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Purpose: To evaluate the diagnostic and prognostic utility of E2F transcription
factors (E2Fs) in thyroid carcinoma (THCA) and their association with immune
infiltration.

Methods: The transcription and protein levels of E2Fs in THCA tissues were
examined using the R language and the Human Protein Atlas (HPA) database in
this research. We utilized the UALCAN and GEPIA2 databases to analyze the
association between the level of E2Fs and the clinicopathological features of
THCA. The prognostic utility of E2F expression in THCA was studied using the R
language and the Gene Set Cancer Analysis (GSCA) database. Over-representation
analysis (ORA) and gene set enrichment analysis (GSEA) were employed to analyze
the effect of E2F family members. The TISIDB database and Tumor Immune
Estimation Resource (TIMER) database were utilized to investigate the relationship
between E2F expression and the level of immune infiltration in thyroid cancer.

Results: E2Fs are highly conserved in thyroid carcinoma and rarely mutated. E2Fs
are strongly expressed in THCA and are highly related with the clinicopathological
stage of THCA. Patients with THCA have a poor prognosis when E2Fs are highly
expressed. The function of E2Fs in THCA may be closely related to the
renin–angiotensin system (Ras) signaling pathway, platelet-derived growth
factor (PDGF) signaling pathway, apoptosis, and immune response. With regard
to the immune infiltration, E2F expression and tumor-infiltrating lymphocytes
exhibited a positive connection.

Conclusion: The level of E2Fs is connected with the prognosis and immune
infiltration level in THCA, revealing that E2Fs may be a prognostic and immune
infiltration cell marker in THCA patients.
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1 Introduction

Thyroid carcinoma is the most prevalent endocrine cancer, which accounts for
approximately 2.1% of all cancers worldwide. The incidence of THCA is increasing year
by year worldwide, and it has become the fastest growing malignant tumor. However, its
pathogenesis has not been fully elucidated (Goodarzi et al., 2019). THCA is usually
characterized by infiltration of inflammatory immune cells. In recent years, many
experimental and epidemiological sources of evidence have shown that immune
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infiltration is correlated with the emergence and progression of
several malignant tumors including THCA (Liotti et al., 2012). In
the thyroid gland, tissue-infiltrating immune cells are able to secrete
cytokines, thereby participating in the emergence and progression of
autoimmune inflammation and malignant tumors (Varricchi et al.,
2019).

The E2F family is an extremely important group of transcription
genes in organisms. It is named thus because it is considered to be a kind
of cytokine activated by Ela when it was discovered and it is related to the
activation of the adenovirus E2 promoter. However, eightmembers of the
E2F family have been discovered in mammals, namely, E2F1–8 (Sozzani
et al., 2006). E2Fs play an important role in cell proliferation, apoptosis,

FIGURE 1
Expression of the E2F family in pan-carcinomas. (A-D) E2F1–4 expression in pan-carcinomas. *p < 0.05; **p < 0.01; ***p < 0.001.
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differentiation, senescence, deoxyribonucleic acid (DNA) damage
response, and DNA repair (DeGregori and Johnson, 2006). Recently,
research studies have found that E2Fs play a role in the formation and
development of many malignant cancers through different mechanisms
(Garneau et al., 2009; Fang et al., 2018;Moreno et al., 2021). However, the
function of E2Fs inTHCAremains unclear. So, we probed the association
among E2F expression, prognosis, and tumor immunity in thyroid
cancer using multiple databases.

Eight E2Fs in THCA were the subject of a detailed and thorough
bioinformatic analysis in this study, and their potential as diagnostic
and prognostic biomarkers was assessed based on several significant
public databases. This study provides comprehensive data for
clinicians to choose appropriate therapeutic targets and to more
precisely predict the long-term prognosis of thyroid cancer patients.
It may also help optimize immunotherapy for patients with THCA.

2 Materials and methods

2.1 E2F family expression data analysis

The data on the pan-carcinoma project were downloaded from
TCGA database. With the use of the R language (version 3.63), the
Mann–Whitney U test was utilized to examine the difference in
expression among cancer and normal tissues, and the
ggplot2 package was utilized for visualization.

In this study, immunohistochemical images of E2F1, E2F2, and
E2F8 in THCA and normal tissues were identified and extracted from
HPA (https://www.proteinatlas.org/) for comparison (Thul et al., 2017).

