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Background

Colorectal cancer (CRC) is one of the most common malignancies and its incidence and mortality are increasing yearly. 5-Fluorouracil (5-FU) has long been used as a standard first-line treatment for CRC patients. Although 5-FU-based chemotherapy is effective for advanced CRC, the consequent resistance remains a key problem and causes the poor prognosis of CRC patients. Thus, there is an urgent need to identify new biomarkers to predict the response to 5-FU-based chemotherapy.



Methods

CRC samples were retrieved from Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA). The immune-related genes were retrieved from the ImmPort database. Single-cell sequencing results from colorectal cancer were obtained by the ArrayExpress database. 5-FU resistance-related genes were filtered and validated by R packages. ESTIMATE algorithms were used to assess the tumor microenvironment (TME). KEGG and GO analysis were performed to explore the biological signaling pathway for resistant-response patients and sensitive-response patients in the tumor microenvironment. pRRophetic algorithms were used to predict 5-FU sensitivity. GSEA and GSVA analysis was performed to excavate the biological signaling pathway of the RBP7 gene.



Results

Nine immune-related genes were identified to be associated with 5-FU resistance and poor disease-free survival (DFS) of CRC patients and the signature of these genes was developed in a DFS-prognostic model. Four immune-related genes were determined to be associated with 5-FU resistance and overall survival (OS) of CRC patients. The signature of these genes was developed an OS-prognostic model. ESTIMATE scores showed a significant difference between 5-FU resistant and 5-FU sensitive CRC patients. Resistant-response patients and sensitive-response patients to 5-FU based chemotherapy showed different GO and KEGG enrichment on the tumor microenvironment. RBP7, as a tumor immune microenvironment (TIME) related gene, was found to have the potential of predicting chemotherapy resistance and poor prognosis of CRC patients. GSEA analysis showed multiple signaling differences between the high and low expression of RBP7 in CRC patients. Hypoxia and TNFα signaling via NFκB gene sets were significantly different between chemotherapy resistant (RBP7High) and chemotherapy sensitive (RBP7Low) patients. Single-cell RNA-seq suggested RBP7 was centrally distributed in endothelial stalk cells, endothelial tip cells, and myeloid cells.



Conclusions

Immune-related genes will hopefully be potential prognostic biomarkers to predict chemotherapy resistance for CRC. RBP7 may function as a tumor microenvironment regulator to induce 5-FU resistance, thereby affecting the prognosis of CRC patients.
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Background

Colorectal cancer (CRC) is a common malignant tumor with a high incidence and one of the leading causes of cancer-related mortality worldwide. The five-year survival rates of stage I or II diseases are 91 percent and 82 percent, respectively, but the data for patients with metastatic disease is only 12% (1). Surgery is strongly recommended for the early and local advanced CRC (2, 3). According to the stage defined of American Joint Committee on Cancer, patients with stage I and II disease have a 30% chance of recurrence after surgical performance within five years, whereas the chance for patients with stage III disease has up to a 50-60% (4–6). Thus, 5-fluorouracil (5-FU) based regimens followed by surgery have become the standard treatment and significantly reduce the risk of recurrence for patients with stage III and high-risk stage II CRC (1). Most patients can benefit from chemotherapy, while others do not, and may suffer ineffective chemotherapy for several cycles and even die from side effects (7, 8). The reason why these patients show a nonresponse tochemotherapy is the resistance to drugs.

The resistant patterns of cancers cells to 5-FU-based therapy include primary (innate) drug resistance and secondary (acquired) drug resistance. Both primary and secondary drug resistance involves multiple molecular mechanisms. A high level of thymidylate synthase (TS) was linked to decreased sensitivity to 5-FU-based therapy (9, 10). High dihydropyridine dehydrogenase (DPD) activity might be correlated to the drug resistance by reducing the toxicity and catabolism of 5 FU (11, 12). Also, thymidine phosphorylase (TP) is also involved in the resistance of 5-FU treatment (13). Due to the limitations of clinicopathologic variables for prognostic prediction, the stratification of chemotherapy response based on biological characteristics is essential for identifying the treatment sensitivity of CRC patients. Although some studies have reported genes and signal pathways related to 5-FU resistance, novel biomarkers to predict response to 5-FU-based chemotherapy are urgently needed.

The tumor microenvironment (TME) is composed of various infiltrating cells, including immune cells, inflammatory cells, vascular endothelial cells, and their associated mediators in and around the tumor (14). The cellular components within the TME play an important role in oncogenesis, tumor metastasis, and drug response (15). The tumor immune microenvironment (TIME) modulates cancer development by infiltrating immune cells, such as T lymphocytes, B lymphocytes, and natural killer (NK) cells (16). T cells are the most characterized immune cells in the TIME of solid tumors (15, 16). The TIME has a prime role in mediating cytotoxic drug response and resistance (17). The TIME baseline of CRC patients may promote immune evasion through low antigenicity, absence of immune effectors, or immunosuppression, which may facilitate primary resistance to chemotherapy (18).

The tumor immune microenvironment is an important part of the tumor microenvironment. In recent years, it has been found that the TIME is related to cancer drug resistance. However, the relationship between 5-FU resistance and immune-related genes remains unclear. In this study, we identified immune-related genes to 5-FU resistance in the tumor microenvironment and found that RBP7 has the potential to predict chemotherapy resistance and poor prognosis of CRC patients, which will hopefully provide a biomarker for 5-FU resistance and prognosis for CRC patients.



Materials and Methods


Data Collection

A flowchart of this study is presented in Figure 1. Gene expression profiles of Datasets (GSE3964, GSE19860, GSE104645, GSE106584, GSE69657) were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi). A total of 230 CRC samples were retrieved for subsequent analysis from the five datasets. The first four datasets contained expression profiling of 200 clinical samples collected from CRC patients before the exposure to 5-FU-based chemotherapy and the last one contained expression profiling of 30 clinical samples collected from CRC patients after the exposure to 5-FU-based chemotherapy. Analysis of gene expression profiles between chemotherapy-resistant patients and chemotherapy-sensitive patients in datasets GSE3964, GSE19860, GSE104645, and GSE106584 were used to identify biomarkers associated with innate drug responses. Gene expression profiles of dataset GSE69657 were used to explore the tumor microenvironment expression patterns of the patients who received 5-FU-based chemotherapy. Another gene expression profile (FPKM) of 584 CRC patients (426 COAD, 158 READ) was downloaded from UCSC (https://gdc.xenahubs.net/download/TCGA-COAD.htseq_fpkm.tsv.gz; https://gdc.xenahubs.net/download/TCGA-READ.htseq_fpkm.tsv.gz). Samples with a follow-up time of fewer than 30 days were excluded.




Figure 1 | The workflow for analyzing the tumor immune microenvironment related gene to 5-FU resistance in CRC.





Primary Filtering of Differentially Expressed Genes

Included in our study were 46 CRC patients of GSE3964, 29 CRC patients of GSE19860, 54 CRC patients of GSE104645, and 71 CRC patients of GSE106584. Differentially expressed genes (DEGs) in datasets GSE3964, GSE19860, GSE104645, and GSE106584 were analyzed by R packages, respectively. Genes with p < 0.05 was considered a significantly differentially expressed gene between the chemotherapy-resistant and chemotherapy-sensitive patients.



Secondary Filtering of Differentially Expressed Genes

The DEGs of datasets GSE3964, GSE19860, GSE104645, and GSE106584 were separately constructed to gene co-expression networks using the WGCNA package in R to seek the modules of highly associated genes among samples for relating modules to external sample traits (19). A weighted adjacency was constructed by calculating Pearson correlations of all gene pairs and a soft power value was selected to construct a standard scale-free network in each dataset. The similarity matrix completed by Pearson correlation of all gene pairs was transformed into topological overlap matrix (TOM) and corresponding dissimilarity (1-TOM). Similar gene expression was classified into different gene co-expression modules using a hierarchical clustering dendrogram of the 1-TOM matrix. Module-resistant associations were calculated to locate functional modules in the co-expression network. Modules with high correlation coefficients (the absolute value of correlation coefficient ≥0.4, P<0.05) were considered to be related to resistance and were extracted for further analysis.



