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Abstract. E2F transcription factors are associated with
the development of cancer. However, the E2F family genes
have not yet been studied in a comprehensive manner. Using
The Cancer Genome Atlas, the present study analyzed the
functions of the E2F family genes across different types of
tumor. It was revealed that compared with normal tissues,
the E2F family genes are highly expressed in several types
of tumor tissue. Furthermore, E2F transcription factors were
significantly enriched in tumor samples across different types
of tumor. The high expression levels of E2F family genes were
associated with an unfavorable prognosis in liver hepatocel-
lular carcinoma (LIHC) and lung adenocarcinoma (LUAD).
Furthermore, patients with pathological T1 stage and iCluster2
molecular subtype of LIHC expressed particularly low levels
of E2F family genes. The present study demonstrated that
hypo-DNA methylation, DNA amplification and TP53 muta-
tion contributed to the high expression levels of E2F family
genes in cancer cells. Finally, the present study revealed that,
compared with other types of tumor, the E2F family genes were
specifically downregulated in patients with LIHC. The expres-
sion levels and prognostic effects of the E2F family genes
were validated using the Gene Expression Omnibus database.
The results of the present study revealed the biological func-
tions of E2F family genes in the development of cancer and
provided potential biomarkers for further therapeutic studies,
particularly for patients with LIHC and LUAD.
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Introduction

E2F transcription factors include eight genes, E2F1-8 (1), which
play critical roles in the regulation of cell proliferation and cell
cycle progression through the mediated transcriptional activa-
tion of specific downstream target genes (2-4). E2F family
genes also regulate autophagy (5), mitochondrial functions (6)
and the DNA damage response (7). Increased expression levels
of the E2F family genes are observed in a number of different
types of cancer. For example, E2F1 and E2F3 are increased
in liver cancer, and the overexpression of E2F1 or E2F3 could
induce spontaneous liver cancer development in mice (8,9).
Furthermore, knockout of E2F8 could protect mice against the
development of liver cancer (10). E2F8 is also a therapeutic
target for lung cancer. Compared with normal lung cells, lung
cancer cells exhibit upregulated E2F8 levels (11). Loss of
E2F2 expression could decrease the level of susceptible breast
tumor progression by alleviating the Myc-mediated prolifera-
tive effects (12). The global E2F signature is associated with
clinical outcomes of patients with pancreatic adenocarci-
noma (13). Restoring the balance between E2F1 and E2F7 is
a therapeutic strategy in head and neck squamous cell carci-
nomas (14). These findings indicate the universal functions of
the E2F family genes in the development of cancer.

However, previous studies on the E2F family genes have
focused on a single E2F gene in a limited number of cancer
types (8-14). Therefore, there is an urgent need to compre-
hensively analyze E2F family genes across tumor types.
The Cancer Genome Atlas (TCGA) project contains gene
expression data and DNA methylation profiles of normal and
malignant tissues across several types of cancer (15-18). In addi-
tion, genetic aberrations, including gene mutations and DNA
amplification, are documented in TCGA database (19-23). The
majority of data in the present study was derived from TCGA,
allowing the functions of E2F family genes to be investigated
in a comprehensive manner.

The present study compared the expression levels of the E2F
family genes between normal and cancer tissues in each tumor
type. The present study also analyzed the prognostic effects of
the E2F family genes. The expression and methylation level
of the E2F family genes in different pathological stages and
molecular subtypes of different types of tumor were studied.
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Correlation efficiency and multivariate cox regression analysis
were used to determine the associations between E2F family
genes. Furthermore, the present study identified key genomic
mutations, DNA amplification or epigenetic DNA methylation
that contributed to the increased expression levels of the E2F
family genes. Overall, the analysis of TCGA database in the
present study allowed an improved understanding of the func-
tions of the E2F family genes. The results also indicated the
E2F family genes that may serve as potential biomarkers for
further therapeutic studies.

Materials and methods

Data acquisition. TCGA data were downloaded from TCGA
hub (tcga.xenahubs.net). Pathological and molecular subtype
information of patients with liver hepatocellular carcinoma
(LIHC) (24) and lung adenocarcinoma (LUAD) (25) was
obtained from previously published studies. Oncoprints of the
E2F family genes in different types of tumor were downloaded
from cbioportal (version 3.2.0; www.cbioportal.org/index.do).
The gene expression series matrix of normal and cancerous
liver tissues was downloaded from the Gene Expression
Omnibus (GEO) website (www.ncbi.nlm.nih.gov/geo), and
included the GEO datasets GSE45436 (26) and GSE55092 (27).
The gene expression series matrix of normal and cancerous
lung tissues were downloaded from the GSE18442 (28),
GSE19188 (29), GSE19804 (30) and GSE27262 (31) datasets.
The gene expression and survival data of patients with lung
cancer were downloaded from the GSE30219 dataset (32).

