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Abstract
Background/Aims: Esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma
(EAC) are primarily driven by different genetic changes. The E2F transcription factors (E2Fs) are involved
in various malignancies; yet little is known about their roles in ESCC and EAC. This study aimed to
investigate genetic and epigenetic alterations of the E2F family genes in ESCC and EAC, and to examine
whether the differential changes are associated with the distinct mechanisms.

Materials and Methods: mRNA and methylation levels of E2F family genes in ESCC and EAC were
retrieved from the database UALCAN. The cBioPortal for Cancer Genomics and Search Tool for the
Retrieval of Interacting Genes (STRING) database were used to analyze genetic mutations and interaction
networks for E2Fs, respectively.

Results: The genetic alteration patterns of E2Fs were different between ESCC and EAC. Furthermore,
differences in methylation levels, CNV, and mutation frequency in certain E2F family genes were observed
between ESCC and EAC. Moreover, E2Fs were co-expressed and interacted with proteins involved in the
N6-methyladenosine (m6A) and histone modi�cations in EC. Additionally, Kaplan–Meier analysis
revealed signi�cant lower E2F1, E2F3, E2F5, E2F7, and E2F8 mRNA levels in association with better
prognosis for EAC; while lower E2F1, E2F3, E2F6, E2F7, and E2F8 mRNA levels indicated poorer outcome
for ESCC.

Conclusions: The different patterns of genetic and epigenetic alterations in the E2F family genes between
ESCC and EAC are likely to be associated with different mechanisms. Certain E2Fs hold promise as
biomarkers for differential diagnosis of EAC and ESCC, and for prognostic prediction.

Introduction
Esophageal cancer (EC) is the eighth most common cancer globally and one of the major causes of
cancer-related death [1–3]. The histological subtypes of EC mainly include esophageal squamous cell
carcinoma (ESCC) and esophageal adenocarcinoma (EAC) [4], of which ESCC is the most common
histological form [5]. Unfortunately, the prognosis for patients with EC is poor, and this is mainly
attributed to delays in the diagnosis and multidrug resistance [6]. In addition, different histological
subtypes tend to occur in different parts of the esophagus and are likely to be driven by distinct genetic
alterations through distinct pathogenic mechanisms, thus explaining, at least in part, the heterogeneity of
EC [7]. Although substantial progress in diagnostic strategies and treatment techniques for EC has been
made recently, the clinical outcomes of patients with EC remain unsatisfactory [8]. It has been
documented that the two histological forms are likely to be driven by distinct genetic alterations via
different mechanisms. Therefore, it is critical to better understand the genetic alterations and their
relationships to the molecular mechanisms underlying the heterogeneity of the histological subtypes,
especially ESCC and EAC, in order to guide the development of better diagnostic and therapeutic
approaches.
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The E2F transcription factors (E2Fs) are a family of transcription factors consisting of activators (E2F1,
E2F2, E2F3a, and E2F3b), repressors (E2F4 and E2F5), and inhibitors (E2F6, E2F7a, E2F7b, and E2F8);
and they have been shown to be involved in the development, progression, and invasion of various
malignancies [9–11]. Moreover, the E2F family members may have tumor-promoting or tumor-
suppressive properties, depending mainly on the cancer cell type [10, 12, 13]. Previous studies have
indicated that the E2F protein family members contain multiple highly conserved domains, including the
DNA-binding domain, transactivation domain, and tumor suppressor protein-associated domain
embedded within the transactivation domain [9, 14]. Among the E2F family members, E2F1 is probably
the most studied due to its regulatory mechanisms. However, until now, the roles of E2Fs in ESCC and
EAC remain largely unknown.

In the present study, we aimed to investigate the genetic and epigenetic landscape alterations in the E2F
family members between ESCC and EAC. The results gained through conducting this study may provide
evidence for potentially novel roles of E2F family members in ESCC and EAC. In addition, they may help
in the development of diagnostic, prognostic, and therapeutic approaches for EC.