Extraction of Immune Related Genes

The immune-related genes (IRGs) list was retrieved from the ImmPort database (https://www.immport.org/shared/genelists). Overlapping immune-related genes, from the results of WGCNA and the IRGs, were selected for further analysis.



Validation of 5-FU Resistance and Immune Both Related Genes

Both related genes from the GSE106584 were verified on survival data from itself. The genes screened from the other GEO datasets were validated on survival data from the TCGA cohort. Univariate Cox regression analysis was used to filter all candidate genes and multivariate Cox regression analysis was used to filter the genes from univariate Cox regression analysis. The meaning genes from multivariate Cox regression analysis were selected and compared to the expression of these genes of 5-FU resistant and 5-FU sensitive patients in each dataset.



Tumor Microenvironment Differentially Expressed Genes in 5-FU Resistance CRC Patients

The ESTIMATE algorithm was used to determine the scores of CRC patients in GSE69657 to explore the role of the tumor microenvironment in 5-FU resistance. We compared the differentially expressed genes of the high-score and low-score groups to acquire 5-FU resistance-related genes in the tumor microenvironment.



Prediction of Response to 5-FU

The R package of pRRophetic was used to predict IC50 of 5-FU in GSE19860. IC50 implies the efficiency of a substance in restraining certain biological or biochemical functions. “cgp2016” was selected to be the predicted library (20). The quartile of RBP7 expression as the cut-off, patients were divided into RBP7-high expressed and RBP7-low expressed groups.



GO and KEGG Functional Enrichment Analysis

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses for genes in the tumor microenvironment differential genes of 5-FU resistance were performed using an R package “clusterProfiler”. GO annotation was based on three categories including, biological processes (BP), cellular compartments (CC), and molecular functions (MF). Terms in GO and KEGG with adj.P.value < 0.05 were considered significantly enriched and were visualized by R package “enrichplot” and “ggplot2”.



Clinical Analysis

Excluding incomplete information samples, there were 401 of 584 CRC patients (286 COAD, 115 READ) to be explored the RBP7 clinical meaning in the TCGA cohort. The median of RBP7 expression as the cut-off, patients were divided into RBP7-high expressed and RBP7-low expressed groups. Chi-square or Fisher’s exact tests were used to compare the differences in clinical parameters between RBP7-high expressed and RBP7-low expressed groups.



Gene Set Enrichment Analysis (GSEA)

To identify signaling pathways that are differentially activated in 5-FU resistance CRC with different expression RBP7, we selected an ordered list of genes through the limma R package and conducted Gene Set Enrichment Analysis (GSEA) with adjusted p < 0.05 using the clusterfiler R package in the GSE19860 dataset, in which BBP7 expression was statistically different between the 5-Fu sensitive and the resistant groups.



Gene Set Variation Analysis (GSVA)

To identify downstream signaling pathways that are differentially activated in 5-FU resistance CRC with different expression RBP7, we performed GSVA with adjusted p < 0.05 to explore correlated pathways of RBP7 in the GSE19860. Hallmark gene sets “h.all.v7.5.1.symbols.gmt” were downloaded from Molecular Signatures Database (https://software.broadinstitute.org/gsea/downloads.jsp).



Single-Cell RNA-Seq (scRNA-Seq) Analysis

The cell plots of single-cell sequencing of colorectal tumors and adjacent non-tumor colon tissue were downloaded from ArrayExpress databases (https://www.ebi.ac.uk/gxa/sc/home). We searched for colorectal cancer, obtained the result of single-cell sequencing for colorectal tumors and adjacent non-malignant colon tissue, drew pictures online, and downloaded. Drawing path: plot type: UMAP, plot options: n_neibors:100, color plot by: ontology labels, gene name: RBP7.



Cell Culture

Lovo and Lovo/5-FU cells (induced by increasing continuous exposure concentration of parental cells Lovo) were cultured in DMEM/F-12 medium (BasalMedia) containing 10% fetal calf serum (BI), and 100 U/ml each of penicillin and strepcomycin (BI) at 37°C with 5% CO2. The maintenance concentration of Lovo/5-FU cells was 0.01mg/mL.



Establishment of 5-FU Resistant Cells

To establish 5-FU resistant cells, Lovo cells were induced by increasing continuous exposure concentration. Lovo cells cells were treated in a culture medium containing 0.1μg/mL 5-FU. When the cell survival rate was greater than 90% and the cell growth could be maintained, the dose was increased by 1.5 times, and repeated until the cells could grow stably in the culture medium with 5-FU concentration of 0.01mg/ml. The 5-FU resistant Lovo cells were obtained by continuous exposure to gradually increased concentrations of 5-FU for eight months.



Western Blot Analysis

Proteins were separated by 10% SDS-PAGE and then transferred onto a nitrocellulose membrane. The following primary antibodies were used: anti-GAPDH (Cell Signaling Technology) and anti-RBP7 (ABclonal Technology). The following secondary antibody was used: goat anti-rabbit IgG-HRP antibody. The proteins were visualized using an ECL detection kit (FDBIO).



Plasmids

Full-length RBP7 DNA was amplified by PCR with the primer 5’-CTTTGCCACTCGTAAAATAGCCA-3’ and 5’-CGTGTGGATGGTAAAAGAATCCC-3’ (Tsingke Biotechnology, China). Full-length GAPDH DNA was amplified by PCR with the primer 5’- GGAGCGAGATCCCTCCAAAAT-3’ and 5’-GGCTGTTGTCATACTTCTCATGG-3’ (Tsingke Biotechnology).



Statistical Analysis

All statistical analyses were performed using Prism (version 8) and R (version 4.1.2). The proportional composition of the two variables was compared using the Chi-square or Fisher’s exact tests. The comparison of RBP7 expression and the ESTIMATE scores between the two datasets were performed using the Mann-Whitney U tests. Predicted 5-FU sensitivity difference between groups was tested by unpaired t test.The median value was set as the cut-off. Survival analysis, WGCNA, ESTIMATE algorithm, and the COX regression analysis were carried out by R version 4.1.2 and corresponding packages. Statistical significance was set at P.value <0.05 or adj.P.value < 0.05.




Results


Differentially Expressed Genes (DEGs) From GEO Datasets

Firstly, datasets GSE3964, GSE19860, GSE104645, and GSE106584 all contained chemotherapy-sensitive and chemotherapy-resistant samples. To explore the differentially expressed genes related to chemotherapy response, we used the limma package for differential analysis. There were 1,068 DEGs in the GSE19860 mRNA profile, 651 DEGs in the GSE3964 mRNA profile, 1,392 DEGs in the GSE 104645 mRNA profile, and 1,237 DEGs in the GSE 106584 mRNA profile (Figure 2).




Figure 2 | The VENN diagram for the intersection of DEGs and IRGs among GEO database and ImmPort database. The blue part was DEGs in GEO datasets, the red part was immune genes in ImmPort database, and the intersection part of the two was immune-related genes of 5-FU chemotherapy sensitivity.





