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Abstract. 
Background. The purpose of this study was to investigate the regulatory mechanisms of ceRNAs in breast cancer (BC) and construct a new five-mRNA prognostic signature. Methods. The ceRNA network was constructed by different RNAs screened by the edgeR package. The BC prognostic signature was built based on the Cox regression analysis. The log-rank method was used to analyse the survival rate of BC patients with different risk scores. The expression of the 5 genes was verified by the GSE81540 dataset and CPTAC database. Results. A total of 41 BC-adjacent tissues and 473 BC tissues were included in this study. A total of 2,966 differentially expressed lncRNAs, 5,370 differentially expressed mRNAs, and 359 differentially expressed miRNAs were screened. The ceRNA network was constructed using 13 lncRNAs, 267 mRNAs, and 35 miRNAs. Kaplan-Meier (K-M) methods showed that two lncRNAs (AC037487.1 and MIR22HG) are related to prognosis. Five mRNAs (VPS28, COL17A1, HSF1, PUF60, and SMOC1) in the ceRNA network were used to establish a prognostic signature. Survival analysis showed that the prognosis of patients in the low-risk group was significantly better than that in the high-risk group (). ROC analysis showed that this signature has a good diagnostic ability (). Compared with clinical features, this signature was also an independent prognostic factor (HR: 1.206, 95% CI 1.108−1.311; ). External verification results showed that the expression of the 5 mRNAs differed between the normal and tumour groups at the chip and protein levels (). Conclusions. These ceRNAs may play a key role in the development of BC, and the new 5-mRNA prognostic signature can improve the prediction of survival for BC patients.

1. Introduction
Breast cancer (BC) is a highly invasive and metastatic malignant tumour with a high incidence, which poses a serious threat to women’s health and quality of life [1]. In recent years, the incidence and mortality of BC have increased significantly, affecting progressively younger patients [2]. Currently, surgery, chemotherapy, and radiotherapy are the main treatment options for BC [3]. However, due to heterogeneity, breast tumours tend to show high recurrence rates and drug resistance, and the therapeutic effects and prognosis of the disease are not satisfactory [4]. There is an urgent need to develop individualized BC treatment strategies, such as identifying potential biomarkers and therapeutic targets. Therefore, screening for BC biomarkers is important for early diagnosis, improvement of prognosis, and reduction of mortality in BC.
Since Salmena et al. proposed the competitive endogenous RNA (ceRNA) hypothesis, an increasing number of studies have confirmed that ceRNA regulatory networks play an important role in the development of various tumours [5]. Liu et al. demonstrated that the long noncoding RNA (lncRNA) LINC00909 can interact with miR-194 to upregulate the expression of MUCl-C, thereby promoting the proliferation and invasion of glioma cells [6]. Zhao et al. showed that the lncRNA PVT1-214-induced inhibition of miR-128 regulated TrkC and further promoted gastric cancer cell proliferation [7]. Jiang et al. stated that lncRNA TDRG1 regulated the expression of MAPK1 in cervical cancer by targeting miR-326 and promoted the proliferation, migration, and invasion of cervical cancer cells [8]. In addition, studies have shown that pseudogene transcripts also can be used as ceRNAs and participate in tumour regulation. For example, lncRNA PTENP1 can compete with miR-106b to promote PTEN expression and inhibit cell proliferation, thereby inhibiting the development of cervical cancer [9]. The BRAF pseudogene (BRAFP1) can act as an RNA sponge to induce lymphoma in vivo [10]. The regulatory network of ceRNAs involving pseudogenes of the HMGA1 gene plays an important role in the occurrence of breast cancer [11].
In our study, we systematically analysed RNA-seq data on breast cancer (BC) from TCGA database and constructed a BC-related ceRNA network. Finally, a 5-mRNA prognostic signature was constructed based on the mRNAs in the network. The signature-related genes showed stable expression at the chip and protein levels, indicating that this model has value in clinical applications and can be used as a supplement to TNM staging.
2. Methods
2.1. Data Acquisition and Screening of Differentially Expressed Genes
BC data from 514 samples (41 paracancerous tissues and 473 cancer tissues) were downloaded from TCGA website, starting with gene data. The protein-encoded mRNAs and lncRNAs were isolated from the gene data using reannotation, and the differences between mRNAs and lncRNAs were analysed based on  and . This step was performed using the edgeR package [12]. Similarly, miRNA data from 458 BC samples (8 paracancerous tissues and 450 cancer tissues) were downloaded from TCGA website using the same criteria and methods for differential expression screening. The workflow is shown in Figure 1.




			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
			
			
			
		Figure 1: Study design and workflow.


