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circEFR3A promotes breast cancer progression by sponging
miR-590-3p to upregulate androgen receptor expression
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Abstract. Circular (circ)RNA, a type of non-coding RNA,
serves a critical role in several diseases, including cancer.
The present study aimed to elucidate the involvement of
hsa_circ_0006522 (circEFR3A) in the advancement of breast
cancer (BC) and uncover the molecular mechanisms behind
its function. Fluorescence in situ hybridization (FISH) was
performed on a tissue microarray to assess the expression
and intracellular localization of circEFR3A. Kaplan-Meier
analysis and Cox proportional hazards model were utilized to
evaluate the potential prognostic significance of circEFR3A
in relation to the overall survival of patients with BC.
The biological function was assessed through gain- and
loss-of-function experiments. In addition, dual luciferase
reporter assays, RNA immunoprecipitation, FISH and western
blotting were performed to identify the interaction between
circEFR3A, microRNA (miR)-590-3p and androgen receptors
(ARs). Rescue experiments were performed to identify the
hypothetical regulatory role of circEFR3A on BC progression
in vivo and in vitro. The results of the present study demon-
strated that circEFR3A was significantly upregulated in BC
tissues and was associated with a poor prognosis in patients.
Findings from the Cell Counting Kit-8, colony formation and
Transwell assays revealed that increased circEFR3A expres-
sion notably promoted BC cell proliferation, invasion and
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migration, as well as tumor growth in vivo. Mechanistically,
circEFR3A was demonstrated to act as a molecular sponge
for miR-590-3p in vitro and in vivo, thereby regulating AR
expression and functioning as an oncogene. In summary, the
findings of the present study indicate that circEFR3A acts as
a novel oncogene in BC by sponging miR-590-3p, leading to
the upregulation of AR expression and consequently driving
BC progression.

Introduction

In 2020, there were ~2.26 million new cases of breast cancer
(BC) worldwide, making it the most common malignant
tumor globally, and for the first time, surpassing lung cancer.
Moreover, the incidence rate of BC continues to rise at a rate of
0.6-1% (1,2). BC development and progression involve complex
pathological mechanisms, and due to the heterogeneous nature
of BC, certain patients do not respond effectively to the current
standard treatments (3). An increasing number of studies have
reported that several molecules, including non-coding (nc)
RNAs, serve essential roles in these processes (4). Therefore,
investigating the molecular mechanisms underlying BC
progression and identifying new targets for prognosis and
molecular therapy are crucial for improving the survival rates
of patients with BC.

Circular (circ)RNAs are a type of RNA with a unique
closed-loop configuration, distinguishing them from other
RNA types by the absence of both a 5' cap and a 3' poly(A) tail.
Due to this closed-loop architecture, circRNAs are resistant
to exonuclease RNase R digestion. This ensures their stable
expression within cells, allowing them to serve a long-term
role in transcriptional regulation (5,6). The application of
high-throughput RNA sequencing (RNA-Seq) technology has
led to the identification of an increasing number of circRNAs.
Previous studies have reported that circRNAs can influ-
ence tumor progression through ~4 mechanisms, including:
i) Acting as sponges for microRNAs (miRNAs/miRs);
ii) interacting with proteins; iii) translating polypeptides or
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proteins; and iv) modulating gene transcription and splicing
processes (7-10).

Recent studies have reported the diverse functions of
circRNAs in the development and progression of BC (11-15).
Certain circRNAs, derived from exons and highly expressed
in BC cells and tissues, such as circCDYL, circKIF4A,
circBCBM1, circNF1 and circEGFR, are enriched in miRNA
response elements (16-20). These circRNAs can act as miRNA
sponges by utilizing competitive endogenous (ce)RNA mecha-
nisms. They bind miRNAs in a competitive manner, which
results in the increased expression of their downstream target
genes. In the present study, the functional role of the circRNA
circEFR3A (hsa_circ_0006522) was assessed. The present
study aimed to investigate the role of circEFR3A in BC
progression. Specifically, the relationship between circEFR3A
expression and BC prognosis was assessed, and its potential
mechanisms in promoting BC cell proliferation, migration and
invasion were examined. To achieve these objectives, various
methods were used, including the analysis of circEFR3A
expression levels in BC tissues and the assessment of its
effects on BC cell behavior. Additionally, the interaction
between circEFR3A and miR-590-3p, and its impact on
androgen receptor (AR) expression, a target of miR-590-3p,
was explored.

Materials and methods

Clinical tissue chip array samples. A tissue microarry
(cat. no. HBreD129Su01) with BC tissue samples from
129 patients was purchased from Shanghai Outdo Biotech Co.,
Ltd. Clinicopathological characteristics and patient survival
information were obtained from follow-up records. At the end
of the experiment, the slides were scanned using a NanoZoomer
2.0 HT slide scanner (Hamamatsu Photonics K.K.). The study
methods adhered to the guidelines of the Declaration of
Helsinki and received approval from the Ethics Committee of
The Fourth Hospital of Hebei Medical University (approval
no. 2024KS189; Shijiazhuang, China).

Cell culture. The human BC cell lines MDA-MB-231 (RRID:
CVCL_0062), MDA-MB-453 (RRID: CVCL_0419), SK-BR3
(RRID: CVCL_0033), MCF-7 (RRID: CVCL_0031) and
BT-549 (RRID: CVCL_1092) were purchased from Procell
Life Science & Technology Co., Ltd. and stored in the labora-
tory. All cell lines were verified within the previous 3 years via
short tandem repeat analysis. SK-BR-3 cells were maintained
in McCoy's SA medium (Gibco; Thermo Fisher Scientific,
Inc.) with 10% FBS, whilst MDA-MB-231, BT-549 and
MDA-MB-453 cells were cultured in RPMI 1640 containing
10% heat-inactivated FBS (Gibco; Thermo Fisher Scientific,
Inc.). All cell lines were confirmed mycoplasma-free and incu-
bated at 37°C with 5% CO,.

