, ZK 2nd, et al. Growth Factor-Independent 1 Is a Tumor Suppressor Gene in Colorectal Cancer. Mol Cancer Res (2019) 17:3. doi: 10.1158/1541-7786.Mcr-18-0666

15. Cantini, L, Isella, C, Petti, C, Picco, G, Chiola, S, Ficarra, E, et al. MicroRNA-mRNA Interactions Underlying Colorectal Cancer Molecular Subtypes. Nat Commun (2015) 6:8878. doi: 10.1038/ncomms9878

16. Medico, E, Russo, M, Picco, G, Cancelliere, C, Valtorta, E, Corti, G, et al. The Molecular Landscape of Colorectal Cancer Cell Lines Unveils Clinically Actionable Kinase Targets. Nat Commun (2015) 6:7002. doi: 10.1038/ncomms8002

17. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA (2005) 102:43. doi: 10.1073/pnas.0506580102

18. Mootha, VK, Lindgren, CM, Eriksson, KF, Subramanian, A, Sihag, S, Lehar, J, et al. PGC-1alpha-Responsive Genes Involved in Oxidative Phosphorylation Are Coordinately Downregulated in Human Diabetes. Nat Genet (2003) 34:3. doi: 10.1038/ng1180

19. Li, T, Fan, J, Wang, B, Traugh, N, Chen, Q, Liu, JS, et al. Timer: A Web Server for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res (2017) 77:21. doi: 10.1158/0008-5472.CAN-17-0307

20. Li, B, Severson, E, Pignon, JC, Zhao, H, Li, T, Novak, J, et al. Comprehensive Analyses of Tumor Immunity: Implications for Cancer Immunotherapy. Genome Biol (2016) 17:1. doi: 10.1186/s13059-016-1028-7

21. Racle, J, de Jonge, K, Baumgaertner, P, Speiser, DE, and Gfeller, D. Simultaneous Enumeration of Cancer and Immune Cell Types From Bulk Tumor Gene Expression Data. Elife (2017) 6:e26476. doi: 10.7554/eLife.26476

22. Yang, Y, Ma, Y, Gao, H, Peng, T, Shi, H, Tang, Y, et al. A Novel HDGF-ALCAM Axis Promotes the Metastasis of Ewing Sarcoma Via Regulating the GTPases Signaling Pathway. Oncogene (2020) 40:731. doi: 10.1038/s41388-020-01485-8

23. Chen, L, Gao, H, Liang, J, Qiao, J, Duan, J, Shi, H, et al. miR-203a-3p Promotes Colorectal Cancer Proliferation and Migration by Targeting PDE4D. Am J Cancer Res (2018) 8:12.

24. Palucka, AK, and Coussens, LM. The Basis of Oncoimmunology. Cell (2016) 164:6. doi: 10.1016/j.cell.2016.01.049

25. Garcia-Diaz, A, Shin, DS, Moreno, BH, Saco, J, Escuin-Ordinas, H, Rodriguez, GA, et al. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2 Expression. Cell Rep (2017) 19:6. doi: 10.1016/j.celrep.2017.04.031

26. Galon, J, Fridman, WH, and Pages, F. The Adaptive Immunologic Microenvironment in Colorectal Cancer: A Novel Perspective. Cancer Res (2007) 67:5. doi: 10.1158/0008-5472.CAN-06-4806

27. Siegel, RL, Fedewa, SA, Anderson, WF, Miller, KD, Ma, J, Rosenberg, PS, et al. Colorectal Cancer Incidence Patterns in the United States, 1974-2013. J Natl Cancer Inst (2017) 109:8. doi: 10.1093/jnci/djw322

28. Ganesh, K, Stadler, ZK, Cercek, A, Mendelsohn, RB, Shia, J, Segal, NH, et al. Immunotherapy in Colorectal Cancer: Rationale, Challenges and Potential. Nat Rev Gastroenterol Hepatol (2019) 16:6. doi: 10.1038/s41575-019-0126-x

29. Bever, KM, and Le, DT. An Expanding Role for Immunotherapy in Colorectal Cancer. J Natl Compr Canc Netw (2017) 15:3. doi: 10.6004/jnccn.2017.0037

30. Pardoll, DM. The Blockade of Immune Checkpoints in Cancer Immunotherapy. Nat Rev Cancer (2012) 12:4. doi: 10.1038/nrc3239

31. Rezaeeyan, H, Hassani, SN, Barati, M, Shahjahani, M, and Saki, N. PD-1/PD-L1 as a Prognostic Factor in Leukemia. J Hematop (2017) 10(1):17–24. doi: 10.1007/s12308-017-0293-z

32. Ohaegbulam, KC, Assal, A, Lazar-Molnar, E, Yao, Y, and Zang, X. Human Cancer Immunotherapy With Antibodies to the PD-1 and PD-L1 Pathway. Trends Mol Med (2015) 21:1. doi: 10.1016/j.molmed.2014.10.009

