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			ABSTRACT

		

		
			Our previous studies have shown that SET7/9 promotes hepatocellular carcinoma cells proliferation, invasion and migration via post-translational regulation of E2F1. In this study, we comprehensively analyzed the functions and mechanisms of the SET7/9-E2F1 axis using data mining. Data from the UALCAN database showed abnormal expression of both SET7/9 and E2F1 in multiple cancer types. Survival curves and correlation analysis by GEPIA supported the significant roles of SET7/9 and E2F1 in the progression of HCC. Functional enrichment analysis suggested that the SET7/9-E2F1 axis is involved in the regulation of cell cycle, DNA repair and replication, and gene transcription. Our results implicated the potential of SET7/9 in combination with E2F1 as novel therapeutic targets and prognostic biomarkers in hepatocellular carcinoma.
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			Introduction

			Hepatocellular carcinoma (HCC) is a highly aggressive malignancy, which carries a 5-year survival rate of approximately 18% (Siegel et al., 2020). Surgical resection, transplantation, and radiofrequency ablation (RFA) are effective therapies for HCC at early stage (Yu, 2016). Uultrasound (US) and serum α-fetoprotein (AFP) are formally recommended screening and surveillant tools for HCC. However, the sensitivity and specificity of US and AFP can be influenced by several limitations, such as lesion size or different setting of cutoff values (Sauzay et al., 2016). Since most clinical cases are first diagnosed at an advanced stage, patient prognosis is extremely poor and symptomatic management is the only appropriate choice (Kulik and El-Sareg, 2019; Heimbach et al., 2018; Bruix et al., 2016; Colagrande et al., 2016; Chacko et al., 2016). Therefore, continued efforts are needed to improve the survival of HCC through development of new biomarkers.

			Crosstalk between lysine methylation and other posttranslational modifications is crucial for HCC development. As a lysine methyltransferase, SET7/9 plays a prominent role in transcriptional gene regulation and epigenetic inheritance of histone and non-histone proteins (Pradhan et al., 2009). The potential functions of SET7/9 include gene expression regulation and chromatin architecture maintenance. Recent advances in understanding the molecular mechanisms of tumor genesis and progression have suggested that SET7/9 participates in multiple malignant processes in cancer (Si et al., 2020; Akiyama et al., 2016; Shen et al., 2015). Notably, Chen et al. (2016) showed that SET7/9 regulated tumor cell growth, which might be associated with HCC occurrence and progression (Chen et al., 2016). Our previous studies have also demonstrated that the expression levels of SET7/9 and E2F transcription factor 1 (E2F1) were up-regulated in HCC and were correlated with the pathological stage and lesion size in 68 clinical samples from HCC patients (Gu et al., 2018). Overexpression of SET7/9 promoted HCC cells proliferation, invasion and migration via post-translational regulation of E2F1 (Gu et al., 2018). However, there was still little research about the specific impacts of SET7/9 in the cellular regulatory system and relevant molecular mechanisms in HCC. 

			Hence, in this study, we re-evaluated the functions and mechanisms of the SET7/9-E2F1 axis through comprehensive bioinformatics analyses, which may provide potential significance for SET7/9-E2F1 as novel therapeutic target and prognostic biomarker in HCC.

			Materials and methods

			UALCAN

			UALCAN (http://ualcan.path.uab.edu/index.html) is a comprehensive web resource for analyzing cancer genomics data, which provides easy access to The Cancer Genome Atlas (TCGA) and clinical data (Chandrashekar et al., 2017). To detect SET7/9 and E2F1 expression in cancer in more detail, we examined their expression pattern in pan-cancers according to TCGA database. Student t test was used to generate the adjusted p value after FDR (false discovery rate) correction. p < 0.05 was considered as statistically significant.

			GEPIA

			GEPIA (http://gepia.cancer-pku.cn/index.html) is an online analysis tool for easily exploring the TCGA and GTEx (Genotype-Tissue Expression) datasets (Tang et al., 2017). In this study, we analyzed the potential association between expression of SET7/9/E2F1 and patient survival and conducted gene correlation analysis of SET7/9 and E2F1 in HCC. Kaplan-Meier survival curves were used to assess the association between SET7/9 and E2F1 expression and overall survival rate in HCC. All the enrolled samples from HCC patients were categorized into high and low-expressed groups based on the median of SET7/9 and E2F1 expression levels. p < 0.05 was considered as statistically significant.

			cBioPortal

			cBioPortal (http://www.cbioportal.org/) is a web resource for exploring, visualizing, and analyzing multidimensional cancer genomics data, which integrates comprehensive research projects such as TCGA and ICGC and covers more than 28,000 clinical tumor specimens (Gao et al., 2013). A dataset involving 9,896 samples from 32 TCGA pan-cancer studies was used to explore the frequencies of genetic alteration of SET7/9 and E2F1 in various cancer types. Analysis of genetic alterations of SET7/9 and E2F1 in HCC was conducted based on a dataset of 366 TCGA HCC samples. The mRNA expression z scores (RNA Seq V2 RSEM) of both genes were obtained using a threshold of ±2.0.