TCGA data analysis. Gene expression profiles across
cancer types were analyzed using RNA-sequencing data
(TCGA HiSeqV2 data). TP53 mutations were analyzed
using DNA-sequencing data (TCGA mutation broad
data). The DNA methylation profiles were analyzed using
HumanMethylation450 microarray data (Methylation_
Preprocess.Level3).

iCluster classification of patients with LIHC. iCluster is a
novel classification system of patients with LIHC, proposed
by TCGA network (24). The DNA copy number, DNA meth-
ylation, mRNA expression, miRNA expression and protein
expression of 363 patients with LIHC were integrated to divide
the patients into three iClusters using a joint multivariate
regression (24). The iCluster information of each patient with
LIHC was obtained from a previous study (24). The expression
levels of the E2F family genes were further determined in each
iCluster subtype of patients with LIHC.

GEO data analysis. The expression profiles obtained from
the GEO datasets were processed separately. The expression
values were averaged if multiple probes corresponded to the
same gene symbol using the ‘plyr’ package (version 1.8.5;
cran.r-project.org/web/packages/plyr/index.html) in R soft-
ware (version 3.5.0; www.r-project.org). The paired Student's
t-test was used to determine differences in gene expression
between normal and cancer samples in R.

Kyoto Encyclopedia of Gens and Genomes signaling pathway
enrichment analysis. The signaling pathway enrichment
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analysis was performed using the Database for Annotation,
Visualization and Integrated Discovery (version 6.8; david.
nciferf.gov).

Gene set enrichment analysis (GSEA). The GSEA of the E2F
transcription factors was performed using GSEA software
(version 2.0; www.broad.mit.edu/gsea/index.html). Genes
were ranked by the signal-to-noise ratio, and statistical
significance was determined by 1,000 gene set permutations.

Survival analysis. The Kaplan-Meier Plotter (kmplot.
com/analysis/index.php?p=service) was used to identify the
association between the expression levels of the E2F family
genes and overall survival in patients with LIHC and LUAD
derived from TCGA database and GEO datasets. The associa-
tions between the expression levels of the E2F family genes and
overall survival in patients with lung cancer from the GSE30219
dataset were determined using the ‘survival’ package (version
3.1; cran.r-project.org/web/packages/survival/index.html) in
R. Patients were divided into high and low expression groups
using the mean expression level of E2F family genes. P-values
were determined by the log-rank test.

Heatmaps. Heatmaps were created using the ‘pheatmap’
package (version 1.0.12; cran.r-project.org/web/pack-
ages/pheatmap/index.html) in R. The clustering scale was
determined by the ‘average’ method. The clustering distance
was determined by the ‘correlation’ method.

Statistical analysis. Box plots and contingency graphs were
generated using GraphPad Prism software (version 5.0;
GraphPad Software, Inc.). Statistical analysis was performed
using the paired Student's t-test or y* test using R software.
Multivariate cox regression analyses of the E2F family
genes were performed using the ‘survival’ package (version
3.1; cran.r-project.org/web/packages/survival/index.html) in
R. Correlation plots of the E2F family genes were created
using the ‘corrplot’ package (version 0.84; cran.r-project.
org/web/packages/corrplot/index.html) in R. The Spearman's
correlation test was used to demonstrate the correlation
between E2F family genes. P<0.05 was considered to indicate
a statistically significant difference.

