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miRNA-329-3p suppresses proliferation and metastasis of endometrial 
carcinoma through downregulating E2F1 
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Existing evidences have revealed the crucial roles of E2 promoter binding factor-1 (E2F1) during the tumorigenesis 
and progression process of multiple human tumors. However, the expression patterns, biological functions, as well as the 
underlying molecular mechanism of E2F1 in endometrial carcinoma yet remain largely unclear. �e expression patterns 
and clinical prognostic value of E2F1 in endometrial carcinoma were evaluated using bioinformatics methods. Protein and 
mRNA, miRNA expression levels in tissues and cells were measured using immunohistochemistry, western blotting, and 
qRT-PCR assays. Cell viability and cell cycle distribution were examined using CCK-8 assay and �ow cytometry, respec-
tively. Scratch healing assay and Transwell assay were applied to measure cell migration and invasion ability. Bioinformatic 
analysis and luciferase reporter assays were conducted to con�rm the targeting relationship between E2F1 and miR-329-3p. 
Moreover, a series of in vitro and in vivo functional experiments were employed to evaluate the e�ect of the miR-329-3p/
E2F1 axis on cell growth and metastasis. Clinically, E2F1 was aberrantly expressed in endometrial carcinoma tissues and was 
correlated with advanced FIGO stage, histological type, p53 mutation, poor survival, and degree of tumor cell di�erentia-
tion. ROC curves analysis also reveals that E2F1 has a high AUC value (up to 0.952, 95% CI: 0.915-0.988), indicating the 
promising diagnostic value of E2F1 level in endometrial carcinoma. In addition, in vitro gain and loss-of-functional experi-
ments veri�ed that high E2F1 can promote cell proliferation, cell cycle, migration, invasion, and EMT process. In-depth 
mechanism studies revealed that E2F1 was a downstream target gene of miR-329-3p, and miR-329-3p overexpression 
could e�ectively abrogate its promotion of cell malignant biological behavior. Collectively, our �ndings suggested that the 
miR-329-3p/E2F1 axis plays a crucial role in the progression of endometrial carcinoma, indicating that E2F1 can be consid-
ered a promising diagnostic and prognostic biomarker for endometrial carcinoma patients. 
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Endometrial cancer (EC) is the most common gyneco-
logic malignancy, typically occurring between the ages of 
65 and 75, particularly in perimenopausal and postmeno-
pausal women [1]. �e incidence and mortality rates of EC 
have been on the rise in recent years due to the increasing 
prevalence of obesity, mental stress, and poor dietary habits. 
Despite advancements in early cancer screening, patients with 
advanced stage disease (stage III: 47–58%, stage IV: 15–17%) 
continue to experience poorer 5-year survival rates [2–4]. 
�erefore, there is an urgent need to explore the underlying 
pathological mechanisms and discover potential biomarkers 
for the diagnosis, treatment, and prognosis of EC.

E2 promoter binding factors (E2Fs) belong to an impor-
tant transcription factor family that regulates gene expres-
sion involved in cell cycle, apoptosis, senescence, and metas-

tasis [5–7]. To date, eight members of this family (E2F1-8) 
have been identi�ed in the human genome. Among them, 
E2F1 is the most extensively studied and plays a crucial role 
in tumorigenesis [8]. Initially classi�ed as an oncogene, E2F1 
has been found to be aberrantly expressed and positively 
associated with poor prognosis in various solid tumors, 
including lung cancer [9], prostate cancer [10], breast cancer 
[11], colorectal cancer [12], and gastric cancer [13]. Interest-
ingly, recent studies have provided evidence suggesting that 
E2F1 can also act as a tumor suppressor depending on the 
cellular context, indicating a complex role of E2F1 in cancer 
development and progression [14]. Although several studies 
have demonstrated aberrant expression of E2F1 in EC and 
its predictive value for the prognosis of EC patients [15–17], 
the speci�c expression patterns, biological functions, and 
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underlying mechanisms of E2F1 in the context of EC remain 
largely elusive. �erefore, further investigation into the role 
of E2F1 in EC may o�er a promising target and biomarker 
for EC patients.

MicroRNAs (miRNAs) are a subclass of non-coding 
RNA molecules, approximately 22 nucleotides in length, 
that play pivotal roles in physiological and pathological 
processes by binding to the 3’untranslated region (3’-UTR) 
of complementary target genes, leading to translational 
inhibition or degradation [18–20]. Recently, increasing 
evidence has con�rmed the dominant roles of miRNAs in 
development, diseases, particularly cancer, and they are 
considered attractive tools and targets for the diagnosis 
and treatment of malignant tumors [21]. Notably, several 
miRNA-targeted therapeutics, such as miRNA-34 mimics, 
have shown promising e�ectiveness in pre-clinical and 
phase I–II clinical trials [22]. Emerging evidence suggests 
that miR-329-3p is involved in the carcinogenesis and 
progression of various tumors (cervical cancer, hepatocel-
lular carcinoma, and neuroblastoma) by acting as a tumor 
suppressor and regulating multiple cellular processes, 
including cell proliferation, apoptosis, metastasis, chemo-
resistance, and stemness [23–25]. However, the biological 
functions and molecular mechanisms of miR-329-3p in EC 
are not fully understood and require further elucidation.