2.2. ceRNA Network Construction
To further explore the detailed regulatory mechanism between lncRNAs and miRNAs, we used the miRcode database to compare DElncRNAs and DEmiRNAs, which were selected according to the above criteria. Next, TargetScan, miRTarBase, and miRDB were used to predict the target genes of the miRNAs in the lncRNA-miRNA network. The obtained target genes, DEmiRNAs obtained by the edgeR intersection, and the necessary mRNA components of the lncRNA-miRNA network were determined. Finally, Cytoscape was used to visualize the lncRNA-miRNA regulatory network, which is termed the ceRNA network.
2.3. GO Enrichment Analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis
Biological process (BP), cellular components (CC), and molecular function (MF) are usually used as the main domains of Gene Ontology (GO), as they can specifically identify the function of genes in the body. KEGG was used to describe gene participation in signalling pathways to determine the biological functions of different genes in the ceRNA network and their associated signalling pathways. In the present study, the clusterProfiler package was used for GO and KEGG enrichment analyses [13]. The GO terms and KEGG pathway with an adjusted  were considered statistically significant.
2.4. Identification of Survival-Related RNAs
To accurately explore the mRNAs in the ceRNA network that play an important role in the prognosis of BC patients, we analysed all of the mRNAs by univariate analysis. In univariate analysis, those with , which are likely related to prognosis, will be included in the multivariate Cox regression analysis. Furthermore, the mRNA prognostic signature was constructed based on the multivariate regression results. The prognostic value of the lncRNAs and miRNAs in the network was determined using the K-M method.
2.5. Validation of Signature
To determine whether the prognosis of patients with different risks, according to mRNA signature stratification, was significant, we used log-rank analysis to compare the high-risk and low-risk groups. Multivariate regression was used to evaluate the value of the risk score compared with other clinical features. In addition, to verify whether the core genes of the signature are significantly expressed at the chip and protein levels, we used the GSE81540 dataset from bc-GeneExMiner V4.4 (http://bcgenex.centregauducheau.fr) and the CPTAC online database (https://proteomics.cancer.gov/data-portal) for validation.
3. Results
3.1. Screening of Differentially Expressed RNAs
A total of 514 breast tissue samples were downloaded from TCGA website for follow-up analysis. Of these, 41 samples were paracancerous tissues and 473 were cancerous tissues. Following standardization with edgeR, the differences between the lncRNAs and mRNAs were analysed based on  and . A total of 2,966 differentially expressed genes, 2,146 upregulated genes, and 820 downregulated genes were identified (Figures 2(a) and 2(b)). The top 10 differentially expressed lncRNAs are shown in Table 1 (part of the lncRNAs). The same method was used to further process the miRNA data from 458 BC samples downloaded from TCGA database (8 paracancerous tissues and 450 cancerous tissues). A total of 359 differentially expressed miRNAs were screened, of which 210 were upregulated and 149 were downregulated (Figures 2(c) and 2(d)). The top 10 differentially expressed miRNAs are shown in Table 1 (part of the miRNAs). The results revealed 5,370 differentially expressed genes, 3,031 upregulated genes, and 2,339 downregulated genes (Figures 2(e) and 2(f)). The top 10 differentially expressed mRNAs are also shown in Table 1 (part of the mRNAs).
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Figure 2: Heat maps of the expression levels of differentially expressed lncRNAs (a), miRNAs (b), and mRNAs (c). The red represents upregulated expression, and the green represents downregulated expression. Volcano plots of the expression levels of differentially expressed lncRNAs (d), miRNAs (e), and mRNAs (f).


Table 1: Top 10 differential lncRNAs, miRNAs, and mRNAs for breast cancer.
	