Cell transfection. The circEFR3A expression plasmid and
control constructs were sourced from Guangzhou Geneseed
Biotech, Co., Ltd. In addition, circEFR3A small interfering
(si)RNA (sense: 5'-CAUUCAGGAGUAUGCUGCU-3'; anti-
sense: 5'-AGCAGCAUACUCCUGAAUG-3") and the control
(sense: 5'-CGUACGCGGAAUACUUCGA-3'; antisense:
5'-UCGAAGUAUUCCGCGUACG-3"), the miR-590-3p

mimics (cat. no. miR10004801-1-5), miRNA mimic negative
control (NC; cat. no. miR1N0O0000O01-1-5), miR-590-3p inhibi-
tors (cat. no. miR20004801-1-5) and miRNA inhibitors NC
(cat.no. miR2N0000001-1-5) were purchased from Guangzhou
RiboBio Co., Ltd. MDA-MB-231 and MDA-MB-453 cells
were independently transfected with miR-590-3P mimics and
inhibitors, respectively, using HiPerFect Transfection Reagent
(cat. no. 301705; Qiagen, Inc.) at 37°C for 6 h. Subsequent
experiments were performed 48 h post-transfection. Both cell
lines received a standardized final concentration of 50 nM
miRNA constructs, diluted in serum-free medium according
to the manufacturer's optimized protocol.

For siRNA and overexpression plasmid transfection,
MDA-MB-453 cells were transfected using FuGENE® HD
Transfection Reagent (cat. no. E2311; Promega Corporation),
whereas MDA-MB-231 cells were transfected with HiPerFect
Transfection Reagent, following the manufacturers' instruc-
tions at 37°C for 6 h. Subsequent experiments were typically
performed 48-72 h post-transfection for RNA/protein analysis,
with functional assays conducted within 24-96 h.

Animal experiments. For the mouse xenograft tumor model,
a total of 12 female BALB/c nude mice (age, 4 weeks;
weighing, 18-20 g; purchased from Beijing HFK Bioscience
Co., Ltd.) were housed under specific pathogen-free conditions
at 22+1°C with 50+5% relative humidity, maintained under a
12-h light/dark cycle (lights on at 7:00 AM) with ad libitum
access to autoclaved standard chow and sterile water. Each
mouse was subcutaneously injected into the right flank with
5x10° MDA-MB-453 cells that had been previously infected
with either the pLC5-ciR vector or circEFR3A cells in 200 ul
PBS. On day 9, mice received intratumoral injections of either
miR-590-3p mimic or NC at a dose of 5 nmol/injection in 50 ul
PBS. Injections were administered every 3 days for a total of
six treatments. Tumor volumes were measured and recorded
at each injection point. At the end of the experiment, all mice
were euthanized using CO, delivered at a volume displacement
of 30% vol/min (achieved by a flow rate of 1.5 I/min into a 5
1 sealed chamber). After 5 min of continuous exposure, death
was confirmed by cervical dislocation. Following euthanasia of
all mice, tumor weight was analyzed. The animal experiments
in the present study were approved by the Ethics Committee
of The Fourth Hospital of Hebei Medical University (approval
no. 2023016).

DNA and RNA extraction. Genomic DNA was isolated from
MDA-MB-231 cell using a commercial DNA extraction kit
(cat. no. DP304; Tiangen Biotech Co., Ltd.) following the
manufacturer's instructions. Total RNA was extracted from
the same cells using TRIzol™ reagent (Invitrogen™; Thermo
Fisher Scientific, Inc.) according to standard procedures.

RNase R treatment. Total RNA was treated with RNase R
from E. coli (Epicentre; Illumina, Inc.) at 37°C for 15 min,
followed by incubation at 85°C for 3 min. The RNase R was
used at a concentration of 3 U/ug RNA. RNA samples were
subjected to reverse transcription using the GoScript™ Reverse
Transcription System (cat. no. A5001; Promega Corporation)
under the following optimized conditions: Initial primer
annealing step at 25°C for 5 min, followed by cDNA synthesis
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at 42°C for 45 min, and final enzyme inactivation at 70°C
for 15 min. The expression of circEFR3A was subsequently
detected using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR).

RT-qPCR, nucleic acid agarose gel electrophoresis, and
Sanger sequencing. cDNA was synthesized from total RNA
using the GoScript™ Reverse Transcription System Kit
(Promega Corporation), following the manufacturer's standard
protocol. qPCR reaction was then performed using the GoTaq®
gPCR Master Mix (Promega Corporation) on an Applied
Biosystems fluorescence quantitative PCR instrument (Thermo
Fisher Scientific, Inc.). The thermocycling conditions included
an initial denaturation at 95°C for 5 min, followed by 40 cycles
of denaturation at 95°C for 15 sec, annealing at 58°C for 30 sec,
and extension at 72°C for 30 sec, with a final extension at 72°C
for 10 min. circEFR3A and miR-590-3p levels were quanti-
fied using specific primers (Guangzhou RiboBio Co., Ltd.).
All primer sequences used for PCR amplification are listed
in Table SI. Relative expression levels were determined using
the 2244 method (21). For RT-PCR, the reaction was prepared
using GoTaq Green Master Mix (cat. no. M712B; Promega
Corporation) and PCR was performed using a ProFlex PCR
System (Thermo Fisher Scientific, Inc.) with the following
thermocycling protocol: Initial denaturation at 95°C for 2 min;
followed by 25-35 cycles of 95°C for 30 sec, 60°C for 30 sec
and 72°C for 1 min/kb (product length); with a final extension
at 72°C for 5 min. The PCR products were then separated by
2% agarose gel electrophoresis, and the band intensity was
detected using ultraviolet irradiation. Following confirmation
of specific amplification using gel agarose electrophoresis,
the PCR products were purified using the Agarose Gel DNA
Extraction Kit (cat. no. DP209; Tiangen Biotech Co., Ltd.).
Finally, the nucleotide sequence of the PCR products was
determined using Sanger sequencing analysis (Sangon Biotech
Co., Ltd.). The primers used are listed in Table SI.

