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ARTICLE INFO ABSTRACT

Received: 2025/06/28 Breast cancer (BC) remains the leading cause of cancer-related mortality in women
Revised: 2025/08/22 worldwide, primarily due to its high invasiveness and therapeutic resistance. This study
Accepted: 2025/09/22 explores the role of noncoding RNAs, circular RNAs (circRNASs), in BC progression

through a competing endogenous RNA (ceRNA) network. Three GEO circRNA
microarray datasets (GSE101123, GSE165884, GSE182471) were retrieved,
normalized, and batch-corrected using ComBat. Differentially expressed circRNAs
(DEcircRNAs) were identified via limma (|log, FC| > 1, FDR < 0.05). Differentially
expressed miRNAs (DEmiRNAs) and mRNAs (DEgenes) were derived from TCGA-
BRCA RNA-Seq (1,091 tumors, 113 normals) and miRNA-Seq (1,078 tumors, 104
normals) data using DESeq2 (|log, FC| > 1, FDR < 0.05). CircRNAs harboring miRNA
response elements (MRES) were selected via CSCD, and miRNA-mRNA interactions
predicted through TarBase, prioritizing upregulated DEgenes. A ceRNA network was
constructed in Cytoscape based on expression concordance. The hsa_circ_0000378/hsa-
miR-205-5p/RAD51 axis was validated in 48 paired BC and adjacent non-tumor tissues
by RT-gPCR. Results indicated hsa_circ_0000378 upregulation (2.74-fold, p<0.001),
hsa-miR-205-5p downregulation (0.64-fold, p=0.0022), and RAD51 upregulation (3.46-
fold, p<0.001) in tumors. Spearman correlations showed negative associations between
hsa_circ_0000378 and hsa-miR-205-5p (r = -0.474, p<0.001), hsa-miR-205-5p and
RAD51 (r = -0.383, p<0.001), and positive between hsa_circ_0000378 and RAD51 (r =
0.497, p<0.001), supporting ceRNA regulation. ROC analysis revealed RAD51's

“Corresponding: diagnostic potential (AUC=0.83, 95% CI: 0.74-0.90, sensitivity=0.81, specificity=0.55),
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Introduction

Breast cancer (BC) is the most prevalent cancer
among women worldwide, constituting approximately
25% of all reported cases (1, 2). Therapeutic outcomes
and survival rates are strongly related to the stage of
the disease in patients (3). Therefore, early detection
plays a crucial role in the success of therapeutic
methods and the likelihood of more prolonged survival
(4). Despite significant advancements in diagnostic
tools and methods, tissue biopsy and histopathological
analysis remain the gold standard in BC diagnosis (5).
However, traditional methods usually diagnose the
disease at an advanced stage, leading to limited
therapeutic options and reduced survival chances (4,
6). In recent years, an improved understanding of the
molecular mechanisms underlying cancer initiation
and progression has driven the development of new
early diagnosis strategies, thereby enhancing clinical
outcomes.

Among different factors involved in BC cancer
development, epigenetic alterations with genetic
mutations have drawn significant attention to
themselves. Noncoding RNAs (ncRNA), once
considered nonfunctional transcriptional remnants, are
now recognized as key regulators in epigenetic control
(7). These RNAs, which don't encode proteins,
strongly affect gene expression by changing chromatin
structure and operating at the transcriptional and post-
transcriptional levels (8, 9). Changed patterns of
NcRNA expression have been reported in different
cancers, with some acting as oncogenes or tumor
suppressors depending on the background (8, 10).
Nevertheless, our understanding of their roles in cancer
biology is limited, which requires further research.

The competing endogenous RNA (ceRNA)
hypothesis suggests a general framework for enhanced
comprehension of the interactions among different
RNAs such as circular RNAs (circRNAs), long
noncoding RNAs (IncRNAs), microRNAs (miRNAS),
and messenger RNAs (mRNAs) (11, 12). This
regulatory network has been increasingly implicated in
cancer development and progression (13, 14).
Meanwhile, circRNAs have emerged as a unique class
of RNAs, with their covalently closed-loop structure
making them highly stable and resistant to exonuclease
degradation (15, 16). Although these RNAs were
initially categorized as noncoding, it has been noticed
that some of them can code for proteins, and previous
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hypotheses about them require revision (17, 18).
Biologically, circRNAs are involved in various cellular
functions and may act as miRNA sponges and affect
gene expression (19). It has been revealed recently they
can also operate as protein synthesis templates.
CircRNAs’ potential applications in therapeutics and
vaccine development have made them more
studied (18, 20).

Aberrant expression of circRNAS has been seen in
a wide range of cancers, acting as either carcinogens or
tumor suppressors depending on the specific cancer
and tissue type (21). The expression of circRNAs
affects BC, proposing their potential role as biomarkers
in diagnosis, prognosis, and putative therapeutic
targets (22, 23). For example, reduced expression of
circRNA circ_0006220 lessens its probable sponge
effect on miRNA hsa-miR-197-5p, and diminishes the
expression of the oncogene cadherin 19 (CDH19). This
process helps to enhance tumor suppressor function in
triple-negative BC (TNBC) (24). Huang et al., in their
study showed that elevated expression of the circRNA
Ribonuclease P RNA Component H1 (RPPH1) can
promote BC progression and metastasis through the
RPPH1-miR signaling axis (25). Despite identifying
some effective circRNAs, their exact roles in BC are
still not fully understood, and further research is
required to elucidate the mechanisms involved in the
pathogenesis of this illness.