Results

E2F family genes are upregulated in several types of tumor.
The E2F transcription factor family contains eight members,
E2F1-8 (3). The present study identified the enriched
signaling pathways of the eight E2F family genes, and the
results revealed that the cell cycle signaling pathway was
the most highly enriched (Fig. 1A). Notably, the majority of the
enriched pathways were tumor-specific-associated pathways,
for example, bladder cancer, non-small cell lung cancer and
pancreatic cancer pathways (Fig. 1A). E2F family genes were
also associated with the transforming growth factor § (TGFf)
signaling pathway (Fig. 1A). All the enriched signaling
pathways highlighted the universal functions of the E2F
family genes in cancer development in several types of tumor.
However, the E2F family genes have not yet been studied in a
comprehensive pan-cancer manner.
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Figure 1. Expression of E2F family genes is increased in several tumor types. (A) Functional pathway enrichment analysis of the E2F family genes using
the Database for Annotation, Visualization and Integrated Discovery. The most significantly enriched pathways were shown. (B) Box plots demonstrated the
number of normal and corresponding tumor samples used in the present study. (C) Heatmaps demonstrated the expression levels (log2 count) of E2F family
genes in normal and tumor samples in BLCA, BRCA, COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, PRAD and STAD. Upregulated (red),
downregulated (green) and unchanged (black) genes were delineated. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon
adenocarcinoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, kidney
renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD, prostate

adenocarcinoma; STAD, stomach adenocarcinoma.

The present study used TCGA database to integrate the
analysis of the E2F family genes across different types of
cancer. The expression levels of the E2F family genes in normal
tissues and corresponding tumor tissues were investigated. As

illustrated in the heatmaps (Fig. 1B), the majority of the E2F
family genes were upregulated in bladder urothelial carcinoma
(BLCA), breast invasive carcinoma (BRCA), colon adenocar-
cinoma (COAD), esophageal carcinoma (ESCA), head and
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Enrichment plot of E2F transcription factor
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Figure 2. E2F transcription factors are highly enriched in several types of tumor. Enrichment plots demonstrated the E2F transcriptions factors in BLCA,
BRCA, ESCA, HNSC, LIHC, LUAD, LUSC and STAD. Enrichment of NES and P-values are presented. BLCA, bladder urothelial carcinoma; BRCA, breast
invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear
cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell
carcinoma; PRAD, prostate adenocarcinoma; STAD, stomach adenocarcinoma; NES, normalized enrichment score.

neck squamous cell carcinoma (HNSC), kidney renal clear
cell carcinoma (KIRC), kidney renal papillary cell carcinoma
(KIRP), LIHC, LUAD, lung squamous cell carcinoma (LUSC)
and stomach adenocarcinoma (STAD) tumor tissues compared
with normal tissues (Fig. 1C). In particular, compared with the
normal tissues, all the E2F family genes were highly expressed
in LIHC, LUAD and STAD tumor tissues (Fig. 1C). However,
it was revealed that the majority of the E2F family genes were
not altered in prostate adenocarcinoma (PRAD; Fig. 1C). For
the other types of tumor, the E2F family genes were all highly
expressed in the corresponding tumor samples, excluding
E2F4 in BRCA, E2F2 in COAD, and E2F5 in HNSC, KIRC,
KIRP and LUSC.

E2F transcription factors are highly enriched in several types
of tumors. The present study identified the transcription factors
enriched in tumors using GSEA (33). Among the transcrip-
tion factors, E2F was significantly enriched in BLCA, BRCA,
ESCA, HNSC, LIHC, LUAD, LUSC and STAD tumors,
representing the most frequently enriched transcription factor
(Fig. 2). These results indicated the universal importance of
E2F transcription factors in the development of cancer.

Expression levels of E2F family genes are associated with
the overall survival in patients with LIHC and LUAD. The
present study assessed whether the E2F family genes had prog-
nostic effects in tumor progression. Using the Kaplan-Meier
Plotter (34), the present study identified the association between
the expression levels of the E2F family genes and overall
survival in several types of cancer. The results revealed that,
high expression levels of the E2F family genes were associated
with an unfavorable prognosis, particularly in LIHC and LUAD
(Fig. 3). Patients with LIHC with higher expression levels of
E2F1-8 had worse prognosis than patients with low expression
(Fig. 3A). Furthermore, the Kaplan-Meier survival analysis
revealed that E2F1, E2F2, E2F4, E2F7 and E2F8 were all asso-
ciated with overall survival in patients with LUAD (Fig. 3B).

However, the E2F family genes had no or little prognostic
effect in other types of tumor, including LUSC (Fig. S1A) or
STAD (Fig. S1B). These results suggested that although the
E2F family genes were highly expressed across tumor types,
the E2F family genes were more important in the development
of LIHC and LUAD compared with other tumor types.

