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Abstract. Endocrine drug resistance is common in some 
patients with estrogen receptor (ER)‑positive breast cancer, 
so it is necessary to identify potential therapeutic targets. The 
aim of the present study was to investigate the regulatory effect 
and mechanism of epsin 3 (EPN3) expression level changes on 
the proliferation and apoptosis of ER‑positive breast cancer. 
Online GEPIA was used to analyze the expression level of 
EPN3 in breast cancer. The online Kaplan‑Meier plotter tool 
was used to analyze the relationship between EPN3 expres‑
sion and the prognosis of patients with breast cancer. Reverse 
transcription‑quantitative PCR, immunohistochemistry and 
western blotting were performed to detect the mRNA and 
protein expression levels of EPN3 in breast cancer tissues and 
cells. A lentiviral infection system was used to knockdown the 
expression of EPN3 in breast cancer cell lines. Cell Counting 
Kit‑8 and flow cytometry assays were conducted to detect the 
effect of EPN3 knockdown on breast cancer cell proliferation 
and apoptosis. Western blotting was used to detect the regula‑
tion of EPN3 expression on NF‑κB, and immunofluorescence 
was performed to detect the effect of EPN3 expression on 
NF‑κB nuclear translocation. The results demonstrated that the 
expression level of EPN3 in breast cancer tissues was higher 
compared with that in adjacent tissues (P<0.05). The expres‑
sion level of EPN3 in the ER‑positive breast cancer cell line, 
MCF7, was higher compared with that in the other cell lines 
(MCF10A, ZR75‑1, MDA‑MB‑231, BT549 and SK‑BR‑3). 
After knocking down the expression of EPN3 in MCF7 cells, 
the proliferative ability of the cells was decreased, and the 
apoptosis rate was increased (P<0.05). After EPN3 knockdown 

in MCF7 cells, the phosphorylation of NF‑κB was decreased 
(P<0.05), and the nuclear translocation signal was weakened. 
Thus, it was suggested that EPN3 promoted cell proliferation 
and inhibited cell apoptosis by regulating the NF‑κB signaling 
pathway in ER‑positive breast cancer.

Introduction

Breast cancer is one of the most common malignant tumors 
in women and seriously threatens women's health  (1). 
In 2019, ~268,600 new cases of invasive breast cancer and 
48,100 cases of ductal carcinoma in situ were diagnosed 
among US women, and 41,760 women died from this disease. 
Estrogen receptor (ER)‑positive breast cancer accounts for 
~2/3 of all breast cancers (2). Compared with other subtypes 
of breast cancer, patients with ER‑positive breast cancer 
have a good prognosis (3). However, due to the phenomenon 
of endocrine resistance, patients with ER‑positive breast 
cancer often succumb to the disease (4). In addition, although 
patients with ER‑positive breast cancer receive adjuvant 
postoperative treatment, the rate of tumor recurrence within 
5‑10 years after surgery remains high (5). Research at the 
genetic level can not only redefine cancer, but also bring 
significant prospects for cancer treatment, such as targeting 
mutant p53, for efficient cancer therapy (6). Therefore, the 
discovery of molecular biological mechanism‑related genes 
in ER‑positive breast cancer is helpful for the development 
of treatment strategies.

The epsin family includes epsin 1 (EPN1), EPN2 and EPN3, 
which belong to the family of endocytic clathrins and are 
involved in receptor endocytosis (7). Although EPN1 and EPN2 
are widely and highly expressed in tumors, and are involved in 
regulating biological functions such as angiogenesis (8), there 
are few studies on EPN3 in cancer. Wang et al (9) reported 
that EPN3 was involved in the regulation of glioma invasion 
and metastasis. It has also been revealed that EPN3 can be 
used as a downstream target of p53 to participate in the regu‑
lation of tumor cell senescence and apoptosis (10). However, 
to the best of our knowledge, EPN3 has rarely been studied 
in breast cancer. Previous studies have shown that EPN3 was 
an oncogene associated with the prognosis and treatment of 
breast cancer, and that it can promote breast cancer metas‑
tasis via epithelial‑mesenchymal  transition regulation (11). 
However, the function and mechanism of EPN3 in regulating 
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cell proliferation and apoptosis in ER‑positive breast cancer 
have not been completely elucidated.

The present study aimed to investigate the biological func‑
tion and mechanism of EPN3 in regulating cell proliferation 
and apoptosis in ER‑positive breast cancer, and to provide new 
insights into the role of EPN3 in promoting the occurrence and 
development of ER‑positive breast cancer.