Materials And Methods
Examination of mRNA expression and promoter region methylation of the E2F family genes in human
ESCC and EAC

The mRNA expression and promoter region methylation levels of the E2F family genes [E2F1, E2F2, E2F3
(E2F3a and E2F3b), E2F4, E2F5, E2F6, E2F7 (E2F7a and E2F7b), and E2F8] in EC were analyzed via
UALCAN (http://ualcan.path.uab.edu/index.html). The bioinformatics database UALCAN [15] is a
comprehensive, user-friendly, and interactive online resource for analyzing cancer OMICS data, including
The Cancer Genome Atlas (TCGA) datasets.

Oncoplot of the E2F family genes in human ESCC and EAC

The mutation frequency in the E2F family genes and the copy number in the esophageal carcinoma
(ESCA) cohort of TCGA were assessed via the cBioPortal for Cancer Genomics (http://cbioportal.org)[16].

Coexpression network analysis of E2F family members and their incorporation with N6-methyladenosine
(m6A)-modi�ed proteins and histone-modi�ed proteins in human ESCC and EAC

Coexpression network analysis was performed to assess the interactions between the E2F family
members as well as their interactions with m6A-modi�ed proteins and histone-modi�ed proteins in
human ESCC and EAC [17]. In the analysis, the University of California, Santa Cruz (UCSC) Xena browser
(http://xena.ucsc.edu/), a visualization tool for analyzing and viewing public data hubs, was adopted to
assess the expression levels of E2Fs in the ESCA cohort of TCGA based on the UCSC Toil RNA-seq
Recompute dataset (TCGA and GTEx dataset). The RNA expression data of E2Fs (RSEM TPM, n = 19,131)
was downloaded as log2 (TPM + 0.001) values. The correlation analysis and visualization were
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implemented using the R-3.6 software (http://www.r-project.org/), including the ggcorrplot and cowplot
packages. A P-value < 0.05 indicated a statistically signi�cant difference. Furthermore, the Search Tool for
the Retrieval of Interacting Genes (STRING) (https://string-db.org/) database [18] was used to construct
protein-protein interactions among E2Fs. In addition, the protein-protein interactions between E2Fs and
m6A-related and histone-related proteins were constructed. Subsequently, how these proteins work
together to promote the development of ESCA was examined.

Correlation analysis of E2F family members and resistance of anticancer drugs in human ESCC and EAC

The Gene Set Cancer Analysis [19] (GSCALite) (http://bioinfo.life.hust.edu.cn/web/GSCALite/) was used
to assess the correlation of E2Fs and anticancer drug resistance. A Spearman correlation coe�cient
value > 0.20 and a P-value < 0.05 were set as the cut-off criteria.

Survival analysis for E2Fs between human ESCC and EAC
The prognostic value of E2Fs in human ESCC and EAC was analyzed using the Kaplan–Meier Plotter [20]
(https://kmplot.com/analysis/), a bioinformatics database that integrates gene expression and clinical
data.

Results
mRNA expression pro�les of E2F family member genes between ESCC and EAC

Comparative analysis of the mRNA expression levels of E2F family members [E2F1, E2F2, E2F3 (E2F3a
and E2F3b), E2F4, E2F5, E2F6, E2F7 (E2F7a and E2F7b), and E2F8] between EC (ESCC and EAC) versus
the normal control as well as ESCC versus EAC were performed using the bioinformatics database
UALCAN [15]. As shown in Fig. 1A, the mRNA expression levels of E2Fs were signi�cantly increased in
patients with ESCC or EAC, compared with the normal control (P < 0.05). Furthermore, the comparative
analysis revealed that the mRNA expression levels of E2F4 and E2F7 were signi�cantly higher in ESCC
compared with EAC, while the mRNA expression levels of E2F5 and E2F8 were signi�cantly lower than
those in EAC (P < 0.05, Fig. 1B), suggesting different patterns of E2F alterations between ESCC and EAC.

