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Purpose: The purpose of this study was to identify the potential exosome-derived microRNAs (miRNAs) related to prostate cancer
(Pca) bone metastasis.
Methods: Two datasets were collected. One dataset was from the authors’ institute, for which two groups of 10 patients each were
designed: in the first one, the patients had early-stage localised Pca without bone metastasis, and in the other, the patients
presented with Pca with bone metastasis. Then, the miRNA expression profiles of the blood exosomes were obtained and analysed.
The other dataset was a public dataset of the miRNA expression transcriptome (GSE26964), which was downloaded from Gene
Expression Omnibus (GEO). The results of both datasets were jointly analysed and the most bone-metastatic-related differentially
expressed miRNAs (diff-miRNAs) were identified and further validated. Finally, a series of bioinformatics analyses were
performed and the relationship between target genes of the diff-miRNAs and the pathogenesis and progression of bone metastasis
of Pca were studied.
Results: From the authors’ dataset, in all, 313 diff-miRNAs were identified, of which 205 were up-regulated while 108 were down-
regulated. From the GSE26964 dataset, 107 diff-miRNAs were found, of which 44 were up-regulated and 63 were down-regulated.
Taking the intersection of the results of both datasets, four diff-miRNAs were identified: hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR
-339-5p and hsa-miR-613. In all, 94 target genes of the four diff-miRNAs were predicted. After considering the intersection of the
results from the GSE32269 dataset, we obtained 25 target genes. Although either positive or negative correlations were found among
the diff-miRNAs with some of the target genes, there is a lack of evidence on how such correlations regulate the development and
promotion of Pca bone metastasis.
Conclusion: Hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613 are potential biomarkers for Pca bone
metastasis.
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Introduction
Prostate cancer (Pca) is considered the most common malignant tumour in the male urological system.1 Approximately
90% of late-stage Pca patients present with bone metastasis. Pca patients with bone metastasis may have severe pain in
the back and/or the extremities, leading to significant disabilities in daily activities (eg, difficulties in standing, walking
and changing postures) and, consequently, patients are mainly wheelchair or bed bound. Furthermore, associated
complications, such as urinary tract infection, pulmonary infection and deep vein thrombosis, may occur. As a result,
the quality of life is significantly decreased, and the mortality rate is increased. However, we currently have a limited
understanding of the underlying mechanism of Pca developing bone metastasis. Thus, we are unable to establish better
strategies to prevent Pca from bone metastasis and to improve the life expectancy of late-stage Pca patients.

International Journal of General Medicine 2022:15 5369–5383 5369
© 2022 Lu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of General Medicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 10 February 2022
Accepted: 16 May 2022
Published: 1 June 2022

http://orcid.org/0000-0002-5664-8776
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


Recently, studies have shown that tumour cells release exosomes,2–5 which are small membrane vesicles (30–150 nm)
that contain complex RNAs and proteins.6 Furthermore, miRNAs are non-coding small RNA molecules that bind to the
3’-untranslated region of the target mRNAs to regulate and alter the expression of the target genes. These miRNAs are
transferred between cells via exosomes, which act as a communication tool between cells and thus modify the
microenvironment in which tumour cells metastasise.7,8 Li et al9 found that miR-375 was overexpressed in exosomes
derived from metastatic PCa cells. Duan et al10 found that PC-3-derived exosomes inhibited NF-κB signalling pathway
activity by down-regulating the miR-214 expression, thereby inhibiting osteoclast differentiation and thus achieving the
attenuation of PCa bone metastasis. Therefore, bone metastasis in PCa can be considered to be related to the interaction
between tumour cells and the skeletal microenvironment, in which the miRNAs in the exosomes may play an important
regulatory role as signalling molecules.11–13

Materials and Methods
Data Collection
The aim of this study was to identify the potential biomarkers related to the development and progression of Pca bone
metastasis. The design of this study is shown in Figure 1. Two datasets were collected in this study. One dataset was from
the authors’ institute, for which 20 Pca patients were recruited, and their blood samples were collected. Then, the miRNA
expression profiles of the blood exosomes were obtained and analysed. The other dataset was a public dataset of the
miRNA expression transcriptome (GSE26964), which was downloaded from Gene Expression Omnibus (GEO). The
results of both datasets were jointly analysed, and the most bone-metastatic-related differentially expressed miRNAs
(diff-miRNAs) were identified. The results were further validated by a real-time quantitative PCR (qRT-PCR) test.
Finally, a series of bioinformatics analyses were performed, and the relationship between the target genes of the diff-
miRNAs and the pathogenesis and progression of Pca bone metastasis were studied.

