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Background: The E2 factor (E2F) family of transcription factors is dysregulated in numerous cancer types and may play a vital role
in the development of various malignancies. However, to our knowledge, the specific function of each of the E2Fs and their relation to
the disease prognosis of colorectal cancer (CRC) patients remain unknown.
Materials and Methods: We used different publicly available databases and tools, such as ONCOMINE, GEPIA2, UALCAN,
cBioPortal, Kaplan–Meier plotter, Metascape, and TIMER analysis, to do an in silico exploration of the potential roles of E2Fs in
CRC.
Results: In our analyses, we found a downregulation of E2F2 expression and an upregulation of E2F1 and E2F3-8 expression in
CRC tissues compared to normal controls. These findings were consistent with our subgroup analysis using the different clinico-
pathological features of CRC patients. Furthermore, overexpression of E2F3 and E2F4 were significantly correlated with worse
overall survival (OS) in colon cancer patients. Meanwhile, low levels of E2F2 resulted in a shorter OS in rectal cancer patients. The
E2F family members had varying degrees of genetic alterations with the highest alteration rate observed in E2F1 (23%). Interestingly,
a moderate positive express correlation had been found in the following E2F family members: E2F1 with E2F4, E2F2 with E2F7,
E2F2 with E2F8, and E2F7 with E2F8. In addition, spearman analysis revealed that E2Fs have a strong positive correlation with the
critical oncogenes in CRC patients. Lastly, the expression of E2Fs was significantly associated with the infiltration of six immune
cells.
Conclusion: In this study, we found that E2F2, E2F3, and E2F4 have the potential to be novel prognostic biomarkers in CRC. The
role of these E2F family members in disease pathology may be related to their functions in cell cycle regulation, therapeutic resistance,
immune cell infiltration, and epithelia-to-mesenchymal transition. Further studies are required to validate our results; however, our
findings may help provide a foundation for broadening our understanding of CRC pathology.
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Introduction
Colorectal cancer (CRC) is the third most common aggressive cancer (10.2% of the total cases) and the second leading
cause of cancer deaths (9.2% of the total cancer deaths) worldwide.1 In recent years, although CRC screening, diagnosis,
and therapies have made encouraging improvements, disease prognosis remains poor, especially in patients with
advanced stages.2

Genetic information is increasingly becoming a part of patient medical records due to advances in genomics.2,3 This
is further augmented by thousands of gene expression and copy number variation data published online. The availability
of these datasets provides the potential for the development of modern diagnostic methodologies. In contrast, the
sensitivity and specificity of the traditional laboratory tests, such as the use of the classic serum biomarkers remain
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limited.4 It is therefore important to identify new potential reliable genetic biomarkers and therapeutic targets to enhance
the precision of treatments and ultimately improve patient prognosis.

The E2 factors (E2Fs) correspond to a family of transcription factors in higher eukaryotes, which includes eight
subgroups from E2F1 to E2F8.5,6 Some E2Fs have been classified as transcriptional activators, such as E2F1, E2F2, and
E2F3a, while others have been shown to act as transcriptional repressors, such as E2F3b and E2F4-8.7 These factors play
major regulatory roles in cellular proliferation, differentiation, DNA repair, cell cycle, and apoptosis in mammalian
cells.6 Interestingly, the dysregulation of E2Fs has been identified in several human malignancies, including thyroid
cancer,8 breast cancer,9–11 lung cancer,12 hepatocellular carcinoma,6 gastrointestinal cancer,7,13 prostate cancer,14,15 and
ovarian cancer.16 Recent studies have shown that E2Fs not only regulate the normal cell cycle but also participate in
tumor-related metabolic reprogramming and maintenance of the tumor microenvironment, hence playing an important
role in the occurrence and development of tumors. Specifically, E2F1 has been suggested to exhibit a key role in the
metabolic reprogramming of lung cancer-related fibroblasts and contribute to the development and progression of lung
cancer.17 Furthermore, E2F1 has also been suggested to be a major transcriptional activator in renal cell carcinoma.18

However, the specific mechanism of E2Fs in tumor development remains unresolved.7 To the best of our knowledge, no
bioinformatic analyses and reports have been made to identify the roles of E2Fs in CRC. In this study, using a variety of
online tools and large databases, we evaluated the expression, genetic alterations, and clinical relationships of distinct
E2Fs in CRC patients to predict their biological functions and potential prognostic values.

