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Colorectal cancer (CRC) is a common tumor disease of the digestive system with high incidence and mortality. Cuproptosis has recently been found to be a new form of cell death. The clinical significance of cuproptosis-related genes (CRGs) in CRC is not clear. In this study, The Cancer Genome Atlas Colon and Rectal Cancer dataset was used to analyze the relationship between CRGs and clinical characteristics of CRC by differential expression analysis and Kaplan–Meier survival (K-M) analysis. Based on CRGs, prognosis model and risk score of CRC was constructed in COADREAD by multivariate Cox analysis. Receiver operating curves (ROC) analysis, K-M analysis and calibration analysis in GDC TCGA Colon Cancer dataset were applied to validating model. Subsequently, the relationship between risk score of CRC and immune microenvironment was analyzed by multiple immune score algorithms. Finally, we found that most CRGs were differentially expressed between tumors and normal tissues. Some CRGs were differentially expressed among different clinical characteristics. K-M analysis showed that the CRGs were related to overall survival (OS), disease-specific survival, and progression-free survival. Subsequently, DLAT and CDKN2A were identified as risk factors for OS in CRC by multivariate Cox analysis, and the risk score was established. K–M analysis showed that there was a significant difference in OS between the high-risk and low-risk groups, which were grouped by risk score median. ROC analysis showed that the risk score performs well in predicting the 1-year, 3-year and 5-year OS. Enrichment analysis showed that the differentially expressed genes between the high- and low-risk groups were enriched in immune-related signaling pathways. Further analysis showed that there were significant differences in the levels of immune cells and stromal cells between the high- and low-risk groups. The high-risk group had higher levels of immune cells and interstitial cells. At the same time, the high-risk group had a higher immune escape ability, and the predicted immune treatment response in the high-risk group was poor. In conclusion, CRGs can be used as prognostic factors in CRC and are closely related to the levels of immune cells and stromal cells in the tumor microenvironment.
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INTRODUCTION
Colorectal cancer (CRC) is a common tumor disease of the digestive system (Jo and Oh, 2019). CRC can be cured by radical surgery combined with radiotherapy or radiotherapy (Zhong et al., 2022). However, most patients with CRC are in an advanced stage at the time of discovery, and tumor metastasis is still one of the main causes of mortality (Xi and Xu, 2021). In addition, although tumor pathological staging has important value in predicting prognosis, in view of the high incidence and mortality of CRC, more effective prognostic models need to be developed.
Copper is one of the necessary trace elements for the human body. It was found that the copper level in tumors was significantly higher than that in adjacent tissues (Ishida et al., 2013). This indicates that copper plays an important role in the growth of tumor cells, and the imbalance of copper homeostasis can lead to cytotoxicity and affect the occurrence and development of tumors (Ge et al., 2022). A recent study found that a new type of cell death was mediated by copper, namely, cuproptosis (Tsvetkov et al., 2022). Copper interacts with lipoylated members of the tricarboxylic acid cycle (TAC), thereby causing protein stress and eventually cell death (Tsvetkov et al., 2022). These genes that interact with copper in the tricarboxylic acid cycle are called cuproptosis-related genes (CRGs). It has been shown that the tricarboxylic acid cycle in CRC is reprogrammed to reduce energy production so that tumor cells can continue to survive under nutrient deficiency (Neitzel et al., 2020). Reprogrammed TCA has important role in CRC development and GRGs in TCAs were key candidate genes for CRC development. In addition, immune escape, as an important feature of tumors, protects tumor cells from immune cell attack (Engelsen et al., 2022). TCA-derived metabolites in tumor have multiple positive roles in supporting escape of immune cells (Scagliola et al., 2020). In view of the high concentration of copper in tumor tissues and the reprogramming of the TCA, CRGs will hopefully be used to develop new prognostic models for CRC.