Materials and methods

Cell lines and tissue specimens. The human breast cancer cell 
lines, MCF7, ZR75‑1, MDA‑MB‑231, BT549 and SK‑BR‑3, 
and the normal mammary epithelial cell line, MCF10A, were 
obtained from the American Type Culture Collection.

Human breast cancer samples (n=33) and adjacent normal 
tissues (n=33) for immunohistochemical staining and reverse 
transcription‑quantitative PCR (RT‑qPCR) were obtained 
from The First Affiliated Hospital of Chongqing Medical 
University between March 2019 and August 2019. The use of 
human specimens was approved by the Institutional Ethics 
Committee of The First Affiliated Hospital of Chongqing 
Medical University (approval no.  IRB2021‑181‑01). The 
written informed consent of the patients has been obtained. 
All patients were female, aged 28‑65 years. The distance 
between cancer tissue and adjacent normal tissue was 5 cm. 
All patients were newly diagnosed with breast cancer. Patients 
who had received neoadjuvant chemotherapy or neoadjuvant 
endocrine therapy were excluded.

Antibodies and reagents. FBS, RPMI‑1640 medium, peni‑
cillin/streptomycin and 0.25% trypsin were purchased from 
Biological Industries. The rabbit EPN3 polyclonal antibody 
(cat. no. ab185577) was purchased from Abcam. Anti‑NF‑κB 
(cat. no. 8242), anti‑phosphorylated (p)‑NF‑κB (cat. no. 3033), 
anti‑caspase  9 (cat.  no.  9504), anti‑cleaved‑caspase  9 
(cat.   no.   9509),  ant i‑caspase  3 (cat.   no.   9662), 
anti‑cleaved‑caspase 3 (cat. no. 9664), anti‑cleaved‑caspase 7 
(cat.  no.  9491), anti‑Bcl‑2 (cat.  no.  4223), anti‑Bid 
(cat.  no.  2002), anti‑Bad (cat.  no.  9239), anti‑mouse IgG, 
HRP‑linked antibody (cat. no. 7076), and anti‑rabbit IgG, 
HRP‑linked Antibody (cat.  no.  7074) were all purchased 
from Cell Signaling Technology, Inc. GAPDH antibody 
(cat. no. GB11002) was purchased from Wuhan Servicebio 
Technology Co., Ltd. RNAisoPlus (cat.  no.  9109), cDNA 
reverse transcription kit (cat.  no.  RR047A) and SYBR 
(cat.  no. RR820A) were purchased from Takara Bio, Inc. 
Nude mice were purchased from Charles River Laboratories 
(Beijing, China). Estradiol cypionate (cat. no. HY‑B1100) was 
purchased from MedChemExpress. Lipofectamine® 2000 
was purchased from Invitrogen (Thermo Fisher Scientific, 
Inc.). The Cell Counting Kit (CCK)‑8 assay (cat. no. CK04) 
was purchased from Dojindo Laboratories, Inc. ECL hyper‑
sensitive photoluminescence solution (cat. no. WLA006b) 
was purchased from Wanleibio Co., Ltd. Immunostaining 
permeable solution (cat. no. P0096), immunostaining blocking 
solution (cat. no. P0102), FITC‑labeled goat anti‑rabbit IgG 
(Beyotime) (cat. no. A0562), DAPI (cat. no. C1002), RIPA 
lysis buffer (cat. no. P0013B), anti‑fluorescence quenching 
tablet (cat. no. P0126) and BCA kit (cat. no. P0012S) were 
purchased from Beyotime Institute of Biotechnology.

Cell culture. The human breast cancer cell lines were 
cultured in RPMI‑1640 medium containing 10%  FBS 
and 1% penicillin/streptomycin, in a 37˚C cell incubator 
containing 5% CO2. The medium was changed once every 
2‑3 days. MCF10A cells were cultured in DMEM/F12 supple‑
mented with insulin (10  µg/ml), epidermal growth factor 
(20 ng/ml), 100 ng/ml cholera virus, 0.5 µg/ml hydrocortisone 
and 5% horse serum (Gibco; Thermo Fisher Scientific, Inc.) as 
described previously (11).

