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The ubiquitin (Ub)–proteasome system (UPS) is an important regulatory component in colorectal cancer (CRC), and the cell cycle is also characterized to play a significant role in CRC. In this present study, we firstly identified UPS-associated differentially expressed genes and all the differentially expressed protein-coding genes in CRC through three differential analyses. UPS-associated genes were also further analyzed via survival analysis. A weighted gene co-expression network analysis (WGCNA) was used to identify the cell cycle-associated genes. We used protein–protein interaction (PPI) network to comprehensively mine the potential mechanism of the UPS–cell cycle regulatory axis. Moreover, we constructed a signature based on UPS-associated genes to predict the overall survival of CRC patients. Our research provides a novel insight view of the UPS and cell cycle system in CRC.
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INTRODUCTION

The ubiquitin (Ub)–proteasome system (UPS) is identified to regulate the cellular protein by ubiquitination modification. Ub is an important component in the UPS. It consists of a 76-amino-acid protein and is usually highly conserved in eukaryotes (Zheng and Shabek, 2017). Among the UPS, three significant enzymes function as enzyme cascade to transmit the Ub to the substrate. The three vital enzymes are identified as the Ub-activating enzyme (E1), the Ub-conjugating enzyme (E2), and the Ub-protein ligase (E3) (Pickart, 2001). The UPS process can be summarized as follows: at first, E1 activates Ub and transmits it to E2 by an adenosine triphosphate-dependent way. Then, E3 mediates the last step by interacting with E2 that is carried with the Ub and recognizing a specific substrate. E3 are usually identified as the most crucial component among the three-enzyme cascade because the interaction between E3 and the substrate is highly specific, and the ubiquitination of the substrate mainly depends on the E3.

The UPS, especially E3, is also proved to contribute a lot in the process of cancers. Dysregulated E3 were widely reported to occur in diverse cancers. For example, HERC3 was reported to mediate the ubiquitination and the degradation of SMAD7 in glioblastoma (Li et al., 2019). RNF6 was indicated to induce the progression of colorectal cancer (CRC) through mediating ubiquitination of TLE3 (Liu et al., 2018). Moreover, E3 can regulate the downstream substrate including many oncogenes and tumor suppressors. P53 was reported to be degraded by the E3 ligase RING1 (Shen et al., 2018). Cancer is featured as an uncontrolled cell proliferation that is also regulated by many cell cycle-related regulators (Williams and Stoeber, 2012; Otto and Sicinski, 2017). These regulators can also be ubiquitination modified and degraded by E3. Thus, the UPS especially E3 may be the key regulators in the proliferation of cancer cells and may also become the therapeutic targets to address the uncontrolled proliferation of cells (Nakayama and Nakayama, 2006).

Colorectal cancer was ranked the top in the aspect of mortality and morbidity among diverse cancer types (Siegel et al., 2020). Given the crucial role of E3 in cancers, it is urgent and necessary to research the UPS in CRC. However, the integrated analysis of UPS or the interaction between UPS and cell cycle-related regulators in CRC is still blank. In this present study, we integrated and analyzed the UPS, especially the E3 ligase in CRC; moreover, we constructed a prognostic signature based on UPS-associated regulators and further depicted the potential interactions between UPS and specific cell cycle-related genes in CRC. We provide a novel insight into the UPS and the latent interaction between cell cycle-associated genes and the UPS in the field of CRC.



MATERIALS AND METHODS


Acquisition and Processing of the Raw Data

The raw microarray data and relevant clinical information of CRC patients that were based on TCGA (The Cancer Genome Atlas) database and the raw microarray data of normal colon samples that were based on the GTEx (Genotype-Tissue Expression) database were downloaded from XENA1. Then, the data from TCGA and data from GTEx were normalized and combined based on the description of the website. The UPS-associated genes were obtained from an article published by Ge et al. (2018). The detailed information of these UPS-associated genes are provided in Supplementary Table 1.



Identification of Differentially Expressed Genes

An analysis differentially expressed genes was conducted three times according to the diverse grouping of samples. The three comparative groups were set as follows: GTEx normal colon samples VS. TCGA CRC-adjacent normal colon samples; TCGA CRC-adjacent normal colon samples VS. TCGA CRC samples; and GTEx normal colon samples combined with TCGA CRC-adjacent normal colon samples VS. TCGA CRC samples. Wilcoxon test was utilized to perform the differential analysis. The selection criterion was set as FDR < 0.05.



Survival Analysis

Survival analysis was performed on the UPS-associated genes based on the expression pattern and clinical information [overall survival (OS) information] from TCGA. The Kaplan–Meier plot was used to visualize the results and the median expression of the relevant gene was set as the cutoff. The log-rank test was used to analyze the results, and a P-value < 0.05 was identified as statistically significant.



Gene Set Enrichment Analysis and Single-Sample Gene Set Enrichment Analysis

A gene set enrichment analysis (GSEA) was used to identify the biological pathways that might play significant roles in the process of CRC. The input reference gene sets were all the protein-coding genes from the intersection of the three differential analyses. A single-sample gene set enrichment analysis (ssGSEA) was conducted to calculate the score for individual samples based on a specific reference.



Weighted Gene Co-Expression Network Analysis

A weighted gene co-expression network analysis (WGCNA) was performed through the R package WGCNA in R based on the relevant instructions (Langfelder and Horvath, 2008). Parameters used in the WGCNA process were set as default. Several cell cycle-related pathways that were statistically significant in GSEA were set as references to calculate the correlation between genes and those pathways. A P-value < 0.05 and a correlation value >0.7 were identified as statistically significant. Before WGCNA, we screened out the differentially expressed and OS-related genes. Firstly, 3 times differential analysis same as previously performed was carried out based on the whole genes, the criterion was set as FDR < 0.05. Then the results were subjected to COX analysis. The criterion was set as P < 0.05 and HR < 1.2 or HR < 0.05.



