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A B S T R A C T   

Clear cell renal cell carcinoma (ccRCC), accounting for 70–80% of all renal cell carcinomas, is a common ma-
lignancy. Survival rates decrease significantly in patients with advanced and metastatic ccRCC. Furthermore, 
ccRCC is less responsive to radiation and chemotherapy than other cancers. Therefore, targeted therapy and 
immunotherapy are particularly important for ccRCC management. A growing body of literature recognizes that 
competitive endogenous RNA (ceRNA) regulatory networks play a crucial role in various cancers. However, the 
biological functions of the ceRNA network in ccRCC require further investigation. In this study, we built the 
ceRNA network for ccRCC using the “GDCRNATools” package. After survival analysis, the RP11–478C19.2/hsa- 
miR-181b-5p, hsa-miR-181a-5p, and hsa-miR-181c-5p/E2F7 axes were obtained for further analysis. Unsuper-
vised clustering was conducted basing on this ceRNA network. The results indicated that the prognosis and 
immune infiltration levels differed between the two clusters. Furthermore, we conducted correlation analysis, 
immune infiltration analysis, tumor mutation burden analysis, GSEA analysis, drug sensitivity analysis and pan- 
cancer analysis of E2F7 to explore its potential role in oncogenesis. Experiments in vitro were performed to 
confirm the pro-oncogenic impact of E2F7. The results suggest that the RP11–478C19.2/E2F7 axis might be a 
biomarker for the inclusion of cabozantinib, pazopanib, sunitinib, and immunotherapy in the therapeutic 
regimen. In summary, we found that the ceRNA-based RP11–478C19.2/E2F7 axis is involved in ccRCC and that 
it could be a novel biomarker for treatment decisions and a possible therapeutic target to increase the success of 
targeted therapy and immunotherapy in ccRCC.   

Introduction 

Kidney cancer is a common type of cancer, accounting for 431,288 
new cases and 179,368 deaths globally in 2020 [1]. Among kidney 
malignancies, 90% are renal cell carcinoma (RCC). Among these, clear 
cell renal cell carcinoma (ccRCC) is the most prevalent subtype, ac-
counting for approximately 70% to 80% of RCC cases, and its incidence 
has grown over the past years [2,3]. Despite breakthrough achievements 
in surgical operation, chemotherapy, radiotherapy, targeted therapy, 
and immunological therapy in the last few years, ccRCC patients still 
suffer from unsatisfactory survival outcomes, especially those with 
advanced pathology and clinical stage, or distant metastasis [4–6]. 
Compared to other cancers, ccRCC is less responsive to radiation and 
chemotherapy. Therefore, targeted therapy and immunotherapy are 

particularly important in the treatment of ccRCC [4,7]. Therefore, it is 
vital to formulate personalized strategies. Both the characteristics of 
carcinoma and the condition of patients should be taken into consider-
ation when formulating a comprehensive scheme. 

Immunotherapies, particularly immune checkpoint blockade (ICB), 
have revolutionized cancer therapy in recent years [8]. Removing im-
mune suppression by ICB results in a remarkable clinical response in 
certain patients with ccRCC, and the combination of ICB with additional 
anticancer agents is currently the first-line treatment for advanced 
ccRCC patients [9]. However, a significant number of patients are 
ineligible for checkpoint blockers. Therefore, reliable biomarkers are 
critical for the rapid adjustment of therapy regimens. Additionally, 
identifying target sites that may decrease immunotherapeutic resistance 
and improve patient response to immunotherapy has the potential to 
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revolutionize ccRCC treatment [10,11]. 
Long non-coding RNAs (lncRNAs) are transcripts with a length of 

more than 200 bases and a limited capacity to code for proteins. 
Numerous studies have shown that lncRNAs may play crucial roles in 
cancer development, often resulting in dysregulation of gene products 
that promote tumor growth [3,12–14]. Additionally, lncRNAs are used 
as diagnostic or prognostic indicators of poor prognosis, tumor recur-
rence, and metastasis. MicroRNAs (miRNAs) are encoded by endoge-
nous genes. They regulate gene expression by targeting the 3′

untranslated region (UTR) of the target gene mRNA. Recent evidence 
suggests that most miRNAs participate in tumor development. However, 
the biological function and expression pattern of miRNAs in ccRCC are 
still unclear, and the effects of miRNAs on the progression and metas-
tasis of tumors and their mechanisms are unknown [15,16]. Given the 
critical involvement of miRNAs and lncRNAs in tumor growth, the 
theory that they function a competitive endogenous RNAs (ceRNAs) was 
introduced in 2011 [17]. According to this theory, lncRNAs, miRNAs, 
and other RNAs can regulate each other functionally. Normally, all types 
of RNAs in the ceRNA network are in a dynamic balance [18]. However, 
an imbalance in this network could lead to disease occurrence. A ceRNA 
network has been constructed in prostate cancer [19], lung adenocar-
cinoma [20] and breast cancer [21]. However, ceRNA networks that 
play vital roles in ccRCC progression and treatment require further 
research. 

In this study, we constructed a ceRNA network for ccRCC using the 
“GDCRNATools” package. This network included RP11–478C19.2/hsa- 
miR-181b-5p, hsa-miR-181a-5p, and hsa-miR-181c-5p/E2F7. Correla-
tion analysis, immune infiltration analysis, tumor mutation burden 
analysis, GSEA analysis, drug sensitivity analysis and pan-cancer anal-
ysis were performed to explore the possible involvement of E2F7 in 
oncogenesis and cancer treatment. 