Materials and Methods
No ethics committee approval was required since all the datasets were obtained from online public databases.

ONCOMINE Database
We evaluated the mRNA expression of eight E2F family members in different cancer types and normal samples using
data from the publicly online microarray database and data mining platform, Oncomine 4.5.19 The corresponding cut-
off threshold values and parameters were set at fold change (FC)=2.0, p<0.01, gene rank= top 10%, and data type is
mRNA.

UALCAN
UALCAN20(http://ualcan.path.uab.edu) is an interactive web resource that can be used for various in-depth analyses
using -omics and clinical data from 31 cancer types based on the Cancer Genome Atlas (TCGA). In our report, the colon
adenocarcinoma (COAD) dataset and rectum adenocarcinoma (READ) datasets were selected to analyze. We further
verify the differential expression and methylation patterns of the E2Fs in patients with different CRC subtypes via
UALCAN. A p<0.05 was considered statistically significant.

GEPIA2 Database
Gene Expression Profiling Interactive Analysis 2 (http://gepia2.cancer-pku.cn/, GEPIA2) is a web-based tool that can be
used for comprehensive analyses of the different TCGA RNA-seq and Genotype-Tissue Expression (GTEx) project
data.21 GEPIA2 can provide a series of customized analysis. Subsequently, we used the GEPIA2 to analyze pathological
stage analysis, survival analysis, correlative analysis, and similar gene detection of E2Fs family members. The correla-
tion of non-normally distributed variables was determined using the Spearman correlation test. A p<0.05 was considered
statistically significant.

Kaplan-Meier Plotter
The Kaplan-Meier plotter (www.kmplot.com, K-M) is a tool that can be used to estimate the effect of various genes on
the survival of patients across 21 common cancer types.22 Patients with READ were classified into high and low-
expressing groups based on the median mRNA expression and K-M survival plots were obtained for each group. This
tool was also used to determine hazard ratios, 95% CI values, and p values. A p<0.05 was considered statistically
significant.
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cBioPortal
The cBioPortal Cancer Genomics database (www.cbioportal.org) is an open-access web platform for visualization and
interactive exploration of multidimensional cancer genomics datasets.23 For our analyses, the TCGA-CRC RNA-seq
dataset (TCGA PanCancer Atlas, RNA Seq V2 RSEM with a z-score of threshold ±2.0) was obtained from cBioPortal.
Using this dataset, the relationships between E2Fs gene alterations, overall survival (OS), and disease-free survival
(DFS) in CRC patients were analyzed. In addition, the Spearman correlation analysis was used to determine the
relationship among the different E2F family members.

Metascape
Metascape (http://metascape.org) is a continuously updated web-based portal that is used for gene annotations and
enrichment analyses.24 Using the custom analysis function of this tool, the enrichment of E2F genes with other similar
genes was demonstrated.

TIMER Analysis
Tumor IMmune Estimation Resource (https://cistrome.shinyapps.io/timer/, TIMER) is a web server used for compre-
hensive analyses on the clinical impact of immune cell infiltration across diverse cancer types.25 Scatterplots were
generated to explore the correlation of E2F expression with the infiltration of various immune cells, such as B cells,
CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells, in CRC. A p<0.05 was considered
statistically significant.

Results
Differential Gene Expression of E2F Family Members
We evaluated the mRNA expression of the different E2F family members in CRC patients using Oncomine 4.5
(Figure 1). Our analysis found that the expression levels of E2F1, E2F3, and E2F5-8 were significantly increased in
CRC samples compared to normal samples, whereas the expression of E2F2 was reduced.