In this study, bioinformatics analysis of TCGA database 
revealed aberrant expression of E2F1 in EC tissues, positively 
correlated with poor outcomes, suggesting an oncogenic 
role in EC development and progression. Furthermore, 
considering the tumor suppressor role of miR-329-3p and 
predictions from miRDB (http://mirdb.org/cgi-bin/search.
cgi) and Target Scan (http://www.targetscan.org/), it was 
hypothesized that miR-329-3p might attenuate EC progres-
sion by targeting E2F1. �is hypothesis was validated 
through in vitro and in vivo experiments. As anticipated, the 
results demonstrated that E2F1 promotes cell proliferation, 
cell cycle progression, and metastasis, while miR-329-3p 
directly binds to the 3’-UTR of E2F1, thereby counteracting 
these e�ects.

Patients and methods

Clinical tissue specimens. A total of 17 human simple 
hyperplasia tissues, 22 human atypical hyperplasia tissues, 
and 40 human EC tissues were collected from patients 
who underwent surgical resection at Shengjing Hospital 
of China Medical University from July 2018 to February 
2022. Immediately a�er excision, all specimens were snap-
frozen in liquid nitrogen for subsequent immunohisto-
chemical analysis or RNA isolation. �e study protocol 
was approved by the Ethics Committee of Shengjing 
Hospital of China Medical University (Permission number: 
2021PS723K), and written informed consent was obtained 
from all patients.

Cell culture. �ree di�erent human EC cell lines with 
varying degrees of di�erentiation (Ishikawa, HEC-1A, 
and KLE) were obtained from ATCC, and their identities 
were con�rmed through STR pro�ling. Ishikawa cells were 
cultured in the RPMI-1640 medium, HEC-1A cells in the 
McCoy’s 5A medium, and KLE cells in the DMEM/F12 
medium. All culture media were supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin. �e 
cells were maintained in a humidi�ed incubator at 37 °C 
with 5% CO2.

Immunohistochemistry (IHC). Immunohistochemical 
(IHC) analysis for E2F1 in human tissues was conducted 
following a previously described standard protocol. Tissue 
sections with a thickness of 5 μm were incubated overnight 
at 4 °C with a primary antibody against E2F1 (1:100). 
Subsequently, the sections were incubated with IgG(H+L) 
(HRP-labeled Goat Anti-Mouse IgG (H+L)) (1:500) for 1 
hour at 37 °C. Hematoxylin staining was used to counterstain 
the cell nuclei, and the Olympus multifunction microscope 
was utilized to observe the E2F1-positive area. �e immuno-
histochemical scoring was calculated based on a previously 
established protocol.

qRT-PCR analysis. Total RNA was extracted from tissues 
or cell lines using a TRIzol reagent. For qRT-PCR analysis, 
reverse transcription was performed using a Reverse 
Transcription Kit according to the standard protocol. β-actin 
was chosen as the internal control to normalize gene expres-
sion. Details of the primers are provided in Table 1.

Western blot analysis. A�er administering the desired 
treatment, cells were collected and lysed with RIPA bu�er 
containing PMSF protease inhibitor (1:100). �e isolated 
protein samples were quanti�ed using a BCA kit following 
the manufacturer’s instructions. Subsequently, the protein 
samples were subjected to polyacrylamide gel electrophoresis, 
following a procedure described in a previous study. Primary 
antibodies against E2F1 (1:1000, #WL02394), E-cadherin 
(1:1000, #WL01482), Vimentin (1:1000, #WL00742), and 
β-actin (1:1000, #WL01372) were purchased from Wanleibio 
(Shanghai, China). Finally, the blot images were visualized 

Table 1. �e primer sequence information for qRT-PCR.
Primer name Primer sequence (5’-3’)
E2F1 (Forward) ACTCCTCGCAGATCGTCA
E2F1 (Reverse) TCCAGCCTCCGCTTCAC
E-cadherin (Forward) GAACGCATTGCCACATACAC
E-cadherin (Reverse) GCACCTTCCATGACAGACCC
Vimentin (Forward) CCTTGACATTGAGATTGCCACCTA
Vimentin (Reverse) TCATCGTGATGCTGAGAAGTTTCG
MMP2 (Forward) TGGCAAGGAGTACAACAGC
MMP2 (Reverse) TGGAAGCGGAATGGAAAC
MMP9 (Forward) AGGACGGCAATGCTGATG
MMP9 (Reverse) TCGTAGTTGGCGGTGGTG
β-actin (Forward) GGCACCCAGCACAATGAA
β-actin (Reverse) TAGAAGCATTTGCGGTGG
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using an enhanced ECL kit and processed using ImageJ 
so�ware.