In this study, we aimed to identify novel and
functional circRNAs associated with BC through a
combination of bioinformatics analyses and
experimental findings. Using The Cancer Genome
Atlas (TCGA) data, the hsa_circ_0000378/hsa-miR-
205-5p/RAD51 regulatory axis was predicted as a
candidate network. This finding was subsequently
validated through laboratory experiments, suggesting
its putative involvement in BC progression.

Methods

Sample Collection

For this study, forty-eight paired tissue samples -
including BC tumor tissues and nearby non-cancerous
tissues- were obtained from patients who undergone
surgery at Mehrgan, Rouhani, Rasoul Akram, and
Khatam Al-Anbiya hospitals during the period from
February 2023 and December 2024. Ethical clearance
was granted by the Ethics Committee of Babol
University of Medical Sciences (approval code:
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IR.MUBABOL.HRI.REC.1403.326) in accordance
with the Decleration of Helsinki. All samples were
evaluated by a certified pathologist to confirm the
presence of malignant cells in tumor tissues and the
absence of malignancy in non-tumor tissues. Tumor
cellularity and purity were assessed
histopathologically, ensuring that tumor samples
contained at least 70% tumor cells, while adjacent non-
tumor tissues, collected at least 2 cm from the tumor
margins, were verified to be free of malignant cells.
Patients with a history of chemotherapy, radiotherapy,
metastasis from other malignancies, or recurrent
tumors were excluded. To preserve RNA integrity,
tissues were immediately submerged in RNA Later
Solution (Yekta Tajhiz Azma, Iran) within minutes of
resection to minimize degradation. Samples were
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incubated at 4 °C overnight to ensure penetration and
then stored at —80 °C until subsequent analysis.

Microarray Data Acquisition and Identification of
Differentially Expressed circRNAs (DEcircRNAS)

To detect circRNAs with altered expression in BC,
we collected three circRNA microarray datasets from
the Gene Expression Omnibus
(GEO)(https://www.ncbi.nlm.nih.gov/geo/) database
using the GEOquery package (26) in R (version 4.2.0)
(Figure. 1). Two of the datasets were generated using
the same microarray platform (Arraystar Human
circRNA Microarray V2, platform ID: 074301), in
contrast the third used an earlier version (Arraystar
Human circRNA Microarray V1, platform ID: Agilent-
069978).
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Figure 1. A flowchart illustrating the bioinformatics approaches utilized in this study to identify the final

regulatory axis for BC
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The collected datasets consisted of: GSE101123:
8 BC samples, three normal breast tissues,
GSE165884: 4 BC samples, four adjacent non-tumor
tissues, GSE182471: 5 BC samples, five adjacent non-
tumor  tissues. All raw datasets underwent
normalization, and batch-related variations were
reduced by applying the Surrogate Variable Analysis
(SVA) package (27). Subsequently, differential
expression was analyzed using Bioconductor’s Linear
Models for Microarray (limma) package (28) from
Bioconductor, with significance defined as |log, Fold
change| > 1 and adjusted p-value < 0.05.

Identification of Differentially Expressed miRNAs
(DEmiRNASs) and mRNAs (DEgenes)

To construct the ceRNA network, TCGA served
as the source for both RNA-Seq and miRNA-Seq data,
encompassing 1,091 tumors, 113 normal samples for
mRNA, and 1,078 tumors, 104 normal samples for
miRNA expression. Clinical data were also retrieved
from the Genomic Data Commons (GDC) TCGA
portal (https://portal.gdc.cancer.gov/). TCGA RNA-
seq and miRNA-seq raw counts were downloaded from
the GDC portal (accessed on October 10, 2023).
Differential expression analysis was performed using
the DESeq2 package in R. For visualization and
exploratory analysis, counts were normalized using the
trimmed mean of M-values (TMM) (29) method
implemented in edgeR and transformed with VOOM
(limma) (30) through the GDCRNATOools (31)
package. The DESeq2 package was employed to carry
out differential expression analysis (32). Genes and
miRNAs with |log, Fold change| > 1 and adjusted p-
value < 0.05 were considered differentially expressed.

Computational forecasting of miRNA Response
Elements (MRES)

To predict miRNA binding sites on circRNAs, the
Cancer-Specific  CircRNA  Database  (CSCD)
(http://gb.whu.edu.cn/CSCD/) (accessed on December
1, 2023) was utilized. This resource was developed
based on RNA sequencing data from 87 cancer cell
lines and incorporates predictions from four
algorithms: CIRI, find_circ, circRNA_finder, and
CIRCexplorer, resulting in a comprehensive catalog of
272,152 cancer-related circRNAs. Candidate miRNAs
targeting circRNAs-termed CSCD Targeted miRNAs
(CTmiRNAs)-were filtered by intersecting them with
DEmiRNAs identified from TCGA data. The
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overlapping miRNAs were referred to as Shared
Consequence miRNAs (SCmiRNAsS).

Prediction of miRNA-mRNA Interactions

Target MRNAs of SCmiRNAs were identified
using the TarBase database (TarBase v9.0 (accessed on
December 5, 2023)) (33) via the multiMiR package
(34) in R. Genes overlapping between TarBase-
predicted targets and DEgenes from TCGA were
defined as Shared Consequence mRNAs (SCmRNAS),
representing candidates likely to be involved in BC
progression through the ceRNA mechanism.

Constructing the ceRNA Regulatory Network
Using the ceRNA hypothesis as a framework, a
circRNA-miRNA-mRNA regulatory network was
established. Interactions among DEcircRNAs,
SCmiRNAs, and SCmRNAs were integrated and
visualized using Cytoscape (https://cytoscape.org/), a
widely used platform for biological network analysis.