Authors’ Dataset Collection
In all, 20 Pca patients were recruited from the authors’ institute between May 2020 and January 2021 (Figure 1) (Table 1
supplementary material). The diagnosis of Pca was confirmed by prostate needle biopsy. Bone metastasis was assessed
using a bone scan or a PET-CT scan. Two groups of 10 patients each were designed: in the first one, the patients had
early-stage localised Pca without bone metastasis (Pca-exo group), and in the other, the patients presented with Pca with
bone metastasis (PBM-exo group) (Table 1 supplementary material). This study was approved by the Ethics Committee
of the authors’ institute [No. 2019(226)]. Next, 10 mL of peripheral venous blood was collected from each patient at the
time of hospital admission. Informed consent was obtained before the collection of the blood sample. Anti-tumour
therapy was not performed before the blood sample was taken. The samples were stored and processed in a standard
manner, according to the literature.14 The exosomes of the blood samples were isolated, extracted and purified using the
ExoQuick kit (System Biosciences).14 The morphology of the exosomes was then observed using transmission electron
microscopy (TEM; JEM-200CX, Japan). The diameter distribution of particles in the exosome samples was measured by
a nanoparticle tracking analysis using the NanoSight NS300 system (Malvern Panalytical, Malvern, UK). Identification
of CD63 and TSG101 was performed by Western blot analysis. The total RNA of the exosomes was extracted using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany). A small RNA library was built according to the QIAseqTM miRNA
Library Kit. The sequencing of the miRNA library was done using the Illumina HiSeq 2500 sequencing detector
(Illumina, USA).

Public Dataset Collection
A search with the keywords “prostate cancer, bone metastasis and miRNA” was carried out in the GEO database (http://
www.ncbi.nlm.nih.gov/geo/)(Figure 1). As a result, a miRNA expression transcriptome dataset, GSE26964, was found,
which contained the miRNA expression profile data of six localised Pca without bone metastasis (Pca-exo) samples and
seven Pca with bone metastasis (PBM-exo) samples. The miRNA expression data were then analysed using the
Capitalbio Mammalian MicroRNAV3.0 (GPL8469) platform.15
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Furthermore, another public dataset, GSE32269, containing 22 Pca tissue samples and 29 PBM tissue samples was
downloaded from the GEO database (Figure 1). The mRNA expression profile data were analysed using the Affymetrix
Human Genome U133A Array (GPL96) platform.

Analysis of Differentially Expressed miRNAs
The R package “Limma” was used to analyse the differentially expressed miRNAs (diff-miRNAs) between the Pca-exo
and the PBM-exo groups in both the authors’ dataset and the public dataset (p-value < 0.05 and |log2FC| > 1)16

(Figure 1). The results of the diff-miRNAs from both datasets were combined and jointly analysed. Then, the intersection
of the results of both datasets was taken, and the most bone-metastasis-related diff-miRNAs were identified (Figure 1).
Furthermore, the expression levels of the diff-miRNAs were plotted using GraphPad software and statistically analysed
using a t-test. A p-value of <0.01 indicated statistical significance.

Furthermore, for the results of the diff-miRNAs in the authors’ dataset, an online open-access tool FunRich (http://
www.funrich.org/forum)17,18 was used to analyse the independent feature enrichment of the diff-miRNAs; the

Figure 1 The flowchart of the study design.
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transcription factor (TF) enrichment analysis, GO enrichment analysis, and the biological pathways (Kyoto Encyclopedia
of Genes and Genomes, KEGG) analysis were also performed.