Cell viability assessment. Cells at the logarithmic growth 
phase were seeded at a density of 4,000 cells/well in 96-well 
plates. A�er the desired incubation time, 10 µl of CCK-8 
working solution was added to each well, and the cells were 
further incubated for 2 h until the solution turned yellow-
orange in color. Subsequently, the absorbance at 450 nm was 
measured using a multifunctional microplate reader.

Cell cycle analysis. Cells were seeded into 6-well plates 
at a concentration of 3×105 cells/well and incubated for an 
additional 24 h. A�er the desired treatment, the cells were 
harvested and �xed with 1 ml of 70% cold ethanol at 4 °C 
overnight. Subsequently, the cells were washed three times 
with PBS and incubated with 100 μl of RNase A at a 37 °C 
water bath for 30 min. Following this, the cells were stained 
with 500 μl of propidium iodide for 30 min at 4 °C in the 
dark. Finally, the cell cycle distribution was examined using 
�ow cytometry and FlowJo so�ware v10 (FlowJo, LLC) was 
utilized for cell cycle analysis.

Wound scratch assay. Cells were seeded into 6-well plates 
at a concentration of 5×105 cells/well and cultured until 
reaching approximately 95–100% con�uence. Subsequently, 
a scratch was created on the cell monolayer using a sterile 
20 μl pipette tip, and the wells were washed three times with 
PBS to remove any detached cells. �e scratch wounds were 
then observed and captured using an inverted Olympus IX70 
microscope at 0 h and 24 h. �e scratch healing rate was 
calculated using ImageJ so�ware according to the following 
formula: Wound healing rate (%) = (0-hour scratch area – 
24-hour scratch area)/0-hour scratch area × 100%.

Transwell assay. A total of 5×103 cells were suspended 
in 200 μl of a serum-free medium and added to the upper 
chamber of a Transwell insert. Matrigel was used to coat the 
insert for the cell invasion assay, while for the cell migra-
tion assay, the insert was le� uncoated. Subsequently, 800 
μl of fresh medium containing 10% FBS was added to the 
lower chamber, and the cells were cultured for an additional 
24 h. A�er the incubation period, any non-invasive or 
non-migratory cells remaining in the upper chamber were 
gently swabbed o� using a cotton swab. Meanwhile, the cells 
on the bottom side of the Transwell chamber were �xed with 
4% polyformaldehyde for 20 min at room temperature and 
then stained with 0.1% crystal violet for 5 min. Following 
three washes with deionized water, the invasive or migratory 
cells were observed and photographed under a microscope at 
200× magni�cation.

Cell transfection. To reduce E2F1 expression in KLE 
cells, General Biology (Anhui, China) synthesized three 
E2F1-targeted siRNA sequences (siRNA 1, siRNA 2, and 
siRNA 3) along with a siRNA-NC. A�er transfection for 48 
h, we con�rmed the transfection e�ciency of these E2F1 
siRNAs by detecting the mRNA and protein levels of E2F1. 
Subsequently, we selected the most e�ective E2F1 siRNA for 
further experiments.

For the overexpression of E2F1 in Ishikawa cells, we 
subcloned a human E2F1 overexpression vector (pcDNA3.1-
E2F1) and an empty plasmid pcDNA3.1 into a lentivirus 
vector. Furthermore, we obtained hsa-miR-329-3p mimics, 
inhibitor, and negative control from GenePharma (Shanghai, 
China), and transfected them into cells using Lipofectamine 
3000 following the manufacturer’s standard protocols.

Dual-luciferase reporter assay. GenePharma (Shanghai, 
China) designed and synthesized the sequences of hsa-miR-
329-3p mimics or E2F1 3’UTR, which included both the 
wild-type (wt) and mutant (Mut) binding sites of hsa-miR-
329-3p. Subsequently, co-transfection of hsa-miR-637 
mimics/miR-NC and E2F1-wt/Mut plasmids was performed 
in 293T cells using Lipofectamine 3000. A�er a 48 h trans-
fection period, the activities of �re�y and Renilla luciferase 
were determined using the Dual Luciferase Reporter Assay 
Kit, following the manufacturer’s instructions.

Animal experiments. 4–5-week-old male BALB/c nude 
mice were obtained from Shanghai Laboratory Animal 
Company (SLAC, Shanghai, China) and housed in a 
speci�c pathogen-free environment. All animal experi-
ments were conducted in accordance with the Animal Care 
and Use Committee of Shengjing Hospital, China Medical 
University, and followed animal ethics and welfare regula-
tions (Permission number: 2021PS741K). A�er one week 
of adaptive feeding, 1×107 Ishikawa cells transfected with 
inhibitor control, miR-329-3p inhibitor, and miR-329-3p 
inhibitor+E2F1 shRNA were subcutaneously inoculated 
into the right �ank of the mice. Tumor volume and body 
mass were measured every three days, with tumor volume 
calculated using the formula: volume = length × width ^ 
2/2. Finally, on the 24th day, all mice were euthanized, and 
the tumors were photographed and harvested for subsequent 
H&E and IHC analysis.