Detection of Hub Gene and building the Protein-
Protein Interaction (PPI) Network

To pinpoint central regulatory genes in the
network, the CytoHubba plug-in in Cytoscape was
employed which evaluated and ranked nodes through
11 topological algorithms. Additionally, a PPl network
was established utilizing data from the STRING
database (https:/string-db.org/), focusing on proteins
encoded by candidate SCmRNAs from the ceRNA
network. Interactions with confidence scores of >0.4
were filtered in to focus on high-confidence protein-
protein interactions.

Functional Enrichment Analysis of SCmRNAS

Functional annotations of SCmRNAs were
explored through Gene Ontology (GO) (35) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (36)
analyze, implemented via the ClusterProfiler package
(v4.0.2) (37) in R. GO terms were categorized into
biological processes (BP), cellular components (CC),
and molecular functions (MF). Significance thresholds
were established at p < 0.05 and g < 0.05, applying the
Benjamini-Hochberg method for correction (38). For
pathway analysis, KEGG was used and visualized
using the ClueGO plug-in (39) in Cytoscape. Pathways
with adjusted p-value < 0.05 and kappa scores > 0.4
were enriched and biologically meaningful.
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Quantitative Polymerase Chain Reaction (QPCR)

Total RNA was extracted using the Kiagene RNA
Extraction Kit (Kiagene, Iran), in compliance with the
supplier’s recommended procedure. The concentration
and purity of RNA samples were evaluated with a
Nanodrop  spectrophotometer ~ (Thermo  Fisher
Scientific, USA), and integrity was assessed via 1%
agarose gel electrophoresis. The Kiagene cDNA
Synthesis Kit (Kiagene, Iran) was employed to perform
cDNA synthesis with stem-loop primers used for
miRNA-specific reverse transcription (40). Divergent
primers for hsa_circ_0000378 were designed to span
the back splice junction to ensure specific
amplification of the circular RNA. Gene expression
levels were measured through SYBR Green-based
gPCR (Amplicon, Denmark) on the MIC PCR system
(Bio Molecular Systems, Australia). Normalization
was performed using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and U6 snRNA as internal
controls, and relative expression was determined using
the 2"-AACt method. Primer sequences are provided in
Table 1.

Statistical Analysis

"Statistical analyses were performed using Stata
(v.17 Stata Corp., College Station, TX, USA),
GraphPad Prism (v8.0.2), and SPSS (v26). The
normality of data distribution was assessed using the
Shapiro-Wilk test. Depending on the distribution,
comparisons between two groups were made using the
Student's t-test (for normally distributed data) or the
Mann-Whitney U test (for non-normal data).
Correlations  between expression levels were
determined using Spearman's rank correlation
coefficient.

The diagnostic accuracy of each RNA biomarker
was evaluated using Receiver Operating Characteristic
(ROC) curve analysis. The area under the ROC curve
(AUC) and its 95% confidence interval (CI) were
calculated using the DelLong method. Internal
validation was performed using 2000 bootstrap
replicates to calculate bias-corrected AUC values. The
optimal cut-off threshold was selected by maximizing
Youden's Index (J). At this threshold, sensitivity,
specificity, positive predictive value (PPV), and
negative predictive value (NPV) were calculated, and
their 95% Cls were computed using the Wilson score
interval method. A p-value of less than 0.05 was
considered statistically significant."
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Results

Identification of DEcircRNAs

To explore circRNA expression profiles in BC,
three pre-processed microarray datasets were retrieved
from the GEO database using the GEOquery package
in R. After confirming dataset normalization, they were
merged, and the ComBat function within the SVA
package was employed to eliminate hidden batch
effects (Figure 2). Differential expression analysis
using the limma package identified 2,522 circRNAs
with significant expression changes. Among them, 40
were defined as DEcircRNAs based on thresholds of
adjusted p-value < 0.05 and |log, Fold Change| > 1.
Within this group, 31 genes were upregulated while
nine were downregulated in tumor samples compared
to normal tissues.

Identification of DEmiRNAs and DEgenes

To construct the ceRNA regulatory network, we
analyzed data from the TCGA-BRCA project using
DESeq2 in R to identify DEmiRNAs and DEgenes.
Applying thresholds of adjusted p-value < 0.05 and
|log; FC| > 1, we identified 96 upregulated and 73
downregulated DEmMiRNAs, as well as 1,780
upregulated and 1,296 downregulated DEgenes.
Volcano plots illustrating the differential expression of
circRNAs, miRNAs, and mRNAs are presented in
Figure 3, with upregulated genes shown in red,
downregulated in blue, and non-significant genes in
black

Prediction of MREs and miRNA-mRNA
Interactions

All identified DEcircRNAs were found to harbor
MREs, indicating their potential to act as miRNA
sponges (Figure. 4). The CSCD database was used to
identify miRNAs targeting the CTmiRNAs. These
were then intersected with downregulated DEmiRNAS
from the TCGA-BRCA dataset, resulting in a group of
four miRNAs, termed SCmiRNAs: hsa-miR-205-5p,
hsa-miR-335-5p, hsa-miR-483-5p, and hsa-miR-511-
5p (Figure. 5A).