Lentiviral transfection. The two short hairpin RNAs 
(shRNA/sh) were designed on the biosettia website (biosettia.
com/support/shrna‑designer), synthesized by Shanghai 
GenePharma Co., Ltd. and cloned into the pLVX‑shRNA1‑puro 
(You Bio) vector to generate the pLV‑shRNA vector. The lenti‑
virus shRNA sequence was as follows: sh‑EPN3#1, 5'‑GAC​
CTT​TGA​CCC​ATT​TGC​CAA​T‑3'; and sh‑EPN3#2, 5'‑GCT​
GTC​ACT​CAA​TTC​GGT​CAT​T‑3'. According to the manufac‑
turer's instructions, Lipofectamine 2000 was used to transfect 
the lentiviral vector (20 µg, PxpAx2:PMD2g:pLVX=3:1:4) into 
293T cells (Thermo Fisher Scientific) at 37˚C for 48 h, and 
generate the 2nd generation lentivirus packaging system by 
transfecting the packaging plasmid with calcium phosphate. 
48 h after transfection, the supernatant was collected in a 
15 ml centrifuge tube and centrifuged at 3,000 rpm for 20 min. 
The supernatant was filtered with a 0.45 µ m filter and stored 
at ‑80˚C. When the breast cancer cell density reached 30‑50%, 
the cells were infected with lentivirus according to the manu‑
facturer's instructions at 37˚C. At 48 h after transfection, the 
stable cell lines shEPN3#1 and shEPN3#2 were selected by 
using puromycin for 48‑72 h. The follow‑up experiment was 
carried out after continuous use of puromycin for 10 days. The 
concentration of puromycin used for selection was 2 µg/ml, 
and the concentration used for maintenance was 1 µg/ml. The 
cells infected with the blank control virus were designated as 
the control group. Extraction of total protein and detection of 
knockdown efficiency was then performed.

Immunohistochemistry (IHC). Human breast cancer samples, 
adjacent normal and xenograft tumor tissue were used for IHC 
staining. The samples were fixed with 4% paraformaldehyde 
at room temperature for 24 h. IHC was performed according to 
the manufacturer's instructions (cat. no. SP9001; ZSGB‑BIO). 
The thickness of tissue section was 4 µm. The tissue sections 
were dewaxed and the antigen was repaired in 95˚C citrate 
buffer (pH6.0) for 20 min and cooled to room temperature. 
The slides were immersed in 3% peroxidase solution at room 
temperature for 20 min. After blocking with 10% normal 
goat serum (cat. no. SP9001; ZSGB‑BIO) at room tempera‑
ture for 30 min and washing with TBS‑10% Tween‑20 three 
times, the sections were incubated with the primary antibody 
(anti‑EPN3, dilution, 1:200) against the target protein overnight 
at 4˚C. After washing with TBS‑10% Tween‑20 three times, 
the slices were incubated with biotinylated goat anti‑mouse 
IgG (dilution, 1:25) at room temperature for 30 min, washed 
with TBS‑10% Tween‑20 three times and incubated with 
HRP‑coupled with streptavidin‑biotin at room temperature 
for 30 min. After washing with TBS‑10% Tween‑20 three 
times, the slices were stained with DAB at room temperature 
for 1 min under an optical microscope (Trinocular Biological 
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Microscope, CX43, Olympus, x10 magnification), re‑stained 
with hematoxylin at room temperature for 10 sec, dehydrated 
and sealed with neutral resin (cat. no. G8590, Solarbio) at 
room temperature for 20 min. The protein expression level 
was determined according to the staining intensity and the 
percentage of immunoreactive cells.

Cell proliferation assay. In total, ~2,000 cells from each group 
(sh‑NC or sh‑MCF7 goup) were inoculated in 96‑well culture 
plates. At the indicated time points (0, 24, 48 and 72 h), CCK‑8 
reagent was used according to the manufacturer's instructions. 
The duration of incubation with CCK‑8 reagent at 37˚C was 
2 h. The absorbance values were measured using a microplate 
reader (Infinite 200 PRO; Tecan Group, Ltd.) at 450 nm.

Cell cycle analysis. Cells were washed twice with PBS and 
fixed in 70% cold ethanol at 4˚C for 30 min. The cells were 
rewashed with PBS and incubated with 100  µl RNase  A 
(0.1  mg/ml) and 2  µl PI (Sigma‑Aldrich; Merck  KGaA) 
for 30 min at 37˚C in the dark. Cell cycle distribution was 
analyzed via flow cytometry (BD CellQuest Pro, version 5.1) 
using FACS Calibur (BD Biosciences).