Detailed information regarding our analyses on the E2Fs in this study is shown in Table 1. One of our findings is
a high expression of E2F1 in the TCGA (FC=3.098, p=4.51E-7; FC=2.056, p=1.50E-11) and the Hong statistics
datasets26 (FC=2.068, p=2.79E-9). In contrast, E2F2 was found to be downregulated in colon carcinoma epithelia27

(FC=−2.139, p=4.45E-8) and cecum adenocarcinoma (FC=−2.049, p=5.67E-9). Meanwhile, a high E2F3 mRNA
expression was also found in the Kaiser colon cancer dataset28 (FC=2.109, p=6.43E-5) as well as in the Hong colorectal
cancer dataset26 (FC=2.940, p=5.37E-8). Furthermore, E2F5 mRNAwas observed to be overexpressed in CRC with fold
changes of 2.061–3.352.27 In the TCGA colorectal datasets, E2F6 was found to be highly expressed in both adenocarci-
noma and mucinous adenocarcinoma compared to normal controls (FC=2.294–2.588, p<0.05). Interestingly, E2F7 was
found to be highly upregulated in numerous datasets, including the TCGA, Skrzypczak,27 Hong,26 and Gaedcke
datasets.29 As for E2F4 and E2F8, no relevant detailed differential expression datasets information in CRC were obtained
from Oncomine 4.5.

A complementary analysis of the TCGA data was done using the UALCAN database to further validate the
differential expression levels of E2Fs in tumor and normal tissues. The results were slightly different from that of the
Oncomine 4.5 analysis. E2F1 and E2F3-8 were found to be overexpressed in the colon and rectal cancer subgroups
compared to the normal controls, whereas the E2F2 mRNA expression was downregulated in these subgroups
(Figure 2).

Correlation of E2Fs with Clinicopathological Features in CRC
We evaluated the expression levels of E2Fs and their correlation with the tumor staging in CRC using data from the
GEPIA2 database. Significant differential expression levels of E2F3 and E2F5 were found between the different tumor
stages of CRC (p<0.05), whereas other E2F family members had no such differential expression between stage groups
(Figure 3).
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Subgroup analyses based on different histological subtypes (adenocarcinoma and mucinous adenocarcinoma), gender,
TP53 mutation status, and nodal metastasis status (N0, N1, N2, and N3) also showed high expression levels of E2F1 and
E2F3-8, and low expression levels of E2F2 in CRC patients (Figures 4 and 5). These data further suggest that E2Fs may
exert a significant contribution to the tumorigenesis and progression of CRC.

Prognostic Value of the Differential Expression of E2Fs
We evaluated the prognostic value of the differentially expressed E2F genes in CRC patients using GEPIA2 and
K-M plotter (Figure 6). Overexpression of E2F3 and E2F4 mRNAs were significantly associated with a shorter OS in
the colon cancer subgroup. Meanwhile, a low E2F2 mRNA expression was significantly correlated with a worse OS in
the rectal cancer subgroup.

Figure 1 The transcriptional expression of E2Fs in 20 types of cancer (ONCOMINE Database).
Notes: The numbers in colored cells show the numbers of datasets with obeviously significant mRNA upregulation (red) or downregulation (blue) of the target gene. Cell
color is determined by the best gene rank percentile for the analyses within the cell.
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E2Fs Promoter Methylation Status in CRC
As previously described, differential expression of the various E2Fs can be observed in CRC patients. To further elucidate the
mechanism which leads to the aberrant expression of these genes, we examined the methylation status of the E2F family
members using UALCAN. In the COAD subgroup, significantly lower promoter methylation levels for E2F5 and E2F6 were
observed in tumor samples compared with normal controls (Figure 7). Similarly, the methylation levels of E2F1, E2F3,
E2F5, and E2F6 promoters in READ were significantly lower than those in the normal samples (Figure 7). Furthermore,
a similar methylation status for these E2F promoters was also observed during subgroup analyses according to age, weight,
nodal metastasis status, and tumor stage (Figures S1 and S2). It is well-known that DNA methylation is a type of epigenetic
modification that can silence gene expression.30 In our study, the hypomethylated status of E2F1, E2F3, E2F5, and E2F6
promoters in CRC may partially explain the observed elevated expression levels of these genes.

