Medicine

.....................................
E2F7 serves as a potential prognostic biomarker

for lung adenocarcinoma
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Abstract

E2F transcription factors (E2Fs) are a family of transcription factors critical regulators of the cell cycle, apoptosis, and differentiatm
thus influencing tumorigenesis. However, the specific roles of E2Fs in lung adenocarcinoma (LUAD) remain unclear. Data from The
Cancer Genome Atlas (TCGA) were used. R version. 4.0.3 and multiple databases (TIMER, cBioportal, gene expression profile
interaction analysis [GEPIA], LinkedOmics, and CancerSEA) were utilized to investigate mMRNA expression, mutational analysis,
prognosis, clinical correlations, co-expressed gene, pathway and network, and single-cell analyses. Immunohistochemistry (IHC)
confirmed that E2F transcription factor 7 (E2F7) correlated with LUAD. Among the E2Fs, E2F7 was identified by constructing
a prognostic model most significantly associated with overall survival (OS) in LUAD patients. The univariate and multivariate
Cox regression analyses showed that E2F7, p-T stage, and p-TNM stage were closely related to OS and progression-free
survival (PFS) (P < .05) in LUAD. E2F 7/8 were also identified as significantly associated with tumor stage in the GEPIA database.
Compared with paracancerous tissues, E2F7 was up-regulated in LUAD by IHC, and E2F7 might be positively correlated with
larger tumors and higher TNM stages. E2F7 may primarily regulate DNA repair, damage, and cell cycle processes and thus affect
LUAD tumorigenesis, invasion, and metastasis by LinkedOmics and CancerSEA. E2F7 serves as a potential prognostic biomarker
for LUAD.

Abbreviations: E2F7 = E2F transcription factor 7, E2Fs = E2F transcription factors, GEPIA = gene expression profile interaction
analysis, GO = gene ontology, IHC = immunohistochemistry, KM = Kaplan—-Meier, LUAD = lung adenocarcinoma, NSCLC = non-

small cell lung cancer, OS = overall survival, PFS = progression-free survival, TCGA = The Cancer Genome Atlas.
Keywords: bioinformatic analysis, E2F transcription factor (E2F7), lung adenocarcinoma, prognostic biomarker

1. Introduction

Lung adenocarcinoma (LUAD), the most frequent histological
subtype of lung cancer, accounts for ~50% of all cases of lung
cancer.!! With developments in diagnosis, surgery, chemother-
apy, radiotherapy, molecular therapy, and immunotherapy, the
mortality of LUAD has greatly declined.””’ However, the 5-year
survival rate is still <15% due to the propensity of many LUAD
patients to be diagnosed with metastatic disease.”) The main
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challenge in managing LUAD patients is the inability to effec-
tively distinguish between inert and invasive tumors. Thus, there
is an urgent need to identify potential prognostic biomarkers
to provide value for individualized treatment and effective
improvements in the prognosis of LUAD.

E2F transcription factors (E2Fs) are a large family of tran-
scription factors that serve as key regulators of eukaryotic
cell cycles, apoptosis, and differentiation.! In general, E2F
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family genes encode 3 activators (E2F1, E2F2, and E2F3A)
and 6 repressors (sub-classified into canonical (E2F3B, E2F4,
E2F5, and E2F6) and atypical (E2F transcription factor 7
[E2F7] and E2E8) repressors.*! All E2F proteins harbor evo-
lutionarily conserved DNA-binding domains that bind to the
S>-TTT[CG][CG]CGC-3’ sequence of the target promoter
and regulate its expression.*! Owing to interactions with its
major binding partner and crucial regulator, retinoblastoma,
the overexpression of cyclin-dependent kinases, or inhibitor
inactivation, E2Fs are widely observed in virtually all human
cancers,P! including lung,'®! breast,”! bladder,’® colorectal,"!
and prostate!'” cancer.

As essential components of biological and biomedical
research, RNA and DNA research has been revolutionized by
the development of microarray technology.!'!l In this study, we
collected the expression profiles of the E2F genes from the Tumor
Immune Estimation Resource (TIMER2.0) and the Cancer
Genome Atlas Data (TCGA) database. Then we acquired the
E2F gene expression and genomic alteration analysis from the
cBioportal for Cancer Genomics. A prognostic model was also
established using univariate and multivariate Cox regression
analyses and least absolute shrinkage and selection operator
(LASSO) to determine which E2Fs were significantly associated
with OS and progression-free survival (PFS). Subsequently, we
investigated the Gene Expression Profile Interaction Analysis
(GEPIA) database and determined the association between E2F
transcript levels and clinicopathological parameters in LUAD
patients and validated by immunohistochemistry (IHC). Finally,
we performed co-expressed gene, pathway and network, and
single-cell analyses to further examine the effects and predictive
value of elevated prognostic gene levels in LUAD patients using
the LinkedOmics and CancerSEA databases. Taken together, in
the present data, we examined the expression, clinical relevance,
and molecular mechanisms of E2F7 in LUAD.

