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Background: Multiple studies have identified that E2F transcriptions act as important regulators for the tumorigenesis and progres-
sion of several human cancers. However, little is known about the function of E2Fs in clear cell renal cell carcinoma (ccRCC).
Methods: We firstly investigated the expression levels, genetic alteration, and biological function of E2Fs in patients with ccRCC and
the connections between the immune cell infiltration and the overall survivals of ccRCC patients with the E2Fs expression levels based
on UALCAN, The Cancer Genome Atlas database, Gene Expression Profiling Interactive Analysis, TIMER, STRING, GSCALite and
cBioPortal databases.

Results: Results revealed that the expression levels of E2F1/2/3/4/6/7/8 were markedly upregulated in patients with ccRCC, while the
expression of E2F5 displayed an opposite trend. We also experimentally validated the overexpression of E2F3/4/7 in human ccRCC
tissues and ccRCC cell lines. Furthermore, the high E2F1/2/3/4/7/8 expression levels were clearly associated with worse pathological
characteristics of ¢ccRCC, including high pathological stage, poor molecular subtypes and high tumor grade. Meanwhile, high
expression levels of E2F1/2/4/7/8 were evidently associated with worse overall survivals (OSs) and progression-free survivals
(PFSs) of patients harboring ccRCC. Univariate and multivariate analyses illustrated that the expressions of E2F4/5/7 were indepen-
dent factors associated with the OSs and PFSs of patients with ccRCC. Meanwhile, the mutations in E2Fs were also significantly
related to poor OSs and PFSs of patients with ccRCC. Mechanically, the E2Fs genes synergistically promoted the progression of
ccRCC by accelerating the cell cycle and inhibiting DNA damage response and apoptosis after performing the protein structure,
functional enrichment, and PPI network analyses. In addition, E2Fs genes were also significantly associated with tumor immune cells
infiltration and the drug sensitivity in ccRCC.

Conclusion: As a result, E2F4/7 were highly expressed in ccRCC and significantly associated with worse pathological characteristics
of ccRCC, including high pathological stage, poor molecular subtypes and high tumor grade, tumor immune cell infiltration, and drug
sensitivity, consequently translating into poor OSs and PFSs of patients with ccRCC. Our results indicated that E2F4/7 could be
potential biomarkers and therapeutic targets of ccRCC patients.
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Introduction

E2F transcription factors (E2Fs) are a group of genes that codify a family of transcription factors (TFs) which consist of
eight family members in the mammalian cells, which play a critical role in regulating the expression of many genes
required for cell cycle progression, DNA repair, and apoptosis.'” The members of this family can be divided into two
groups based on their specific functions. E2F1, E2F2, and E2F3a are considered to be transcriptional activators, while
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E2F3b and E2F4 to 8 are considered to be transcriptional repressors.” E2F proteins are located at the “bottom” of the
growth factor signaling cascade and make essential contributions to the process of cell cycle, so the deregulation of the
members of the E2F family is closely related to the occurrence of several human cancers, such as lung cancer,® gastric
cancer,” bladder cancer,® prostate cancer,” ovarian cancer,” and breast cancer.’

According to the global cancer statistics, renal cell carcinoma (RCC) was the 16th most commonly diagnosed cancer
worldwide, with approximately 431,288 new cases. Furthermore, RCC had the 16th highest cancer-related mortality with
179,368 deaths, accounting for 1.8% of all cancer-related deaths in the whole world.” The incidence of kidney cancer has
increased in many countries over the past decade.'” The clear cell RCC (ccRCC) stands for the most common
histological forms of kidney cancer.'' Localized renal tumors were best managed by partial nephrectomy or radical
nephrectomy, irrespective of the surgical approach, while embolization, radiofrequency ablation, and cryoablation were
provided as alternatives to surgery. For patients with metastatic RCC, systemic therapies, including immunotherapy,
targeted therapies, radiotherapy, cytoreductive nephrectomy, were developed.'? Notably, although the five-year survival
proportion of patients bearing RCC in clinical stage I reached up to 80-95%, this rate dramatically dropped down to less
than 10%'? in patients with RCC in clinical stage IV, of whom the average overall survival length is only 1015 months,
implying the great clinical significance of early diagnosis and treatment for patients with RCC.'* However, there are no
clinical prognostic biomarkers for predicting prognosis and early diagnosis. A better understanding of the mechanism of
ccRCC tumorigenesis and development is needed to help to develop and improve the treatment of patients diagnosed
with advanced ccRCC. Our exploration of the underlying mechanisms of E2Fs in ¢ccRCC will help to provide new
clinical biomarkers and therapeutic targets for RCC.