Cell Counting Kit-8 (CCK-8) assay. For the CCK-8 assay,
pre-treated MDA-MB231 and MDA-MB-453 cells (experi-
mental group) and untreated cells (control group) were seeded
into 96-well plates at a density of 3,000 cells/well. Following
cell adherence, cell viability was assessed using the CCK-8
reagent (cat. no. SC119-01; Seven Innovations (Beijing)
Biotechnology Co., Ltd.) at 0,24, 48, 72 and 96 h post-seeding.
The procedure involved adding 10 yl CCK-8 reagent to each
well. After briefly shaking the plate to mix, the cells were
incubated at 37°C for 2 h. The absorbance at 450 nm was
subsequently measured using a microplate reader (Tecan
Group, Ltd.).

Colony formation assay. MDA-MB231 and MDA-MB-453
cells from both the experimental and control groups were
seeded at a density of 1,000 cells/well in a 6-well plate and
incubated at 37°C for ~10 days until visible cell colonies
formed. The colonies were fixed with 4% paraformaldehyde
for 20 min at room temperature and stained with 0.1% crystal
violet for 20 min at room temperature. After which, images
of the colonies (defined as >60 cells) in each well were
captured and counted under a light microscope (EVOS XL
Core Cell Imaging System; Thermo Fisher Scientific, Inc.).
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Quantification was performed using ImageJ software (v1.53;
National Institutes of Health).

Transwell assay. Transwell migration and invasion assays
were performed using an uncoated chamber for migration and
a Matrigel-coated chamber for invasion, as per the manufac-
turer's instructions (BD Biosciences). For the invasion assay,
60 ul Matrigel (1:8 in serum-free medium) was polymerized
at 37°C for 2 h to establish a uniform basement membrane
matrix. MDA-MB231 and MDA-MB-453 cells from both
groups were seeded into the upper chamber of 24-well plates
at a density of 2x10° cells/well. The upper compartment of
the 24-well Transwell chamber contained 200 1l RPMI-1640
(without serum), whereas the lower compartment contained
600 ul complete medium. The plates were incubated at 37°C
for 48 h. Following incubation, cells were fixed with 1 ml 4%
paraformaldehyde solution for 20 min at room temperature.
Finally, the fixed cells were stained with 0.1% crystal violet for
10 min at room temperature, and counted across =3 randomly
selected fields using the EVOS XL Core Cell Imaging System
to quantify migration and invasion.

Fluorescence in situ hybridization (FISH). The biotin-labeled
circEFR3A probe was purchased from Guangzhou RiboBio
Co., Ltd and the FITC-labeled miR-590-3p probe was
purchased from Guangzhou Geneseed Biotech, Co., Ltd.
(5'FITC-ACTAGCTTATACATAAAATTA-3'FITC). For
cell-based FISH, MDA-MB-231 and MDA-MB-453 cells
were cultured on coverslips overnight and then fixed with
4% paraformaldehyde for 20 min at room temperature. After
prehybridization in PBS containing 0.5% Triton X-100, cells
were hybridized in hybridization buffer (Guangzhou Geneseed
Biotech, Co., Ltd.) (40% formamide, 10% Dextran sulfate, 1X
Denhardt's solution, 4X SSC, 10 mM DDT, 1 mg/ml yeast
transfer RNA, 1 mg/ml sheared salmon sperm DNA) with the
circEFR3A and miR-590-3p probes (diluted to a concentra-
tion of 20 nM) at 37°C overnight. For tissue-based FISH, the
tissues were fixed in 10% neutral buffered formalin at room
temperature for 24-48 h embedded in paraffin- and cut into
5-pum sections, after which, the tissues were assessed following
standard protocols. Tissue sections were sequentially depar-
affinized in xylene (3x5 min), rehydrated through a graded
ethanol series (50, 75, 85 and 95%; 2 min each), and subjected
to protein digestion with 50 ul Proteinase K solution (15 ug/
ml in TE buffer, pH 8.0) at 37°C for 30 min, followed by three
washes in nuclease-free distilled water. Pre-hybridization and
circEFR3A hybridization procedures followed the previously
described method. Nuclei were stained with DAPI for 10 min
at 37°C, and signals were observed using an LSM 900 confocal
microscope (Zeiss GmbH).

Luciferase reporter assay. Wild-type and mutant circEFR3A
constructs were obtained from Guangzhou Geneseed Biotech,
Co., Ltd. To further assess the interaction between AR and
miR-590-3p, psiCHECK?2 vectors containing the wild-type
and mutant 3'UTR sequences of AR were purchased from
Guangzhou Geneseed Biotech, Co., Ltd. MDA-MB231
and MDA-MB-453 cells were seeded in 12-well plates and
incubated overnight at 37°C for adherence. Subsequently,
luciferase assays were performed to measure the activity of
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wild-type or mutant luc-circEFR3A vectors co-transfected
with miR-NC or miR-590-3p mimics in MDA-MB-231 cells,
as well as the activity of wild-type or mutant AR 3'UTR vectors
co-transfected with miR-590-3p mimics or a negative control
in MDA-MB-453 cells, using Lipofectamine® 3000 transfec-
tion reagent (Invitrogen; Thermo Fisher Scientific, Inc.). After
48 h of co-transfection, cell lysates were prepared using the
Luciferase Reporter Gene Assay Kit (Promega Corporation),
and luciferase activity was measured using a Tecan Spark
Multifunctional Microplate Reader (Tecan Group, Ltd.)
following the Dual Luciferase Reporter Gene Assay System
(Promega Corporation) instructions. Luciferase activity was
standardized by comparison with Renilla luciferase activity.

RNA immunoprecipitation (RIP) assay. MDA-MB-231
cells were co-transfected with a Myc-tagged AGO2 vector
(1 pg; cat. no. RC228592; OriGene Technologies, Inc.) and
miR-590-3p mimics (50 nM) using Lipofectamine 3000
transfection reagent according to the manufacturer's protocol.
Cells were maintained at 37°C in a 5% CO, incubator during
the 48-h transfection period, and subsequent experiments were
performed 72 h post-transfection. RIP assays were performed
using the Magna RIP Kit (MilliporeSigma; Merck KGaA)
according to the manufacturer's instructions. Briefly, cells
were lysed in RIP lysis buffer supplemented with protease and
RNase inhibitors. The lysates were then incubated at room
temperature for 1 h with magnetic beads conjugated to either
anti-Myc antibody (cat. no. ab9132; Abcam; 5 pg per RIP reac-
tion) or anti-IgG control antibody (cat. no. abl172730; Abcam,;
5 pg per RIP reaction). Immunoprecipitation was performed
by incubating the antibody-bound beads with the cell lysates
overnight at 4°C. Following purification of the immunopre-
cipitated RNA, the levels of circEFR3A were quantified using
RT-gPCR. The RT-qPCR method was the same as aforemen-
tioned, and the primers are listed in Table SI.