33. Pyo, JS, Ko, SH, Ko, YS, and Kim, NY. Clinicopathological Significance of PD-L1 Expression in Colorectal Cancer: Impact of PD-L1 Expression on pFOXO1 Expression. Pathol Res Pract (2020) 216:2. doi: 10.1016/j.prp.2019.152764

34. Li, P, Huang, T, Zou, Q, Liu, D, Wang, Y, Tan, X, et al. FGFR2 Promotes Expression of PD-L1 in Colorectal Cancer Via the JAK/STAT3 Signaling Pathway. J Immunol (2019) 202:10. doi: 10.4049/jimmunol.1801199

35. Zhang, JJ, Zhang, QS, Li, ZQ, Zhou, JW, and Du, J. Metformin Attenuates PD-L1 Expression Through Activating Hippo Signaling Pathway in Colorectal Cancer Cells. Am J Transl Res (2019) 11:11.

36. Liu, C, Yao, Z, Wang, J, Zhang, W, Yang, Y, Zhang, Y, et al. Macrophage-Derived CCL5 Facilitates Immune Escape of Colorectal Cancer Cells Via the P65/STAT3-CSN5-PD-L1 Pathway. Cell Death Differ (2020) 27:6. doi: 10.1038/s41418-019-0460-0

37. Kim, E, Jung, S, Park, WS, Lee, JH, Shin, R, Heo, SC, et al. Upregulation of SLC2A3 Gene and Prognosis in Colorectal Carcinoma: Analysis of TCGA Data. BMC Cancer (2019) 19:1. doi: 10.1186/s12885-019-5475-x

38. Kuo, CC, Ling, HH, Chiang, MC, Chung, CH, Lee, WY, Chu, CY, et al. Metastatic Colorectal Cancer Rewrites Metabolic Program Through a Glut3-YAP-Dependent Signaling Circuit. Theranostics (2019) 9:9. doi: 10.7150/thno.32915

39. Liu, J, Hong, J, Han, H, Park, J, Kim, D, Park, H, et al. Decreased Vitamin C Uptake Mediated by SLC2A3 Promotes Leukaemia Progression and Impedes TET2 Restoration. Br J Cancer (2020) 122:10. doi: 10.1038/s41416-020-0788-8

40. Yao, X, He, Z, Qin, C, Deng, X, Bai, L, Li, G, et al. SLC2A3 Promotes Macrophage Infiltration by Glycolysis Reprogramming in Gastric Cancer. Cancer Cell Int (2020) 20:503. doi: 10.1186/s12935-020-01599-9



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Gao, Liang, Duan, Chen, Li, Zhen, Zhang, Dong, Shi and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-638099-g007.jpg





OEBPS/Images/fonc-11-638099-g009.jpg
2|
] - t “u
Hae
NN
§isad






OEBPS/Images/fonc-11-638099-g004.jpg
» GSEA enrichment based on TCGA CRC samples

Enichmentpiot: Envichmant plo:

HALLMARK_IL6_JAK_STATS SIGNALING HALLMARK_INTERFERON_GAMMA_RESPONSE
Es=069 E5:064
NES=1 47 NES#130
Now P-0000 NOM P=0.000

)

MIMMIU]MHII\ (L ||]||1||||U|\IHIH ML

t
i

i
N
E
I

[

s GSEA enrichment based on GSE59857 CRC cell lines

—— [ —
WALLARK A ST SO AALLSARK RPN, S RtsroNSE
esmosr g essass
NES=2.01 S NES=262
Moo | Nop 0
2o,

uuuummmuwmumw ;’|||||m|mmm|umwuuuuu1
§Iﬁ






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A Prognosis Marker SLC2A3 Correlates With EMT and Immune Signature in Colorectal Cancer

      

        		

          Background

        



        		

          Material and Methods

        

          		

            Data Mining

          



          		

            Gene Set Enrichment Analysis

          



          		

            Immune Cell Infiltration Analysis

          



          		

            Patients and Specimens

          



          		

            Immunohistochemistry Staining and Evaluation

          



          		

            Cell Culture and siRNA Transfection

          



          		

            Quantitative Real Time PCR

          



          		

            Western Blot

          



          		

            Migration and Invasion Assays

          



          		

            Statistics Analysis

          



        



        



        		

          Results

        

          		

            SLC2A3 Serves as an Oncogenic Role in CRC and High SLC2A3 Expression Predicts Poor Prognosis

          



          		

            Relationship Between SLC2A3 Expression and Clinical Features of CRC

          



          		

            SLC2A3 Regulates the Progression of CRC Through EMT Pathway

          



          		

            SLC2A3 Regulates the Progression of CRC Through Immune Response

          



          		

            High Expression of SLC2A3 Increased PD-L1 Expression in CRC

          



          		

            SLC2A3 Expression in Our CRC Samples and Regulates EMT Signaling Pathway and PD-L1 Expression

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-638099-g002.jpg
Nt a0 100255