2. Methods

2.1. Ethics statement

The study was approved by the Cancer Hospital and Shenzhen
Hospital, Chinese Academy of Medical Sciences and by the
Peking Union Medical College Institutional Review Board of
Clinical Research (proposal no.: KYKT2021-2-1). It was con-
ducted in accordance with the Declaration of Helsinki. All data-
sets are available from the published literature.

2.2. TIMER database

TIMER2.0"?! (http://timer.cistrome.org/) an open-access cancer
microarray database for web-based data mining, was used to
analyze the E2F expression profiles across diverse cancer types.

2.3. cBioportal and TCGA database

The cBioportal™ (http://cbioportal.org) a publicly accessible
online platform, was used to analyze the somatic mutations and
co-expression of E2Fs in LUAD datasets from the TCGA data-
base, a landmark cancer genomics program,!'"* with 507 patho-
logically reported cases.

2.4. Statistical analysis

In January of 2020, the level-3 RNA sequencing data and cor-
responding clinicopathological parameters from 504 LUAD
patients were acquired from the TCGA dataset, according to the
relevant guidelines and policies for data acquisition and applica-
tion. The R v. 4.0.3 (codename: “Bunny-Wunnies Freak Out”),
package “ggplot2” and “pheatmap” was applied to perform
Wilcoxon rank test to compare the expression levels of E2Fs

Medicine

between LUAD and normal controls. The package “glmnet”!'s!
was employed in the regression algorithm of the LASSO for fea-
ture selection, using 10-fold cross-validation. The “survminer”
package!'®l was used to acquire the median cutoff value and
to calculate the risk score of LUAD patients, who were sub-
classified by the median risk score, including high- and low-risk
groups. Survival outcomes in the high- and low-risk groups were
compared using Kaplan—-Meier (KM) survival analysis and log-
rank tests. Hazard ratios with 95% confidence intervals and P
value < .05 were generated using log-rank and Cox proportional
hazards tests to compare KM curves between the 2 groups.!'*! We
also performed a “timeROC v. 0.4”1"7) analysis to compare the
predictive accuracy of the risk score and E2Fs. Univariate and
multivariate Cox regression analyses were conducted to identify
terms that could be used for nomogram construction. Forest
plots showing P value, HRs, and 95% Cls for various variables
were implemented with the “forestplot” package in R. For all
analyses, P < .05 was considered statistically significant.

2.5. GEPIA

GEPIA (http://gepia.cancer-pku.cn/) a publicly accessible inter-
active web server for analyzing RNA sequencing data, was used
to determine the correlations between E2F transcript levels and
clinicopathological parameters in LUAD.!'8!

2.6. Immunohistochemistry

The 3-pm LUAD and paracancerous tissues sections were incu-
bated with a commercial rabbit polyclonal antibody against
E2F7 (Aviva Systems Biology, San Diego, CA) at a dilution of
1:100 at 4°C overnight. Sections were then placed with horse-
radish peroxidase antibody (1:500 dilution; MXB, Fuzhou,
Fujian, China) for 30 minutes at room temperature, then cov-
ered with DAB (MXB, Fuzhou, Fujian, China) and slides were
mounted, observed and photographed with a confocal micro-
scope (Leica, Germany).

2.7. LinkedOmics

LinkedOmics  (http://www.linkedomics.org/login.php), an
open-access online portal that includes multi omics cancer data,
was used to obtain the E2F7 co-expression evaluated in LUAD
via Pearson correlation coefficient and shown in volcano and
heat maps.""” The LinkInterpreter module was employed to
analyze gene ontology (GO),?% including molecular functions,
cellular component, and biological processes, and the Gene Set
Enrichment Analysis tool was applied to Kyoto Encyclopedia
of Genes and Genomes pathways./?!! After 500 simulations, the
rank criterion was set as P < .0S5.

2.8. CancerSEA

CancerSEA  (http://biocc.hrbmu.edu.cn/CancerSEA/), a func-
tional state landscape of a single cell in cancer, was used to
comprehensively observe the potential roles of E2F7 in LUAD
at the single-cell level?” and to profile the 14 functional states
associated with LUAD.