Apoptosis analysis. In total, ~1x106 cells in each group were 
washed with PBS and suspended in 100 µl binding buffer. After 
incubation with Annexin V‑FITC (20 µg/ml) and PI (50 µg/ml) 
(both Sigma‑Aldrich; Merck KGaA) at room temperature 
for 30  min, apoptosis was detected using a FACSCalibur 
(BD  Biosciences) f low cytometer (BD  CellQuest  Pro, 
version  5.1). Total cell apoptosis was calculated as the 
percentage of early + late apoptotic cells.

Western blotting. All cells were lysed in RIPA buffer to obtain 
total proteins. The protein was extracted and the concentra‑
tion was measured using a BCA protein kit. The same amount 
of denatured protein (40 µg) and 10% SDS‑PAGE were used 
for electrophoresis and then electrotransferred to the PVDF 
membrane and sealed in 5% skimmed milk for 30 min at room 
temperature. The membrane was incubated with the primary 
antibody [anti‑NF‑κB, anti‑phosphorylated (p)‑NF‑κB, 
anti‑caspase  9, anti‑cleaved‑caspase  9, anti‑caspase  3, 
anti‑cleaved‑caspase 3, anti‑cleaved‑caspase 7, anti‑Bcl‑2, 
anti‑Bid, anti‑Bad, anti‑EPN3, and anti‑GAPDH] overnight 
at 4˚C, and then with the second antibody (anti‑rabbit IgG 
or anti‑mouse IgG) at room temperature for 1 h. The Fusion 
FX7 Spectra multifunction imaging system was used to detect 
bands. The experiment was repeated three times. The dilution 
of the primary antibody was 1:1,000 and that of the second 
antibody was 1:2,000 (12).

RT‑qPCR. Total RNA was extracted using RNAiso Plus 
reagent (Takara Bio, Inc.) according to the manufacturer's 
instructions. RNA was then reverse transcribed to cDNA 
using a RT kit (Takara Bio, Inc.). The kit was used according 
to the manufacturer's instructions. TB GREEN (Takara Bio, 
Inc.) was used for further operations. The expression levels 
of the designated genes and GAPDH were determined using 
an ABI 7500 Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The thermocycling conditions 
were as follows: Initial denaturation: 95˚C for 30 sec, followed 

by 40 of cycles of denaturation, annealing, elongation and final 
extension (95˚C for 5 sec and 60˚C for 30 sec). The primer 
sequences were as follows: GAPDH sense, 5'‑CAA​TGA​CCC​
CTT​CAT​TGA​CC‑3' and antisense, 5'‑GAC​AAG​CTT​CCC​
GTT​CTC​AG‑3'; and EPN3 sense, 5'‑GAC​ATC​TTC​GTA​CCT​
GCC​CTG‑3' and antisense, 5'‑TCT​GTG​TTC​GGC​CTA​AAA​
CCT‑3'. All reactions were performed in triplicate. GAPDH 
was used as an internal reference, and the relative expression 
of target gene was calculated using the 2‑∆∆Cq method (13).

Immunofluorescence. In total, ~1x104 cells seeded into plates 
were attached to slides in 24‑well plates, and the following day, 
the cell climbing slices were washed twice with PBS and fixed 
in 4% paraformaldehyde for 5 min at room temperature. After 
permeation and sealing, the cell climbing slices were incubated 
with anti‑NF‑κB (cat. no. 8242; Cell Signaling Technology, 
Inc.; 1:200) overnight at 4˚C. After washing with PBS, they 
were incubated with goat anti‑rabbit IgG labeled with FITC 
for 3 h at room temperature. DAPI staining was performed 
for 5 min at room temperature, and 3 µl anti‑fluorescence 
quenching solution was used to seal the slices on the glass 
slides. An immunofluorescence microscope (Zeiss camera; 
Zeiss AG) was used to capture and analyze the images.