Western blotting. Western blotting was performed according to
standard protocol. Following transfection, MDA-MB-453 cells
were incubated for 48 h and total protein was extracted using
RIPA lysis buffer (Invitrogen; Thermo Fisher Scientific, Inc.).
Protein concentrations were quantified using the BCA assay
(Thermo Fisher Scientific, Inc.). Equal amounts of protein lysates
(40 pg/lane) were separated by 10% SDS-polyacrylamide gel
electrophoresis and subsequently transferred to polyvinylidene
fluoride membranes (MilliporeSigma; Merck KGaA), which
were blocked with 5% skimmed milk in PBS-0.1% Tween-20
at room temperature for 1.5 h. The membranes were then incu-
bated with the following antibodies at 4°C overnight: Rabbit
polyclonal anti-AR (1:1,000; cat. no. 22089-1-AP; Proteintech
Group, Inc.) and anti-pB-actin (1:1,000; cat. no. 20536-1-AP;
Proteintech Group, Inc.). Proteins were then incubated for 1 h
at room temperature with HRP-conjugated goat anti-rabbit IgG
H&L secondary antibody (1:2,000; cat. no. ab6721; Abcam).
Protein bands were visualized using an enhanced chemi-
luminescence detection system (Beijing Solarbio Science
Technology, Co., Ltd.) following the manufacturer's instruc-
tions. -actin served as a loading control.

Bioinformatics analysis. The Gene Expression Profiling
Interactive Analysis (GEPIA) database (v2.0; http://gepia.

cancer-pku.cn/) was used to evaluate the expression level of
AR in BC tissue, applying a significance cutoff of llog2FClI
>1 and adjusted P-value (g-value) <0.05. Targetscan (v7.2;
https://www.targetscan.org/mamm_31/) and Miranda
(v3.3a; http:/www.microrna.org/microrna/home.do) were
used to predict the potential binding miRNA for circEFR3A.
Additionally, target gene prediction for miR-590-3p was
performed using Genecards (v5.12; https:/www.genecards.
org/), Targetscan and miRPathDB (v2.0; https://mpd.
bioinf.uni-sb.de/mirna.html?mirna). RNA secondary
structure predictions were performed using the RNAfold
web server (version 2.6.3; http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi). Differentially expressed
mRNA-enriched pathways of miR-590-3p were identified
using Reactome pathway analysis in the miRPathDB data-
base (version 2.0; https://mpd.bioinf.uni-sb.de/), following
the guidelines of the databases.

Statistical analysis. Statistical significance for all experi-
ments was assessed using SPSS 23.0 software (IBM Corp.).
For numerical data, either unpaired Student's t-test or one-way
ANOVA followed by Tukey's post hoc test were used for
statistical analysis. By contrast, categorical data were assessed
using the ? test. The correlation between circEFR3A and AR
was analyzed by Pearson's correlation analysis. All statistical
tests performed were two-sided, and P<0.05 was considered to
indicate a statistically significant difference.

Results

Characterization of circEFR3A in BC cells. The circRNA,
circEFR3A, designated as hsa_circ_0006522 in the
circBase database, derives its name from its origin in the
EFR3A gene located on chromosome 8. To assess the circular
structure of circEFR3A, both divergent and convergent primers
were designed. PCR amplification was performed using two
distinct templates: cDNA synthesized by reverse transcrip-
tion and genomic DNA extracted from the BC cell line
MDA-MB-231. The experiments demonstrated that divergent
primers specifically amplified the circular form of EFR3A in
cDNA, whilst convergent primers amplified the linear form in
both cDNA and genomic DNA samples (Fig. 1A). These find-
ings indicate that circEFR3A exists as a circRNA molecule in
BC cells. Moreover, the junction sequence of circEFR3A was
confirmed through Sanger sequencing (Fig. 1A).

To evaluate the biological role of circEFR3A in BC
cells, its expression was assessed in multiple BC cell lines
(MDA-MB-231, SK-BR-3, MCF7, BT-549 and MDA-MB-453)
using RT-qPCR, revealing the highest expression in
MDA-MB-231 cells and the lowest in MDA-MB-453 cells
(Fig. 1B). After treating MDA-MB-231 and MDA-MB-453 cells
with Actinomycin D, the relative expression of circEFR3A and
linearEFR3A mRNA was indicated over time using RT-qPCR
(Fig. 1C). Further stability testing using RNase R treatment
on total RNA from MDA-MB-231 and MDA-MB-453 cells
demonstrated that circEFR3A was resistant to RNase R diges-
tion, unlike linear EFR3A, which decreased post-treatment
(Fig. 1D). FISH assay results also demonstrated that circEFR3A
was primarily located in the cytoplasm of MDA-MB-231 and
MDA-MB-453 cells (Fig. 1E).
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Figure 1. Characterization of circEFR3A in breast cancer cells. (A) Splicing site sequence and circularization schematic of circEFR3A. Divergent primers
successfully amplified the circular RNA transcript circEFR3A in cDNA but not in gDNA. By contrast, convergent primers amplified the linear RNA tran-
script circEFR3A in both cDNA and gDNA. GAPDH served as an internal control. (B) Expression level of circEFR3A in SK-BR-3, MCF7, BT-549 and
MDA-MB-453 cells compared with MDA-MB-231 cells. (C) Relative expression levels of circEFR3A and linear EFR3A mRNA were assessed using RT-qPCR
following Actinomycin treatment in MDA-MB-231 and MDA-MB-453 cells at the indicated time points. (D) mRNA expression of circEFR3A and linear
EFR3A in RNase R-treated breast cancer cells, assessed using RT-qPCR. (E) Subcellular localization of circEFR3A was determined using fluorescence in situ
hybridization. Scale bar, 10 ym. "P<0.05; “P<0.01; ““P<0.001 vs. MDA-MB-231 cells or as indicated. Circ, circular; cDNA, complementary DNA; gDNA,
genomic DNA; RT-qPCR, reverse transcription-quantitative PCR; ns, not significant; bp, base pairs.