3. Results

3.1. The mRNA expression and mutational analysis of E2Fs
in LUAD

In the TIMER2.0 database, the E2F genes were frequently dys-
regulated in cancers with a cancer-specific pattern. For example,
E2F7 was upregulated in bladder urothelial carcinoma, breast
cancer, cholangiocarcinoma, colon adenocarcinoma, esopha-
geal carcinoma, glioblastoma, head and neck squamous cell
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adenocarcinoma, prostate adenocarcinoma, and skin melanoma
(P <.1), and no data were available for other tumors (Fig. 1A).
In TCGA-LUAD dataset, E2F genes were found to be signifi-
cantly upregulated in LUAD compared with normal controls
(Fig. 1B and Supplemental Digital Content [Table S1, http:/
links.lww.com/MD/J286, and Table S2, http:/links.lww.com/
MD/]J287]). Using the cBioPortal online tool,!' we analyzed

carcinoma, kidney renal clear cell carcinoma, kidney renal papil-
lary cell carcinoma, liver hepatocellular carcinoma, LUAD, lung
squamous cell carcinoma, rectum adenocarcinoma (P <.001).
It was also upregulated in cervical squamous cell carcinoma
and endocervical adenocarcinoma and pheochromocytomas
and paragangliomas (P <.01), while no statistical difference
was found in suspicious cell carcinoma (KICH), pancreatic
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Figure 1. The expression and genetic alterations in the E2Fs in LUAD. (A) The expression profiles of the E2Fs genes in the TCGA dataset (TIMER). (B) The
expression profiles of E2Fs in the 516 LUAD and 59 normal samples in the TCGA-LUAD dataset. (C) Synopsis of alterations in differentially expressed E2F
genes in LUAD. (D) E2F gene expression and genomic alteration analysis in LUAD (cBioPortal). E2Fs = E2F transcription factors, LUAD = lung adenocarcinoma,

TCGA = The Cancer Genome Atlas.
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alterations in and the co-expression of E2Fs in LUAD based on
Cancer Genome Atlas and Pan-Cancer Atlas data (14). Among
the 507 LUAD patients, E2Fs were mutated in 74 cases (15%)
(Fig. 1C). The genomic mutation rate of E2F5 was the highest
within the E2F family, accounting for 5%, followed by E2F7
(4%), E2F2 (1.8%), E2F1/4 (1.4%), and E2F3/8 (1.2%), while
E2F6 had the lowest mutation rate (0.8%) (Fig. 1D).

3.2. Construction of a prognostic model for LUAD patients
based on E2Fs

In January of 2020, the level-3 RNA sequencing data and
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patients with LUAD were acquired from the TCGA dataset.
LASSO regression was performed to determine the optimum
lambda value from the minimum partial likelihood deviation
(Mmin = 0.025), which was correlated with 2 genes in differen-
tially expressed genes significantly related to overall survival
(OS), to further identify the E2Fs that were significantly cor-
related with the clinical outcomes of LUAD patients (Fig. 2A
and B and, Supplemental Digital Content [Table S3, http://
links.lww.com/MD/]J288]). We determined that E2F7 and
E2F3 were optimal for the model via best subset regression
analysis because they had the lowest Akaike information cri-
teria. The risk score was then calculated and the median cut-
off value for LUAD patients was acquired. The LUAD patients

corresponding clinicopathological parameters from 504  were sub-classified according to median risk score, including
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Figure 2. Prognostic analysis of E2Fs in LUAD patients. (A) LASSO coefficient distribution of E2Fs. (B) LASSO regression with tenfold cross-validation using the
minimum A value obtained for 2 prognostic genes. (C, upper) Distribution of risk scores in LUAD patients, who were divided into high-risk (red dots) and low-risk
(blue dots) groups according to their median (dashed line) OS. (C, middle) Distribution of survival status in LUAD patients. Red dots indicate death and green
dots indicate survival. (C, lower) Heat map describing E2F expression patterns between high- and low-risk groups. (D) KM survival curves indicating the overall
difference in survival between the high-risk and low-risk groups. (E) Time-dependent ROC analysis of 2-gene prognostic features. E2Fs = E2F transcription
factors, KM = Kaplan-Meier, LUAD = lung adenocarcinoma, OS = overall survival, ROC = receiver operating characteristics.
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high-risk (n =252) and low-risk (n = 252) groups (Fig. 2C and
Supplemental Digital Content [Table S3, http:/links.lww.com/
MD/J288]). The number of LUAD patients who died steadily
increased with the risk score (Fig. 2C), and the transcript levels
of the 2 genes were significantly different between the 2 groups
(Fig. 2C and, Supplemental Digital Content [Table S3, http://
links.lww.com/MD/J288]). According to the results of KM
analysis, the high-risk group showed a shorter OS time than
the low-risk group (P = .006, Fig. 2D and, Supplemental Digital
Content [Table S3, http://links.lww.com/MD/]288]). The sensi-
tivity and specificity of the risk scores were also evaluated using
timeROC analysis, and the areas under the receiver operating
characteristics curves were 0.627, 0.624, and 0.614 for 1-, 3-,
and 5-year OS, respectively (Fig. 2E and Supplemental Digital
Content [Table S3, http:/links.lww.com/MD/J288]).

3.3. The prognostic role of E2Fs genes

For further analysis of relevant clinicopathological factors
(E2F genes, patient age, patient gender, p-T stage, p-TNM stage
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and smoking) that may affect OS and PFS, we performed uni-
variate and multivariate Cox regression analyses in the TCGA
LUAD cohort. E2F7, p-T stage and p-TNM stage were closely
related to OS (P < .05) and PFS (P <.05) in LUAD (Fig. 3A-D
and, Supplemental Digital Content [Table S4, http:/links.lww.
com/MD/]J289, and Table S5, http://links.lww.com/MD/]J290]).