The potential target genes of SCmiRNAs were
subsequently predicted using the TarBase database
through the multiMiR R package (supplementary file
1). These predicted target mRNAs were intersected
with upregulated DEgenes derived from TCGA,
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identifying 310 shared SCmRNAs as the third axis of
the ceRNA network (Figure. 5B)

Construction of the ceRNA Network

Based on the ceRNA hypothesis-whereby circRNASs
suppress miRNAs and thereby upregulate target
mRNAs-two subnetworks were constructed using
Cytoscape: (1) DEcircRNA-SCmiRNA and (2)
SCmiRNA-SCmRNA interaction maps, forming the
basis of the integrated circRNA-miRNA-mRNA
regulatory network.

Hub Gene Identification and PPI Analysis

Key regulatory genes, or hub genes, were detected
using the CytoHubba plugin in Cytoscape by applying
the Maximal Clique Centrality (MCC) algorithm to
rank gene importance. Based on this analysis, the top-
ranking hub genes included Ubiquitin Conjugating
Enzyme E2 C (UBE2C), Kinesin Family Member 4A
(KIF4A), Cyclin B2 (CCNB2), Exonuclease 1
(EXO1), ERCC Excision Repair 6 Like (ERCC6L),
Rac GTPase Activating Protein 1 (RACGAP1), GINS
Complex Subunit 1 (GINS1), Karyopherin Subunit
Alpha 2 (KPNA2), RAD51, and PICALM interacting
mitotic regulator (PIMREG) (Figure. 6).

The protein interaction landscape of RAD51 was
investigated using the GeneMANIA plug-in within
Cytoscape (Figure. 7). In the constructed PPI network,
edge colors represent different categories of functional
associations, and edge weights are assigned based on
the confidence scores provided by the underlying

Novel Regulatory Gene Axis in Breast Cancer/ Abbasi A, et al

databases. Nodes within the network were
interconnected through multiple forms of interactions,
including physical interactions (77.64%), co-
expression (8.01%), predicted associations (5.37%),
co-localization (3.63%), genetic interactions (2.87%),
pathway associations (1.88%), and shared protein
domains (0.60%). These interaction types collectively
accounted for 100% of the network’s weighting,
reflecting the integrative approach to evaluating the
functional relevance of the connected genes. Each pair
of interacting genes was scored according to the
strength and frequency of paths linking a particular
node to the query node. The PPI network analysis of
RADS51 revealed its interaction with proteins involved
in DNA repair and genomic stability, supporting its
known functional role in homologous recombination
and maintenance of genome integrity.

The protein interaction landscape of RAD51 was
investigated using the GeneMANIA plug-in within
Cytoscape (Figure. 7).

In the constructed PPl network, edge colors
represent  different  categories of  functional
associations, and edge weights are assigned based on
the confidence scores provided by the underlying
databases. Nodes within the network were
interconnected through multiple forms of interactions,
including physical interactions (77.64%), co-
expression (8.01%), predicted associations (5.37%),
co-localization (3.63%), genetic interactions (2.87%),
pathway associations (1.88%), and shared protein
domains (0.60%).

Table 1. Sequence of primers

Primer . Length
Gene Type Primer Sequence (nt)

RAD51 Forward | 5-GCGAGTAGAGAAGTGGAGCG-3' 20
RAD51 Reverse | 5-CAAGCTGCATCTGCATTGCC-3' 20
miR205-5p Forward | 5-AACACGCTCCTTCATTCCAC-3' 20
miR205-5p Reverse | 5-GTCGTATCCAGTGCAGGGT-3' 19
Circ-0000378 Forward | 5-TAGATCCTTCAAGTGGCGGC-3' 22
Circ-0000378 Reverse | 5-CTTCGCTGACATCACTCCAG-3' 20
RNUG6 Forward | 5-GCTTCGGCAGCACATATACTAAAT-3' 24
RNUG6 Reverse | 5-CGCTTCACGAATTTGCGTGTCAT-3' 23
GAPDH Forward | 5-GAAGGTGAAGGTCGGAGT-3' 18
GAPDH

5'-GAAGATGGTGATGGGATTTC-3' 20
RT Primer Reverse
(stem-loop) for 5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAGACT-3" | 50
miR205-5p
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Figure 2. Gene expression patterns from three Arraystar microarrays are illustrated through the box plots:
(A) Before batch correction (merged datasets) and (B) after batch effect elimination using the ComBat

algorithm implemented in the SVA package in R.

These interaction types collectively accounted for
100% of the network’s weighting, reflecting the
integrative approach to evaluating the functional
relevance of the connected genes. Each pair of
interacting genes was scored according to the strength
and frequency of paths linking a particular node to the
query node. The PPI network analysis of RAD51
revealed its interaction with proteins involved in DNA
repair and genomic stability, supporting its known
functional role in homologous recombination and
maintenance of genome integrity.

These interaction types collectively accounted for
100% of the network’s weighting, reflecting the
integrative approach to evaluating the functional
relevance of the connected genes. Each pair of
interacting genes was scored according to the strength
and frequency of paths linking a particular node to the

query node. The PPl network analysis of RAD51
revealed its interaction with proteins involved in DNA
repair and genomic stability, supporting its known
functional role in homologous recombination and
maintenance of genome integrity.