Correlation or independence of the E2F family genes is
identified in patients with LIHC and LUAD. The results of the
present study demonstrated the similar functions of the E2F
family genes in overall survival in patients with LIHC and
LUAD. Thus, the present study aimed to determine the connec-
tion between E2F family genes. The Spearman's correlation
test demonstrated a high correlation between E2F1, E2F7 and
E2F8 in LIHC and LUAD expression datasets (Fig. 4A). E2F2
was also highly correlated with E2F7 and E2F8 in LIHC and
LUAD. Additionally, E2F7 and E2F8 were correlated with
each other (Fig. 4A).

The present study also used multivariate cox regression
analyses to reveal the connection that the E2F family genes
have in determining the overall survival of patients with LIHC
and LUAD. It was revealed that E2F5 and E2F6 were inde-
pendent prognostic markers in patients with LIHC, and E2F7
was an independent prognostic marker in patients with LUAD
(Fig. 4B). These results were consistent with the gene expres-
sion data, and E2F5 and E2F6 demonstrated little connection
with other E2F family genes (Fig. 4A). E2F1-4, E2F7 and
E2F8 genes were interconnected with each other, so those
genes were not independent prognostic markers (Fig. 4B).

E2F family genes are downregulated in patients with T1 stage
and iCluster2 LIHC subtypes. The Kaplan-Meier Plotter
analysis suggested that the E2F family genes may play more
important roles in LIHC than other tumor types (Fig. 3A).
LIHC is a heterogeneous disease, reflected by differences in
genomic or epigenetic aberrations, pathological stages and
responses to therapies (35-37). Pathological stages are basic



ONCOLOGY REPORTS 43: 1133-1146, 2020

1137

A LHC
(=]
-1 HR=2.2(1.5-3.24) HR=2.18(1.54-3.09) HR=1.6(1.13-2.26) HR=1.72(1.18-2.5)
@ P=3.8x10"> P=6.4x1075 P=0.0074 P=0.0044
=
£ o
o o
[1]
8 =
E o
C\!_ | i ] -t
S| —E2F1 low — E2F2 low — E2F3 low —E2F4 low
o] —E2F1 high | — E2F2 high | —E2F3 high | —E2F4 high
(=] T T T T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100120 0O 20 40 60 80 100120 O 20 40 60 80 100120 O 20 40 60 80 100120
Overall survival (months) Overall survival (months) Overall survival (months) QOverall survival (months)
=
- HR=2.04(1.43-2.91) HR=2.19(1.55-3.11) HR=2.06(1.44-2.93) HR=2.16(1.52-3.06)
@ P=5.8x10"5 P=6.0x10"8 P=4.7x10"° P=1.0x10"%
> =
= @
o o
@
S =
Dh. (=]
o ] ] ]
© | —E2F5 low — E2F6 low — E2F7 low — E2F8 low
o] — E2F5 high | — E2F6 high | — E2F7 high | — EZ2F8 high
(=] T T T T T T T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100120 O 20 40 80 B8O 100120 0O 20 40 60 B8O 100120 0 20 40 60 80 100120
Overall survival (months) Overall survival (months) Qverall survival (months) Overall survival (months)
B LUAD
=
- HR=2(1.36-2.94) HR=1.8(1.28-2.53) 1 HR=0.82(0.61-1.1) HR=1.43(1.07-1.91)
@ | P=0.00036 P=0.00061| | P=0.18 P=0.016
= (=]
§ 2 -
o
o =] g
o o
cl ] . |
S| — E2F1 low — E2F2 low — E2F3 low — E2F4 low
g_ — E2F1 high | — E2F2 high | — E2F3 high | — E2F4 high
0 50 100 150 200 250 O 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
QOverall survival (months) Qverall survival (months) Qverall survival (months) Overall survival (months)
=
- HR=0.8(0.6-1.08) HR=1.19(0.89-1.59) HR=1.79(1.34-2.4) HR=1.5(1.12-2)
@ | P=0.15 P=0.24 | P=7.4x10"> | P=0.006
E:- o
= @
o o h 1
[}
g =
& ©] ]
N ] ] ]
| — E2F5 10w — E2F6 low —EZ2F7 low — E2F8 low
g. — E2F5 high { — E2F6 high | —E2F7 high | — E2F8 high

0 50 100 150 200 250 0
Overall survival (months)

50 100 150 200 250 0
Overall survival (months)

50 100 150 200 250
Overall survival (months)

50 100 150 200 250 0
Owerall survival (months)

Figure 3. Expression levels of E2F family genes are associated with the overall survival in patients with LIHC and LUAD. (A) The Kaplan-Meier Plotter
demonstrated the associations between E2F1-8 and overall survival in patients with LIHC. The log-rank test was used to determine the overall survival P-value.
(B) The Kaplan-Meier Plotter demonstrated the association between E2F1-8 and overall survival in patients with LUAD. LIHC, liver hepatocellular carcinoma;

LUAD, lung adenocarcinoma; HR, hazard ratio.

prognostic information to evaluate the malignant character-
istics of the disease (38). The present study then tested the
expression levels of E2F family genes in patients with different
pathological stages of LIHC.