Weighted Gene Co-Expression Network Analysis and 5-FU Resistance Related Genes Further Identification

To further explore the functional clusters related to 5-FU based chemotherapy resistance, the weighted gene co-expression network was constructed from the DEGs sets which filter from GSE3964, GSE19860, GSE104645, and GSE106584. The soft-thresholding power in WGCNA was determined based on a scale-free R2 (R2 = 0.9). Hub modules were identified based on the average linkage hierarchical clustering and the soft-thresholding power. To evaluate the link between modules and clinical traits (5-FU resistant and 5-FU sensitive), the heatmap of the module-trait relationship was plotted (Figure 3). All modules showed a high correlation with 5-FU resistance of CRC in GSE3964 and contained 651 5-FU resistance-related genes. All modules showed a high correlation with 5-FU resistance of CRC in GSE19680 and contained 1,068 5-FU resistance-related genes. Only one module showed a high correlation with 5-FU resistance in GSE104645 and contained 381 5-FU resistance-related genes. All modules showed a high correlation with 5-FU resistance of CRC in GSE106584 and contained 1,237 5-FU resistance-related genes.




Figure 3 | Relationships between the module and clinical traits for four GEO datasets. Each row represents a color module and column corresponds to 5-FU resistant or 5-FU sensitive. Each cell contains the corresponding correlation and p-value.





Identification of 5-FU Resistance and Immune Both Related Genes

After differentially expressed genes analysis and further screening by WGCNA, we identified gene clusters associated with 5-FU resistance. We obtained 2,483 immune-related genes from the Immport database. The genes related to 5-FU resistance, screened out from GEO datasets, were intersected with immune-related genes to obtain immune-related genes to 5-FU resistance (Figure 2). There were 23 IRGs to 5-FU resistance for CRC patients in GSE3964. There were 75 IRGs to 5-FU resistance for CRC patients in GSE19860. There were 28 IRGs to 5-FU resistance for CRC patients in GSE104645. There were 39 IRGs to 5-FU resistance for CRC patients in GSE106584. HLA-DQA1 and MX2 were both in GSE104645 and GSE19860. TUBB3 was also found both in GSE19860 and GSE3964. One research suggested that patients with high TUBB3 had a statistically significant poorer OS when undergoing docetaxel-based versus 5-FU/LV chemotherapeutic (21).



Verification of 5-FU Resistance and Immune Both Related Genes in GEO and TCGA Cohort

The IRGs from GSE106584 were verified on its survival data and the IRGs from the other three datasets were verified on survival data in the TCGA cohort. In GSE106584, univariate Cox regression analysis suggested that 15 genes were related to DFS, and 9 genes mean to OS as well. Meanwhile, in the TCGA cohort, 19 genes were mean to OS and 9 genes were correlated to DFS, but none of the genes correlated to OS in the GSE106584 resulted from the multivariate Cox regression. In The TCGA cohort, 4 genes were associated with OS by the multivariate Cox regression analysis. Finally, we found 13 IRGs linked to 5-FU resistance.



Development of the Prognostic Gene Signature

Multivariate Cox regression analysis was used to develop immune-related prognostic gene signatures. After obtaining the coefficients of each gene, we calculated the risk score of each CRC patient with the computational equation. In GSE106584, the DFS-prognostic model included nine genes: HSPA8, RARB, RABEP2, ICAM2, CHGB, GALP, ICOS, RELA, and CSH2 (Figure 4A). In the TCGA cohort, the OS-prognostic model contained four genes: CCL22, FABP7, LTBR, and RBP7 (Figure 4B). Risk scores were constructed with the regression coefficients from these models and thresholds were chosen manually at the median. In the DFS-prognostic model, high-risk patients had significantly worse DFS (P <0.0001) (Figure 5A). In the OS-prognostic model, high-risk patients had statistically notable worse OS (P <0.0001) (Figure 5B).

	




Figure 4 | Multivariate Cox regression analysis in GSE106584 and TCGA cohort. (A) There were 9 genes related to DFS in GSE106584. (B) There were 4 genes related to OS in TCGA cohort *p-value < 0.05; **p-value < 0.001.






Figure 5 | Kaplan-Meier survival based on the integrated classifier in the GSE106584 and TCGA cohort. (A) KM curve of nine-genes DFS-prognostic signature in GSE106584. (B) KM curve of four-genes OS-prognostic signature in TCGA cohort.





Differentially Expressed Genes of Tumor Microenvironment to 5-FU Resistance in CRC Patients

The ESTIMATE algorithm was used to determine the scores of each sample in dataset GSE69657 by R software. The scores showed a remarkable difference between the 5-FU resistant and the 5-FU sensitive groups. 5-FU resistant patients showed lower scores and were statistically significant in StromalScore and ESTIMATEScore but not in ImmuneScore (Figures 6A–C). Furthermore, we compared the differentially expressed genes between high StromalScore and low StromalScore groups to obtain tumor microenvironment-related genes. We found two gene sets which contained 988 genes: 355 down-expressed genes and 633 up-expressed genes (Figure 6G).




Figure 6 | Tumor microenvironment score in CRC with different chemotherapy responses and tumor microenvironment related genes to 5-FU resistance in GSE69657. (A) 5-FU resistant patients showed statistically significant lower StromalScore. (B) 5-FU resistant patients showed lower ImmuneScore, but not statistically significant. (C) 5-FU resistant patients showed statistically significant lower ESTIMATEScore. (D) RBP7 was up-regulated in CRC patients with 5-FU resistance. (E) RBP7 was down-regulated in COAD compared with normal tissue. (F) RBP7 was down-regulated in READ compared with normal tissue. (G) Compared high StromalScore group with low StromalScore group, there were 355 down-expressed genes and 633 up-expressed genes in GSE69657. (H) The predicted 5 fluorouracil sensitivity in RBP7 subgroups. (I) Intersecting previously screened immune-related drug resistance genes with tumor microenvironment related genes and obtained two immune-related genes to 5-FU resistance genes in tumor microenvironment.





Functional and Pathway Enrichment Analysis

The potential function of the tumor microenvironment-related genes to 5-FU resistance was performed by GO and KEGG enrichment analysis. For BP enrichment, the genes most enriched in organelle fission, extracellular matrix organization, and extracellular structure organization are shown in Figure 7A. For CC enrichment, the genes most enriched in the collagen-containing extracellular matrix and spindle are shown in Figure 7A. For MF enrichment, the genes most enriched in the extracellular matrix, tubulin binding, and actin-binding are shown in Figure 7A. For KEGG enrichment, large portion of the genes concentrated on proteoglycans in cancer, focal adhesion, cell adhesion molecules, staphylococcus aureus infection, phagosome, complement and coagulation cascades, hematopoietic cell lineage, viral myocarditis, viral protein interaction with cytokine, cytokine receptor, and cell cycle are shown in Figure 7B).




Figure 7 | GO and KEGG enrichment analysis was performed in the tumor microenvironment to 5-FU resistance. (A) GO enrichment analysis, there were mostly enriched in organelle fission, extracellular matrix organization and extracellular structure organization on BP enrichment. There were mainly involved in collagen−containing extracellular matrix and spindle on CC enrichment. There were mainly enriched in extracellular matrix, tubulin binding and actin binding on MF enrichment. (B) KEGG enrichment, top10 pathways: Proteoglycans in cancer, Focal adhesion, Cell adhesion molecules, Staphylococcus aureus infection, Phagosome, Complement and coagulation cascades, Hematopoietic cell lineage, Viral myocarditis, Viral protein interaction with cytokine and cytokine receptor, and Cell cycle.





Identification of Tumor Immune Microenvironment Related Gene of 5-FU Resistance

We obtained immune-related genes of 5-FU resistance genes in the tumor microenvironment by intersecting previously screened, immune-related drug resistance genes with tumor microenvironment-related genes (Figure 6I). We gained two overlapping genes RARB and RBP7 and further verified the expression of these two genes in 5-FU-sensitive and -resistant patients in the other three GEO datasets. RBP7 was up-regulated in patients with 5-FU- resistance and was statistically significant in GSE19860 (Figure 6D). However, RBP7 was down-regulated in CRC tissue compared with normal tissue in the TCGA cohort (Figures 6E, F). In addition, in GSE19860, the IC50 of 5-FU predicted by "pRRophetic" in patients with high expression of RBP7 was higher than patients with low RBP7 expression, but the results were not statistically significant(p-value=0.33)(Figures 6H). We defined the RBP7 as a tumor immune microenvironment-related gene for CRC to 5-FU resistance.