3.4. Correlations between E2F expression and LUAD
patient clinicopathology

Using the GEPIA dataset,!'! we compared the E2F expression in
pathological stages. Correlations between E2F expression and
tumor stage in LUAD patients were also analyzed and we found
that those of E2F7/8 were significantly associated with tumor stage
(P <.05), while those of E2F1/2/3/4/5/6 were not (P > .05) (Fig. 4).

3.5. E2F7 Expression detected by IHC in LUAD patients

To verify whether E2F7 is significantly associated with the
occurrence and development of LUAD, we analyzed E2F7

A Overall survival (OS) Progression-free survival (PFS)
Uni_cox Pvalue Hazard Ratio(95% CI) B Uni_cox Pvalue Hazard Ratio(95% CI)
E2F1 0.08613 1.11401(0.98478,1.26021) ] E2F1 0.42517 1.04954(0.93195,1.18197) - —
E2F2 0.06828 1.15386(0.98932,1.34578) —_— E2F2 0.37955 1.06912(0.92105,1.24098) —_——
E2F3 0.5673 1.05885(0.87046,1.28801) ——) E2F3 0.57006 1.0555(0.87602,1.27175) P —
E2F4 0.0368 1.38485(1.02016,1.87991) —_— E2F4 0.98665 1.00246(0.75167,1.33692) —_——
E2F5 0.98597 1.00177(0.82288,1.21955) —_—— E2F5 0.70244 1.0372(0.85995,1.25099) ——y
E2F6 0.32323 1.14168(0.87775,1.48497) ] E2F6 0.23171 1.15984(0.90963,1.47887) e —]
E2F7 <0,0001 1.38359(1.20418,1.58973) | e | E2F7 0.00015 1.29644(1.13369,1.48256) [ |
E2F8 0.01174 1.19975(1.0413,1.38231) —— E2F8 0.12169 1.11367(0.97173,1.27634) ——
Age 0.2786 1.00844(0.99323,1.02388) L 3 Age 0.86581 0.9988(0.98502,1.01278) L ]
Gender 0.64769 1.07018(0.80006,1.43149) i | Gender 0.5745 1.08179(0.82214,1.42345) —_——
pT-stage <0.0001 1.55525(1.29333,1.87023) | | pT-stage 0.00022 1.39143(1.16767,1.65806) — —
pTNM-stage  <0.0001 1.67646(1.46265,1.92153) —_—— pTNM-stage  <0.0001 1.38954(1.21486,1.58935) [ |
Smoking 0.66831 0.91392(0.60548,1.37949) —_—— Smoking 0.88139 0.97038(0.6538,1.44026) L m——
LI} L] L] LI L] L] L] L]
060548 1 1.5 0.50.6538 1 15
C Hazard Ratio D Hazard Ratio
Muli_cox p-value  Hazard Ratio(95% CI) Mult_cox pvalue  Hazard Ratio(95% CI)
E2F1 0.5886 1.06827(0.84091,1.3571) —_—— E2F1 0.75733 1.0361(0.82738,1.29748) ]
E2F2 0.45397  0.88709(0.64831,1.21382) (o g E2F2 0.17685 0.81027(0.59707,1.09959) — —
E2F3 0.06889 0.7462(0.54434,1.02293) ——— E2F3 033619  0.86754(0.64942,1.15892) ]
E2F4 0.64064 1.09056(0.75782,1.5694) — i E2F4 0.29970 0.83761(0.59924,1.1708) — —
E2F5 0.95111 0.9933(0.80121,1.23144) —_— E2F5 0.73865 1.03674(0.83871,1.28154) —_——)
E2F6 0.71949  0.93549(0.65012,1.34613) L | E2F6 0.69287 1.07119(0.76149,1.50684) — —
E2F7 <0.0001 1.73561(1.38724,2.17146) s E2F7 0.00001 1.61227(1.30044,1,99888) —_——
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Figure 3. Correlation of prognostic E2Fs and clinical characteristics. (A and C) Univariate and multivariate COX regression analyses of overall survival (OS) using
the Cox proportional hazard regression mode. (B and D) Univariate and multivariate COX regression analyses of progression-free survival (PFS) using the Cox

proportional hazard regression mode. E2Fs = E2F transcription factors.
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Figure 4. Correlation between E2F transcript levels and tumor stage in LUAD Patients (GEPIA). GEPIA = Gene Expression Profile Interaction Analysis, LUAD

= lung adenocarcinoma.

protein expression in LUAD and paracancerous tissues using
IHC. Compared with paracancerous tissues, E2F7 was up-
regulated in LUAD, and E2F7 was positively correlated with
larger tumors and higher TNM stage (Fig. 5).