The protein interaction landscape of RAD51 was
investigated using the GeneMANIA plug-in within
Cytoscape (Figure. 7). In the constructed PPI network,
edge colors represent different categories of functional
associations, and edge weights are assigned based on
the confidence scores provided by the underlying
databases. Nodes within the network were
interconnected through multiple forms of interactions,
including physical interactions (77.64%), co-
expression (8.01%), predicted associations (5.37%),
co-localization (3.63%), genetic interactions (2.87%),
pathway associations (1.88%), and shared protein
domains (0.60%). These interaction types collectively
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node to the query node. The PPI network analysis of
RADS51 revealed its interaction with proteins involved
in DNA repair and genomic stability, supporting its
known functional role in homologous recombination
and maintenance of genome integrity.
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Figure 3. Volcano plots depicting (A) differentially expressed circRNAs (DEcircRNAs) (31 up/9 down
DEcircRNAs), (B) differentially expressed miRNAs (DEmiRNAs) (96 up/73 down DEmiRNAs), and (C)
differentially expressed mRNAs (DEgenes) (1780 up/1296 down DEgenes). In each plot, blue and red dots
represent the downregulated and upregulated transcripts, respectively. The plots were generated using the

""EnhancedVolcano' package in R.
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on miRNA response elements (MREs), RNA-binding proteins, and open reading frames (ORFs), are
illustrated. This schematic representation was obtained from the Cancer-Specific CircRNA Database
(CSCD). (B) The expression profile of the DEcircRNA, highlights the differential expression patterns between
normal and tumor tissue samples.
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Figure 5. (A) Venn diagram showing the overlap between circRNA-targeted miRNAs (CTmiRNAs, obtained
from CSCD) and downregulated differentially expressed miRNAs (DEmiRNAs, obtained from TCGA). The
intersection represents shared consequence miRNAs (SCmiRNAs). (B) Venn diagram showing the overlap
between TarBase-predicted target genes of SCmiRNAs and upregulated differentially expressed mRNAs
(DEgenes, obtained from TCGA). The intersection represents shared consequence mRNAs (SCmRNAS).
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Functional Enrichment Analysis

The RADS51 PPl network, comprehensive
enrichment analyses were conducted using GO and
KEGG databases. GO analysis was categorized into
three main domains: BP, CC, and MF. Within the BP
category, genes were mainly enriched in pathways
including organelle fission, chromosome segregation,
and nuclear division, indicating a strong involvement
in cell cycle control mechanisms (Figure. 8A).
Regarding CC terms, the DEgenes were significantly
associated with specific cellular structures including
chromosomal region, spindle, and condensed
chromosome (Figure. 8B).

In the MF category, a marked enrichment was
observed in functions such as tubulin binding,
microtubule binding, and catalytic activity, acting on
DNA, all of which are essential in controlling
replication process (Figure. 8C). To represent these
enrichment results visually, a cnetplot was constructed
using the clusterProfiler package in R, illustrating the
association between individual genes and specific GO
or KEGG terms across the BP, CC, MF, and pathway
domains (Figure. 8A-C).

To investigate the potential biological roles of the
20 genes identified in the RAD51 PPI network, KEGG
pathway enrichment analysis was performed using
ClueGO, a plug-in within the Cytoscape platform. The
study used a statistical significance threshold of p <
0.05 and a kappa score of > 0.4. The resulting
visualizations highlighted interconnected networks of
enriched pathway terms. The findings indicated that
these 20 genes associated with the RAD51 PPI network
are significantly involved in several key biological
pathways, including homologous recombination and
integrated cancer pathways, suggesting their potential
roles in critical cellular and molecular processes
(Figure. 8D).

The circRNA hsa_circ_0000378 was, ultimately,
prioritized for further investigation based on its
consistent upregulation across multiple GEO datasets
(GSE101123, GSE165884, and GSE182471) with
[logz FC| > 1 and adjusted p < 0.05. In addition, it
harbors predicted miRNA response elements (MRES)
for hsa-miR-205-5p, as identified using the CSCD, and
exhibits concordant expression with RADS51,
suggesting a potential role in ceRNA-mediated
regulation. Collectively, hsa_circ_0000378 was
selected owing to its significant differential expression
in BC tissues, predicted interaction with hsa-miR-205-

1004

5p, and correlated expression with RADS51,
highlighting its potential involvement in BC
progression.

aExpression of hsa_circ_0000378, hsa-miR-205-5p,
and RADS51 in BC Tissues and Diagnostic Potential

The study cohort consisted of 48 patients, with an
average age of 62.6 £ 11.5 years (range: 45-82),
reflecting a predominantly middle-aged to elderly
population. Anthropometric measurements revealed a
mean height of 159.7 + 5.5 cm, weight of 71.2 + 10.7
kg, and BMI of 27.7 £ 3.7, indicating that the cohort
was vastly overweight (BMI >25). Tumor
characteristics showed a mean tumor size of 1.7 £ 0.6
cm, with most tumors classified as grade 2 (47.9%) and
most patients at stage 2 (52.1%).

Hormone receptor status analysis demonstrated
high positivity rates for estrogen receptor (ER, 87.5%)
and progesterone receptor (PR, 81.3%), while HER2
overexpression was observed in 27.1% of cases.
Lymph node involvement was detected in 45.8% of
patients, suggesting a moderate prevalence of regional
metastasis. To contextualize the expression and ROC
analyses, tumor samples were classified into surrogate
immunohistochemistry (IHC)-based subtypes using
estrogen receptor (ER), progesterone receptor (PR),
and HER? status, as Ki-67 data were not available. The
cohort included 18 (37.5%) Luminal A-like (ER+
and/or PR+, HER2-), 12 (25.0%) Luminal B-like
(HER2-, ER+ and/or PR+), 12 (25.0%) Luminal B-
like (HER2+, ER+ and/or PR+), 1 (2.1%) HER2-
enriched (ER—, PR—, HER2+), and 5 (10.4%) Triple-
negative (ER—, PR—, HER2-) cases (Table 2).