			 

			STRING

			The STRING database (https://string-db.org/) is a comprehensive and objective global network for collecting, scoring and integrating all publicly available sources of protein-protein interaction (PPI) information, and complementing these with computational predictions (Szklarczyk et al., 2019). In this study, we constructed a full STRING PPI network using SET7/9 and E2F1 as the query proteins. Protein interactors of SET7/9 and E2F1 with medium confidence interaction score (0.400) were presented in the network.

			GeneMANIA

			GeneMANIA (http://www.genemania.org) is an effective tool for in-depth analysis of a set of input genes, including protein and genetic interactions, pathways, co-expression, co-localization and protein domain similarity (Warde-Farley et al., 2010). In this study, we generated a gene network centered on SET7/9 and E2F1 for a better understanding of the functions of genes correlated with SET7/9 and E2F1.

			 

			Metascape

			Metascape (https://metascape.org) is an effective and efficient tool for comprehensively integration of a broad set of biological databases (Zhou et al., 2019). In this study, we used Metascape for further enrichment analyses of SET7/9- and E2F1-correlated neighbor genes identified in the STRING database. GO and KEGG terms with a p value < 0.01, a minimum count of 3, and an enrichment factor > 1.5 were collected and grouped into clusters based on their membership similarities and visualized using Cytoscape. The Molecular Complex Detection (MCODE) plugin implemented in Cytospace was used for clustering analysis to identify highly interconnected nodes in PPI network. Three best-scoring terms were applied to each mCODE component independently.

			LinkedOmics

			The LinkedOmics database (http://www.linkedomics.org/) contains datasets of 32 different cancer types from TCGA (Vasaikar et al., 2018). In this study, a Pearson test was used to analyze the correlation between input genes (SET7/9 and E2F1) and other differentially expressed genes in HCC. Genes showing an absolute value of log FC  > 1 as the cutoff standard and p <0.05 as the statistical significance were considered as differentially expressed genes. The “LinkInterpreter” module was used to further explore the possible kinase, miRNA and transcription factor targets of SET7/9 and E2F1.

			Results

			Expression levels and survival curves of SET7/9 and E2F1 in HCC patients

			We first explored the abnormal expression of SET7/9 and E2F1 in tumors and normal tissues using UALCAN. SET7/9 was found to significantly up-regulated in colon adenocarcinoma, kidney renal clear cell carcinoma, liver hepatocellular carcinoma, and lung adenocarcinoma, and down-regulated in bladder urothelial carcinoma, breast invasive carcinoma, cervical squamous cell carcinoma, rectum adenocarcinoma, and uterine corpus endometrial carcinoma. Meanwhile, E2F1 was significantly up-regulated in almost all the cancer types except for glioblastoma multiforme, prostate adenocarcinoma, pheochromocytoma and paraganglioma, sarcoma, skin cutaneous melanoma, and thymoma, in which higher E2F1 expression in tumor tissues was also detected (Fig. 1A). Consistent with our previous studies (Gu et al., 2018), the transcriptional levels of SET7/9 (p = 1.16E-2) and E2F1 (p = 1.62E-12) in HCC tissues were both significantly elevated (Fig. 1B). In addition, the expression level of E2F1 was positively correlated with HCC progression in terms of nodal metastasis and tumor grade with statistical significance (Fig. 1C).

