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Background

Breast cancer is a malignancy and lethal tumor in women. Metastasis of breast cancer is one of the causes of poor prognosis. Increasing evidences have suggested that the competing endogenous RNAs (ceRNAs) were associated with the metastasis of breast cancer. Nonetheless, potential roles of ceRNAs in regulating the metastasis of breast cancer remain unclear.



Methods

The RNA expression (3 levels) and follow-up data of breast cancer and noncancerous tissue samples were downloaded from the Cancer Genome Atlas (TCGA). Differentially expressed and metastasis associated RNAs were identified for functional analysis and constructing the metastasis associated ceRNA network by comprehensively bioinformatic analysis. The Kaplan-Meier (K-M) survival curve was utilized to screen the prognostic RNAs in metastasis associated ceRNA network. Moreover, we further identified the metastasis associated biomarkers with operating characteristic (ROC) curve. Ultimately, the data of Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle) website were selected to obtained the reliable metastasis associated biomarkers.



Results

1005 mRNAs, 22 miRNAs and 164 lncRNAs were screened as differentially expressed and metastasis associated RNAs. The results of GO function and KEGG pathway enrichment analysis showed that these RNAs are mainly associated with the metabolic processes and stress responses. Next, a metastasis associated ceRNA (including 104 mRNAs, 19 miRNAs, and 16 lncRNAs) network was established, and 12 RNAs were found to be related to the overall survival (OS) of patients. In addition, 3 RNAs (hsa-miR-105-5p, BCAR1, and PANX2) were identified to serve as reliable metastasis associated biomarkers. Eventually, the results of mechanism analysis suggested that BCAR1 might promote the metastasis of breast cancer by facilitating Rap 1 signaling pathway.



Conclusion

In the present research, we identified 3 RNAs (hsa-miR-105-5p, BCAR1 and PANX2) might associated with prognosis and metastasis of breast cancer, which might be provide a new perspective for metastasis of breast cancer and contributed to the treatment of breast cancer.
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Introduction

Breast cancer, one of the most common malignant tumors in females, is highly invasive and metastatic (1). Breast is not an important organ to maintain human life activities and breast cancer in situ is not fatal. However, as breast cancer cells lose the characteristics of normal breast cells, the connection between them become loose and easy to fall off (2). Once the cancer cells fall off, the free cancer cells can spread throughout the body with blood or lymph, forming lung, brain, bone and liver metastasis. The median survival of breast cancer patients with metastasis is only 18 to 24 months (3–6). Although mammographic screening may lower the metastasis-related mortality, the method is inappropriate for detection at early stages (7). Therefore, it is urgent to screen novel biomarkers to predict the prognosis and monitor metastasis of breast cancer and further explore the potential mechanisms.

Competing endogenous RNAs (ceRNAs) reveal a new mechanism of RNAs interaction (8). MicroRNAs (miRNAs) can cause gene silencing by binding to mRNAs, while lncRNAs can regulate the expression of the target genes by competitively binding to miRNAs (9, 10). Moreover, lncRNAs also have been reported to play a significant role in embryonic and cancer development (11–14). In addition, studies have suggested that the abnormal expression of ceRNAs is closely related to the occurrence, development and prognosis of tumors, including breast cancer (15). For example, Fan et al. identified 4 lncRNAs as independent prognostic biomarkers of breast cancer patients by constructing a ceRNA network (16). On the other hand, Yao et al. also provided novel insights into the drugs treatment and prognosis of breast cancer patients from ceRNA network (17). However, the research of ceRNA network on metastasis of breast cancer is not comprehensive.

The present study aims to construct a metastatic ceRNA network of breast cancer based on a series of bioinformatic analysis. Moreover, prognostic and metastatic biomarkers were identified by Kaplan-Meier (K-M) survival analysis and receiver operating characteristic (ROC) curves, respectively. The constructed ceRNA and identified biomarkers can not only contribute to further understand the molecular mechanism of metastatic breast cancer, but also improve clinical diagnosis the metastasis of breast cancer, which may contribute to the treatment of metastatic breast cancer.



Materials and Methods


Data Collection

The RNAs expression profiles (mRNAs, miRNAs, and lncRNAs) including fragments per kilobase of exon per million reads mapped (FPKM) and follow-up data of 899 primary breast cancer patients (including 878 M0 patients and 21 M1 patients, and all of the tissue samples from the primary site) and 90 noncancerous tissue samples (including 86 paired paracancerous M0 tissue samples, 1 paired paracancerous M1 tissue samples and 3 unpaired normal tissue samples) were downloaded from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database. The breast cancer patients without the information of M0 stage or M1 stage and were excluded.



Identification of Differentially Expressed and Metastasis-Associated RNAs

When the expression of RNAs (including lncRNAs, miRNAs, and mRNAs) were detected in both cancer patients and noncancerous tissue samples, the RNAs were preserved for further analysis. The Limma package in R was utilized to screen the differentially expressed RNAs (DERs, including DElncRNAs, DEmiRNAs, and DEmRNAs) between 899 primary breast cancer patients and 90 noncancerous tissue samples (18). The p<0.05 was considered the screening standard. Then, the ggplot2 v.3.3.2 package in R was selected and visualized the volcano plots of DERs. Similarly, metastasis associated RNAs (MAR, including MAlncRNAs, MAmiRNAs, and MAmRNAs) which were differentially expressed between 878 M0 patients and 21 M1 patients were identified with the Limma package in R. Finally, overlapping RNAs between DERs and MARs which were defined as differentially expressed and metastasis associated RNAs (DEMARs, including DEMAlncRNAs, DEMAmiRNAs, DEMAmRNAs) were extracted for subsequent analysis and visualized by a venn diagram.