Up to now, eight members (E2F1-E2F8) have been identified in human genomes. E2Fs are thought to play unique and
complex roles in kidney cancer. Many studies have reported that E2F1 has a role in carcinogenesis of ccRCC and is found to be
significantly upregulated in cancer. Cen et al'> reported that the circSDHC competitively bound to miR-127-3p, preventing its
inhibition of the downstream gene E2F1 pathway, leading to malignant progression of ccRCC. Knockdown of E2F1 in ccRCC
can promote the expression levels of miR-520c-3p, miR-372-3p, and miR-373-3p and thereby inhibit SPOP signaling
expression, which promotes cell proliferation.'® The aberrant expression of E2F1 plays a key role in driving human ccRCC
invasion and metastasis.'” E2F1 activation can promote the proliferation, migration and invasion of cancer cells, so that renal
clear cancer cells have higher malignancy and vascular infiltration potential.'® The IncRNA RCAT1 could protect E2F2 from
mediating degradation by sponging miR-214-5p abundantly, which promoted cell proliferation, migration, and invasion.'’
However, Gao et al*® reported that E2F2 acts as a tumor suppressor in ccRCC and participated in miR-155-regulated cancer
cell proliferation and invasion. There are few studies on the role of E2F3 in kidney cancer. The miR-200c directly targets
oncogene E2F3 and inhibits kidney cancer cell growth and metastasis.?' One study found that E2F4 ccRCC tumor cells showed
higher nuclear expression of E2F4 than normal kidney samples and E2F4 might function as an oncogene during tumorigenesis
of ccRCC.** However, the role of E2F5 and E2F8 in kidney cancer has not been investigated. The up-regulation of E2F6 was
found to promote cell-colony formation and to accelerate apoptosis by suppressing the inhibitory effect of miR-425.%* E2F7
was increased in patients with RCC and might serve as a potential target for RCC.>* To date, the distinct expression/mutation
patterns and prognostic values of E2Fs in clear cell RCC have yet to be fully elucidated and remain unknown.

In the current study, we firstly explored the expression and mutation status of E2Fs in ccRCC with the multiple
databases. In addition, the connections between the E2Fs expression levels with clinicopathological features, prognosis,
tumor immune cell infiltration and the drug sensitivity in patients with ccRCC were also investigated. Furthermore, we
mechanically interpreted these results by analyzing the protein structure, functional enrichment, and PPI network.

Materials and Methods

Ethics Statement

Our research protocol was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University.
Data were retrieved from online databases, and tissue samples were collected from patients who had given permission for
their samples to be used in research and admitted to the Department of Urology in hospital.
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Patient and Tumor Samples

Twenty paired KIRC (kidney renal clear cell carcinoma) and adjacent normal tissues were pathologically confirmed by
two independent pathologists and subsequently included in this study. Twenty pairs of matched ¢ccRCC tissues and
adjacent normal kidney tissues were immediately frozen after resection and stored in liquid nitrogen until use in the
First Affiliated Hospital of Nanchang University from 2019 to 2020. The extracted RNA was reversely transcribed into
cDNA with the First-Strand ¢cDNA Synthesis kit (Qiagen, USA) in accordance with the manufacturer’s instructions.
SYBR Real-Time PCR kit (Qiagen, USA) was employed to perform RT-qPCR under the specific conditions: 95°C for 2
min, followed by 40 cycles of 95°C for 5 s and 60°C for 10 s. The 2 =**“* method was utilized to evaluate the relative
gene expressions. Each analysis was performed in triplicate. In addition, B-actin was considered as an internal reference
gene.

Cell Lines and Cell Culture

The KIRC cell lines (HK-2, 786-0, A498, OSRC-2, Caki-1, 769-P, ACHN), which were obtained from the ATCC, were
cultured in MEM, RPMI-1640 and DMEM standard culture medium (GIBCO, Thermo Fisher Scientific, Inc.) supple-
mented with 10% fresh fetal bovine serum before use (FBS; Gibco; Invitrogen; Thermo Fisher Scientific, Inc.).

