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Background: Accumulating evidence suggests that circular RNAs (circRNAs)

are highly correlatedwith tumor progression and pathogenesis in breast cancer.

Whereas, their regulatory roles and corresponding mechanisms in breast

cancer are still not exhaustive. Thus, we intended to establish circRNA-

mediated competive endogenous RNA (ceRNA) network to uncover the

possible roles and clinical implications of circRNAs in breast cancer.

Methods: Microarray and RNA-sequencing (RNA-seq) data were download

from GEO and TCGA database to screen for differentially expressed RNAs

(DEcircRNAs, DEmiRNAs, DEmRNAs) in breast cancer. By implementing online

databases, we established ceRNA networks, performed gene set enrichment

analysis, constructed protein-protein interaction (PPI) networks, and assessed

the expression levels and prognostic significance of hub genes. Subsequently,

we explored the functions of prognosis-related genes and constructed gene-

drug interaction networks. Finally, the functional roles of DEcircRNAs in breast

cancer were revealed via MTT and colony formation assay.

Results: Based on the identified 8 DEcircRNAs, 25 miRNAs and 216 mRNAs, a

ceRNA regulatory network was established. Further analysis revealed that

prominent enrichments were transcription factor binding, transforming

growth factor-beta (TGF-β) and Apelin signaling pathway etc. PPI network

and survival curves analysis showed that elevated levels of hub genes

(RACGAP1 and KPNA2) were associated with poorer prognosis. They were

found to be positively relevant to cell cycle and proliferation. Then a

prognostic sub-network of ceRNA was constructed, consisting of

2 circRNAs, 4 miRNAs and 2 mRNAs. The gene-drug interaction network

showed that numerous drugs could regulate the expression of these two

prognosis-related genes. Functional experiments showed that depletion of

circ_0008812 and circ_0001583 could significantly inhibit the proliferation

of MCF-7 cells.
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Conclusion: Our study constructed 4 prognostic regulatory axes that are

significantly correlated with tumor prognosis in breast cancer patients, and

uncover the roles of circ_0008812 and circ_0001583 in breast cancer,

providing a new perspective into the molecular mechanisms of breast

cancer pathogenesis.

KEYWORDS
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Introduction

Breast cancer has become the most prevalent malignancy in

women worldwide, and the leading cause of cancer-related death

in women. According to the latest evidence, new cases of breast

cancer in 2020 make up 30% of all malignant tumors worldwide

(Siegel et al., 2021). In the past few decades, the treatment of

breast cancer has made great progress and mainly includes

chemotherapy, radiotherapy, surgery, endocrine therapy,

immunotherapy and targeted therapy (Waks and Winer,

2019). Despite these advances, breast cancer still keeps high

incidence and mortality worldwide due to high intratumor

heterogeneity, which drives tumor metastasis, recurrence,

chemo- and radio-resistance (Wang and Fang, 2018; Tomar

et al., 2020). Therefore, identifying novel molecular targets is

of great significance to reduce breast cancer mortality and

improve clinical efficacy.

Circular RNA (circRNA), generated from precursor

mRNA (pre-mRNA), has a single-stranded covalently

closed circular structure (Jahani et al., 2020). According to

differently structural composition, circRNAs can be simply

divided into three categories, including exonic circRNAs

(ecRNAs), intronic circRNAs (ciRNAs) and exon-intron

circRNAs (EIciRNA) (Li et al., 2020a). The mechanisms of

forming circRNAs are relatively complicated and has not been

fully elucidated. At present, there are three main models to

explain their formation mechanisms: lariat-driven, intron

pairing-driven and RNA-binding protein mediated

circularization (Tang et al., 2021). As a novel type of non-

coding RNAs, they are conserved in various species, with high

stability, tissue specificity and relatively high expression levels

(Kristensen et al., 2019). These characteristics confer

circRNAs the potential to be ideal markers for the

diagnosis and prognosis of multiple diseases. Different

classes of circRNAs appear to have distinct subcellular

localizations. The majority of ecRNAs are located in the

cytoplasm, nevertheless, ciRNAs and EIcircRNAs are

predominantly presented in the nucleus (Zhou et al., 2021).

In 2011, the competing endogenous RNA (ceRNA) hypothesis

was proposed, arguing that circRNAs could act as microRNA

(miRNA) sponges to modulate the downstream target genes

(Salmena et al., 2011; Qu et al., 2018). In addition, numerous

studies have suggested that circRNAs were involved in the

occurrence and development of various cancers. For instance,

Zhao et al. (2020) found that circACAP2 could sponge miR-

29a/b-3p and modulate COL5A1 to promote breast cancer

progression. CircNFATC3 could promote cervical cancer

development via utilizing miR-9-5p to up-regulate

SDC2 expression (Ma et al., 2021). However, the functions

of circRNAs in cancer have not been fully elucidated, and

more efficient detection methods of circRNAs and further

research on the roles of circRNAs in cancer are needed.

To better uncover the regulatory roles of circRNAs in

breast cancer, we identified the expression patterns of

circRNAs, miRNAs and mRNAs in breast cancer using data

obtained from Gene Expression Omnibus (GEO) and The

Cancer Genome Atlas (TCGA) database. We then predicted

the circRNAs-miRNAs sponge and miRNA-targeted mRNAs

utilizing multiple online databases, and established a ceRNA

regulatory network. To better elucidate the function and

mechanisms of circRNAs in breast cancer, we subsequently

performed comprehensive analysis, including GO and KEGG

enrichment, PPI network construction, hub genes

identification, survival analysis, gene-drug interaction

network construction and so on. Finally, we constructed

4 prognostic regulatory axes. The functional roles of

circ_0008812 and circ_0001583, which belong to these

prognostic regulatory axes, were further explored by MTT

and colony formation assay. These results could help us to

reveal the possible roles and clinical implications of circRNAs

in breast cancer, and identify new biomarkers and therapeutic

targets for breast cancer.

Materials and methods

Data acquisition

Eligible circRNA expression profiles in breast cancer were

obtained from GEO database (https://www.ncbi.nlm.nih.

gov/geo). The filter criteria were as follows: 1) including

breast cancer and adjacent normal tissues, 2) most recent

microarray expression profiles. Finally, 2 datasets

(GSE165884 and GSE182471) were selected.

GSE165884 contains 4 paired cancer and normal tissues.

The GSE182471 contains 5 paired cancer and normal
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tissues. Besides, miRNA (containing 104 normal and

1,103 cancer tissues) and mRNA (containing 113 normal

and 1,109 cancer tissues) expression profiles were

downloaded from the TCGA database (https://portal.gdc.

cancer.gov). The details of these datasets from GEO and

TCGA database were exhibited in Table 1. The entire

analysis process after data acquisition was shown in Figure 1.

Differential expression analysis

Differentially expressed circRNAs (DEcircRNAs) were

screened by the R “limma” package. Selection criteria were |

log2 fold change (FC)|>2 and adjusted p < 0.05. Next, the

identified results were intersected to construct a heatmap of

overlapping circRNAs using the pheatmap package.

Additionally, the “edgeR” package was utilized to screen

differentially expressed miRNAs (DEmiRNAs) and

differentially expressed mRNAs (DEmRNAs) with a filter

standard of |log2 FC|>1 and adjusted p < 0.05.

Construction of competive endogenous
RNA regulatory network

To further illustrate the mechanism by which circRNAs

regulate mRNA, a circRNA-miRNA-mRNA network was

constructed. Firstly, CSCD (Xia et al., 2018), (https://gb.whu.

edu.cn/CSCD) and CircInteractome (Dudekula et al., 2016),

(https://circinteractome.nia.nih.gov) databases were used to

predict potential sponge miRNAs of DEcircRNAs. The

predicted miRNAs were then identified according to the

DEmiRNAs in the TCGA database, and only overlapping

miRNAs were considered as candidate miRNAs. Moreover,

the target mRNAs were predicted based on miRDB (Chen

and Wang, 2020) (http://www.mirdb.org), TargetScan (Lewis

et al., 2005) (http://www.targetscan.org/vert_72) as well as

miRTarBase (Huang et al., 2020) (http://miRTarBase.cuhk.edu.

cn) database. Only the mRNAs recognized by all three databases

were further intersected with DEmRNAs to obtain candidate

mRNAs. Finally, based on the predicted relationship between

circRNA-miRNA and miRNA-mRNA, we established a ceRNA

regulatory network and visualized it with the help of Cytoscape 3.