Clinical Analysis

We selected the median as the cut-off to divide the groups into the RBP7-high expressed and RBP7-low expressed groups. We analyzed the relationship between the expression of RBP7 and the clinical characteristics of CRC patients and the results showed that the expression of RBP7 was closely correlated with T stage, but not with age, N stage, M stage, or mismatch repair gene deletion (Table 1). Although RBP7 was not associated with lymphatic invasion, it did mean for the number of lymph nodes. Also, RBP7 expression was linked to survival status.


Table 1 | Clinical feature of colorectal cancer patients of RBP7 expression (TCGA cohorts).





GSEA Analysis

GSEA analysis showed 36 significant KEGG pathways were associated with RBP7 expression. The top 10 percent of pathways included Herpes simplex virus 1 infection, PI3K-Akt signaling pathway, and cytokine-cytokine receptor interaction. GO enrichment for 593 gene sets was performed. 480 gene sets were enriched in the BP process, 65 gene sets accessed in the CC enrichment, and only 48 gene sets were acquired in the MF enrichment. The top 30 significant GO term and KEGG pathways are shown in Figures 8A, B.




Figure 8 | GSEA and GSVA analysis to explore RBP7 function enrichment based on GSE19860 and Single-Cell RNA-seq Analysis results from ArrayExpress databases. (A) The top 30 significant GO terms. (B) The top 30 significant KEGG pathways. (C) Hypoxia and TNFα signaling via NFκB gene sets were significantly different between chemotherapy resistant (RBP7High) and chemotherapy sensitive (RBP7Low) patients in GSE19860. (D) 30 clusters of the Single-Cell RNA-seq Analysis. (E) Distribution of RBP7 in colorectal cancer patients.





GSVA Analysis

In order to further obtain information related to the function of RBP7 gene, we selected GSE19860 dataset for GSVA analysis to obtain enrichment of downstream pathways related to RBP7. We found that two pathways gene sets were significantly altered in chemotherapy-sensitive (RBP7Low) and chemotherapy-resistant (RBP7High) patients, and those were Hypoxia and TNFα signaling via NFκB gene sets (Figure 8C).



scRNA-Seq Analysis Reveals the Presence of Distinct Cancer Cell Populations Expressing RBP7

To understand how the tumor cells influence the immune microenvironment, Lee et al. analyzed the transcriptome of 91,103 single cells from 23 Korean and 6 Belgian patients. Their result showed that intercellular network reconstruction supported the link between cancer cell signatures and specific matrix or immune cell populations (22). Based on the Lee et al. study results, we preliminarily understood the distribution of RBP7 in colorectal cancer. RBP7 was centrally distributed in endothelial stalk cells, endothelial tip cells, and myeloid cells (Figures 8D, E).



Verification of the Relationship Between RBP7 Level and 5-FU Sensitivity in Cells

To evaluate whether RBP7 mediates the response of CRC cells to 5-FU treatment, we preliminarily verified in cell experiments that both transcription level and protein level of RBP7 were increased in 5-FU resistant cells (Figure 9), further suggesting that RBP7 might induce 5-FU resistance in CRC.




Figure 9 | RBP7 high expressed in the 5-FU resistant Lovo cells. (A) The mRNA expression of RBP7 increased in the 5-FU resistant Lovo cells. (B) The protein expression of RBP7 increased in the 5-FU resistant Lovo cells. (C) The relative gray value of RBP7 for western blot analysis.  **p-value < 0.001.






Discussion

CRC is a malignancy with a high incidence and mortality in the world. For many years, 5-FU based chemotherapy has been used as first-line treatment for CRC patients (23). Although drug therapy is effective for most CRC patients in the initial stage, the consequential resistance may cause the poor prognosis of cancer patients. To date, 5-FU based chemotherapy remains the first-line therapy for CRC. Therefore, understanding the mechanisms of chemoresistance in CRC is essential to optimizing current therapeutic strategies.

It has been well known that TME, and especially its immune response, is essential for the regulation of tumor process and therapy responsiveness (17). Moreover, antitumor agents, including fluoropyrimidines, irinotecan, and oxaliplatin, have local and systemic immunomodulatory effects beyond their cytostatic mechanisms (24–26). Preclinical models illustrate that chemotherapy can change immune states such as, acting immune effector cells, inhibiting immunosuppressive, increasing antigenicity, immunogenicity, or susceptibility to immune attack through other mechanisms (26–29). Fluoropyrimidines optionally deplete immunosuppressive myeloid-derived suppressor cells (MDSCs) (30), and have also been correlated to a pro-tumor Th17 response (31, 32). In relation to the clinical correlation, patients undergoing neoadjuvant 5-FU/oxaliplatin showed added infiltration of CD3+ (33, 34), natural killer (NK), and CD8+ cells (35) in resected liver metastases compared with patients receiving early surgery. Overall, 5-FU based chemotherapy induced potential changes in the microenvironment and the regulation of the microenvironment may provide a new strategy for reversing the drug resistance.

We first clarified the expression of immune-related genes of 5-FU resistance in CRC. Multivariate Cox analysis suggested that HSPA8, RARB, RABEP2, ICAM2, CHGB, GALP, ICOS, RELA, and CSH2 were associated with DFS of CRC patients. CCL22, FABP7, LTBR, and RBP7 showed significance in OS of CRC patients. Moreover, we researched the differently expressed genes of the the tumor microenvironment. Based on the above 13 prognostic IRGs, we further confirmed RBP7 as a tumor immune-related microenvironment prognostic gene of 5-FU resistance. Interestingly, this prognostic gene had a good performance in predicting the prognosis of CRC patients.

RBP7 is a member of the cellular retinol-binding protein family (36) and is necessary for vitamin A stability and metabolism (37). It has been widely accepted that vitamin A, and its metabolic products, are involved in epithelial cell proliferation, differentiation, and apoptosis (38). CRBP members and retinol signaling may participate in colon cancer progression, cancer stem cell traits, tumor aggression, and EMT (39–41). RBP7 has been demonstrated as a prognostic biomarker and linked to invasion and EMT in colon cancer but the role of RBP7 in 5-FU chemotherapy resistance remains unknown.

Our study showed that RBP7 was significantly differentially expressed between 5-FU resistant patients and 5-FU sensitive patients. We found that RBP7 was lower expressed in tumor tissue than in normal but higher expressed in 5-FU resistant tumor tissues than in 5-FU sensitive tissues. This unregular expression pattern is worth further study. At this stage, we have two hypotheses: one is that RBP7 might have a dual role in tumor and the other is that RBP7 may be genetically altered when expressed in colorectal tumor tissue. This result indicated that RBP7 may be a new marker for predicting 5-FU resistance. In addition, the expression pattern of RBP7 in the the tumor microenvironment suggested that RBP7 may mediate 5-FU resistance by regulating the tumor microenvironment. As GSEA analysis results showed, KEGG pathways associated with RBP7 expression was mostly enriched in inflammation, cytokine, and chemokine signaling pathways. Single-cell RNA-seq suggested that RBP7 tended to express in microvascular cells. GSVA analysis indicated that RBP7 was related to cellular oxygen metabolism. In patients with high expression of RBP7, the gene of hypoxia signal was significantly down-regulated. Therefore, we think that RBP7 may have a positive association with intracellular oxygen transport. In addition, the results of single cell analysis suggested that RBP7 was highly expressed mainly in the vascularized system, thus confirmed the correlation between RBP7 and cellular oxygen content to some degree. In addition, GSVA results suggested that downregulation of the tumor necrosis factor pathway might induce chemotherapeutic resistance. As a proinflammatory factor, the tumor necrosis factor is closely related to the occurrence of cancer. However, its biological functions are diverse, which may promote tumor development and also may play an anti-tumor role. Some studies have shown that it could induce the disruption of tumor vasculature to achieve anti-tumor effects (42, 43). Low levels of TNFα expression could be also pro-tumorigenic (44). Based on the information above, we boldly presume that RBP7 may function on drug-resistant dormant cells and promote the cells transforming.