Statistical analysis. All quantitative data were expressed 
as mean ± SD and statistical analyses were performed using 
GraphPad Prism 8.0. �e di�erences between groups were 
analyzed using Student’s t-test or one-way ANOVA. Pearson’s 
correlation analysis was used to examine the correlation 
between E2F1 level and clinicopathological features. Survival 
analysis for endometrial cancer patients and the diagnostic 
value of E2F1 level were determined using the Kaplan-Meier 
method and receiver operating characteristic (ROC) curve, 
respectively. A p-value <0.05 was considered statistically 
signi�cant.

Results

E2F1 was ectopically overexpressed in EC and associated 
with poor prognosis. To elucidate the expression pattern of 
E2F1 in EC, we conducted IHC analysis on a training cohort 
consisting of 17 simple hyperplasia tissues, 22 atypical hyper-
plasia tissues, and 40 endometrial carcinoma tissues. Our 
�ndings revealed signi�cantly higher expression of E2F1 
in EC tissues compared to simple hyperplasia or atypical 
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and �ow cytometry, respectively. As illustrated in Figure 2C, 
there was a signi�cant di�erence in cell viability among the 
three cell lines at 72 h and 96 h, while no signi�cant di�er-
ence was observed at 24 h and 48 h. KLE cells, character-
ized by high E2F1 expression, demonstrated the strongest 
proliferative ability, whereas Ishikawa and HEC-1A cells 
displayed relatively weaker proliferative capacity. Similarly, 
�ow cytometry analysis revealed that KLE cells exhibited 
rapid cell cycle progression, as evidenced by a decreased 
proportion of cells in the G1 phase and an increased 
population in the S phase. Conversely, cells with low E2F1 
levels (Ishikawa and HEC-1A) exhibited cell cycle arrest at 
the G1 phase and a blocked G1/S transition compared to 
KLE cells (Figures 2D, 2E).

Given the role of E2F1 in promoting tumor cell metas-
tasis through the regulation of target gene transcription, 
we investigated whether E2F1 in�uenced the cell migra-
tion ability of endometrial carcinoma cells. As depicted 
in Figures 2F and 2G, the scratch healing rate of KLE cells 
was signi�cantly higher than that of Ishikawa and HEC-1A 
cells, indicating a gradual improvement in cell migration 
ability with increased E2F1 expression. Epithelial-mesen-
chymal transition (EMT) is a program initially recognized 
as essential during embryonic development and has later 

hyperplasia tissues. While simple hyperplasia and atypical 
hyperplasia tissues exhibited negative or weak E2F1 expres-
sion, extensive E2F1 staining was observed in EC tissues 
(Figure 1A). To further validate this observation, we assessed 
E2F1 protein levels in three randomly selected samples from 
each group (simple hyperplasia, atypical hyperplasia, and 
EC) using qRT-PCR and western blotting. Consistent with 
our expectations, all EC specimens displayed higher levels 
of E2F1 compared to the other two groups (Figures 1B, 1C). 
We categorized EC patients into two groups based on their 
IHC scores: high E2F1 expression (60.0%, 24/40) and low 
E2F1 expression (40%, 16/40), and proceeded to evaluate 
the correlation between E2F1 level and clinicopathological 
characteristics. Table 2 illustrates the positive correlation 
between high E2F1 expression and vascular space in�ltration 
(p<0.0001), advanced FIGO stage (p<0.004), lymph node 
metastasis (p=0.005), depth of muscle in�ltration (p=0.002), 
p53 mutation (p=0.004), and pathological types (p=0.013). 
Additionally, patients with poorly di�erentiated EC exhibited 
signi�cantly higher E2F1 expression compared to moder-
ately or well-di�erentiated patients (Table 2).

Subsequently, we validated the expression pattern of 
E2F1 in a large cohort from TCGA database and analyzed 
its association with clinicopathological characteristics. 
Once again, patients with high E2F1 expression displayed 
advanced FIGO stage (Figure 1D). Furthermore, E2F1 
expression was associated with pathological types, with 
higher levels observed in serous carcinoma compared 
to endometrioid or mixed carcinoma (p<0.0001, Figure 
1E). Importantly, Kaplan-Meier analysis demonstrated a 
signi�cant correlation between higher E2F1 expression and 
poorer overall survival in EC patients (hazard ratio [HR], 
2.468; 95% CI, 1.58–3.81, p<0.001, Figure 1F). Addition-
ally, the diagnostic value of E2F1 for EC was assessed using 
ROC curves, yielding an area under the curve (AUC) of 
0.952 (95% CI, 0.918–0.988, Figure 1G). Collectively, these 
�ndings suggest that E2F1 may play an oncogenic role in the 
carcinogenesis and progression of EC and has the potential 
as a diagnostic marker for distinguishing EC patients from 
non-cancer individuals.