Construction of Protein–Protein Interaction Network

The protein–protein interaction (PPI) network was drawn based on the STRING2. The input genes were differentially expressed UPS-associated genes obtained from the three differential analyses and the cell cycle-related genes that were obtained from the WGCNA. The PPI network was divided into four parts, each module representing E2 and E3 (E3 adaptor and E3 activity, respectively) and the potential cell cycle-associated substrates. The PPI network was visualized by Cytoscape (3.8.2).



Construction and Internal Validation of a Prognostic Signature Based on Differentially Expressed UPS-Associated Genes

The TCGA patients were randomly divided into two parts at a ratio of 7:3. The 70% of the patients were identified as the internal training set and the 30% of the patients were identified as the internal validation set. A least absolute shrinkage and selection operator (LASSO) analysis was conducted to screen out the variates for further analysis. A multivariate Cox regression analysis was performed to construct the signature. The accuracy of the signature was validated in the internal validation set through the receiver operating characteristic (ROC) curve, risk score analysis, and Kaplan–Meier survival analysis. A P-value < 0.05 was identified as statistically significant.



RESULTS


Differentially Expressed UPS-Associated Genes in CRC

The entire flow of the research is presented in Figure 1. We first identified differentially expressed UPS-associated genes through three differential analyses according to the diverse grouping of the entire patients. We first compared the normal colon samples from GTEx with CRC-adjacent normal samples in TCGA. We then compared the CRC-adjacent normal samples with CRC samples in TCGA. Finally, we combined normal colon samples from GTEx with CRC-adjacent normal samples from TCGA and identified the differentially expressed genes between those samples and CRC samples in TCGA. A heatmap is depicted in Figure 2A. Afterward, we intersected the upregulated genes and the downregulated genes from the three differential analyses, respectively. We got 30 upregulated and 30 downregulated UPS-associated genes, respectively (Figure 2B). The expression landscape of these 60 dysregulated UPS-associated genes in three diverse groups is shown in Figure 2B. The results of the differential analysis when comparing normal colon samples in GTEx plus CRC-adjacent normal samples with CRC samples in TCGA are demonstrated in Table 1. Among these 60 UPS-associated genes, 24 genes were identified as E3. We also used violin plots to depict the expression pattern of 24 E3 in Figure 3. The detailed information of the three differential analyses of the 24 E3 is presented in Supplementary Table 2.


TABLE 1. The results of the differential analysis when comparing normal colon samples in GTEx plus CRC-adjacent normal samples with CRC samples in TCGA.
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FIGURE 1. Flow chart of the entire work.
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FIGURE 2. Differentially expressed ubiquitin (Ub)–proteasome system (UPS)-associated genes in colorectal cancer (CRC). (A) Heatmaps depicting the expression landscape of differentially expressed UPS-associated genes in three comparative groups. (B) Numbers of intersected differentially expressed UPS-associated genes in three comparative groups (left panel) and the expression pattern of 60 differentially expressed UPS-associated genes in three subgroups of datasets (right panel).
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FIGURE 3. The expression pattern of 24 differentially expressed E3 genes in three subgroups of datasets.




Identification of 12 OS-Related Genes From 60 Dysregulated UPS-Associated Genes

Based on the clinical information (OS) in TCGA, we conducted a survival analysis through Kaplan–Meier plots, and the log-rank test was utilized as the analytical method. We identified 12 genes from the 60 dysregulated UPS-associated genes as OS-related genes (statistically significant) (Figure 4). They were BCL6, CCNF, CHAF1B, CORO6, DLG4, HERC3, PAK1IP1, PHF1, POC1A, RNF113A, TRIM2, and UBE2E2.
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FIGURE 4. Kaplan–Meier plots of 12 overall survival-related differentially expressed UPS-associated genes.




Identification of Potential Significant Biological Pathways in the Process of CRC

We identified dysregulated protein-coding genes through three differential analyses. The comparative groups were also set as described in the “Materials and Methods” section. We also intersected the upregulated genes and downregulated genes, respectively. Finally, we obtained 3,332 upregulated genes and 3,635 downregulated genes (Figure 5A). GSEA was performed based on these genes. The result of GSEA indicated that cell cycle might be the significant process during the progression of CRC because MYC_TARGETS, E2F_TARGETS, G2M_CHECKPOINT, and P53_PATHWAY were important regulator during the process of cell cycle (Figure 5B). ssGSEA was also conducted, and the cell cycle-related biological pathways obtained from the GSEA were set as reference.
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FIGURE 5. Identification of latent biological pathways that might mainly be involved in the process of CRC and identification of cell cycle-associated genes. (A) The number of intersected differentially expressed genes among diverse comparative groups. (B) A gene set enrichment analysis (GSEA) of intersected differentially expressed genes among diverse comparative groups. (C) Confirmation of suitable soft-thresholding power to construct a scale-free network. (D) Identification of co-expression models and assignments of the corresponding color. (E) Correlation analysis between modules and relevant parameters.




Identification of Potential Cell Cycle-Associated Substrates

Before WGCNA, we screened out the differentially expressed and OS-related genes as described before. We performed WGCNA as mentioned in MATERIALS AND METHODS. As depicted in Figure 5C, the suitable soft threshold (power) was set as eight. Through the WGCNA process, we identified six modules, and the cell cycle-related biological pathways obtained from the GSEA based on the all dysregulated protein-coding genes were set as reference. Then, MEbrown was identified as the most correlated module with cell cycle-related pathways. There are a total of 97 genes in MEbrown and they were identified as potential cell cycle-associated substrates (Figures 5D,E).