3.6. Gene co-expression with E2F7 in LUAD

We used the functional module of LinkedOmics" to detect the
patterns of gene co-expression with E2F7 in the TCGA LUAD
cohort (n = 515) to gain insight into the biological significance
of E2F7 in LUAD cells. Volcano plots revealed that 5143 (dark
red dots) and 4487 (dark green dots) genes were significantly
positively and negatively correlated with E2F7, respectively
(FDR < 0.01), and heat maps showed the top 50 significantly
correlated genes (Fig. 6A-C and, Supplemental Digital Content
[Table S6, http://links.lww.com/MD/J291]). The full description
of the co-expressed genes is provided in Table S6, http://links.
lww.com/MD/J291. The expression of E2F7 was positively cor-
related with those of PLK4 (P = 3.251e-94), STIL (P = 4.254e-
94), and CLSPN (P =7.307e-01), etc. Notably, the top 50
significantly positive genes (high hazard ratio, HR) were highly
likely to be high-risk in LUAD (P <.05). In contrast, the top
50 significantly negative genes (low HR) were highly likely to
be low-risk (P <.05) (Fig. 6C). GO analysis of gene set enrich-
ment analysis on LinkedOmics revealed that the differentially
expressed genes related to E2F7 were mainly located in the nega-
tive regulation of the mitotic cell cycle (GO: 0045930), followed
by the mitotic cell cycle phase transition (GO: 0044772), and
cell division site (GO: 0032153), which are primarily involved
in the cell cycle (Fig. 6D-F and, Supplemental Digital Content
[Table S7, http://links.lww.com/MD/J292]). Additionally, Kyoto
Encyclopedia of Genes and Genomes pathway analysis showed
enrichment in the cell cycle (hsa04110), spliceosome (hsa03040),
and RNA transport (hsa03013) (Fig. 6G and, Supplemental
Digital Content [Table S8, http://links.lww.com/MD/J293]).

3.7. Functions of E2F7 in LUAD cells

Using CancerSEA, the functions of E2F7 in single LUAD cells
were explored. The results showed that E2F7 might primar-
ily regulate DNA repair, damage, and cell cycle progression

(Spearman coefficients, 0.38, 0.34, and 0.33, respectively;
P <.001) (Fig. 7A). Based on the data of Kim et al®! (no.
cells = 126), E2F7 gene expression and the regulatory potential
of the 3 aforementioned biological processes were significantly
and positively correlated in LUAD (Fig. 7B and C).

4. Discussion

LUAD is the most common histological subtype of lung cancer,
with a poor clinical prognosis and a high risk of recurrence.?
Therefore, there is an urgent need to identify novel therapeu-
tic targets and potential prognostic biomarkers for patients
with LUAD. Over 30 years ago, E2F was identified and named
because of its essential activity in the early events of adenovirus
replication and its ability to induce host cell proliferation.?*2’]
Since the identification of the first E2F family member (E2F1), 7
additional genes in mammals®®! and various more in other clade,
including worms,?¥ frogs,”?” flies,?* and plants,”?>% have been
identified. Since the E2F family plays a crucial role in cell divi-
sion and DNA synthesis, it influences cell fates and oncogene-
sis,?1321 Thus, an increasing number of researchers are focusing
on understanding the mechanisms of E2Fs in LUAD tumorigen-
esis, invasion, and metastasis.

Our study reveals that, according to TIMER2.0-based mul-
tiple pan-cancer analysis, the transcript levels of E2Fs are over-
expressed in multiple cancer tissues, indicating that these genes
are extensively involved in the behavior of cancer. Then, the
expression of E2Fs was compared in LUAD and normal sam-
ples based on the RNA-Seq data in the TCGA database, and
E2Fs were found to be differentially expressed. Additionally, in
the OncoPrint visual summary of alteration, E2Fs showed high
mutation rates in LUAD patients. Zhang et al®¥! reported that
meiotic nuclear division 1 upregulates E2F1 transcription by
competitively binding to Kruppel-like factor 6 to regulate cell
cycle progression, which is related to tumor development and
poor clinical prognosis. Feliciano et al®* reported that the down-
regulation of E2F2 proteins occurs during the expression of miR-
99a, and the expression of miR-99 induces apoptosis and cell
cycle arrest, inhibiting invasion and migration and facilitating
the adhesion of LUAD cells. E2F3 without 3UTR can resist the
influence of downregulated LINC00665 on cell proliferation and
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Figure 5. E2F7 transcript levels in LUAD (IHC). E2F7 = E2F transcription factor 7, IHC = immunohistochemistry, LUAD = lung adenocarcinoma.