E2F1 high expression facilitates tumorigenic proper-
ties of EC cells. Motivated by the correlation between E2F1 
levels and histological grade, we investigated the expression 
levels of E2F1 mRNA and proteins in three EC cell lines with 
varying degrees of di�erentiation. As anticipated, Ishikawa 
cells, representing well-di�erentiated cells, exhibited the 
lowest expression of E2F1, whereas KLE cells, characterized 
by poor di�erentiation, displayed the highest expression level 
among the three cell lines (Figures 2A, 2B). �is observation 
suggests that E2F1 holds promise as a potential biomarker for 
distinguishing tumor cell di�erentiation.

Subsequently, we explored whether cells with di�erent 
E2F1 levels exhibited distinct biological behaviors. We 
evaluated cell viability and cell cycle distribution of 
Ishikawa, HEC-1A, and KLE cells using the CCK-8 assay 

Table 2. Correlation between E2F1 level and clinicopathological charac-
teristics of EC patients.

Clinicopathological features Cases
E2F1 level (case)

p-valueLow  
(n=16)

High 
(n=24)

Age 0.685
>55 26 11 15
≤55 14 5 9

Vascular space invasion < 0.001
Presence 13 0 13
Absence 27 16 11

FIGO stage 0.004
I 24 14 10
II–IV 16 2 14

Lymph node metastasis 0.005
Presence 9 0 9
Absence 31 16 15

Depth of muscle invasion 0.002
<1/2 23 14 9
≥1/2 17 2 15

p53 mutant 0.004
Presence 13 1 12
Absence 27 15 12

Pathological types 0.013
Adenocarcinoma 27 15 12
Serous carcinoma 7 0 7
Mixed carcinoma or other 6 1 5

Di�erentiation status 0.0004
Poorly 13 1 12
Moderately or well 27 15 12
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Figure 1. E2F1 was signi�cantly increased in EC tissues and positively correlated with poor prognosis. A) Representative images of IHC staining of 
E2F1 in simple hyperplasia tissues, atypical hyperplasia tissues, and EC tissues, magnification, 100× (up) and 400× (down). B) qRT-PCR analysis of 
E2F1 mRNA expression level in simple hyperplasia (n = 17), atypical hyperplasia (n = 22), and EC (n = 40). C) Western blotting analysis of E2F1 pro-
tein expression level in three randomly simple hyperplasia tissues, atypical hyperplasia tissues, and EC tissues. D) E2F1 expression in EC tissues with 
di�erent FIGO stage (stage I-IV). E) E2F1 expression in endometrial carcinoma tissues with di�erent histological types (endometrioid carcinoma, 
mixed carcinoma, and serous carcinoma). F) Overall survival curve of EC patients with high or low E2F1 expression levels. G) ROC curves analysis of 
the accuracy of E2F1 level for endometrial carcinoma diagnosis. **p<0.01, ***p<0.001 Abbreviations: HR-Hazard Ratio; AUC-area under curve; CI-
con�dence intervals; ns-no signi�cance
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Figure 2. High E2F1 expression was associated with poorly di�erentiated and promoted cell proliferation and the EMT process. A, B) qRT-PCR and 
western blotting analysis of E2F1 mRNA and protein expression level in EC cells with di�erent di�erentiation degrees (Ishikawa: well di�erentiated, 
HEC-1A: moderately di�erentiated, and KLE: poorly di�erentiated), respectively. C) CCK-8 analysis of the cell viability of Ishikawa, HEC-1A, and KLE 
cells a�er incubation for di�erent times. D, E) Flow cytometry analysis of the cell cycle distribution of Ishikawa, HEC-1A, and KLE cells. F, G) Scratch 
healing assay analysis cell migration of Ishikawa, HEC-1A, and KLE cells. H, I) qRT-PCR and western blotting analysis of mRNA and protein levels 
of EMT-related markers (E-cadherin and Vimentin) in Ishikawa, HEC-1A, and KLE cells, respectively. *p<0.05, **p<0.01, ***p<0.001 Abbreviation: 
ns-no signi�cance
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been found to confer cell migration and invasion capabili-
ties [26]. �erefore, we assessed the mRNA and protein 
expression levels of the epithelial marker E-cadherin and 
the mesenchymal marker Vimentin in the cells. Both 
qRT-PCR and western blotting analyses con�rmed that 
KLE cells exhibited an increased level of Vimentin and a 
decreased level of E-cadherin, while Ishikawa cells showed 
the opposite trend (Figures 2H, 2I). Collectively, these 
�ndings suggest that E2F1 may facilitate the tumorigenic 
properties of EC cells.