We used the GEPIA2 (http://gepia2.cancer-pku.cn/#analysis)
database to study the expression profile of E2Fs in THCA and
normal thyroid tissues and to investigate the association between
their level and clinical stages of THCA patients (Tang et al., 2019).

The UALCAN database (http://ualcan.path.uab.edu/) is an
established secondary site based on the analysis of TCGA database
(Chandrashekar et al., 2017). In this study, the gene name of E2F family
was first input and the cancer type was selected as thyroid cancer to
study the level of the E2F gene family in THCA and its connection with
clinicopathological features of THCA patients.

2.2 E2F family genetic alteration data
analysis and interaction network
construction

Appropriate THCA datasets were selected from the cBioPortal
database (https://www.cbioportal.org/) to analyze the mutation rate of
the E2F gene family in THCA (Cerami et al., 2012), to explore whether
the expression changes of the E2F gene in THCA are caused by gene
mutations, and to speculate the expression stability of E2Fs in THCA.

The TCGA thyroid cancer project’s Level 3 HTSeq-FPKM
format RNAseq data were analyzed using the R language (version
3.63) to examine the expression association between eight E2F
family members using Spearman’s correlation analysis, and the
ggplot2 package was used for visualization.

The STRING database (http://stringdb.org) is used to assess and
generalize data based on protein–protein interactions, including
their functional and physical correlations (Szklarczyk et al., 2017).

The E2F gene was input into the homepage of the official website of
the GeneMANIA database (https://genemania.org/) to construct a
dendrogram of its related gene network (Franz et al., 2018).

Using the online analytical tool VENN (http://bioinformatics.psb.
ugent.be/webtools/Venn/), Venn diagrams were constructed to obtain
the cross genes shared by the two gene datasets (Bardou et al., 2014).

2.3 Survival data analysis of the E2F family in
THCA

In this research, we used the GSCA (http://bioinfo.life.hust.edu.cn/
web/GSCALite/) online tool to investigate the association between
prognosis and E2F family in various tumors (Liu et al., 2018).

The patients’ clinical information of 510 THCA tissues and
58 normal tissues were obtained from TCGA database. The clinical
information of patients with THCA was integrated, and the
Kaplan–Meier analysis with the log-rank test was performed using
the survival package (version 3.2-10). The results from the survival
analysis were visualized using the survminer package (version 0.4.9).

2.4 Functional analysis of the E2F family in
THCA

In this study, the LinkInterpreter module of LinkedOmics
(http://www.linkedomics.org/login.php) was used to perform
ORA to explore the signaling pathways associated with the
participation of the E2F family in THCA. Pathways with FDR ≤
0.05 were considered significant (Vasaikar et al., 2018).

According to the median gene expression, tumor samples from
TCGA project were divided into high expression and low expression
groups. To identify core gene-related signaling pathways,
c2.cp.kegg.v7.2.symbols.gmt was chosen as a reference using GSEA
software for analysis (Subramanian et al., 2005). By examining
1000 permutations, the normalized enrichment analysis score (NES)
was calculated. According to the previous research, |NES|≥ 2.0, p< 0.05,
and false discovery rate (FDR) < 0.25 were used as thresholds according
to the standard screening gene set (Fu et al., 2022).

2.5 Relationship between E2F family
expression and immunosuppressive agents
in THCA

The TISIDB database (http://cis.hku.hk/TISIDB/) is one of the
commonly used databases for cancer immune infiltration markers
(Ru et al., 2019). E2F family members were input into the TISIDB
database, and the association between their expression and that of
immune checkpoint inhibitor genes was examined.

2.6 Relationship between E2F family and
immune infiltration in THCA

The TIMER database (https://cistrome.shinyapps.io/timer/) is
one of the commonly used cancer immune infiltration marker
databases (Li et al., 2017). The correlation between E2F family
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and immune cells was explored using the gene module in the TIMER
database. Subsequently, we used the somatic copy number alteration
(SCNA) module to explore the relationship between tumor
infiltration level and somatic copy number changes of the E2F
family in THCA. Finally, the correlation analysis module was
employed to investigate the association between E2F levels and
immune-infiltrating cell markers.

2.7 Statistical analysis

Survminer, survival, and ggplot2 packages of R software (version
3.6.3) were utilized. The Mann–Whitney U test was utilized for
differential expression analysis. Kaplan–Meier and log-rank sum
tests were utilized for prognostic analysis. The statistical significance
was set at p < 0.05.