8.2 software.

Functional enrichment analysis

To investigate the regulatory roles of mRNAs in the ceRNA

network, we performed a comprehensive analysis including Gene

TABLE 1 Detailed information of datasets in this study.

Dataset Platform Sample RNA type Tumor type

Normal Tumor

GSE165884 GPL21825 4 4 circRNA Breast cancer

GSE182471 GPL21825 5 5 circRNA Breast cancer

TCGA miRNA 104 1,103 miRNA Breast cancer

TCGA mRNA 113 1,109 mRNA Breast cancer

FIGURE 1
The flowchart of entire analysis process.
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Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analysis using Metascape online database

(Zhou et al., 2019) (https://metascape.org), and visualized

through bioinformatics online tool (http://www.bioinformatics.

com.cn). The cut-off criterion was p < 0.05.

Construction of protein-protein
interaction network

STRING (Szklarczyk et al., 2017) (https://string-db.org)

database was used to unveil potential interactions among

candidate mRNAs by constructing PPI networks. A composite

score > 0.7 was selected as the extraction cut-off criterion for PPI

pairs. And the PPI network was visualized with Cytoscape. Next,

in order to search for the hub genes in the oncogenic process of

breast cancer, the top 10 hub genes of PPI network were screened

by the CytoHubba plugin.

Validation of hub gene expression and
survival analysis

To explore hub gene expression in breast cancer, we validated

the mRNA levels of hub genes in UALCAN database

(Chandrashekar et al., 2017) (http://ualcan.path.uab.edu)

which includes RNA-sequencing data from 1,097 breast

cancer and 114 normal tissues from the TCGA database.

Additionally, the Kaplan-Meier plotter database (Nagy et al.,

2021) (http://www.kmplot.com) was applied to estimate the

affiliation between hub gene expression and prognosis in

1,090 breast cancer samples. Log-rank p < 0.05 was

considered statistically significant. Lastly, a prognostic sub-

network of ceRNA was constructed.

Exploring the biological functions of
prognosis-related genes

Using CancerSEA (Yuan et al., 2019) (http://biocc.hrbmu.

edu.cn/CancerSEA/) database to explore the biological functions

of prognosis-related genes in breast cancer. In addition, we

analyzed the correlations between prognosis-related genes and

proliferation markers (Ki-67, PCNA and MCM2) by Pearson

correlation analysis. R represents correlation coefficient, which

ranges between −1 and 1. The large R is, the greater the

correlation between prognosis-related genes and proliferation

markers. |R| > 0.4 and p < 0.05 were set as the cut-off criteria.

Identification of potential gene-drug
interaction

CTD database (Davis et al., 2021) (http://ctdbase.org) is an

innovative database that provides information about gene-drug

interactions, gene-pathways and gene-disease relationships. We

developed a gene-drug network using the CTD database and

Cytoscape 3.8.2 software to investigate associations between

prognostic genes and chemotherapeutic drugs.

Cell culture and transfection

The breast cancer cell line (MCF-7) and normal mammary

epithelial cell line (MCF-10A) were purchased from the Cell

Bank of Type Culture Collection of Chinese Academy of

Sciences. MCF-7 cells were cultured in DMEM (Boster,

Wuhan, China) supplemented with 10% fetal bovine serum

(FBS) and 1% penicillin/streptomycin (Gibco, CA,

United States). MCF-10A cells were kept in DMEM/F12

(Procell, Wuhan, China) supplemented with 20 ng/ml

epidermal growth factor, 0.5 μg/ml hydrocortisone, 5% horse

serum and 1% penicillin/streptomycin. Both cell lines were

maintained in a humidified incubator at 37°C with 5% CO2.

Small interfering RNA (siRNA) targeting circ_0008812 (si-

circ8812: ACGAGUGCACUUGGUGAAAUU), circ_0001583

(si-circ1583: CAAAGAAGGCCAAGGUUAAUU) and

negative control (si-NC) were generated by Tsingke

Biotechnology (Chengdu, China). MCF-7 cells were

transfected using Lipofectamine 3000 (Invitrogen) for 48 h.

RNA extraction and quantitative real time
polymerase chain reaction

Total RNA was extracted from cells using E.Z.N.A. Total

RNA Kit I (Omega, United States), and reversely transcribed into

cDNA by the RvertAid First Strand cDNA Synthesis Kit (Thermo

TABLE 2 | Primer sequences of RNAs used for qRT-PCR.

Gene ID Forward primer (59–39) Reverse primer (59–39)

GADPH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

hsa_circ_0008812 GCTACTAGCCCAACAGCAACT CCTGCTACTGGAAAGGCATCT

hsa_circ_0001583 AGCGCTAAGAAAACACCGAA CCCCAACTGGCTTCTTAGGTT
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Scientific, United States). Next, quantitative real time polymerase

chain reaction (qRT-PCR) was performed using cDNA, Fast

SYBR Green qPCR Master Mix (Exongen) and primers. All

primers were synthesized by Tsingke Biotechnology (Chengdu,

China) and listed in Table 2.

MTT assay

Transfected MCF-7 cells were seeded into 96-well plates

(5,000 cells/well). After 0, 24, 48, 72, 96 h of culture, 20 μl

MTT solution (5 mg/ml) was added into each well, and

incubated at 37°C for 4 h. Then, the formazan product was

dissolved using 150 μl DMSO. Finally, the absorbance at

490 nm was measured using a microplate reader (Bio-Rad,

CA, United States).

Colony formation assay

MCF-7 cells were plated into 6-well plates (200 cells/well)

and cultured for 14 day to form colony. After 14 day, 0.1% crystal

violet solution (Biosharp, Beijing, China) was used to fix and

stain colonies for 30 min. Next, the number of colonies was

calculated.

Statistical analysis

GraphPad Prism 8.0 was used for statistical analysis and

graphing. All experiments were repeated at least 3 times, and data

were presented as the mean ± standard deviation (SD) and

compared using Student’s t-test. p < 0.05 was considered

statistically significant.

FIGURE 2
The identification of DEcircRNAs in two datasets. (A) Volcano plot of GSE165884. (B) Volcano plot of GSE182471. (C) Identification of
overlapping DEcircRNAs from GSE165884 and GSE182471. (D) Heatmap of the overlapping 8 DEcircRNAs. (E) The structural patterns of the
6 DEcircRNAs from CSCD.
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Results

Identification of differentially expressed
RNAs

A total of 55 DEcircRNAs were identified from the

GSE165884 dataset, including 28 up-regulated circRNAs and

27 downregulated ones (Figure 2A). A total of 146 DEcircRNAs

were screened from the GSE182471 dataset, of which

145 circRNAs were upregulated and 1 circRNA was

downregulated (Figure 2B). Eight overlapping DEcircRNAs

were obtained from two datasets (Figures 2C,D), and Table 3

presents the specific information of these 8 DEcircRNAs, which

enables us to better perform the following analyses, such as

location on chromosomes, genome length and their expression in

breast cancer. Based on data downloaded from TCGA database,

we found 289 DEmiRNAs and 4914 DEmRNAs.