Table 1 Datasets of the E2F Family Members in Patients with CRC (ONCOMINE Database)

Gene Type of Colorectal Cancer vs Normal Tissue Fold Change P value t-test Source

E2F1 Rectosigmoid Adenocarcinoma 3.098 4.51E-7 11.725 TCGA Colorectal
Rectal Adenocarcinoma 2.056 1.50E-11 8.994 TCGA Colorectal

Colorectal Carcinoma 2.068 2.79E-9 7.383 Hong Colorectal Statistics

E2F2 Colon Carcinoma Epithelia −2.139 4.45E-8 −11.747 Skrzypczak Colorectal Statistics
Cecum Adenocarcinoma −2.049 5.67E-9 −7.134 TCGA Colorectal

E2F3 Rectosigmoid Adenocarcinoma 2.109 6.43E-5 5.484 Kaiser Colon Statistics

Colorectal Carcinoma 2.940 5.37E-8 8.923 Hong Colorectal Statistics
E2F4 NA NA NA NA NA

E2F5 Colon Carcinoma Epithelia 2.641 1.95E-9 15.706 Skrzypczak Colorectal Statistics
Colon Carcinoma 2.634 4.66E-9 17.578 Skrzypczak Colorectal Statistics

Cecum Adenocarcinoma 3.197 3.26E-13 10.379 TCGA Colorectal

Rectal Adenocarcinoma 3.352 5.81E-18 14.396 TCGA Colorectal
Colon Adenocarcinoma 3.058 3.35E-17 13.092 TCGA Colorectal

Colon Mucinous Adenocarcinoma 2.412 7.70E-9 6.985 TCGA Colorectal

Rectal Mucinous Adenocarcinoma 2.818 5.50E-4 5.138 TCGA Colorectal
Colorectal Carcinoma 2.129 5.71E-8 6.338 Skrzypczak Colorectal Statistics

Colorectal Adenocarcinoma 2.061 7.04E-8 6.577 Skrzypczak Colorectal Statistics

E2F6 Cecum Adenocarcinoma 2.588 2.29E-18 16.186 TCGA Colorectal
Colon Mucinous Adenocarcinoma 2.274 7.37E-17 14.880 TCGA Colorectal

Rectal Adenocarcinoma 2.328 3.09E-30 19.420 TCGA Colorectal

Colon Adenocarcinoma 2.527 1.06E-31 25.205 TCGA Colorectal
Rectal Mucinous Adenocarcinoma 2.294 2.01E-6 10.656 TCGA Colorectal

E2F7 Cecum Adenocarcinoma 4.356 1.19E-15 12.175 TCGA Colorectal Statistics

Colon Mucinous Adenocarcinoma 4.390 1.87E-14 11.326 TCGA Colorectal Statistics
Rectal Adenocarcinoma 3.827 2.44E-16 13.890 TCGA Colorectal Statistics

Colon Adenocarcinoma 3.883 3.44E-16 14.390 TCGA Colorectal Statistics

Rectal Mucinous Adenocarcinoma 4.196 1.51E-4 6.677 TCGA Colorectal Statistics
Colon Carcinoma Epithelia 4.295 1.92E-8 12.139 Skrzypczak Colorectal Statistics

Colon Carcinoma 8.952 5.56E-9 13.134 Skrzypczak Colorectal Statistics

Colorectal Carcinoma 4.061 5.78E-10 11.337 Hong Colorectal Statistics
Colorectal Carcinoma 2.462 6.08E-8 6.088 Skrzypczak Colorectal Statistics

Rectal Adenocarcinoma 2.194 1.86E-17 9.802 Gaedcke Colorectal Statistics

E2F8 NA NA NA NA NA

Abbreviations: NA, not available; TCGA, Cancer Genome Atlas.
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Correlations Among E2Fs Gene Alterations, OS, and DFS for CRC Patients
We investigated the relationship between the genetic alterations in CRC and the disease prognosis of patients using the
cBioPortal online tool. At least five genetic alterations were identified in different subtypes of CRC, with the primary
alteration type being mRNA amplification (Figure 8A). In the 592 total sequenced CRC patients’ samples, genetic
alterations were detected in 324 CRC patients with the alteration rate observed at 55% (Figure 8B). In addition, the
alteration rates of E2F1, E2F2, E2F3, E2F4, E2F5, E2F6, E2F7, and E2F8 were 23%, 4%, 8%, 9%, 19%, 8%, 9%, and
7%, respectively. However, no significant relationships were observed between the alteration frequency of E2Fs and OS
or DFS of CRC patients (Figure 8C and D).