			We then assessed the effects of high- and low-expression of SET7/9 and E2F1 on disease-free survival and overall survival of HCC patients with GEPIA (Fig. 1B, C). As expected, HCC patients with low transcriptional levels of SET7/9 (p = 0.013) and E2F1 (p = 0.018) were associated with longer disease-free survival (Fig. 2A). Despite that the transcriptional level of SET7/9 (p= 0.56) was not significantly associated with overall survival, the overall trend of SET7/9-related survival curve was similar with E2F1-related survival curve (p = 0.035) (Fig. 2B). These data suggest that aberrant expressions of SET7/9 and E2F1 may play critical roles in the progression of HCC.
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			Fig. 1. Expression analyses of SET7/9 and E2F1 in tumor and normal tissues. (A) The transcriptional levels of SET7/9 and E2F1 in tumor and normal tissues of different cancer types. (B) The transcriptional levels of SET7/9 and E2F1 in HCC tumor and normal tissues. (C) Correlation between the expression level of E2F1 and tumor grade and metastasis status of clinical HCC samples. The asterisks on each bar in the right panel indicate the statistical significance between samples with different levels of tumor grade and normal sample. *p<0.05, **p<0.01. ***p<0.001.

			Genetic alternations of SET7/9 and E2F1 in HCC

			Given the significantly differential expression pattern of SET7/9 and E2F1 in HCC, we also analyzed the genetic alterations of SET7/9 and E2F1 using the cBioPortal database. The frequencies of genetic alteration were firstly explored based on a large patient cohort of 9,896 clinical samples with different cancer types. The alteration frequencies of SET7/9 and E2F1 ranged from 0.53% (acute myeloid leukemia) to 12.57% (uterine corpus endometrial carcinoma) in various cancer types. Generally, genetic mutation, gene amplification and deletion were most frequently occurred forms of genetic alteration, while structural variation was detected in brain lower grade glioma, prostate adenocarcinoma, and sarcoma (Fig. 3A). Next, changes in genetic feature of SET7/9 and E2F1 were specifically examined based on a dataset of 366 TCGA HCC samples. Genetic alteration of SET7/9 was detect in 18 cases (4.92%), including amplification in one case (0.27%), deep deletion in one case (0.27%), multiple alterations in one case (0.27%), mRNA up-regulation in nine cases (2.46%) and mRNA down-regulation in six cases (1.64%). By comparison, genetic alteration of E2F1 was detect in 17 cases (4.64%), including genetic mutation in three cases (0.82%), amplification in three cases (0.82%), and mRNA up-regulation in 11 cases (3.01%) (Fig. 3B).
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			Fig. 2. The disease-free survival curve (A) and overall survival curve (B) of SET7/9 and E2F1 in HCC. The number of samples from high-expression group and low-expression group and the relevant p values were indicated on the right corner of each panel.

			Co-expression pattern and interactive network of SET7/9 and E2F1 in HCC 

			Since our genetic alteration analysis indicated that change in mRNA expression was the most frequently-occurred genetic alteration form for both SET7/9 and E2F1 in HCC, we then analyzed the correlation of mRNA expression between SET7/9 and E2F1. A significant positive correlation between SET7/9 and E2F1 mRNA was detected in clinical samples of HCC (p = 0.0003, r = 0.16; Fig. 4A). To explore the potential protein partners and co-regulators of SET7/9 and E2F1, network analyses centered on SET7/9 and E2F1 were performed with the[image: ]

			 

			Fig. 3. Genetic alteration of SET7/9 and E2F1. (A) Genetic alteration frequencies and alteration forms of SET7/9 and E2F1 detected in 9,896 clinical samples from 32 TCGA PanCancer Atlas Studies of different cancer types available from cBioPortal. (B) Genetic alteration and aberrant mRNA expression of SET7/9 and E2F1 in detected in a study involving 366 clinical samples of HCC. CNA, copy number aberration.