The majority of patients (98%) with LIHC in TCGA data-
base were in the MO or NO stage, without distant or lymphatic
metastasis. However, the expression levels of the E2F family
genes in different pathological T stages were quite different.
Compared with patients with T1 stage LIHC, E2F1-4, E2F6
and E2F7 were all highly expressed in patients with T2 stage
LIHC (Fig. SA). However, the expression levels of E2F5 and

E2F8 in patients with T1 and T2 stage LIHC were not different.
Furthermore, there were no differences observed between the
expression level of the E2F family genes and patients with
T2 stage or T3 stage LIHC (Fig. 5A).

Besides the basic pathological classification of LIHC, patients
with LIHC were divided into three iClusters based on genomic
alterations, gene expression profiles and DNA methylation
aberrations (24). Furthermore, patients with different iCluster
subtype demonstrated different clinical outcomes. Patients with
the iClusterlsubstype had a worse prognosis than patients with
the iCluster2 and iCluster3 subtypes (24). The present study
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A Corrplot of E2F family genes
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Figure 4. Correlation or independence of the E2F family genes in patients with LIHC and LUAD. (A) Corrplots demonstrated the correlation between each
E2F family gene in LIHC and LUAD. The numbers and the size of the circle represented the correlation coefficients. (B) Multivariate cox regression was used
to test the association between E2F family genes in determining the overall survival of patients with LIHC and LUAD. LIHC, liver hepatocellular carcinoma;

LUAD, lung adenocarcinoma; HR, hazard ratio; CI, confidence interval.

then assessed the expression levels of the E2F family genes in
patients with different iCluster subtypes of LIHC. Compared
with the iClusterl or iCluster3 subtypes, the expression levels of
E2F1-4, E2F6 and E2F7 were relatively lower in patients with
iCluster2 subtype of LIHC (Fig. 5B). This low expression of the
E2F family genes in iCluster2 was not due to the high proportion
of patients with T1 stage LIHC (Fig. 5C).

The present study also assessed the expression levels of the
E2F family genes in different pathological stages or molecular
subtypes of patients with LUAD (25). However, no signifi-
cantly different expression levels of E2F family genes were
observed in different pathological stages (Fig. S2). E2F2 and
E2F8 were highly expressed in patients with T2 stage LUAD
compared with patients with T1 stage (Fig. S2).

Increased expression levels of the E2F family genes are
induced by multiple levels of genomic or epigenetic aberra-
tions. The present study aimed to determine the mechanisms

that induced the activation of the E2F family genes in tumor
development. The high expression levels of oncogenes are
usually mediated by hypo-DNA methylation, DNA ampli-
fication and gene mutation (16). Compared with normal
tissues, it was revealed that the E2F family genes exhibited
hypo-DNA methylation patterns in LIHC and LUAD tumor
tissues (Fig. 6A). Particularly LIHC, E2F2, E2F4, E2F5, E2F5
and E2F8 genes exhibited hypo-DNA methylation in tumor
samples (Fig. 6A), and E2F1, E2F3 and E2F6 genes exhibited
hypo-DNA methylation in LUAD (Fig. 6A). These observations
suggested that DNA methylation was partially contributing to
the activation of E2F family genes in the tumor cells.

Another factor determining the activation of E2F genes in
tumor cells was genomic aberration, particularly DNA ampli-
fication. It was revealed that the E2F1 and E2F3 genes were
present in higher proportions of DNA amplification in BLCA
(Fig. 6B). BRCA, LIHC and BLCA tumor types also exhibited
high levels of E2F5 amplification (Fig. 6B).
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TP53 is a driver of mutations in several types of
tumor (23,40,41). Loss of TP53 functions induces uncontrolled
cell cycle progression, and resistance to cell apoptosis (42-44).
The present study assessed whether TP53 regulated the expres-
sion levels of the E2F family genes. It was revealed that, except
for E2F5, the other E2F family genes were all highly expressed
in patients with TP53 mutant LIHC and LUAD, compared with
those patients with TP53 wild-type LIHC and LUAD (Fig. 6C).
Overall, the present study speculated that hypo-DNA methyla-
tion, DNA amplification and TP53 mutation were contributing
to the high expression levels of E2F family genes in cancer cells.