Construction of circrna-miRNA-mRNA
network

Using the CSCD database, we predicted 303 circRNA-

miRNA pairs. 2 out of the 8 DEcircRNAs,

hsa_circ_0000325 and hsa_circ_0010575, which are not

included in the CSCD database, were predicted in the

CircInteractome database. Besides, the structural patterns of

the 6 DEcircRNAs from CSCD database were shown in

Figure 2E. A total of 161 circRNA-miRNA pairs were

clarified. After intersecting with 289 DEmiRNAs, 32 circRNA-

miRNA pairs were retained, including 8 circRNAs and

25 miRNAs (Figure 3A). Furthermore, we obtained

1,148 mRNAs targeted by these 25 miRNAs base on the

miRDB, TargetScan and miRTarBase databases. After

comparison with 4914 DEmRNAs, 216 overlapping mRNAs

were selected as candidate mRNAs (Figure 3B). Finally, with

Cytoscape software, we established the circRNA-miRNA-mRNA

network. As shown in Figure 3C, the network consisted of

8 circRNAs, 25 miRNAs and 216 mRNAs.

Gene ontology and kyoto encyclopedia of
genes and genomes pathway analysis

Based on GO analysis, we found that these candidate mRNAs

were associated with cellular component morphogenesis, kinase

binding, transcription factor binding, small molecule

biosynthetic process and DNA-binding transcription activator

activity, etc. (Figure 3D). Furthermore, according to KEGG

pathway analysis, mRNAs were found to be significantly

enriched in axon guidance, transcriptional misregulation in

cancer, purine metabolism, transforming growth factor-beta

(TGF-β) and apelin signaling pathway (Figure 3E).

Protein-protein interaction network
analysis

After setting a composite score > 0.7 and removing

unconnected nodes, we constructed a PPI network consisting

of 60 nodes and 117 edges (Figure 3F). Moreover, we screened the

top 10 hub genes from PPI network, which were KIF23, BUB1,

RRM2, RACGAP1, AURKA, CEP55, CKAP2, DEPDC1,

KPNA2 and ZWINT (Figure 3G).

Validation of hub gene expression

Based on the UALCAN online database, the levels of these

10 hub genes were significantly elevated in breast cancer tissues

compared with normal tissues (Figure 4A; Supplementary Figure

S1). Furthermore, the differential expression of 10 hub genes

between normal tissues and breast cancer tissues of different

stages and subclasses was also investigated. As shown in

Figure 4B; Supplementary Figure S2, the levels of these hub

genes were significantly higher in both early and late tumor

stages than that in normal tissues. Moreover, the expression of

hub genes was significantly elevated in all three subtypes of breast

cancer compared with normal tissues. The highest levels of

RRM2 and ZWINT were found in HER2-positive breast cancer,

TABLE 3 Basic information of the 8 DEcircRNAs.

circRNA ID Position Genomic length Strand Best transcript Gene symbol Regulation

hsa_circ_0001589 chr6:26234499-26234709 210 − NM_005320 HIST1H1D Up

hsa_circ_0001583 chr6:26056122-26056299 177 − NM_005319 HIST1H1C Up

hsa_circ_0059914 chr20:32878137-32881962 3825 − NM_001161766 AHCY Up

hsa_circ_0010575 chr1:22157474-22207995 50521 − NM_005529 HSPG2 Up

hsa_circ_0087856 chr9:110062421-110084399 21978 + NM_002874 RAD23B Up

hsa_circ_0008812 chr9:110062421-110074018 11597 + NM_002874 RAD23B Up

hsa_circ_0000326 chr11:65272490-65272586 96 + TCONS_l2_00004572 TCONS_l2_00004572 Up

hsa_circ_0000325 chr11:65266845-65267149 304 + TCONS_l2_00004575 TCONS_l2_00004575 Up
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and the highest expression of other hub genes was found in triple-

negative breast cancer (Figure 4C; Supplementary Figure S3).

Prognostic value of hub genes analysis

Using Kaplan-Meier plotter database, we found higher

RACGAP1 [HR = 1.64 (1.35–1.98), logrank p = 3e-07] and

KPNA2 [HR = 1.24 (1.03–1.5), logrank p = 0.024] mRNA levels

were correlated with poorer prognosis (Figure 5A). We then

established a prognostic sub-network of ceRNA based on the

above results, including 2 circRNAs, 4 miRNAs and 2 mRNAs

(Figure 5B).

Biological functions of RACGAP1 and
KPNA2

We found that the expression levels of RACGAP1 and

KPNA2 in breast cancer cells were positively relevant to cell

cycle and proliferation through CancerSEA database (Figure 6A).

Similarly, their expression was positively correlated with Ki-67,

PCNA and MCM2 expression (Figure 6B). The above results

implied that RACGAP1 and KPNA2 had vital impacts on breast

cancer progression.

Gene-drug interaction network analysis

As shown in Figure 6C, numerous drugs could regulate these

two prognosis-related genes, RACGAP1 and KPNA2. For

instance, cisplatin, fulvestrant, palbociclib and oxaliplatin

decreased RACGAP1 and KPNA2 levels, while ethinyl

estradiol elevated their expression. Since high RACGAP1 and

KPNA2 levels are associated with poor prognosis, this drug-gene

interaction network might provide a reference for clinical

rational drug use.

Circ_0008812 and
circ_0001583 promoted MCF-7 cell
proliferation

Circ_0008812 and circ_0001583 were found to be highly

expressed in MCF-7 cells by qRT-PCR, consistent with the GEO

dataset results (Figure 7A). To detect the roles of

circ_0008812 and circ_0001583 in MCF-7 cells, siRNAs were

designed to knock down circ_0008812 and circ_0001583. qRT-

PCR results showed that the expression of circ_0008812 and

circ_0001583 was inhibited by siRNAs, without influencing their

parental gene RAD23B and HIST1H1C expression (Figures

7B,C). MTT and colony formation assay revealed that

depletion of circ_0008812 and circ_0001583 could

significantly suppress MCF-7 cell proliferation (Figures 7D,E).

These results implied that circ_0008812 and circ_0001583 might

have essential impacts on the development of breast cancer.

Discussion

In 1976, Sanger et al. first discovered circRNAs in viruses

(Sanger et al., 1976), while circRNAs were previously considered

to be by-products of pre-mRNAs (Cocquerelle et al., 1993; Wang

and Fang, 2018).Compared with linear mRNAs, circRNAs are

more stable in various species owing to their closed loop

structures, which contribute to their resistance to RNases (Cao

et al., 2021). Numerous circRNAs have been successfully

characterized in diverse body fluids, such as plasma and saliva

(Bahn et al., 2015; Ma et al., 2020). These findings highlighted

that circRNAs could be considered as ideal biomarkers for

various diseases. In recent decades, with the development of

next-generation sequencing technology and bioinformatics, it

has been confirmed that thousands of circRNAs exist in various

species and participate in many biological processes.

Additionally, accumulating evidence confirms that circRNAs

play critical roles in the initiation and metastasis of malignant

tumors (Zhang et al., 2019a; Xu et al., 2019). However, the

regulatory mechanisms of circRNAs in tumors are still being

explored. In this study, based on the GEO and TCGA database

and a series of analyses, we found 2 functional circRNAs in breast

cancer, which might be favorable to reveal the mechanisms of

breast cancer initiation and development.

An increasing number of researches have shown that

circRNAs possess biological functions through several

mechanisms, including miRNA sponging, regulating parental

gene transcription, interacting with proteins and being translated

into proteins (Tang and Lv, 2021). For a long time, the function

of translated proteins has been neglected due to the lack of the 5’

cap structure. Until 2017, Legnini et al. found that circ-ZNF609

could be translated into proteins in a cap-independent manner in

mice, which provided evidence that circRNA could encode novel

proteins/peptides in eukaryotes (Legnini et al., 2017). Acting as

miRNA sponges is a key biological function of circRNAs

involved in the regulation of malignant tumors (Hansen et al.,

2013). Wu et al. (2021) clarified that circ_0000511 accelerated

breast cancer progression by using miR-326 to elevate TAZ level.

Dou’s group revealed the upregulation of circ_0008039 in breast

cancer tissues and cells. Based on their research, it could

positively mediate SKA2 expression via binding to miR-140-

3p, leading to the development of breast cancer (Dou et al., 2021).