FIGURE 2
Expression of the E2F family in pan-carcinomas. (A-D) E2F5–8 expression in pan-carcinomas. *p < 0.05; **p < 0.01; and ***p < 0.001.
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3 Results

3.1 Analysis of E2F family expression data

To study the levels of the E2F family in pan-carcinoma, RNAseq
data from TCGA were obtained, and the results were analyzed and
calculated by the R language and visualized by the ggplot2 package.
The outcomes displayed that the E2F gene was greatly expressed in

most cancers (Figures 1, 2). For THCA, E2F1, 2, 3, 7, and 8 genes
were strongly expressed, indicating that the E2F family plays a
significant carcinogenic role in THCA (Figures 1, 2). Next, we
investigated the protein level of E2Fs in THCA.
Immunohistochemical results of three E2F members, namely,
E2F1, E2F2, and E2F8, in THCA were found in the HPA
database. The outcomes displayed that the protein level of
E2F1 was higher in THCA, while E2F2 and E2F8 did not

FIGURE 3
Genetic alteration data of the E2F family and construction of the gene–protein interaction network. (A) Overview of genetic alteration data of the
E2F family in THCA. (B) Association of the E2F family members in THCA. (C) Network diagram of E2F family protein–protein interactions. (D) Network
diagram of E2F family gene and intergene interactions. (E) Proteins and genes that interacted with the E2F family were cross-analyzed.
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significantly vary from normal tissues in terms of protein expression
levels (Supplementary Figure S1). The findings of the analysis of the
association between E2F transcription levels and THCA tumor
stages using the GEPIA2 database displayed that the level of
E2F2 and E2F5 was associated with the THCA cancer stage
(Supplementary Figure S2). Finally, we discovered that the E2F
gene family was related to race, gender, age, TNM stage, pathological
stage, histological type, extrathyroidal extension, and primary
neoplasm focus type in THCA (Supplementary Table S1).

3.2 Analysis of genetic alteration data of E2Fs
and construction of the interaction network

The genetic alterations of E2Fs in the TCGA-THCA samples
were investigated using the cBioPortal database. The findings

demonstrated that the E2F family was highly conserved in
THCA and rarely mutated (Figure 3A). We then used the
muTarget database to explore the expression of genes that is
affected by the E2F mutation in thyroid cancer and genes
themselves having mutations that affected the expression of E2Fs.
Finally, only mutations in NRAS in thyroid cancer were found to
reduce E2F8 expression. This is consistent with the highly conserved
results of E2Fs in thyroid cancer. Then, we used the R language to
perform correlation analysis to explore the expression association
among the eight members of the E2F family in THCA. The
ggplot2 package was used for visualization. The findings
demonstrated that the vast majority of E2F family members were
positively correlated (Figure 3B). TP53, a key gene of the apoptosis
pathway, and AKT1, a key gene of the cell survival pathway, interact
closely with E2Fs. Therefore, we explored the expression patterns
between these markers and E2Fs. The results of the chord diagram

FIGURE 4
Prognostic analysis of the E2F family in THCA. (A) Relationship between the prognosis of tumors and the E2F family in pan-cancer. (B) Association
between the E2F family members and PFI in THCA.
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showed that there was a significant positive correlation between
them (Supplementary Figure S3). Finally, the gene and protein
networks that potentially interacted with the E2F family were
investigated using the GeneMANIA and STRING databases. Ten

target proteins and 20 target genes were identified to interact with
the E2F family (Figures 3C, D). Cross-analysis of the
aforementioned two groups yielded a common molecule, TFDP1
(Figure 3E).

FIGURE 5
Results of ORA of the E2F family members in THCA.
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3.3 Survival data analysis of the E2F family in
THCA

We divided tumor cases into two groups based on the level of
expression of each E2F members; next, we utilized TCGA dataset to
study the relationship between E2F gene level and THCA patients’
prognoses. A pan-cancer study utilizing the GSCA online tool
revealed, as shown in Figure 4A, that the E2F family was
associated with the prognosis of a range of malignancies and that
the stronger the E2F family expression, the worst the prognosis.
Next, the survival package was used to analyze the prognosis of
RNAseq data of the TCGA-THCA project. As THCA has a better
prognosis, a progression-free interval (PFI) was chosen instead of
overall survival (OS) as the outcome event. The findings
demonstrated that patients with high E2F2, E2F7, and
E2F8 expression had shorter PFI (Figure 4B). The subgroup
K–M analysis was then used to assess the association between the
level of E2F members and clinicopathology of THCA in order to
further understand the association between E2F family and clinical
characteristics of THCA.We discovered that the high E2F1 level was
associated with poor PFI in patients with THCA in age, T stage, and
pathological stage (Supplementary Table S2). Finally, to investigate
the independent risk variables of PFI in THCA, regression analyses
were carried out. Univariate Cox analysis showed that T stage, M
stage, pathologic stage, extrathyroidal extension, E2F2, E2F7, and
E2F8 were the risk factors for PFI (p = 0.001, 0.001, 0.001, 0.023,
0.017, 0.025, and 0.046, respectively). Only M stage (p = 0.032),
according to multivariate Cox regression analysis, was identified as
an independent risk factor for PFI (Supplementary Table S3).