Gene set enrichment analysis (GSEA) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG). Datasets of 
1,170 patients with breast cancer from The Cancer Genome 
Atlas (TCGA) (https://cancergenome.nih.gov/) were analyzed 
using GSEA (4.0.3; gsea‑msigdb.org/gsea/index.jsp). 
According to the median expression of EPN3 in TCGA, the 
patients were divided into two groups: EPN3 high expression 
group (n=535) and low expression group (n=535). The ‘c2.
cp.reactome.v7.2.symbols.gmt’ gene set was downloaded 
from the Molecular Signature Database (http://software.
broadinstitute.org/gsea/msigdb/index.jsp) and used for enrich‑
ment analysis. The analysis of each gene set was performed 
1,000 times to obtain the normalized enrichment score. False 
discovery rate <0.25 and normal P<0.05 were considered to 
indicate significant enrichment. The ‘clusterProfiler’ package 
(version  3.16.0), ‘org.Hs.eg.db’ package (version  3.11.4), 
‘enrichplot’ package (version 1.8.1) and ‘ggplot2’ package 
(version 3.3.1) of R language (version 3.6.3; cran.r‑project.
org/bin/windows/base/old/3.6.3/) was used to perform KEGG 
pathway enrichment analysis.

Xenografts. Estradiol cypionate (drug soluble in corn oil, 
2 mg/kg) was administered subcutaneously every week from 
1  week before administering the MCF7 cell line. Twelve 
female nude mice, aged 4‑6 weeks, weighted 15‑17 g, were 
selected for the experiment. Housing conditions were as 
follows: Temperature, 26‑28˚C; relative humidity, 40‑60%; 
10/14‑h light/dark and access to food and water. In total, 
~3x106 cells in control group or shEPN3#1 group were resus‑
pended in 100 µl PBS and injected into left breast fat pad of 
nude mice (n=6 in each group). After the tumor was palpable, 
the length (L) and width (W) of the tumor were measured 
every 4 days. The formula for calculating the volume of tumor 
was (L x W2)/2  (14). The duration of the experiment was 
24 days. The investigators observed the mice daily to ensure 
animal welfare and to determine the humane endpoints, which 
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included ruffled appearance, apathy, severe weight loss and 
tumor burden. The mice were sacrificed when they exhibited 
rapid weight loss (>20%) and showed signs of deteriorating 
health due to the metastatic burden, such as hunching, dehy‑
dration and labored breathing. A total of 12 mice were used, 
with 6 mice in each group. All mice died of euthanasia. Mice 
were treated according to the Laboratory Animal Welfare (15). 
Mice were sacrifice via heart perfusion with 0.9% saline solu‑
tion. The mice were anesthetized chloral hydrate (400 mg/kg; 
intraperitoneal), an upper abdominal incision was made and 
the heart was exposed. Then, 0.9% saline solution was injected 
into the apex of heart before cutting open the right auricle and 
pumped into the systemic circulation. No animals exhibited 
signs of peritonitis following the administration of 400 mg/kg 
chloral hydrate. When it was observed that the mice had stopped 
breathing, the mice were considered dead.

GEPIA and Kaplan‑Meier Plotter analyses. The online GEPIA 
(version 1.0) database (http://gepia.cancer‑pku.cn/) was used 
to analyze the expression level of EPN3 in breast cancer, and 
the online Kaplan‑Meier Plotter (version 1.0) (https://kmplot.
com/analysis/) was used to analyze the effect of EPN3 expres‑
sion level on the overall survival (OS) time and recurrence‑free 
survival (RFS) time of patients with breast cancer.

Statistical analysis. The results are presented as mean ± SD. 
Paired or unpaired Student's t‑test was used to conduct differ‑
ential comparisons of two groups. One‑way ANOVA was 
used to conduct differential comparisons of multiple groups, 
followed by Tukey's post hoc test. Statistical analyses were 
performed using GraphPad Prism 5.0 software (GraphPad 
Software, Inc.). All cell experiments are repeated three times 
independently. P<0.05 was considered to indicate a statistically 
significant difference.

Results

EPN3 is upregulated in breast cancer. From the Online 
Kaplan‑Meier Plotter database, it was found that the expres‑
sion level of EPN3 in patients with breast cancer was higher 
compared with normal controls (Fig.  1A). Furthermore, 
through online Kaplan‑Meier Plotter analysis, it was observed 
that the OS and RFS of patients with high EPN3 expression 
were significantly shorter compared with those with low EPN3 
expression (Fig. 1B and C). These findings suggested that 
EPN3 was significantly associated with the survival and prog‑
nosis of patients with breast cancer. Furthermore, RT‑qPCR 
and IHC were conducted to verify the mRNA and protein 
expression levels of EPN3 in breast cancer patient tissues. The 