Validation of the Diff-miRNAs
The identified diff-miRNAs were further validated by a real-time-quantitative PCR (RT-qPCR) test using the following
human cell lines: prostate cancer bone metastasis cell line C4-2B, localised prostate cancer cell line 22RV1 and normal
prostate epithelial cell line RWPE-1. The cell lines were obtained from the Shanghai Institute of Cell Science, Chinese
Academy of Sciences. The RT-qPCR was performed according to the following procedures. In brief, TRIzol (Invitrogen;
Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) was adopted to extract the total RNA from the cells. The miRNA
primers and the real-time fluorescent quantitative PCR testing kit were purchased from FulenGen Co., Ltd. (Guangzhou,
China). U6 was used as an endogenous control. The relative quantification of the miRNA levels was determined using the ΔΔ
C t method. Our first cDNAwas synthesised using EntiLink™ 1st Strand cDNA Synthesis Kit (ELK Biotechnology, EQ003),
and the real-time fluorescent quantitative PCR was completed on the StepOne™ Real-Time PCR instrument from Life
Technologies; three double holes were made in each sample by using the EnTurbo™ SYBR Green PCR SuperMix kit (ELK
Biotechnology, EQ001). The specific primer sequence list is shown in (Table 2 Supplementary material).

Target Genes Prediction and miRNA-mRNA Regulator Network Construction
Next, miRTarBase, TargetScan and miRDB were used to predict the target genes of diff-miRNAs (Figure 1). The
intersection acquired from the abovementioned three databases was obtained, and the target genes within the intersection
were identified. The R package “VennDiagram” was used to construct and visualise the target genes that have
a relationship with the diff-miRNAs (Figure 1).

Thereafter, the identified target genes of diff-miRNAs were further filtered using the results of the diff-mRNAs of the
GSE32269 dataset. As a result, the intersection of both datasets was obtained, and the target genes within the intersection
were selected as the differentially expressed target genes (diff-TG) for further bioinformatics analysis (Figure 1,
bottom row).

A gene interaction search tool (STRING) and Cytoscape software were used to detect the interactions between the
diff-TGs, and the PPI networks and miRNA-mRNA regulatory networks were constructed accordingly. On the basis of
the degree values, the central genes were calculated using the cytoHubba plugin. All parameters of the plug-in were kept
as default values.

GO/KEGG Enrichment Analysis
A gene ontology (Go) analysis was performed using the online tool Metascape (http://metascape.org)19 to investigate the
biological processes, cellular components and specific molecular functions of the identified target genes of the diff-miRNAs.
Furthermore, an enrichment analysis was performed for the KEGG pathway, with a p-value of <0.05 as the threshold.

Correlation Analysis
The StarBase online database was used to perform the correlation analysis.20 Correlation scatter plots were drawn; r > 0
indicated a positive correlation between miRNA and mRNA, r < 0 indicated a negative correlation between miRNA and
mRNA, and p < 0.05 indicated a statistically significant correlation between miRNA and mRNA.

Statistical Analysis
Differences among variables were verified using a t-test and a chi-square test. The statistical analysis was performed
using R software (4.0.0). Heat maps were drawn using the software package HeatMap. SPSS version 20.0 and GraphPad
Prism version 8.0 were used to analyse the data, and p < 0.05 indicated statistical significance.
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Result
Exosomes Extraction and Characterization
All blood samples were collected smoothly and safely. The exosomes were successfully extracted, as shown in Figure 2.
Exosome-specific proteins TSG101 and CD63 were highly expressed (Figure 2A) in the extracted extracellular vesicles,
with an average diameter of 105.70 ± 43.82 nm (ranging from 30 to 150 nm) (Figure 2B), which was the expected range
of exosomes. Moreover, the TEM analysis revealed that the vesicles had a cup-like morphology, which was characteristic
of exosomes (Figure 2C).

Diff-miRNAs Identification of Both Datasets
From the authors’ dataset, we obtained 313 diff-miRNAs, of which 205 were up-regulated while 107 were down-
regulated (Figure 3A and B, supplementary material Table 3). From the public GSE26964 dataset, we extracted 107 diff-
miRNAs, of which 44 were up-regulated and 63 were down-regulated (Figure 3C and D, supplementary material
Table 4).