3.4 Functional analysis of E2F in THCA

We conducted ORA utilizing the LinkedOmics database to
examine the function of E2Fs in THCA. The outcomes displayed
that the F2F family was closely associated with Ras signaling
pathway, PDGF signaling pathway, apoptosis, and immune
response (Figure 5). The signaling pathways impacted by the
expression of the E2F family in THCA were then investigated
using single-gene GSEA. The findings showed that the functions
of the E2F family may focus on GPCR ligand binding,
neutrophil degranulation, and signaling by interleukins
(Figure 6).

3.5 Relationship between E2F family
expression and immunosuppressive agents
in THCA

By regulating the activity of related immune cells, the
immune checkpoint inhibitor (ICI) improves anti-tumor
immune response, which is a major progress in tumor
treatment in recent years. Therefore, the TISIDB database was
used to explore whether E2Fs in THCA is associated with
immune checkpoint inhibitors, for the purpose of exploring
whether the function of the E2F family in THCA development
is related to the immunosuppressive effect. We included all eight
members of the E2F family in this study, and the findings
demonstrated that their expression levels correlated differently
with each immune checkpoint inhibitor (Figures 7A–H).

FIGURE 6
Single-gene GSEA results for each member of the E2F family in THCA.
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3.6 Relationship between E2F and immune
infiltration in THCA

Immune infiltration and cancer microenvironment develop a
significant function in the emergence and development of various
malignancies. Different clinical outcomes might result from the
dynamic interplay of tumor genetic features and tumor
microenvironment. We studied the association between the E2F
family and tumor-infiltrating lymphocytes (TILs) in THCA. The
findings demonstrated that the E2F family members were strongly
related to TIL, among which B cells and CD8+ T cells were positively
correlated with all E2F family members. CD4+ T cells, macrophages,
and neutrophils were positively correlated with E2F family members
except E2F1. Dendritic cells were positively correlated with E2F
family members except E2F1 and E2F6 (Figures 8A–H). The SCNA
template analysis in the TIMER database showed that the E2F family
members’ arm-level deletion and arm-level gain in THCA were
strongly related to the level of TIL (Figure 9). Then, we assessed the
association between E2F level and numerous immune infiltration-
related indicators in order to further investigate the link between

tumor-infiltrating immune cells and E2F family members in THCA.
The results showed a great association between the level of E2F2, 7,
and 8 andmost of the ensembles of immune-infiltrating cell markers
(Supplementary Table S4). In particular, for the T-cell exhaustion-
associated marker ensemble, the outcomes were in line with
Figure 7.

4 Discussion

THCA is the most prevalent endocrine cancer. The
prevalence of THCA is quickly growing worldwide, and most
thyroid cancers have a good prognosis. However, some poorly
differentiated THCA and high-risk papillary thyroid carcinoma
(PTC) are highly aggressive, prone to local invasion and distant
metastasis, and there is no specific treatment (Wang et al., 2019;
Li et al., 2020). Therefore, elucidating the molecular mechanism
of THCA development and progression has important clinical
application value for early intervention and prognosis prediction
of the disease.

FIGURE 7
Relationship between E2F family expression and immunosuppressive agents in THCA. (A–H) Relationship between E2F1–8 expression and
immunosuppressive agents in THCA.
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Higher eukaryotes include a family of transcription factors
called E2Fs, which may be classified as either transcription
activators or transcription repressors depending on their specific
roles. Recently, various research studies have evaluated the value of

E2F family expression in THCA; however, the study of the key role
of E2Fs in THCA is still incomplete (Nie et al., 2022; Yang et al.,
2022). In this research, the level of E2Fs in THCA, tumor stage and
grade, prognosis, and tumor immunity were analyzed and studied,

FIGURE 8
Immune infiltration analysis of the E2F family in THCA. (A–H) Association between E2F1–8 levels and immune-infiltrating cells in THCA.
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and comprehensive data were provided for the clinical search for
new diagnostic and prognostic markers and therapeutic targets
of THCA.