Genetic and epigenetic alterations of E2Fs between human ESCC and EAC

It has been well documented that genetic and epigenetic variations primarily drive gene expression
variations. Therefore, comprehensive analysis of the epigenetic changes (e.g., methylation) and copy
number variation (CNV) in the E2F family member genes between human ESCC and EAC were conducted
using the bioinformatics database OUALCAN [15]. As shown in Fig. 2, the methylation levels in the gene
promoter regions of E2F3, E2F4, and E2F8 were signi�cantly greater in patients with ESCC or EAC,
compared with the normal control; while the levels of E2F5 and E2F6 were signi�cantly lower in ESCC or
EAC, compared with the normal control (P < 0.05). Although there was a statistical difference in the
methylation levels in the promoter regions of some E2F family member genes, it was noteworthy that the
methylation levels in their promoter regions remained very low in human ESCC or EAC. These �ndings
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implied that the minimal changes of the methylation levels in the promoter regions of the E2F family
member genes may not serve as a primary driver of gene expression variations.

In addition, comparative analysis of the CNVs in the E2F family member genes was performed using
cBioPortal [16], and the resulting data are presented in Fig. 3. Ampli�cation of E2F family member genes
was frequently detected in ESCC as well as in EAC (Fig. 3A&B).

Interactions between the E2F family members and the interplay with other proteins involved in m6A and
histone modi�cations in human ESCC and EAC

It has been shown that an interaction between the E2F family members is associated with the
development and progression of cancer [9, 10, 21–24]. Thus, the coexpression pro�les of the E2F family
member genes and their incorporation with protein-protein interactions in human ESCC and ECA as well
as normal control tissues were investigated. It was found that the genes within the same functional class
showed signi�cantly correlated expression patterns in EC (Fig. 4A–C). Moreover, these E2Fs interacted
with each other frequently in the protein-protein interaction networks, especially E2F1, based on the
STRING database [18] (Fig. 4D). These �ndings suggest that cross-talk among the E2F family members
may participate in the development and progression of EC.

E2Fs and enzymes in the m6A modi�cation pathway showed a signi�cant coexpression relationship
(Fig. 5A) and an intermolecular regulatory relationship (Fig. 5B). In addition, E2Fs showed a signi�cant
coexpression relationship with enzymes involved in histone modulations (Fig. 6A) and an intermolecular
regulatory relationship (Fig. 6B).

Relationship between E2Fs and anticancer drug resistance
Consistently, it has been widely accepted that genetic alterations affect the sensitivity of patients to
anticancer drugs as well as the patient prognosis [25, 26]. Therefore, the correlation between the mRNA
expression of E2Fs and the sensitivity to anticancer drugs based on the Genomics of Drug Sensitivity in
Cancer dataset [27]was examined via the bioinformatics database GSCALite [19] (Fig. 7).

Correlation between the mRNA expression patterns and the prognosis of patients with ESCC or EAC
The effects of the mRNA expression of E2Fs on the survival of patients with ESCC or EAC were further
assessed. Kaplan–Meier Plotter analysis revealed a correlation between the mRNA levels of E2Fs and the
survival of patients with ESCC or EAC. Notably, lower E2F1, E2F3, E2F5, E2F7, and E2F8 mRNA expression
levels predicted a better prognosis for EAC (Fig. 8A); whereas lower E2F1, E2F3, E2F6, E2F7, and E2F8
mRNA expression levels were associated with poorer clinical outcomes for ESCC (Fig. 8B).