Enrichment Analysis of Diff-miRNAs of the Authors’ Dataset
Figure 4 shows the results of the enrichment analysis of the diff-miRNAs from the authors’ dataset. The transcription
factors were mainly concentrated in EGR1, SP1, SP4, POU2F1, MEF2A, ZFP161, NFIC, RREB1, NKX6-1 and

Figure 2 Exosomes identification: (A) Western blot to detect the expression of exosomal specific proteins TSG101 and CD63, exo: exosome, the grouping of gels/blots are
cropped from different gels. (B) Nanosight detects the diameter distribution of exosomes. (C) The size and morphology of exosomes displayed under a transmission
electron microscope, red arrow: a cup-like morphology, which is characteristic of exosomes.
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FOXA1 (Figure 4A), and SP1 had the highest percentage, while EGR1 was the most statistically significant. In BP
(Figure 4B), they were mainly enriched in the regulation of nucleobase, nucleoside, nucleotide and nucleic acid
metabolism; signal transduction; cell communication and transport. The results of CC (Figure 4C) revealed that diff-
miRNAs were mainly enriched in the nucleus, cytoplasm, Golgi apparatus, lysosomes, early endosomes, actin

Figure 3 Diff-miRNA extraction: (A) GSE26964 diff-miRNAs volcano map, (B) PBM-exo diff-miRNAs volcano map, (C) GSE26964 diff-miRNAs heat map, (D) PBM-exo diff-
miRNAs heat map.
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cytoskeleton, endosomes, clathrin-coated vesicles and plasma membrane. In MF (Figure 4D), they were mainly
enriched in transcription factor activity, protein serine/threonine kinase activity, GTPase activity, ubiquitin-specific
protease activity, transcription regulator activity, receptor signalling complex scaffold activity and guanyl-nucleotide
exchange factor activity. The results of KEGG (Figure 4E) revealed that diff-miRNAs were mainly enriched in beta1
integrin cell surface interactions, TRAIL signalling pathway, glypican pathway, proteoglycan syndecan-mediated
signalling events, ErbB receptor signalling network and sphingosine 1-phosphate (S1P) pathway, integrin family cell
surface interactions, alpha9 beta1 integrin signalling events, plasma membrane estrogen receptor signalling events and
PDGF receptor signalling network.

Combinedly Analysis of Both Datasets
We combined the diff-miRNAs from both datasets and took the intersection; as a result, we obtained four diff-miRNAs
for further studies (hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613, Figure 5A, supplementary
material Tables 3 and 4).

Figures 5B–E show the expression of these four diff-miRNAs. The expression of hsa-miR-330-3p, hsa-miR-339-5p
and hsa-miR-613 was increased in PBM-exo as compared to that in the Pca-exo group (Figures 5B–D). However, the

Figure 4 Enrichment analysis of the diff-miRNAs from the authors’ dataset: (A) transcription factor analysis, (B–D) GO analysis, (E) biological pathway analysis.
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expression of hsa-miR-125a-3p was significantly reduced in the PBM-exo group as compared to that in the Pca-exo
group (Figures 5E).

Validation of the Identified Diff-miRNAs
Figure 5F shows the qRT-PCR results. The expression of miR-125a-3p was significantly decreased in the C4-2B (PBM)
cell line as compared to that in the 22RV1 (localised Pca) cell line, while that of hsa-miR-330-3p, hsa-miR-339-5p and
hsa-miR-613 was significantly increased in the C4-2B group as compared to that in the 22RV1 cell line. The above
results validated the findings of the diff-miRNA expression test (Figures 5B–E), and thus, the relationship between the
diff-miRNAs and the regulation of the Pca bone metastasis mechanism was observed. (The specific primer sequences are
listed in supplementary material Table 2.)