Univaiate Cox snayss
-
Umprscimon oams XA BLIN
Vo imaien 0101 215137
e
o o seoarinre
Tt o oz
Wemteon 0001 200408341

Molivariste Cox snsysis
rpr—

s won ez |
[ —

[P o 0005 2ar13024.08)
P o omnsarm
- s o2
e 01 1052

e expresion 0033 17H(047299)

Pe0000t 15y Pr000Z3 18y Pro03s

T e iehe i

I i1 . §.
&8 TE F & a:"é‘ '4*“@‘\ af &

N & & &
Va4





OEBPS/Images/fonc-11-638099-g006.jpg





OEBPS/Images/fonc.2021.638099_cover.jpg
, frontiers
in Oncology

A Prognosis Marker SLC2A3
Correlates With EMT and Immune
Signature in Colorectal Cancer





OEBPS/Images/fonc-11-638099-g008.jpg
bcoioied

e






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-638099-g005.jpg
SLL2AS DOWN Stzhsly!

|

I <0
Pour
Po12

i &
i
T |

i

w

i

,L“*W’ WM‘N

Proson =063 <0001

-
g e BE e SR
- s — T
.| H
) i =
id H H
2E i
oL Pt
» 7

%] HI—





OEBPS/Images/fonc-11-638099-g003.jpg
A GSEAenrichment based on TCGA CRC samples.
NES PP~

EPITHELIAL MESENCHYMAL TRANSITION
“ALLOGRAFT REJECTION
INFLANMATORY RESPONSE

KRAS_ SIGNALING, Up

1L6_JAK_STATS SIGNALING.
“ANGIOGENESIS

MYOGENESIS.

INTERFERON_GAMMA RESPONSE

12 STATS_SIGNALING
“APICAL_JUNCTION:

——FORqwwe<oss o ] 1

|

5 GSEA enrichment based on GSES9857 CRC celllines
Nes

EPITHELIAL MESENCHYAL TRANSITION
INTERFERON ALPHA RESPONSE
INTERFERON. GAMMA_RESPONSE

"TNFA SIGRALING.VIA NFKB

ks tere
b (I QUL

UV_RESPONSE_ON- |
|
1

KRAS_SIGNALING_UP.
TG BETA.SIGNALING
'HYPOXIA-

——FORqvae <005 § ] 1

I o~ f






OEBPS/Images/table1.jpg
Characteristics low SLC2A3 high SLC2A3 P value

No. (%) No. (%)

Age (years) 0.428
Mean year 64 mean 65 mean
<60 69 (53.1) 61 (46.9)
>60 120 (48.8) 126 (51.2)

Sex 0.295
Male 99 (47.8) 108 (62.2)
Female 90 (53.3) 79 (46.7)

T classification 0.007
T 9(90) 1(10)
T2 36 (63.2) 21(36.8)
T3 121 (46.9) 137 (63.1)
T4 22 (44.9) 27 (65.1)

N classification 0.004
NO 118 (67.3) 88 (42.7)
N1 44 (44.4) 55 (55.6)
N2 27 (39.7) 41 (60.3)

M classification 0.483
MO 132 (51.8) 123 (48.2)
M1 55 (47.8) 60 (52.2)

TNM stage 0.01
| 37 (64.9) 20 (35.1)
Il 71 (52.2) 65 (47.8)
1} 47 (41.6) 66 (58.4)
v 24 (46.2) 28 (53.8)

MS| statue 0.026
MSS 136 (53.5) 118 (46.5)
MSI-L 28 (44.4) 35 (55.6)
MSI-H 20 (37.7) 33 (62.3)

Histological type 0.043
adenocarcinoma 172 (52.3) 167 (47.7)
mucinous adenocarcinoma 15 (35.7) 27 (64.3)

Venous invasion 0.17
absent 130 (52.4) 118 (47.6)
present 33 (43.4) 43 (56.6)

Lymphatic invasion 0.001
absent 127 (65.7) 101 (44.3)

present 36 (35.3) 66 (64.7)






OEBPS/Images/fonc-11-638099-g001.jpg
A
15- % 185q  P=0.0439
EE
55.
»
éf‘e;s
c Tooa 5 Toas
— s PR
= = s o =
i e i Db
1 T H i
i Hpe
ke |
i
L T T S S S
No. at risk i Noiat o months.
aicas T w ® st a5 1
e 1 @ H 8 4 Worscoms 1 % 10
4 GSE17536 ¥ GSE17536
o
o g
Te £ o
H ie
£ i = e
6w iw oot i
.. . Toogresns
ok K, otk I,
s 5 T i A
G GSE17537 L} GSE17537
- P
- et
5 E Logrank P=02784
: f iy
fe i
3w o 2
H prfacrind i
W [ e is
e T B I D W e TP A
s i,
sicas 8 7 % 2 s 3 a0

MORSLC2A3 27 19 18 7 1 highSLC2A3 27 18 14 & 0