In our study, we performed differential expression analysis to identify expression of CRGs in CRC and found that CRG expression was widely dysregulated in CRC. Next, survival analysis of CRGs in CRC were performed to detect the relationship between CRGs and prognosis in CRC and it was found that CRGs was related to tumor prognostic indicators, including overall survival (OS), disease-specific survival (DSS) and progression free interval (PFI). Subsequently, a prognostic risk model based on CRGs was developed that had a significant relationship with OS. In addition, immune-related scores were investigated to identify the relationship between CRGs and immune microenvironment and it was found that there were significant differences in intratumor interstitial cells between the high-risk and low-risk groups. We aimed to emphasize the importance of CRGs in the development of CRC and the close relationship between CRGs and intratumor interstitial cells.
MATERIALS AND METHODS
Data source
The Cancer Genome Atlas (TCGA) Colon and Rectal Cancer (COADREAD) dataset and GDC TCGA Colon Cancer (COAD) dataset was downloaded from the UCSC Xena server. TCGA, a landmark cancer genomics program based on American population, molecularly characterized over 20,000 primary cancer and matched normal samples spanning 33 cancer types. TCGA was built by National Cancer Institute and National Human Genome Research Institute. COADREAD in UCSC Xena server was derived from TCGA Data coordinating Center in January 2016 and had 434 samples. COAD data in UCSC Xena server was derived from TCGA data coordinating Center in August 2019 and had 512 samples. Gene expression in COADREAD and COAD was converted to log2 (1 + counts). COADREAD data were used as the training set in this study. After removing the same samples from training set, the remaining samples in COAD were used as the validation set.
Principal component analysis
Principal component analysis (PCA) methods (Trozzi et al., 2021) were used to evaluate gene expression patterns in cancer samples and normal samples in training set.
Construction and validation of a signature based on cuproptosis-related genes
In the training set, multivariate Cox regression with forward stepwise selection was used to identify CRGs related to OS. The cuproptosis-related prognostic risk score (CPRS) of each sample was calculated using the formula CPRS = Σ Exp (mRNAί) × Coefficient (mRNAί). All tumor samples were grouped by the CPRS median and named the low-risk group and the high-risk group. Kaplan–Meier survival analysis and time-dependent receiver operating characteristic (ROC) curves between the low-risk and high-risk groups were used to evaluate the prognostic predictive performance in training sets. Furthermore, survival analysis and time-dependent ROC analysis were also used in the validation set (R package: timeROC). The independent predictive variables identified by multivariate Cox regression analyses were used to construct the predictive nomogram and the corresponding calibration curves (R package: rms) in training set.
Differential expression analysis
Differentially expressed genes (DEGs) between the low-risk and high-risk groups were identified with the limma (version 3.40.6) package in training set (Ritchie et al., 2015). Genes that met the criteria of p < 0.05 and log2Fold change >1.5 were regarded as DEGs between the two groups.
Enrichment analysis
GO and KEGG enrichment analyses of DEGs in training set were performed by clusterProfiler (version 3.14.3) (Yu et al., 2012). The minimum gene set was set as 5, and the maximum gene set was set as 5000. A p value <0.05 and an FDR <0.01 were considered statistically significant.
Investigation of immune-related scores
ESTIMATE analysis was employed to estimate the proportion of immune cells and stromal cells in the tumor tissue in training set. MCP-Counter analysis was employed to further estimate human immune and mesenchymal cell subsets according to the gene expression data in training set. The TIDE score and predicted response to immunotherapy were obtained via the TIDE database (http://tide.dfci.harvard.edu/) in training set.
Immunohistochemical image source and quantification of immunostaining
Immunohistochemical images of CRGs in CRC and normal colorectal tissues were downloaded from the Human Protein Atlas (https://www.proteinatlas.org/). The H-score was used to quantify the staining.
Statistical analysis
All statistical analyses and visualizations were carried out by R version 4.0.2 (http://www.r-project.org). For detecting CRG differential expression, the Wilcoxon signed-rank test was used to estimate the differences between normal and tumor groups, and the Kruskal–Wallis test was used to compare more than two groups in different clinical characteristics. Also, ESTIMATE score, MCP-Counter score and TIDE score were compared between low and high risk groups by Wilcoxon signed-rank test. For identifying relationship between CRG and CRC prognosis, Kaplan-Meier analyses and the log-rank test were used to assess the survival differences between low and high levels of CRGs. Prognosis between high and low risk groups were compared by Kaplan-Meier analyses and the log-rank test. Spearman analysis was used to compute the correlation coefficients between immune score and DLAT/CDKN2A. p < 0.05 was regarded as statistically significant.