Materials and methods 

Data collection and preprocessing 

The Cancer Genome Atlas (TCGA) database was used to retrieve 
transcriptome data (read counts), including mRNA, lncRNA, and miRNA 
expression data for KIRC patients, as well as associated clinical infor-
mation and somatic mutation data (Table S1). Additionally, the Gene 
Expression Omnibus (GEO) database was queried for GSE36895 [22, 
23], GSE40435 [24], GSE53757 [25]. R 4.0.4 was used to standardize 
the raw data. 

Screening of differentially expressed genes 

We identified differentially expressed mRNAs (DEmRNAs), DEmi-
RNAs, and DElncRNAs in data from TCGA database using the “edgeR” 
package [26]. DEmRNAs and DElncRNAs were chosen based on |logFC| 
>1 and FDR 〈 0.05, and the DEmiRNAs were obtained based on |logFC| 〉
0.3 and FDR < 0.05. DEmRNAs were identified in the GEO database by 
using the “limma” package [27] with |logFC| >1 and FDR < 0.05. 
Intersection of DEmRNAs from TCGA and three GEO series was taken for 
further analysis. 

Construction of the ceRNA network 

ceRNA networks were constructed based on the identified DEmR-
NAs, DEmiRNAs, and DElncRNAs. The “GDCRNATools” package [28] 
was applied to predict miRNA–mRNA and miRNA–lncRNA pairs using 
the hypergeometric test, Pearson correlation analysis and regulation 
pattern analysis. Three criteria were used to identify competing 
endogenous interactions: (1) the lncRNA and mRNA must share a sig-
nificant number of miRNAs, (2) the expression of lncRNA and mRNA 
should be positively correlated, and (3) the common miRNAs play 
similar roles in regulating the expression of lncRNAs and mRNAs. 

Furthermore, we visualized the ceRNA network using Cytoscape soft-
ware [29]. 

Survival analysis 

Univariate Cox regression analysis was used to identify the mRNAs, 
miRNAs, and lncRNAs associated with overall survival. Thereafter, we 
selected networks in which the mRNAs, miRNAs, and lncRNAs were all 
related to prognosis for further analysis. ceRNA networks with high 
correlations between lncRNAs and mRNAs were investigated. Consid-
ering that mRNAs serve important roles in ceRNA networks, lncRNAs 
and miRNAs may regulate mRNA expression to exert biological effects. 
We evaluated the association between these mRNAs in the networks 
with patient clinical characteristics and immune infiltration levels. 
Additionally, the target sites in miRbase and LncBase Predicted v.2 were 
used to predict the potential target sites of miRNA-mRNA and miRNA- 
lncRNA. 

Unsupervised consensus clustering based on the ceRNA network 

The K-means algorithm in the “ConsensusClusterplus” R package 
[30] was employed to perform unsupervised consensus clustering based 
on ceRNA networks. ssGSEA was conducted to assess the degrees of 
infiltration of immune cell types between the two subclasses using the R 
package “GSVA” [31]. Immune and stromal scores were calculated using 
the R package “ESTIMATE” [32]. Furthermore, the expression analysis 
of immune checkpoint genes and survival analysis were carried out to 
compare the characteristics of the two clusters. Differential expression 
analysis was performed using |logFC| > 1 and p < 0.05. Additionally, GO 
and KEGG enrichment analyses were carried out by the R package 
“clusterProfiler” [33] with FDR < 0.05 and q value < 0.05. 

Expression analysis and survival analysis of E2F7 in different stages 

To explore whether E2F7 expression was affected by clinical fea-
tures, we investigated E2F7 expression in tumors and paired normal 
tissues. Other clinical indicators, such as pathological stage, histological 
grade, and metastatic status, were also evaluated for their association 
with E2F7 expression. Additionally, GSEA analysis was performed to 
discover the differences in signaling pathways between the E2F7high and 
E2F7low groups to reveal the possible mechanism. 

Correlation between immune infiltration, tumor mutation burden and 
E2F7 expression in KIRC 

TIMER [34] was applied to investigate the association between E2F7 
expression and immune -cell infiltration. Moreover, the association be-
tween immune checkpoint gene expression and the ceRNA network was 
analyzed to determine the potential effect of the ceRNA network on 
immunotherapy. Tumor mutation burden was estimated to determine 
the response to immune checkpoint blockade therapy. Finally, we 
evaluated the relationship between E2F7 expression and patient re-
sponses to ICB in an immunotherapy cohort (GSE67501 [35]). 

Drug sensitivity analysis 

RNA-seq and DTP NCI-60 data were downloaded from CellMiner, 
and drugs authorized by the FDA or currently being examined in clinical 
trials were selected. We calculated the correlation between E2F7 
expression and drug sensitivity, and a p value < 0.05 was considered 
statistically significant. Additionally, transcriptional data of tumor cell 
lines and IC50 values for anticancer medicines from the GDSC database 
were utilized to accomplish drug sensitivity analysis using the "pRRo-
phetic" package [36]. 
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Pan-cancer analysis of E2F7 

We conducted a pan-cancer investigation of E2F7 to elucidate its 
potential implications in various malignancies. TIMER was used to 
visualize the differential expression of E2F7 in 33 cancer types, and 
RNA-seq data from 33 cancer types in TCGA database were downloaded 
to determine the correlation between immune cell infiltration, immune 
checkpoint genes, and E2F7 expression. Additionally, univariate Cox 
regression analysis was used to determine whether there was a possible 
correlation between E2F7 expression and OS and PFS in the 33 cancer 
types. Finally, a correlation analysis was performed between tumor 
mutation burden (TMB), microsatellite instability (MSI), and E2F7 
expression in the 33 cancer types. 