circEFR3A is associated with BC progression and promotes
BC cell proliferation, migration and invasion. The expres-
sion level of circEFR3A in BC specimens was initially
assessed using FISH. Tissue microarrays were purchased
and a total of 129 BC tissues were assessed, categorized
into low- and high-expression groups based on the following
criteria: 1) Score 0, no red fluorescence or weak expression
in the majority of cells; ii) score 1, moderate expression in
most cells or medium intensity expression in >50% of cells;
and iii) score 2, moderate or high intensity expression in the
majority of cells. A score of <1 was defined as low expres-
sion, whilst a score of >1 was defined as high expression. All
129 BC tissue samples were obtained from female patients.
The clinicopathological characteristics of these patients

and their corresponding circEFR3A expression levels are
presented in Table I. Analysis of these data revealed no
statistically significant differences in circEFR3A expression
across several parameters, including age, histological grades
and clinical stages. Similarly, no significant associations
were observed between circEFR3A expression, tumor size,
lymph node metastasis status or the expression of estrogen
receptor, progesterone receptor and human epidermal growth
factor receptor 2.

To assess the prognostic significance of circEFR3A, the
Kaplan-Meier method was used to analyze its impact on patient
outcomes in the 129 BC tissue samples. Analysis revealed a
statistically significant difference in overall survival (OS)
between patients with high and low expression levels, with
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Table I. Association between clinicopathological characteristics and circEFR3 A expression in patients with breast cancer (n=129).

circEFR3A expression
Clinicopathological characteristic n Low High P-value ¥
Age 0.561 0.338
<50 years 59 17 42
>50 years 70 17 53
Histological grade 0.469 0.525
Gl 32 10 22
G2-3 97 24 73
TNM stage 0.230 1.440
I-1I 83 19 64
I 46 15 31
Tumor invasion 0.699 0.718
T1 27 7 20
T2 88 22 66
T3 14 5 9
Lymph node metastasis 0.705 1.403
NO 47 11 36
N1 39 9 30
N2 35 11 24
N3 8 3 5
HER2 0.055 3.697
Positive 33 4 29
Negative 96 30 66
ER 0.865 0.029
Positive 85 22 63
Negative 44 12 32
PR 0.857 0.033
Positive 70 18 52
Negative 59 16 43
Molecular type 0.892 0.229
Luminal A/B type 85 22 63
HER-2 positive type 17 4 13
Triple negative type 27 8 19

TNM, tumor-node-metastasis; G, grade; T, tumor; N, lymph node; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor;

PR, progesterone receptor.

the high-expression group exhibiting significantly reduced OS
(Fig. 2A and B).

To further elucidate the factors influencing the prognosis
of patients with BC, univariate analysis was performed on the
survival data, followed by multivariate Cox regression analysis
on factors exhibiting statistical significance (Table II). The
findings indicated that circEFR3A expression [hazard ratio
(HR), 3.959; P=0.005], clinical stage (HR, 2.709; P=0.002)
and the triple negative molecular type (HR, 2.923; P=0.003)
serve as independent prognostic factors for patients with BC.

For functional analysis, circEFR3A siRNA targeting
its junction site was transfected into MDA-MB-231 cells.
RT-qPCR confirmed circEFR3A knockdown compared with
the si-NC (Fig. 2C). CCK-8 assays revealed that si-circEFR3A

transfection significantly reduced MDA-MB-231 cell prolif-
eration (Fig. 2D), and colony formation assays demonstrated
significantly reduced colony formation in si-circEFR3A trans-
fected cells (Fig. 2E), compared with the controls. Additionally,
Transwell assays revealed that MDA-MB-231 cells treated
with si-circEFR3A exhibited significantly reduced rates of
migration and invasion (Fig. 2F). By contrast, transfection
of MDA-MB-453 cells was performed using a circEFR3A
overexpression plasmid; RT-qPCR revealed significantly
increased circEFR3A levels post-transfection compared with
those in the pLC5-ciR group (Fig. 2G). Moreover, CCK-8
and colony formation assays demonstrated significantly
increased rates of proliferation in circEFR3A-overexpressing
MDA-MB-453 cells compared with those in the pLC5-ciR
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Table II. Univariate and multivariate Cox-regression analysis of prognostic factors for patients with breast cancer (n=129).

Univariate analysis

Multivariate analysis

Prognostic factor HR 95% CI P-value HR 95% CI P-value
Age (<50 vs. >50 years) 1.262 0.670,2.377 0471
Histological grade (G1 vs. G2-3) 1.503 0.687, 3.285 0.308
Clinical stage (I-II vs. IIT) 2.155 1.159,4.006 0.015* 2.709 1.434,5.120 0.002*
Tumor invasion (T1 vs. T2-3) 1.335 0.591,3.019 0487
Lymph node metastasis (NO vs. N1-3) 1.333 0.688,2.584 0.395
ER (Positive vs. negative) 2.116 1.136,3.940 0.018*
PR (Positive vs. negative) 1.694 0.907, 3.162 0.098
HER?2 (Positive vs. negative) 0.955 0.466, 1.956 0.900
circEFR3A expression (Low vs. high) 2976 1.164,7.611 0.023* 3.959 1.519,10.320 0.005*
Molecular type
Luminal A/B vs. HER-2 positive 1.612 0.650, 3.996 0.303
Luminal A/B vs. triple negative 2474 1.237,4.950 0.010* 2.923 1.448,5.901 0.003*

*P<0.05. Reference is the first item. ER was not included in the multivariate analysis as it is a linearly associated variable: ER positive vs. ER
negative = Luminal A/B vs. HER-2 positive + Triple negative. HR, hazard ratio; CI, confidence interval; G, grade; T, tumor; N, lymph node;
HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; PR, progesterone receptor.

group (Fig. 2H and I). Furthermore, Transwell assays indi-
cated that circEFR3A overexpression significantly promoted
migration and invasion in MDA-MB-453 cells compared with
those in the pLC5-ciR group (Fig. 2J). Collectively, these find-
ings indicate that circEFR3A enhances BC cell proliferation,
migration and invasion.

circEFR3A acts as a miR-590-3p sponge in BC cells. The
aforementioned findings demonstrated that circEFR3A may
be abundantly expressed in BC cells and is mainly localized
in the cytoplasm, making it possible for circEFR3A to act as
a miRNA sponge. The Miranda and TargetScan databases
were used to predict the miRNA with the strongest binding
affinity to circEFR3A, which was identified as miR-590-3p
(Fig. 3A). The RNAfold web server was employed to predict
the minimum free energy secondary structure of circEFR3A,
as well as to predict two potential binding sites between the
secondary structure of circEFR3A and miR-590-3p (Fig. 3B).