However, many circRNAs in breast cancer still remain

unidentified.

Several previous studies explored DEcircRNAs and ceRNA

network in breast cancer based on online data and bioinformatics

analysis (Zhao et al., 2019a; Sheng et al., 2021; Wang et al., 2021).

For example, Sheng et al. constructed a circRNA-associated
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ceRNA network by performing circRNA microarray profile

(GSE101123) from GEO database, miRNA and mRNA

expression profiles from TCGA database (Sheng et al., 2021).

However, they identified DEcircRNAs using only one circRNA

dataset and did not reveal the functional roles of circRNAs in

breast cancer.

In our current study, two latest circRNA microarray profiles

(GSE165884 and GSE182471), miRNA and mRNA sequencing

data were collected from GEO and TCGA databases. After

differential expression analysis, 8 DEcircRNAs,

289 DEmiRNAs and 4914 DEmRNAs were identified. Among

these 8 candidate circRNAs, hsa_circ_0000326 was reported to

promote lung adenocarcinoma progression by modulating the

miR-338-3p/RAB14 axis (Xu et al., 2020). Additionally, the

expression of hsa_circ_0010575 in colon cancer tissues was

significantly higher than that in normal ones (He et al., 2020).

FIGURE 3
Construction of ceRNA network and identification of hub genes. (A) Venn diagram of overlapping miRNAs between circRNA-targeted miRNAs
and DEmiRNAs. (B) Venn diagram of overlapping mRNAs between miRNA-targeted mRNAs and DEmRNAs. (C) The circRNA-miRNA-mRNA
regulatory network in breast cancer. (D) GO analysis of candidate mRNAs. (E) KEGG pathway analysis of candidate mRNAs. (F) PPI network of
216 genes, consisting of 60 nodes and 117 edges. (G) PPI network of the top 10 hub genes.
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However, the possible role of hsa_circ_0010575 needs to be

further explored. The other 6 DEcircRNAs (hsa_circ_0001589,

hsa_circ_0001583, hsa_circ_0059914, hsa_circ_0087856,

hsa_circ_0008812 and hsa_circ_0000325) have not been

reported until now.

MiRNAs are a class of small non-coding RNAs that can

participate in posttranscriptional regulation by targeting the 3’

untranslated region to inhibit target gene expression (Saliminejad

et al., 2019). Over the past decades, many miRNAs have been

shown to be dysregulated in cancers tissues and play vital roles in

cancer onset, proliferation and metastasis (Ali Syeda et al., 2020).

In our study, CSCD and CircInteractome databases were used to

predict the sponge miRNAs of 8 DEcircRNAs. After intersecting

with 289 DEmiRNAs, 25 miRNAs were obtained. Among them,

7 miRNAs (miR-671-5p, miR-940, miR-124-3p, miR-944, miR-

93-5p, miR-512-3p and miR-142-5p) have been reported in

breast cancer (Flores-Pérez et al., 2016; Tan et al., 2016; Wang

et al., 2016; Zhang et al., 2020a; Elango et al., 2020;

Mohamadzade et al., 2021; Pan et al., 2021). For instance,

overexpression of miR-671-5p suppressed FOXM1 expression,

thereby reducing breast cancer cells growth and invasion (Tan

et al., 2016). MiR-124-3p could inhibit the proliferation of MCF-

7 andMDA-MB-231 cells by suppressing CBL expression (Wang

et al., 2016). Pan et al. (2021) showed that an increase in miR-93-

5p could radiosensitize breast cancer cells by increasing

apoptosis. Furthermore, we obtained 1,148 mRNAs targeted

by these 25 miRNAs based on three online databases.

216 overlapping mRNAs were selected as candidate mRNAs

after intersecting with 4914 DEmRNAs. Lastly, we set up a

circRNA-miRNA-mRNA network.

Subsequently, functional enrichment analysis suggested that

the mRNAs were primarily involved in kinase binding,

transcription factor binding, transcriptional misregulation in

cancer, regulation of TGF-β and apelin signaling pathway.

FIGURE 4
The validation of mRNA expression levels of hub genes. (A) The expression of hub genes in normal tissues and breast cancer tissues. (B) The
mRNA levels of hub genes in normal tissues and breast cancer tissues at different stages. (C) The mRNA levels of hub genes in normal tissues and
breast cancer tissues of different subclasses. ***p < 0.001.
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Peng et al. (2015) found that long non-coding RNA (lncRNA)

CASC2 might be involved in breast cancer metastasis by

suppressing TGF-β pathway (Zhang et al., 2019b). It has been

reported that miR-190 suppressed TGF-β-induced epithelial-

mesenchymal transition via targeting SMAD2, thus inhibiting

the metastasis of breast cancer cells, providing a new perspective

to study the underlying mechanism of TGF-β pathway in tumors

(Yu et al., 2018). Peng’s group showed that upregulation of

apelin-13 in breast cancer tissues could expedite MCF-7 cells

proliferation and invasion by regulating ERK1/2/AIB1 pathway

(Peng et al., 2015).

To investigate the key genes in mammary carcinogenesis, we

established a PPI network and screened out 10 hub genes,

including KIF23, BUB1, RRM2, RACGAP1, AURKA, CEP55,

CKAP2, DEPDC1, KPNA2 and ZWINT. These 10 hub genes

have been reported to have significant effects on cancers (Zhang

and Zhao, 2017; Huang et al., 2018; Zhao et al., 2019b; Ge et al.,

2019; Luo et al., 2019; Wang-Bishop et al., 2019; Li et al., 2020b;

Yang et al., 2020; Zhu et al., 2020; Jian et al., 2021). Moreover,

their expression was higher in breast cancer tissues than in

normal tissuses, in both early and late tumor stages, as well as

in the three subtypes of breast cancer. Kaplan-Meier survival

analysis suggested that elevated RACGAP1 and KPNA2 levels

were significantly associated with poor prognosis. Additionally,

their expression was positively correlated with that of Ki-67,

PCNA and MCM2, which was consistent with the predictions

of CancerSEA, implying that RACGAP1 and KPNA2 could

facilitate breast cancer progression. Gene-drug interaction

analysis showed that many chemotherapeutic drugs, such as

doxorubicin, cisplatin, tamoxifen, fulvestrant and oxaliplatin,

could decrease the mRNA expression levels of RACGAP1 and

KPNA2. The results implied that RACGAP1 and KPNA2 might

be a promising target in breast cancer therapy in the future.

RACGAP1 is a member of the Rho GTPase-activating proteins

family, and is essential in cytokinesis induction (Saigusa et al.,

2015). Moreover, RACGAP1 has been found to affect cell

apoptosis, proliferation, transformation and inflammation

(Imaoka et al., 2015; Wang et al., 2018). In a clinical study,

RACGAP1 mRNA expression was measured in high-risk breast

cancer patients. Univariate analysis illustrated that elevated

RACGAP1 level was inversely associated with overall survival

(OS) and disease-free survival (DFS) (Pliarchopoulou et al., 2013).

Moreover, the authors performed Cox multivariate regression

analysis and found that high level of RACGAP1 may act as a

disadvantageous prognostic factor for death and independently

predict poor OS. Ren et al. (2021) found that RACGAP1 has a

positive effect on breast cancer metastasis by regulating epithelial

cell transforming 2-dependent mitochondrial quality control.

KPNA2 belongs to the nuclear transporter family (Han and

Wang, 2020). Many studies have shown that KPNA2 might

FIGURE 5
The construction of prognosis-related ceRNA network. (A) Kaplan-Meier survival analysis of hub genes. (B) The prognostic sub-network of
ceRNA.
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serve as a potential predictor for cancer prognosis (Huang et al.,

2013; Li et al., 2013; Zeng et al., 2021). Zhang et al. (2020b)

revealed that a lncRNA LINC00461 could positively modulate

KPNA2 by sponging miR-144-3p, thus promoting breast cancer

cells invasion and migration (Duan et al., 2020). A recent study

revealed that depletion of KPNA2 suppressed breast cancer

exacerbation via blocking NF-κB signaling and nuclear

translocation of c-Myc (Zhang et al., 2020b).