Changes in the expression of genes in the
hsa_circ_0000378/hsa-miR-205-5p/RAD51 axis were
analyzed in 48 paired BC tissues and adjacent non-
tumor tissues using reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). The results
revealed that the expression of hsa_circ_0000378 was
significantly higher in BC tumor tissues compared to
non-tumor tissues (2.74-fold, p<0.001) (Figure. 9A).
analysis of hsa-miR-205-5p expression showed that, in
contrast to hsa_circ_0000378, its expression was
significantly reduced in BC tumor tissues compared to
non-tumor tissues (0.64-fold, p=0.0022) (Figure. 9B).
The expression of RAD51 showed the greatest increase
among the genes analyzed, being 3.46-fold higher in
tumor tissues compared to non-tumor tissues (p<0.001)
(Figure. 9C) (supplementary file 2).
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Figure 8. Dot Plot and Cnetplot Representing Gene Ontology (GO) term, including (A) biological process (BP),
(B) cellular component (CC), and (C) molecular function (MF). Terms positioned higher in the plots are more
statistically significant than those lower down. The cnetplots illustrate the relationships between specific
proteins from PPI network of RAD51 and enriched GO terms in the categories of (A) BP, (B) CC, and (C) MF.
The RADS51 gene is highlighted in bold for emphasis. In KEGG Pathway Analysis (D), the bar graph illustrates
the number of genes identified for each KEGG pathway. The percentages displayed above the bars represent
the proportion of detected genes compared to the total number of genes associated with each term. The pie
chart provides a general overview of the functional categories of PPI network of RAD51, with each group
labeled according to the most significantly enriched term.The bar graph and the pie chart were generated
using ClueGO, a plugin within the Cytoscape platform.
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Table 2. Demographic and Clinical Characteristics of Patients

Characteristic Value (Mean £ SD or n (%)) Range
Age (years) 62.6+11.5 45-82
Height (cm) 159.7+5.5 148-173
Weight (kg) 71.2+10.7 48.6-100

BMI 27.7+£3.7 19.5-36.8
Tumor size (cm) 1.7+ 0.6 1-3

Tumor stage

Stage 1 13 (27.1%)
Stage 2 25 (52.1%)
Stage 3 7 (14.6%)
Stage 4 3 (6.2%)
Tumor grade
Grade 1 7 (14.6%)
Grade 2 23 (47.9%)
Grade 3 18 (37.5%)
Tumor type

Type 1 (IDC¥*)

39 (81.3%)

Type 2 (Other) 9 (18.7%)
Tumor necrosis
Present 9 (18.8%)
Absent 15 (31.3%)
Not identified 24 (49.9%)
Perineural Invasion
Present 4 (8.3%)
Absent 28 (58.3%)
Not identified 16 (33.4%)
ER receptor
Positive 42 (87.5%)
Negative 6 (12.5%)
PR receptor
Positive 39 (81.3%)
Negative 9 (18.7%)
HER?2 status
Positive 13 (27.1%)
Negative 35 (72.9%)

Lymph node involvement

Yes

22 (45.8%)

No

26 (54.2%)

Surrogate THC Subtype
Luminal A-like

18 (37.5%)
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Characteristic

Value (Mean £ SD or n (%)) Range

Luminal B-like (HER2-) 12 (25%)
Luminal B-like (HER2+) 12 (25%)
HER-enriched 1(2.1%)
Triple-negative 5 (10.4%)

*IDC: Invasive Ductal Carcinoma, HER2: Human Epidermal growth factor Receptor 2, PR:
Prolactin Receptor, ER: Esterogen Receptor, IHC:Immunohistochemistry
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Figure 9. Analysis of hsa_circ_0000378/hsa-miR-205-5p/RADS1 axis expression in BC tissues. The relative
expression of hsa_circ_0000378 (A), hsa-miR-205-5p (B), and RAD51 mRNA (C) in 48 BC tissues versus
adjacent non-tumor tissues was evaluated using RT-qPCR. **p < 0.01 and ****p < 0.0001.

To evaluate the proposed regulatory relationship
within the hsa_circ_0000378/hsa-miR-205-5p/RAD51
axis, we performed Spearman correlation analysis on
the expression levels of these three molecules across all
tissue samples. The results revealed a statistically
significant negative correlation between the expression
of hsa_circ_0000378 and hsa-miR-205-5p (r = -0.474,
p < 0.001). Furthermore, hsa-miR-205-5p expression
showed a significant negative correlation with its
putative target, RAD51 (r = -0.383, p < 0.001).
Concordantly, a significant positive correlation was
observed between the expression of hsa_circ_0000378
and RAD51 (r = 0.497, p < 0.001). This expression
pattern-an inverse circRNA-miRNA correlation, an
inverse MiIRNA-mRNA correlation, and a positive
circRNA-mRNA correlation-is consistent with the core
principle of the ceRNA hypothesis and supports the
proposed model in which hsa_circ_0000378 may acts
as a sponge for hsa-miR-205-5p, thereby alleviating its
repression of RAD51.

The circRNA hsa_circ_0000378 exhibited
moderate diagnostic performance, with an Area Under
the Curve (AUC) of 0.75 (95% CI: 0.65-0.85). At an
optimal threshold of 2.30 (95% CI: 1.85-2.76), it

achieved a sensitivity of 0.71 (95% CI: 0.56-0.83) and
specificity of 0.77 (95% CI: 0.62-0.88) (Figure. 10A).
This performance suggests that hsa_circ_0000378
contributes to BC-related regulatory networks, though
its variable AUC indicates heterogeneity in its
functional impact across patients. In contrast, hsa-miR-
205-5p demonstrated the lowest diagnostic accuracy,
with an AUC of 0.66 (95% CI: 0.56-0.76). At its
optimal threshold of 0.64 (95% CI: 0.13-1.16), it
yielded a sensitivity of 0.69 (95% CI: 0.54-0.81) and
specificity of 0.55 (95% CI: 0.40-0.69) (Figure. 10B).