invasion and plays a crucial role in the progression of non-small
cell lung cancer (NSCLC). In the cytoplasm, the combination
of E2F3 with miR-200b participates in metastasis-associated
LUAD transcript-1-mediated docetaxel-resistance, promot-
ing LUAD cell invasion and migration.’*! E2FS is regulated by
miR-128-2, which enhances the functional gain of mutant p53
by inhibiting lung cancer cell apoptosis and enhancing cancer
cell resistance to cisplatin doxorubicin and 5- fluorouracil.’”)
Meanwhile, E2F5 silencing effectively reverses circABCB10-
induced NSCLC cell proliferation, invasion, and migration.*!
The downregulation of E2F6 leads to the upregulation of LINC
01436 expression, promoting lung cancer cell proliferation,
migration, and invasion, which has been associated with the
OS rate in patients with NSCLC.B! Increasing the inhibition of
E2F7 promotes the proliferation of LUAD cells and induces G1
phase arrest, which is achieved by the circPRKCI-miR-545/589-
E2F7 axis.*! E2F7 expression is regulated by circ-AASDH
via sponge miR-140-3p, which participates in tumor prolifera-
tion, the clinical stage, and poor clinical outcomes in LUAD.*!!
E2F8, as a transcription inhibitor of E2F1 and E2F2 expression,
is an inhibitory regulator of the cell cycle that regulates the
Rb-E2F-dependent cell cycle, and the overexpression of
E2F8 seems to be related to poor clinical outcomes in LUAD
patients.[*?l However, their specific role in LUAD require further
investigation.

Bioinformatic analyses can identify additional new
prognosis-related genes and can be used to establish more accu-
rate prognostic models than conventional clinical parameters.
One means of regression analysis, LASSO, can simultaneously
select and regularize variables to improve the prediction accu-
racy and interpretability of statistical models.**! This method
is widely used to optimize poorly correlated high-dimensional

data and master prediction values to avoid overfitting."'®! Thus,
it can effectively identify the most effective predictive markers
and yield prognostic indicators that predict clinical outcomes.
To further identify E2Fs that were significantly associated with
prognosis in LUAD patients, we constructed a prognostic model
using univariate, LASSO, and multivariate Cox regression anal-
yses to predict OS and PFS in LUAD patients and found that
E2F7 was potentially a prognostic biomarker.

As a pro-tumourigenic transcription factor, E2F7 is frequently
dysregulated in numerous malignancies.*!! E2F7 was reportedly
involved in controlling cell proliferation, cell cycle progres-
sion, and differentiation as a transcriptional repressor,*!l which
might be the process and mechanism of LUAD tumorigenesis,
invasion, and metastasis. We identified that E2F7 might affect
LUAD by regulating DNA repair, damage, and cell cycle pro-
cesses through CancerSEA. Ye et al also reported that E2F7 is
predicted as the target gene of RADS4L, and this regulatory axis
promotes the progress of LUAD, cell proliferation, invasion, and
migration through the mTORCT1 signaling pathway, and induces
apoptosis and G1 cell cycle arrest. Wang et al reported that
E2F7 could rescue the inhibitory effects of sh-SNHG6 or miR-
26a-5p mimics on cell migration and EMT, critical for LUAD
cell metastasis and EMT.*! Furthermore, the dysregulation of
the SNHG6/miR-26a-5p/E2F7 axis was positively associated
with a more advanced stage, larger tumor size, and worse OS in
LUAD patients.*! Similarly, by univariate and multivariate Cox
regression analyses, GEPIA database and immunohistochemi-
cal analysis, we also observed that E2F7 was positively asso-
ciated with larger tumors and higher TNM stages. This study
further confirmed E2F7 plays an important role in LUAD by
multiple analyses, but its exact role in LUAD deserves further
investigation.
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Figure 7. Functions of E2F7 in LUAD cells. (A) Single-cell analysis demonstrated that E2F7 is mainly involved in the regulation of DNA repair and damage and
the cell cycle in LUAD. (B and C) Data from Kim et al (42) (cell no. = 126) indicated that E2F7 transcript levels are positively correlated in LUAD by regulating
DNA damage and repair and the cell cycle. E2F7 = E2F transcription factor 7, LUAD = lung adenocarcinoma.

We are also aware of the shortcomings and limitations of this
study. External validation of the clinical dataset would be ben-
eficial, and the biological mechanisms of E2F7 have not been
fully elucidated. Thus, clinical trials and data will be needed
for further validation. Additionally, we will attempt to conduct
additional external experiments to explore the role of E2F7 in
LUAD in our forthcoming work.

5. Conclusion

In conclusion, we systematically demonstrated the correlation
of E2F7 with LUAD by variety of methods, which allowed us
to develop a more thorough understanding of the heterogeneity
and complexity of the molecular characteristics of E2F7 in the
development and progression of LUAD.

Author contributions

Conceptualization: Shengcheng Lin, Xiangyang Yu, Haojie Yan,
Yafei Xu.

Funding acquisition: Shengcheng Lin, Xiangyang Yu.