We also determined the Spearman correlations among the different E2F family members in CRC patients using the
cBioPortal online tool (Figure 8E). Moderate positive correlations in the following E2F family members were observed:
E2F1 with E2F4, E2F2 with E2F7, E2F2 with E2F8, and E2F7 with E2F8 (Figure 8F–I).

Correlation of E2Fs with Specific Key Oncogenes in CRC
Emerging evidence suggests that E2Fs are involved in cell cycle progression. To support this, we explored the
correlations of E2Fs with well-known cell cycle and proliferation oncogenes, such as FOXM1,31 MKI67,32 TRIP13,33

Figure 2 The mRNA expression of E2F family members in patients with COAD (A–H) or READ (I–P) and normal control (UALCAN Database).
Notes: p-value significant code:*p<0.05; ***p < 0.001.
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XPO5,34 MELK,35 and AURKA36 in CRC patients. Furthermore, we also determined the correlation of E2Fs with key
oncogenes in CRC, including the cancer stem cell (CSC) related oncogenes CD26,37 CD44,38 Lgr5,39,40 EPHB2,40

NANOG,41 and OLFM4,42 the potential therapeutic resistance oncogenes BMI1,43 SNHG15,42 EPHA2,44 LRP1,45

IDO1,46 and MRP5,43 and the epithelial-to-mesenchymal transition (EMT) oncogenes SNAI1, SLUG, VIM, CDH1,
and CDH2.47 Strong correlations of E2F1, E2F2, E2F7, and E2F8 with six cell cycle oncogenes in both COAD and
READ groups were observed (Figures 9 and 10). Moreover, we also found a certain correlation between BMI1,
SNHG15, EPHA2, and CDH1 with E2Fs (Figures 9 and 10). Meanwhile, none of the E2Fs were found to be strongly
correlated with CSC-associated oncogenes. Our results are summarized in Tables S1 and S2. As observed, the over-
expression of E2Fs in CRC patients may correlate with cell proliferation, therapeutic resistance, and EMT of tumor cell
lines.

Functional Enrichment of E2Fs and Other Similar Genes in Patients with CRC
We used GEPIA2 to explore E2F-like genes in CRC samples. The top 100 similar genes for each E2F member were
identified for further analysis. Functional pathways involving these genes were predicted using the Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genome (KEGG), and protein-protein interaction (PPI) enrichment analyses in the
Metascape (Figures 11 and 12).

GO enrichment analyses evaluate the functional roles of target genes based on three parts: biological processes (BP),
cellular components (CC), and molecular functions (MF). Our analyses revealed that the E2Fs and similar genes in CRC
are significantly involved in the regulation of the cell cycle process (GO: 0010564), DNA repair (GO: 0006281), nuclear
division (GO: 0000280), DNA replication (GO: 0006260), microtubule cytoskeleton organization (GO: 0000226), signal
transduction by p53 class mediator (GO: 0072331), and positive regulation of cell cycle (GO: 0045787). Furthermore,
chromosomal region (GO: 0098687), helicase activity (GO: 0004386), and transcription factor binding (GO: 0008134)
were also significantly controlled by E2Fs.

The KEGG pathway analysis showed that cell cycle (hsa04110), DNA replication (hsa03030), homologous recombi-
nation (hsa03440), and cellular senescence (hsa04218) were correlated with the functions of E2Fs and similar genes, and
may contribute in the tumorigenesis and pathogenesis of CRC.

The constructed PI network associated with the identified genes was mainly related to DNA replication, DNA repair,
nuclear division, signal transduction by p53 class mediator, and regulation of cell cycle processes (Figure 12).