There are four CRBPs that can be found in humans, encoded by the RBP1, RBP2, RBP5, and RBP7 genes (45, 46). A study has shown that specific subclasses of endogenous lipids interacted with CRBP2 (47) which revealed that CRBP2 might transport not only retinol but also other lipids. Other studies have shown that CRBP-III functioned as a PPARgamma target gene and played a role in lipid metabolism (48). Similarly, CRBP-I regulated adipocyte differentiation by affecting PPAR gamma activity for its a cytosolic protein specifically expressed in preadipocytes (49). Jinsoo, et al. indicated that exposure to cold led to an increased expression of RBP7 in brown adipose tissue (BAT) (50). Lipid metabolism is associated with chemotherapeutic resistance. In view of the potential role of RBP7 in lipid metabolism, further research on the relationship between RBP7 and lipid metabolism pathway may be the entry point to study its role in chemotherapy resistance.

There is no doubt that our study had some limitations. First, a prospective study should be carried out to validate the findings for this study as it was a retrospective study. Second, in vivo and vitro studies should be performed to explore reliable molecular mechanisms.

In conclusion, this study indicates that immune-related genes will hopefully be potential prognostic biomarkers to predict chemotherapy resistance for CRC. RBP7 may function as a tumor microenvironment regulator to induce 5-FU resistance, thereby affecting the prognosis of CRC patients.



Data Availability Statement

This data can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi

https://www.immport.org/shared/genelists

https://gdc.xenahubs.net/download/TCGA-COAD.htseq_fpkm.tsv.gz

https://gdc.xenahubs.net/download/TCGA-READ.htseq_fpkm.tsv.gz. The accession number(s) can be found in the article/supplementary material.



Author Contributions

XH: Data collection and analysis, Investigation, Visualization, Writing-Original draft. KK, WJ, QiaZ, QicZ, RM, RZ, SY, and LS: Review, Technical support. XuS, JF, and TD: Review, Technical support, Funding acquisition. XiS, TX, QW, and YM: Conceptualization, Writing-Review & Editing, Supervision, Funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was financially funded by the grants National Natural Science Foundation of China (No. 82022075, to XiS; 81730108 and 81973635, to TX; 82104207, to XuS), the Science and Technology Development Fund, Macau SAR (No. 130/2017/A3, 0099/2018/A3 and 0098/2021/A2, to QW), Zhejiang Provincial Natural Science Foundation of China (No. LQ22H280001, to XuS; LQ20H160013, to TD; LQ21H160038, to JF), and Zhejiang Province Science and Technology Project of TCM (2021ZQ058, to RZ, China). Science and Technology Planning Project of Guangdong Province (No. 2020B1212030008, to QW).



Acknowledgments

The authors thank GEO, TCGA, and ArrayExpress for sharing the colorectal cancer data.



References

1. Miller, KD, Nogueira, L, Mariotto, AB, Rowland, JH, Yabroff, KR, Alfano, CM, et al. Cancer Treatment and Survivorship Statistics, 2019. CA Cancer J Clin (2019) 69(5):363–85. doi: 10.3322/caac.21565

2. Hudson, MM, Ness, KK, Gurney, JG, Mulrooney, DA, Chemaitilly, W, Krull, KR, et al. Clinical Ascertainment of Health Outcomes Among Adults Treated for Childhood Cancer. JAMA (2013) 309(22):2371–81. doi: 10.1001/jama.2013.6296

3. Angenete, E. The Importance of Surgery in Colorectal Cancer Treatment. Lancet Oncol (2019) 20(1):6–7. doi: 10.1016/S1470-2045(18)30679-X

4. Wilkinson, NW, Yothers, G, Lopa, S, Costantino, JP, Petrelli, NJ, and Wolmark, N. Long-Term Survival Results of Surgery Alone Versus Surgery Plus 5-Fluorouracil and Leucovorin for Stage II and Stage III Colon Cancer: Pooled Analysis of NSABP C-01 Through C-05. A Baseline From Which to Compare Modern Adjuvant Trials. Ann Surg Oncol (2010) 17:959–66. doi: 10.1245/s10434-009-0881-y

5. Sargent, DJ, Patiyil, S, Yothers, G, Haller, DG, Gray, R, Benedetti, J, et al. End Points for Colon Cancer Adjuvant Trials: Observations and Recommendations Based on Individual Patient Data From 20,898 Patients Enrolled Onto 18 Randomized Trials From the ACCENT Group. J Clin Oncol (2007) 25:4569–74. doi: 10.1200/JCO.2006.10.4323

6. Manfredi, S, Bouvier, AM, Lepage, C, Hatem, C, Dancourt, V, and Faivre, J. Incidence and Patterns of Recurrence After Resection for Cure of Colonic Cancer in a Well Defined Population. Br J Surg (2006) 93:1115–22. doi: 10.1002/bjs.5349

7. Douillard, JY, Cunningham, D, Roth, AD, Navarro, M, James, RD, Karasek, P, et al. Irinotecan Combined With Fluorouracil Compared With Fluorouracil Alone as First-Line Treatment for Metastatic Colorectal Cancer: A Multicentre Randomised Trial. Lancet (2000) 355(9209):1041–7. doi: 10.1016/s0140-6736(00)02034-1

8. Giacchetti, S, Perpoint, B, Zidani, R, Le Bail, N, Faggiuolo, R, Focan, C, et al. Phase III Multicenter Randomized Trial of Oxaliplatin Added to Chronomodulated Fluorouracil-Leucovorin as First-Line Treatment of Metastatic Colorectal Cancer. J Clin Oncol (2000) 18(1):136–47. doi: 10.1200/JCO.2000.18.1.136

9. Iyevleva, AG, Buslov, KG, Togo, AV, Matsko, DE, Filimonenko, VP, Moiseyenko, VM, et al. Measurement of DPD and TS Transcripts Aimed to Predict Clinical Benefit From Fluoropyrimidines: Confirmation of the Trend in Russian Colorectal Cancer Series and Caution Regarding the Gene Referees. Onkologie (2007) 30(6):295–300. doi: 10.1159/000102046

10. Qiu, LX, Tang, QY, Bai, JL, Qian, XP, Li, RT, Liu, BR, et al. Predictive Value of Thymidylate Synthase Expression in Advanced Colorectal Cancer Patients Receiving Fluoropyrimidine-Based Chemotherapy: Evidence From 24 Studies. Int J Cancer (2008) 123(10):2384–9. doi: 10.1002/ijc.23822

11. Panczyk, M. Pharmacogenetics Research on Chemotherapy Resistance in Colorectal Cancer Over the Last 20 Years. World J Gastroenterol (2014) 20(29):9775–827. doi: 10.3748/wjg.v20.i29.9775

12. Kunicka, T, Prochazka, P, Krus, I, Bendova, P, Protivova, M, Susova, S, et al. Molecular Profile of 5-Fluorouracil Pathway Genes in Colorectal Carcinoma. BMC Cancer (2016) 16(1):795. doi: 10.1186/s12885-016-2826-8

13. Meropol, NJ, Gold, PJ, Diasio, RB, Andria, M, Dhami, M, Godfrey, T, et al. Thymidine Phosphorylase Expression is Associated With Response to Capecitabine Plus Irinotecan in Patients With Metastatic Colorectal Cancer. J Clin Oncol (2006) 24(25):4069–77. doi: 10.1186/s12885-016-2826-8