Prediction of Diff-miRNAs Target Genes and miRNA-mRNA Regular Network
Construction
Figure 6A shows the results of the target gene prediction. In all, 94 target genes were predicted in the intersections of the
three databases: 20 genes from hsa-miR-330-3p, 7 genes from hsa-miR-339-5p, 32 genes from hsa-miR-613 and 35
genes from hsa-miR-125a-3p (Figure 6A). The gene regulatory network was constructed successfully by putting the
above-mentioned 94 target genes of diff-miRNAs into the STRING database (Figure 6B). Furthermore, Cytoscape’s
cytoHubba plug-in was used to optimise the visualisation of the network diagram, and the HUB genes were calculated
using the degree algorithm accordingly. As a result, the top 15 target genes—KRAS, RHOA, BDNF, HNRNPA1,
BRCA1, FYN, BCL2L11, NRG1, SETX, FXR1, BACE1, CDC37, TIMP3, PDCD4 and SGK1—were identified as the
HUB genes that might play more important roles in Pca bone metastasis (Figure 6C, supplementary material Table 5).

In contrast, from the GSE32269 dataset, we identified 3351 differentially expressed genes. We took the intersection of
the abovementioned 94 genes and 3351 genes; as a result, we identified 25 differentially expressive target genes (diff-
TGs). Furthermore, we put these 25 diff-TGs into the STRING database and successfully constructed the gene regulatory
network, as shown in Figure 6D.

Figure 5 (A) Venn diagram shows the result of the intersection of diff-miRNAs between GSE26964 dataset and the authors’ dataset. (B–E) The expression of diff-miRNAs
in PBM-exo. (F) The results of qRT-PCR show the effect of hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613 in the three cell lines of REPE-1, 22RV1, and
C4-2B. Express the situation. *Means p<0.05, ***Means p<0.0001.
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GO/KEGG Analysis of the Target Genes
A GO/KEGG analysis was performed on the 25 diff-TGs using the online tool metascape; the results are shown in
Figure 7. We observed that these diff-TGs were mainly enriched in pathways such as the regulation of the cellular
response to stress, signalling by ERBB2, signalling by receptor tyrosine kinases, heterocyclic catabolic process and the
PI3 K-Akt signalling pathway (Figures 7A-D).

Figure 6 (A) The results of the target genes prediction. (B) The regulatory network diagram of miRNA-mRNA shows the regulatory relationship between hsa-miR-125a-
3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613 and its target genes. (C) Interaction network diagram of the top 30 genes calculated based on the degree value by
CytoHubba of Cytoscape. The color of the module reflects the comprehensive score of the gene (light yellow→red=low score→high score). (D) Shows the regulatory
network diagram between hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613 and the diff-TGs after taken the intersection of the results of GSE32269
dataset.
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Correlation Analysis Between miRNAs and Predicted Target Genes
The online database starBase was used to conduct a correlation analysis of the 25 diff-TGs and diff-miRNAs. It
revealed that hsa-miR-330-3p (Figure 8 1st row) and hsa-miR-125a-3p (Figure 8, 2nd and 3rd rows) were positively
correlated with BCL11B and CAPZA1 but negatively correlated with E2F1. Furthermore, hsa-miR-125a-3p was
negatively correlated with FXN, G1T1, SAR1B and SYNGR, while positively correlated with FYN, IGF2BP2,
MTAP, P2RX7 and TAOK1. In contrast, hsa-miR-339-5p (Figure 8 4th row) was positively correlated with BCL6
and BLCAP but negatively correlated with AKAP10. These differences were statistically significant (p < 0.05).
However, for the hsa-miR-613, we were unable to find any positive nor negative correlations between this miRNA
and the predicted target genes in this study.

Discussion
The purpose of this study was to identify plasma exosome-derived miRNAs that may be potential biomarkers for Pca
bone metastasis. From the authors’ dataset, in all, 313 diff-miRNAs were identified, of which 205 were up-regulated
while 108 were down-regulated. From the public GSE26964 dataset, 107 diff-miRNAs were found, of which 44 were up-
regulated and 63 were down-regulated. Taking the intersection of the results of both datasets, we found four exosome-
derived miRNAs: hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613. The results were further

Figure 7 Target gene enrichment analysis of miRNAs. (A and B) The network diagram is a target gene enrichment network diagram based on Metascape, where (A) is
colored based on the enrichment term, (B) is colored based on the P value; (C) shows the protein-protein (PPI) network of all target genes interaction map; (D) heat map
shows the functional enrichment of the target gene. The smaller the P value, the darker the color.
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validated by qRT-PCR in three cell lines. We observed that hsa-miR-125a-3p was down-regulated, while hsa-miR-330-
3p, hsa-miR-339-5p and hsa-miR-613 were up-regulated in the bone metastasis group as compared to those in the
localised Pca group in current study.