RNA and Quantitative Real-Time PCR

Trizol reagent was used for total RNA isolation from the ccRCC tissues and adjacent non-tumor tissues and ccRCC cell
lines. The 1 pg RNA from each sample was used for cDNA synthesis (Tiangen) in accordance with the manufacturer’s
protocol. Primers used were listed as follows: GAPDH forward primer GCCACATCGCTCAGACACCAT, GAPDH
reverse primer: CCCATACGACTGCAAAGACCC, E2F1 forward primer: TGCCACCATAGTGTCACCAC E2F1
reverse primer: GTTCTTGCTCCAGGCTGAGT, E2F2 forward primer: ACGCCCGTCTTAAAGTCCAG, E2F2 reverse
primer: TAAATGGCAGCCCAGTGGAG, E2F3 forward primer: CCAGCCAACCTCTTACAGCA, E2F3 reverse pri-
mer: TCGAAGAGATCGCTGATGCC, E2F4 forward primer: TCACAGAGGACGTGCAGAAC, E2F4 reverse
primer: CGGATGGCCAAGAGGGTATC, E2F5 forward primer: GGACCTATCCATGTGCTGCT, E2F5 reverse primer:
GAGGAAGGCTGTGTGAGGTC, E2F6 forward primer: GGTGTGTTTCTGTGCACCTG, E2F6 reverse
primer: ACCCACCAGTCCAGTGATGA, E2F7 forward primer: GTCGTCCACACTCCCTTCTG, E2F7 reverse primer:
TGGATGTCCCACGTAAACGG, E2F8 forward primer: CGCCCAGTAGCCCTATCAAG, E2F8 reverse primer:
CTGGTTTGCAGGGTCCAGAT. All gRT-PCR assays were completed with SYBR Real-Time PCR
kit (Qiagen, USA) under the specific conditions: 95°C for 2 min, followed by 40 cycles of 95°C for 5 s and 60°C for
10 s. The 2 —**“' method was utilized to evaluate the relative gene expressions. Each analysis was performed in
triplicate. In addition, B-actin was considered as an internal reference gene.

Statistical Analysis

All statistical analyses were performed in R package (V3.6.2). The effect of clinical parameters and mRNA expression of
E2Fs on survival along with other clinical characteristics (histologic grade and pathologic stage) of ccRCC patients was
evaluated using univariate Cox regression. Then, those with p value <0.1 were retained for subsequent analysis.
Furthermore, multivariate analysis using Cox regression was performed to verify the relationship between clinical
characteristics and E2Fs expression. All data were analyzed with the Mann Whitney U-test for and p value <0.05 was
considered statistically significant.

UALCAN
The expression of E2Fs in ccRCC was determined based on the TCGA data using the UALCAN (http://ualcan.path.uab.
edu/) database developed by Chandrashekar et al,”> which is an online bioinformatics tool for analyzing and visualizing

TCGA. Correlation of the E2Fs expression with clinical pathological parameters was also analyzed by using the online
bioinformatics tool. The analyses were performed based on the TCGA KIRC data. A p-value <0.05 was considered
significant (p-value <0.05 (*), p-value <0.01 (**), p-value <0.001 (***) and p-value <0.0001 (****)).
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GEPIA Dataset

The GEPIA Dataset is an interactive web server for exploring large data sets, containing data from 9736 tumors and 8587
normal samples from The Cancer Genome Atlas and the Genotype Tissue Expression projects.”® In our research, we
analyzed the expression levels of E2Fs genes in cancerous tissues and normal tissues and the prognostic value of
candidate genes in TCGA using the GEPIA database. P value <0.05 was considered significant.

cBioPortal

c-BioPortal (www.cbioportal.org) is an online open access resource that has been developed for comprehensive analysis

of multiple cancer genomic datasets and clinical data from the TCGA database.?’ In this study, we collected the genomic
profiles corresponding to E2Fs family of tumor genomes, which contained mutations, putative copy-number alterations
from GISTIC and mRNA expression z-scores (RNA Seq V2 RSEM). Furthermore, genetic mutations in E2Fs and their
correlations with OS and DFS of KIRC patients were displayed online as Kaplan—Meier plots, and the Log rank test was
performed to check the difference between altered group and unaltered group. Mutation rate means that genetic alteration
in patients accounted for all the sequenced patients based on the cBioPortal database.?’

GSCALite

GSCALite (http://bioinfo.life.hust.edu.cn/web/GSCALite/) is an important online website for the cancer genome analysis

platform. Furthermore, we utilized it to analyze pathway activity, miRNA network and the drug sensitivity of the E2Fs
family in ccRCC. The pathway activity module was used to analyze the relation between members of E2F family and
pathway activity. The association between drug sensitivity and E2Fs genes expression profiling data of cancer cell lines
was performed via the drug-sensitivity module.