Figure 1. EPN3 is upregulated in breast cancer. (A) Analysis of EPN3 mRNA expression in normal breast tissues and breast cancer tissues in GEPIA. 
*P<0.05. Kaplan‑Meier analysis of (B) OS and (C) RFS in breast cancer cases with EPN3 low or high expression in Kaplan‑Meier Plotter analysis. 
(D) Reverse transcription‑quantitative PCR was used to assessed EPN3 mRNA expression in in breast cancer tissues and paired normal adjacent tissues. 
(E and F) Immunohistochemistry was used to assessed EPN3 protein expression in different tissues. Magnification, x10 and x40. **P<0.01. OS, overall survival; 
RFS, release‑free survival; HR, hazard ratio; EPN3, epsin 3.
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results demonstrated that the expression level of EPN3 in the 
tissues of patients with breast cancer was significantly higher 
compared with that in the adjacent breast tissues (Fig. 1D‑F).

EPN3 may play an important role in ER‑positive breast 
cancer. The expression level of EPN3 was also determined 
in different breast cancer cell lines, and it was found that 
EPN3 was significantly upregulated in the ER‑positive 
breast cancer cell line MCF7, at both the mRNA and 
protein levels (Fig.  2A  and  B). The results also showed 
that EPN3 mRNA expression was high in T47D cells 
(data not shown). Moreover, KEGG analysis showed that 
EPN3‑related genes were enriched in the ‘estrogen signaling 
pathway’ (Fig. 2C). The GSEA also indicated that EPN3 

high expression was positively associated with the estrogen 
response (Fig. 2D and E). EPN3 was also associated with 
breast cancer prognosis and apoptosis (Fig. 2F and G). This 
suggests that EPN3 plays an important role in the occur‑
rence and development of ER‑positive breast cancer.

Effect of EPN3 knockdown on the proliferation and apoptosis 
of ER‑positive breast cancer cells. To investigate the effect of 
EPN3 on the biological function of ER‑positive breast cancer 
cells. A lentivirus infection system was used to infect MCF7 
cells and knockdown EPN3 gene expression. Western blotting 
and RT‑qPCR were used to detect the expression level of EPN3, 
and the results revealed that its protein and mRNA expres‑
sion levels in the MCF7‑shEPN3 group were significantly 

Figure 2. EPN3 is associated with estrogen receptor‑positive breast cancer. (A) mRNA and (B) protein expression levels of EPN3 in breast cancer cell lines, 
as tested via reverse transcription‑quantitative PCR and western blotting, respectively. (C) EPN3‑related genes were enriched in pathways as determined via 
KEGG analysis. (D‑G) Gene set enrichment analysis was used to analyze the signaling pathways enrichment in different groups. EPN3, epsin 3; FDR, false 
discover rate; NES, normalized enrichment score.
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lower compared with those in the sh‑NC group (Fig. 3A‑C), 
thereby indicating that the stable cell lines were successfully 
constructed.

CCK‑8 and flow cytometry assays were used to detect 
the effect of EPN3 knockdown on the biological function of 
ER‑positive breast cancer cells. The cell proliferation ability 
of the MCF7‑shEPN3 group was significantly decreased 

compared with sh‑NC group (Fig. 3D). Although there was no 
change in the cell cycle between the MCF7‑shEPN3 group and 
sh‑NC group (Fig. 3E and F), the apoptosis rate was signifi‑
cantly increased in MCF7‑shEPN3 group (Fig. 3G and H). The 
effect of EPN3 knockdown on the production of downstream 
apoptotic proteins in breast cancer cell line, MCF7, was further 
examined. The results indicated that the protein expression 

Figure 3. EPN3 promotes cell proliferation and inhibits apoptosis in breast cancer. (A and B) Western blotting and (C) reverse transcription‑quantitative PCR 
analyses of EPN3 protein and mRNA expression in MCF7 cell transfected with shRNA1 and shRNA2 compared with NC. (D) Cell Counting Kit‑8 assay was 
performed to examined cell proliferation. EPN3 knockdown suppressed the proliferation of MCF7 cells. (E and F) Flow cytometry was performed to assess the 
difference of cell cycle between shEPN3‑MCF7 and NC‑MCF7 cells. (G and H) Flow cytometry was performed to assess the difference in the apoptosis rate 
between shEPN3‑MCF7 and NC‑MCF7 cells. Data were represented as Mean ± SD. *P<0.05, **P<0.01. n.s., not significant; NC, negative control; shRNA/sh, 
short hairpin RNA; EPN3, epsin 3.
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levels of cleaved caspase 9, cleaved caspase 3 and cleaved 
caspase 7 were significantly increased in the MCF7‑shEPN3 
group (Fig.  4A  and  B). With regards to the Bcl‑2 family 
protein, compared with sh‑NC group, Bid and Bad expres‑
sion was significantly increased, while Bcl‑2 expression was 
significantly downregulated in the MCF7‑shEPN3 group 
(Fig. 4C and D).