Silencing E2F1 suppresses EC cell growth and metas-
tasis. To further investigate the biological functions of 
E2F1 in EC cells, we selected Ishikawa cells (with the lowest 
E2F1 level) and KLE cells (with the highest E2F1 level) as 
cell models for subsequent experiments. Initially, we trans-
fected KLE cells and Ishikawa cells with E2F1 siRNA and 
an overexpression plasmid (E2F1 vector) to manipulate 
E2F1 gene expression. �e e�cacy of E2F1 silencing and 
overexpression was con�rmed using qRT-PCR and western 
blotting analysis (Figures 3A, 3B).

As illustrated in Figures 3C–3F, overexpressing E2F1 
signi�cantly enhanced cell proliferation, cell cycle progres-
sion, migration, and invasion of Ishikawa cells. Conversely, 
silencing E2F1 in KLE cells markedly impaired these biolog-
ical behaviors compared to the control group. Similarly, 
qRT-PCR and western blotting analysis demonstrated that 
E2F1 knockdown upregulated E-cadherin and downregu-
lated Vimentin, MMP2, and MMP9 in Ishikawa cells, while 
E2F1 overexpression exhibited the opposite pattern in KLE 
cells (Figures 3G–3J).

Taken together, these �ndings suggest that E2F1 plays a 
crucial role in the malignant proliferation and metastasis 
of EC cells.

E2F1 serves as a potential target of miR-329-3p in 
endometrial carcinoma. Despite demonstrating that E2F1 
acts as an oncogenic gene and enhances the tumorigenic 
properties of EC cells, its underlying mechanism remains 
largely unknown. Given the signi�cant roles of miRNAs 
in tumorigenesis and cancer progression [21, 27, 28], we 
utilized the Target Scan (http://www.targetscan.org/) 
and starBase (http://starbase.sysu.edu.cn/) databases to 
identify putative miRNAs capable of binding to the E2F1 
3’UTR. Among these predicted miRNAs, miR-329-3p was 
chosen due to its tumor suppressor role and high-scoring 
miRNA-target interactions. Figure 4A illustrates the 
potential complementary sites for miR-329-3p within the 
E2F1 3’UTR region (position 200–207). Furthermore, we 
con�rmed the targeting relationship between miR-329-3p 
and E2F1 through a luciferase reporter assay. As expected, 
co-transfection of miR-329-3p mimics with the wild-type 
E2F1-3’UTR led to a signi�cant reduction in luciferase 
activity, while no discernible change was observed in 
cells co-transfected with miR-329-3p mimics and mutant 
E2F1-3’UTR (Figure 4B), indicating that E2F1 is targeted 
by miR-329-3p.

Next, we investigated the expression level of miR-329-3p 
in clinical samples and cell lines using qRT-PCR analysis. 
Consistently, our results demonstrated a signi�cant down-
regulation of miR-329-3p in EC tissues compared to hyper-
plasia or atypical hyperplasia tissues (Figure 4C). Moreover, 
miR-329-3p exhibited an inverse expression pattern with 
E2F1, as evidenced by the low E2F1 expression in tumor 
tissues or cells exhibiting high miR-329-3p levels. Western 
blotting and qRT-PCR analysis further con�rmed that 
miR-329-3p inhibitor increased E2F1 expression at both 
the mRNA and protein levels, whereas miR-329-3p mimics 
reduced E2F1 expression compared to the control group 
(Figures 4E–4G). Collectively, these results indicate that 
miR-329-3p directly targets E2F1 and negatively regulates 
its expression.

Subsequently, we evaluated whether miR-329-3p mimics 
could rescue the tumor-promoting e�ect of E2F1 in EC cells. 
Rescue experiments were conducted using miR-329-3p 
inhibitor and mimics a�er depleting E2F1 (E2F1 siRNA) or 
inducing its overexpression (E2F1-vector) (Figures 4E–4G). 
As anticipated, transfection of miR-329-3p inhibitor signif-
icantly enhanced cell proliferation, cell cycle progression, 
migration, invasion, and the EMT process in Ishikawa 
cells. However, silencing E2F1 e�ectively abolished this 
promoting e�ect. Similarly, transfection of miR-329-3p 
mimics signi�cantly inhibited cell proliferation, cell cycle 
progression, migration, invasion, and the EMT process in 
KLE cells, while E2F1 overexpression rescued the repressive 
e�ect of miR-329-3p (Figures 5A–5I). Collectively, these 
�ndings con�rm that miR-329-3p can suppress the prolif-
eration and metastasis of EC cells by directly and negatively 
regulating E2F1 expression.