Figure 3 The expression of E2Fs in patients with CRC across different cancer stages (GEPIA2).
Notes: E2F1 (A), E2F2 (B), E2F3 (C), E2F4 (D), E2F5 (E), E2F6 (F), E2F7 (G), E2F8 (H).
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Figure 4 Relationships between mRNA expression levels of eight E2F family members and the clinicopathological features of colonic cancers (UALCAN Database).
Notes: p-value significant code:*p<0.05; **p<0.01; ***p<0.001.
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Figure 5 Relationships between mRNA expression levels of eight E2F family members and the clinicopathological features of rectal cancers (UALCAN Database).
Notes: p-value significant code:*p<0.05; **p<0.01; ***p<0.001.
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Figure 6 The prognostic value of E2Fs famliy in patients with COAD (A–H) and READ (I–P) by using GEPIA2 (A–H) and K-M plotter (I–P).
Notes: E2F1 (A and I), E2F2 (B and J), E2F3 (C and K), E2F4 (D and L), E2F5 (E and M), E2F6 (F and N), E2F7 (G and O), E2F8 (H and P).
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The Contribution of E2Fs in Immune Infiltration in CRC Patients
The TIMER database was used to determine the correlation between the E2F mRNA expression and immune cell infiltration
in CRC tumors (Figure 13). Analysis of patients’ samples in the COAD subgroup showed that the mRNA expression levels
of E2F1, E2F2, E2F3, E2F7, and E2F8 were significantly related to B cell infiltration. Meanwhile, the mRNA expression
levels of E2F1, E2F3, E2F4, E2F6, E2F7, and E2F8 were correlated with CD8+ T cells infiltration. A significant relationship
between the mRNA expression of E2F2, E2F3, E2F4, E2F6, and E2F8, and CD4+ T cells was also observed. Gene
expression of E2F1, E2F3, E2F4, E2F5, E2F6, E2F7, and E2F8 were consistent with macrophage infiltration. On the
other hand, gene expression of E2F2, E2F3, E2F6, E2F7, and E2F8 were related to neutrophils infiltration. Lastly, the
expression of E2F1, E2F2, E2F3, E2F6, E2F7, and E2F8 had significant correlations with dendritic cell infiltration.

In patients belonging to the READ subgroup, a significant correlations between E2F5 and E2F8 expression with
B cell infiltration were observed. The mRNA expression of E2F1, E2F3, E2F5, E2F6, E2F7, and E2F8 were found to
correlate with CD8+ T cell infiltration. Gene expression of E2F4 was related to the infiltration of CD4+ T cells. The
expression of E2F2 and E2F3 was found to be associated with macrophage infiltration. Meanwhile, the mRNA

Figure 7 The promoter methylation of E2Fs in COAD (A–H) and READ (I–P) (UALCAN Database). E2F1 (A and I), E2F2 (B and J), E2F3 (C and K), E2F4 (D and L), E2F5
(E and M), E2F6 (F and N), E2F7 (G and O), and E2F8 (H and P).
Notes: p-value significant code:*p < 0.05; **p<0.01;***p < 0.001.
Abbreviation: ns, no significance.
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expression of E2F3, E2F6, E2F7, and E2F8 were related to neutrophil infiltration. No significant association was found
between E2Fs mRNA expression and dendritic cell infiltration in this subgroup.

Discussion
The E2Fs family of transcription factors, which is composed of eight different members, has been implicated in
numerous human cancer types. Although the roles of some E2F family members in human malignancies have been
partially confirmed, no bioinformatics analysis has been done to demonstrate the function of these factors in CRC. To
bridge this science gap, we performed an in-depth analyses on the expression patterns, co-expression, genetic alterations,
prognostic values, relation to immune infiltration, and potential functions of all accessible E2F family members in CRC
patients based on high-quality datasets from public databases. We hope that our work will contribute substantially in the
diagnosis and treatment of CRC.

The E2F1, the most classic E2F member, is an intriguing protein. It is a known downstream effector of the
retinoblastoma protein (RB) and it drives the progression of the cell cycle from G1 to the S phase.48 Aside from
these, it has been demonstrated to regulate cellular proliferation, differentiation, and apoptosis in CRC by activating
different downstream effectors.49 For instance, E2F1 overexpression has been shown to enhance DNAJA1 expression in