Enrichment Analysis

WEBGASTALT (http://www.webgestalt.org/webgestalt_2013/) website was used to investigate the biological function of overlapping DEMAR (19). The Gene Ontology (GO) annotation and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were selected to explore the biological function of DEMAmRNA. Moreover, the biological function of the DEMAlncRNA and DEMAmiRNAs were investigated by the DIANA miRPath v.3 web-based computational tool (http://snf515788.vm.okeanos.grnet.gr/) (20). When the terms of GO (including biological processes, molecular function and cellular component) and KEGG showed p<0.05, theses terms were considered significantly enriched.



Construction of the Metastasis Associated ceRNA Network

DEMAlncRNAs, DEMAmiRNAs, DEMAmRNAs were used to construct the metastasis associated ceRNA network. Firstly, we predicted the target genes of DEMAmiRNAs by miranda 3.3a software (21). Second, common genes between the predictive target genes and the DEMAmRNAs were retained for analysis. Thirdly, Pearson’s correlation analysis was performed to identified the mRNAs which were negatively regulated by DEMAmiRNAs by psych v.2.0.12 package in R. Moreover, we also obtained the negatively correlated interactions between DEMAlncRNAs and DEMAmiRNAs by miranda 3.3a software and Pearson’s correlation analysis. Finally, Cytoscape v.3.7.2 was used to constructed a metastasis associated ceRNA network based on the negatively correlated interactions between DEMAmiRNAs and DEMAmRNAs and between DEMAmiRNAs and DEMAlncRNAs (22).



Survival Analysis

The Kaplan-Meier (K-M) survival curve was drawn to explore the relationship between the expression levels of RNAs in metastasis associated ceRNA network and the overall survival (OS) of breast cancer patients by survminer v.0.4.6 package in R (23). All breast cancer patients were split into high expression and low expression based on the median expression of each RNA in metastasis associated ceRNA network. Then, Kaplan-Meier survival curves were used to assess the prognostic value of each RNA. RNAs which were associated with the overall survival (P<0.05) were retained for further analysis.



Identification and Validation of the Metastatic Biomarkers

The receiver operating characteristic (ROC) curve was plotted to identify the metastatic biomarkers and area under the ROC curve (AUC) was calculated using pROC v.1.16.2 package in R to show the performance of distinguishing M0 and M1 samples (24). Next, we screened the easily metastatic cell lines and not easily metastatic cell lines form the Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle) website to detect the expression level of metastatic biomarkers. Moreover, we further validate the expression levels of each metastatic biomarkers between 878 M0 and 21 M1 samples from the TCGA database employing Wilcoxon rank sum test. P< 0.05 was set as a statistically significant difference. Furthermore, we also compared the expression levels of each metastatic biomarkers between 87 cancer samples and paired 87 paired paracancerous tissue samples.



Mechanism Analysis of Metastatic Biomarkers

To better elucidate the regulatory mechanism of metastatic biomarkers, we extracted the regulatory network that was associated to the metastatic biomarkers and plotted Sankey diagram to show the regulatory mechanism of each metastatic biomarkers using ggalluvial v.0.12.3 package in R. Moreover, we also extracted the cancer associated KEGG pathways and drawn a graph to show the regulatory mechanism of metastatic biomarkers with Adobe Illustrator (Adobe Systems, Mountain View, CA, USA).



Statistical Analysis

All statistical analyses were accomplished by R Studio (R Version 4.0.2) software. The log-rank test was used in the Kaplan-Meier survival curve analysis. P-value <.05 was set as the standard of statistical analysis.




Result


Identification of Differentially Expressed and Metastasis-Associated RNAs

In the present study, we used Limma package in R to screen the DERs and MARs. Under the cut-off of P-value < 0.05, a total of 13,878 DEmRNAs (including 7,198 upregulated and 6,680 downregulated), 943 DEmiRNAs (including 483 upregulated and 460 downregulated) and 4,334 DElncRNAs (including 1,706 upregulated and 2,628 downregulated) were identified between breast cancer patients and noncancerous tissue samples (Supplementary Tables S1–S3 and Supplementary Figure S1A). Moreover, a total of 1332 MAmRNAs (including 798 upregulated and 534 downregulated), 59 MAmiRNAs (including 45 upregulated and 14 downregulated) and 344 MAlncRNAs (including 98 upregulated and 246 downregulated) were identified between M0 and M1 samples (Supplementary Tables S4–S6 and Supplementary Figure S1B). Volcano plots were plotted to present the DERs and MARs, as shown in Figures 1A–F. Furthermore, after obtaining the intersection of DERs and MARs, 1005 mRNAs, 22 miRNAs and 164 lncRNAs were obtained as DEMARs (Figure 1G).




Figure 1 | Identification of differentially expressed and metastasis associated RNAs. DEmRNAs (A), DEmiRNAs (B), and DElncRNAs (C) between breast cancer patients and noncancerous tissue samples and MAmRNAs (D), MAmiRNAs (E), and MAlncRNAs (F) between M0 and M1 samples were presented using volcano plots. Venn diagram showing the overlapped the DERs and MARs (G). Blue, downregulated; red, upregulated; black, not differential expressed. DEmRNAs, differentially expressed mRNAs; DEmiRNAs, differentially expressed miRNAs; DElncRNAs, differentially expressed lncRNAs; MAmRNAs, metastasis associated mRNAs; MAmiRNAs, metastasis associated miRNAs; MAlncRNAs, metastasis associated lncRNAs.