To assess the effect of miR-590-3p on the expression of
circEFR3A, luciferase-tagged circEFR3A (luc-circEFR3A)
and miR-590-3p mimics were co-transfected into the
highly expressing circEFR3A MDA-MB-231 cell line and a
luciferase reporter assay was performed. Successful trans-
fection of miR-590-3p mimics into MDA-MB-231 cells was
confirmed (Fig. S1). The results demonstrated that miR-590-3p
significantly inhibited the luciferase activity of luc-circEFR3A
compared with miR-NC (Fig. 3C). A RIP assay was also used to
evaluate the interaction between circEFR3A and miR-590-3p.
The results showed that circEFR3A was significantly
enriched in anti-Myc immunoprecipitates compared with
anti-IgG controls in MDA-MB-231 cells co-transfected with
Myc-AGO2 and miR-590-3p mimics (Fig. 3D). Additionally,
knockdown of circEFR3A expression was associated with a
significant increase in miR-590-3p expression relative to si-NC
controls (Fig. 3E). Finally, the FISH assay results demonstrated

that both circEFR3A and miR-590-3p are localized in the
cytoplasm and exhibit co-localization (Fig. 3F), suggesting
that circEFR3A may act as a sponge for miR-590-3p in BC
cells.

miR-590-3p inhibits the proliferation, migration and inva-
sion of BC cells. The biological role of miR-590-3p in BC
was assessed by introducing a miR-590-3p inhibitor into
MDA-MB-231 cells, allowing evaluation of the effects of
miR-590-3p downregulation on cellular functions (Fig. 4A).
Compared with in the miR-NC group, CCK-8 and colony
formation assays demonstrated that decreased miR-590-3p
levels significantly promoted MDA-MB-231 cell prolifera-
tion (Fig. 4B and C). Additionally, Transwell migration and
invasion assays demonstrated that reduced miR-590-3p
expression enhanced significantly increased the rates of
migration and invasion of MDA-MB-231 cells compared
with those in the miR-NC group (Fig. 4D). By contrast, to
assess the effects of increased miR-590-3p expression on
cellular functions, MDA-MB-453 cells were transfected with
miR-590-3p mimics (Fig. 4E). Results from the CCK-8 and
colony formation assays indicated a significant decrease in the
proliferation rate of MDA-MB-453 cells post-transfection with
miR-590-3p mimics compared with that in the miR-NC group
(Fig. 4F and G). Transwell experiments also revealed that the
transfection with miR-590-3p mimics into MDA-MB-453
cells led to a significant reduction in migration and invasion
compared with in the miR-NC group (Fig. 4H). Collectively,
these findings suggest that miR-590-3p may inhibit BC cell
proliferation, migration and invasion.

circEFR3A promotes proliferation, migration and invasion
in BC via miR-590-3p. To assess how circEFR3A exerts its
promoting functions in BC cells, MDA-MB-453 cells were
transfected with either circEFR3A alone or in combination
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with miR-590-3p mimics. Compared with in the pLC5-ciR +
miR-NC group, CCK-8 and colony formation assays demon-
strated that circEFR3A overexpression alone significantly
increased the proliferation of MDA-MB-453 cells. However,
the introduction of miR-590-3p mimics counteracted this
effect (Fig. SA and B); Furthermore, whilst circEFR3A over-
expression significantly increased the rates of migration and
invasion of MDA-MB-453 cells, simultaneous transfection with
miR-590-3p mimics reversed these increases (Fig. 5C and D).
Compared with in the pLC5-ciR + miR-NC group, in vivo
experiments using nude mice revealed that circEFR3A over-
expression significantly promoted xenograft tumor growth;
however, this promotional effect was reversed transfection
with miR-590-3p (Fig. SE-H). These findings indicate that
circEFR3A promotes BC cell proliferation, migration and
invasion, at least in part, by modulating miR-590-3p activity.

circEFR3A restores miR-590-3p mediated targeted repression
of the oncogene AR in BC cells. To elucidate the molecular
mechanism of miR-590-3p in BC, three commonly used
online databases were utilized: Targetscan, miRPathDB and
Genecards. Targetscan and miRPathDB are widely used online
tools for predicting miRNA target genes. Their basic principle
is based on the binding of the miRNA seed sequence to the 3'

P<0.001. Circ, circular; miR/miRNA, microRNA; NC, negative control; RIP, RNA immunoprecipitation; si, small interfering.

UTR of the target gene mRNA. The tightness and specificity
of this binding determine the regulatory effect of the miRNA
on the target gene. The GeneCards database collects genes
closely associated with the occurrence and development of
BC (22,23). Taking the intersection of these databases can
further filter out genes closely related to BC progression that
are targeted by miR-590-3p. This comprehensive methodology
enabled the identification of potential miR-590-3p target
genes pertinent to BC development. miRPathDB was used
to forecast the downstream signaling pathways influenced
by miR-590-3p. The Reactome pathway analysis, a func-
tion within miRPathDB, revealed significant enrichment of
miR-590-3p in the cancer-associated post-translational protein
modification pathway (Fig. 6A). Subsequently, potential target
genes of miR-590-3p were identified using the Targetscan and
miRPathDB databases, intersecting these targets with key BC
genes from the Genecards database, along with genes enriched
in the post-translational modification pathway. This analysis
pinpointed AR as a likely downstream target of miR-590-3p
(Fig. 6B).