Investigation: Zhentao Yu, Shengcheng Lin, Xiangyang Yu,
Haojie Yan, Yafei Xu, Kai Ma.

Supervision: Shengcheng Lin.

Visualization: Zhentao Yu, Shengcheng Lin, Xiangyang Yu, Kai
Ma.

Writing — original draft: Shengcheng Lin, Xiangyang Yu.

Writing — review & editing: Zhentao Yu, Shengcheng Lin,
Xiangyang Yu, Haojie Yan, Yafei Xu, Xiaoliang Wang, Yeqing
Liu, Ahuan Xie, Kai Ma.

References

[1] Jordan EJ, Kim HR, Arcila ME, et al. Prospective comprehensive
molecular characterization of lung adenocarcinomas for efficient
patient matching to approved and emerging therapies. Cancer Discov.
2017;7:596-609.

[2] Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer ]
Clin. 2020;70:7-30.

[3] Kent LN, Leone G. The broken cycle: E2F dysfunction in cancer. Nat
Rev Cancer. 2019;19:326-38.

[4] Clijsters L, Hoencamp C, Calis JJA, et al. Cyclin F controls cell-cycle
transcriptional outputs by directing the degradation of the three activa-
tor E2Fs. Mol Cell. 2019;74:1264-77.€7.

[5] Chen HZ, Tsai SY, Leone G. Emerging roles of E2Fs in cancer: an exit
from cell cycle control. Nat Rev Cancer. 2009;9:785-97.

[6] Oser MG, Fonseca R, Chakraborty AA, et al. Cells lacking the RB1
tumor suppressor gene are hyperdependent on aurora B kinase for sur-
vival. Cancer Discov. 2019;9:230-47.

[7] Fang Z, Wang Y, Wang Z, et al. ERINA is an estrogen-responsive
LncRNA that drives breast cancer through the E2F1/RB1 pathway.
Cancer Res. 2021;80:4399-413.

[8] Liedberg E, Eriksson P, Sjodahl G, et al. Identification of differential
tumor subtypes of T1 bladder cancer. Eur Urol;2020:533-7. Eur Urol.
2020;78:533-7.

[9] Li SZ, Zeng F, Li ], et al. Nemo-like kinase (NLK) primes colorec-

tal cancer progression by releasing the E2F1 complex from HDACI.

Cancer Lett. 2018;431:43-53.

Qi JC, Yang Z, Lin T, et al. CDK13 upregulation-induced formation of

the positive feedback loop among circCDK13, miR-212-5p/miR-449a

and E2F5 contributes to prostate carcinogenesis. ] Exp Clin Cancer

Res. 2021;40:2.

Sun CC, Li SJ, Hu W, et al. Comprehensive analysis of the expres-

sion and prognosis for E2Fs in human breast cancer. Mol Ther.

2019;27:1153-65.

(10]

(11



Lin et al. ® Medicine (2024) 103:3

[12] Li T, Fu J, Zeng Z, et al. TIMER2.0 for analysis of tumor-infiltrating
immune cells. Nucleic Acids Res. 2020;48:W509-14.

Cerami E, Gao ], Dogrusoz U, et al. The cBio cancer genomics por-
tal: an open platform for exploring multidimensional cancer genomics
data. Cancer Discov. 2012;2:401-4.

Hoadley KA, Yau C, Hinoue T, et al. Cell-of-origin patterns dominate
the molecular classification of 10,000 tumors from 33 types of cancer.
Cell. 2018;173:291-304.¢6.

Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized
linear models via coordinate descent. ] Stat Softw. 2010;33:1-22.
Zhang Z, Lin E, Zhuang H, et al. Construction of a novel gene-based
model for prognosis prediction of clear cell renal cell carcinoma.
Cancer Cell Int. 2020;20:27.

Blanche P, Dartigues JF, Jacqmin-Gadda H. Estimating and com-
paring time-dependent areas under receiver operating characteris-
tic curves for censored event times with competing risks. Stat Med.
2013;32:5381-97.

Tang Z, Li C, Kang B, et al. GEPIA: a web server for cancer and normal
gene expression profiling and interactive analyses. Nucleic Acids Res.
2017;45:W98-W102.

Vasaikar SV, Straub P, Wang J, et al. LinkedOmics: analyzing multi-
omics data within and across 32 cancer types. Nucleic Acids Res.
2018;46:D956-63.

Harris MA, Clark JI, Ireland A, et al. The gene ontology (GO) project
in 2006. Nucleic Acids Res. 2006;34:D322-6.

Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28:27-30.

Yuan H, Yan M, Zhang G, et al. CancerSEA: a cancer single-cell state
atlas. Nucleic Acids Res. 2019;47:401-4.

Kim KT, Lee HW, Lee HO, et al. Single-cell mMRNA sequencing identifies
subclonal heterogeneity in anti-cancer drug responses of lung adeno-
carcinoma cells. Genome Biol. 2015;16:127.