Enrichment Analysis

To further investigate the biological function of DEMARs in the breast cancer metastasis, GO function and KEGG pathway enrichment analysis were performed using WEBGASTALT website for differentially expressed and metastasis associated mRNAs. The results of KEGG pathway analysis showed DEMAmRNAs mainly regulate the biosynthesis of amino acids, homologous recombination, B cell receptor signaling pathway, salmonella infection, spliceosome, TNF signaling pathway, Carbon metabolism, and so on (Supplementary Table S7 and Figure 2A). Besides, as shown in Figure 2B, the result of GO analysis suggested that DEMAmRNAs mainly involved in metabolic processes and stress responses (biological process), nucleus and membrane (Cellular component), and protein binding and ion binding (molecular function, Supplementary Table S8). Furthermore, we also analyzed the biological function of DEMAlncRNAs and DEMAmiRNAs by miRPath v.3 web-based computational tool, and the results also suggested that DEMAmiRNAs primarily related to biosynthetic process, cellular nitrogen compound metabolic process, ion binding, TGF-beta signaling pathway, Hippo signaling pathway, Wnt signaling pathway, PI3K-Akt signaling pathway, RAP1 signaling pathway and RAS signaling pathway (Supplementary Tables S9, S10 and Figures 2C, D). However, DEMAlncRNAs mainly associated with the detection of chemical stimulus involved in sensory perception of smell and detection of chemical stimulus involved in sensory perception (Supplementary Figure S2). In short, the results of enrichment analysis implied that the DEMARs may play an important role for breast cancer metastasis by regulating above pathways or biological processes.




Figure 2 | The biological function of (KEGG pathways (P < 0.05) of DEMAmRNAs (A) and DEMAmiRNAs (D). GO terms (P < 0.05) of DEMAmRNAs (B) and DEMAmiRNAs (C), KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; DEMARs, differentially expressed and metastasis associated RNAs; DEMAmRNAs, differentially expressed and metastasis associated mRNA; DEMAmiRNAs, differentially expressed and metastasis associated miRNAs.





Construction of the Metastasis Associated ceRNA Network

In order to construct a metastasis associated ceRNA network, we firstly predicted the target genes of 22 DEMAmiRNAs and obtained the intersection of target genes and DEMAmRNAs. Next, Pearson’s correlation analysis was performed to identified the mRNAs which were negatively regulated by DEMAmiRNAs. Finally, negatively regulated miRNAs and mRNAs were preserved to build ceRNA network. Similarly, negatively regulated miRNAs and lncRNAs were preserved to build ceRNA network.

Based on the negatively regulated interaction pairs between DEMAmiRNAs and DEMAmRNAs and between DEMAmiRNAs and DEMAlncRNAs, a metastasis associated ceRNA network with 139 differentially expressed and metastasis associated RNAs (including 104 mRNAs, 19 miRNAs, and 16 lncRNAs) was established (Tables 1–3 and Figure 3). In addition, to directly display the expression level of DEMAmiRNAs, two ceRNA sub-networks including upregulated miRNAs in M1 samples and downregulated miRNAs in M1 samples were plotted by Cytoscape v.3.7.2 (Figures 3A, B).


Table 1 | Differentially expressed and metastasis associated mRNAs in ceRNA network.




Table 2 | Differentially expressed and metastasis associated miRNAs in ceRNA network.




Table 3 | Differentially expressed and metastasis associated lncRNAs in ceRNA network.






Figure 3 | Construction of the metastasis associated ceRNA networks. Upregulated miRNAs ceRNA network (A) and downregulated miRNAs ceRNA network (B). In network A, orange diamond: upregulated miRNAs, green rectangle: downregulated lncRNAs, Blue Oval: downregulated mRNAs. In network B, orange oval: upregulated mRNAs, pink rectangle: upregulated lncRNAs, blue diamond: downregulated miRNAs.





Identification of the Prognostic Biomarkers

To further explore the prognostic significance of RNAs in metastasis associated ceRNA, K-M survival curves were plotted to observe the correlation between the expression levels of RNAs and the OS of breast cancer patients. The results of K-M survival curves and log rank test suggested that the expression dysregulation of 7 mRNAs (AHRR, TTC34, CNTRL, ANKRD52, BCAR1, TMEM151B and PANX2), 4 miRNAs (hsa-miR-105-5p, hsa-miR-4435, hsa-miR-5691 and hsa-miR-92a-1-5p) and lncRNA LINC01742 in metastasis associated ceRNA were significantly related to the OS of breast cancer patients (Supplementary Tables S11–S13). As shown in Figure 4, breast cancer patients with higher expression level of TTC34 (Figure 4A), CNTRL (Figure 4B), TMEM151B (Figure 4C), hsa-miR-5691 (Figure 4D), and hsa-miR-92a-1-5p (Figure 4E) showed the higher OS. Inversely, breast cancer patients with higher expression level of AHRR (Figure 5A), ANKRD52 (Figure 5B), BCAR1 (Figure 5C), PANX2 (Figure 5D), hsa-miR-105-5p (Figure 5E), hsa-miR-4435 (Figure 5F), and LINC01742 (Figure 5G) showed the lower OS. The results suggested that metastasis associated RNAs, including AHRR, TTC34, CNTRL, ANKRD52, BCAR1, TMEM151B, PANX2, hsa-miR-105-5p, hsa-miR-4435, hsa-miR-5691, hsa-miR-92a-1-5p, and LINC01742 could serve as the prognostic biomarkers of breast cancer patients.




Figure 4 | Kaplan–Meier survival curves of whose higher expression showed the higher OS. TTC34 (A), CNTRL (B), TMEM151B (C), hsa-miR-5691 (D), hsa-miR-92a-1-5p (E).






Figure 5 | Kaplan–Meier survival curves prognostic. RNAs whose higher expression showed the lower OS. AHRR (A), ANKRD52 (B), BCAR1 (C), PANX2 (D), hsa-miR-105-5p (E), hsa-miR-4435 (F), LINC01742 (G).