The lower AUC reflects its limited direct role in
BC biology, likely due to its context-dependent
function  within complex regulatory networks.
Conversely, RAD51 showed the highest diagnostic
capacity, with an AUC of 0.83 (95% CI: 0.74-0.90). At
its optimal threshold of 1.68 (95% CI: 0.57-2.72), it
achieved a sensitivity of 0.81 (95% CI: 0.67-0.91) and
specificity of 0.55 (95% CI: 0.40-0.70) (Figure. 10C).

Despite comparable sensitivity and specificity
across these molecules, RADS51’s elevated AUC
underscores its critical role in BC molecular
mechanisms, particularly in DNA repair pathways
(Table 3).
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Figure 10. ROC curve analysis of hsa_circ_0000378 (A), hsa-miR-205-5p (B) RAD51 (C). AUC: Area Under
the Curve, NPV: Negative Predictive Value, PPV: Positive Predictive Value

Table 3. Diagnostic indices for each evaluated RNA in identifying BC

. Specificity Sensitivity
0,
Variables AUC (95% ClI) | Best threshold (95% CI) (95% CI) PPV (95% CI) | NPV (95%CI)
hsa_circ_0000378 0'75’ ég')e‘r” 2'32 %')85’ 0'7g ég')%' 0.71 (0.56, 0.83) 0.76 (0.61, 0.73 (0.58,
: : ' 0.87) 0.84)
RADS51 0'85’ 38574* 108 égfﬂ’ 0'55’ %40' 0.81(0.67,091) | 0.75(0.61, 0.79 (0.64,
' ' ' 0.86) 0.90)
hsa-miR-205-5p 0.66 (0.56, 0.64 (0.13, 0.55 (0.41, 0.69 (0.54, 0.81) 0.61 (0.47, 0.63 (0.47,
0.76) 1.16) 0.70) 0.74) 0.78)

AUC: Area Under the Curve, NPV: Negative Predictive Value, PPV: Positive Predictive Value
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Discussion

As one of the most common cancers in women,
BC leads to significant mortality worldwide, because
of its high prevalence and issues related to tumor
invasion and metastasis. Despite  significant
advancements in treatment strategies, the poor
prognosis of BC in advanced cases highlights the
necessity of investigating the underlying biological
mechanisms driving disease progression. Gaining
insight into these mechanisms is crucial for discovering
new diagnostic markers and treatment candidates. (41).
In the present study, through integrative bioinformatics
analysis, we identified a ceRNA regulatory axis
involving hsa_circ_0000378, hsa-miR-205-5p, and
RADS51, which may represent a candidate pathway
with a putative role in BC progression. Our findings
show that hsa_circ_0000378 expression is elevated in

BC tumor tissues compared to adjacent non-tumor
tissues. We propose that this molecule may act as a
sponge for hsa-miR-205-5p, reducing its inhibitory
effect on RAD51 mRNA, thereby leading to increased
RADS51 levels, which might enhance DNA repair in
cancer cells and contribute to tumor survival (42).

To elucidate the regulatory relationships within
the hsa_circ_0000378/hsa-miR-205-5p/RAD51 axis,
we conducted Spearman correlation analysis, as
detailed in the Results section. The analysis revealed a
marked negative correlation between
hsa_circ_0000378 and hsa-miR-205-5p (r = -0.474, p
< 0.001), indicating that higher hsa_circ_0000378
expression is associated with reduced hsa-miR-205-5p
levels, consistent with the ceRNA hypothesis.
Additionally, a negative correlation was observed
between hsa-miR-205-5p and RAD51 (r = -0.383, p <
0.001), suggesting that decreased MIRNA levels
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alleviate RAD51 suppression. Concordantly, a positive
correlation was found between hsa_circ_0000378 and
RAD51 (r = 0.497, p < 0.001), supporting the
hypothesis that hsa_circ_0000378 promotes RAD51
expression by sequestering hsa-miR-205-5p. These
patterns align with the ceRNA regulatory model,
providing robust evidence for this axis in BC
progression.

CircRNAs, due to their covalently closed-loop
structure and resistance to exonuclease degradation,
are key regulators in cancer biology, influencing gene
expression at transcriptional and post-transcriptional
levels. They may act as miRNA sponges, regulate
mRNA translation, or encode functional peptides,
playing pivotal roles in tumorigenesis (43, 44).
Numerous studies have confirmed the differential
expression of circRNAs in BC, underscoring their
pivotal role in tumorigenesis and disease progression
(45). In BC, circRNAs such as circBCBM1 show
marked overexpression in plasma, positioning them as
promising non-invasive diagnostic biomarkers (46).
Similarly, hsa_circ_0001785 demonstrates superior
diagnostic accuracy compared to CEA and CA15-3,
highlighting its potential as a novel diagnostic tool
(47). Stability and diverse regulatory roles make them
promising candidates for cancer  biomarker
development (48, 49).