Cell lines and reagents 

Human renal cell carcinoma cell lines (786-O and OSRC-2) were 
acquired from the Shanghai Cell Bank Type Culture Collection Com-
mittee (Shanghai, China) and incubated in RPMI1640 medium con-
taining 10% fetal bovine serum (FBS). Sunitinib, pazopanib, and 
cabozantinib were purchased from Selleck Chemicals Corporation 
(Shanghai, China) and were dissolved in DMSO. 

SiRNA transfection 

siRNA and the equivalent negative control were manufactured by 
RiboBio Company (Guangzhou, China). OSRC-2 and 786-O cells were 
transfected with 80 nM E2F7 or control siRNA using Lipofectamine 3000 
(Thermo Fisher Scientific, Shanghai, China). The knockdown effective-
ness was confirmed at the mRNA and protein levels. 

RNA extraction and qRT-PCR 

The cells were harvested 48 h after siRNA transfection. RNA was 
extracted and reverse transcribed into cDNA. qRT-PCR analysis was 
conducted using the SYBR Green Master Mix procedure in a Step One 
PCR system (Applied Biosystems, Foster, CA, USA), with GAPDH serving 
as the endogenous control for mRNA expression normalization. E2F7 
upstream primer: GCAGTGGTTGTTTCTGTCAGG, downstream primer: 
TCTCTTAGTAGGACCACCAACG; CD274 upstream primer: TGCAGGG-
CATTCCAGAAAGA, downstream primer: TAGGTCCTTGGGAACCGTGA; 
GAPDH upstream primer: CGCTCTCTGCTCCTCCTGTTC, downstream 
primer: ATCCGTTGACTCCGACCTTCAC. 

Western blot 

Total protein was isolated on ice using RIPA buffer containing pro-
tease and phosphatase inhibitors. Equal quantities of the extracted 
proteins (20 ug) were separated using SDS-PAGE electrophoresis, 
transferred to PVDF membranes, and blocked for 90 min with 5% BSA at 
room temperature. The membranes were then incubated with primary 
rabbit antibodies overnight at 4 ◦C (anti-E2F7, 1:800, Proteintech, 
Wuhan, China; anti-AKT, 1:1000, Servicebio, Wuhan, China; anti- 
phospho AKTser473, 1:800, Boster, Wuhan, China; anti-VEGFR2, 
1:1000, ABclonal, Wuhan, China; anti-phospho VEGFR2s473, 1:500, 
ABclonal; GAPDH, 1:1000, Boster). After incubating the membrane with 
the appropriate secondary antibodies for 90 min, the protein bands were 
visualized using a Pierce ECL substrate WB detection system (Bio-Rad 
Laboratories, Shanghai, China). 

CCK-8 viability assay 

Cell viability and cytotoxicity assays were carried out using a Cell 
Counting Kit-8 (Boster). Transfected cells were seeded at a density of 3 
× 103 cells per well in 96-well plates. After 0, 24, 48, and 72 h of in-
cubation, each well received a 10 µl CCK-8 solution and was incubated 

for 2 h at 37 ◦C. OD values at 450 nm were recorded using a microplate 
reader (Thermo Fisher Scientific, Rochester, NY, USA). 

Wound healing assay 

Transfected cells were seeded at a density of 2.0 × 105 cells/well in 
6-well plates. Three parallel wound lines were scratched on the cell 
monolayer after reaching 90% confluency. The relative width of the 
wound at 0 and 24 h was measured using the ImageJ software. 

Colony formation assay 

Transfected cells were seeded at a density of 1000 cells per well in 6- 
well plates and incubated for two weeks. The cells were fixed with 4% 
paraformaldehyde for 30 min and stained with 0.1% crystal violet for 
30 min. The number of cell colonies was calculated and analyzed using 
ImageJ software. 

Transwell assay for migration and invasion 

Transfected cells were collected and resuspended in serum-free 
media before being placed in the upper chamber of 24-well Transwell 
plates (8 µm; Costar, Corning Inc. Corning, NY, USA) with or without 
Matrigel (BD Biosciences, San Jose, CA, USA). The lower chamber was 
filled with medium containing 10% FBS. After 24 h at 37 ◦C, the cells on 
the upper membrane surface were fixed for 30 min with 4% para-
formaldehyde and stained with 0.1% crystal violet for 60 min. Photo-
graphs were captured at × 200 magnification, and the cells were 
counted in five randomly selected areas. 

Flow cytometry 

Apoptotic cell death was assessed using annexin V/PI staining 
(Yeasen, Shanghai, China). Transfected cells were fixed in 75% ethanol 
at 4 ◦C for 12 h and stained with propidium iodide (PI) (Yeasen) solution 
for cell cycle analysis. The proportion of cells in each cell cycle phase 
was analyzed using a CytoFlex cytometer (Beckman Coulter, USA). All 
data were analyzed using the FlowJo V10 software. 