			STRING and GeneMANIA tools (Fig. 4B, C). SET7/9 and E2F1 were proved to interact and co-express with each other in the PPI and gene networks from both STRING and GeneMANIA (Fig. 4B, C). The PPI network obtained from STRING database showed ten most important proteins directly interact with or co-expressed with SET7/9 and E2F1. Among the ten proteins, RB1, TBP, TP53, and HDAC1 are direct interactors and co-expressers of both SET7/9 and E2F1 (Fig. 4B). Using GeneMANIA database, 20 most important genes/proteins directly interact with, genetically interact with, co-expressed with, or involved in the same pathway with SET7/9 and E2F1 were detected (Fig. 4C). After combining the results of STRING and GeneMANIA, we identified 13 targets (HDAC1, CCNE1, RB1, DDB2, RBL1, TAF10, E2F2, E2F3, E2F4, TFDP1, TFDP2, DNMT1, SP1) co-expressed with both SET7/9 and E2F1 at either the protein or mRNA level and 14 proteins (HDAC1, TBP, RB1, BBC3, NDN, RBL1, E2F3, E2F4, TFDP1, TFDP2, TP53, DNMT1, FOXO3, SP1) that directly interact with both SET7/9 and E2F1 (Fig. 4D). Most of the identified gene/proteins targets related with SET7/9 and E2F1 were involved in transcriptional regulation, cell cycle transition, and cell apoptotic signaling pathways (Fig. 4C). In addition, the significant correlated expression patterns of SET7/9 and E2F1 with CCNE1, FOXO3, RB1, TFDP1, TFDP2, SP1, RBL1, HDAC1, E2F3, E2F4, DNMT1, and DDB1 at the mRNA level were verified in a TCGA RNAseq study involving 371 clinical samples of HCC. Among these genes, RBL1, E2F3, SP1, RB1, and FOXO3 showed the most-significant correlation with SET7/9, while RBL1, E2F1, TFDP1, CCNE1, and DNMT1 showed the most-significant correlation with E2F1 (Fig. 4E, Supplementary Fig. S2). The co-expression patterns in other cancer types were also largely in consistent to those observed in HCC (Fig. 4E).
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			Fig. 4. Co-expression and PPI network of SET7/9 and E2F1. (A) Correlation between SET7/9 and E2F1 mRNA expression levels in HCC. (B) Full STRING PPI network of SET7/9 and E2F1 based on the STRING database. The known interactors, predicted interactors as well as co-expressed functional partners of SET7/9 and E2F1 were shown. The colored lines linking two protein pairs indicate the type of protein-protein association. Blue, known interaction from curated databases; Purple, known interactions determined by experiment; Green, predicted interaction by gene neighborhood analysis; Black, co-expression. (C) Gene network of SET7/9 and E2F1 obtained from the GeneMANIA portal. The node colors indicate function of correlated genes/proteins and line colors indicate the type of protein-protein association. (D) Venn diagrams showing the intersection of proteins co-expressed with SET7/9 and E2F1 (upper panel) or physically interacted with SET7/9 and E2F1 (bottom panel) based on the results of network analyses using STRING and GeneMANIA. (E) Correlations between SET7/9 (upper panel) and E2F1 (bottom panel) with co-expressed genes in various cancer types. The heatmaps are presented according to the purity-adjusted partial spearman’s rho value as the degree of correlation.

			Functional enrichment analyses

			We next sought to further examine the functions of SET7/9- and E2F1-neighboring genes and explore the genetic pathways they participate in. All the differential expressing genes in 371 HCC tumor samples available from the TCGA database were screened to detect genes showing a significantly positive or negative relationship with SET7/9 or E2F1 in mRNA expression levels. A total of 12,041 differentially expressed genes correlated with SET7/9 (5,619 positively correlated and 6,422 negatively correlated genes) and 9,721 differentially expressed genes correlated with E2F1 (5,782 positively correlated and 3,939 negatively correlated genes) were identified (Fig. 5A). In consistent with network analysis, most of the co-expressed genes of SET7/9 and E2F1 identified in the STRING and GeneMANIA databases were among the positively correlated gene list of SET7/9 (RBL1, SP1, RB1, FOXO3, E2F4, HDAC1, CCNE1) and E2F1 (TFDP1, TFDP2, SP1, RBL1, RB1, HDAC1, E2F4, E2F3, DNMT1, CCNE1). Gene Set Enrichment Analysis (GSEA) showed that genes positively correlated with SET7/9 were mainly enriched in the KEGG pathways of complement and coagulation cascades and chemical carcinogenesis, and in Gene Ontology (GO) terms of micro-body (cellular component), small molecule catabolic process (biological process), and lipid transporter activity and co-factor binding (molecular function) (Fig. 5B, Supplementary Fig. S1). Genes positively correlated with E2F1 were mainly enriched in KEGG pathway of cell cycle regulation and GO terms of chromosomal region (cellular component), catalytic activity on DNA (molecular function), and chromosome segregation and mitotic cell cycle phase transition (biological process) (Fig. 5B, Supplementary Fig. S1).