14. Galon, J, Costes, A, Sanchez-Cabo, F, Kirilovsky, A, Mlecnik, B, Lagorce-Pagès, C, et al. Type, Density, and Location of Immune Cells Within Human Colorectal Tumors Predict Clinical Outcome. Science (2006) 313:1960–4. doi: 10.1126/science.1129139

15. Schulz, M, Salamero-Boix, A, Niesel, K, Alekseeva, T, and Sevenich, L. Microenvironmental Regulation of Tumor Progression and Therapeutic Response in Brain Metastasis. Front Immunol (2019) 10:1713. doi: 10.3389/fimmu.2019.01713

16. Vesely, MD, Kershaw, MH, Schreiber, RD, and Smyth, MJ. Natural Innate and Adaptive Immunity to Cancer. Annu Rev Immunol (2011) 29:235–71. doi: 10.1146/annurev-immunol-031210-101324

17. Binnewies, M, Roberts, EW, Kersten, K, Chan, V, Fearon, DF, Merad, M, et al. Understanding the Tumor Immune Microenvironment (TIME) for Effective Therapy. Nat Med (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x

18. Wilkinson, K, Ng, W, Roberts, TL, Becker, TM, Lim, SH, Chua, W, et al. Tumour Immune Microenvironment Biomarkers Predicting Cytotoxic Chemotherapy Efficacy in Colorectal Cancer. J Clin Pathol (2021) 74(10):625–34. doi: 10.1136/jclinpath-2020-207309

19. Langfelder, P, and Horvath, S. WGCNA: An R Package for Weighted Correlation Network Analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559

20. Geeleher, P, Cox, N, and Huang, RS. Prrophetic: An R Package for Prediction of Clinical Chemotherapeutic Response From Tumor Gene Expression Levels. PloS One (2014) 9:e107468. doi: 10.1371/journal.pone.0107468

21. Di Bartolomeo, M, Raimondi, A, Cecchi, F, Catenacci, DVT, Schwartz, S, Sellappan, S, et al. Association of High TUBB3 With Resistance to Adjuvant Docetaxel-Based Chemotherapy in Gastric Cancer: Translational Study of ITACA-S. Tumori (2021) 107(2):150–9. doi: 10.1177/0300891620930803

22. Lee, HO, Hong, Y, Etlioglu, HE, Cho, YB, Pomella, V, Van den Bosch, B, et al. Lineage-Dependent Gene Expression Programs Influence the Immune Landscape of Colorectal Cancer. Nat Genet (2020) 52(6):594–603. doi: 10.1038/s41588-020-0636-z

23. Kelland, L. The Resurgence of Platinum-Based Cancer Chemotherapy. Nat Rev Cancer (2007) 7(8):573–84. doi: 10.1038/nrc2167

24. Bracci, L, Schiavoni, G, Sistigu, A, and Belardelli, F. Immune-Based Mechanisms of Cytotoxic Chemotherapy: Implications for the Design of Novel and Rationale-Based Combined Treatments Against Cancer. Cell Death Differ (2014) 21:15–25. doi: 10.1038/cdd.2013.67

25. Galluzzi, L, Buqué, A, Kepp, O, Zitvogel, L, and Kroemer, G. Immunological Effects of Conventional Chemotherapy and Targeted Anticancer Agents. Cancer Cell (2015) 28:690–714. doi: 10.1016/j.ccell.2015.10.012

26. Zitvogel, L, Galluzzi, L, Smyth, MJ, and Kroemer, G. Mechanism of Action of Conventional and Targeted Anticancer Therapies: Reinstating Immunosurveillance. Immunity (2013) 39:74–88. doi: 10.1016/j.immuni.2013.06.014

27. Liu, WM, Fowler, DW, Smith, P, and Dalgleish, AG. Pre-Treatment With Chemotherapy can Enhance the Antigenicity and Immunogenicity of Tumours by Promoting Adaptive Immune Responses. Br J Cancer (2010) 102:115–23. doi: 10.1038/sj.bjc.6605465

28. Ohtsukasa, S, Okabe, S, Yamashita, H, Iwai, T, and Sugihara, K. Increased Expression of CEA and MHC Class I in Colorectal Cancer Cell Lines Exposed to Chemotherapy Drugs. J Cancer Res Clin Oncol (2003) 129:719–26. doi: 10.1007/s00432-003-0492-0

29. Lesterhuis, WJ, Punt, CJA, Hato, SV, Eleveld-Trancikova, D, Jansen, BJ, Nierkens, S, et al. Platinum-Based Drugs Disrupt STAT6- Mediated Suppression of Immune Responses Against Cancer in Humans and Mice. J Clin Invest (2011) 121:3100–8. doi: 10.1172/JCI43656

30. Vincent, J, Mignot, G, Chalmin, F, Ladoire, S, Bruchard, M, Chevriaux, A, et al. 5-Fluorouracil Selectively Kills Tumor-Associated Myeloid-Derived Suppressor Cells Resulting in Enhanced T Cell-Dependent Antitumor Immunity. Cancer Res (2010) 70:3052–61. doi: 10.1158/0008-5472.CAN-09-3690

31. Ghiringhelli, F, Bruchard, M, and Apetoh, L. Immune Effects of 5-Fluorouracil: Ambivalence Matters. Oncoimmunology (2013) 2:e23139. doi: 10.4161/onci.23139

32. Bruchard, M, Mignot, G, Derangère, V, Chalmin, F, Chevriaux, A, Végran, F, et al. Chemotherapy-Triggered Cathepsin B Release in Myeloid-Derived Suppressor Cells Activates the NLRP3 Inflammasome and Promotes Tumor Growth. Nat Med (2013) 19:57–64. doi: 10.1038/nm.2999

33. Tanis, E, Julié, C, Emile, J-F, Chalmin, F, Chevriaux, A, Végran, F, et al. Prognostic Impact of Immune Response in Resectable Colorectal Liver Metastases Treated by Surgery Alone or Surgery With Perioperative FOLFOX in the Randomised EORTC Study 40983. Eur J Cancer (2015) 51:2708–17. doi: 10.1016/j.ejca.2015.08.014

34. Donadon, M, Hudspeth, K, Cimino, M, Di Tommaso, L, Preti, M, Tentorio, P, et al. Increased Infiltration of Natural Killer and T Cells in Colorectal Liver Metastases Improves Patient Overall Survival. J Gastrointest Surg (2017) 21:1226–36. doi: 10.1007/s11605-017-3446-6

35. Ledys, F, Klopfenstein, Q, Truntzer, C, Arnould, L, Vincent, J, Bengrine, L, et al. Ras Status and Neoadjuvant Chemotherapy Impact CD8+ Cells and Tumor HLA Class I Expression in Liver Metastatic Colorectal Cancer. J Immunother Cancer (2018) 6:123. doi: 10.1186/s40425-018-0438-3

36. Folli, C, Calderone, V, Ramazzina, I, Zanotti, G, and Berni, R. Ligand Binding and Structural Analysis of a Human Putative Cellular Retinol-Binding Protein. J Biol Chem (2002) 277:41970–7. doi: 10.1074/jbc.M207124200

37. Napoli, JL. Cellular Retinoid Binding-Proteins, CRBP, CRABP, FABP5: Effects on Retinoid Metabolism, Function and Related Diseases. Pharmacol Ther (2017) 173:19–33. doi: 10.1016/j.pharmthera

38. Das, BC, Thapa, P, Karki, R, Das, S, Mahapatra, S, Liu, TC, et al. Retinoic Acid Signaling Pathways in Development and Diseases. Bioorg Med Chem (2014) 22:673–83. doi: 10.1016/j.bmc.2013.11.025

39. Berry, DC, Levi, L, and Noy, N. Holo-Retinol-Binding Protein and its Receptor STRA6 Drive Oncogenic Transformation. Cancer Res (2014) 74:6341–51. doi: 10.1158/0008-5472.CAN-14-1052