Identification of the PPI Network

Based on the dysregulated 60 UPS-associated and the potential cell cycle-associated substrates obtained from WGCNA, we conducted the construction of the PPI network. The entire network is shown in Figure 6, and the details of the network are demonstrated in Supplementary Table 3. We divided the entire network into four modules as dysregulated E2, dysregulated E3 adaptor, dysregulated E3 activity, and potential cell cycle-associated substrates. Detailed information of genes involved in the PPI is shown in Supplementary Table 4.
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FIGURE 6. Protein–protein interaction network of UPS and potential cell cycle-associated substrates.




Construction of the Prognostic Signature Based on 60 Dysregulated UPS-Associated Genes

We randomly divided the entire TCGA CRC patients into two parts at a ratio of 7:3; moreover, LASSO and multivariate cox regression analyses were performed to construct the signature based on the 70% of patients. The results of the univariate Cox analysis based on 60 differentially expressed UPS-associated genes are presented in Table 2. The efficiency was evaluated through a risk score analysis, Kaplan–Meier survival analysis, and ROC. The efficiency was also validated in the 30% of the patients through equivalent methods (Figures 7A–C). The formula was risk score = exp of CCNF × (−0.545) + exp of ZBTB18 × (−0.502) + exp of RNF113A × 0.687 + exp of CHD3 × 0.347 + exp of PHF1 × 0.401 + exp of BCL6 × 0.368 + exp of ZBTB16 × (−1.216) + exp of SKP1 × (−0.588). Then, the cutoff between high risk and low risk was 1.282. The areas under the curve (AUC) of ROC at 1, 3, and 5 years in the internal training set were 0.715, 0.71, and 0.805, respectively. The AUC of ROC at 1, 3, and 5 years in the internal test set were 0.715, 0.621, and 0.655, respectively. In the entire TCGA dataset, the AUC of ROC at 1, 3, and 5 years were 0.713, 0.677, and 0.757, respectively.


TABLE 2. The results of univariate Cox analysis based on 60 differentially expressed UPS-associated genes.
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FIGURE 7. Construction of the overall survival prognostic signature based on 60 differentially expressed UPS-associated genes in CRC. (A) Results of the least absolute shrinkage and selection operator (LASSO) analysis. (B) Risk score analysis of the signature in the internal training dataset. (C) Kaplan–Meier plots and area under the curve (AUC) of receiver operating characteristic (ROC) curve in the internal training, internal test, and entire dataset.




DISCUSSION

Colorectal cancer is identified as one digestive system cancer type that has high morbidity and mortality (Siegel et al., 2020). Although the treatment of CRC progresses a lot during recent years, the potential regulatory mechanism of CRC is not clearly elucidated yet. The cell cycle is a crucial component in biological development. The cell cycle can be summarized into four phases: in the S phase, DNA replication is frequent; in the M phase, a single cell can divide into two daughter cells. There are also two gap phases between S and M, which can be characterized as G1 and G2. It is widely recognized that G1 is a phase in which a cell can be sensitive to stimulation of growth. G2 is the phase after S and specific for cell entering mitosis. Moreover, cancer is characterized as uncontrolled cell proliferation (Kastan and Bartek, 2004; Massagué, 2004). Uncontrolled cancer cell proliferation is also commonly observed in CRC. Zhang Z. et al. (2018) found that miR-1258 could regulate the CRC cell proliferation via regulating the cell cycle. Moreover, there was also a prognostic signature based on cell cycle specific in colon cancer (Zhang et al., 2020a). These studies implied that the cell cycle also has a significant function in the process of CRC. However, the detailed mechanism of the regulation of the cell cycle in CRC is not clear until now, and according to the vital role of the cell cycle in CRC, it is urgent to demonstrate the potential regulatory mechanism of the cell cycle in CRC.

The Ub–UPS is proved to be involved in the regulation of the process of many cancers. It can be summarized into many regulatory mechanisms. Firstly, the proteins that are involved in the UPS can be oncogenes or tumor suppressors. For instance, HERC3 was reported to be a tumor suppressor via regulating SMAD7 in glioblastoma (Li et al., 2019). RNF6 was reported to induce the progression of CRC through mediating ubiquitination of TLE3 (Liu et al., 2018). Secondly, many oncogenes or tumor suppressors can be regulated by E3, and P53 was indicated to be degraded by the E3 ligase RING1 (Shen et al., 2018). Given the important role of UPS in cancer, it is also urgent to comprehensively analyze the regulatory mechanism of UPS in CRC.

Given the important role of cell cycle and UPS in CRC, we comprehensively analyzed differentially expressed UPS-associated genes in CRC through three differential analyses. Moreover, we discovered that the cell cycle is one of the most important biological processes in the progression of CRC. We also used WGCNA to identify some cell cycle-associated genes that are specific in CRC. Furthermore, we used the differentially expressed UPS-associated genes and cell cycle-associated genes to construct the PPI network. Afterward, we used UPS-associated genes to construct the OS prognostic signature in CRC with relative considerable AUC.

Among the UPS, E3 ligase is undoubtedly the most important component because the interaction between E3 and the substrate is highly specific, and the ubiquitination of the substrate mainly depends on the E3. In this research, we found a total of 60 differentially expressed UPS-associated genes, among them, 24 genes were identified as E3 ligases. Among these 24 differentially expressed E3 ligases, many were proved to have relevant regulatory roles in the process of CRC. For example, AURKA was upregulated by ARID3 in CRC (Tang et al., 2020). CBX4 was reported to involve in the process of long non-coding RNA RAMS11 regulating the metastasis of CRC (Silva-Fisher et al., 2020). ASB8 was reported to be controlled by miR-452 in CRC cells (Mo and Chae, 2021). FBXO45 could be regulated by RP11 through the Siah1-Fbxo45/Zeb1 axis (Wu et al., 2019). TRIM27 was also reported to be an oncogene in CRC (Zhang Y. et al., 2018). Previous researches also confirmed that our analysis was reliable. Combing the results of survival analysis and the results of differential analysis, we found that HERC3 is an E3 ligase that owns the same trend of survival analysis and differential analysis, indicating the potential research value of HERC3 in CRC.