			[image: ]

			 

			Fig. 5. Enrichment analysis of SET7/9- and E2F1-correlated genes in HCC. (A) Genes positively (red) and negatively (green) correlated with SET7/9 and E2F1 in HCC identified by Spearman’s Correlation test of TCGA RNAseq data of 371 patients. (B) Top enriched KEGG pathways of SET7/9- and E2F1-correlated genes based on Gene Set Enrichment Analysis (GSEA). KEGG terms of positively and negatively correlated genes of SET7/9 and E2F1 are shown by blue and yellow bars, respectively.
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			Fig. 6. Enrichment analysis of SET7/9- and E2F1-correlated proteins in PPI network. (A) The cnetplot of KEGG and GO analysis of SET7/9- and E2F1-correlated proteins. The functional terms and relative q values of each node were shown in the left and right panel. (B) Top 20 enriched terms of proteins in the PPI network. (C) Clustering analysis using Cytospace-mCODE. The overall PPI network colored by different cluster and three clustered PPI networks were shown in the left and right panel. Red, proteins clustered to mCODE_1. Blue, protein clustered to mCODE_2. Green, proteins clustered to mCODE_3.

			Meanwhile, all the identified genes and proteins in the PPI and gene networks of SET7/9 and E2F1 from STRING and GeneMANIA databases were submitted to Metaspace for functional enrichment analyses (Supplementary Table SI). Our results showed that SET7/9- and E2F1-correlated gene and protein sets were significantly enriched in 85 KEGG pathways, 370 GO biological process terms, 39 GO cellular components terms, and 36 GO molecular function terms (Supplementary Table SII). Cell cycle, cellular response to DNA damage stimulus, and transcription regulator complex were the top listed KEGG pathways and GO terms (Fig. 6A, B). Clustering analysis was performed using Cytoscape-MCODE, which revealed three densely interconnected gene clusters based on the number of direct interactions and connectivity of proteins in the network. Cluster mCODE_1 has shown dense interactions with 19 proteins and 194 functional interactions. Whereas the mCODE_2 and mCODE_3 clusters include 19 and 10 proteins with 20 and 11 edges, respectively (Fig. 6C). Proteins clustered in mCODE_1 were mainly enriched in cell cycle and DNA repair, proteins clustered in mCODE_2 were mainly enriched in cell cycle and chromosome region, while proteins clustered in mCODE_3 were enriched in DNA replication, DNA replication initiation, and regulation of protein kinase activity (Table I; Fig. 6C).

			Table Ⅰ. Clustering analysis of SET7/9- and E2F1-correlated proteins using Cytospace-mCODE and the enriched GO and KEGG terms.
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							Cell cycle
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							Cell cycle-G1/S transition
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							DNA repair
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							Cell cycle
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							Chromosomal region
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							GO: 0000228

						
							
							Nuclear chromosome
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							mCODE_3

						
							
							GO:0006260

						
							
							DNA replication

						
							
							10.7

						
					

					
							
							GO:0006270

						
							
							DNA replication initiation

						
							
							10.5

						
					

					
							
							GO:0045859

						
							
							Regulation of protein kinase activity
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			Kinase, miRNA and transcription factor targets of SET7/9 and E2F1 in HCC

			We finally explored the possible kinase, miRNA and transcriptional factor targets of SET7/9 and E2F1 in HCC by Linked Omics. Kinases PIM1 and STK4 were the top 2 kinase targets in the SET7/9 kinase-target network, while kinases CDK1 and PLK1 were predicted as the targets of E2F1 kinase-target network (Table II). (TTTGCAC) MIR-19A/MIR-19B and (TGAATGT) MIR-181A/MIR-181B/MIR-181C/MIR-181D, (CTCAAGA) MIR-526B and (ATATGCA) MIR-448 were predicted to be the top two targets in the SET7/9 and E2F1 miRNA-target networks, respectively (Table II). Components of the SET7/9 and E2F1 transcription factor targets were primarily related to FREAC2_01 and E4BP4_01, as well as E2F_Q6 and E2F_Q4 (Table II). 

			Discussion

			HCC is the sixth common cancer and the fourth leading cause of cancer related death worldwide (Siegel et al., 2020). Same as most cancers, the occurrence of HCC is a multi-step process which might include formation of chronic inflammation, hyperplasia and malignant transformation 

			Table II. The Kinase, miRNA and transcription factor targets of SET7/9 and E2F1 in HCC.
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							Leading Edge Num
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							Kinase target

						
							
							SET7/9

						
							
							Kinase_PIM1: Pim-1 proto-oncogene, serine/threonine kinase

						
							
							10

						
							
							0

						
					

					
							
							Kinase_STK4: serine/threonine kinase 4

						
							
							3

						
							
							0.004

						
					

					
							
							E2F1

						
							
							Kinase_CDK1: cyclin dependent kinase 1

						
							
							74

						
							
							0

						
					

					
							
							Kinase_PLK1: polo like kinase 1

						
							
							31

						
							
							0

						
					