STRING Analysis

A protein interaction network was constructed for differential genes using the online functional protein association
networks database STRING (https://string-db.org/).”® In the study, the network for E2Fs and the 50 most frequently
altered neighboring genes was constructed using the STRING online database.

TIMER
TIMER (http://cistrome.org/TIMER/) is a TCGA database visual website developed for analyses of tumor immunity.*’
The correlation between the members of E2Fs family and the infiltration of immune cells in ccRCC was explored in the

gene module. The somatic copy number alteration (SCNA) module of was used to associate genetic copy number
alterations of E2Fs with the abundance of immune infiltrates.

Results

Expression Levels of Different E2Fs in Patients with Clear Cell Renal Cell Carcinoma
First, compared with paired normal tissue samples, the expression levels of E2Fs family in ccRCC samples were
analyzed based on The Cancer Genome Atlas (TCGA) dataset (https://portal.gdc.cancer.gov/). As showcased in
Figure 1A, the transcriptional levels of E2F1/2/3/4/6/7/8 (p<0.05 for all) in ccRCC tissues were expressed at significantly
higher levels compared with that in normal samples, while the E2F5 was significantly downregulated in renal cancer

samples compared with normal samples. Next, we analyzed the eight E2Fs factors mRNA transcription levels of ccRCC
patients according to the UALCAN database. As shown in Figure 1B-I, the transcriptional levels of E2F1, E2F2, E2F3,
E2F4, E2F6, E2F7, and E2F8 in ccRCC tissues were significantly increased than in normal tissues while the transcrip-
tional levels of E2F5/6 were decreased in normal tissues than in cancer tissues. Then, the mRNA expression levels of
E2Fs members of the family were measured by RT-qPCR. We further verified the individual mRNA level of E2Fs in
ccRCC tissues (n=20) and normal kidney tissues (n=20) by using cancer and adjacent normal tissues, which were
obtained from patients. qRT-PCR was used to detect the mRNA levels of E2F1/2/3/4/5/6/7/8 in ¢ccRCC tissues and
paired-adjacent normal kidney tissues (Figure 2A—H, respectively). As a result, the transcriptional levels of E2F3/4/5/7
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Figure | Transcriptional expression of E2Fs in 72 pairs of kidney cancer tissues and adjacent normal kidney tissues (TCGA and GTEx database) (A). mRNA expression of
distinct E2Fs members in ccRCC tissues and normal kidney tissues (UALCAN) (B-l). ns indicates not significant; *p < 0.05; **p < 0.01; ***p <0.001.
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Figure 2 qRT-PCR were used to detect the mRNA levels of E2F| (A), E2F2 (B), E2F3 (C), E2F4 (D), E2F5 (E), E2F6 (F), E2F7 (G), E2F8 (H) in ccRCC tissues and paired-
adjacent normal kidney tissues. Comparison of the mRNA levels of E2Fs in ccRCC cell lines between normal cell lines. The mRNA levels of E2FI (I), E2F3 (J), E2F4 (K), E2F5
(L), and E2F7 (M) in kidney cancer and normal cell lines were estimated with qRT-PCR. ns indicates not significant; *p < 0.05; **p < 0.01; *** p < 0.001.

were decreased significantly in normal tissues relative to cancer tissues, while E2F1 was downregulated in the cancer
tissues. The mRNA levels of E2F1/3/4/5/7 in kidney cancer and normal cell lines were estimated with qRT-PCR
(Figure 2I-M, respectively). The results revealed that the transcriptional levels of E2F3/4/7 were upregulated in kidney
cancer cell lines compared with normal cell lines.

Association of mRNA Expression of Different E2Fs Family Members with

Clinicopathological Parameters of ccRCC Patients
After the relationship between mRNA expression of E2Fs was examined in ccRCC tissues and normal samples, then the
relationship between the expression of different E2Fs mRNA and clinicopathological features was analyzed, including
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pathological stage, molecular subtypes and tumor grade. As presented in Figure 3A—H, the mRNA expressions of E2F1/
2/7 were significantly related to patients’ pathological stages, while mRNA expressions of E2F3/4/5/6/8 were not
associated with patients’ pathological stages. Patients with more advanced pathological stages tended to express higher
mRNA expressions of E2F1/2/7 and the highest mRNA expressions of E2F1/2/7 were found in stage IV. The mRNA
levels of E2F1/2/3/4/5/6/7/8 in good risk (ccA) and poor risk (ccB) subtypes of KIRC are shown in Figure 4A—H. the
mRNA expression levels of E2F1/2/7/8 in the ccA subtype of ccRCC were significantly lower compared to the ccB
subtype of ccRCC, while the expression of E2F6 produced the opposite result. Associations of E2F1/2/3/4/5/6/7/8
expressions with tumor grades of ccRCC are presented in Figure SA—H, respectively. Similarly, mRNA expressions of
E2F1/2/3/7/8 were remarkably associated with tumor grade and their mRNA expression levels of them increased as
tumor grade increased. The highest mRNA expression of E2F4 was found in grade 1, while the highest mRNA
expression of E2F5/6 was found in grade 2. Stated thus, the above results suggested that there be significant association
between mRNA expressions of E2Fs and clinicopathological parameters.