E2F family genes exhibit hyper-DNA methylation patterns
in patients with iCluster2 subtype LIHC. The present study
demonstrated that the E2F family genes were downregulated
in patients with pathological T1 stage and molecular iCluster2
subtypes of LIHC. However, the mechanisms underlying
this phenotype were not clear. The present study analyzed
the methylation patterns of the E2F family genes in patients
with LIHC. It was revealed that the E2F family genes E2F1,
E2F3 and E2F7 exhibited hyper-DNA methylation patterns in
patients with T1 stage LIHC compared with those patients with
T2 stage LIHC (Fig. 7A). No significantly different methylation



1140 WANG et al: ANALYSIS OF THE E2F FACTORS ACROSS CANCER TYPES
A LIHC LUAD
Normal Cancer Normal Cancer
E2F1 E2F1
E2F3 E2F3
E2F7 E2F6
E2F8 E2F5
E2F4 E2F8
E2F2 E2F7
E2F5 E2F2
E2F6 E2F4
- - 4 2 0 -2 -4
B E2F1 E2F3 E2F5
8%
5% 1
> 4% 6%
2
E 10% 1
g 3%+ 4%
=
2 2%
] J
g 29&_
< 1%
0% < O < 0O 0 QO <€ O
m%ﬂ 8—'%_1 @ w - wm IJF D DY @mow T w3
@ Mutation @ Ampiification @ oeletion @ Fusion
C LIHC
144 0.0023
~— 0.034
12 0.0008 f 1 .
3.74e-05 r— 0.065 552006 0.00097 0.00069
— f ! —
10 f '
&
g 84
[&]
4
2
0 T T T T T T 1 T L] 1 ] L] 1 1 1 1
E2F1 E2F2 E2F3 E2F4 E2F5 E2F6 E2F7 E2F8
LUAD
149
2.6e-21 2 1e-12 4 Ge- 05
— o.ss
12 6.9e-24 54e 06 6.5e-15
— 4.2e-20
_ 10 B
o ——
g
< 8
[
=2
5] .
i .
4
2 I L] L] Ll Ll Ll Ll L] L] L] L] L] -l- T 1
E2F1 E2F2 E2F3 E2F4 E2F5 E2F6 E2F7 E2F8

I TP53 Mutant

Figure 6. Increased expression levels of the E2F family genes are induced by multiple levels of genomic or epigenetic aberrations. (A) Heatmaps demonstrated
the methylation level (B value) of the E2F family genes in normal and tumor samples in patients with LIHC and LUAD. Hypermethylated (red), hypomethyl-
demonstrated the alteration frequency of E2F1, E2F3 and E2F5 genes in patients
with BLCA, HNSC, LUSC, STAD, ESCA, LIHC, BRCA and LUAD. (C) Box plots demonstrated the expression levels of the E2F family genes in patients with
LIHC and LUAD. P-values indicated the differences between patients with TP53 mutant and TP53 wild-type cancer types. LIHC, liver hepatocellular carci-
noma; LUAD, lung adenocarcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; ESCA, esophageal carcinoma; HNSC, head and
neck squamous cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; STAD, stomach

ated (green) and unchanged (black) genes were delineated. (B) Oncoprints

adenocarcinoma.

I TP53 Wild type



ONCOLOGY REPORTS 43: 1133-1146, 2020

A Pathologic T stage of LIHC

E2F1
0.50 0.048 0.351
—

o 0.45 0.301
=]
: 0.40
'-5 4 0.251
w
m

0.35 0.201

030 t—7—T—

015+—F—7——

1141

E2F3 E2F7

0.022 0.04
0.32 .