Discussion
In this study, for the �rst time, the expression and signi�cance of the E2F family members between the
two main histological subtypes of EC (ESCC and EAC) were systemically analyzed. The novel �ndings of
the present study were as follows: (1) The mRNA expression levels of the E2F family members were
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signi�cantly elevated in EC compared with the normal control tissues. (2) The patterns of the E2F gene
expression alterations were different between the two EC forms: ESCC and EAC. (3) The genetic
mutations (e.g., mutation frequency, CNVs) and epigenetic changes (e.g., methylation and histone
modi�cations) in some E2F family member genes were different between ESCC and EAC. (4) The
coexpression pro�les of E2F family member genes and their incorporation with protein-protein
interactions revealed interactions between the E2F family members and interplay with proteins involved
in m6A and histone modi�cations in EC. (5) Kaplan–Meier analysis showed a signi�cant correlation of
lower levels of E2F1, E2F3, E2F5, E2F7, and E2F8 mRNA expression with a better prognosis for EAC; and
lower E2F1, E2F3, E2F6, E2F7, and E2F8 mRNA levels indicated a poorer outcome for ESCC. Thus, these
E2Fs have potential as biomarkers in the differential diagnosis of EAC and ESCC as well as in the
prognosis of EC.

The abnormal expression of E2F family member genes has been detected in a range of malignancies. For
instance, overexpression of E2F1 has been shown to contribute to the development of EC, and this effect
is enhanced by dysregulated pRb-p53-MDM2 circuitry [28].In addition, ampli�cation of E2F1 is frequently
found in ESCC [29]. In our study, TCGA datasets revealed that the expression of E2F1 was higher in
human EC than in normal tissues. However, E2F1 mRNA expression was not signi�cantly altered between
the patients with ESCC versus those with EAC. Using the Kaplan–Meier Plotter, we found that the
upregulation of E2F1 mRNA expression was signi�cantly associated with a good prognosis (overall
survival, OS) in ESCC, while downregulation of E2F2 mRNA expression predicted a good prognosis (OS)
in EAC.

E2F2 is a tumor activator in many types of cancer. Using a high-frequency subpathway mining approach,
Li et al. identi�ed a six-gene model containing E2F2 that predicted clinical outcomes in patients with
ESCC [30]. In the present study, the mRNA expression of E2F2 was not signi�cantly different between
ESCC and EAC. Furthermore, the mRNA expression of E2F2 was not signi�cantly associated with the OS
in either ESCC or EAC.

The abnormal overexpression of E2F3 is thought to be an oncogenic event in patients with EC. A novel
four-gene signature including E2F3 was identi�ed, externally validated, and shown to provide excellent
distinction between EAC and the condition of Barrett’s esophagus [31]. In this study, we demonstrated
that the expression of E2F3 in EC tissues was higher than that in normal tissues. Additionally, the mRNA
expression of E2F3 was signi�cantly different between ESCC and EAC. Surprisingly, greater levels of E2F3
mRNA expression were signi�cantly associated with a higher OS in the patients with ESCC, while lower
levels of E2F3 mRNA expression predicted a higher OS in the patients with EAC.

E2F4 has been reported to be associated with the occurrence and progression of malignant tumors [32].
In general, it has been thought that E2F4 may play an important role in inhibiting proliferation-related
genes. For example, Bultmann et al. have identi�ed E2F4 as a transcription repressor that strongly
regulates the expression of latent transforming growth factor-beta-binding protein 4S to inhibit the
migration of esophageal cancer cells [33]. In the present study, the expression of E2F4 was demonstrated
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to be upregulated in EC tissues compared with normal tissues. Interestingly, the expression of E2F4
mRNA was signi�cantly different between ESCC and EAC. Furthermore, greater levels of E2F4 mRNA
expression predicted a poorer OS in the patients with ESCC using the Kaplan–Meier Plotter. Nevertheless,
it must be pointed out that this �nding seems to be inconsistent with the role of E2F4 as a tumor
suppressor.

E2F5 has been found to be highly expressed in several malignancies, including glioblastoma and
prostate cancer. However, the expression and prognostic effects of E2F5 on EC have been rarely reported.
Sun et al. have found that microRNA-544 inhibited ESCC cell proliferation and enhanced the sensitivity to
cisplatin by repressing E2F5 [34]. In this study, it was shown that the expression of E2F5 in EC tissues
was higher than that in normal tissues. In addition, higher E2F5 expression was signi�cantly correlated
with a better OS in the patients with ESCC.