40. Karunanithi, S, Levi, L, DeVecchio, J, Karagkounis, G, Reizes, O, Lathia, JD, et al. RBP4-STRA6 Pathway Drives Cancer Stem Cell Maintenance and Mediates High-Fat Diet-Induced Colon Carcinogenesis. Stem Cell Rep (2017) 9:438–50. doi: 10.1016/j.stemcr.2017.06.002

41. Elmasry, M, Brandl, L, Engel, J, Jung, A, Kirchner, T, and Horst, D. RBP7 is a Clinically Prognostic Biomarker and Linked to Tumor Invasion and EMT in Colon Cancer. J Cancer (2019) 10(20):4883–91. doi: 10.7150/jca.35180

42. Mackay, F, Loetscher, H, Stueber, D, Gehr, G, and Lesslauer, W. Tumor Necrosis Factor Alpha (TNF-Alpha)-Induced Cell Adhesion to Human Endothelial Cells Is Under Dominant Control of One TNF Receptor Type, TNF-R55. J Exp Med (1993) 177:1277–86. doi: 10.1084/jem.177.5.1277

43. Hoving, S, Seynhaeve, AL, van Tiel, ST, aan de Wiel-Ambagtsheer, G, de Bruijn, EA, Eggermont, AM, et al. Early Destruction of Tumor Vasculature in Tumor Necrosis Factor-Alpha-Based Isolated Limb Perfusion is Responsible for Tumor Response. Anticancer Drugs (2006) 17(8):949–59. doi: 10.1097/01.cad.0000224450.54447.b3

44. Balkwill, F. Tumour Necrosis Factor and Cancer. Nat Rev Cancer (2009) 9:361–71. doi: 10.1038/nrc2628

45. Blaner, WS, Brun, PJ, Calderon, RM, and Golczak, M. Retinol-Binding Protein 2 (RBP2): Biology and Pathobiology. Crit Rev Biochem Mol Biol (2020) 55:197–218. doi: 10.1080/10409238.2020.1768207

46. Widjaja-Adhi, MAK, and Golczak, M. The Molecular Aspects of Absorption and Metabolism of Carotenoids and Retinoids in Vertebrates. Biochim Biophys Acta Mol Cell Biol Lipids (2020) 1865:158571. doi: 10.1016/j.bbalip.2019.158571

47. Silvaroli, JA, Plau, J, Adams, CH, Banerjee, S, Widjaja-Adhi, MAK, Blaner, WS, et al. Molecular Basis for the Interaction of Cellular Retinol Binding Protein 2 (CRBP2) With Nonretinoid Ligands.  J Lipid Res (2021) 62:100054. doi: 10.1016/j.jlr.2021.100054

48. Zizola, CF, Schwartz, GJ, and Vogel, S. Cellular Retinol-Binding Protein Type III is a PPARgamma Target Gene and Plays a Role in Lipid Metabolism. Am J Physiol Endocrinol Metab (2008) 295(6):E1358–68. doi: 10.1152/ajpendo.90464.2008

49. Zizola, CF, Frey, SK, Jitngarmkusol, S, Kadereit, B, Yan, N, and Vogel, S. Cellular Retinol-Binding Protein Type I (CRBP-I) Regulates Adipogenesis. Mol Cell Biol (2010) 30(14):3412–20. doi: 10.1128/MCB.00014-10

50. Ahn, J, Kim, DH, Suh, Y, Lee, JW, and Lee, K. Adipose-Specific Expression of Mouse Rbp7 Gene and its Developmental and Metabolic Changes. Gene (2018) 5(670):38–45. doi: 10.1016/j.gene.2018.05.101




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Huang, Ke, Jin, Zhu, Zhu, Mei, Zhang, Yu, Shou, Sun, Feng, Duan, Mou, Xie, Wu and Sui. 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/fimmu-13-887048-g009.jpg
Relative expression of RBP7

A B Lovo

Parental 5-FU resistant

4 |
2 a |
GAPDH 37
3
C
2 S 40
@
74
5 30
[}
=
g S 20
>
o
(o)}
g 10
T
Q
0 I “ 0
5-FU resistant  Parental Parental 5-FU resistant

Lovo Lovo





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Identification of Genes Related to 5-Fluorouracil Based Chemotherapy for Colorectal Cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Background

        



        		

          Materials and Methods

        

          		

            Data Collection

          



          		

            Primary Filtering of Differentially Expressed Genes

          



          		

            Secondary Filtering of Differentially Expressed Genes

          



          		

            Extraction of Immune Related Genes

          



          		

            Validation of 5-FU Resistance and Immune Both Related Genes

          



          		

            Tumor Microenvironment Differentially Expressed Genes in 5-FU Resistance CRC Patients

          



          		

            Prediction of Response to 5-FU

          



          		

            GO and KEGG Functional Enrichment Analysis

          



          		

            Clinical Analysis

          



          		

            Gene Set Enrichment Analysis (GSEA)

          



          		

            Gene Set Variation Analysis (GSVA)

          



          		

            Single-Cell RNA-Seq (scRNA-Seq) Analysis

          



          		

            Cell Culture

          



          		

            Establishment of 5-FU Resistant Cells

          



          		

            Western Blot Analysis

          



          		

            Plasmids

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Differentially Expressed Genes (DEGs) From GEO Datasets

          



          		

            Weighted Gene Co-Expression Network Analysis and 5-FU Resistance Related Genes Further Identification

          



          		

            Identification of 5-FU Resistance and Immune Both Related Genes

          



          		

            Verification of 5-FU Resistance and Immune Both Related Genes in GEO and TCGA Cohort

          



          		

            Development of the Prognostic Gene Signature

          



          		

            Differentially Expressed Genes of Tumor Microenvironment to 5-FU Resistance in CRC Patients

          



          		

            Functional and Pathway Enrichment Analysis

          



          		

            Identification of Tumor Immune Microenvironment Related Gene of 5-FU Resistance

          



          		

            Clinical Analysis

          



          		

            GSEA Analysis

          



          		

            GSVA Analysis

          



          		

            scRNA-Seq Analysis Reveals the Presence of Distinct Cancer Cell Populations Expressing RBP7

          



          		

            Verification of the Relationship Between RBP7 Level and 5-FU Sensitivity in Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-887048-g001.jpg
Flowchart

Microarray dataset GSE3964,

GSE19860, GSE104645, GSE106584
from GEO

|dentification of genes
related to chemotherapy response
WGCNA further identify genes
related to 5-FUresistance
Acquisition and validation of 5-FU
resistance and immune-related genes

Tumor microenvironment differential
genes in 5-FU resistance CRC patients

|dentification of tumor iImmune
microenvironment related gene
INn 5-FU resistant patients

Validation tumor immune
microenvironment related gene
Gene function and clinical
correlation analysis






OEBPS/Images/fimmu-13-887048-g007.jpg
A

organelle fission |

extracellular matrixorganization +

extracellular structure organization |

external encapsulating structure organization |
negative regulation of immune system process -
chromosome segregation -

mitotic nuclear division -

leukocyte chemotaxis -

sister chromatid segregation +

mitotic sister chromatid segregation -

collagen-containing extracellular matrix -
spindle +

condensed chromosome +

chromosome, centromeric region {
condensed chromosome,centromeric region -
kinetochore -

collagen trimer |

condensed chromosome kinetochore {
fibrillar collagen trimer -

banded collagen fibril |

extracellular matrix structural constituent {
actin binding |
tubulin binding -
microtubule binding |
integrin binding |
growth factor binding
cytokine binding
conferring tensile strength collagen binding
extracellular matrix structural constituent
platelet-derived growth factor binding