Through three differential analyses, we identified 3,323 upregulated genes and 3,635 downregulated genes in CRC. GSEA indicated that the cell cycle is an important component in CRC. Via WGCNA, we also identified cell cycle-associated genes specific in CRC. Moreover, the PPI network based on UPS-associated genes and cell cycle-associated genes provided many latent research orientations for the mechanism of uncontrolled cell proliferation in CRC.

Finally, we constructed an OS-associated signature based on the 60 differentially expressed UPS-associated genes. However, the signature still lacks enough validation, and this limitation is also a novel research direction for us. Compared with other signatures in CRC, our signature can predict the prognosis in colon cancer and rectal cancer with a considerate AUC; other signatures mainly focus on one cancer type only (colon cancer or rectal cancer) (Zhang et al., 2020a,b,c,d, 2021). Among these genes involved in the signature, some of them were previously reported to perform latent jobs in the progression of cancer. ZBTB18 was reported to be upregulated by circTP63 and further promote hepatocellular carcinoma progression (Wang and Che, 2021). RNF113A was revealed to promote the proliferation, migration, and invasion in esophageal squamous cell carcinoma (Wang et al., 2018). SKP1 was demonstrated to be involved in an axis to promote bladder cancer proliferation and is controlled by circGLIS3 (Wu et al., 2021).

In conclusion, we used bioinformatic analysis to reveal the potential regulatory mechanism between UPS-associated genes and potential cell cycle-related substrates specific in CRC. Besides, we constructed a prognostic signature based on the UPS-associated genes. Our research provides a novel insight of the UPS and cell cycle system in CRC.



DATA AVAILABILITY STATEMENT

The raw microarray data and relevant clinical information of CRC patients that were based on TCGA (The Cancer Genome Atlas) database, and raw microarray data of normal colon samples that were based on GTEx (The Genotype-Tissue Expression) database were downloaded from XENA (http://xena.ucsc.edu/).



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the data was obtained from TCGA and GTEx database. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

ZZ, JX, and LR designed and conducted the study. ZZ and QF wrote the manuscript. JC and WT helped to improve and design the study. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.653528/full#supplementary-material

Supplementary Table 1 | Detailed information of UPS-associated genes.

Supplementary Table 2 | Detailed information of three differential analyses of the 24 E3.

Supplementary Table 3 | Detailed interactions in the PPI network.

Supplementary Table 4 | Detailed information of genes involved in the PPI.


FOOTNOTES

1http://xena.ucsc.edu/

2https://string-db.org/


REFERENCES

Ge, Z., Leighton, J. S., Wang, Y., Peng, X., Chen, Z., Chen, H., et al. (2018). Integrated genomic analysis of the ubiquitin pathway across cancer types. Cell Rep. 23, 213.e–226.e. doi: 10.1016/j.celrep.2018.03.047

Kastan, M. B., and Bartek, J. (2004). Cell-cycle checkpoints and cancer. Nature 432, 316–323. doi: 10.1038/nature03097

Langfelder, P., and Horvath, S. (2008). WGCNA: an R package for weighted correlation network analysis. BMC Bioinform. 9:559. doi: 10.1186/1471-2105-9-559

Li, H., Li, J., Chen, L., Qi, S., Yu, S., Weng, Z., et al. (2019). HERC3-mediated SMAD7 ubiquitination degradation promotes autophagy-induced EMT and chemoresistance in glioblastoma. Clin. Cancer Res. 25, 3602–3616. doi: 10.1158/1078-0432.CCR-18-3791

Liu, L., Zhang, Y., Wong, C. C., Zhang, J., Dong, Y., Li, X., et al. (2018). RNF6 promotes colorectal cancer by activating the Wnt/β-Catenin pathway via ubiquitination of TLE3. Cancer Res. 78, 1958–1971. doi: 10.1158/0008-5472.can-17-2683

Massagué, J. (2004). G1 cell-cycle control and cancer. Nature 432, 298–306. doi: 10.1038/nature03094

Mo, J. S., and Chae, S. C. (2021). MicroRNA 452 regulates ASB8, NOL8, and CDR2 expression in colorectal cancer cells. Genes Genomics 43, 33–41. doi: 10.1007/s13258-020-01016-5

Nakayama, K. I., and Nakayama, K. (2006). Ubiquitin ligases: cell-cycle control and cancer. Nat. Rev. Cancer 6, 369–381. doi: 10.1038/nrc1881

Otto, T., and Sicinski, P. (2017). Cell cycle proteins as promising targets in cancer therapy. Nat. Rev. Cancer 17, 93–115. doi: 10.1038/nrc.2016.138

Pickart, C. M. (2001). Mechanisms underlying ubiquitination. Annu. Rev. Biochem. 70, 503–533. doi: 10.1146/annurev.biochem.70.1.503

Shen, J., Li, P., Shao, X., Yang, Y., Liu, X., Feng, M., et al. (2018). The E3 ligase RING1 targets p53 for degradation and promotes cancer cell proliferation and survival. Cancer Res. 78, 359–371. doi: 10.1158/0008-5472.CAN-17-1805

Siegel, R. L., Miller, K. D., Goding Sauer, A., Fedewa, S. A., Butterly, L. F., Anderson, J. C., et al. (2020). Colorectal cancer statistics, 2020. CA: Cancer J. Clin. 70, 145–164. doi: 10.3322/caac.21601