Our findings of hsa-miR-125a-3p were consistent with the results of previous studies. It has been demonstrated that
miR-125a-3p may regulate the migration of prostate cancer cells and that an overexpression of miR-125a-3p reduces the
migration of prostate cancer PC3 cells and increases apoptosis.21 Moreover, miR-125a-3p targets the expression of GIT1
to inhibit the proliferation and differentiation of osteoblasts. Another study confirmed that miRNA-125a inhibits cell

Figure 8 Correlation scatter diagram of genes after the intersection of hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p, hsa-miR-613 and differential mRNA-target genes,
r >0 indicates that there is a positive correlation between miRNA and mRNA, r<0 indicates that there is a negative correlation between miRNA and mRNA, and p<0.05
indicates that the correlation between miRNA and mRNA is statistically significant.
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migration and invasion and regulates the expression of hyaluronic acid synthase 1 by targeting the signal transducers and
activators of transcription 3 in renal cancer cells.22

In contrast, it has been reported that miR-330-3p, a core biomarker, is related to the development and progression of
various tumours as a promoter23–26 or a suppressor.27,28 With the down-regulation of the expression of miR-330-3p, the
development of osteosarcoma, which is one of the commonly seen bone malignant tumours, can be suppressed.28 A study
by Li et al showed that the expression of miR-330-3p was inhibited by circ-0016068, thus promoting the overexpression
of BMI-1 to enhance the proliferation, migration and invasion of Pca cells, as well as the metastasis of xenograft
tumours.29 It was also shown that miR-330-3p was expressed at significantly lower levels in prostate cancer tissues
compared with paired non-tumor tissue.29 However, our study demonstrated that miR-330-3p was up-regulated in the
blood exosomes in PBM group in both of the authors’ dataset and the public GSE26964 dataset. It was also shown that
miR-330-3p was expressed at significantly higher level in both of the prostate cancer bone metastasis cell line C4-2B and
localised prostate cancer cell line 22RV1 as compared with the normal prostate epithelial cell line RWPE-1 in this study.
Such findings are interesting and further studies are needed to clarify the underlying reasons why miR330-3p shows
different expression results in different samples (tissue, exosomes and cell lines).

Moreover, the dysregulation of miR-339-5p is involved in the initiation and progression of several human cancers,
including breast cancer 30 and lung cancer.31 Pan et al reported that miR-339-5p inhibits Pca cell proliferation, migration
and invasion, acting as a suppressor gene. Wu et al reported that lncRNA SNHG17 up-regulates the expression of
SNORA71B through the sponge adsorption of miR-339-5p, thereby promoting the progression of Pca.32 In our study, we
found that miR-339-5p was up-regulated in the PBM-exo group. Such findings are in conflict with previous studies which
have shown that miR-339-5p functions as a tumour suppressor rather than a promoter. Similar results for miR-613 were
also demonstrated in our study: it was up-regulated in the PBM-exo group. However, Ren et al reported that miR-613
functions as a tumour suppressor and that the overexpression of miR-613 significantly suppresses Pca cell proliferation
and invasion.33 Thus, the above results are not in agreement with our findings, and more studies are needed to further
elucidate the role of miR-613 in Pca bone metastasis.

In the TF enrichment analysis of the identified 313 diff-miRNAs, EGR1 and SP1 were the two most prominent factors
of the top 10 enriched transcription factors (Figure 4A). These results are consistent with the findings of previous studies.
The abnormal expression of EGR1 had a direct effect on Pca bone metastasis by regulating the angiogenesis and
osteoclast factors in Pca and, consequently, promoted metastasis.34 Another study demonstrated that the SP1/SAMD3
complex regulates miR-324-5p by inducing the overexpression of lncRNA PCAT7 to activate TGF-β signal transduction
to form an active loop to promote Pca bone metastasis.35 Furthermore, the results of MF, in which the functions of the
transcription factor activity and the transcription regulatory activity take the two highest percentages (Figure 4D),
indicated that diff-miRNAs might regulate the activities of transcription factors and thus alter the activities of various
downstream protein kinases. The results of the biological pathway (Figure 4E) revealed 10 pathways in which the diff-
miRNAs were enriched; however, no pathway showed a significantly higher percentage than the others.