To the best of our knowledge, this research is the first to
investigate the level of all E2Fs in pan-cancer and their
prognostic values in THCA. Analysis of the pan-cancer data in
TCGA project using the R language revealed that eight E2F family
members were strongly expressed in various cancers. This is in
agreement with the findings of many previous research studies
(Garneau et al., 2009; Fang et al., 2018; Moreno et al., 2021).
E2F1, 2, 3, 7, and 8 were strongly expressed in THCA. The
expression level of the E2F1 protein was substantially higher in
THCA than that in normal tissues, according to
immunohistochemistry data. Furthermore, expression of E2F
family members is associated with race, gender, age, TNM stage,
pathological stage, histological type, extrathyroidal extension, and
primary neoplasm focus type. A prognostic study revealed that the
prognosis was poor in THCA patients who had high levels of E2F2,
7, and 8. However, the subgroup K–M analysis of the association
between the expression of E2Fs and the clinicopathology of THCA
showed that the high level of E2F1 was associated with poor PFI in
patient with THCA in age, T stage, and pathological stage. Finally, in
order to find the independent risk variables affecting the prognosis

of THCA, we performed a regression analysis. We found that T and
M stages, pathologic stage, extrathyroidal extension, E2F2, 7, and
8 were risk factors associated with THCA, but only M stage was an
independent risk factor for the prognosis of THCA. In conclusion,
the E2F family is a reliable biomarker for THCA prognosis.

To learn more about the role of E2Fs in THCA, ORA and GSEA
were performed. ORA findings showed that the expression of E2Fs
was closely related to Ras signaling pathway, PDGF signaling
pathway, apoptosis, and immune response. The functions of the
E2F family may focus on GPCR ligand binding, neutrophil
degranulation, and signaling by interleukins by single-gene
GSEA. Functional enrichment analysis helps us to study the
mechanism of E2Fs in THCA, thus guiding further research
directions.

The human immune system is a fine homeostasis management
system regulated by a dual signaling system. Costimulatory signaling
and coinhibitory signaling are collectively referred to as co-signaling
systems or immune checkpoints (Chen and Flies, 2013). CTLA4, the
first immune checkpoint, was an important scientific discovery in
the 1990s. Researchers have developed monoclonal antibodies
against CTLA4, which have shown good efficacy in the treatment
of unresectable, metastatic melanoma (Kähler and Hauschild, 2011).
Since then, research on the immune checkpoint and its inhibitors

FIGURE 9
Relationship between the level of cancer infiltration of E2Fs and different somatic copy number alterations in THCA. *p < 0.05; **p < 0.01; ***p <
0.001.
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has entered a period of rapid development. After 10 years of
development, several new immune checkpoints have been
discovered, and monoclonal antibody drugs or small-molecule
inhibitors against them have been developed successively. Among
them, the well-studied immune checkpoints include B- and
T-lymphocyte attenuators (BTLAs), TIGIT, and IDO1 (Zhai
et al., 2021). In this research, we demonstrated that the E2Fs is
significantly related to immune checkpoint inhibitors, but the
association is variable. For example, the level of CTLA4 in
THCA was positively related to E2F1, 2, 4, 7, and 8 and
negatively related to E2F3, 5, and 6. However, for IDO1, its
expression in THCA was positively related to E2F2, 4, 7, and
8 and negatively related to E2F1, 3, 5, and 6. This suggests that
the underlying mechanism is far from clear and needs further study.

Tumor cells, stromal cells like fibroblasts, immune cells such as
T lymphocytes, NK cells, macrophages, and dendritic cells, as well as
extracellular matrix containing biochemical substances generated by
the aforementioned cells make up the tumor microenvironment
(TME) (Shenkman et al., 2018; Roma-Rodrigues et al., 2019; Wei
et al., 2021). TME is not only important for tumor proliferation,
invasion, and metastasis but also depends on the cross-talk between
malignant cells and the surrounding environment, which affects the
therapeutic effect (Meurette and Mehlen, 2018; Hinshaw and
Shevde, 2019). To further validate the potential association
between E2Fs and the immune infiltration in THCA, we
explored the association among E2Fs, immune-infiltrating cells,
and immune checkpoint gene expression levels. The findings
demonstrated that E2F members were strongly related to TIL,
among which B cells and CD8+ T cells were positively related to
all E2F family members. CD4+ T cells, macrophages, and
neutrophils were positively related to E2F family members except
E2F1. Dendritic cells were positively correlated with E2F family
members except E2F1 and E2F6. These results suggested that the
E2F family may serve as a key immunomodulatory target in THCA
progression.