Silva-Fisher, J. M., Dang, H. X., White, N. M., Strand, M. S., Krasnick, B. A., Rozycki, E. B., et al. (2020). Long non-coding RNA RAMS11 promotes metastatic colorectal cancer progression. Nat. Commun. 11:2156. doi: 10.1038/s41467-020-15547-8

Tang, J., Yang, L., Li, Y., Ning, X., Chaulagain, A., Wang, T., et al. (2020). ARID3A promotes the development of colorectal cancer by upregulating AURKA. Carcinogenesis [Online ahead of print] doi: 10.1093/carcin/bgaa118

Wang, J., and Che, J. (2021). CircTP63 promotes hepatocellular carcinoma progression by sponging miR-155-5p and upregulating ZBTB18. Cancer Cell Int. 21:156. doi: 10.1186/s12935-021-01753-x

Wang, L., Hou, Z., Hasim, A., Abuduerheman, A., Zhang, H., Niyaz, M., et al. (2018). RNF113A promotes the proliferation, migration and invasion, and is associated with a poor prognosis of esophageal squamous cell carcinoma. Int. J. Oncol. 52, 861–871. doi: 10.3892/ijo.2018.4253

Williams, G. H., and Stoeber, K. (2012). The cell cycle and cancer. J. Pathol. 226, 352–364. doi: 10.1002/path.3022

Wu, S., Yang, J., Xu, H., Wang, X., Zhang, R., Lu, W., et al. (2021). Circular RNA circGLIS3 promotes bladder cancer proliferation via the miR-1273f/SKP1/Cyclin D1 axis. Cell Biol. Toxicol. [Online ahead of print] doi: 10.1007/s10565-021-09591-3

Wu, Y., Yang, X., Chen, Z., Tian, L., Jiang, G., Chen, F., et al. (2019). m(6)A-induced lncRNA RP11 triggers the dissemination of colorectal cancer cells via upregulation of Zeb1. Mol. Cancer 18:87. doi: 10.1186/s12943-019-1014-2

Zhang, Y., Feng, Y., Ji, D., Wang, Q., Qian, W., Wang, S., et al. (2018). TRIM27 functions as an oncogene by activating epithelial-mesenchymal transition and p-AKT in colorectal cancer. Int. J. Oncol. 53, 620–632. doi: 10.3892/ijo.2018.4408

Zhang, Z., Chen, J., Zhu, S., Zhu, D., Xu, J., and He, G. (2020a). Construction and validation of a cell cycle-related robust prognostic signature in colon cancer. Front. Cell Dev. Biol. 8:611222. doi: 10.3389/fcell.2020.611222

Zhang, Z., Feng, Q., Jia, C., Zheng, P., Lv, Y., Mao, Y., et al. (2020b). Analysis of relapse-associated alternative mRNA splicing and construction of a prognostic signature predicting relapse in I-III colon cancer. Genomics 112, 4032–4040. doi: 10.1016/j.ygeno.2020.07.002

Zhang, Z., He, G., Feng, Q., Zheng, P., Lv, Y., Mao, Y., et al. (2020c). Analysis of tumor microenvironment-related key mRNAs and construction of a prognosis signature in colon cancer. Clin. Transl. Med. 10:e104. doi: 10.1002/ctm2.104

Zhang, Z., Ji, M., Lv, Y., Feng, Q., Zheng, P., Mao, Y., et al. (2020d). A signature predicting relapse based on integrated analysis on relapse-associated alternative mRNA splicing in I-III rectal cancer. Genomics 112, 3274–3283. doi: 10.1016/j.ygeno.2020.06.021

Zhang, Z., Li, J., Huang, Y., Peng, W., Qian, W., Gu, J., et al. (2018). Upregulated miR-1258 regulates cell cycle and inhibits cell proliferation by directly targeting E2F8 in CRC. Cell Proliferation 51:e12505. doi: 10.1111/cpr.12505

Zhang, Z., Wu, Q., Zhu, D., He, G., Feng, Q., and Xu, J. (2021). Tumor microenvironment derived signature predicting relapse-free survival in I-III cancer and preliminary experiment verification. Int. Immunopharmacol. 91:107243. doi: 10.1016/j.intimp.2020.107243

Zheng, N., and Shabek, N. (2017). Ubiquitin ligases: structure, function, and regulation. Annu. Rev. Biochem. 86, 129–157. doi: 10.1146/annurev-biochem-060815-014922


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

Copyright © 2021 Zhang, Chen, Tang, Feng, Xu and Ren. 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/fcell-09-653528-g001.jpg
Data acquisition: GTEx, TCGA databse

3 times differential analysis

GTEx vs TCGA normal TCGA normal vs TCGA tumor GTEx+TCGA normal vs TCGA tumor

Intersection of the results of 3 times
differential analysis

GSEA, ssGSEA

|dentification of cell cycle-associated
genes based on WGCNA

Extraction UPS-associated genes

i

[1 -E2-E3-substrates network

Survival analysis

Extraction E3

Construction and validation of the
prognositic signature






OPS/images/fcell-09-653528-g003.jpg
&

&
Datasets

&
Datasets

>
&
&
Datasets

>
&
&
Datasets

>
&
o
Datasets

e,

&
&

&
Datasets

6L4did Jo Uoissaidxg

%, “,
2
o
%, 2 .\o&\
“
0,8 oo
s I %
%
Xo %
-, "
“ %,
i 3
%, & .
%, & .
%3 .
4
%
Yo
I
“

Datasets

>
&
&

<
Datasets

[

Datasets

Datasets

nx.ma Jo uoissaidxg

“,
H 2
» ;
°
L v«o ! i v«o
° ZNINL Jo :wmmmmaxw z °
éf\ e&»\
§ 2
i 8
4, .
& s
%5 o
I -§ |+
R < [+,