Identification and Validation of the Reliably Metastatic Biomarkers

To identify metastatic biomarkers from the 12 prognostic and metastasis associated RNAs, the ROC analysis was carried out to investigate the accuracy of the RNAs for distinguishing the M1 samples from M0 samples. The results of ROC analysis suggested that hsa-miR-4435 (Figure 6A), hsa-miR-105-5p (Figure 6B), PANX2 (Figure 6C), BCAR1 (Figure 6D), TTC34 (Figure 6E), and AHRR (Figure 6F) were selected as the metastatic biomarkers because the AUC values of the 6 RNAs were greater than 0.65. In addition, for further verify the accuracy of 6 metastatic biomarkers, we compared the expression level of the 5 RNAs (hsa-miR-4435 was be excluded because of lacking of data) between high metastatic cell lines (MDA-MB-231 MDA-MB-453) and low metastatic cell lines (MCF-7).Obviously, only hsa-miR-105-5p, BCAR1 and PANX2 showed higher expression in highly metastatic cell lines (Figures 7A, C, D). Therefore, AHRR and TTC34 were removed from the biomarkers (Figures 7B,E). Furthermore, we also compared the expression levels of the 4 RNAs between M0 and M1 samples to elucidate the role of these 4 RNAs in metastasis of breast cancer. Surprisingly, all of them were upregulated in M1 samples compared to M0 sample (Figure 8). On the other hand, we also compared the expression levels of these 4 RNAs between 87 cancer tissues and 87 paired paracancerous tissues. Notably, hsa-miR-4435 did not show the difference between 87 cancer tissues and 87 paired paracancerous tissues (Figure 9A) and only other three RNAs showed the difference (Figures 9B–D). Thus, three reliably metastatic biomarkers (hsa-miR-105-5p, BCAR1 and PANX2) were reserved to differentiate M0 and M1 samples.




Figure 6 | ROC analysis of 6 prognostic RNAs (only showing the AUC > 0.65). hsa-miR-4435 (A), hsa-miR-105-5p (6), PANX2 (C), BCAR1 (D), TTC34 (E), AHRR (F). ROC, receiver operating characteristic curves.






Figure 7 | Expression level of the 5 RNAs between highly metastatic cell lines (MDAMB231, MDAMB453) and lowly metastatic cell lines (MCF7). hsa-miR-105-5p (A), AHRR (B), BCAR1 (C), PANX2 (D), TTC34 (E).






Figure 8 | Expression levels of the 4 reliably metastatic biomarkers between M0 and M1 samples. hsa-miR-4435 (A), hsa-miR-105-5p (B), BCAR1 (C), PANX2 (D).






Figure 9 | Expression levels of the 4 reliably metastatic biomarkers between 87 cancer tissues and 87 paired paracancerous tissues. hsa-miR-4435 (A), hsa-miR-105-5p (B), BCAR1 (C), PANX2 (D). **P < 0.01 and ****P < 0.0001, NS, not significant.





Molecular Mechanism of Reliably Metastatic Biomarkers

As the DEMARs were markedly enriched in cancer related biological processes and pathways, it is most likely that 3 reliably metastatic biomarkers could influence the metastasis of breast cancer. Therefore, we further analyzed the regulatory mechanism of hsa-miR-105-5p, BCAR1 and PANX2. As shown in Figure 10A, lncRNA ACVR2B-ASQ, FAM66E, and ZNF197-AS1 could affect the expression of BCAR1 by a competitive combination with hsa-miR-92a-1-5p. CATIIP-AS2, FAMM66E, and LINC00028 could regulate the expression of BCAR1 by a competitive combination with hsa-miR-503-5p (Figure 10A). Moreover, LINC00028, N4BP2L2-IT2, and TPM1-AS could regulate the expression of BCAR1 by a competitive combination with hsa-miR-503-5p and hsa-miR-92a-1-5p (Figure 10A). On the other hand, reliably metastatic biomarker hsa-miR-105-5p could regulate the expression of genes PKHD1L1 and USP34 (Figure 10B). In addition, hsa-miR-105-5p could be regulated by lncRNA CYP4A22-AS1 and MIR583HG.Furthermore, we also extracted the cancer associated KEGG pathways and the corresponding RNAs to show the regulatory mechanism of breast cancer. As shown in Figure 10C, the reliably metastatic biomarkers BCAR1 could regulate the Rap 1 signaling pathway (Figure 10C). However, hsa-miR-105-5p and PANX2 were not detected (Figure 10C).




Figure 10 | Regulatory mechanism of hsa-miR-105-5p, BCAR1 and PANX2. Sankey diagram shows the regulatory mechanism of BCAR1 and PANX2 (A). Sankey diagram shows the regulatory mechanism of hsa-miR-105-5p (B). Cancer associated KEGG pathways shows the regulatory mechanism of BCAR1 (C).






Discussion

Breast cancer, a common and malignant cancer in women, is one of the main causes for the cancer-related deaths (25). Metastasis of breast cancer is one of the causes of poor prognosis (26). Due to lacking specific diagnostic and prognostic biomarkers of metastatic breast cancer, patients have low survival rate. Therefore, it is urgent to explore potential mechanisms of metastasis and screen candidate biomarkers for monitoring the metastasis of breast cancer. Although researchers have revealed that the abnormal expression of ceRNAs plays a significant role in the occurrence, development and prognosis of tumors (15), few studies conducted on this aspect in metastatic breast cancer.

In the present research, the RNAs expression profiles of 899 primary breast cancer patients (including 878 M0 patients and 21 M1 patients) and 90 noncancerous tissue samples from TCGA were analyzed. Then two metastasis associated lncRNA-(up/down) miRNA-mRNA sub-networks were constructed and four metastatic biomarkers (BCAR1, PANX2, hsa-miR-105-5p) were identified from 12 prognostic biomarkers by bioinformatic analysis. Finally, combined with the KEGG signaling pathways, it could be speculated that the BCAR1 could affect the occurrence and metastasis of breast cancer by regulating the Rap 1 signaling pathway. In a word, the present study provided supporting data and theoretical basis for the study of ceRNAs in the metastasis of breast cancer.