Prognostic Value of mMRNA Expression of E2Fs in Patients with ccRCC

We extracted the E2Fs level data and prognostic from TCGA to further detect the prognostic values of the mRNA
expression of E2Fs in ccRCC patients. As shown in Figure 6A, most mRNA expressions of E2Fs family members
were significantly correlated with ccRCC patients’ prognosis. Our results showed that higher mRNA expression in
E2F1 (HR = 1.67, 95% CI:1.23-2.26, and p=0.001), E2F2 (HR=1.67, 95% CI:1.23-2.27, and p=0.001), E2F3
(HR=1.67, 95% CI:1.23-2.26, and p=0.001), E2F4 (HR=1.84, 95% CI:1.36-2.50, and p<0.001), E2F5 (HR=1.66,
95% CI:1.23-2.26, and p=0.001), E2F7 (HR=1.53, 95% CI:1.13-2.07, and p=0.006), E2F8 (HR=1.47, 95% CI:1.09—
1.99, and p=0.012) members was associated with poorer OS (overall survival) in ccRCC patients. However, the
expression level of E2F6 was not associated with the OS of these patients. As shown in Figure 6B, with regard to
progression-free survivals, higher mRNA expression of E2F1 (HR = 1.61, 95% CI:1.17-2.21, and p=0.003), E2F2
(HR=1.57, 95% CI:1.15-2.16, and p=0.005), E2F4 (HR=1.60, 95% CI:1.14-2.23, and p=0.006), E2F7 (HR=2.23,
95% CI:1.61-3.07, and p<0.001), E2F8 (HR=1.87, 95% CI:1.37-2.55, and p<0.001) members was associated with
shorter progression-free survivals, while the expression of E2F3, E2F5, and E2F6 had no effect on the PFI of
ccRCC patients. These results implied that mRNA expressions of E2F1/2/4/7/8 were significantly correlated with
ccRCC patients’ prognosis and they may act as useful biomarkers for prediction of clinical outcome including

survival time and progression-free survival time.

Independent Prognostic Value of mMRNA Expression Levels of E2Fs in Terms of OS in

ccRCC Patients

Eight and three patients lacked of the data regarding the histologic grade and pathologic stage, respectively. After we
found that there was significant association between mRNA expression levels of E2F1/2/3/4/5/7/8 and the OS in ccRCC
patients, then the independent prognostic value of mRNA expression of E2Fs family was assessed in terms of OS for
patients with ccRCC based on the TCGA database and prognostic data for Cox survival regression analysis.’” In the
univariate analysis, we found that high mRNA expressions of E2F1 (HR = 1.594, 95% CI: 1.237-2.054, and p < 0.001),
E2F2 (HR = 1.228, 95% CI: 0.734-2.057, and p < 0.001), E2F3 (HR = 2.284, 95% CI: 1.495-3.489, and p < 0.001),
E2F4 (HR = 3.141, 95% CI: 1.929-5.115, and p < 0.001), E2F5 (HR = 2.277, 95% CI: 1.536-3.376, and p < 0.001),
E2F7 (HR = 2.828, 95% CI: (2.148-3.725), and p < 0.001), and E2F8 (HR = 1.442, 95% CI: (1.049-1.981), and p =
0.024) were associated with the poorer OS of ccRCC patients (Supplementary Table S1). Multivariate analysis for overall
survival (OS) revealed that high mRNA expressions of E2F2 (HR = 0.310, 95% CI: 0.134-0.717, and p = 0.006), E2F4
(HR =2.837, 95% CI: 1.694-4.753, and p < 0.001), E2F5 (HR = 2.364, 95% CI: 1.555-3.593, and p < 0.001) and E2F7
(HR = 2.094, 95% CI: 1.503-2.919, and p < 0.001) were independently associated with shorter OS of patients with
ccRCC. Finally, the results suggested that transcriptional expressions of E2F4/5/7 play independent prognostic roles in

kidney cancer.
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Figure 3 Correlations between E2Fs" mRNA level and clinical stages in ccRCC patients by GEPIA database were described with violin plots. The mRNA expressions of
E2F1/2/7 were significantly related to patients’ pathological stages (A—G), while mRNA expressions of E2F3/4/5/6/8 were not associated with patients’ pathological stages
(C-H).