S
&
&

>
o"@?
Datasets

qmm:uo uoissaidx3

>
@6@
Datasets

&
&

2
]
@
kd
©
[=]

>
&
&
Datasets

<m LLANY JO co_mmEnnm

J_m.w._h_ 0 :oﬁmm._axmz





OPS/images/fcell-09-653528-g002.jpg
Upregulated

} | 11 (|1 POCIA
GTEx VS Normal GTEx and Normal VS Tumor
|| H WHH’\HHV IR IH‘H Il HH\H l, }HHW\ (Il H‘ ’l I oy
\ i | 1l ‘ 111 |‘\ CHAF1B
| ‘ ‘ M i A

\‘ ‘
il @MJ T 7 W,
{ ‘ Wit ﬂ‘ Jl \"I\ IHH\“[J IJ‘lll“[‘l;\[:“I“,
| Iillrfhﬁﬂil.il,.;||ll,i ‘!.MJ' \”t i M il M“., f Mw Hi ‘ﬂwww

\
i1 ‘h‘ i hHHI\M | W\ \HIH HI I] HI 11\ SPAGw
'

||
)‘” ““ M | l l‘\ lll[\l L ‘.M.&l\ HIH ‘\! ] m Eom

g w.u”;,\.m.wﬂm I mu e
T —
mu i ”a | ol =

v N ‘ “ ” “M ) “ \ ' m n J

DENND3
PDZRN3

»qt

‘HHHI

Normal VS Tumor

Downregulated

GTEx VS Normal GTEx and Normal VS Tumor

UJI || 1] U\I (SRR ARL T HHHI [0 FBXOW

OO0 O

‘fp i
]I‘

\ \ \ | TR|M2

Normal VS Tumor

i | | PAK1IP1
||\I| ‘I‘\ tl ‘ il J' J Il ~ DCUNDS
(r (i \UIH‘ 1 LACL e |\|I\ Ll H\I‘Hl\\wom
M [ Jlii | | H [ |1‘ RNF113A
ULl L[ I | | l I \ IR cexe

287818

8

6

GTEx_normal

normal
tumor





OPS/images/fcell-09-653528-g005.jpg
Upregulated

activated suppressed
GTEx VS Normal GTEx and Normal VS Tumor HALLMARK_MYC_TARGETS_V2 .
HALLMARK_MYC_TARGETS_V1 o
HALLMARK_UNFOLDED_PROTEIN_RESPONSE ®
HALLMARK_E2F_TARGETS ®
HALLMARK_MTORC1_SIGNALING ®
HALLMARK_G2M_CHECKPOINT @
HALLMARK_GLYCOLYSIS ® Count
HALLMARK_P53_PATHWAY @ =«
@ =
Normal VS Tumor HALLMARK_MYOGENESIS [ ]
p.adjust
DOW n reg u I a ted HALLMARK_OXIDATIVE_PHOSPHORYLATION { ® 001
0.02
GTEx VS Normal GTEx and Normal VS Tumor HALLMARK_ESTROGEN_RESPONSE_LATE [ ) -~
HALLMARK_UV_RESPONSE_DN ° 004
HALLMARK_TNFA_SIGNALING_VIA_NFKB [ ]
HALLMARK_ADIPOGENESIS °
HALLMARK_INFLAMMATORY_RESPONSE °
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION °
HALLMARK_KRAS_SIGNALING_UP o
HALLMARK_APICAL_JUNCTION .
04 06 038 04 06 08
Normal VS Tumor GeneRatio
Scale independence Mean connectivity
o . 8 Module-trait relationships
42 e
& 57 o ?
3 3 5
e ° 4
>
a 3
&= | > o _
5 2 < 1
3 S MEblue
{4
= d @ c
3 S
g 10 16 20 =
§ 9 14 3 8
KA 18 = 3
[
o
g MEbrown
% S 4 0.5
] 1 o 5678910 12 14 16 18 20
T T T T T T T T
5 10 15 20 5 10 15 20
Soft Threshold (power) Soft Threshold (power) -0.097 -0.049 -0.1 -0.098 0.033
MEgreen (0.01) 0.2) (0.009) (0.01) (0.4)
D B
Cluster Dendrogram MEturquoise
o
S
R
o
MEyellow
«Q ]
- O
=
2
[}
I ~
g
MEgrey
©
o
o
o
Module colors
&+






OPS/images/fcell-09-653528-g004.jpg
Survival rate

Survival rate

Survival rate

0.0

1.0

0.0

1.0

Survival curve (p=8.092e-04)

—— PHF1 high expression
—— PHF1 low expression

T T T T T T T
0 2 4 6 8 10 12

Time (year)

Survival curve (p=0.012)

—— UBEZ2E2 high expression
. —— UBEZ2E2 low expression

Time (year)

Survival curve (p=0.023)

—— PAK1IP1 high expression
—— PAK1IP1 low expression

Time (year)

Survival rate

Survival rate

Survival rate

0.8

0.0

0.0

1.0

Survival curve (p=0.002)

—— COROSB high expression
CORO®G low expression

T T T T T T T
0 2 4 6 8 10 12

Time (year)

Survival curve (p=0.013)

—— CCNF high expression
—— CCNF low expression

Time (year)

Survival curve (p=0.038)

—— RNF113A high expression
n —— RNF113A low expression

Time (year)

Survival rate

Survival rate

Survival rate

0.8

0.0

1.0

0.0

1.0

Survival curve (p=0.002

—— POC1A high expression
—— POC1A low expression

Time (year)

Survival curve (p=0.015)

—— TRIM2 high expression
—— TRIM2 low expression

Time (year)

Survival curve (p=0.039)

—— HERCS3 high expression
—— HERCS3 low expression

Time (year)

Survival rate

Survival rate

Survival rate

0.0

0.0

1.0

Survival curve (p=0.005)

—— BCLS6 high expression
—— BCL6 low expression

Time (year)

Survival curve (p=0.016)

—— DLG#4 high expression
—— DLG4 low expression

Time (year)

Survival curve (p=0.046)

—— CHAF1B high expression
—— CHAF1B low expression

Time (year)






OPS/images/fcell-09-653528-g007.jpg
o
@ ©
=4
2
o
E=3
@
Q
o
©
=)

Survival probability

Sensitivity (TPR)

;2'/1/_/"7///!»