					
							
							mRNA target

						
							
							SET7/9

						
							
							TTTGCAC, MIR-19A, MIR-19B

						
							
							184

						
							
							0

						
					

					
							
							TGAATGT, MIR-181A, MIR-181B, MIR-181C, MIR-181D

						
							
							164

						
							
							0
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							CTCAAGA, MIR-526B

						
							
							20

						
							
							0

						
					

					
							
							ATATGCA, MIR-448

						
							
							67

						
							
							0

						
					

					
							
							Transcription factor target

						
							
							SET7/9

						
							
							V$FREAC2_01

						
							
							77

						
							
							0

						
					

					
							
							V$E4BP4_01

						
							
							86

						
							
							0

						
					

					
							
							E2F1

						
							
							V$E2F_Q6

						
							
							72

						
							
							0

						
					

					
							
							V$E2F_Q4

						
							
							71

						
							
							0

						
					

				
			

			*Leading Edge Num, the number of leading edge genes. V$, the annotation found in Molecular Signatures Database (MSigDB) for transcription factor (TF).

			in the end. Abnormal activation of a variety of cell signal transduction pathways has contributed to the development of this long-term period. Recent advances in understanding the molecular mechanisms and signaling pathways underlying carcinogenesis have ushered in a new era of targeted therapies for treatment of HCC (Marquardt et al., 2012; Whittaker et al., 2010). Since the incidence of HCC is often not obvious and early symptoms are not typical, early diagnosis is one of the most important measures to prevent HCC occurrence and improve patient survival. Screening and identification of novel specific molecular markers for HCC using genomic or proteomic technologies based on a large patient cohort combed with bioinformatics analyses has become a priority for the establishment of a more comprehensive and effective molecular typing and stratification system, which may serve as the guidance for clinical diagnosis and targeted treatment of HCC patients. 

			In the past decades, growing evidences have indicated the involvement of SET7/9 in regulation of tumor metastasis, recurrence, as well as tumor cell proliferation and differentiation (Fu et al., 2016; Chen et al., 2016; Shen et al., 2015; Si et al., 2020). Of note, SET7/9 was shown to play different roles in different cancer types, which may be attributed to its multifarious substrates and the diverse biological pathways it participates in (Gu et al., 2018; Ea and Baltimore, 2009). Our previous studies of HCC have preliminarily investigated the expression of SET7/9 in HCC clinical samples and the effects of abnormal SET7/9 expression on the cellular behavior of HCC cells. The results showed that both SET7/9 and E2F1 are up-regulated in HCC and high-expression of SET7/9 in combination with E2F1 has a positive role in promoting the oncogenic processes of HCC (Gu et al., 2018). In consistent with our finding, the function of E2F1 in promoting HCC proliferation has been well recognized recently (Farra et al., 2017; Lin et al., 2019). In addition, E2F1 was found to participate in the oncogenic processes downstream of SET7/9 in both HCC cells, lung adenocarcinoma cells, and osteosarcoma cells (Gu et al., 2018; Lezina et al., 2014), which indicated an important role of the SET7/9-E2F1 axis in cancer development. However, the relevant signaling pathways and molecular partners of the SET7/9-E2F1 axis still remain to be further investigated in order to better understand the inner mechanisms of SET7/9-E2F1 in regulating HCC initiation and progression. 

			In this study, we explored the correlation between expression of SET7/9 and E2F1 and the risk and patient survival of HCC. Transcriptional sequencing data from 371 HCC patient cases from TCGA databases confirmed that expressions of SET7/9 and E2F1 are significantly higher in HCC compared with normal tissues (Fig. 1B), which have been observed in our previous study of 68 HCC tissues samples (Chen et al., 2016). Although significant correlation was only detected between the expression level of E2F1 and tumor progression based on TCGA data (Fig. 1C), several clinical studies have proved the significant correlation between both SET7/9 and E2F1 expression and the pathological stage of HCC tumor at the protein level (Chen et al., 2016; Gu et al., 2018). Meanwhile, the expression level of SET7/9 was significantly associated with disease-free survival (Fig. 2A), which supported a previous study showing a positive correlation between SET7/9 expression and tumor differentiation, tumor metastasis, and recurrence rate of HCC patients (Chen et al., 2016). The expression level of E2F1 was significantly associated with both disease-free survival and overall survival (Fig. 2A, B), which also accorded with results from a clinical study showing a positive correlation between E2F1 expression and HCC intrahepatic metastasis and distant metastasis and a negative correlation between E2F1 expression and overall survival rate of HCC patients (Lin et al., 2019). In addition, a positive correlation was detected between the mRNA expression levels of SET7/9 and E2F1 mRNA (p = 0.0003; Fig. 4A). Together, our results confirmed the synergistic role of SET7/9 and E2F1 in HCC.