1200  "oes International Journal of General Medicine 2022:15
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove

Chen et al

Figure 4 The mRNA levels of E2F1/2/3/4/5/6/7/8 in ccA and ccB subtypes of KIRC (A-H). ns indicates not significant; **p < 0.01; ***p < 0.001.
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Genetic Mutations Status in E2Fs and Their Associations with OS and Disease-Specific
Survival (DSS) of ccRCC Patients
To explore the potential expression pattern of E2Fs, we analyzed genetic alterations in E2Fs and their associations with
OS and DSS of ccRCC patients by using the cBioPortal online tool. The genetic alteration of E2Fs in ccRCC is presented
in Figure 7A, and the alteration frequency of E2Fs based on the cBioProtal database is illustrated in Figure 7B. In the 512
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Figure 5 Associations of E2F1/2/3/4/5/6/7/8 expressions with tumor grades of ccRCC were presented in (A=H), respectively. ns indicates not significant; *p < 0.05; *¥p <
0.01; *p < 0.001.
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Figure 6 The overall survivals and progression-free survivals of ccRCC patients with high or low E2F1/2/3/4/5/6/7/8 expression were presented in (A and B), respectively.

sequenced ccRCC patients, genetic alteration was observed in 121 ¢ccRCC patients, and the mutation rate was 24%. The
mutation rate of E2F1 was the highest, at a percentage of 7%, compared with other E2Fs proteins. The mutation rate of
E2F2/3/4/7 was 5%, and the mutation rate of E2F5/8 was 4%. Furthermore, the results were plotted using Kaplan—-Meier
plot and analyzed by Log rank test, which showed that genetic alteration in E2Fs was related to shorter OS (Figure 7C,
p=7.009¢-3) and PFS (Figure 7D, p=5.389¢-3) of ccRCC patients. These results revealed that genetic alterations of E2Fs
could also notably affect the prognosis of patients with ccRCC. The network between E2Fs and miRNAs are presented in
Figure 7E.

Predicted Functions and Pathways of the Changes in E2Fs and the 50 Most Frequently
Altered Neighbor Genes in Patients with ccRCC

After analyzing the E2Fs genetic alterations and their prognostic values in ccRCC patients, the 50 neighbor genes related
to the E2Fs mutants were analyzed, and an integrated network was constructed based on the STRING database (https://
string-db.org/). As shown in Figure 8A, the cell cycle-related genes including CCNB2, CCNA2, FANCD2, CDC7, ORC6
and RADS54L were significantly associated with E2Fs mutations.

The functions of E2Fs and the 50 neighbor genes significantly associated with E2Fs were analyzed by GO (gene
ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) functional enrichment analyses using the ggplot2
R software package (Supplementary Table S2). As presented in Figure 8B, BP (biological processes) such as GO:
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chromatin binding), GO:0008094 (DNA-dependent ATPase activity), GO:0004386 (helicase activity) and GO:0016887
(ATPase activity). The enrichment analysis of KEGG pathways included 3 KEGG pathways, such as hsa04110 (cell
cycle), hsa03440 (homologous recombination), hsa05219 (bladder cancer), hsa04218 (cellular senescence) and hsa05166
(human T-cell leukemia virus 1 infection), which were related to the functions of E2Fs mutations in ccRCC.

Immune Infiltrations Analysis of the E2Fs Family in ccRCC
Correlations between genes and immune infiltrations were estimated using TIMER. The positive connections existed
between the abundance of CDS8 + cell and the expression of all E2Fs, except for E2F1 and E2F5. The abundance of CD4
+ cell was related to the expression of E2Fs but not E2F5 in a positive fashion. In addition, the abundance of macrophage,
neutrophil, B, and dendritic cell positively showed positive associations with all the members of E2Fs (Figure 9A).
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Furthermore, we turned nest to estimate the somatic copy number alterations (SCNA) of E2Fs. Results revealed that
the SCNA of E2F8 significantly correlated with the infiltrating levels of CD4+ T cells, macrophages, neutrophils, and
dendritic cells, while that of E2F4/6 was in significant connections with the infiltrating levels of B, CD8+ T, CD4+ T,
neutrophils, and dendritic cells. However, only CD8+ T cells were significantly related to the SCNA of E2F1/5, while
multiple immune cells, including B cells, CD8+ T cells, CD4+ T cells, neutrophils, and dendritic cells, were significantly
relevant to the SCNA of E2F3. At the same time, the SCNA of E2F7 was significantly associated with macrophages and
CD8+ T cells (Figure 9B).