Figure 8 E2F family members gene expression and alteration analysis in patients with CRC (cBioportal).
Notes: (A and B) Summary of the visualized results of different alteration types in the E2F family. (C) Survival plots of OS in cases with or without E2F alterations. (D)
Survival plots of DFS in cases with or without E2F alterations. (E) Spearman correlation of E2F family members. (F–I) showed the correlation between E2F1 and E2F4, E2F2
and E2F7, E2F2 and E2F8, and E2F7 and E2F8, respectively.
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Figure 9 Relationship between E2F family members and well-known oncogenes ((A) FOXM1, (B) MKI67, (C) BMI1, (D) SNHG15, (E) CDH1) in patients with COAD
(GEPIA2).
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Figure 10 Relationship between E2F family members and well-known oncogenes ((A) FOXM1, (B) MKI67, (C) BMI1, (D) SNHG15, (E) CDH1) in patients with READ
(GEPIA2).
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Figure 11 The functions and pathway of E2Fs and their similar genes in patients with CRC.
Notes: (A) GO anslysis-Biological Process. (B) GO analysis-Cellular Component. (C) GO analysis-Molecular Functions. (D) KEGG analysis.
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Figure 12 The protein-protein interactions (PPI) of E2Fs family and their similar genes (Metascape).
Notes: (A) Network of enriched terms of E2Fs and similar genes. (B) PPI enrichment analysis of these genes and MCODE (Molecular Complex Detection) components
identified in the gene lists.
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Figure 13 Correlations between differentially expressed E2Fs and immune cell infiltration (TIMER).
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CRC cells, which in turn promotes serosa invasion and lymph node metastasis of malignant cells.50 Notably, E2F1 is
a direct functional target of multiple microRNAs (miRNAs), such as miR-526b-3p51 and miR-328-5p,52 which is
positively correlated with the malignant phenotypes of CRC. In addition to miRNAs, the oncogenic H19 noncoding
RNA can also promote cell proliferation in CRC via the RB1/E2F1 signaling pathway.53 Furthermore, it has been found
that E2F1 may contribute to the EMT and aggressiveness of CRC cells by enhancing IL4/STAT6 signaling.54 Another
study demonstrated that Mdm2 inhibition could trigger apoptosis by activating the p73- and E2F1-mediated expression of
pro-apoptotic proteins in p53 deficient human colon cancer cells.55 Growing evidence suggests that E2F1 overexpression
is closely related to the expression of thymidylate synthase in human colorectal primary cancer,56 lung metastasis of
colon cancer,57 and promotion of 5-FU resistance. In line with this, it has been found that 5-FU induced antitumor
activities in CRC work at least partially by lowering E2F1 expression.49 In this study, we found that the E2F1 expression
was higher in CRC samples than in normal samples; however, its expression has no significant association with tumor
stage and has very little prognostic value. We hypothesize that it functions as an oncogenic switch in CRC.

E2F2 has been shown to have a dual role by acting as an oncogene when it is upregulated and acting as a suppressor
when it is downregulated.58 However, its specific role in CRC is not yet completely elaborated. Studies have shown that
E2F2 expression was extremely low in colorectal carcinoma, and it may act as a tumor suppressor.7,59 For example, it has
been shown to suppress the proliferation of T lymphocytes.60 Furthermore, E2F2 was proven to be the direct target of
miR-155 and miR-31, inhibiting the cell proliferation and cell cycle process in colorectal carcinoma.58,59 Consistent with
previous studies, we found that E2F2 mRNA expression was lower in CRC samples compared to normal controls.
Moreover, the survival analysis results revealed that decreased E2F2 expression was significantly linked to a worse OS in
rectal cancers.

The E2F3 locus expresses two alternative proteins, E2F3a and E2F3b. Its overexpression is a frequent carcinogenic
event in human tumorigenesis.8,14,61 E2F3 was identified as a direct target of miR-503. This associated miRNA has been
shown to inhibit cellular proliferation, induce apoptosis, and arrest the G0/G1 phase in CRC tissues and cell lines.61

Recently, emerging evidence suggests that circPRTM5 promotes CRC cell proliferation by sponging miR-377 to induce
E2F3 expression.62 In our study, E2F3 mRNA was shown to be upregulated in CRC samples compared to normal
controls, and its expression was significantly associated with tumor stage. Furthermore, overexpression of E2F3 was
significantly correlated with a worse OS in CRC patients. Moreover, we found that E2F3 mRNA expression was
significantly correlated with the infiltration of six immune cells. Taken together, we suggest that E2F3 may act as an
oncogene in CRC and a new disease prognostic marker.