			As SET7/9 is a lysine methyltransferase and E2F1 is a transcription factor, they mainly participate in the carcinogenesis process by acting as a coordinator or transcriptional regulator that affects the activation of various downstream molecules involved in different signaling pathway. Subtle changes in SET7/9 or E2F1 expression at either mRNA or protein level may lead to dis-function of the related network that orchestrates tumor cell proliferation, growth, and differentiation. Indeed, genetic alteration analysis showed that aberrant mRNA expression of SET7/9 and E2F1 accounts for the majority of genetic variation forms (Fig. 3). Abnormal amplification, deep deletion, and mutation of both SET7/9 and E2F1 were also detected in HCC samples but with relatively low proportion (Fig. 3). Therefore, we further focused on the PPI and gene networks of SET7/9-E2F1 and characterized the enriched functions of SET7/9- and E2F1-correlated genes/proteins in the networks. Using the STRING database and GeneMANIA prediction server, we identified 15 proteins directly interact with SET7/9 and E2F1 and 13 genes/proteins co-expressed with SET7/9 and E2F1 (Fig. 4B, C). Noteworthy, the close relationship between SET7/9 and E2F1 and many proteins in the networks, such as TP53, CCNE1, RB1, DNMT1, HDAC1, SP1 and FOXO3 have been reported in several cancer types before (Lezina et al., 2014; Ivanov et al., 2007; Liu et al., 2018; López-Nieva et al., 2018; Zou et al., 2012; Tanaka et al., 2015; Shats et al., 2013; Carr et al., 2014; Calnan et al., 2012; Robertson et al., 2000; Montenegro et al., 2016). For example, TP53 is a methylation target of SET7/9 in colorectal cancer (CRC) and osteosarcoma tumor, and a transcriptional target of E2F1 in human T-cell lymphoblastic lymphomas (Ivanov et al., 2007; Liu et al., 2018; López-Nieva et al., 2018). CCNE1 is a downstream responder of the SET7/9-E2F1 axis, which is responsible for cell-cycle regulation of lung cancer cells upon DNA damage and cell proliferation of HCC cancer cells (Gu et al., 2018; Lezina et al., 2014). Some proteins identified in the PPI network tend to act as a reciprocal regulator with SET7/9 or E2F1 instead of a strict downstream regulator of the SET7/9-E2F1 axis. Transcription factors SP1, RB1, and FOXO3 can directly interact with E2F1 to regulate the expression of a series of downstream targets (Zou et al., 2012; Tanaka et al., 2015; Shats et al., 2013). RB1 can be methylated by SET7/9 (Carr et al., 2011, 2014; Munro et al., 2010), which is required for the formation of a chromatin-bound pRb/53BP1 complex on E2F target genes and participation of RB1 in E2F1-dependent cell cycle control and DNA-damage response (Carr et al., 2014). Similarly, methylation of FOXO3 by SET7/9 decreases the stability but increases the transcriptional activity of FOXO3, which may further lead to changes in the E2F1/FOXO transcriptional program by affecting the transcriptional specificity and apoptotic function of E2F1 (Shats et al., 2013; Calnan et al., 2012). Although these SET7/9-E2F1-related pathways have not been reported in HCC, co-expression analyses based on clinical HCC samples also showed that the mRNA expression levels of RBL1, SP1, RB1, FOXO3, E2F4, HDAC1, CCNE1 were significantly correlated with SET7/9 and those of TFDP1, TFDP2, SP1, RBL1, RB1, HDAC1, E2F4, E2F3, DNMT1, CCNE1 were significantly correlated with E2F1 (Fig. 4E; Supplementary Fig. S2). Meanwhile, a great portion of SET7/9 co-expression genes in HCC were enrich in the KEGG pathway of FOXO signaling (Fig. 5B). The results suggested a similar regulatory network in HCC and in other cancer types. Future studies may provide further experimental evidence for the correlation of these proteins with SET7/9 and E2F1 and their involvement in controlling HCC development through the SET7/9-E2F1 pathway. 