Statistical analysis 

RStudio 4.0.4 and GraphPad 8.0 were used for all analyses. 
Spearman correlation analysis was used to determine correlations. For 
two-group comparisons, Student’s t-test and Wilcoxon test were used. 
For multiple groups, the Kruskal–Wallis test and one-way ANOVA were 
employed. Statistical significance was set at p < 0.05. 

Results 

Identification of significant DEmRNAs, DEmiRNAs, and DElncRNAs in 
KIRC 

Fig. 1 shows the roadmap for this study. A total of 5811 DEmRNAs, 
683 DEmiRNAs, and 5735 DElncRNAs were identified (Fig. 2A-C). 
Moreover, we identified 1625, 1076 and 1690 DEmRNAs in GSE36895, 
GSE40435 and GSE53757, respectively. (Fig. 2D-F). We intersected 
DEmRNAs identified from TCGA database and these three GEO series. 
1714 DEmRNAs were obtained for further analysis. 

Construction of the ceRNA network and survival analysis 

We constructed the ceRNA networks based on identified DEmRNAs, 
DEmiRNAs, and DElncRNAs. In total, 131 ceRNA networks, 118 miRNA 
nodes, 103 mRNA nodes, and 31 lncRNA nodes were identified as 
differentially expressed profiles (Table S2). Furthermore, survival 
analysis revealed associations between 16 miRNAs (Fig. S1), 51 mRNAs 
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(Fig. S2), and 19 lncRNAs (Fig. S3), and ccRCC prognosis. As shown in 
Fig. 2G, 12 ceRNA networks were obtained after survival analysis 
(Table S3). Among them, RP11–478C19.2/hsa-miR-181b-5p, hsa-miR- 
181a-5p, and hsa-miR-181c-5p/E2F7 (Fig. 3A) showed a high correla-
tion between mRNA and lncRNA and have not been previously reported 
in ccRCC. Therefore, it was selected for further analysis. 

Survival analysis revealed that high expression of RP11–478C19.2 
and E2F7 were risk factors for ccRCC patients, while hsa-miR-181b-5p, 
hsa-miR-181a-5p, and hsa-miR-181c-5p were protective factors (Fig. 3B- 
C), indicating that RP11–478C19.2 may act as a ceRNA to upregulate the 
expression of E2F7 by sponging hsa-miR-181b-5p, hsa-miR-181a-5p, 
and hsa-miR-181c-5p. Finally, the target sites in the RP11–478C19.2 
and E2F7 3′UTRs were predicted to pair with hsa-miR-181b-5p, hsa- 
miR-181a-5p, and hsa-miR-181c-5p using miRbase and LncBase Pre-
dicted v.2 (Fig. 3D). 

Unsupervised consensus clustering based on the ceRNA network 

Unsupervised consensus clustering was performed on the basis of the 
ceRNA network. Since the boundary between the heatmaps of the con-
sistency matrix remained clear when k = 2, it was chosen as the optimal 
cluster number (Fig. 4A, Table S4). Immune cell infiltration was eval-
uated between the two subclasses and a substantial difference in the 
degree of infiltration of the majority of immune cells was observed 
(Fig. 4B). Moreover, the expression of immune checkpoint genes such as 
PD-1, LAG3, and TIGIT was distinct between the two subclasses 
(Fig. 4C). Additionally, the results of the ESTIMATE algorithm indicated 
that differences existed in the tumor microenvironment of the two 
clusters (Fig. 4D). Furthermore, Kaplan–Meier analysis indicated that 
cluster2 had a statistically significant survival advantage over cluster1 
(Fig. 4E). 

Although the two clusters, based on the ceRNA network, performed 
differently in terms of the characteristics of the tumor microenviron-
ment, the roles of each gene in the ceRNA network were not clear. 
Therefore, we estimated the correlation between each gene in the ceRNA 
network and TME-infiltrating cells, and the results revealed that most 
immune cells were upregulated in patients with high E2F7 expression 
(Fig. S4). 

To explore potential genetic changes in the two clusters, 1639 
differentially expressed genes were identified. GO and KEGG enrichment 
analyses revealed the biological roles of differentially expressed genes 
(Fig. S5). Biological processes were mainly enriched in functions of the 
immune system, such as complement activation, humoral immune 
response, and regulation of humoral immune response. KEGG pathway 
analysis revealed that the differentially expressed genes were mainly 
involved in pathways such as retinol metabolism and steroid hormone 
biosynthesis. 

Pro-oncogenic role of E2F7 in KIRC 

To gain a better understanding of the role of the RP11–478C19.2/ 
E2F7 axis in KIRC, we analyzed E2F7 in detail. First, we discovered that 
E2F7 expression was higher in tumor samples than in normal tissues 
(Fig. 5A). E2F7 expression was abnormally elevated as malignancies 
progressed. Patients with advanced pathological stage, pathological 
grade, and lymph node metastasis overexpressed E2F7 (Fig. 5B). Cor-
relations between clinical features and E2F7 expression were analyzed, 
and the results indicated that increased E2F7 expression was associated 
with T stage (p = 0.008), N stage (p = 0.013), M stage (p = 0.007), 
pathological stage (p = 0.013), and histological grade (p = 0.015) 
(Table 1). Additionally, as the pathological stage progressed, E2F7 
seemed to play an increasingly crucial role in patient survival (Fig. 5C). 