The hsa-miR-205-5p molecule has been studied in
various cancers, including breast, colorectal, liver, and
lung cancer(50-53). It acts as a tumor suppressor in BC
and prostate cancer by targeting genes like PTEN,
ZEB1, and E-cadherin to inhibit proliferation, motility,
and epithelial-mesenchymal transition (EMT) (54-57),
while functioning as an oncogene in lung and liver
cancers by promoting cell proliferation and survival
(52, 53). This functional duality is rooted in the
complex interactions of hsa-miR-205-5p with a set of
MRNA targets in different tissues (58). The role of hsa-
miR-205-5p is highly context-dependent, varying
across BC subtypes (e.g., Luminal vs. Triple-negative)
and tumor types (59). Its context-dependent role is
particularly relevant given our cohort’s subtype
distribution. The surrogate IHC-based classification,
incorporating ER, PR, and HER2 status, showed a
predominance of Luminal A-like (37.5%) and Luminal
B-like (50.0%) tumors, aligning with high ER+ and
PR+ rates. However, the upregulation of
hsa_circ_0000378 and RADS51, alongside hsa-miR-
205-5p downregulation, may have greater functional
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significance in Triple-negative and HER2-enriched
subtypes, where DNA repair pathways, particularly
homologous recombination, are critical for tumor
survival (60). In addition to its functional roles, hsa-
miR-205-5p shows potential as a biomarker for cancer
diagnosis and progression prediction (61). Italso holds
significant potential from the perspective of RNA-
based therapies. However, for full utilization of its
therapeutic potential, more extensive studies are
required to identify its exact molecular mechanisms
and assess its effectiveness in clinical settings.

As a crucial part of the Homologous
Recombination pathway, RAD51 repairs DNA double-
strand breaks, protects against genetic damage, and
ensures genomic stability (62, 63). It plays a protective
role in healthy tissues, but in cancer cells, its
overexpression is associated with tumor progression
and resistance to therapy (60, 62). In BC cells with
BRCA1/2 mutations, the homologous recombination
pathway is compromised, making these cells
dependent on RAD51 for survival (64). Increased
levels of RAD51 have been associated with advanced
tumor grade and stage, larger tumor size, and greater
resistance to chemotherapy in BC (65-67).

Overexpression of RAD51 increases resistance to
DNA-damaging therapies like Poly (ADP-ribose)
polymerase inhibitors and is associated with a worse
prognosis, especially in TNBC subtypes (64). In line
with previous reports, our study confirmed that RAD51
alone exhibits strong diagnostic performance (AUC =
0.83); however, its limited specificity (0.55) reflects
the inherent heterogeneity of BC and underscores the
need for multi-marker approaches to enhance patient
stratification. In  this study, we identified
hsa_circ_0000378 as a novel circRNA in BC,
previously uncharacterized in this or other cancer
types. Our data suggest that hsa circ_0000378
participates in a regulatory ceRNA axis with hsa-miR-
205-5p and RADS51. The observed downregulation of
hsa-miR-205-5p, consistent with its tumor-suppressive
function, combined with its interaction with
hsa_circ_0000378, provides a plausible mechanism for
RADS51 upregulation in tumor tissues. The potential
utility of hsa_circ_0000378 lies not in replacing
RAD51, but in its possible role as an upstream
regulatory biomarker that may provide mechanistic
insight into the epigenetic regulation of homologous
recombination proficiency in specific tumor subsets.
While RAD51 may reflect downstream functional
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consequences, hsa_circ_0000378 could represent an
initiating regulatory event.

We propose that a combined biomarker signature
integrating hsa_circ_0000378 and RAD51 might offer
improved diagnostic and prognostic performance
compared to either marker alone, potentially enhancing
sensitivity and accuracy for identifying patients with
this specific subtype of homologous recombination
spathogenesis highlights its novelty and potential
importance. Nevertheless, to fully substantiate its
biological and clinical significance, further in vitro and
in vivo studies are required. Future investigations
should aim to elucidate the precise molecular
mechanisms through which this axis influences tumor
biology, including its impact on cell proliferation,
invasion, and therapy resistance, thereby validating its
potential as a candidate biomarker and therapeutic
target. The absence of Ki-67 data limited the precision
of surrogate IHC-based subtyping, and future studies
incorporating Ki-67 and PAMS50 profiling are
recommended to refine subtype-specific analyses.

The current study has certain limitations that
warrant attention in future research. Notably, the
sample size (n=48) was relatively small, and the AUC
values derived from this tissue-based cohort are
preliminary, limiting their generalizability. To address
this, validation in larger, independent, and preferably
prospective cohorts is essential to confirm the
diagnostic potential of the identified axis. Furthermore,
evaluating the expression of hsa_circ_0000378, hsa-
miR-205-5p, and RADS51 in accessible biofluids, such
as plasma or serum, is critical to assess their feasibility
as non-invasive biomarkers, which would significantly
enhance their clinical utility.

In conclusion, we propose the
hsa_circ_0000378/hsa-miR-205-5p/RAD51 axis as a
promising regulatory network in BC, supported by
robust bioinformatics predictions and expression
analysis in patient tissues. To establish causality and
evaluate its translational potential, the following
immediate next steps are recommended: (i)
mechanistic studies, including AGO2-RIP, luciferase
reporter assays, and perturbation/rescue experiments,
to confirm direct circRNA-miRNA interactions and
their functional effects on RAD51 expression; (ii)
protein-level analyses and functional assessments of
DNA repair pathways to elucidate RAD51’s role in
tumor survival; and (iii) validation in larger,
independent clinical cohorts, incorporating plasma-
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based studies to explore non-invasive biomarker
applications. These efforts will determine whether this
axis can serve as a reliable biomarker or, pending
rigorous mechanistic validation, a potential therapeutic
target, paving the way for improved BC diagnosis and
treatment strategies.
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