Although this research used a series of databases to conduct a
comprehensive analysis of the role of E2Fs in thyroid cancer, it still
has some shortcomings. First and foremost, only bioinformatics
analytical approaches were employed in this study. Moreover, as the
outcomes are drawn solely from public databases, it could result in
bias into our findings. Specific experimental and clinical research
studies to illustrate the putative function of E2Fs in thyroid cancers
are not achievable due to limited experimental circumstances. More
research on the mechanism of actions of E2Fs at the cellular and
molecular levels will help clarify its function in THCA, which will be
the focus of our future research.

The level of eight E2F members in THCA tissues, their
association with the clinical stage grade, the prognosis of THCA

patients, and immune infiltration were all examined in this work. At
the transcriptional level, it was discovered that THCA tissues had
significant levels of E2F expression and was highly related to the
clinicopathological stage of THCA. The PFI prognosis of THCA
patients with a high level of E2F2, E2F7, and E2F8 is poor, suggesting
that E2F2, E2F7, and E2F8 may be an independent prognostic
biological indicator of THCA. In addition, E2F expression in
THCA also increased the level of immune infiltration of CD4+

T cells, macrophages, neutrophils, and dendritic cells. Our
research offers interesting treatment targets and novel THCA
biomarkers.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Author contributions

All authors listed havemade a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1215984/
full#supplementary-material

References

Bardou, P., Mariette, J., Escudié, F., Djemiel, C., and Klopp, C. (2014). jvenn: an interactive
Venn diagram viewer. BMC Bioinforma. 15 (1), 293. doi:10.1186/1471-2105-15-293

Cerami, E., Gao, J., Dogrusoz, U., Gross, B. E., Sumer, S. O., Aksoy, B. A., et al. (2012). The
cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2 (5), 401–404. doi:10.1158/2159-8290.CD-12-0095

Chandrashekar, D. S., Bashel, B., Balasubramanya, S., Creighton, C. J., Ponce-
Rodriguez, I., Chakravarthi, B. V. S. K., et al. (2017). Ualcan: A portal for

facilitating tumor subgroup gene expression and survival analyses. Neoplasia 19 (8),
649–658. doi:10.1016/j.neo.2017.05.002

Chen, L., and Flies, D. B. (2013). Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat. Rev. Immunol. 13 (4), 227–242. doi:10.1038/nri3405

DeGregori, J., and Johnson, D. G. (2006). Distinct and overlapping roles for E2F
family members in transcription, proliferation and apoptosis. Curr. Mol. Med. 6 (7),
739–748. doi:10.2174/1566524010606070739

Frontiers in Genetics frontiersin.org12

Fu et al. 10.3389/fgene.2023.1215984

https://www.frontiersin.org/articles/10.3389/fgene.2023.1215984/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1215984/full#supplementary-material
https://doi.org/10.1186/1471-2105-15-293
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1038/nri3405
https://doi.org/10.2174/1566524010606070739
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1215984


Fang, Z. Q., Li, M. C., Zhang, Y. Q., and Liu, X. G. (2018). MiR-490-5p inhibits the
metastasis of hepatocellular carcinoma by down-regulating E2F2 and ECT2. J. Cell.
Biochem. 119 (10), 8317–8324. doi:10.1002/jcb.26876

Franz, M., Rodriguez, H., Lopes, C., Zuberi, K., Montojo, J., Bader, G. D., et al. (2018).
GeneMANIA update 2018. Nucleic Acids Res. 46 (W1), W60–W64. doi:10.1093/nar/
gky311

Fu, X., Ji, F., He, Q., and Qiu, X. (2022). A systematic pan-cancer analysis of
YY1 aberrations and their relationship with clinical outcome, tumor
microenvironment, and therapeutic targets. J. Immunol. Res. 2022, 5826741. doi:10.
1155/2022/5826741