~Nc————
\

L1 Norm

Train

Strata == high risk == low risk

1
1
1
0251 Log-rank !
p < 0.0001 : - - —t
|
0.00+ I
0 50 100 150
Month
[l 12 month AUC=0.715
[l 36 month AUC=0.71
11160 month AUC=0.805
o!o 012 0!4 0!5 o!s 150

1-Specificity (FPR)

Partial Likelihood Deviance

Survival probability

Sensitivity (TPR)

60 58 58 57 57 56 54 54 49 44 42 42 39 30 22 14 11 7 6 3 2 1
.
eyl
Tel
.
.
.
s
.
.
Lt
.
.
s
®
.
.
.
i .
.
.
.
)
| e
o
.
|
.
.
s
N .
K
T19¢83dddbasetttt?!
T T T T T T
-8 -7 -6 -5 -4 -3
Log(A)

Test

Strata == high risk = low risk

! - i
0251 Log-rank !
p < 0.0001 :
|
0.00+ !
0 25 75 100 125
Month
[l 12 month AUC=0.715
[l 36 month AUC=0.621
1160 month AUC=0.655
T T T T T T
0.0 02 0.4 06 0.8 1.0

1-Specificity (FPR)

Survival probability

Sensitivity (TPR)

[}
— . .
§ + Risk
44 .
e/ ¢ e high
0 @ low
o
5.
0/:'
0 100 200 300 400
150~ 5
—~ .. o K S
%) S .
o ey o,
=
g B
100~ .
£ N st
5 ; . . atus
g ® alive
= © death
®©
=
>
—
=)
(%)

100 200 300 400

Entire set

Strata == high risk = low risk

1
1
1
0zs| Leg-rank : PP
p < 0.0001 :
l
0.001 !
0 0 100 150
Month
[l 12 month AUC=0.713
[l 36 month AUC=0.677
1160 month AUC=0.757
T T T T T T
0.0 0.2 04 06 08 1.0

1-Specificity (FPR)





OPS/images/fcell-09-653528-g006.jpg
U

HQ1

N —HMoXB4

2
= 7,
)
27 7]

N—
\
N

COA7
‘ RY2

A

7
iy
7/ 4y
AN“\W\\\“\N\\\\\V\W 7
7

\\\\' CHCHD4
SR
W

PR180
PRPS2

\

\

; 7 4

227

ﬂ:ANVMl\\\\‘\\\ %
SG%

o
N

7

i/.\

=7

-,

Y i

o

//,’» s
NG

S

< /

Wi

RN3—_

DTX3PDZ

o
=
4
[t

TRIM3





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comprehensive Analysis Reveals the Potential Regulatory Mechanism Between Ub–Proteasome System and Cell Cycle in Colorectal Cancer



		INTRODUCTION



		MATERIALS AND METHODS



		Acquisition and Processing of the Raw Data



		Identification of Differentially Expressed Genes



		Survival Analysis



		Gene Set Enrichment Analysis and Single-Sample Gene Set Enrichment Analysis



		Weighted Gene Co-Expression Network Analysis



		Construction of Protein–Protein Interaction Network



		Construction and Internal Validation of a Prognostic Signature Based on Differentially Expressed UPS-Associated Genes







		RESULTS



		Differentially Expressed UPS-Associated Genes in CRC



		Identification of 12 OS-Related Genes From 60 Dysregulated UPS-Associated Genes



		Identification of Potential Significant Biological Pathways in the Process of CRC



		Identification of Potential Cell Cycle-Associated Substrates



		Identification of the PPI Network



		Construction of the Prognostic Signature Based on 60 Dysregulated UPS-Associated Genes







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Comprehensive Analysis
Reveals the Potential Regulatory
Mechanism Between
Ub—Proteasome System
and Cell Cycle in Colorectal
Cancer





OPS/images/fcell-09-653528-t002.jpg
Gene

PHF1
DLG4
CCNF
BCL6
WDR86
TRIM2
CHD3
CORO6
ZBTB18
UBE2E2
RNF43
DCAF12
DTX3
CHAF1B
POC1A
RNF113A
AURKA
WDR43
SKP1
DCUN1D5
PAK1IP1
RFWD3
PDZRN4
DYNC11
CDC20
HERC3
WDR4
RNF150
EIF3)
UHRF1

HR

1.81
1.64
0.65
1.41
1.93
0.74
1.42
2.54
0.72
1.29
0.85
0.58
1.29
0.72
0.78
1.36
0.79
0.73
0.73
0.76
0.78
0.72
1.28
1.26
0.87
0.76
0.82
1.28
0.84
0.86

OR (95% CI high)

1.32
117
0.48
1.10
1.15
0.58
1.07
117
0.54
1.02
0.73
0.35
1.01
0.52
0.61
0.99
0.60
0.50
0.49
0.54
0.55
0.46
0.89
0.89
0.71
0.50
0.61
0.83
0.62
0.66

OR (95% Cl low)

2.47
2.30
0.88
1.82
3.25
0.94
1.88
5.49
0.95
1.64
0.99
0.96
1.65
1.00
1.00
1.86
1.04
1.08
1.09
1.08
1.09
1.18
1.83
1.78
1.07
1.15
1.1
1.98
1.14
112