FIGURE 6
Biological functions of prognosis-related genes. (A) the biological functions of two prognosis-related genes in breast cancer. (B) the correlation
prognosis-related genes and proliferation markers. (C) Gene-drug interaction network. Green circles: the drugs could reduce the expression of the
two genes. Red circles: the drugs could elevate the expression of the two genes. The size of circles in the network represents the supported numbers
of references. ***p < 0.001.
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CeRNA prognostic sub-networks composed of 2 circRNAs,

4 miRNAs and 2 mRNAs were constructed based on

RACGAP1 and KPNA2. By qRT-PCR, circ_0008812 and

circ_0001583 belonging to this prognostic sub-network were

uncovered to be upregulated in MCF-7 cells. Knockdown of

circ_0008812 and circ_0001583 decreased the proliferation

ability of MCF-7 cells. These results implied that

circ_0008812 and circ_0001583 might modulate breast cancer

initiation and development through 4 axes, including miR-4554-

3p/RACGAP1, miR-93-5p/KPNA2, miR-6715a-3p/KPNA2 and

miR-17-5p/KPNA2. Nevertheless, this assumption needs further

verification.

However, there are some limitations in our study. Firstly,

GSE165884 and GSE182471 contain 4 and 5 paired cancer and

normal tissues, respectively. The sample sizes are small and the

datasets containing more samples are needed to validate our

findings. In addition, our preliminary results uncovered the

functions of circ_0008812 and circ_0001583 in breast cancer, and

the in-depth mechanisms will be elucidated in our future studies.

In conclusion, we constructed 4 prognostic regulatory axes

based on a comprehensive analysis of the GEO and TCGA

databases, including circ_0008812/miR-4554-3p/RACGAP1,

circ_0001583/miR-93-5p/KPNA2, circ_0001583/miR-6715a-

3p/KPNA2 and circ_0001583/miR-17-5p/KPNA2 regulatory

axes. Furthermore, depletion of circ_0008812 and

circ_0001583 inhibited the proliferation of breast cancer

cells, indicating that these circRNAs have oncogenic roles.

Our study provides an advanced perspective on the

mechanisms of breast cancer initiation and development,

which might help to find promising breast cancer

prognostic biomarkers.
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FIGURE 7
Circ_0008812 and circ_0001583 promoted MCF-7 Cell proliferation. (A) the expression of circ_0008812 and circ_0001583 was measured by
qRT-PCR in MCF-10A and MCF-7 cell lines. (B,C) the expression levels of circ_0008812, circ_0001583 and thier parental genes in MCF-7 cells
transfected with circ_0008812 and circ_0001583 siRNA. (D,E) the cell proliferation ability of MCF-7 cells treated with si-NC, si-circ8812 or si-
circ1583 was detected by MTT and colony formation assay. The data are shown as mean ± SD of three independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001.

Frontiers in Molecular Biosciences frontiersin.org12

Lin et al. 10.3389/fmolb.2022.1017036

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1017036


Author contributions

TW designed the research and revised this manuscript.

HL and FL wrote this manuscript and performed data

analyses. XZ and PW collected data and helped with data

analyses. All authors have read and approved the final

manuscript.

Funding

This work was mainly supported by the National Natural

Science Foundation of China (82274142, 81803931, and

81703922), the Sichuan Science and Technology Program (No.

2021YFH0144 and 2022088).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmolb.

2022.1017036/full#supplementary-material

SUPPLEMENTARY FIGURE S1
The mRNA levels of hub genes in breast cancer and adjacent normal
tissues.

SUPPLEMENTARY FIGURE S2
ThemRNA levels of hub genes in normal tissues and breast cancer tissues
at different stages.

SUPPLEMENTARY FIGURE S3
ThemRNA levels of hub genes in normal tissues and breast cancer tissues
of different subclasses.

References

Ali Syeda, Z., Langden, S., Munkhzul, C., Lee, M., and Song, S. J. (2020).
Regulatory mechanism of MicroRNA expression in cancer. Int. J. Mol. Sci. 21
(5), 1723. doi:10.3390/ijms21051723

Bahn, J. H., Zhang, Q., Li, F., Chan, T. M., Lin, X., Kim, Y., et al. (2015). The
landscape of microRNA, Piwi-interacting RNA, and circular RNA in human saliva.
Clin. Chem. 61 (1), 221–230. doi:10.1373/clinchem.2014.230433

Cao, Y. Z., Sun, J. Y., Chen, Y. X., Wen, C. C., and Wei, L. (2021). The roles of
circRNAs in cancers: Perspectives from molecular functions. Gene 767, 145182.
doi:10.1016/j.gene.2020.145182

Chandrashekar, D. S., Bashel, B., Balasubramanya, S., Creighton, C. J., Ponce-
Rodriguez, I., Chakravarthi, B., et al. (2017). Ualcan: A portal for facilitating tumor
subgroup gene expression and survival analyses. Neoplasia 19 (8), 649–658. doi:10.
1016/j.neo.2017.05.002

Chen, Y., and Wang, X. (2020). miRDB: an online database for prediction of
functional microRNA targets. Nucleic Acids Res. 48 (D1), D127–D131. doi:10.1093/
nar/gkz757

Cocquerelle, C., Mascrez, B., Hétuin, D., and Bailleul, B. (1993). Mis-splicing
yields circular RNA molecules. FASEB J. 7 (1), 155–160. doi:10.1096/fasebj.7.1.
7678559

Davis, A. P., Grondin, C. J., Johnson, R. J., Sciaky, D., Wiegers, J., Wiegers, T. C.,
et al. (2021). Comparative toxicogenomics database (CTD): Update 2021. Nucleic
Acids Res. 49 (D1), D1138–D1143. doi:10.1093/nar/gkaa891

Dou, D., Ren, X., Han, M., Xu, X., Ge, X., Gu, Y., et al. (2021).
Circ_0008039 supports breast cancer cell proliferation, migration, invasion, and
glycolysis by regulating the miR-140-3p/SKA2 axis. Mol. Oncol. 15 (2), 697–709.
doi:10.1002/1878-0261.12862

Duan, M., Hu, F., Li, D., Wu, S., and Peng, N. (2020). Silencing KPNA2 inhibits
IL-6-induced breast cancer exacerbation by blocking NF-κB signaling and c-Myc
nuclear translocation in vitro. Life Sci. 253, 117736. doi:10.1016/j.lfs.2020.117736

Dudekula, D. B., Panda, A. C., Grammatikakis, I., De, S., Abdelmohsen, K., and
Gorospe, M. (2016). CircInteractome: A web tool for exploring circular RNAs and
their interacting proteins and microRNAs. RNA Biol. 13 (1), 34–42. doi:10.1080/
15476286.2015.1128065

Elango, R., Alsaleh, K. A., Vishnubalaji, R., Manikandan, M., Ali, A. M., Abd El-
Aziz, N., et al. (2020). MicroRNA expression profiling on paired primary and lymph

node metastatic breast cancer revealed distinct microRNA profile Associated with
LNM. Front. Oncol. 10, 756. doi:10.3389/fonc.2020.00756

Flores-Pérez, A., Marchat, L. A., Rodríguez-Cuevas, S., Bautista, V. P.,
Fuentes-Mera, L., Romero-Zamora, D., et al. (2016). Suppression of cell
migration is promoted by miR-944 through targeting of SIAH1 and
PTP4A1 in breast cancer cells. BMC Cancer 16, 379. doi:10.1186/s12885-
016-2470-3

Ge, Q., Lu, M., Ju, L., Qian, K., Wang, G., Wu, C. L., et al. (2019). miR-4324-
RACGAP1-STAT3-ESR1 feedback loop inhibits proliferation and metastasis of
bladder cancer. Int. J. Cancer 144 (12), 3043–3055. doi:10.1002/ijc.32036