		Gene name	LogFC	LogCPM	 value	FDR
	

	lncRNAs	AC016027.1	-2.721759221	7.807734438	2.09-171	1.57-167
	CDKN2B-AS1	-5.246687203	9.182531501	1.10-140	4.15-137
	LINC01645	-4.614204863	4.578266461	1.56-127	3.91-124
	PP7080	-3.487579802	12.63057754	2.60-122	4.89-119
	AL772337.1	-5.684041773	4.483390005	1.08-117	1.63-114
	AC005358.2	-4.477997898	4.355439858	1.06-114	1.33-111
	AC087379.1	-5.024277942	7.034632957	5.77-114	6.19-111
	AC007182.1	-4.668998329	6.047623463	2.12-107	1.99-104
	AC073283.2	-4.199043651	4.338521941	1.79-106	1.49-103
	HAND2-AS1	-4.60696588	7.977917121	7.87-97	5.91-94
	miRNAs	hsa-mir-197	-4.307918408	8.418181254	2.27-224	1.28-221
	hsa-mir-328	-4.785482374	4.592424428	3.29-205	9.25-203
	hsa-let-7d	-3.063424891	9.399730826	1.08-139	2.03-137
	hsa-mir-139	-4.638427903	5.462444197	3.92-122	5.51-120
	hsa-mir-486-2	-5.129991471	5.955407039	9.45-98	1.06-95
	hsa-mir-766	-3.825264088	3.058291436	1.99-94	1.87-92
	hsa-mir-486-1	-5.086542692	5.945615313	2.67-93	2.14-91
	hsa-mir-125a	-3.340248801	8.487687022	2.22-89	1.56-87
	hsa-mir-1306	-3.625960321	3.168653753	1.26-87	7.89-86
	hsa-mir-1976	-3.66459179	3.37270805	1.39-79	7.81-78
	mRNAs	CLEC3B	-4.182384289	2.520311404	2.23-247	1.97-243
	CUBN	-5.02609747	1.620310011	3.64-233	2.14-229
	SLC25A34	-4.041302468	1.449619282	2.83-228	1.25-224
	SLC51A	-4.214653548	3.329968713	1.85-221	6.55-218
	CPO	-6.179597798	-0.120368999	1.07-199	3.15-196
	ABCG2	-4.791753484	3.321178055	1.58-191	3.99-188
	TEX11	-4.091470205	-0.14135449	3.68-179	8.13-176
	PHLPP2	-2.588604498	4.751788706	5.80-177	1.14-173
	USP2	-4.047142153	2.525013354	1.61-175	2.85-172
	CA7	-5.664318035	3.497153445	8.00-174	1.28-170
	



3.2. ceRNA Regulatory Networks
The ceRNA network plays an important role in the occurrence and development of breast cancer; thus, elucidation of the internal regulatory relationship of the network is critical. First, 2,966 differentially expressed lncRNAs were compared with 359 differentially expressed miRNAs using 4 databases (miRcode, TargetScan, miRTarBase, and miRDB). The results showed that 13 lncRNAs were compared to 35 miRNAs. The above database was also used to predict the target genes of miRNAs; the predicted results intersected with the differentially expressed mRNAs, and 477 mRNAs were included in the intersection. Next, the database comparison was performed again, and the results showed that 35 miRNAs were compared with 267 mRNAs. Based on the above results, the ceRNA regulatory network was successfully constructed.
3.3. mRNA Functional Enrichment Analysis of the ceRNA Networks
Different genes have different important functions in the occurrence and development of diseases, so it is particularly important to understand the function of genes and the signalling pathways in which they may be involved. The clusterProfiler R package was used to analyse the enrichment of differentially expressed genes by GO and KEGG. BP analysis indicated that the genes were enriched in the regulatory system process, circulatory system process, and blood circulation (Figure 3(a)). CC analysis indicated that the genes were enriched in a proteinaceous extracellular matrix, apical cell region, and transporter complex (Figure 3(b)). Regarding MM, these genes mainly participated in passive transmembrane transporter and channel and metal ion transmembrane transporter activities (Figure 3(c)). According to the KEGG pathway analysis, the genes were significantly enriched in neuroactive ligand-receptor interaction, protein digestion and absorption, cytokine-cytokine receptor interaction, and calcium signalling pathway (Figure 3(d)).
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Figure 3: Top 10 pathways identified in the GO and KEGG enrichment analyses in differentially expressed mRNAs. (a) Top 10 pathways of biological process; (b) top 10 pathways of cellular components; (c) top 10 pathways of molecular function; (d) top 10 pathways of KEGG pathways.


3.4. Construction of the 5-mRNA Signature and Survival Analysis of ceRNAs
To accurately identify the potential biological targets of BC and the prognosis-related genes, we combined the mRNAs obtained from the ceRNA networks with prognostic information. In total, 18 genes were found to be significantly associated with overall survival (OS; ). These genes were subsequently subjected to stepwise multivariate Cox regression analysis. Finally, 5 independent genes were selected, and a gene-based prognostic model was established to estimate the survival of patients using the following equation:  (Table 2). The prognostic effect of lncRNAs and miRNAs on the network cannot be ignored, so we analysed the effects of lncRNAs and miRNAs in the network on prognosis. The results showed that 2 lncRNAs (AC037487.1 and MIR22HG) were associated with OS. High expression of AC037487.1 indicated a poorer prognosis than low expression (Figure 4(a)). In contrast, patients with high expression of MIR22HG often obtained a satisfactory prognosis (Figure 4(b)).
Table 2: Five prognostic genes significantly associated with OS with breast cancer patients.
	

	Gene symbol	Coef	Hazard ratio	 (coef)		
	

	VPS28	-0.5814	0.5591	0.3174	-1.83	0.0670
	COL17A1	-0.4078	0.6651	0.2040	-2.00	0.0457
	HSF1	0.3795	1.4615	0.2062	1.84	0.0657
	PUF60	-0.4378	0.6455	0.1511	-2.90	0.0038
	SMOC1	-0.1876	0.8290	0.0715	-2.62	0.0087
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