BCAR1, whose full name is breast cancer antiestrogen resistance protein 1, encoding an adaptor/scaffold protein, has been reported to be involved in the regulation of signal transduction, actin cytoskeleton remodeling, and the stability of cell structure, especially as a mechanically sensitive regulator of filamentous pseudopod stability (27–30). In addition, BCAR1 has been shown to enhance tumor proliferation, invasion, and metastasis in several cancers (31–33). Furthermore, some oncogenes, such as ErbB2(erb-b2 receptor tyrosine kinase 2), PTEN (phosphatase and tensin homolog), and PI3KCA (phosphatidylinositol-4, 5-bisphosphate 3-kinase catalytic subunit alpha) promote tumor progression via the phosphorylation of BCAR1 (27). Notably, up-regulation of BCAR1 can alter the morphology of breast epithelial cell resulting in that the occurrence and development of breast cancer, which is exactly consistent with our result that the expression of BCAR1 was clearly upregulated in M1 patients compared with M0 samples (Figure 8C). Hence, BCAR1 might play a key role in the occurrence and development of tumor and could be used as a reliably metastatic biomarker (34, 35).

PANX2, whose full name is pannexin 2, encoding the protein pannexin 2, belonging to the innexin family, is the structural components of gap junctions (36). It has been demonstrated by previous studies that PANX2 is abundantly expressed in the central neuronal system, and its main function is participating in neuronal development and adult neurogenesis (37, 38). Moreover, the abnormal expression of PANX2 was associated with the occurrence the development and progression of certain diseases, like neoplasms, multiple sclerosis, migraines, hypertension and so on (39). In recent research, Fish et al. demonstrated that oncRNA (orphan noncoding RNAs), which they had named T3p, can promote tumor metastasis by acting as an inhibitor of RISC complex and increasing the expression of NUPR1 and PANX2 (40). Furthermore, Kim et al. also found that PANX2 might be used as a novel prognostic indicator for CCRCC patients. Nevertheless, few studies concentrated on the regulating mechanism of PANX2 (41). Thus, more studies were urgent to elucidate the regulating mechanism of PANX2.

Currently, as for the other metastatic biomarkers hsa-miR-105-5p, it remains unknown that it is associated with the development of breast cancer. Besides, a few researches investigated that they participated in the occurrence and progression of other tumors. Fang et al. suggested that the expression level of hsa-miR-105-5p was related to the survival of HCC patients (42).

In conclusion, the present study identified 12 biomarkers that might be involved in the prognosis of breast cancer by constructing a ceRNAs network. What’s more, the four of them were selected as the reliably metastatic biomarkers by ROC and expression analysis. In a word, these results suggested that BCAR1, PANX2, hsa-miR-105-5p might play a vital role in the progression of breast cancer and might be served as novel prognostic indicators for breast cancer, which might provide a new perspective for metastasis of breast cancer and contributed to the treatment of breast cancer. However, the regulating mechanisms of them were unclear and needed to further study to understand their roles in the metastasis of breast cancer.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

DQ and XM designed research. DQ, QZ, and XM carried out research. DQ, YQ, and DW analyzed data. DQ, BY, TZ, and JQ drawn the figures and made the tables. DQ and XM wrote the manuscript. All authors contributed to the article and approved the submitted version.



Supplementary Material 

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.670138/full#supplementary-material

Supplementary Figure 1 | Under the cutoff of P-value < 0.05, differentially expressed RNAs between breast cancer patients and noncancerous tissue samples (A), and between M0 and M1 samples (B).

Supplementary Figure 2 | Biological function of differentially expressed and metastasis associated lncRNAs.

Supplementary Table 1 | Differentially expressed mRNAs between breast cancer patients and noncancerous tissue samples.

  
Supplementary Table 2 | Differentially expressed miRNAs between breast cancer patients and noncancerous tissue samples.

  
Supplementary Table 3 | Differentially expressed lncRNAs between breast cancer patients and noncancerous tissue samples.

  
Supplementary Table 4 | Differentially expressed mRNAs between M0 and M1 samples.

  
Supplementary Table 5 | Differentially expressed miRNAs between M0 and M1 samples.

  
Supplementary Table 6 | Differentially expressed lncRNAs between M0 and M1 samples.

  
Supplementary Table 7 | The results of KEGG pathway analysis of differentially expressed and metastasis associated mRNAs.

  
Supplementary Table 8 | The results of GO analysis of differentially expressed and metastasis associated mRNAs.

  
Supplementary Table 9 | Biological function of differentially expressed and metastasis miRNAs.

  
Supplementary Table 10 | Biological function of differentially expressed and metastasis lncRNAs.

  
Supplementary Table 11 | The results of K-M survival curves and log rank test of mRNAs in ceRNA networks which related to the OS of breast cancer patients.

  
Supplementary Table 12 | The results of K-M survival curves and log rank test of miRNAs in ceRNA networks which related to the OS of breast cancer patients.

  
Supplementary Table 13 | The results of K-M survival curves and log rank test of lncRNAs in ceRNA networks which related to the OS of breast cancer patients.



References

1. Harbeck, N, and Gnant, M. Breast Cancer. Lancet (2017) 389(10074):1134–50. doi: 10.1016/S0140-6736(16)31891-8

2. Kimbung, S, Loman, N, and Hedenfalk, I. Clinical and Molecular Complexity of Breast Cancer Metastases. Semin Cancer Biol (2015) 35:85–95. doi: 10.1016/j.semcancer.2015.08.009

3. Hsu, BE, Tabariès, S, Johnson, RM, Andrzejewski, S, Senecal, J, Lehuédé, C, et al. Immature Low-Density Neutrophils Exhibit Metabolic Flexibility That Facilitates Breast Cancer Liver Metastasis. Cell Rep (2019) 27(13):3902–3915 e6. doi: 10.1016/j.celrep.2019.05.091

4. Kozlow, W, and Guise, TA. Breast Cancer Metastasis to Bone: Mechanisms of Osteolysis and Implications for Therapy. J Mammary Gland Biol Neoplasia (2005) 10(2):169–80. doi: 10.1007/s10911-005-5399-8