Han, Y., and Wang, X. (2020). The emerging roles of KPNA2 in cancer. Life Sci.
241, 117140. doi:10.1016/j.lfs.2019.117140

Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B., Damgaard,
C. K., et al. (2013). Natural RNA circles function as efficient microRNA sponges.
Nature 495 (7441), 384–388. doi:10.1038/nature11993

He, J. H., Han, Z. P., Luo, J. G., Jiang, J. W., Zhou, J. B., Chen, W. M., et al. (2020).
Hsa_Circ_0007843 acts as a mIR-518c-5p sponge to regulate the migration and
invasion of colon cancer SW480 cells. Front. Genet. 11, 9. doi:10.3389/fgene.2020.
00009

Huang, H. Y., Lin, Y. C., Li, J., Huang, K. Y., Shrestha, S., Hong, H. C., et al. (2020).
miRTarBase 2020: updates to the experimentally validated microRNA-target
interaction database. Nucleic Acids Res. 48 (D1), D148–D154. doi:10.1093/nar/
gkz896

Huang, L., Wang, H. Y., Li, J. D., Wang, J. H., Zhou, Y., Luo, R. Z., et al. (2013).
KPNA2 promotes cell proliferation and tumorigenicity in epithelial ovarian
carcinoma through upregulation of c-Myc and downregulation of FOXO3a. Cell
Death Dis. 4 (8), e745. doi:10.1038/cddis.2013.256

Huang, L., Zhou, Y., Cao, X. P., Lin, J. X., Zhang, L., Huang, S. T., et al. (2018).
KPNA2 promotes migration and invasion in epithelial ovarian cancer cells by
inducing epithelial-mesenchymal transition via Akt/GSK-3β/Snail activation.
J. Cancer 9 (1), 157–165. doi:10.7150/jca.20879

Imaoka, H., Toiyama, Y., Saigusa, S., Kawamura, M., Kawamoto, A.,
Okugawa, Y., et al. (2015). RacGAP1 expression, increasing tumor
malignant potential, as a predictive biomarker for lymph node metastasis
and poor prognosis in colorectal cancer. Carcinogenesis 36 (3), 346–354.
doi:10.1093/carcin/bgu327

Frontiers in Molecular Biosciences frontiersin.org13

Lin et al. 10.3389/fmolb.2022.1017036

https://www.frontiersin.org/articles/10.3389/fmolb.2022.1017036/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.1017036/full#supplementary-material
https://doi.org/10.3390/ijms21051723
https://doi.org/10.1373/clinchem.2014.230433
https://doi.org/10.1016/j.gene.2020.145182
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.1096/fasebj.7.1.7678559
https://doi.org/10.1096/fasebj.7.1.7678559
https://doi.org/10.1093/nar/gkaa891
https://doi.org/10.1002/1878-0261.12862
https://doi.org/10.1016/j.lfs.2020.117736
https://doi.org/10.1080/15476286.2015.1128065
https://doi.org/10.1080/15476286.2015.1128065
https://doi.org/10.3389/fonc.2020.00756
https://doi.org/10.1186/s12885-016-2470-3
https://doi.org/10.1186/s12885-016-2470-3
https://doi.org/10.1002/ijc.32036
https://doi.org/10.1016/j.lfs.2019.117140
https://doi.org/10.1038/nature11993
https://doi.org/10.3389/fgene.2020.00009
https://doi.org/10.3389/fgene.2020.00009
https://doi.org/10.1093/nar/gkz896
https://doi.org/10.1093/nar/gkz896
https://doi.org/10.1038/cddis.2013.256
https://doi.org/10.7150/jca.20879
https://doi.org/10.1093/carcin/bgu327
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1017036


Jahani, S., Nazeri, E., Majidzadeh-A, K., Jahani, M., and Esmaeili, R. (2020).
Circular RNA; a new biomarker for breast cancer: A systematic review. J. Cell.
Physiol. 235 (7-8), 5501–5510. doi:10.1002/jcp.29558

Jian, W., Deng, X. C., Munankarmy, A., Borkhuu, O., Ji, C. L., Wang, X. H., et al.
(2021). KIF23 promotes triple negative breast cancer through activating epithelial-
mesenchymal transition. Gland. Surg. 10 (6), 1941–1950. doi:10.21037/gs-21-19

Kristensen, L. S., Andersen, M. S., Stagsted, L., Ebbesen, K. K., Hansen, T. B., and
Kjems, J. (2019). The biogenesis, biology and characterization of circular RNAs.
Nat. Rev. Genet. 20 (11), 675–691. doi:10.1038/s41576-019-0158-7

Legnini, I., Di Timoteo, G., Rossi, F., Morlando, M., Briganti, F., Sthandier, O.,
et al. (2017). Circ-ZNF609 is a circular RNA that can Be translated and functions in
myogenesis. Mol. Cell 66 (1), 22–37. e9. doi:10.1016/j.molcel.2017.02.017

Lewis, B. P., Burge, C. B., and Bartel, D. P. (2005). Conserved seed pairing, often
flanked by adenosines, indicates that thousands of human genes are microRNA
targets. Cell 120 (1), 15–20. doi:10.1016/j.cell.2004.12.035

Li, J., Sun, D., Pu, W., Wang, J., and Peng, Y. (2020). Circular RNAs in cancer:
Biogenesis, function, and clinical significance. Trends Cancer 6 (4), 319–336. doi:10.
1016/j.trecan.2020.01.012

Li, S., Mai, H., Zhu, Y., Li, G., Sun, J., Li, G., et al. (2020). MicroRNA-4500 inhibits
migration, invasion, and angiogenesis of breast cancer cells via RRM2-dependent
MAPK signaling pathway. Mol. Ther. Nucleic Acids 21, 278–289. doi:10.1016/j.
omtn.2020.04.018

Li, X. L., Jia, L. L., Shi, M. M., Li, X., Li, Z. H., Li, H. F., et al. (2013).
Downregulation of KPNA2 in non-small-cell lung cancer is associated with
Oct4 expression. J. Transl. Med. 11, 232. doi:10.1186/1479-5876-11-232

Luo, J., Pan, J., Jin, Y., Li, M., and Chen, M. (2019). MiR-195-5p inhibits
proliferation and induces apoptosis of non-small cell lung cancer cells by
targeting CEP55. Onco. Targets. Ther. 12, 11465–11474. doi:10.2147/OTT.S226921

Ma, N., Li, X., Wei, H., Zhang, H., and Zhang, S. (2021). Circular RNA
circNFATC3 acts as a miR-9-5p sponge to promote cervical cancer
development by upregulating SDC2. Cell. Oncol. 44 (1), 93–107. doi:10.1007/
s13402-020-00555-z

Ma, Z., Shuai, Y., Gao, X., Wen, X., and Ji, J. (2020). Circular RNAs in the tumour
microenvironment. Mol. Cancer 19 (1), 8. doi:10.1186/s12943-019-1113-0

Mohamadzade, Z., Mahjoubi, F., and Soltani, B. M. (2021). Introduction of hsa-
miR-512-3p as a new regulator of HER2 signaling pathway in breast cancer. Breast
Cancer Res. Treat. 185 (1), 95–106. doi:10.1007/s10549-020-05937-3

Nagy, Á., Munkácsy, G., and Győrffy, B. (2021). Pancancer survival analysis of
cancer hallmark genes. Sci. Rep. 11 (1), 6047. doi:10.1038/s41598-021-84787-5

Pan, C., Sun, G., Sha, M., Wang, P., Gu, Y., and Ni, Q. (2021). Investigation of
miR-93-5p and its effect on the radiosensitivity of breast cancer. Cell Cycle 20 (12),
1173–1180. doi:10.1080/15384101.2021.1930356

Peng, X., Li, F., Wang, P., Jia, S., Sun, L., and Huo, H. (2015). Apelin-13 induces
MCF-7 cell proliferation and invasion via phosphorylation of ERK1/2. Int. J. Mol.
Med. 36 (3), 733–738. doi:10.3892/ijmm.2015.2265