Garneau, H., Paquin, M. C., Carrier, J. C., and Rivard, N. (2009). E2F4 expression is
required for cell cycle progression of normal intestinal crypt cells and colorectal cancer
cells. J. Cell. Physiol. 221 (2), 350–358. doi:10.1002/jcp.21859

Goodarzi, E., Moslem, A., Feizhadad, H., Jarrahi, A., Adineh, H., Sohrabivafa, M.,
et al. (2019). Epidemiology, incidence and mortality of thyroid cancer and their
relationship with the human development index in the world: An ecology study in
2018. Adv. Hum. Biol. 9 (2), 162. doi:10.4103/aihb.aihb_2_19

Hinshaw, D. C., and Shevde, L. A. (2019). The tumor microenvironment innately
modulates cancer progression. Cancer Res. 79 (18), 4557–4566. doi:10.1158/0008-5472.
CAN-18-3962

Kähler, K. C., and Hauschild, A. (2011). Treatment and side effect management of
CTLA-4 antibody therapy in metastatic melanoma. J. Dtsch. Dermatol Ges. 9 (4),
277–286. doi:10.1111/j.1610-0387.2010.07568.x

Li, C., Wu, Q., and Sun, S. (2020). Radioactive iodine therapy in patients with thyroid
carcinoma with distant metastases: A SEER-based study. Cancer control. 27 (1),
1073274820914661. doi:10.1177/1073274820914661

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). Timer: A web
server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res. 77
(21), e108–e110. doi:10.1158/0008-5472.CAN-17-0307

Liotti, F., Visciano, C., and Melillo, R. M. (2012). Inflammation in thyroid
oncogenesis. Am. J. Cancer Res. 2 (3), 286–297.

Liu, C. J., Hu, F. F., Xia, M. X., Han, L., Zhang, Q., and Guo, A. Y. (2018). GSCALite: A
web server for gene set cancer analysis. Bioinformatics 34 (21), 3771–3772. doi:10.1093/
bioinformatics/bty411

Meurette, O., and Mehlen, P. (2018). Notch signaling in the tumor
microenvironment. Cancer Cell. 34 (4), 536–548. doi:10.1016/j.ccell.2018.07.009

Moreno, E., Toussaint, M., van Essen, S. C., Bongiovanni, L., van Liere, E. A., Koster,
M. H., et al. (2021). E2F7 is a potent inhibitor of liver tumor growth in adult mice.
Hepatology 73 (1), 303–317. doi:10.1002/hep.31259

Nie, C., Han, J., Bi, W., Qiu, Z., Chen, L., Yu, J., et al. (2022). Circular RNA circ_
0000644 promotes papillary thyroid cancer progression via sponging miR-1205 and
regulating E2F3 expression. Cell. Cycle 21 (2), 126–139. doi:10.1080/15384101.2021.
2012334

Roma-Rodrigues, C., Mendes, R., Baptista, P. V., and Fernandes, A. R. (2019).
Targeting tumor microenvironment for cancer therapy. Int. J. Mol. Sci. 20 (4), 840.
doi:10.3390/ijms20040840

Ru, B., Wong, C. N., Tong, Y., Zhong, J. Y., Zhong, S. S. W., Wu, W. C., et al. (2019).
Tisidb: An integrated repository portal for tumor-immune system interactions.
Bioinformatics 35 (20), 4200–4202. doi:10.1093/bioinformatics/btz210

Shenkman, M., Ron, E., Yehuda, R., Benyair, R., Khalaila, I., and Lederkremer, G. Z.
(2018). Mannosidase activity of EDEM1 and EDEM2 depends on an unfolded state of
their glycoprotein substrates. Commun. Biol. 1, 172. doi:10.1038/s42003-018-0174-8

Sozzani, R., Maggio, C., Varotto, S., Canova, S., Bergounioux, C., Albani, D., et al. (2006).
Interplay between Arabidopsis activating factors E2Fb and E2Fa in cell cycle progression and
development. Plant Physiol. 140 (4), 1355–1366. doi:10.1104/pp.106.077990

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M.
A., et al. (2005). Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102
(43), 15545–15550. doi:10.1073/pnas.0506580102

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., et al. (2017).
The STRING database in 2017: Quality-controlled protein-protein association networks,
made broadly accessible. Nucleic Acids Res. 45 (D1), D362–D368. doi:10.1093/nar/gkw937

Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: An enhanced web
server for large-scale expression profiling and interactive analysis. Nucleic Acids Res. 47
(W1), W556–W560. doi:10.1093/nar/gkz430