Kovesdi I, Reichel R, Nevins JR. Identification of a cellular transcrip-
tion factor involved in E1A trans-activation. Cell. 1986;45:219-28.
Yee AS, Reichel R, Kovesdi I, et al. Promoter interaction of the E1A-
inducible factor E2F and its potential role in the formation of a
multi-component complex. EMBO ]. 1987;6:2061-8.

Page BD, Guedes S, Waring D, et al. The C. elegans E2F- and DP-related
proteins are required for embryonic asymmetry and negatively regulate
Ras/MAPK signaling. Mol Cell. 2001;7:451-460.

Suzuki A, Hemmati-Brivanlou A. Xenopus embryonic E2F is required
for the formation of ventral and posterior cell fates during early
embryogenesis. Mol Cell. 2000;5:217-29.

Dynlacht BD, Brook A, Dembski M, et al. DNA-binding and trans-
activation properties of Drosophila E2F and DP proteins. Proc Natl
Acad Sci U S A. 1994;91:6359-63.

[13]

[14]

[15]

[16]

[17]

[18

[19

[20

[21

(22]

(23]

[24

25

[26

27

[28

10

Medicine

[29] Ramirez-Parra E, Xie Q, Boniotti MB, et al. The cloning of plant E2F, a
retinoblastoma-binding protein, reveals unique and conserved features
with animal G(1)/S regulators. Nucleic Acids Res. 1999;27:3527-33.

[30] Albani D, Mariconti L, Ricagno S, et al. DcE2F, a functional plant
E2F-like transcriptional activator from Daucus carota. ] Biol Chem.
2000;275:19258-67.

[31] Polager S, Ginsberg D. P53 and E2f: partners in life and death. Nat Rev
Cancer. 2009;9:738-48.

[32] Polager S, Ginsberg D. E2F - at the crossroads of life and death. Trends
Cell Biol. 2008;18:528-35.

[33] Zhang Q, Shi R, Bai Y, et al. Meiotic nuclear divisions 1 (MND1) fuels
cell cycle progression by activating a KLF6/E2F1 positive feedback
loop in lung adenocarcinoma. Cancer Commun. 2021;41:492-510.

[34] Feliciano A, Garcia-Mayea Y, Jubierre L, et al. miR-99a reveals two
novel oncogenic proteins E2F2 and EMR2 and represses stemness in
lung cancer. Cell Death Dis. 2017;8:e3141-e3141.

[35] WangH, Wang L, Zhang S, etal. Downregulation of LINC006635 confers
decreased cell proliferation and invasion via the miR-138-5p/E2F3 sig-
naling pathway in NSCLC. Biomed Pharmacother. 2020;127:110214.

[36] Chen ], Liu X, Xu Y, et al. TFAP2C-Activated MALAT1 modulates the
chemoresistance of docetaxel-resistant lung adenocarcinoma cells. Mol
Ther Nucleic Acids. 2019;14:567-82.

[37] Donzelli S, Fontemaggi G, Fazi E, et al. MicroRNA-128-2 targets the

transcriptional repressor E2F5 enhancing mutant p53 gain of function.

Cell Death Differ. 2012;19:1038-438.

Ma D, Qin Y, Huang C, et al. Circular RNA ABCB10 promotes non-

small cell lung cancer progression by increasing E2F5 expression

through sponging miR-584-5p. Cell Cycle. 2020;19:1611-20.

Yuan S, Xiang Y, Wang G, et al. Hypoxia-sensitive LINC01436 is reg-

ulated by E2F6 and acts as an oncogene by targeting miR-30a-3p in

non-small cell lung cancer. Mol Oncol. 2019;13:840-56.

[40] Qiu M, Xia W, Chen R, et al. The circular RNA circPRKCI promotes
tumor growth in lung adenocarcinoma. Cancer Res. 2018;78:2839-51.

[41] Wang Y, Wo Y, Lu T, et al. Circ-AASDH functions as the progression of

early stage lung adenocarcinoma by targeting miR-140-3p to activate

E2F7 expression. Transl Lung Cancer Res. 2021;10:57-70.

Park SA, Platt J, Lee JW, et al. E2F8 as a novel therapeutic target for

lung cancer. ] Natl Cancer Inst. 2015;107:djv151.

Tibshirani R. Regression shrinkage and selection via the lasso: a retro-

spective. J R Stat Soc Ser B Stat Methodol. 2011;73:273-82.

Liang R, Xiao G, Wang M, et al. SNHG6 functions as a competing

endogenous RNA to regulate E2F7 expression by sponging miR-26a-5p

in lung adenocarcinoma. Biomed Pharmacother 2018;107:1434-46.

Wang L, Zhang L, Wang L. Snhg7 contributes to the progression of

non-small-cell lung cancer via the SNHG7/ miR-181a-5p/E2F7 axis.

Cancer Manag Res. 2020;12:3211-222.

[38]

[39]

[42]
[43]

[44]

[45]