Fig. 1. Flow diagram of the construction and analysis of the ceRNA network.  
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Fig. 2. Volcano plots of DElncRNAs, DEmiRNAs, DEmRNAs, and construction of ceRNA network: (A–C) The volcano plots of TCGA data show (A) 5735 DElncRNAs (| 
logFC| > 1, FDR < 0.05), (B) 683 DEmiRNAs (|logFC| > 0.3, FDR < 0.05), and (C) 5811 DEmRNAs (|logFC| > 1, FDR< 0.05). (D-F) Volcano plots of data from three 
GEO series (|logFC| > 1, FDR< 0.05) showing (D) 1625 DEmRNAs in GSE36895, (E) 1076 DEmRNAs in GSE40435, and (F) 1690 DEmRNAs in GSE53757. (G) 
Construction of ceRNA network. Purple diamonds represent lncRNAs. Green ellipses represent miRNAs. Red rectangles represent mRNAs. 
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Moreover, GSEA was carried out using samples with high and low 
expression levels of E2F7 to uncover the enriched pathways (Fig. S6). 
The upregulation of E2F7 was significantly involved in pathways such as 
the PI3K− Akt, JAK− STAT, and TGF− beta signaling pathways, which 
are considered to contribute to tumorigenesis. Additionally, the upre-
gulation of E2F7 was significantly associated with pathways such as 
ECM-receptor interaction, natural killer cell-mediated cytotoxicity, and 
the T cell receptor signaling pathway, indicating its potential key roles in 
the immune response of ccRCC patients. 

To validate the cancer-promoting role of E2F7 in ccRCC, we down-
regulated E2F7 in OSRC-2 and 786-O cells by siRNA transfection and 
verified the downregulation of E2F7 using qRT-PCR (Fig. S7) and 
western blotting (Fig. 6A). These results indicated that siRNA-3 had a 
higher efficiency, and thus, it was used in subsequent experiments. The 
CCK-8 assay demonstrated that silencing E2F7 greatly reduced OSRC-2 
and 786-O cell growth (Fig. 6C), which was also validated by colony 
formation assay (Fig. S8). Additionally, cell apoptosis was evaluated and 
knockdown of E2F7 noticeably enhanced apoptosis in cancer cells 
(Fig. 6B). 

To investigate the effect of E2F7 silencing on cancer cell migration 
and invasion, wound healing and transwell assays were performed. 

Consistent with prior findings, the knockdown of E2F7 decreased the 
migration and invasion abilities of OSRC-2 and 786-O cells (Fig. 6D-E). 
Considering that E2F7 belongs to the E2F family, which correlates 
strongly with the cell cycle [37–39], we performed cell cycle analysis 
using flow cytometry. In OSRC-2 and 786-O cells, downregulation of 
E2F7 expression led to G1/S phase arrest, the percentage of cells in G1 
phase significantly increased, and the percentage of cells in S phase 
decreased (Fig. 6F). 

Correlation between immune infiltration, tumor mutation burden, and 
E2F7 expression 

According to the TIMER results, the expression of E2F7 was signifi-
cantly associated with tumor purity and positively related to B cells, 
CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic 
cells (Fig. 7A). Furthermore, the correlation between immune check-
point genes and the ceRNA network was evaluated (Fig. 7B-C), and PD- 
1, CTLA4, LAG3, PD-L1, PD-L2, TIGIT, and SIGLEC15 were closely 
associated with E2F7 (Fig. 7D). The differential expression of PD-L1 
between the si-E2F7 and si-NC groups was also validated in OSRC-2 
and 786-O cells. As shown in Fig. 7E, PD-L1 expression was 

Fig. 3. Overall survival analysis of the ceRNA network. (A) Schematic model of ceRNA. (B) Expression of AC005154.6 and E2F7 was compared by a Kaplan–Meier 
survival curve. (C) Expression of hsa-miR-181b-5p, hsa-miR-181a-5p, and hsa-miR-181c-5p was compared by a Kaplan–Meier curve. (D) Potential target sites of 
miRNA-mRNA (blue) and miRNA-lncRNA (red) predicted by miRbase and LncBase Predicted v.2. 
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significantly decreased after E2F7 knockdown. 
Additionally, we observed that TMB was significantly higher in the 

E2F7high group than in the E2F7low group (Fig. 7F), suggesting the po-
tential role of E2F7 as a biomarker for predicting the clinical response to 
immunotherapy. Finally, we performed preliminary validation in an 
immunotherapy cohort (GSE67501), which provided the response to 

nivolumab in patients with renal cell carcinoma. The results indicated 
that patients in the E2F7high group had a higher percentage of ICB 
response (Fig. 7G). 

As E2F7 was upregulated in patients with a high pathological stage, 
we evaluated whether immune infiltration levels were also distinct at 
different stages. We found differences in the expression of most immune 

Fig. 4. Unsupervised consensus clustering based on the ceRNA network. (A) Heatmap of k-means clustering based on the ceRNA network. (B) Proportions of TME 
cells in the two clusters. (C) Expression of immune checkpoint genes in the two subgroups. (D) Immune and stromal scores of the two subgroups. (E) Kaplan–Meier 
survival curve of OS for KIRC patients in the two subgroups. (ns: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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cells, and CTLA4, LAG3, PD-1, and TIGIT were significantly associated 
with the tumor stage (Fig. S9). 