Pliarchopoulou, K., Kalogeras, K. T., Kronenwett, R., Wirtz, R. M., Eleftheraki, A.
G., Batistatou, A., et al. (2013). Prognostic significance of RACGAP1 mRNA
expression in high-risk early breast cancer: A study in primary tumors of breast
cancer patients participating in a randomized hellenic cooperative oncology group
trial. Cancer Chemother. Pharmacol. 71 (1), 245–255. doi:10.1007/s00280-012-
2002-z

Qu, S., Liu, Z., Yang, X., Zhou, J., Yu, H., Zhang, R., et al. (2018). The emerging
functions and roles of circular RNAs in cancer. Cancer Lett. 414, 301–309. doi:10.
1016/j.canlet.2017.11.022

Ren, K., Zhou, D., Wang, M., Li, E., Hou, C., Su, Y., et al. (2021).
RACGAP1 modulates ECT2-Dependent mitochondrial quality control to drive
breast cancer metastasis. Exp. Cell Res. 400 (1), 112493. doi:10.1016/j.yexcr.2021.
112493

Saigusa, S., Tanaka, K., Mohri, Y., Ohi, M., Shimura, T., Kitajima, T., et al. (2015).
Clinical significance of RacGAP1 expression at the invasive front of gastric cancer.
Gastric Cancer 18 (1), 84–92. doi:10.1007/s10120-014-0355-1

Saliminejad, K., Khorram Khorshid, H. R., Soleymani Fard, S., and Ghaffari, S. H.
(2019). An overview of microRNAs: Biology, functions, therapeutics, and analysis
methods. J. Cell. Physiol. 234 (5), 5451–5465. doi:10.1002/jcp.27486

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA
hypothesis: The rosetta stone of a hidden RNA language? Cell 146 (3), 353–358.
doi:10.1016/j.cell.2011.07.014

Sanger, H. L., Klotz, G., Riesner, D., Gross, H. J., and Kleinschmidt, A. K. (1976).
Viroids are single-stranded covalently closed circular RNA molecules existing as
highly base-paired rod-like structures. Proc. Natl. Acad. Sci. U. S. A. 73 (11),
3852–3856. doi:10.1073/pnas.73.11.3852

Sheng, H., Pan, H., Yao, M., Xu, L., Lu, J., Liu, B., et al. (2021). Integrated analysis
of circular RNA-associated ceRNA network reveals potential circRNA biomarkers
in human breast cancer. Comput. Math. Methods Med. 2021, 1732176. doi:10.1155/
2021/1732176

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer statistics,
2021. Ca. Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654

Szklarczyk, D., Morris, J. H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., et al.
(2017). The STRING database in 2017: Quality-controlled protein-protein
association networks, made broadly accessible. Nucleic Acids Res. 45 (D1),
D362–D368. doi:10.1093/nar/gkw937

Tan, X., Fu, Y., Chen, L., Lee, W., Lai, Y., Rezaei, K., et al. (2016). miR-671-5p
inhibits epithelial-to-mesenchymal transition by downregulating
FOXM1 expression in breast cancer. Oncotarget 7 (1), 293–307. doi:10.18632/
oncotarget.6344

Tang, L., Jiang, B., Zhu, H., Gao, T., Zhou, Y., Gong, F., et al. (2021). The
biogenesis and functions of circRNAs and their roles in breast cancer. Front. Oncol.
11, 605988. doi:10.3389/fonc.2021.605988

Tang, M., and Lv, Y. (2021). The role of N6 -methyladenosine modified circular
RNA in pathophysiological processes. Int. J. Biol. Sci. 17 (9), 2262–2277. doi:10.
7150/ijbs.60131

Tomar, D., Yadav, A. S., Kumar, D., Bhadauriya, G., and Kundu, G. C. (2020).
Non-coding RNAs as potential therapeutic targets in breast cancer. Biochim.
Biophys. Acta. Gene Regul. Mech. 1863 (4), 194378. doi:10.1016/j.bbagrm.2019.
04.005

Waks, A. G., and Winer, E. P. (2019). Breast cancer treatment: A review. JAMA
321 (3), 288–300. doi:10.1001/jama.2018.19323

Wang, C., Wang, W., Liu, Y., Yong, M., Yang, Y., and Zhou, H. (2018). Rac
GTPase activating protein 1 promotes oncogenic progression of epithelial ovarian
cancer. Cancer Sci. 109 (1), 84–93. doi:10.1111/cas.13434

Wang, T., Zhang, Y., He, Y., Liu, Y., and Qi, P. (2021). Screening and
bioinformatics analysis of competitive endogenous RNA regulatory network
--Related to circular RNA in breast cancer. Biomed. Res. Int. 2021, 5575286.
doi:10.1155/2021/5575286

Wang, X., and Fang, L. (2018). Advances in circular RNAs and their roles in
breast Cancer. J. Exp. Clin. Cancer Res. 37 (1), 206. doi:10.1186/s13046-018-0870-8

Wang, Y., Chen, L., Wu, Z., Wang, M., Jin, F., Wang, N., et al. (2016). miR-124-3p
functions as a tumor suppressor in breast cancer by targeting CBL. BMC Cancer 16
(1), 826. doi:10.1186/s12885-016-2862-4

Wang-Bishop, L., Chen, Z., Gomaa, A., Lockhart, A. C., Salaria, S., Wang, J., et al.
(2019). Inhibition of AURKA reduces proliferation and survival of gastrointestinal
cancer cells with activated KRAS by preventing activation of RPS6KB1.
Gastroenterology 156 (3), 662–675. e7. doi:10.1053/j.gastro.2018.10.030

Wu, D., Jia, H., Zhang, Z., and Li, S. (2021). Circ_0000511 accelerates the
proliferation, migration and invasion, and restrains the apoptosis of breast
cancer cells through the miR-326/TAZ axis. Int. J. Oncol. 58 (4), 1. doi:10.3892/
ijo.2021.5181

Xia, S., Feng, J., Chen, K., Ma, Y., Gong, J., Cai, F., et al. (2018). Cscd: A database
for cancer-specific circular RNAs. Nucleic Acids Res. 46 (D1), D925–D929. doi:10.
1093/nar/gkx863

Xu, J. Z., Shao, C. C., Wang, X. J., Zhao, X., Chen, J. Q., Ouyang, Y. X., et al. (2019).
circTADA2As suppress breast cancer progression and metastasis via targeting miR-
203a-3p/SOCS3 axis. Cell Death Dis. 10 (3), 175. doi:10.1038/s41419-019-1382-y

Xu, Y., Yu, J., Huang, Z., Fu, B., Tao, Y., Qi, X., et al. (2020). Circular RNA
hsa_circ_0000326 acts as a miR-338-3p sponge to facilitate lung adenocarcinoma
progression. J. Exp. Clin. Cancer Res. 39 (1), 57. doi:10.1186/s13046-020-01556-4

Yang, L., Han, N., Zhang, X., Zhou, Y., Chen, R., and Zhang, M. (2020). Zwint: A
potential therapeutic biomarker in patients with glioblastoma correlates with cell
proliferation and invasion. Oncol. Rep. 43 (6), 1831–1844. doi:10.3892/or.2020.7573

Yu, Y., Luo, W., Yang, Z. J., Chi, J. R., Li, Y. R., Ding, Y., et al. (2018). miR-190
suppresses breast cancer metastasis by regulation of TGF-β-induced epithelial-
mesenchymal transition. Mol. Cancer 17 (1), 70. doi:10.1186/s12943-018-0818-9

Yuan, H., Yan, M., Zhang, G., Liu, W., Deng, C., Liao, G., et al. (2019).
CancerSEA: A cancer single-cell state atlas. Nucleic Acids Res. 47 (D1),
D900–D908. doi:10.1093/nar/gky939