5. Lockman, PR, Mittapalli, RK, Taskar, KS, Rudraraju, V, Gril, B, Bohn, KA, et al. Heterogeneous Blood-Tumor Barrier Permeability Determines Drug Efficacy in Experimental Brain Metastases of Breast Cancer. Clin Cancer Res (2010) 16(23):5664–78. doi: 10.1158/1078-0432.CCR-10-1564

6. Minn, AJ, Gupta, GP, Siegel, PM, Bos, PD, Shu, W, Giri, DD, et al. Genes That Mediate Breast Cancer Metastasis to Lung. Nature (2005) 436(7050):518–24. doi: 10.1038/nature03799

7. Scully, OJ, Bay, BH, Yip, G, and Yu, Y. Breast Cancer Metastasis. Cancer Genomics Proteomics (2012) 9(5):311–20.

8. Salmena, L, Poliseno, L, Tay, Y, Kats, L, and Pandolfi, PP. A ceRNA Hypothesis: The Rosetta Stone of a Hidden RNA Language? Cell (2011) 146(3):353–8. doi: 10.1016/j.cell.2011.07.014

9. Karreth, FA, and Pandolfi, PP. ceRNA Cross-Talk in Cancer: When Ce-Bling Rivalries Go Awry. Cancer Discov (2013) 3(10):1113–21. doi: 10.1158/2159-8290.CD-13-0202

10. Song, X, Cao, G, Jing, L, Lin, S, Wang, X, Zhang, J, et al. Analysing the Relationship Between lncRNA and Protein-Coding Gene and the Role of lncRNA as ceRNA in Pulmonary Fibrosis. J Cell Mol Med (2014) 18(6):991–1003. doi: 10.1111/jcmm.12243

11. Zhang, E, Han, L, Yin, D, He, X, Hong, L, Si, X, et al. H3K27 Acetylation Activated-Long non-Coding RNA CCAT1 Affects Cell Proliferation and Migration by Regulating SPRY4 and HOXB13 Expression in Esophageal Squamous Cell Carcinoma. Nucleic Acids Res (2017) 45(6):3086–101. doi: 10.1093/nar/gkw1247

12. Ma, MZ, Chu, BF, Zhang, Y, Weng, MZ, Qin, YY, Gong, W, et al. Long non-Coding RNA CCAT1 Promotes Gallbladder Cancer Development Via Negative Modulation of Mirna-218-5p. Cell Death Dis (2015) 6:e1583. doi: 10.1038/cddis.2014.541

13. Zhang, ZZ, Shen, ZY, Shen, YY, Zhao, EH, Wang, M, Wang, CJ, et al. Hotair Long Noncoding RNA Promotes Gastric Cancer Metastasis Through Suppression of Poly R(C)-Binding Protein (Pcbp) 1. Mol Cancer Ther (2015) 14(5):1162–70. doi: 10.1158/1535-7163.MCT-14-0695

14. Ding, C, Yang, Z, Lv, Z, DU, C, Xiao, H, Peng, C, et al. Long non-Coding RNA PVT1 is Associated With Tumor Progression and Predicts Recurrence in Hepatocellular Carcinoma Patients. Oncol Lett (2015) 9(2):955–63. doi: 10.3892/ol.2014.2730

15. Qi, X, Zhang, DH, Wu, N, Xiao, JH, Wang, X, and Ma, W. ceRNA in Cancer: Possible Functions and Clinical Implications. J Med Genet (2015) 52(10):710–8. doi: 10.1136/jmedgenet-2015-103334

16. Fan, CN, Ma, L, and Liu, N. Systematic Analysis of lncRNA-miRNA-mRNA Competing Endogenous RNA Network Identifies four-lncRNA Signature as a Prognostic Biomarker for Breast Cancer. J Transl Med (2018) 16(1):264. doi: 10.1186/s12967-018-1640-2

17. Yao, Y, Zhang, T, Qi, L, Zhou, C, Wei, J, Feng, F, et al. Integrated Analysis of Co-Expression and ceRNA Network Identifies Five lncRNAs as Prognostic Markers for Breast Cancer. J Cell Mol Med (2019) 23(12):8410–9. doi: 10.1111/jcmm.14721

18. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. Limma Powers Differential Expression Analyses for RNA-sequencing and Microarray Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

19. Wang, J, Vasaikar, S, Shi, Z, Greer, M, and Zhang, B. WebGestalt 2017: A More Comprehensive, Powerful, Flexible and Interactive Gene Set Enrichment Analysis Toolkit. Nucleic Acids Res (2017) 45(W1):W130–7. doi: 10.1093/nar/gkx356

20. Vlachos, IS, Zagganas, K, Paraskevopoulou, MD, Georgakilas, G, Karagkouni, D, Vergoulis, T, et al. Diana-miRPath v3.0: Deciphering microRNA Function With Experimental Support. Nucleic Acids Res (2015) 43(W1):W460–6. doi: 10.1093/nar/gkv403

21. Miranda, KC, Huynh, T, Tay, Y, Ang, YS, Tam, WL, Thomson, AM, et al. A Pattern-Based Method for the Identification of MicroRNA Binding Sites and Their Corresponding Heteroduplexes. Cell (2006) 126(6):1203–17. doi: 10.1016/j.cell.2006.07.031

22. Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D, et al. Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res (2003) 13(11):2498–504. doi: 10.1101/gr.1239303

23. Deveau, P, Colmet Daage, L, Oldridge, D, Bernard, V, Bellini, A, Chicard, M, et al. QuantumClone: Clonal Assessment of Functional Mutations in Cancer Based on a Genotype-Aware Method for Clonal Reconstruction. Bioinformatics (2018) 34(11):1808–16. doi: 10.1093/bioinformatics/bty016

24. Robin, X, Turck, N, Hainard, A, Tiberti, N, Lisacek, F, Sanchez, JC, et al. pROC: An Open-Source Package for R and S+ to Analyze and Compare ROC Curves. BMC Bioinformatics (2011) 12:77. doi: 10.1186/1471-2105-12-77

25. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

26. Medeiros, B, and Allan, AL. Molecular Mechanisms of Breast Cancer Metastasis to the Lung: Clinical and Experimental Perspectives. Int J Mol Sci (2019) 20(9):2272. doi: 10.3390/ijms20092272

27. Pylayeva, Y, Gillen, KM, Gerald, W, Beggs, HE, Reichardt, LF, and Giancotti, FG. Ras- and PI3K-dependent Breast Tumorigenesis in Mice and Humans Requires Focal Adhesion Kinase Signaling. J Clin Invest (2009) 119(2):252–66. doi: 10.1172/JCI37160

28. Tikhmyanova, N, Little, JL, and Golemis, EA. CAS Proteins in Normal and Pathological Cell Growth Control. Cell Mol Life Sci (2010) 67(7):1025–48. doi: 10.1007/s00018-009-0213-1

29. Matsui, H, Harada, I, and Sawada, Y. Src, p130Cas, and Mechanotransduction in Cancer Cells. Genes Cancer (2012) 3(5-6):394–401. doi: 10.1177/1947601912461443

30. Barrett, A, Pellet-Many, C, Zachary, IC, Evans, IM, and Frankel, P. p130Cas: A Key Signalling Node in Health and Disease. Cell Signal (2013) 25(4):766–77. doi: 10.1016/j.cellsig.2012.12.019

31. Yaginuma, T, Gao, J, Nagata, K, Muroya, R, Fei, H, Nagano, H, et al. p130Cas Induces Bone Invasion by Oral Squamous Cell Carcinoma by Regulating Tumor Epithelial-Mesenchymal Transition and Cell Proliferation. Carcinogenesis (2020) 41(8):1038–48. doi: 10.1093/carcin/bgaa007

32. Heumann, A, Heinemann, N, Hube-Magg, C, Lang, DS, Grupp, K, Kluth, M, et al. High BCAR1 Expression is Associated With Early PSA Recurrence in ERG Negative Prostate Cancer. BMC Cancer (2018) 18(1):37. doi: 10.1186/s12885-017-3956-3

33. Yin, XY, Yang, X, Cui, Y, and Zhang, SM. Expression of Three Proteins in Endometrioid Adenocarcinoma and Their Significance in Clinical Nursing, Diagnosis and Treatment. Eur Rev Med Pharmacol Sci (2018) 22(1):55–61. doi: 10.26355/eurrev_201801_14100

34. Gemperle, J, Dibus, M, Koudelková, L, Rosel, D, and Brábek, J. The Interaction of p130Cas With PKN3 Promotes Malignant Growth. Mol Oncol (2019) 13(2):264–89. doi: 10.1002/1878-0261.12401

35. Camacho Leal Mdel, P, Pincini, A, Tornillo, G, Fiorito, E, Bisaro, B, Di Luca, E, et al. p130Cas Over-Expression Impairs Mammary Branching Morphogenesis in Response to Estrogen and EGF. PloS One (2012) 7(12):e49817. doi: 10.1371/journal.pone.0049817

36. Tang, W, Ahmad, S, Shestopalov, VI, and Lin, X. Pannexins are New Molecular Candidates for Assembling Gap Junctions in the Cochlea. Neuroreport (2008) 19(13):1253–7. doi: 10.1097/WNR.0b013e32830891f5

37. Swayne, LA, and Bennett, SA. Connexins and Pannexins in Neuronal Development and Adult Neurogenesis. BMC Cell Biol (2016) 17 Suppl 1:10. doi: 10.1186/s12860-016-0089-5

38. Swayne, LA, Sorbara, CD, and Bennett, SA. Pannexin 2 is Expressed by Postnatal Hippocampal Neural Progenitors and Modulates Neuronal Commitment. J Biol Chem (2010) 285(32):24977–86. doi: 10.1074/jbc.M110.130054

39. Penuela, S, Harland, L, Simek, J, and Laird, DW. Pannexin Channels and Their Links to Human Disease. Biochem J (2014) 461(3):371–81. doi: 10.1042/BJ20140447

40. Fish, L, Zhang, S, Yu, JX, Culbertson, B, Zhou, AY, Goga, A, et al. Cancer Cells Exploit an Orphan RNA to Drive Metastatic Progression. Nat Med (2018) 24(11):1743–51. doi: 10.1038/s41591-018-0230-4

41. Kim, KM, Hussein, UK, Bae, JS, Park, SH, Kwon, KS, Ha, SH, et al. The Expression Patterns of FAM83H and PANX2 are Associated With Shorter Survival of Clear Cell Renal Cell Carcinoma Patients. Front Oncol (2019) 9:14. doi: 10.3389/fonc.2019.00014

42. Fang, SS, Guo, JC, Zhang, JH, Liu, JN, Hong, S, Yu, B, et al. A P53-related microRNA Model for Predicting the Prognosis of Hepatocellular Carcinoma Patients. J Cell Physiol (2020) 235(4):3569–78. doi: 10.1002/jcp.29245



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.

Copyright © 2021 Qian, Zheng, Wu, Ye, Qian, Zhou, Qiu and Meng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-670138-g005.jpg





OEBPS/Images/fonc-11-670138-g007.jpg
35

5

2

15

10

250

hsa-miR-105-5p

M7 MDAMB231
cell line
AHRR 3
cellline
PANX2 €
Py

MDAMBAS3

BCARL

cellline.