EPN3 may play a role in promoting cancer via the NF‑κB 
pathway. To study the possible regulatory pathways EPN3 

may participate in, this study used the ‘c2.cp.reactome.
v7.2.symbols.gmt’ gene set to perform GSEA on 1,170 patients 
with breast cancer from TCGA database. These results 
suggested that EPN3 was positively correlated with the 
NF‑κB pathway (Fig. 4H). The results of western blotting also 
indicated that the total NF‑κB expression in breast cancer 
cells of the MCF7‑shEPN3 group was not markedly altered, 
while the expression of p‑NF‑κB protein was significantly 
downregulated (Fig. 4E and F). The effect of changes in EPN3 
expression on NF‑κB entering the nucleus was examined via 

Figure 4. EPN3 facilitates NF‑κB activation in breast cancer cells. Effects of EPN3 knockdown on the (A and B) caspase family and (C and D) Bcl‑2 
family were assessed via western blotting. (E and F) Effects of EPN3 knockdown on phosphorylation of NF‑κB (p65) were assessed via western blotting. 
(G) Immunofluorescent staining revealed that the nuclear translocation of NF‑κB (p65) was decreased by EPN3 knockdown. Scale bar, 50 µm. (H) Gene set 
enrichment analysis was used to analyze the NF‑κB pathway enrichment in high groups. **P<0.01. n.s., not significant; NC, negative control; shRNA/sh, short 
hairpin RNA; EPN3, epsin 3; p‑, phosphorylated; FDR, false discover rate; NES, normalized enrichment score.
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immunofluorescence. The results identified that the NF‑κB 
fluorescence signal in the nucleus of the MCF7‑shEPN3 group 
was weakened (Fig. 4G). Collectively, it was suggested that 
EPN3 may promote breast cancer cell proliferation and inhibit 
apoptosis by regulating NF‑κB nuclear translocation.

Xenograft tumor experiment. To further confirm that EPN3 
promotes ER‑positive breast cancer in vivo, the sh‑NC MCF7 
cells and MCF7‑shEPN3#1 cells were injected in situ into 
the breast fat pads of female nude mice. The size and weight 
of transplanted tumors in the MCF7‑shEPN3#1  group 
were significantly lower compared with those in the sh‑NC 
group (Fig.  5C  and  D). The results of IHC revealed that 
the EPN3 protein expression in transplanted tumors in the 
MCF7‑shEPN3#1 group was significantly lower compared 
with that in the sh‑NC group (Fig. 5A and B).

Discussion

ER‑positive breast cancer accounts for ~70% of breast 
cancer‑related mortalities, and the recurrence rate remains 
high for several years after surgery (5). Although anti‑estrogen 
therapy as a classic therapy has reduced the overall mortality 
of advanced breast cancer by 1/3, the emergence of endocrine 
resistance affects the survival of patients with ER‑positive 
breast cancer (16). The present results demonstrated that EPN3 
expression was upregulated in breast cancer, and that the OS and 
RFS of patients with high EPN3 expression were significantly 
lower than those with low EPN3 expression, thereby confirming 
that EPN3 may be a risk marker for breast cancer. EPN3 has 
also been predicted to be associated with advanced metastasis 

of ER‑positive breast cancer (17). Consistent with this previous 
study, the present results indicated that in the ER‑positive breast 
cancer cell line MCF7, the mRNA and protein expression 
levels of EPN3 were significantly higher compared with those 
in other types of breast cancer cell lines. Pathway enrichment 
analysis also indicated that EPN3 was associated with estrogen. 
It is worth noting that ER‑positive breast cancer cells have high 
expression of EPN3 in MCF7 cells, but not in ZR‑75‑1 cells. 
This contradictory result may be because the pathological 
classification of MCF7 cells is ER‑positive and progesterone 
receptor (PR) positive, while the pathological classification of 
ZR‑75‑1 cells is ER‑positive and PR negative. Interestingly, 
the current study also detected the expression level of EPN3 in 
T47D cells with the same luminal A type, and the results showed 
that EPN3 mRNA expression was high in T47D cells (data not 
shown). Thus, it was suggested that EPN3 is highly expressed in 
luminal A breast cancer cells. These results indicated that EPN3 
may specifically act on ER‑positive breast cancer.