Drug sensitivity analysis 

To evaluate the potential effects of E2F7 on drug response, we first 
estimated the correlation between drug sensitivity in CellMiner and the 
expression of E2F7. All results are presented in Table S5, and the top 
nine drugs used in the treatment of cancer are shown in Fig. S10. Ac-
cording to the results, patients with high E2F7 expression might have a 
better response to drugs such as cabozantinib and pazopanib (Fig. 8A), 
which are widely chosen as a treatment regimen for ccRCC patients in 
clinical practice. We observed that most of these drugs targeted the 
PI3K/AKT1/mTOR pathway, suggesting that E2F7 might regulate tumor 
progression through this mechanism. Therefore, we evaluated the cor-
relation between E2F7 expression and this pathway. We discovered that 
the expression of E2F7 was positively correlated with PI3KCA, AKT1, 
and MTOR (Fig. S11), and the western blot results also suggested that 
E2F7 knockdown decreased the expression of phosphorylated AKT, 
which might result in the inhibition of PI3K/AKT1/mTOR signaling 
pathway activation (Fig. 8E). 

Given that the data in the CellMiner database did not include all the 
first-line targeted therapies, we used the GDSC database to evaluate the 
association between the drug sensitivity of sorafenib, sunitinib, pazo-
panib, and axitinib and E2F7 expression. These results indicated that the 
estimated IC50 of axitinib was not significantly different between the 
E2F7high and E2F7low groups. However, substantial differences were 
detected regarding sorafenib, sunitinib, and pazopanib (Fig. 8B). Pa-
tients in the E2F7high group showed a higher sensitivity to sunitinib and 
pazopanib but seemed to be insensitive to sorafenib. 

We also performed CCK8 assays to validate the effect of E2F7 on 
patient responsiveness to these targeted therapies. The viability of 
cancer cells was tested at multiple drug concentrations (Fig. S12). In 
both, the OSRC-2 and 786-O cell lines, the efficacy of cabozantinib and 
pazopanib was reduced after the knockdown of E2F7 (Fig. 8C). How-
ever, this effect was only observed in the 786-O cells treated with 
sunitinib. Downregulation of E2F7 did not influence the sensitivity of 
OSRC-2 cells to sunitinib (Fig. 8C). Considering that all these drugs 
target the VEGF signaling pathway, we also examined whether E2F7 

might affect VEGF signaling pathway activation in ccRCC cells. The 
western blot results suggested that the knockdown of E2F7 reduced the 
expression of phosphorylated VEGFR2, indicating that E2F7 may in-
fluence drug sensitivity through the VEGF signaling pathway (Fig. 8D). 

Pan-cancer analysis of E2F7 

Differential expression was observed in BLCA, BRCA, CHOL, COAD, 
ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, READ, STAD, THCA, and 
UCEC (Fig. 9A). Furthermore, correlations between E2F7 expression and 
immune cell infiltration levels and immune checkpoint genes in 33 
cancer types were observed (Fig. 9B-C). E2F7 showed a strong associa-
tion with different immune cells and immune checkpoint genes, indi-
cating that E2F7 may play vital roles in the tumor microenvironment 
and act as a target site for the enhancement of immunotherapy. 
Furthermore, the results of the survival analysis revealed that E2F7 
expression was related to the OS of ACC, KIRC, KIRP, LGG, LIHC, LUAD, 
MESO, THYM, and UCS patients, as well as the PFS of ACC, KIRC, KIRP, 
LGG, LIHC, LUAD, MESO, PAAD, PCPG, PRAD, SARC, THCA, UCS, and 
UVM patients (Fig. 10A-B). Moreover, the expression of E2F7 was 
associated with TMB in STAD, PAAD, LGG, SARC, KICH, ACC, BRCA, 
PRAD, LUAD, COAD, SKCM, KIRC, READ, UCEC, ESCA, and THYM, as 
well as with MSI in ACC, STAD, UVM, COAD, MESO, LUSC, READ, 
UCEC, and DLBC (Fig. 10C-D). 

Discussion 

ccRCC is the most common type of kidney cancer. Owing to the lack 
of sensitive diagnostic biomarkers and limitations in effective screening 
detection, nearly 25–30% of patients exhibit unresectable tumor or 
distant metastasis upon diagnosis [40]. Although localized ccRCC can be 
successfully cured by surgery, poor survival is manifested in metastatic 
ccRCC, which is insensitive to conventional chemotherapy [41]. In the 
last few years, targeted medicines, such as sunitinib, bevacizumab, and 
pazopanib, which block VEGF and VEGFR, have revolutionized the 
treatment of metastatic ccRCC. Additionally, drugs such as everolimus, 
which inhibits mTOR complex 1, have been adopted in clinical practice. 
Since 2015, agents other than VEGFR inhibitors have been approved, 
including cabozantinib and lenvatinib [41]. 

Fig. 5. Differential expression and survival analysis of E2F7 (A) Expression of E2F7 in tumor samples and paired normal tissues. (B) Expression of E2F7 in different 
pathologic stages, histologic grades, and metastasis statuses. (C) Kaplan–Meier survival curve of OS for KIRC patients in different pathologic stages (ns: not sig-
nificant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Recently, extensive research has shown that the immune microen-
vironment formed by tumor immune cells can regulate cancer progres-
sion. Researchers have elucidated that infiltrating CD4+ T cells can 
affect ccRCC cell proliferation by regulating the TGFβ1/YBX1/HIF2α 
pathway [42]. In recent years, immune checkpoint blockade has been 
the most promising strategy for cancer immunotherapy [10,11,43]. 
Numerous studies have confirmed that PD-1 and PD-L1 are expressed on 
activated T cells, and inhibiting PD-1 and its ligand expression can 
enhance T cell function, and thus, inhibit tumor growth [44,45]. Im-
munotherapies, such as nivolumab, have already been added to the 
treatment regimens for metastatic ccRCC [41]. However, in the context 
of the extreme biological and genetic heterogeneity of the tumor, met-
astatic or advanced RCC patients still suffer from poor survival, owing to 
the lack of effective treatment options that can generate durable re-
sponses [46,47]. Therefore, well-validated predictive biomarkers with 
high specificity and sensitivity for advanced or distant metastatic ccRCC 
have become increasingly urgent [11]. 