RESULTS
Expression patterns of CRGs in different clinical characteristics of CRC
We obtained all CRGs including FDX1, LIAS, LIPT1, DLD, DLAT, PHDA1, PDHB, MTF1, GLS and CDKN2A from previous literature (Tsvetkov et al., 2022). We performed PCA on the TCGA CRC dataset, and one sample in the tumor group was removed (Supplementary Figure S1A). Subsequently, we detected the expression of these CRGs in tumor and normal samples and found that 6 genes, FDX1, LIAS, DLD, DLAT, PDHB and MTF1, were significantly downregulated in tumors, while 2 genes, GLS and CDKN2A, were significantly upregulated (Figure 1A). Immunohistochemical staining showed that among these CRGs with p < 0.05 in TCGA, their protein expression trend was consistent with the RNA expression in TCGA (Figure 1B).
[image: Figure 1]FIGURE 1 | 1Cuproptosis-related genes (CRGs) was related to colorectal cancer. (A) Expression of CRGs in TCGA-colorectal cancer dataset; (B) Immunohistochemical analysis for CRG expression between normal colon/rectal tissue and colorectal cancer. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
In tumors, we found that compared with adenocarcinoma, PDHA1 and GLS were expressed at low levels in mucinous adenocarcinoma, while CDKN2A was highly expressed (Figure 2A). In addition, between the recurrent and nonrecurrent tumor samples, only LIAS expression was different (Supplementary Figure S1B). Meanwhile, there was no difference in any CRGs between M0 and M1 (Supplementary Figure S1C), indicating that these genes may not be related to distant metastasis of the tumor. In terms of lymphatic metastasis, we found that 5 genes, including LIAS, DLD, DLAT, PDHB and CDKN2A, had significantly different expression between tumors with and without lymphatic metastasis (Figure 2B). LIAS, DLD, DLAT and PDHB were expressed at low levels in the group with lymphatic metastasis, while CDKN2A was highly expressed. Regarding T stage, we found that the expression of most genes showed a positive or negative trend with the T stage (Figure 2C). Among them, DLD, PDHA1 and CDKN2A were significantly differentially expressed among different T stages. DLD and PDHA1 expression decreased gradually with T stage, while CDKN2A expression increased gradually. In addition, we observed a similar phenomenon for stage. The expression of LIAS, DLD, DLAT and CDKN2A decreased with stage (Figure 2), while the expression of CDKN2A increased. Different tumor pathological types have different molecular expression characteristics. Therefore, we divided CRC into adenocarcinoma and mucinous adenocarcinoma and then observed the expression of CRGs among different clinical features. The results showed that the expression of CRGs (Supplementary Figures S2A–C) in adenocarcinomas was similar to that before in different clinical features including lymphatic metastasis, T stage and stage (Figures 2B–D). However, there were no differences in different clinical features in mucinous adenocarcinoma (Supplementary Figures S2D–F). The above studies suggest that there is a close relationship between CRG expression and the clinical characteristics of CRC.
[image: Figure 2]FIGURE 2 | Relationship between CRG expression and clinical characteristics of colorectal cancer. (A) CRG expression in different histopathological types; (B) CRG expression in different status of lymph node metastasis; (C) CRG expression in different T stages; (D) CRG expression in different pathological stages. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Relationship between CRGs and survival in CRC
After we found that CRG expression was closely related to the clinical characteristics of CRC, we sought to determine whether CRG was related to prognosis. We grouped CRC patients according to the median expression value of each gene. The results showed that not all CRGs were related to prognosis. Three genes, PDX1, DLD1 and DLAT, were associated with OS (all p < 0.05) (Figure 3). The lower expression of these genes was associated with worse OS. Three genes, LIPT1, FDX1 and PDHA1, were related to DSS (all p < 0.05) (Figure 3). Higher LIPT1 expression was associated with worse DSS, while lower PDX1 and PDHA1 expression was associated with worse DSS. Additionally, 4 genes, LIAS, GLS, CDKN2A and LIPT1, were related to PFI (Figure 3). The lower expression of LIAS was associated with higher PFI, and the lower expression of GLS, CDKN2A and LIPT1 was associated with worse PFI. The above results suggest that there is a certain relationship between CRG expression and prognosis in CRC.