Thul, P. J., Åkesson, L., Wiking, M., Mahdessian, D., Geladaki, A., Ait Blal, H., et al.
(2017). A subcellular map of the human proteome. Science 356 (6340), eaal3321. doi:10.
1126/science.aal3321

Varricchi, G., Loffredo, S., Marone, G., Modestino, L., Fallahi, P., Ferrari, S. M., et al.
(2019). The immune landscape of thyroid cancer in the context of immune checkpoint
inhibition. Int. J. Mol. Sci. 20 (16), 3934. doi:10.3390/ijms20163934

Vasaikar, S. V., Straub, P., Wang, J., and Zhang, B. (2018). LinkedOmics: Analyzing
multi-omics data within and across 32 cancer types. Nucleic Acids Res. 46 (D1),
D956–D963. doi:10.1093/nar/gkx1090

Wang, W., Ouyang, Q., Meng, C., Jing, L., and Li, X. (2019). Treatment optimization
and prognostic considerations for primary squamous cell carcinoma of the thyroid.
Gland. Surg. 8 (6), 683–690. doi:10.21037/gs.2019.11.07

Wei, G., Zhang, H., Zhao, H., Wang, J., Wu, N., Li, L., et al. (2021). Emerging immune
checkpoints in the tumor microenvironment: Implications for cancer immunotherapy.
Cancer Lett. 511, 68–76. doi:10.1016/j.canlet.2021.04.021

Yang, J., Ying, Y., Zeng, X., Liu, J., Xie, Y., Deng, Z., et al. (2022). Transcription factor
E2F1 exacerbates papillary thyroid carcinoma cell growth and invasion via upregulation
of LINC00152. Anal. Cell. Pathol. (Amst) 2022, 7081611. doi:10.1155/2022/7081611

Zhai, Y., Moosavi, R., and Chen, M. (2021). Immune checkpoints, a novel class of
therapeutic targets for autoimmune diseases. Front. Immunol. 12, 645699. doi:10.3389/
fimmu.2021.645699

Frontiers in Genetics frontiersin.org13

Fu et al. 10.3389/fgene.2023.1215984

https://doi.org/10.1002/jcb.26876
https://doi.org/10.1093/nar/gky311
https://doi.org/10.1093/nar/gky311
https://doi.org/10.1155/2022/5826741
https://doi.org/10.1155/2022/5826741
https://doi.org/10.1002/jcp.21859
https://doi.org/10.4103/aihb.aihb_2_19
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1158/0008-5472.CAN-18-3962
https://doi.org/10.1111/j.1610-0387.2010.07568.x
https://doi.org/10.1177/1073274820914661
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1093/bioinformatics/bty411
https://doi.org/10.1093/bioinformatics/bty411
https://doi.org/10.1016/j.ccell.2018.07.009
https://doi.org/10.1002/hep.31259
https://doi.org/10.1080/15384101.2021.2012334
https://doi.org/10.1080/15384101.2021.2012334
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1038/s42003-018-0174-8
https://doi.org/10.1104/pp.106.077990
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1126/science.aal3321
https://doi.org/10.3390/ijms20163934
https://doi.org/10.1093/nar/gkx1090
https://doi.org/10.21037/gs.2019.11.07
https://doi.org/10.1016/j.canlet.2021.04.021
https://doi.org/10.1155/2022/7081611
https://doi.org/10.3389/fimmu.2021.645699
https://doi.org/10.3389/fimmu.2021.645699
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1215984

	Systematic analysis of the prognosis and immune infiltration of E2Fs in thyroid carcinoma
	1 Introduction
	2 Materials and methods
	2.1 E2F family expression data analysis
	2.2 E2F family genetic alteration data analysis and interaction network construction
	2.3 Survival data analysis of the E2F family in THCA
	2.4 Functional analysis of the E2F family in THCA
	2.5 Relationship between E2F family expression and immunosuppressive agents in THCA
	2.6 Relationship between E2F family and immune infiltration in THCA
	2.7 Statistical analysis

	3 Results
	3.1 Analysis of E2F family expression data
	3.2 Analysis of genetic alteration data of E2Fs and construction of the interaction network
	3.3 Survival data analysis of the E2F family in THCA
	3.4 Functional analysis of E2F in THCA
	3.5 Relationship between E2F family expression and immunosuppressive agents in THCA
	3.6 Relationship between E2F and immune infiltration in THCA

	4 Discussion
	Data availability statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