The EPN3 gene is located at  17q21.33. Although it is 
only 10.8M bp apart from the ERBB2 gene, the two appear 
to independently affect the tumor phenotype (11). EPN3 has 
also been identified as an independent risk marker for breast 
cancer (11). The earliest research on EPN3 reported that it 
was upregulated in the transitional keratinocytes of skin 
wounds (18). In mice, the deletion of the EPN3 gene did not 
lead to obvious pathological phenotypes in the systemic organs, 
which may be due to the overlapping functions of the other two 
epsin proteins (19). The role of EPN3 in tumor cells has been 
discovered, and it is involved in regulating tumor cell apoptosis 
and invasion, and is associated with the occurrence and develop‑
ment of tumors (9,10,20‑22). Previous studies also have reported 

Figure 5. EPN3 knockdown inhibits tumor growth in vivo. (A) Immunohistochemistry was used to (B) assessed EPN3 protein expression between the two 
groups. Magnification, x10 and x40. (C) Tumor volume and (D) weight were compared between the two groups. **P<0.01. NC, negative control; shRNA/sh, 
short hairpin RNA; EPN3, epsin 3.
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that EPN3 regulates cell senescence and cell apoptosis (10,21). 
Therefore, the current study infected MCF7 breast cancer cells 
with a lentiviral system to knockdown the expression of EPN3. 
The present results indicated that EPN3 knockdown inhibited the 
proliferation of MCF7 cells and induce their apoptosis. In addi‑
tion, the effect of EPN3 knockdown on the downstream proteins 
of apoptosis was investigated, and it was found that pro‑caspase 9 
and pro‑caspase 3 proteins in the caspase family were unchanged, 
while cleaved caspase 9, cleaved caspase 3 and cleaved caspase 7 
were significantly upregulated. With regards to the Bcl‑2 family, 
Bcl‑2 protein expression was significantly decreased, while Bid 
and Bad were increased. The changes in these proteins indicated 
the activation of the apoptosis cascade system (23). These results 
suggested that EPN3 promoted the proliferation of ER‑positive 
breast cancer cells and inhibit apoptosis.

Next, GSEA was conducted to demonstrate that EPN3 was 
positively associated with the NF‑κB pathway. As previously 
reported, several factors such as p53, inhibitor of apoptosis 
protein (cytokine induced apoptosis inhibitor 1) and NF‑κB 
are involved in regulating the apoptosis pathway  (24,25). 
Song et al (26) observed that EPN1 and EPN2 can promote 
linear ubiquitination of NF‑κB essential modulators, leading to 
continuous NF‑κB signaling and promoting the development of 
breast cancer. In addition, the activation of NF‑κB in ER‑positive 
breast cancer is associated with endocrine and chemotherapy 
failure (27,28). Therefore, we hypothesized that EPN3's regula‑
tion of ER‑positive breast cancer cell proliferation and apoptosis 
may be related to the activation of the NF‑κB pathway. The 
present results indicated that knocking down the protein expres‑
sion of EPN3 in MCF7 cells can downregulate the expression of 
p‑NF‑κB (p‑p65) protein, while the total protein of NF‑κB (p65) 
remained unchanged. At the same time, immunofluorescence 
also showed that the fluorescence signal of NF‑κB (p65) entering 
the nucleus was weakened. These results indicate that EPN3 can 
enhance the phosphorylation and activation of NF‑κB (p65), as 
well as increase its entry into the nucleus, activate the transcrip‑
tion of downstream target genes and promote the development of 
ER‑positive breast cancer.

The limitation of the current study was that it did not analyze 
the interaction between EPN3 and ER. Since EPN3 belongs to 
the receptor family, it was speculated that EPN3 may regulate the 
endocytosis of ER‑α in ER‑positive breast cancer, or ER‑α may 
in turn regulate the transcription and expression of EPN3.In 
future experiments, these issues will be discussed in detail.

In summary, the present study demonstrated that EPN3 
was upregulated in ER‑positive breast cancer, which can 
promote cell proliferation and inhibit cell apoptosis. The 
mechanism of action may be associated with the activation 
of the NF‑κB signaling pathway. This study provides novel 
insights into the role of EPN3 in promoting the occurrence 
and development of breast cancer.
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