[image: Figure 3]FIGURE 3 | Relationship between CRG expression and prognosis of colorectal cancer including overall survival (OS), disease specific survival and progress free interval.
Construction of a prognostic signature and nomogram of CRGs in CRC
To further evaluate the relationship between CRG and prognosis, we first performed univariate Cox regression analysis of CRGs for OS. DLAT, CDKN2A, DLD, and PDHB were highly correlated with OS (Figure 4A). Then, multivariate Cox regression analysis was performed to further evaluate the relationship. The results showed that only DLAT and CDKN2A had a significant relationship with OS (Figure 4B). We believe that these two genes are most closely related to the prognosis of CRC. Subsequently, we used these two genes to construct a prognostic risk score using their regression coefficients: score = −0.641310371 × DLAT +0.130766422 × CDKN2A. Kaplan–Meier survival analysis showed that higher risk scores were associated with poorer OS (Figure 4C). With the increase in risk score, the survival rate decreased significantly. As a protective factor, DLAT expression decreased gradually as the risk score increased, and the expression level of CDKN2A increased gradually as a risk factor (Supplementary Figure S1D). The prediction accuracy of the area under the curve (AUC) assessment for 1 year, 3 years and 5 years were all more than 70% (Figure 4D). To further evaluate the prognostic risk model, we calculated the risk scores of each sample in the validation set. After the samples were divided into high-risk and low-risk groups according to the median score, the results were consistent with the previous results in the training set. Patients with high risk scores had a worse prognosis (Figure 4E). The ROC curve showed that the prediction accuracies at 1 year and 3 years were 0.65 and 0.62, respectively (Figure 4F). The above results suggested that the risk score we constructed is robust for predicting the prognosis of CRC patients.
[image: Figure 4]FIGURE 4 | Developing prognosis risk score based on CRGs. (A,B) univariate (A) and multivariate (B) Cox regression analysis of CRGs for OS; (C,E) Kaplan-Meier analysis of risk score for OS in training set (C) and validation set (E);(D,F) ROC analysis of risk score for OS in training set (D) and validation set (F); (G) Nomogram construction of OS based on risk score and clinical characteristics; (H) Calibration curve analysis for constructed nomogram.
Next, we conducted Cox multivariate analysis with forward stepwise selection of clinical characteristics and the risk score for OS. Age (young represented age<65 and older represented age≥65), T stage, pathological stage and risk score were identified as risk factors for the prognosis of CRC (Supplementary Table S1). Then, we built a nomogram for visualization (Figure 4G). C-index was calculated to be 3.59494602157775e-24 for OS, suggesting a relatively excellent predictive performance of the nomogram. Additionally, calibration plots demonstrated favorable concordance between the predicted OS and the observed OS at 1 and 3 years (Figure 4H).
Correlation between interstitial cells and risk score-based CRGs
To identify the potential differences between the high-risk and low-risk groups, we conducted differential expression analysis. The DEGs between the high-risk and low-risk groups were identified (Figure 5A), of which there were more upregulated DEGs than downregulated DEGs. The heatmap shows the top 50 DEGs with fold change >2. The expression of these genes was significantly different between the low- and high-risk groups. KEGG pathways (Figure 5B) were enriched in several classical tumor signaling pathways, including the Wnt signaling pathway, PI3K Akt signaling pathway, mTOR signaling pathway, etc. In addition, we found that the immune-related signaling pathways included the B-cell and T-cell receptor signaling pathways, Th17 differentiation, and the PDL1 and PDK1 checkpoint signaling pathways. We speculated that immune infiltration may be closely related to tumor prognosis.