miR-329-3p inhibits EC growth and metastasis through 
targeting E2F1. To further con�rm whether miR-329-3p 
suppresses tumorigenesis and progression of EC by downreg-
ulating E2F1, we established a xenogra� nude model using 
subcutaneous inoculation of Ishikawa cells stably transfected 
with inhibitor-control, miR-329-3p inhibitor, and miR-329-3p 
inhibitor+E2F1 shRNA. �e results showed that tumors in the 
miR-329-3p inhibitor group had signi�cantly larger volume 
and higher weight compared to the control group. However, 
E2F1 silencing partially mitigated the tumor-promoting 
e�ect caused by miR-329-3p antagomir (Figures  6A–6C). 
Moreover, H&E staining of tumor slices revealed conspic-
uous necrosis in the miR-329-3p inhibitor+E2F1 shRNA 
group compared to the miR-329-3p inhibitor group (Figure 
6D), indicating signi�cant cell apoptosis in the tissues. 
Additionally, IHC results demonstrated that tumor tissues in 
the miR-329-3p inhibitor group exhibited higher expression 
of Ki-67, E2F1, Vimentin, MMP2, MMP9, and lower expres-
sion of E-cadherin compared to the control group, with these 
e�ects being partially rescued by E2F1 silencing (Figures 6E, 
6F). In summary, these �ndings suggest that miR-329-3p 
inhibits the oncogenesis of EC cells in vivo, at least partially, 
by suppressing E2F1 levels.
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Figure 3. E2F1 overexpression facilitates cell proliferation, cell cycle, migration, and invasion of EC cells. A, B) Ishikawa and KLE cells were transfected 
with E2F1 vector and E2F1 si-RNAs for 48 h, qRT-PCR and western blotting analysis of the transfection e�ciency, respectively. C) CCK-8 assay analysis 
of the cell viability of Ishikawa and KLE cells a�er transfection with E2F1 vector or E2F1 si-RNA. D) Flow cytometry analysis of the cell cycle distribu-
tion of Ishikawa and KLE cells. E, F) Scratch healing assay, Transwell migration, and Transwell invasion assay analysis of cell migration and invasion 
abilities in Ishikawa and KLE cells. G-J) qRT-PCR and western blotting analysis of mRNA and protein levels of E-cadherin, Vimentin, MMP2, and 
MMP9 in E2F1-vector transfected Ishikawa cells and E2F1 si-RNA transfected KLE cells, respectively., **p<0.01, ***p<0.001 compared with vector-NC 
group; ##p<0.01, ###p<0.001 compared with siRNA-NC group
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Figure 4. E2F1 is a target gene of miR-329-3p. A) Bioinformatics tools prediction of the potential binding site of miR-329-3p in 3’ UTR of E2F1. B) 
Dual-luciferase reporter gene assay validation of the targeting relationship between E2F1 and miR-329-3p. C) qRT-PCR analysis of miR-329-3p expres-
sion in simple hyperplasia, atypical hyperplasia, and EC tissues. D) qRT-PCR analysis of miR-329-3p level in EC cells with di�erent di�erentiation 
degrees (Ishikawa: well di�erentiated, HEC-1A: moderately di�erentiated, and KLE: poorly di�erentiated). E-G) Ishikawa cells were transfected with 
miR-329-3p inhibitor alone or co-transfected with E2F1 si-RNA, while KLE cells were transfected with miR-329-3p mimics alone or co-transfected 
with E2F1 vector for 48 h, qRT-PCR and western blotting analysis of E2F1 mRNA and protein level in cells., **p<0.01, ***p<0.001 compared with 
mimics-NC group; ###p<0.001 compared with miR-329-3p mimics+siRNA group
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Figure 5. miR-329-3p overexpression e�ectively rescues E2F1-induced malignant biology behavior of EC cells. Ishikawa cells were transfected with 
miR-329-3p inhibitor alone or co-transfected with E2F1 si-RNA, while KLE cells were transfected with miR-329-3p mimics alone or co-transfected 
with E2F1 vector for 48 h. A-C) Cell proliferation and cell cycle distribution in cells were evaluated using CCK-8 assay and �ow cytometry assay, respec-
tively. D-F) Cell migration and invasion were determined using scratch healing assay, Transwell migration, and Transwell invasion assays, respectively. 
G-I) mRNA and protein expression levels of E-cadherin, Vimentin, MMP-2, and MMP-9 in cells were examined using qRT-PCR and western blotting, 
respectively. In Ishikawa cells: **p<0.01, ***p<0.001 compared with miR-329-3p inhibitor group; #p<0.05, ##p<0.01, ###p<0.001 compared with miR-329-
3p inhibitor+siRNA-NC group. In KLE cells: **p<0.01, ***p<0.001 compared with miR-329-3p mimics group; #p<0.05, ##p<0.01, ###p<0.001 compared 
with miR-329-3p mimics+Vector-NC group
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Figure 6. miR-329-3p suppresses tumor growth and metastasis through downregulating E2F1. A, B) Representative pictures of dissected tumors from 
tumor-bearing mice. B) Tumor growth curve. C) Tumor weight. D) H&E analysis of the pathological changes in tumor tissues from various groups. E, 
F) IHC analysis of the expression of Ki-67, E2F1, E-cadherin, Vimentin, MMP2, and MMP9 in tumor sections. Magnification: 400×
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Discussion

EC, the most frequent gynecologic malignancy in North 
America and Western Europe, is attributed to the increasing 
prevalence of obesity or obesity-related metabolic syndrome 
[29]. Despite advancements in understanding EC’s genetic 
diversity and epigenetic changes, its incidence and associ-
ated mortality continue to rise [30]. Therefore, it is crucial 
to mine predictive biomarkers, elucidate the pathogenesis 
and molecular mechanisms of EC, and improve patient 
prognosis. In this study, we observed a significant increase 
in E2F1 expression in EC tumor tissues, which is closely 
correlated with poor patient prognosis. Mechanistically, we 
identified E2F1 as a downstream target gene of miR-329-3p, 
which binds to the 3’UTR region of E2F1, resulting in its 
downregulation.