Zeng, F., Luo, L., Li, D., Guo, J., and Guo, M. (2021). KPNA2 interaction with
CBX8 contributes to the development and progression of bladder cancer by
mediating the PRDM1/c-FOS pathway. J. Transl. Med. 19 (1), 112. doi:10.1186/
s12967-021-02709-5

Zhang, H., Peng, J., Lai, J., Liu, H., Zhang, Z., Li, X., et al. (2020). MiR-940
promotes malignant progression of breast cancer by regulating FOXO3. Biosci. Rep.
40 (9), BSR20201337. doi:10.1042/BSR20201337

Frontiers in Molecular Biosciences frontiersin.org14

Lin et al. 10.3389/fmolb.2022.1017036

https://doi.org/10.1002/jcp.29558
https://doi.org/10.21037/gs-21-19
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1016/j.molcel.2017.02.017
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1016/j.trecan.2020.01.012
https://doi.org/10.1016/j.trecan.2020.01.012
https://doi.org/10.1016/j.omtn.2020.04.018
https://doi.org/10.1016/j.omtn.2020.04.018
https://doi.org/10.1186/1479-5876-11-232
https://doi.org/10.2147/OTT.S226921
https://doi.org/10.1007/s13402-020-00555-z
https://doi.org/10.1007/s13402-020-00555-z
https://doi.org/10.1186/s12943-019-1113-0
https://doi.org/10.1007/s10549-020-05937-3
https://doi.org/10.1038/s41598-021-84787-5
https://doi.org/10.1080/15384101.2021.1930356
https://doi.org/10.3892/ijmm.2015.2265
https://doi.org/10.1007/s00280-012-2002-z
https://doi.org/10.1007/s00280-012-2002-z
https://doi.org/10.1016/j.canlet.2017.11.022
https://doi.org/10.1016/j.canlet.2017.11.022
https://doi.org/10.1016/j.yexcr.2021.112493
https://doi.org/10.1016/j.yexcr.2021.112493
https://doi.org/10.1007/s10120-014-0355-1
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.1155/2021/1732176
https://doi.org/10.1155/2021/1732176
https://doi.org/10.3322/caac.21654
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.18632/oncotarget.6344
https://doi.org/10.18632/oncotarget.6344
https://doi.org/10.3389/fonc.2021.605988
https://doi.org/10.7150/ijbs.60131
https://doi.org/10.7150/ijbs.60131
https://doi.org/10.1016/j.bbagrm.2019.04.005
https://doi.org/10.1016/j.bbagrm.2019.04.005
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1111/cas.13434
https://doi.org/10.1155/2021/5575286
https://doi.org/10.1186/s13046-018-0870-8
https://doi.org/10.1186/s12885-016-2862-4
https://doi.org/10.1053/j.gastro.2018.10.030
https://doi.org/10.3892/ijo.2021.5181
https://doi.org/10.3892/ijo.2021.5181
https://doi.org/10.1093/nar/gkx863
https://doi.org/10.1093/nar/gkx863
https://doi.org/10.1038/s41419-019-1382-y
https://doi.org/10.1186/s13046-020-01556-4
https://doi.org/10.3892/or.2020.7573
https://doi.org/10.1186/s12943-018-0818-9
https://doi.org/10.1093/nar/gky939
https://doi.org/10.1186/s12967-021-02709-5
https://doi.org/10.1186/s12967-021-02709-5
https://doi.org/10.1042/BSR20201337
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1017036


Zhang, M., and Zhao, L. (2017). CKAP2 promotes ovarian cancer proliferation
and tumorigenesis through the FAK-ERK pathway. DNA Cell Biol. 36 (11),
983–990. doi:10.1089/dna.2017.3876

Zhang, Q., Jin, X., Shi, W., Chen, X., Pang, W., Yu, X., et al. (2020). A long non-
coding RNA LINC00461-dependent mechanism underlying breast cancer invasion
and migration via the miR-144-3p/KPNA2 axis. Cancer Cell Int. 20, 137. doi:10.
1186/s12935-020-01221-y

Zhang, X., Wang, S., Wang, H., Cao, J., Huang, X., Chen, Z., et al. (2019). Circular
RNA circNRIP1 acts as a microRNA-149-5p sponge to promote gastric cancer
progression via the AKT1/mTOR pathway. Mol. Cancer 18 (1), 20. doi:10.1186/
s12943-018-0935-5

Zhang, Y., Zhu, M., Sun, Y., Li, W., Wang, Y., and Yu, W. (2019). Upregulation of
lncRNA CASC2 suppresses cell proliferation and metastasis of breast cancer via
inactivation of the TGF-β signaling pathway. Oncol. Res. 27 (3), 379–387. doi:10.
3727/096504018X15199531937158

Zhao, B., Song, X., and Guan, H. (2020). CircACAP2 promotes breast cancer
proliferation and metastasis by targeting miR-29a/b-3p-COL5A1 axis. Life Sci. 244,
117179. doi:10.1016/j.lfs.2019.117179

Zhao, C. H., Qu, L., Zhang, H., and Qu, R. (2019). Identification of breast
cancer-related circRNAs by analysis of microarray and RNA-sequencing data:
An observational study. Medicine 98 (46), e18042. doi:10.1097/MD.
0000000000018042

Zhao, H., Yu, M., Sui, L., Gong, B., Zhou, B., Chen, J., et al. (2019). High
expression of DEPDC1 promotes malignant phenotypes of breast cancer cells and
predicts poor prognosis in patients with breast cancer. Front. Oncol. 9, 262. doi:10.
3389/fonc.2019.00262

Zhou, M., Xiao, M. S., Li, Z., and Huang, C. (2021). New progresses of circular
RNA biology: From nuclear export to degradation. RNA Biol. 18 (10), 1365–1373.
doi:10.1080/15476286.2020.1853977

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-019-
09234-6

Zhu, L. J., Pan, Y., Chen, X. Y., and Hou, P. F. (2020). BUB1 promotes
proliferation of liver cancer cells by activating SMAD2 phosphorylation. Oncol.
Lett. 19 (5), 3506–3512. doi:10.3892/ol.2020.11445

Frontiers in Molecular Biosciences frontiersin.org15

Lin et al. 10.3389/fmolb.2022.1017036

https://doi.org/10.1089/dna.2017.3876
https://doi.org/10.1186/s12935-020-01221-y
https://doi.org/10.1186/s12935-020-01221-y
https://doi.org/10.1186/s12943-018-0935-5
https://doi.org/10.1186/s12943-018-0935-5
https://doi.org/10.3727/096504018X15199531937158
https://doi.org/10.3727/096504018X15199531937158
https://doi.org/10.1016/j.lfs.2019.117179
https://doi.org/10.1097/MD.0000000000018042
https://doi.org/10.1097/MD.0000000000018042
https://doi.org/10.3389/fonc.2019.00262
https://doi.org/10.3389/fonc.2019.00262
https://doi.org/10.1080/15476286.2020.1853977
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.3892/ol.2020.11445
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1017036

	Upregulation of circ_0008812 and circ_0001583 predicts poor prognosis and promotes breast cancer proliferation
	Introduction
	Materials and methods
	Data acquisition
	Differential expression analysis
	Construction of competive endogenous RNA regulatory network
	Functional enrichment analysis
	Construction of protein-protein interaction network
	Validation of hub gene expression and survival analysis
	Exploring the biological functions of prognosis-related genes
	Identification of potential gene-drug interaction
	Cell culture and transfection
	RNA extraction and quantitative real time polymerase chain reaction
	MTT assay
	Colony formation assay
	Statistical analysis

	Results
	Identification of differentially expressed RNAs
	Construction of circrna-miRNA-mRNA network
	Gene ontology and kyoto encyclopedia of genes and genomes pathway analysis
	Protein-protein interaction network analysis
	Validation of hub gene expression
	Prognostic value of hub genes analysis
	Biological functions of RACGAP1 and KPNA2
	Gene-drug interaction network analysis
	Circ_0008812 and circ_0001583 promoted MCF-7 cell proliferation

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