[image: Figure 5]FIGURE 5 | Relationship between risk score and immune/stromal infiltration. (A) Volcano plot of differentially expressed genes; (B) KEGG pathway enrichment between low- and high-risk groups; (C,D) Difference between low- and high-risk groups by ESTIMATE (C) and MCP-Counter (D) algorithms; (E) Correlation between CRGs and immune-related scores; (F) Difference between low- and high-risk groups in TIDE score; (G) Predicted response for immunotherapy. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Based on the above results, we used the ESTIMATE algorithm to evaluate the proportion of immune, stromal and tumor cells in tumor tissues (Figure 5C). The results showed that there was no difference in the immune score between the high-risk and low-risk groups, but the stromal score and ESTIMATE score were significantly higher in the high-risk group, indicating that high-risk tumors had more stromal cells and tumor cells. Next, we used the MCP-Counter algorithm to further evaluate immune cells and stromal cells (Figure 5D). The results showed that stromal cells, including endothelial cells and fibroblasts, were significantly more abundant in the high-risk group than in the low-risk group. In addition, most immune cells did not differ between the two groups, except that cytotoxic lymphocytes and monocytes were higher in the high-risk group than in the low-risk group. We analyzed the correlations between DLAT and CDKN2A and the above scores and found that DLAT was negatively correlated with the above scores, while CDKN2A was positively correlated with the above scores (Figure 5E). Both DLAT and CDKN2A are related to endothelial cells and fibroblasts. Additionally, DLAT was mainly related to CD8 T cells, cytotoxic lymphocytes and B cells, while CDKN2A was mainly related to T cells, cytotoxic cells, monocytes and neutrophils. Next, we analyzed the TIDE score between the high-risk and low-risk groups to evaluate the immune escape ability (Figure 5E). The results showed that the TIDE score in the high-risk group was significantly higher than that in the low-risk group, and we predicted the response to immunotherapy of the two groups (Figure 5F). The response rate in the high-risk group was significantly lower than that in the low-risk group. This may be attributed to the difference in immune escape ability.
DISCUSSION
In the current study, the expression patterns of 10 CRGs in different clinical characteristics of CRC were explored. Then, we analyzed the relationship between CRGs and the prognosis of CRC. Two CRGs, DLAT and CDKN2A, were found to be closely related to OS in CRC. A risk score based on these two genes was established. Functional enrichment analysis showed that immune-related pathways were enriched between the low- and high-risk groups. Finally, we found that the high-risk group was associated with higher immune escape and more interstitial cells.
A recent study has shown that cuproptosis is a new form of cell death (Tsvetkov et al., 2022). Under normal physiological conditions, copper regulates energy metabolism depending on the fatty acylation of the members of the tricarboxylic acid cycle (Tsvetkov et al., 2022). In previous studies, copper was found to be higher in tumor tissues than in normal tissues (Ishida et al., 2013). The reprogramming of energy metabolism in tumor tissue leads to a reduction in energy metabolism, which makes the tumor not completely dependent on the energy provided by mitochondria (Carles-Fontana et al., 2022). The imbalance of copper homeostasis in the physiological state will lead to copper death (Tsvetkov et al., 2022). These results suggest that there may be a significant imbalance in the genes related to copper death in tumors so that tumor cells can avoid copper death. In this study, compared with normal tissues, there were 8 copper death-related genes in tumors with obvious imbalance, and the expression trend of most genes had a positive or negative relationship with pathological stages. These results suggest that the imbalance of copper death genes may be closely related to the survival and progression of CRC.
In further analysis, we found that DLAT and CDKN2A were closely related to the prognosis of patients with CRC, and then we established a risk score. In the training set and validation set, we confirmed that the risk score has robust predictive performance. A previous study reported that the glycolysis-related gene DLAT was associated with the prognosis of colon cancer (Chen et al., 2020). In addition, DLAT, as a CRG, was used to predict the prognosis of clear cell renal cell carcinoma (Bian et al., 2022). For CDKN2A, it has been reported that CDKN2A induces epithelial–mesenchymal transformation and promotes the metastasis of CRC (Shi et al., 2022). Therefore, CDKN2A has been used as a prognostic marker of CRC (Kang et al., 2022). In our study, DLAT and CDKN2A were combined to predict the prognosis of CRC and performed well.