Recently, ceRNAs have been discovered as critical regulators of 
tumor progression in gastric cancer [48], colorectal cancer [49], breast 
cancer [21] and pancreatic cancer [50]. To the best of our knowledge, 
similar studies, especially on the roles of ceRNAs in treatment decisions, 
are currently lacking in ccRCC. In the present study, we established a 
ceRNA network (RP11–478C19.2/hsa-miR-181b-5p, hsa-miR-181a-5p, 

and hsa-miR-181c-5p/E2F7) in ccRCC. Furthermore, correlation anal-
ysis, immune infiltration analysis, tumor mutation burden analysis, 
GSEA analysis, drug sensitivity analysis and pan-cancer analysis were 
performed to elucidate the potential regulatory mechanisms and explore 
the possibility of E2F7 as a novel biomarker for treatment decisions in 
ccRCC. 

Among the miRNAs identified, hsa-miR-181a-5p has been reported 
to act as a tumor suppressor in various malignancies. In acute myeloid 
leukemia, increased expression of hsa-miR-181a-5p was associated with 
a higher incidence of complete remission, longer overall survival, and 
disease-free survival [51,52]. E2F7 is a member of the E2F transcription 
factor family. According to current research, E2F7 is implicated in tumor 
angiogenesis and enhances tumor growth and metastasis in hepatocel-
lular carcinoma [53]. Moreover, E2F7 has been identified as a target of 
miR-424–5p, and E2F7 overexpression increased the activity of the 
VEGFR-2 pathway [54]. E2F7 functions as a tumor promoter in various 
malignancies, including gallbladder cancer [55], prostate cancer [56] 
and colon cancer [57]. This was also validated by our pan-cancer 
analysis results. 

In the current study, E2F7 expression was remarkably higher in 
ccRCC tissues than that in normal tissues. The oncogenic role of E2F7 
was validated using multiple in vitro assays. We observed that E2F7 was 
abnormally overexpressed during tumor progression. The expression of 
E2F7 seems to be upregulated in patients with a higher pathological 
stage, pathological grade, and lymph node metastasis. Moreover, 
elevated E2F7 expression was associated with poor prognosis, particu-
larly in individuals diagnosed with stage III or stage IV cancer. All these 
findings showed that E2F7 may be critical in determining the prognosis 
of patients with advanced and metastatic ccRCC who may have already 
missed the opportunity for surgical resection. 

Systemic therapy, specifically targeted therapy and immunotherapy, 
is critical in patients with advanced or metastatic ccRCC. According to 
the European Association of Urology guidelines, VEGF-targeted agents 
such as sunitinib [58], pazopanib [59] or bevacizumab (combined with 
IFN) [60] constitute the standard of care for patients with good-risk 
ccRCC. For intermediate-risk patients, the new first-line therapy is a 
combination of nivolumab and ipilimumab [61]. Additionally, cabo-
zantinib is recommended for these patients [62]. The standard treat-
ment for poor-risk patients is similar to that for intermediate-risk 
patients. When cabozantinib became available, it was recognized as a 
desirable alternative. Indeed, the combination of anti-angiogenic ther-
apy and immune checkpoint blockade has been validated as an effective 
treatment strategy to improve cancer immunity [63]. As a result, we 
performed drug sensitivity and immune infiltration analyses to deter-
mine whether E2F7 could be used as a biomarker for treatment choices. 
These findings suggest that individuals who overexpress E2F7 may have 
a greater response to certain medicines, including cabozantinib, pazo-
panib, and sunitinib, which are also highly recommended as first-line 
treatment regimen for patients with ccRCC. Western blot analysis 
revealed that E2F7 might influence patient responsiveness to these drugs 
via the VEGF and PI3K/AKT1/mTOR signaling pathways. However, 
further research is required to fully understand this mechanism. Ac-
cording to immune infiltration analysis, most immune cells were upre-
gulated in patients overexpressing E2F7. Moreover, the expression of 
most immune checkpoint genes appeared to be discrepant between the 
E2F7high and E2F7low groups. TMB was also higher in patients with high 
E2F7 expression, indicating that immunotherapy may benefit patients 
with elevated E2F7 expression. Based on these findings, we suggest 
determining the expression levels of E2F7 in patients with ccRCC prior 
to treatment regimen selection, particularly in advanced and metastatic 
disease. High E2F7 expression may serve as a biomarker for the selection 
of cabozantinib, pazopanib, sunitinib, and immunotherapy as compo-
nents of an effective therapeutic strategy. 

Because E2F7 has been investigated in a variety of tumor types, we 
performed pan-cancer analysis and discovered that E2F7 is differentially 
expressed and correlates with immune infiltration levels in multiple 

Table 1 
Correlations between E2F7 expression and clinicopathological parameters.  