The transcription factor E2F1 plays a pivotal role in 
mediating multiple cancer hallmark capabilities, including 
cell cycle regulation, survival, apoptosis, metabolism, and 
metastasis. Aberrant activation of E2F1 is closely associ-
ated with poor clinical outcomes in various human cancers 
[31, 32]. Consistent with published literature, our results 
confirmed that E2F1 overexpression significantly promotes 
cell proliferation, cell cycle progression, and metastasis of 
EC cells, highlighting its oncogenic role in EC. Interest-
ingly, while numerous studies have validated the oncogenic 
role of E2F1 in promoting carcinogenesis and progres-
sion, conflicting results have been reported regarding its 
tumor suppressor role, particularly in prostate cancer [14]. 
Additionally, conflicting roles of E2F1 have been observed in 
response to anti-cancer therapies. For example, Knudsen et 
al. [33] demonstrated that depleting RB and activating E2F1 
effectively enhances the chemosensitivity of cisplatin, anti-
microtubule agents, and topoisomerase inhibitors against 
prostate cancer cells. Moreover, E2F1 overexpression poten-
tiates the pro-apoptotic efficacy of etoposide in LNCaP cells 
[34]. Furthermore, ectopic expression of E2F1 increases 
radiosensitivity in xenografted LNCaP and PC3 cells [35, 
36]. These conflicting roles of E2F1 also extend to its effect 
on cell apoptosis. On one hand, E2F1 can block the degra-
dation of p53 by activating p14/p19, subsequently inhibiting 
cell cycle progression and inducing apoptosis. E2F1 can also 
trigger cell apoptosis by regulating p73, CASP-3, CASP-7, 
and TRAF2 expression [37]. On the other hand, numerous 
studies have confirmed that E2F1 activation confers tumor 
cells with the ability to escape apoptotic cell death and facili-
tates tumorigenesis [13]. Collectively, these data underscore 
the critical role of E2F1 in EC proliferation and metastasis, 
suggesting that targeting E2F1 may hold promise as a thera-
peutic strategy for EC patients.

With an increasing understanding of miRNA’s biolog-
ical functions in development and disease, miRNAs have 
become attractive tools and targets for tumor diagnosis and 
treatment [38]. Existing studies have shown that miRNAs 
can exhibit both tumor-promoting and tumor-suppressing 

effects in tumorigenesis and progression [39]. Importantly, 
multiple miRNAs have demonstrated potential applications 
in tumor classification, diagnosis, targeted therapy, and 
prognosis evaluation [40, 41]. Since miRNAs mainly partici-
pate in tumor occurrence and development by regulating 
downstream target genes, we identified putative miRNAs 
that bind to the E2F1 3’UTR using bioinformatics databases. 
We demonstrated that miR-329-3p directly binds to E2F1, 
leading to its downregulation in EC cells. Furthermore, 
miR-329-3p was significantly downregulated in EC tissues 
and cells, and miR-329-3p mimics effectively rescued the 
malignant phenotype induced by E2F1 overexpression in 
vitro and in vivo. Our findings highlight miR-329-3p as a 
tumor suppressor miRNA that reduces EC tumor growth and 
metastasis by downregulating the oncogenic gene E2F1. It is 
worth noting that miRNAs can target multiple downstream 
genes, and the same gene can also be regulated by multiple 
miRNAs [42]. Several studies have confirmed that multiple 
miRNAs directly regulate E2F1 and affect tumor progres-
sion, including miR-25 [43], miR-20b [44], and miR-205-5p 
[45]. In our study, we demonstrate that miR-329-3p overex-
pression suppresses EC cell proliferation, cell cycle progres-
sion, metastasis, and the EMT phenotype. Consistently, 
several studies have validated the tumor suppressor role of 
miR-329-3p in various malignant tumors, including hepato-
cellular carcinoma [46], cervical cancer [47], and colorectal 
cancer [48].

The current study concludes that E2F1 plays an oncogenic 
role in the progression of EC by regulating cell proliferation, 
cell cycle progression, migration, invasion, and the EMT 
process. Moreover, mechanistic studies demonstrated the 
direct binding of miR-329-3p to the 3’UTR region of E2F1 
mRNA, resulting in the downregulation of its expression. 
Collectively, these findings establish a theoretical foundation 
for the miR-329-3p/E2F1 axis in the pathogenesis of EC.
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