Figure 6 shows the interactions between diff-miRNAs and diff-TGs in the PPI regulatory network diagram. From the
central gene analysis and the module analysis, we obtained 15 key target genes related to diff-miRNAs through 12
algorithms in the cytoHubba plugin, including KRAS, RHOA, BDNF, HNRNPA1, BRCA1, FYN, BCL2L11, NRG1,
SETX, FXR1, BACE1, CDC37, TIMP3, PDCD4 and SGK1 (Figure 6C). A further enrichment analysis of the 15 HUB
genes revealed that these target genes were mainly involved in the regulation of the cell response to stress, ERBB2 signal
transduction, receptor tyrosine kinase signal transduction, heterocyclic catabolic processes and PI3K-Akt signal transduc-
tion pathway (Figure 7). A number of studies have confirmed that RHOA plays an important role in mediating Pca cell
metastasis across the inner membrane.36–38 It has also been demonstrated that down-regulating the expression of BDNF
may promote the progression of Pca by inducing an epithelial–mesenchymal transition and non-neural resistance.39,40

Moreover, Lyu et al found that down-regulating the expression of FYN can be achieved by inducing the phosphorylation
of AMPK and activating the AMPK/mTOR signalling pathway to enhance the invasion and metastasis of
cholangiocarcinoma.41 Xenogeneic ribonucleoprotein A1 (hnRNPA1) is a ubiquitous RNA splicing factor. Several
studies have proven that hnRNPA1 is an independent predictor of poor prognosis for Pca and is significantly associated
with lymph node metastasis, advanced tumour staging, positive surgical margins and early biochemical recurrence.42
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PDCD4 is a tumour suppressor inhibited by androgen. Recent studies have shown that miR-21a can regulate the growth
and castration resistance of Pca by targeting the expression of PDCD4.43 Adissu et al confirmed that the absence or low
expression of the tissue inhibitor of metalloproteinase 3 (TIMP3) promotes the metastasis and invasion of Pca.44 Yang
et al also confirmed that miR-17 promotes the invasion and metastasis of Pca by targeting the inhibition of the TIMP3
expression.45 However, few studies have reported the relationship between KRAS, FYN, NRG1, BCL2L11, DPYSL2,
SETX, FXR1 and other genes with Pca metastasis. More studies are needed in the future to clarify the role of these genes
in Pca metastasis.

In this study, 25 diff-TGs were identified after considering the intersection of the results from the GSE32269 dataset
(Figure 6D). Although both positive and negative correlations were found among hsa-miR-330-3p (Figure 8 1st row),
hsa-miR-125a-3p (Figure 8, 2nd and 3rd rows) and hsa-miR-339-5p (Figure 8 4th row) with the some of the diff-TGs,
there is a lack of evidence on how such correlations regulate the development and promotion of Pca bone metastasis.
Furthermore, we could not show the correlation of a number of diff-TGs with the diff-miRNAs in this study, possibly
because of the limited data in the starBase; thus, more studies are needed to fill these research gaps. Finally, although the
bioinformatic analysis in this study identified 4 diff-miRNAs associated with Pca bone metastasis, however, given the
limited patient samples in the study, we were unable to show the identified diff-miRNAs may alter metastasis gene
signature in prostate cancer. Future studies on larger cohort samples will be required for identification of important
biomarkers for bone metastasis.

Conclusion
In summary, this study identified hsa-miR-125a-3p, hsa-miR-330-3p, hsa-miR-339-5p and hsa-miR-613 as potential
biomarkers for Pca bone metastasis. Although we analysed the function, mechanism and downstream target gene
regulation of these miRNAs, we were still unable to discover a detailed correlation between the diff-miRNAs and the
diff-TGs and the manner in which such correlations regulated the bone metastasis of Pca. Thus, further experimental
studies are required to fill these research gaps.
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