0.28

0.24

.20 ——

T1 T2 T T2 T T2
B Molecular iCluster of LIHC
E2F1 E2F2 E2F3 E2F4
0.074 0.084
——1r— 0.24 0.0002
—r— —r—
3 % 0.20 0.30 % 0.3
730-4”‘ % % %
< 0.25 0.24
o 0.15
m 0.35 1
0.20 0.1
0.10
0-30-_'ﬁ—'_ T T T 0-15 T T T O-n T T T
c1  c2 c3 C1 c2 C3 c1  c2 c3 c1  c2 c3
E2F5 E2F6 E2F7 E2F8
0.4 0.33 0.0001 0579 017 0.0002 0.45 047 0.19 0.08
—r— —— 062 0.04 e —
—r—
o 031 041 0.40 0.3
2 0.31 0.35
:: 0.24 0.2
= 0.2 0.30
m
@ 0.14 == 0.1
0.1 0.25
0‘0-_'—'—'_ 0-0 T T T 0.20 T T T 0-0 T T T
C1 c2 C3 c1 c2 C3 c1  c2 c3 c1  c2 c3

Figure 7. E2F family genes with hyper-DNA methylation patterns in patients with the iCluster2 subtype of LIHC. (A) Box plots demonstrated the methylation
level (p value) of E2F1, E2F3 and E2F7 genes in patients with pathological T1 and T2 stage of LIHC. (B) Box plots demonstrated the methylation level of the
E2F family genes in patients with different iCluster subtypes of LIHC. LIHC, liver hepatocellular carcinoma.

intensities of other E2F family genes were observed between
patients with pathological T1 and T2 LIHC.

The methylation patterns of the E2F family genes in
patients with different molecular iClusters of LIHC were also
analyzed. Consistent with the low expression levels of the E2F
family genes in patients with iCluster2 subtype of LIHC, the
present study revealed that the methylation intensity of E2F2-7
in patients with LIHC was relatively higher, compared with
patients with iCluster3 subtype LIHC. However, there was
no statistically significant difference in methylation intensity
in the E2F family genes between patients with iClusterl and
iCluster2 subtypes of LIHC (Fig. 7B).

E2F family genes are expressed in particularly low levels in
patients with LIHC. The present study compared the expres-
sion levels of E2F family genes in BLCA, BRCA, ESCA,
HNSC, LIHC, LUAD, LUSC and STAD. It was revealed that,
compared with other tumor types, E2F2-4, E2F7 and E2F8
were all expressed at relatively low levels in LIHC tumors
(Fig. 8A). In addition, the methylation intensity of E2F2-4
was relatively higher in LIHC compared with other tumor
types (Fig. 8B). However, the methylation level of E2F3 was
higher in HNSC than in LIHC (Fig. 8B).

Expression and prognostic effects of the E2F family genes
are validated from GEO datasets. From TCGA database, it
was revealed that the majority of the E2F family genes were
upregulated in several types of tumor tissue, and the upregu-
lated E2F family genes were associated with worse prognosis
in LTHC and LUAD tumor types. In order to further confirm
these findings, the present study analyzed the functions of the
E2F family genes from GEO datasets.

The GSE45436 and GSE55092 datasets included the
expression profiles derived from normal liver and malignant
liver tissues (27). The expression levels of the E2F family genes
varied significantly between normal liver or malignant tissues.
E2F3 was highly expressed, while the expression levels of
E2F7 and E2F8 were relatively lower in liver tissues (Fig. 9A).
However, compared with the normal liver tissues, the E2F
family genes E2F1-8 were all highly expressed in liver cancer
tissues (Fig. 9A). However, the expression of E2F4 between
normal liver and cancerous liver tissues was not significantly
different in the GSE55092 dataset (Fig. 9A).

The expression levels of the E2F family genes between
normal lung and malignant lung tissues were also analyzed
using the GSE18842, GSE19188, GSE19804 and GSE27262
GEO datasets (28-31). Similar to liver tissues, E2F3 was highly
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LIHC, liver hepatocellular carcinoma.

expressed, while the expression levels of E2F7 and E2F8 were
relatively lower in normal lung or malignant tissues (Fig. 9B).
In addition, compared with the normal lung tissues, the E2F
family genes were all highly expressed in lung cancer tissues,
except E2F4 (Fig. 9B). These results were relatively consistent
with the findings derived from TCGA database.

The Kaplan-Meier Plotter analysis also provided prognostic
values of genes using combined GEO transcriptional data in
non-small-cell lung cancer (45). Similar to TCGA data, high
expression levels of the E2F family genes E2F1, E2F2, E2F4,
E2F7 and E2F8 were all associated with low overall survival
in patients with lung cancer, while, high expression levels

of E2F3, E2F5 and E2F6 were associated with an improved
prognosis in patients with LUAD (Fig. 9C).