The expression and prognostic effects of E2F6 in ESCA have not been reported previously. Li et al.have
found that miR-424 can inhibit the proliferation and migration abilities of A549 cells by negatively
regulating the expression of E2F6 in non-small cell lung cancer (NSCLC) [35]. E2F6 is also upregulated in
NSCLC blood samples, indicating that E2F6 possesses an oncogenic feature in lung cancer [36]. In this
study, it was demonstrated that the expression of E2F6 in ESCC tissues was higher than that in normal
tissues. Moreover, a higher E2F6 expression level was signi�cantly correlated with a poorer OS in the
patients with EAC.

E2F7 and E2F8 are recently identi�ed, novel members of the E2F family. Considering that a difference in
the tumor histological subtypes could in�uence the measured tumor gene expression, they also likely
serve as activators. E2F7 and E2F8 have been shown to be activators of transcription, while E2F8 binds
to and activates the cyclin D1 promoter in a dominantly negative manner by blocking other E2Fs. E2F7
and E2F8 directly bind to and stimulate the promoter of vascular endothelial growth factor A by
cooperating with hypoxia-inducible factor-1. To date, the roles of E2F7 and E2F8 in the development and
progression of EC remain unclear. E2F8 has been reported to be upregulated in ESCC, thus promoting cell
proliferation and affecting the expression of cyclin D1/p21 [37]. In the present study, E2F7 and E2F8 were
signi�cantly overexpressed in ESCC and EAC tissues, and their expression levels were markedly different
between ESCC and EAC. Interestingly, higher E2F7 and E2F8 expression levels were signi�cantly
correlated with a better OS in the patients with ESCC, while lower levels of E2F7 and E2F8 mRNA
expression predicted a better OS in the patients with EAC.

Taken together, these novel �ndings reveal distinct landscapes of genetic and epigenetic alterations in the
E2F family genes between ESCC and EAC, which may contribute to different molecular mechanisms for
the two histological forms of EC through interactions among the E2F family members or with other
functional proteins. This study may have important clinical implications that certain E2Fs hold promise
as biomarkers for the differential diagnosis of EAC and ESCC, or in the prognosis of patients with EC.

Abbreviations
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EAC = Esophageal Adenocarcinoma; ESCA = Esophageal Carcinoma; ESCC = Esophageal Squamous Cell
Carcinoma; NSCLC = Non-Small Cell Lung Cancer; OS = Overall Survival; STRING = Search Tool for The
Retrieval of Interacting Genes; TCGA = The Cancer Genome Atlas; UCSC = The University of California,
Santa Cruz.
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Figure 1

The mRNA expression levels of E2F family member genes in ESCC, ECA, and normal control tissues. (A)
The mRNA expression levels in normal control and ESCA tissues. (B) The mRNA expression levels in the
two different histological subtypes of ESCA (ESCC and ECA). ESCA: esophageal carcinoma; ESCC:
esophageal squamouscell carcinoma; EAC: esophageal adenocarcinoma. *, statistically signi�cant
difference (P < 0.05); **, statistically signi�cant difference (P < 0.01), *** statistically signi�cant
difference (P < 0.001); ****, statistically signi�cant difference (P< 0.0001).
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Figure 2