E2F4 is generally recognized as a potential oncogene in CRC. Previous studies have found that the expression of
E2F4 and its target cyclin Awere both upregulated in human CRC cells.63 Furthermore, E2F4 knockdown inhibits tumor
growth by slowing down the G1/S phase transition and decreasing the proliferation rate of colon cancer cells.63 Notably,
it has been shown that E2F4 exhibits frequent tumor-specific mutations in CRC with microsatellite instability, which in
turn may accelerate tumorigenesis for this type of tumor.64 Similarly, this genetic or epigenetic phenomenon has also
been observed in gastric cancer65 and hepatocellular carcinoma.66 In this report, E2F4 expression was found to be
upregulated in colon cancer cells compared to the normal counterparts. Moreover, upregulation of E2F4 mRNA was
significantly related to a shorter OS, supporting its role as an oncogene in colon cancer.

The high expression and pro-oncogenic activity of E2F5 have been shown in several tumors, including CRC.9,15,67

The miRNAs miR-32, miR-34a, and miR-181a-5p can regulate the proliferation, migration, and invasion of CRC cell
lines by targeting E2F5.67–69 Consistent with this, silencing E2F5 inhibited the growth of the human colon cancer cell
line SW-948 by inducing apoptosis-related processes and arresting the G2/M step in the cell cycle.68 In our analyses, we
found that E2F5 was overexpressed in CRC tissues, but no significant relationships were found between E2F5, tumor
stage, OS, and DFS.

An upregulation of E2F6 has been reported in several tumors, such as gastric carcinoma,13 and breast cancer.10

However, no studies have tackled the role of E2F6 in CRC. In this study, the expression levels of E2F6 were increased in
CRC; however, no significant correlations were seen between E2F6 and OS or DFS. Future work will be necessary to
demonstrate whether E2F6 plays an oncogenic role in CRC.
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E2F7 can function both as a transcriptional repressor70 and as an activator.11 In one particular study, a low-frequency
missense variant in E2F7 has been associated with CRC susceptibility in a Chinese Han population, suggesting that E2F7
may play a vital role in tumorigenesis and disease development.71 In line with this, it has been demonstrated that ATRA
suppresses the genesis and development of human CRC by regulating the miR-3666/E2F7 axis.70 Furthermore, miR-
3666/E2F7 may also inhibit the activation of the MAPK/ERK signaling pathway. In our study, we observed that E2F7
was highly expressed in CRC samples, and its expression was not related to tumor stage and has very little prognostic
value.

The last member of the family, E2F8, controls the DNA damage-related cell-cycle processes by regulating E2F1
activity. In addition, it is essential for angiogenesis, lymphangiogenesis, and embryonic development.6,72 It has been
previously found that E2F8 is upregulated in CRC patients and is a specific target of miR-1258.72 One study has reported
that knocking down E2F8 reduces the expression of cell cycle regulators.73 The same group further discovered that E2F8
may promote the growth of human colon cancer cells by modulating the NF-κB pathway. Another recent study also
discovered that the small nuclear ribonucleoprotein polypeptide N, an imprinted gene transcriptionally upregulated by
E2F8, was found to promote malignant progression of CRC by cell cycle regulation.74 In our analyses, results showed
that E2F8 was markedly upregulated in patients with CRC. However, its prognostic role in CRC remains unknown.

Conclusions
In summary, our results revealed that E2Fs were aberrantly expressed in CRC tissues – E2F1 and E2F3-8 were
upregulated in CRC tissues compared to their normal counterparts, whereas E2F2 was downregulated in the same
samples. Moreover, the similar variation trends of E2Fs were also validated in subgroup analysis by the different
clinicopathological features. Furthermore, our results suggest that the promoter hypomethylation of E2Fs may be the
cause of the aberrant expression from different perspectives. Additionally, the overexpression of E2F3 and E2F4 were
significantly correlated with a worse OS in COAD. Meanwhile, low levels of E2F2 resulted in a shorter OS in READ.
These suggest that E2F may play an important role in tumorigenesis and progression in CRC. The specific mechanism
may be correlated with E2F-mediated cell cycle regulation, therapeutic resistance, immune cell infiltration, genetic
alterations, and EMT. We hope these findings may help broaden our insight into CRC. However, further studies are
acquired to validate our findings.
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