Correlation between E2F family genes is validated in the
GSE30219 lung cancer expression dataset. The present study
validated the correlation of E2F family genes in the GSE30219
lung cancer expression dataset. This dataset was selected as
it included both gene expression and overall survival time
of patients with lung cancer (32). High expression levels of
E2F1-3 and E2F6-8 were associated with poor overall survival
(Fig. 10A). Results derived from this dataset suggested a strong
correlation among E2F1, E2F7 and E2F8 (Fig. 10B). E2F2
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Figure 10. Correlation among E2F family genes was validated in the GSE30219 lung cancer expression dataset. (A) The Kaplan-Meier Plotter demonstrated the
association between E2F1-3 and E2F6-8 and overall survival in patients with lung cancer. The results were derived from the GSE30219 dataset. (B) Corrplots
demonstrated the correlation between each E2F transcription factor in the GSE30219 dataset. (C) Multivariate cox regression was used to test the association
between the E2F family genes in determining the overall survival of patients with lung cancer.

was also strongly correlated with E2F7 and E2F8. In addition,
E2F7 and E2F8 were correlated with each other (Fig. 10B).
Multivariate cox regression analysis revealed those genes
interconnected with each other in determining the overall
survival of patients with LUAD. Only E2F4 and E2F8 were
independent prognostic markers (Fig. 10C). All these results
were quite similar to those derived from TCGA database.

Discussion

Using TCGA database, the present study analyzed the tran-
scriptional profiles, DNA methylation characteristics, DNA
amplification features and prognostic effects of the E2F family
genes in several tumor types. Compared with the normal
tissues, E2F family genes were highly expressed in multiple

cancer tissues, including BLCA,BRCA, COAD,ESCA,HNSC,
KIRC, KIRP, LIHC, LUAD, LUSC and STAD. Furthermore,
the E2F transcription factors were highly enriched in the
aforementioned tumors. The results of the present study
suggested that the E2F family genes played important and
universal roles in cancer development. Furthermore, since the
E2F family genes were mostly associated with the cell cycle
signaling pathway, the results supported previous observations
that uncontrolled cell cycle progression was a hallmark of
cancer (46,47).

The potential prognostic roles of E2F family genes in
breast cancer (48), gastric cancer (49), liver cancer (50) and
non-small-cell lung cancer (51) have been previously studied.
For example, higher E2F1, E2F3, E2F5, E2F7 and E2F8
expression levels were significantly associated with lower
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overall survival in patients with breast cancer (48). E2F1,
E2F3 and E2F4 were significantly associated with unfavorable
outcomes in patients with gastric cancer (49). E2F1 and E2F2
upregulation was significantly correlated with poor prognosis
in patients with non-small-cell lung cancer (51). However,
in the present study, the E2F family genes had no or little
prognostic effect in LUSC and STAD. On the contrary, the
high expression levels of E2F family genes, E2F1-8, were all
associated with unfavorable outcomes in patients with LIHC.
In patients with LUAD, E2F1, E2F2, E2F4, E2F7 and E2FS,
were significantly associated with unfavorable outcomes. The
data from the present study suggested that the E2F family
genes had more important functions in LIHC and LUAD than
in other tumor types.

The expression levels of E2F family genes in tumor cells
are regulated by several molecular mechanisms. In retinoblas-
toma (RB), RB protein was a critical regulator of E2F family
genes (52). The present study demonstrated that, in LIHC and
LUAD patients, the hypomethylation of the E2F family genes
in tumor samples may explain the high expression levels of
these genes in the tumor tissues. Moreover, in BLCA, the
high expression levels of the E2F family genes may be due
to DNA amplification. Furthermore, BRCA and LIHC tumor
types exhibited high levels of E2F5 amplification. TP53 tumor
suppressor is also a critical regulator of E2F family genes.
E2F7 is a TP53 direct transcriptional target gene, connecting
TP53 with RB protein (53). E2F family genes and TP53 bind
the same promoter region to regulate downstream target
genes (54). The present study demonstrated that, except for
E2F5, the E2F family genes were all highly expressed in
patients with TP53 mutant LIHC and LUAD, compared with
patients with TP53 wild-type LIHC and LUAD.

Overall, the analysis in the present study provided a more
in-depth understanding of the biological functions of the E2F
family genes. However, the results require further clinical vali-
dation. The results of the present study suggested that the E2F
family genes may serve as important biomarkers and therapeutic
targets, particularly for patients with LIHC and LUAD.
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