Collectively, E2Fs families were closely related to the immune infiltration in patients bearing ccRCC.

Verification of the Drug Sensitivity of the E2Fs Family

For drug susceptibility analysis, through the GSCALite platform we analyzed the relationship between the E2Fs family
expressions and multiple drug sensitivities (Figure 10). We found that the drug sensitivity of E2Fs was significantly
associated with chemotherapy resistance and further confirm the E2Fs took part in multidrug resistance in ccRCC
patients. It was well known that genetic mutations would lead to changes in drug sensitivity that affect clinical
interventions, the results showed that the expression of E2F2/3/8 negatively correlated with drug resistance, indicating
E2F2/3/8 can be used as new markers for drug sensitivity screening.

Pathway Enrichment of E2Fs in ccRCC

The pathways of the eight E2Fs were enriched with GSCALite. We found that 10 pathways were related to the function
of the eight E2Fs in ccRCC (Figure 11). The expressions of E2Fs were in a high level in cell cycle and the expressions of
E2F1/2/3/4/5/7/8 were also at a high level in apoptosis among 10 pathways. The expressions of E2Fs were almost
inhibited in RAS/MAPK, RTK, and hormone estrogen receptor (ER) related pathway. These results indicated that
changes in the target genes could influence multiple signaling pathways and the biological function.

Discussion

E2F transcription factors modulate extensive biological processes, whose activities are directly linked to cell cycle
control, apoptosis, DNA damage response and transition.”’ There is increasing evidence that E2Fs play an important role
not only in tumorigenesis and proliferation of tumor cell, but also in tumor metastasis. However, the association between
mRNA expression of distinct E2Fs family members and prognosis of ccRCC patients remained to be fully elucidated. In
the current study, we systematically investigated the mRNA levels, genetic alteration, functional enrichment, immune
infiltration, and prognostic value of the E2Fs family in patients with ccRCC.

E2F1 took part in a variety of cellular processes including cell cycle progression, DNA repair, DNA replication, cell
differentiation, proliferation and apoptosis, which were highly correlated with the occurrence, development, metastasis
and prognosis of tumors. Recent studies have shown that E2F1 is involved in metabolic reprogramming in tumor cells
and plays an important role in tumor initiation and progression.*” E2F1 could also act as a major transcriptional activator
of metabolic genes in RCC.*® In our study, the expression of E2F1 was more highly expressed in ccRCC tissues than in
normal tissues. Furthermore, we showed that high expression of E2F1 was significantly associated with shorter OS and
PFI (progress free interval) in ccRCC patients, indicating E2F1 played a cancer-promoting role in renal clear cell
carcinoma, while some research showed E2F1 was a tumor suppressor in prostate cancer.>*

E2F2 was highly expressed in both gastric cancer tissues and cells compared with normal gastric tissues/cells, which
promoted the migration and invasiveness of gastric cancer cells.® It was also reported that the over-expressed miR-490-
5p could inhibit the metastasis of hepatocellular carcinoma cells by down-regulating E2F2 expression levels.*® In our
research, no significant differences were seen in the expression of E2F2 between normal tissues and carcinoma tissues in
patients. The reason for this phenomenon may be that the E2F2 might be regulated by miR-22-3p according to the
miRNA network (Figure 7E). A high E2F2 expression was significantly correlated with poor OS and PFI as well as
individual cancer stages, suggesting an oncogenic role of E2F2.

Over-expressed E2F3 had been reported to take part in the development and progression of many cancers, including
bladder cancer.’” MiR-22 suppressed the development and metastasis of bladder cancer cells by regulating E2F3.*® In our
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Figure 10 Drug resistance analysis of the E2Fs genes were completed using GSCALite.
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Figure |1 The pathway enrichment analysis of eight E2Fs genes (GSEALite).

study, we showed that the expression of E2F3 in ccRCC tissues was highly expressed in the cancer tissues relative to
adjacent normal tissues, and this expression was not significantly associated with PFI and tumor stage except for OS in
patients with ccRCC.