It is well known that the level of immune cells is closely related to the prognosis of tumors (Zhang et al., 2022). In this study, we found that the levels of immune cells and stromal cells were different in CRC patients with high and low risk scores. In terms of immune cells, we found that high-risk patients have higher cytotoxic lymphocytes and monocytes, higher immune cell escape ability and a low immune response rate. Previous studies have reported that cytotoxic lymphocytes and monocytes are important components of maintaining the tumor immune environment and help kill tumor cells (Shalapour and Karin, 2021). However, in our study, the high-risk group may have a higher immune escape ability; therefore, although the proportion of cytotoxic lymphocytes and monocytes was high, the high-risk group had a poor effect on immunotherapy overall. Next, we found that DLAT and CDKN2A were significantly associated with a variety of immune cells. Similar to our study, it has reported that CDKN2A are related to the immune response and tumor immune microenvironment in tumors (Sun et al., 2020). In addition, we found that stromal cell levels, including endothelial cells and fibroblasts, in high-risk tumors were significantly higher than those in low-risk tumors. Endothelial cells and fibroblasts are important cells that constitute the tumor microenvironment and can promote the occurrence and development of tumors (Mun et al., 2022). The poor prognosis of high-risk tumors may also be related to the increase in these cells in the tumor microenvironment.
In this study, we analyzed the relationship between CRGs and clinical characteristics of CRC in detail, and constructed a prognosis model and risk score for CRC based on CRGs. We also clarified the relationship between risk score and immune microenvironment in CRC. However, there are still some limitations to point out. First, the identification of relationship between CRG expression and the clinical features of CRC was based on CRG mRNA from RNA-seq data in TCGA. It is necessary to further detect the CRG protein expression difference between different clinical features; 2. Second, the construction and validation of the prognosis model of CRC were conducted in two TCGA datasets from the American population. External cohorts from other countries are needed to validate the model; 3. The relationship between risk score and immune microenvironment was identified by bioinformatic analysis and needs further experimental validation.
In conclusion, our study systematically summarized the expression patterns of CRGs in different clinical characteristics of CRC. It was confirmed that some CRGs are closely related to the prognosis of CRC. The risk score based on CRGs showed good performance in predicting prognosis. Finally, we found that the risk score was related to the level of immune infiltration and the level of interstitial cells.
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Supplementary Figure S1 | Additional CRGs-related analysis in colorectal cancer. (A) Principal component analysis between normal and tumor samples in TCGA-colorectal cancer dataset; (B) CRG expression in different recurrence status; (C) CRG expression in different M stage; (D) Risk plots showed relationship between risk score, prognosis and gene expression; (E) Heatmap showed gene expression between low- and high-risk groups.
Supplementary Figure S2 | Additional relationship between CRGs and clinical characteristics of CRC. (A–C) CRG expression in different status of lymph node metastasis (A), T stage (B) and pathological stages (C) of adenocarcinoma; (D–F) CRG expression in different status of lymph node metastasis (D), T stage (E) and pathological stages (F) of mucinous adenocarcinoma.
REFERENCES
 Bian, Z., Fan, R., and Xie, L. (2022). A novel cuproptosis-related prognostic gene signature and validation of differential expression in clear cell renal cell carcinoma. Genes (Basel) 13 (5), 851. doi:10.3390/genes13050851
 Carles-Fontana, R., Heaton, N., Palma, E., and Khorsandi, S. E. (2022). Extracellular vesicle-mediated mitochondrial reprogramming in cancer. Cancers (Basel) 14 (8), 1865. doi:10.3390/cancers14081865
 Chen, S., Cao, G., Wu, W., Lu, Y., He, X., Yang, L., et al. (2020). Mining novel cell glycolysis related gene markers that can predict the survival of colon adenocarcinoma patients. Biosci. Rep. 40 (8), BSR20201427. doi:10.1042/BSR20201427
 Engelsen, A. S. T., Lotsberg, M. L., Abou Khouzam, R., Thiery, J. P., Lorens, J. B., Chouaib, S., et al. (2022). Dissecting the role of AXL in cancer immune escape and resistance to immune checkpoint inhibition. Front. Immunol. 13, 869676. doi:10.3389/fimmu.2022.869676
 Ge, E. J., Bush, A. I., Casini, A., Cobine, P. A., Cross, J. R., DeNicola, G. M., et al. (2022). Connecting copper and cancer: From transition metal signalling to metalloplasia. Nat. Rev. Cancer 22 (2), 102–113. doi:10.1038/s41568-021-00417-2