P-value

0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.03
0.03
0.03
0.04
0.05
0.05
0.06
0.09
0.11
0.13
0.13
0.14
0.16
0.18
0.19
0.19
0.19
0.20
0.26
0.26
0.27

Gene

SKP2
ASB9
DTL
DENND3
FBXO17
UBE2T
PDZRN3
DTX3L
FBXO9
ASB2
PDLIM2
EML1
UBE2C
RNF128
ENC1
SPAG16
RRP9
CHFR
CBXx4
UBR4
S0CS2
HERCH
WDR34
PRPF19
FBXO32
TRIM3
DMXL2
RABGEF1
ZBTB33
ZBTB16

HR

0.84
0.91
0.85
1.24
112
0.89
1.09
0.89
0.84
1.08
112
1.11
0.94
0.95
0.94
0.94
0.95
1.06
1.06
0.93
0.95
0.94
1.08
1.04
1.02
1.08
1.08
1.04
0.99
1.00

OR (95% CI high)

0.62
0.75
0.62
0.79
0.88
0.69
0.87
0.63
0.50
0.83
0.78
0.79
0.76
0.78
0.71
0.71
0.72
0.77
0.79
0.63
0.68
0.61
0.82
0.71
0.83
0.72
0.72
0.57
0.72
0.54

OR (95% Cl low)

1.14
1.09
117
1.93
1.42
1.16
1.36
1.26
1.41
1.41
1.60
1.65
117
1.16
1.24
1.24
1.25
1.45
1.40
1.39
1.34
1.45
1.30
1.54
1.25
1.49
1.47
1.88
1.36
1.84

P-value

0.27
0.30
0.32
0.34
0.37
0.40
0.47
0.52
0.52
0.55
0.55
0.55
0.59
0.61
0.65
0.67
0.71
0.73
0.73
0.73
0.78
0.79
0.79
0.84
0.85
0.85
0.88
0.90
0.95
0.99







OPS/images/fcell-09-653528-t001.jpg
Gene

DYNC11
BCL6
FBXO17
FBXO32
EML1
DLG4
WDR86
FBXO9
DCAF12
SPAG16
ASB9
DMXL2
SKP1
CORO6
ASB2
WDR34
DENND3
POC1A
CDC20
ZBTB18
PAK1IP1
EIF3I
S0CSs2
RRP9
WDR4
ZBTB33
CHAF1B
ZBTB16
SKP2
CCNF

Category

E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor
E3 adaptor

LogFC

-1.70
—2.33
—1.83
—2.68
—2.14
—1.83
—1.80
—-1.7
1.62
—1.61
1.65
-1.79
—2.85
—3.28
—2.97
1.59
—2.53
2.27
3.56
1.59
1.76
1.68
—2.06
2.25
1.68
1.77
1.59
—2.55
1.89
2.08

P-value

3.18E-99
1.27E-102
1.43E-107
4.24E-112
3.76E-112
1.24E-114
7.74E-115
7.21E-119
1.07E-119
5.64E-122
2.85E-122
6.72E-123
4.00E-123
8.24E-125
3.52E-125
1.04E-125
2.62E-127
1.99E-129
1.29E-135
2.64E-136
3.81E-137
2.69E-137
2.69E-137
8.25E-139
1.03E-139
2.90E-140
1.06E-140
6.16E-141
3.44E-143
9.83E-144

FDR

1.23E-98
5.49E-102
7.14E-107
2.56E-111
2.27E-111
8.21E-114
5.23E-114
5.61E-118
8.55E-119
4.77TE-121
2.44E-121
5.97E-122
3.71E-122
8.45E-124
3.83E-124
1.17E-124
3.26E-126
2.84E-128
2.61E-134
5.75E-135
9.48E-136
7.24E-136
7.24E-136
2.87E-137
3.90E-138
1.20E-138
4.60E-139
3.16E-139
1.87E-141
6.12E-142

Gene

DTL
WDR43
ENCT
RNF150
PDZRN3
TRIM2
UBR4
RNF128
DTX3L
CHD3
DTX3
PDZRN4
PHF1
CHFR
RNF113A
RABGEF1
TRIM3
HERC1
PDLIM2
RNF43
PRPF19
DCUN1D5
UHRF1
HERC3
AURKA
CBX4
RFWD3
UBE2E2
UBE2T
UBE2C

Category

E3 adaptor
E3 adaptor
E3 adaptor
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity
ES activity

E2

E2

E2

LogFC

2.10
1.97
3.31
-1.72
—2.29
1.65
—2.13
3.07
1.68
—1.568
—2.84
—2.40
—1.84
—1.88
1.62
—-1.92
—1.89
-1.99
-3.11
3.66
1.78
1.51
2.09
—1.95
2.92
1.98
1.83
—1.60
2.87
4.27

P-value

1.51E-144
2.88E-148
2.16E-151
4.11E-106
3.46E-109
2.24E-110
4.27E-113
7.13E-116
4.04E-116
2.23E-116
4.37E-121
1.60E-121
8.76E-123
1.61E-124
4.41E-127
7.08E-128
5.51E-128
5.24E-128
1.10E-135
1.07E-136
4.73E-138
2.59E-143
7.16E-144
9.94E-145
2.37E-146
1.54E-146
1.45E-149
1.99E-89
5.37E-144
1.28E-148

FDR

1.20E-142
6.27E-146
1.87E-148
2.00E-105
1.84E-108
1.26E-109
2.64E-112
4.89E-115
2.82E-115
1.68E-115
3.59E-120
1.33E-120
7.70E-122
1.61E-123
5.42E-126
8.94E-127
7.05E-127
6.81E-127
2.29E-134
2.44E-135
1.47E-136
1.50E-141
4.80E-142
8.66E-143
2.58E-144
2.23E-144
6.32E-147
6.14E-89
3.90E-142
3.73E-146









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