Moreover, the binding site of miR-590-3p in the AR 3'UTR
was predicted, and wild-type or mutant AR 3'UTR luciferase
reporter vectors were constructed (Fig. 6C). MDA-MB-453
cells were co-transfected with AR 3'UTR constructs (either
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Figure 4. miR-590-3p inhibits the proliferation, migration and invasion of breast cancer cells. (A) Expression levels of miR-590-3p in MDA-MB-231 cells,
assessed using RT-qPCR. (B) CCK-8 assay results revealed that miR-590-3p low expression significantly enhanced the proliferation of MDA-MB-231 cells.
(C) Colony formation assay results revealed a significant increase in the number of cell colonies following miR-590-3p downregulation in MDA-MB-231 cells.
Scale bar, 250 ym. (D) Transwell assay results demonstrated that low miR-590-3p expression was significantly associated with an increase in the migration and
invasion of MDA-MB-231 cells. Scale bar, 100 ym. (E) Expression of miR-590-3p in MDA-MB-453 cells, assessed using RT-qPCR. (F) CCK-8 assays revealed
that miR-590-3p overexpression significantly promoted the proliferation of MDA-MB-453 cells. (G) Colony formation assay results indicated a significant
increase in cell colony formation after miR-590-3p upregulation in MDA-MB-453 cells. Scale bar, 250 ym. (H) Transwell assay analysis indicated that
miR-590-3p overexpression reduced the migration and invasion of MDA-MB-453 cells. Scale bar, 100 zm. “"P<0.01; *“P<0.001. miR, microRNA; RT-qPCR,
reverse transcription-quantitative PCR; CCK-8, Cell Counting Kit-8; NC, negative control; OD, optical density.

wild-type or mutant) and miRNA molecules (either miR-NC
or miR-590-3p mimics). Subsequently, luciferase reporter
assays were performed to assess their interaction. The results
demonstrated that compared with in the miR-NC group,
co-transfection with miR-590-3P and the wild-type AR 3'UTR
vector resulted in a significant reduction in luciferase activity,
whereas no significant change was observed for the mutant
vector co-transfection group (Fig. 6D), confirming AR as a
direct target of miR-590-3p.

The GEPIA database was then used to assess the expression
of AR in BC. The results demonstrated that AR expression in
1,085 BC samples was significantly higher than that in 291
normal breast tissue samples (Fig. 6E). At the animal level,
three groups of mice were established. Each group received
subcutaneous injections of MDA-MB-453 cells that had been
stably transfected with one of the following combinations:

i) pLC5-ciR + miR-NC; ii) circEFR3A + miR-NC; or
iii) circEFR3A + miR-590-3p. The mRNA expression levels
of AR were measured in tissues from the three groups of nude
mice (n=4/group). The results indicated that, compared with
the NC, AR expression was markedly overexpressed in the
circEFR3A + miR-NC group. However, this overexpression
was reversed with the co-transfection of miR-590-3p (Fig. 6F).

Finally, AR protein expression was evaluated using western
blot analysis in MDA-MB-453 cells following transfection with
miR-590-3p mimics, with or without the circEFR3A overex-
pression plasmid. The findings demonstrated that miR-590-3p
overexpression markedly downregulated AR protein
levels, and circEFR3A counteracted the inhibitory effect
of miR-590-3p on AR protein expression (Fig. 6G and H).
Correlation analysis also revealed a significant positive corre-
lation between circEFR3A and AR expression levels (Fig. S2).
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Figure 6. AR is a target gene of miR-590-3p. (A) Downstream signaling pathway of miR-590-3p, predicted using the miRPathDB database. (B) Potential target
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These findings indicate that circEFR3A serves as a ceRNA,
effectively sponging miR-590-3p and thus rescuing AR from
miR-590-3p-induced suppression in BC cells.

Discussion

CircRNA was first discovered in plants in 1976; however, it was
initially considered a byproduct of erroneous splicing. It was
not until 2013, when a pivotal study highlighted that circRNAs
are a class of ncRNAs with regulatory functions, that circRNAs
emerged as a key focus for RNA research (24,25). Over the
previous two decades, advancements in high-throughput
RNA-sequencing technologies have enabled the identification
of specific circRNAs, which are now increasingly acknowl-
edged for their important roles in several diseases (24).

Most circRNAs are formed through a specialized
back-splicing process, typically derived from exonic regions of
precursor mRNAs, and are primarily localized in the cytoplasm
of eukaryotic cells (26). The circular structure of circEFR3A
endows it with unique stability. Compared with linear RNA,
circEFR3A lacks free 5' and 3' ends, rendering it more resistant

to exonucleases. Actinomycin D and RNase R experiments
further demonstrate that circEFR3A is more stable than its
linear counterpart. This stability ensures a relatively stable
intracellular concentration of circEFR3A, providing a founda-
tion for the stable manifestation of its functions (5). Due to their
stability, specificity and high expression levels, circRNAs are
considered useful biomarkers for several diseases, including for
cancer diagnosis and prognosis assessment (27).

The present study identified circEFR3A, which is derived
from exons 2-8 of EFR3A pre-mRNA and located on human
chromosome 8. Certain studies have reported that EFR3A
encodes a protein that is involved in the recruitment of PI4AKA
kinase to the plasma membrane and thus involved in phos-
phoinositide metabolism and signaling (28). Mutations in the
EFR3A gene have been suggested to be associated with autism
and neurological disorders (29,30). However, previous findings
suggest that the oncogene KRAS relies on the EFR3A-PI4KA
signaling axis to exert oncogenic activity (31). Tissue micro-
array analysis revealed that high circEFR3A expression was
associated with poor prognosis in patients with BC compared
with low expression groups. These results indicate that
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circEFR3A may serve a role in BC, potentially acting as a
biomarker to inform therapeutic strategies for BC.