GeneRatio

[ ]
[ ]
(]
° &
L]
L]
.
.
(]
° 5
L]
.
0.025 0.050 0.075

p.adjust

0.0005
0.0010
0.0015

Proteoglycans in cancer -

Focal adhesion -

Cell adhesion molecules -

Phagosome -

Staphylococcus aureus -

infection

Cell cycle -

Hematopoietic cell lineage -

Viral protein interaction

with cytokine and cytokine -

receplor
Complement and coagulation

cascades |

Viral myocarditis -

[ ]
p.adjust
° 0.0004
0.0008
0.0012
- 0.0016
L]
L]
L]
L]
.
0.03 0.04 0.05 0.06 0.07
GeneRatio





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-887048-g005.jpg
A Risk Score -~ High-Risk ~+~ Low-Risk B Risk Score =~ High-Risk —+ Low-Risk

1.00 1.00

0.75 0.75
z £
o a
© ©
8 3
o 0.50 [ 0.50
Q Q
© ©
2 S
2 2
» @

0.25 0.25

p =< 0.0001 p < 0.0001
0.00 0.00
0 2000 4000 6000 0 1000 2000 3000 4000
Time(Days) Time(Days)
Number at risk Number at risk
° o
§ High-Risk g High-Risk{ 202 92 23 12 3
A @»
- x
] ]
. Low-Risk @ Low-Risk
0 2000 4000 6000 0 1000 2000 3000 4000

Time(Days) Time(Days)





OEBPS/Images/fimmu-13-887048-g003.jpg
GSE3964 Module-trait relationships

MEblue

MEyellow

MEturquoise

MEbrown

MEgreen

MEgrey

-0.63
(3e-06)

-0.6
(2e-05)

-0.59
(2e-05)

-0.71
(4e-08)

resistant sensitive

GSE104645 Module-trait relationships

MEpink ('0%266;

MEblack o
MEred (%-%%)
MEgrey (@e-0a)

resistant sensitive

0.5

0.5

GSE19860 Module-trait relationships

MEturquoise

MEblue

MEbrown

-0.81
MEgrey (1e=07)

resistant sensitive

GSE106584 Module-trait relationships

MEturquoise (52‘:184)

MEblue

MEbrown

0.5 -0.51
MEgrey Py (5e-06)

resistant sensitive

0.5

0.5





OEBPS/Images/fimmu.2022.887048_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Identification of Genes Related to
5-Fluorouracil Based Chemotherapy
for Colorectal Cancer





OEBPS/Images/fimmu-13-887048-g008.jpg
L ] Tafa. iy ah Y g

IR

D
e b 1
- Wt e o gt g o g s * 38 el
& Rl A drie P ® Moed pubi
# Cgtre, e e f et LT

& Commesmen ik wiipyn | pplwial sl & Swbmmetans
® ommarme ot e | e g ¢ S R
* s ottt | gt gad S P

W e s e & utppa
1 4 Bbeuiel il o st o e & Fumas vl
# Ebetetal e 1t w Bugwamry ¥ omb .
[—r— R it b i ik - 3 .
@ B e o g 1 . & deanalash b s
* Bprkn ot o g s & Tom vy
o e st V4t - i b 1t :
e * Db t14ea !

-
-
s
-
i1l
-
e
-






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-887048-g006.jpg
2000

StromalScore

1000

o

-1000

o

Relative expression of RBP7

0

N

-

o

e

GSE69657
0.02

sensitiveresistant

GSE19860
0.008

—

sensitive resistant

ImmuneScore

4000

3000

2000

1000

Relative expression of RBP7

GSE69657
0.09

—

sensitive resistant

TCGA-COAD
<0.0001

normal tumor

6000

ESTIMATEScore

4000

2000

o

-2000

Relative expression of RBP7

o

N

w

N

N

o

GSE69657
0.03

sensitive resistant

TCGA-READ
<0.0001

—

normal tumor

Predicted 5 fluorouracil sensitivity

G
'S
5-FU sensitive l 5-FU resistant
1
GSE19860 TCGA cohort

4.2 0.33
4,
3.
3.
3.
3.2
3.
RBP7 LOW HIGH GSE69657






OEBPS/Images/M1.jpg
S (caefficientexpgene,)

Risk ~ score





OEBPS/Images/fimmu-13-887048-g002.jpg
GSE3964 GSE1986

ImmPort ImmPort

GSE10464 GSE10658






OEBPS/Images/table1.jpg
clinical vari- levels Low-RBP7 High-RBP7 P value

ables (n=200) (n=200)

Tumor site COAD 142 143 0.91
READ 58 57

Age <65 87 82 0.61
>65 118 118

T T 9 4 <0.0001****
T2 52 18
T3 125 147
T4 14 32
Tis 1 0

N NO 119 101 0.13
N1 49 53
N2 32 46

M MO 160 149 0.38
M1 24 33
MX 16 18

lymph node <12 8 21 0.02*
>12 191 176
NA 1 3

lymphatic Yes 86 84 0.84

invasion No 114 116

MMR dVMR 167 174 0.32
pMMR 33 26

Survival status Alive 179 163 0.02*
Death 21 37

0S 1 year 163 156 0.78
3 year 99 85
5 yuer 10 11





OEBPS/Images/fimmu-13-887048-g004.jpg
A Hazard ratio

gl 0.002**

HSPAS ®=49) (1 6385 % 2001) :

RARB (N=43) (8_8;‘_-83'_02_59_01)—%; 0.023*
RABEP2 (N=43) (2.53-'?18-02-W'—_'5 0.041*
SSTR4 (N=43) (1_05;351022‘49*00' + 0.129

ICAM2 (N=43) (8_95:85-93_26_02) 0.006 **
cHGB N=43) (4 6865 3 0e.01) il
GALP (N=43) (9.32—‘82%.%-01) 0.049"
ARG2 (N=43) 1.10+00 0.979

(9.36-03 - 1.26+02)

Icos (N=43) (7.357;%%{03.59,(06) —m——0012*
ACTG1 (N=43) (3.627-%?*‘0299%0“ »—.—- 0.292
IFNGR2 (N=43) (2_5;Jg§:011.2e+o1| »—-—< 0.414
GKLE (N=43) (7.ne3igf_—011.3e+02| ’_'_‘ 0.897
RELA (N=43)  1.3e+04 i — w0006

(1.6e+01 - 1.1e+07)

= 4.6-03 i .
CsH2 (N=43) 4008 e0t) —— 0.021
= 1.9e-04 :

=. — i
BMPR1B (N=43) (8.0-09 - 4.3e+00] : 0.094
# Events: 21; Global p-value (Log-Rank): 3.2877e-06

AIC: 122.71; Concordance Index: 0. :
C Concordance Index: 0.9 1e-091e-071e-050.0010.1 1010001000001e+07

B Hazard ratio
ADIPOR1 (N=584) (0_915-5_3 247) —— 0.08
ccL11 (N=584) (0.8160-61.30) 0.583
CE127) (N=584) (0.366-5 0.92) 0.015*
CER1 (N=584) (0'5192752.68) ——— 0.555
CXCL14 (N=584) (o_é)gg_Q 1.09) . 0.794
FABP7 (N=584) ( 1&951 8.88) : ———m—0.002
GLP2R (N=584) o 1004_2 q 70)_._' 0.221
LTBR (N=584) (1 »2149_2298) 0.003 **
NFKB1 (N=584) (061 AC[Z 1164) .—.— 0.931
PSME3 (N=584) ) 968 —— 0.097
PTGER2 (N=584) (o_é)ga.a A - 0.335
RBP7 (N=584) 11 4‘{6 1.87) 0.003 **
RETNLB (N=584) (o_é)ég.s 1.08) , 0.243
SEMA6D (N=584) (0&9_7 152) + 0.903
SSTR2 (N=584) (0.9?6‘?41 386) -—.—« 0.069

# Events: 120; Global p-value (Log-Rank): 9.8431e-07

AIC: 1 36; Index: 0. :
C: 1308.36; Concordance Index: 6081 a5 de b b £ 40 90