Methylation levels in the promoter regions of E2F family member genes in the different histological
subtypes of ESCA. ESCA: esophageal carcinoma; ESCC: esophageal squamous cell carcinoma; EAC:
esophageal adenocarcinoma. The beta value indicates the level of DNA methylation ranging from 0
(unmethylated) to 1 (fully methylated). Different beta value cut-offs indicated hypermethylation (beta
value: 0.7–0.5) or hypomethylation (beta value: 0.3–0.25).The above boxplot represents the beta values
of CpG probes located up to 1500 bp upstream of the gene’s start site (TSS200, TSS1500). ns,
nonsigni�cant difference (P > 0.05); *, statistically signi�cant difference (P < 0.05); **, statistically
signi�cant difference (P < 0.01), *** statistically signi�cant difference (P < 0.001); ****, statistically
signi�cant difference (P< 0.0001).
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Methylation levels in the promoter regions of E2F family member genes in the different histological
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esophageal adenocarcinoma. The beta value indicates the level of DNA methylation ranging from 0
(unmethylated) to 1 (fully methylated). Different beta value cut-offs indicated hypermethylation (beta
value: 0.7–0.5) or hypomethylation (beta value: 0.3–0.25).The above boxplot represents the beta values
of CpG probes located up to 1500 bp upstream of the gene’s start site (TSS200, TSS1500). ns,
nonsigni�cant difference (P > 0.05); *, statistically signi�cant difference (P < 0.05); **, statistically
signi�cant difference (P < 0.01), *** statistically signi�cant difference (P < 0.001); ****, statistically
signi�cant difference (P< 0.0001).

Figure 3

Analysis of copy number variations in the E2F family member genes in ESCC, ECA, and normal control
tissues. cBioPortal for Cancer Genomics identifying oncoplot of the E2F genes commonly mutated in the
TCGA ESCA cohort in ESCC and EAC. ESCA: esophageal carcinoma; ESCC: esophageal squamous cell
carcinoma; EAC: esophageal adenocarcinoma.

Figure 3
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Analysis of copy number variations in the E2F family member genes in ESCC, ECA, and normal control
tissues. cBioPortal for Cancer Genomics identifying oncoplot of the E2F genes commonly mutated in the
TCGA ESCA cohort in ESCC and EAC. ESCA: esophageal carcinoma; ESCC: esophageal squamous cell
carcinoma; EAC: esophageal adenocarcinoma.

Figure 4

Coexpression and interactions between the E2F family members. (A–C) The correlation heatmap
demonstrating the correlation between E2F family members in ESCC and EAC. Signi�cant value: P < 0.05;
(D) Protein-protein interactions between E2Fs. The STRING database was used to construct the protein-
protein interactions among E2Fs. Red represents a positive correlation, blue represents a negative
correlation, and X represents a nonsigni�cant difference. ESCA: esophageal carcinoma; ESCC:
esophageal squamous cell carcinoma; EAC: esophageal adenocarcinoma; ESCA: esophageal carcinoma.
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Figure 5

Interactions of the E2F family members with proteins involved in the m6A methylation pathway.
Expression correlation (A) and protein-protein interaction network (B) between E2Fs and N6-
methyladenosine (m6A) regulators. ESCA: esophageal carcinoma; ESCC: esophageal squamouscell
carcinoma; EAC: esophageal adenocarcinoma; ESCA: esophageal carcinoma.
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Figure 6

Interactions of the E2F family members with proteins involved in histone modi�cations. Expression
correlation (A) and the protein-protein interaction network (B) among E2Fs and histone modi�cation
regulators. ESCA: esophageal carcinoma; ESCC: esophageal squamouscell carcinoma; EAC: esophageal
adenocarcinoma; ESCA: esophageal carcinoma.
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Figure 6
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Figure 7

Correlation between E2Fs and anticancer drug resistance to common drugs. The bioinformatics database
GSCA Lite was used to calculate and visualize the correlation between E2Fs and common anticancer
drugs. The circle size represents the correlation strength, red represents a positive correlation, and blue
represents a negative correlation. A false discovery rate< 0.05 indicated a statistical signi�cance.
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Figure 8

Kaplan–Meier Plotter analysis of the correlation between the mRNA expression of E2Fs and the
prognosis of patients with ESCC or EAC. (A) The prognostic value (overall survival, OS) of the mRNA level
of E2Fs in EAC (Kaplan–Meier Plotter). (B) The prognostic value (OS) of the mRNA level of E2Fs in ESCC
(Kaplan–Meier Plotter). A P-value< 0.05 indicated a statistically signi�cant difference.
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