To date, it has been established that circRNAs influence
biological processes through diverse mechanisms, including
functioning as miRNA sponges, protein scaffolds and transcrip-
tion factors, as well as interacting with RNA-binding proteins
and encoding polypeptides or proteins (7-10). Among these,
the role of circRNAs as miRNA sponges, particularly those
derived from exons, has been the most extensively investigated.
As circEFR3A is generated through exon circularization and
predominantly resides in the cytoplasm, we hypothesized that
it may serve as a miRNA sponge. Therefore, the present study
aimed to explore this potential function of circEFR3A in BC
cells. Miranda and TargetScan databases were used to predict
potential miRNAs that could interact with circEFR3A. This
screening process led to the identification of miR-590-3p as
a candidate. To substantiate the aforementioned hypothesis, a
series of experiments were performed, including FISH, RIP
and dual-luciferase reporter assays. The experimental results
confirmed the hypothesis, demonstrating that circEFR3A acts
as a molecular sponge for miR-590-3p. Overexpression of
circEFR3A was revealed to counteract miR-590-3p-mediated
suppression, thereby promoting BC cell proliferation, migration
and invasion.

Previous studies have reported that miR-590-3p serves a
suppressive role in the pathogenesis of several cancers. For
example, miR-590-3p was downregulated in tissues from 15
glioblastoma multiforme (GBM) cases and in five cell lines,
where it inhibits GBM metastasis and epithelial-mesenchymal
transition (EMT) by targeting zinc finger E-box binding
homeobox 1/2 (32). In hepatocellular carcinoma, miR-590-3p
suppresses cancer cell proliferation and migration, inhibits the
expression of EMT-related genes by targeting mouse double
minute 2 (33) and exerts tumor-suppressive effects by targeting
TEA domain transcription factor 1 (34). A recent study
also reported that the checkpoint suppressor 1/miR-590-3p/
transcriptional co-activator with PDZ-binding motif axis
contributes to multiple myeloma (35). In BC, miR-590-3p has
been reported to participate in the antiproliferative effects of
lutein through targeting cancer susceptibility 9 (36). Similarly,
miRNA-590-3p inhibits invasion and metastasis in triple-nega-
tive BC by targeting Slug (37). Additionally, LINC00657 can
act as a molecular sponge for miR-590-3p, serving a biological
role in BC by regulating the miR-590-3p/golgi phosphoprotein
3 axis (38). Consistent with these aforementioned findings,
in the present study, miR-590-3p inhibited the proliferation,
migration and invasion of BC cells. Typically, the canonical
mode of miRNA action involves direct binding to the 3'UTR
of target genes, leading to their post-transcriptional repression
or degradation. The present study employed the miRPathDB
database to analyze the enrichment of post-translational protein
modification pathways associated with miR-590-3p. Using
databases such as TargetScan, GeneCards and miRPathDB,
common target genes for miR-590-3p were predicted, with AR
selected as a potential target. Through dual-luciferase reporter
assays and western blotting, the hypothesis was also assessed at
several levels. To the best of our knowledge, the present study
is the first to demonstrate that the circRNA, circEFR3A, can
act as a molecular sponge for miR-590-3p, exerting biological
functions by regulating the miR-590-3p/AR signaling axis,
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thereby expanding the present understanding of the molecular
mechanisms involved in the onset and progression of BC.

The expression rate of AR in BC ranges from 53-99%, with
~90% of ER-positive and ~20% of ER-negative BC exhibiting
positive AR expression (39). Previous studies have reported
that using 1% positive expression as a threshold, AR can serve
as a marker of poor prognosis in triple-negative BC (40,41).
Additionally, the AR antagonist MDV3100 can inhibit the growth
of xenograft tumors in nude mice derived from AR-positive BC
cells (41). AR antagonists are being used as treatment drugs for
advanced triple-negative BC in phase II clinical trials, although
their effectiveness has been unsatisfactory (42-44). Studying
the interaction mechanisms between circRNA and AR holds
practical significance for patients with AR-positive BC.

The results of the present study suggested that circEFR3A
may regulate BC progression through the miR-590-3p/AR
axis. However, it has remained unclear whether circEFR3A
regulates tumor progression via other mechanisms. A total
of 6 potential target genes were identified in the intersection
of online database predictions. However, the present study
did not investigate target genes other than AR. In parallel
experiments performed by members of the present research
group (unpublished data), transfection of the AR overexpres-
sion plasmid in BC cell lines resulted in a marked increase
in circEFR3A expression. This observation led to the hypoth-
esis that AR may act as a transcription factor to promote
circEFR3A expression. When combined with the miR-590-3p/
AR axis effect observed in the present study, we hypothesized
that a positive feedback loop may exist between circEFR3A
and AR. These speculations all present potential directions for
future research. Consequently, the role of circEFR3A in BC
warrants further investigation.

Prior to the present study, circEFR3A had not been widely
reported based on our initial literature search. However,
during the experimental phase of the present research, a
published study was identified demonstrating that circEFR3A
can upregulate EFR3A by binding with miR-654-3p, thereby
promoting proliferation and migration in nasopharyngeal
carcinoma cells (45). This corroborates the oncogenic role of
circEFR3A in BC as observed in the present study.

However, there are several limitations of the present study.
First, the present study does not fully assess whether circEFR3A
interacts with other miRNAs or proteins. Future research
should further validate other miRNAs and design circEFR3A
RNA pull-down probes to perform RNA pull-down combined
with proteomics analysis to evaluate whether it interacts with
proteins to exert its function. Second, all tissues in the breast
cancer tissue microarray were sourced from mainland China,
and there is a lack of information regarding patient ethnicity,
genetic background and Ki-67 index. This restricts the gener-
alizability of the research findings and the understanding of
tumor heterogeneity. Finally, in the animal experiments, there
were 4 animals per group. Although studies with similar sample
sizes were identified, a larger sample size would contribute to
enhancing the statistical power and reliability of the results.
considering the inherent differences among animals.

In conclusion, the results of the present study indicate that high
expression of circEFR3A in BC tissues is associated with poor
prognosis. Moreover, circEFR3A was revealed to promote the
proliferation, migration and invasion of BC cells. Mechanistically,
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circEFR3A acts as a molecular sponge for miR-590-3p, restoring
the miR-590-3p-mediated targeting suppression of AR in BC cell
lines. These research findings provide new molecular evidence
that circEFR3A exerts its biological functions in BC through the
miR-590-3p/AR axis. In the future, the combined application of
circEFR3A inhibitors and AR antagonists may become a novel
strategy for BC treatment.
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