 Ishida, S., Andreux, P., Poitry-Yamate, C., Auwerx, J., and Hanahan, D. (2013). Bioavailable copper modulates oxidative phosphorylation and growth of tumors. Proc. Natl. Acad. Sci. U. S. A. 110 (48), 19507–19512. doi:10.1073/pnas.1318431110
 Jo, A., and Oh, H. (2019). Incidence of colon cancer related to cigarette smoking and alcohol consumption in adults with metabolic syndrome: Prospective cohort study. J. Korean Acad. Nurs. 49 (6), 713–723. doi:10.4040/jkan.2019.49.6.713
 Kang, N., Xie, X., Zhou, X., Wang, Y., Chen, S., Qi, R., et al. (2022). Identification and validation of EMT-immune-related prognostic biomarkers CDKN2A, CMTM8 and ILK in colon cancer. BMC Gastroenterol. 22 (1), 190. doi:10.1186/s12876-022-02257-2
 Mun, J. Y., Leem, S. H., Lee, J. H., and Kim, H. S. (2022). Dual relationship between stromal cells and immune cells in the tumor microenvironment. Front. Immunol. 13, 864739. doi:10.3389/fimmu.2022.864739
 Neitzel, C., Demuth, P., Wittmann, S., and Fahrer, J. (2020). Targeting altered energy metabolism in colorectal cancer: Oncogenic reprogramming, the central role of the TCA cycle and therapeutic opportunities. Cancers (Basel) 12 (7), E1731. doi:10.3390/cancers12071731
 Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). Limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 43 (7), e47. doi:10.1093/nar/gkv007
 Scagliola, A., Mainini, F., and Cardaci, S. (2020). The tricarboxylic acid cycle at the crossroad between cancer and immunity. Antioxid. Redox Signal. 32 (12), 834–852. doi:10.1089/ars.2019.7974
 Shalapour, S., and Karin, M. (2021). The neglected brothers come of age: B cells and cancer. Semin. Immunol. 52, 101479. doi:10.1016/j.smim.2021.101479
 Shi, W. K., Li, Y. H., Bai, X. S., and Lin, G. L. (2022). The cell cycle-associated protein CDKN2A may promotes colorectal cancer cell metastasis by inducing epithelial-mesenchymal transition. Front. Oncol. 12, 834235. doi:10.3389/fonc.2022.834235
 Sun, H., Zhang, B., and Li, H. (2020). The roles of frequently mutated genes of pancreatic cancer in regulation of tumor microenvironment. Technol. Cancer Res. Treat. 19, 1533033820920969. doi:10.1177/1533033820920969
 Trozzi, F., Wang, X., and Tao, P. (2021). UMAP as a dimensionality reduction tool for molecular dynamics simulations of biomacromolecules: A comparison study. J. Phys. Chem. B 125 (19), 5022–5034. doi:10.1021/acs.jpcb.1c02081
 Tsvetkov, P., Coy, S., Petrova, B., Dreishpoon, M., Verma, A., Abdusamad, M., et al. (2022). Copper induces cell death by targeting lipoylated TCA cycle proteins. Science 375 (6586), 1254–1261. doi:10.1126/science.abf0529
 Xi, Y., and Xu, P. (2021). Global colorectal cancer burden in 2020 and projections to 2040. Transl. Oncol. 14 (10), 101174. doi:10.1016/j.tranon.2021.101174
 Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS 16 (5), 284–287. doi:10.1089/omi.2011.0118
 Zhang, Z., Bu, L., Luo, J., and Guo, J. (2022). Targeting protein kinases benefits cancer immunotherapy. Biochim. Biophys. Acta. Rev. Cancer 1877 (4), 188738. doi:10.1016/j.bbcan.2022.188738
 Zhong, J., Qin, Y., Yu, P., Xia, W., Gu, B., Qian, X., et al. (2022). The landscape of the tumor-infiltrating immune cell and prognostic nomogram in colorectal cancer. Front. Genet. 13, 891270. doi:10.3389/fgene.2022.891270
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 © 2022 Wu, Dong, Lv and Chang. 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.
OPS/images/fgene-13-984158-g005.gif
' ”ﬁh“u"h"“

777
s






OPS/images/fgene-13-984158-g003.gif
¥

SEiii TEZii FEERE FEEii FEIEE

A )





OPS/images/fgene-13-984158-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Cuproptosis-Related genes in the prognosis of colorectal cancer and their correlation with the tumor microenvironment		Introduction

		Materials and methods		Data source

		Principal component analysis

		Construction and validation of a signature based on cuproptosis-related genes

		Differential expression analysis

		Enrichment analysis

		Investigation of immune-related scores

		Immunohistochemical image source and quantification of immunostaining

		Statistical analysis





		Results		Expression patterns of CRGs in different clinical characteristics of CRC

		Relationship between CRGs and survival in CRC

		Construction of a prognostic signature and nomogram of CRGs in CRC

		Correlation between interstitial cells and risk score-based CRGs





		Discussion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-13-984158-g001.gif





OPS/images/fgene-13-984158-g002.gif
i, "D

+++;%+**+f§f+§ffif+.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