			Functional enrichment analysis showed that most proteins related with SET7/9-E2F1 were involved in pathways controlling cell cycle, cellular response to DNA damage stimulus, and transcription regulator complex, which are closely correlated with malignant transformation of tumor cells. Clustering analysis further divided the target gene sets into three categories, each enriched in cell cycle and DNA repair, cell cycle and chromosome region, and DNA replication and protein kinase activity regulation, respectively (Fig. 6; Table I). Noteworthy, in lung cancer, colorectal cancer, and osteosarcoma tumor, SET7/9-catalyzed E2F1 methylation can lead to changes in the stability of E2F1 and the binding ability of E2F1 on its target genes, which serves as an important mechanism regulating the transcription of several E2F1 downstream targets controlling cell apoptosis and proliferation (Gu et al., 2018; Lezina et al., 2014; Carr et al., 2014). Our results are largely consistent with our current understanding on how the SET7/9-E2F1 pathway regulates cellular behavior of tumor cells and affects cancer progression.

			In conclusion, our study confirmed a cancer-promoting role of SET7/9 and E2F1 in HCC, predicted the potential co-regulators of the SET7/9-E2F1 axis and showed the involvement of SET7/9-E2F1-correlated pathway in the regulation of cell cycle, DNA repair and replication, and gene transcription. Our study supported the previous findings that SET7/9 and E2F1 may serve as valuable diagnostic and prognostic markers for HCC (Chen et al., 2016; Huang et al., 2019). Future in vitro and in vivo studies and molecular-level analyses in HCC cells are necessary to validate the bioinformatics predictions, especially the predicted protein co-regulators and kinase/miRNA/transcriptional factor targets of SET7/9-E2F1 based on transcriptome sequencing data and curated databases, which may provide novel insights into the molecular pathogenesis of HCC and the development of systemic therapy for HCC. 
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Our previous studies have shown that SET7/9 promotes hepatocellular carcinoma cells proliferation,
invasion and migration via post-translational regulation of E2F1. In this study, we comprehensively
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analyzed the functions and mechanisms of the SET7/9-E2F1 axis using data mining. Data from the

UALCAN database showed abnormal expression of both SET7/9 and E2F1 in multiple cancer types.
Survival curves and correlation analysis by GEPIA supported the significant roles of SET7/9 and E2F1 in
the progression of HCC. Functional enrichment analysis suggested that the SET7/9-E2F 1 axis is involved
in the regulation of cell cycle, DNA repair and replication, and gene transcription. Our results implicated
the potential of SET7/9 in combination with E2F1 as novel therapeutic targets and prognostic biomarkers

in hepatocellular carcinoma.

logical Society of Pakistan.

This article is an open access 8 article d

INTRODUCTION

epatocellular carcinoma (HCC) is a highly aggressive

malignancy, which carries a 5-year survival rate
of approximately 18% (Siegel et al., 2020). Surgical
resection, transplantation, and radiofrequency ablation
(RFA) are effective therapies for HCC at early stage (Yu,
2016). Uultrasound (US) and serum a-fetoprotein (AFP)
are formally recommended screening and surveillant tools
for HCC. However, the sensitivity and specificity of US
and AFP can be influenced by several limitations, such as
lesion size or different setting of cutoff values (Sauzay et
al., 2016). Since most clinical cases are first diagnosed at
an advanced stage, patient prognosis is extremely poor and
symptomatic management is the only appropriate choice
(Kulik and El-Sareg, 2019; Heimbach ef al., 2018; Bruix
et al., 2016; Colagrande ef al., 2016; Chacko et al., 2016).
Therefore, continued efforts are needed to improve the
survival of HCC through development of new biomarkers.

Crosstalk between lysine methylation and other
posttranslational modifications is crucial for HCC
development. As a lysine methyltransferase, SET7/9
plays a prominent role in transcriptional gene regulation
and epigenetic inheritance of histone and non-histone
proteins (Pradhan et al., 2009). The potential functions
of SET7/9 include gene expression regulation and
chromatin architecture maintenance. Recent advances in
understanding the molecular mechanisms of tumor genesis
and progression have suggested that SET7/9 participates
in multiple malignant processes in cancer (Si ef al., 2020;
Akiyama ef al., 2016; Shen ef al., 2015). Notably, Chen et
al. (2016) showed that SET7/9 regulated tumor cell growth,
which might be associated with HCC occurrence and
progression (Chen ef al., 2016). Our previous studies have
also demonstrated that the expression levels of SET7/9

and E2F transcription factor 1 (E2F1) were up-regulated in
HCC and were correlated with the pathological stage and
lesion size in 68 clinical samples from HCC patients (Gu e?
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