Characteristic Low expression of 
E2F7 

High expression of 
E2F7 

p 

n 269 270  
Age, n (%)   0.322 
<=60 128 (23.7%) 141 (26.2%)  
>60 141 (26.2%) 129 (23.9%)  
Race, n (%)   0.235 
Asian 3 (0.6%) 5 (0.9%)  
Black or African 

American 
34 (6.4%) 23 (4.3%)  

White 229 (43%) 238 (44.7%)  
Gender, n (%)   0.164 
Female 101 (18.7%) 85 (15.8%)  
Male 168 (31.2%) 185 (34.3%)  
T stage, n (%)   0.008 
T1 151 (28%) 127 (23.6%)  
T2 40 (7.4%) 31 (5.8%)  
T3 76 (14.1%) 103 (19.1%)  
T4 2 (0.4%) 9 (1.7%)  
N stage, n (%)   0.013 
N0 115 (44.7%) 126 (49%)  
N1 2 (0.8%) 14 (5.4%)  
M stage, n (%)   0.007 
M0 222 (43.9%) 206 (40.7%)  
M1 27 (5.3%) 51 (10.1%)  
Pathologic stage, n (%)   0.013 
Stage I 149 (27.8%) 123 (22.9%)  
Stage II 33 (6.2%) 26 (4.9%)  
Stage III 58 (10.8%) 65 (12.1%)  
Stage IV 29 (5.4%) 53 (9.9%)  
Histologic grade, n (%)   0.015 
G1 9 (1.7%) 5 (0.9%)  
G2 125 (23.5%) 110 (20.7%)  
G3 105 (19.8%) 102 (19.2%)  
G4 25 (4.7%) 50 (9.4%)  
OS event, n (%)   0.003 
Alive 199 (36.9%) 167 (31%)  
Dead 70 (13%) 103 (19.1%)  
DSS event, n (%)   <

0.001 
Alive 226 (42.8%) 194 (36.7%)  
Dead 35 (6.6%) 73 (13.8%)  
PFI event, n (%)   <

0.001 
Alive 207 (38.4%) 171 (31.7%)  
Dead 62 (11.5%) 99 (18.4%)   

K. Zeng et al.                                                                                                                                                                                                                                    



Translational Oncology 25 (2022) 101525

10

cancers. Additionally, E2F7 expression is linked to TMB and MSI in 
many cancers, indicating that it may also serve as a biomarker for 
treatment choices in different types of cancer. 

Although we constructed a ceRNA network in ccRCC that might 

provide potential biomarkers to select a suitable treatment regimen, 
some limitations exist. First, the miRNA-mRNA and miRNA-lncRNA 
binding sites obtained from the database should be validated further. 
Moreover, animal experiments are vital to further validate the biological 

Fig. 6. The cancer-promoting role of E2F7 in ccRCC (A) Validation of the knockdown effect of E2F7 via western blotting. (B) Effect of E2F7 knockdown on apoptosis 
in OSRC-2 and 786-O cells. (C) Proliferation of OSRC-2 and 786-O cells detected by CCK8 assay. (D) Scratch assay in OSRC-2 and 786-O cells. (E) Migration and 
invasion ability of OSRC-2 and 786-O cells measured via transwell assay. (F) Cell cycle estimated by flow cytometry in OSRC-2 and 786-O cells. 
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functions of the RP11–478C19.2/E2F7 axis. 

Conclusion 

In summary, we identified a ceRNA network (RP11–478C19.2/hsa- 

miR-181b-5p, hsa-miR-181a-5p, and hsa-miR-181c-5p/E2F7) associ-
ated with the prognosis and treatment of ccRCC. The RP11–478C19.2/ 
E2F7 axis may serve as a biomarker for taking cabozantinib, pazopanib, 
sunitinib, and immunotherapy into the therapeutic regimen. 

Fig. 7. Association between immune cell infiltration, tumor mutation burden, and E2F7 expression. (A) Association between E2F7 expression and immune infil-
tration levels in KIRC. (B-D) Association between the expression of RP11–478C19.2, hsa-miR-181b-5p, hsa-miR-181a-5p, hsa-miR-181c-5p, and E2F7 and immune 
checkpoint gene expression. (E) Relative expression of PD-L1 between the si-E2F7 and si-NC groups in OSRC-2 and 786-O cells. (F) Comparison of tumor mutation 
burden between the E2F7high and E2F7low groups. (G) Preliminary validation in GSE67501 (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Fig. 8. Drug sensitivity analysis (A) Correlation between sensitivity to cabozantinib and pazopanib and the expression of E2F7. (B) Predicted IC50 values of sor-
afenib, sunitinib, pazopanib, and axitinib between the E2F7high and E2F7low groups. (C) Effectiveness of sunitinib, pazopanib, and cabozantinib in the si-E2F7 and 
si-NC groups of OSRC-2 and 786-O cells. Detection of p-VEGFR2 and VEGFR2 expression (D) and p-AKT and AKT expression (E) in OSRC-2 and 786-O cells after 
E2F7 knockdown. 
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Fig. 9. Pan-cancer analysis of the association of E2F7 with immune infiltration levels (A) Expression of E2F7 in 33 cancer types. (B) Association between E2F7 
expression and the immune infiltration levels in 33 cancer types. (C) Association between E2F7 expression and immune checkpoint gene expression in 33 cancer 
types. (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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