Amusingly, E2F4 could act as either a tumor suppressor in acute myeloid leukemia,®® or an oncogene in invasive
breast carcinomas.*® In the current report, the expression of E2F4 was higher in kidney cancer tissues than in normal
tissues, while this expression was not related to tumor stage. A high E2F4 expression was significantly associated with
poor OS and PFI in ccRCC patients, which supported the role of E2F4 as a tumor oncogene. Besides, the expression of
E2F4 played an independent prognostic role for OS in ccRCC.

E2F5 belonged to the E2F family of transcription factors and participated in cellular proliferation, apoptosis,
differentiation and DNA damage response. E2F5 was aberrantly overexpressed in several tumors, such as breast
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tumor,*' and ovarian cancer.*? Knockdown of E2F5-induced cell death via the TP53-dependent pathway in breast cancer
cells carrying wild-type TP53.*' E2F5, which was highly expressed in malignant tissues when compared to the
nonmalignant tissues, promoted ovarian carcinogenesis by regulating Hippo and Wnt pathways.*? In this research, we
showed that the expression of E2F5 in normal tissues was higher than that in kidney cancer tissues, but that there was no
differential mRNA expression of E2F5 in ccRCC cell lines. According to the E2F5 expression in normal tissues
compared with cancer tissues, it might play an inhibitory role, but a higher E2F5 expression showed a significant
association with poor OS. Subsequently, we found that E2F5 was regulated by multiple non-coding RNAs, especially
has-let-7f-5p, hsa-miR-205-5p and hsa-miR34a-5p, which might play an important role in promoting cancer. Besides, the
expression of E2F5 played an independent prognostic role for OS in ccRCC.

E2F6, which was detected in several tumors, was highly expressed, such as ovarian cancer®’ and gastric carcinoma.**
In this report, evidence from GEPIA and UALCAN databases showed that the expression of E2F6 were significantly
elevated in clear cell renal cell cancer tissues compared to matched normal tissues, but this expression was not associated
with tumor stage in patients. The E2F6 expression was not associated with poor OS or PFI. Furthermore, our study
showed no difference in the levels of E2F6 between ccRCC and normal tissues.

Increased expression of E2F7 was found in glioblastoma patients, and high E2F7 expression showed a significant
association with poor overall survival in glioblastoma patients.*> E2F7 might inhibit apoptosis and promote cell cycle of
prostate cancer cells, which was regulated by miR-30c.*® In the study, the E2F7 expression was remarkably associated
with patients’ individual cancer stages. Correspondingly, the higher mRNA expression of E2F7 was significantly
associated with shorter OS and PFI of ccRCC. In the multivariate analysis, the high E2F7 expression was an independent
prognostic factor for the shorter OS of ccRCC.

E2F8 was a key transcription factor involved in many kinds of biological processes. MiR-223-5p suppressed tumor
growth and metastasis in non-small cell lung cancer by targeting E2F8.*” Increased expression of E2F8 had been found in
cervical cancer and was highly associated with the progression-free survival of cervical cancer patients.*® E2F8 in ER+
breast cancer cells conferred cisplatin resistance.*” In the present study, E2F8 was significantly overexpressed in ccRCC
and E2F8 expression levels were correlated with the tumor stage of the ccRCC patients. Higher mRNA expression of
E2F8 was also significantly related to shorter OS in ccRCC patients.

In this research, we comprehensively analyzed the expression and prognostic value of E2Fs in ccRCC cancer. Further,
experimental demonstration was carried out to detect the E2Fs expressions in kidney cancer cell lines and ccRCC tissues.
There were some limitations. First, although we exhibited that higher mRNA expressions of E2F4/5/7 were independent
prognostic factors for shorter OS of patients with ccRCC, further investigation based on a large number of samples was
needed to validate our findings and to explore the clinical application of the E2Fs members in the treatment of ccRCC.
Second, we did not explore the potential mechanisms of distinct E2Fs. Further investigations were warranted to explore
the potential mechanisms between E2Fs and ccRCC.

Conclusions

In the present study, E2F4/7 were highly expressed in ccRCC and significantly associated with worse pathological
characteristics of ccRCC, including high pathological stage, poor molecular subtypes, high tumor grade, tumor immune
cell infiltration, and drug sensitivity, consequently translating into poor OSs and PFSs of patients with ¢ccRCC. Our
results indicated that E2F4/7 could be potential biomarkers and therapeutic targets for ccRCC patients.
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