TIC34

p Ty





OEBPS/Images/fonc-11-670138-g002.jpg
i T
iH '\]|lnl|ﬂlﬂ {qﬁﬁﬁﬁﬁgiﬁi






OEBPS/Images/fonc-11-670138-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrated Analysis of ceRNA Network Reveals Prognostic and Metastasis Associated Biomarkers in Breast Cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Data Collection

          



          		

            Identification of Differentially Expressed and Metastasis-Associated RNAs

          



          		

            Enrichment Analysis

          



          		

            Construction of the Metastasis Associated ceRNA Network

          



          		

            Survival Analysis

          



          		

            Identification and Validation of the Metastatic Biomarkers

          



          		

            Mechanism Analysis of Metastatic Biomarkers

          



          		

            Statistical Analysis

          



        



        



        		

          Result

        

          		

            Identification of Differentially Expressed and Metastasis-Associated RNAs

          



          		

            Enrichment Analysis

          



          		

            Construction of the Metastasis Associated ceRNA Network

          



          		

            Identification of the Prognostic Biomarkers

          



          		

            Identification and Validation of the Reliably Metastatic Biomarkers

          



          		

            Molecular Mechanism of Reliably Metastatic Biomarkers

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Supplementary Material 

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-670138-g009.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
logFC P Value adj.P.Val
hsa-miR-4529-5p 0.083182 0.001964317 0.423677628
hsa-miR-4732-5p 0.164886 0.002305116 0.423677628
hsa-miR-205-5p -1.62982 0.00355452 0.526305888
hsa-miR-5691 -0.64002 0.005250125 0.647807062
hsa-miR-4759 0.243061 0.007832781 0.82710765
hsa-miR-767-5p 1.296216 0.010659283 0.910548747
hsa-miR-203b-3p -1.32773 0.012570775 0.982582917
hsa-miR-4435 0.260738 0.013897397 0.982582917
hsa-miR-92a-1-5p -0.71087 0.014958938 0.982582917
hsa-miR-3156-3p 0.496469 0.015760554 0.982582917
hsa-miR-105-5p 1.46322 0.017023377 0.982582917
hsa-miR-196a-3p 0.704418 0.018169254 0.982582917
hsa-miR-1538 -0.37858 0.020428508 0.982582917
hsa-miR-769-3p -0.55012 0.037614062 0.982582917
hsa-miR-6783-3p -0.41037 0.038042665 0.982582917
hsa-miR-503-5p 0.67017 0.038709206 0.982582917
hsa-miR-155-3p -0.53033 0.040324782 0.982582917
hsa-miR-6820-3p -0.41182 0.042252905 0.982582917
hsa-miR-6802-3p -0.39398 0.046795738 0.982582917






OEBPS/Images/fonc-11-670138-g006.jpg





OEBPS/Images/table3.jpg
LINCO1742
MIRS83HG
LINC01920
LINC0O2080
ZNF197-AS1
LINC00028
TESC-AS1
FAMB6E
CATIP-AS2
CYP4A22-AS1
TPM1-AS
GPR50-AS1
ACVR2B-AS1
N4BP2L2-T2
SIX3-AS1
LINC00407

logFC

0.118378
0.11855
0.012082
0.032763
-0.104
0.086792
0.012969
0.010742
0.0925
-0.12903
-0.12722
0.002362
-0.18608
-0.10386
0.16012
0.027636

P Value

1.14E-06
0.000330806
0.001824527
0.006593197
0.006655724
0.006668459
0.010453491
0.016804334
0.019484229
0.019917265
0.031181472
0.032409713
0.033049232
0.038352681
0.044972065
0.045427248

adj. P.val

0.000521506
0.06510711
0.251284985
0.603747219
0.603747219
0.603747219
0.777691137
0.991905035
1






OEBPS/Images/fonc-11-670138-g004.jpg
A TSNS S TR B o I o e ] S

S D
Frvmm=| ;.:jn:«—.:..,.._,, : R IExiy i

o Sl

o

rsa-R-52a-1-5p 5 hsa-mR-520-1-5p hoh xresion 5 aa-miR-52a-1-5plow xpresion

:

1.00.

z 075

3

H

g 050

g

] 025

] 4.676e-02
0.0

8 G 75345678 8101112fa1afs16171810202122232425

< Time (years)

g

'3 3983@32753710386 62482819138 8 54 4 4 33222200

E hsa-miR-92a-1-5plow expression|_48610272085412189 594525181410 9 8 7 6 6 54 3 31 0 0 0

8 G 123456786101 1213141516171819202122232425

Time (vears)





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-670138-g001.jpg





OEBPS/Images/fonc-11-670138-g010.jpg
/\ m"’\

E\\\// \‘//} ﬁ

ey -

‘ ﬂ = s =
b’; /' \ ﬁ::
CEmmED





OEBPS/Images/fonc-11-670138-g008.jpg
o






OEBPS/Images/fonc.2021.670138_cover.jpg
’ frontiers
in Oncology

Integrated Analysis of ceRNA
Network Reveals Prognostic and
Metastasis Associated Biomarkers
in Breast Cancer





OEBPS/Images/table1.jpg
PPFIA3
ACOT7
ZKSCAN8
SPAG4
LMTK3
PANX2
RNF43
PLEKHH1
SRMS
DSG2
MROH6
SORBS2
MAPK8IP2
TMEM64
USP34
SLC28A3
TAOK1
ZNF107
NAPRT
LCN12

logFC

0.479089697
0.477983617
-0.398899727
0.500456146
0.52192865
0.543312666
0.583175321
-0.332308377
0.55637897
-0.525819006
0.522433855
-0.532715794
0.650025745
-0.649116541
-0.358699016
-0.555051029
-0.348745059
-0.314908986
0.500739412
-0.324723838

P Value

0.002372667
0.002708625
0.002819373
0.003096628
0.004630231
0.004685004
0.008196349
0.008291401
0.009492441
0.010146077
0.010514687
0.012983838
0.013719146
0.015978754
0.020648921
0.020701175
0.02099021
0.083812255
0.038257395
0.046572045

adj.P.val

0.344801451
0.366881073
0.368049568
0.379134431
0.423806794
0.423806794
0.52972599
0.53120832
0.551961665
0.554466948
0.554466948
0.586198134
0.586198134
0.598808379
0.632133347
0.632133347
0.632473972
0.698332359
0.712030093
0.733249327






