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Abstract 

Background  Advancements in the diagnosis, treatment, and surveillance of castration-resistant prostate cancer 
(CRPC) have progressed considerably, but a new biomarker that combines existing clinical and pathological data 
could be useful for a more precise diagnosis and prognosis. Some investigations have found that extracellular vesicle 
(EV)-derived miRNAs play crucial roles in various types of malignant tumors. The objective of this study was to explore 
EV miRNA and identify its biologic function as a biomarker for the diagnosis and prognosis of CRPC.

Methods  Plasma samples were collected from five healthy donors (Control, CT) and 17 CRPC patients, categorizing 
into two groups based on their endocrine treatment response: partial response (PR; n = 10) and progressive disease 
(PD; n = 7). Candidate extracellular vesicle (EV) miRNAs were identified using miRNA microarray and RT-qPCR. The bio‑
logical functions of the selected miRNAs were evaluated using the MTT assay, wound healing assay, trans-well assay, 
and RNA sequencing in CRPC cells after transient miRNA expression.

Results  Microarray analysis revealed a significant downregulation of EV-miR-6880-5p in the PD samples compared 
to both CT and PR samples (p < 0.01). The expression of EV-miR-6880-5p in CRPC patients was decreased compared 
with that CT group (p = 0.0336) using RT-qPCR. In the PR group, EV-miR-6880-5p was increased at follow-up compared 
with the baseline (p = 0.2803), while in the PD group, it decreased at follow-up compared with the baseline sam‑
ples (p = 0.4356). Furthermore, overexpression of miR-6880-5p hampered cell proliferation, migration, and invasion, 
downregulated pathways associated with tumor progression, and simultaneously upregulated pathways associated 
with cell growth and apoptosis in CRPC cells.

Conclusions  EV-miR-6880-5p shows promise as a prognostic biomarker in patients with CRPC. Further, prospective 
validations are necessary to evaluate the potential of these candidate miRNAs.
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Background
Prostate cancer (PCa) is the second most commonly 
occurring cancer in men and the fifth leading cause of 
cancer-related deaths worldwide. PCa is a heterogene-
ous tumor, and relatively little is known about its etiology 
[1]. Chemotherapy and androgen deprivation therapy are 
standard treatments for advanced prostate cancer and 
have provided considerable survival benefits. Despite the 
initial treatment, some patients progress to castration-
resistant prostate cancer (CRPC). Patients with CRPC 
have an aggressive phenotype and a survival period of 
approximately three years [2]. For the definitive diagnosis 
of PCa, clinical stages and treatment selection are based 
on the prostate-specific antigen (PSA) level, tumor TNM 
(tumor, nodes, and metastases) stage and Gleason score 
of the prostate tissue shown through histopathological 
examination and transrectal ultrasound guided biopsy [3, 
4]. However, PSA can also be detected in patients with 
non-malignant conditions, such as prostatitis, benign 
prostatic hyperplasia and prostate cysts, which can 
potentially result in unnecessary biopsy, overdiagnosis, 
and overtreatment [5]. Furthermore, the accuracy of tis-
sue biopsies, which rely on random sampling templates, 
is significantly influenced by needle placement, leading to 
a higher likelihood of sampling errors [6].

The liquid biopsy includes analyzing the circulating 
macromolecules in body fluids, such as plasma, serum, 
saliva and urine. Compared with tissue biopsy, liq-
uid biopsy is advantageous for being noninvasive and 
reduces risks such as pain, bleeding, and sepsis, which 
may occur during tissue biopsy. Liquid biopsy may use 
several types of biomarkers, such as PSA, cell-free DNA 
(cfDNA), circulating tumor cells (CTC), and extracellular 
vesicles (EVs) [7, 8]. CTC has been approved by the US 
Food and Drug Administration as prognostic biomark-
ers. However, CTC test is expensive and unfavorable for 
prostate cancer patients with ≥ 5 CTC per 7.5 mL blood 
[9]. EVs are more abundant and stable in the blood than 
CTC because they have a phospholipid bilayer structure 
compared with cfDNA [10]. EVs are small membranous 
vesicles (50–150  nm) formed by the endosomal system 
and released into the extracellular space. EV membranes 
express the EV markers CD9, CD63, CD81, ALIX, and 
TSG101 [11]. EVs also contain a variety of information 
about parent cells, including proteins, nucleic acids, and 
lipids [12]. EVs are involved in tumor progression, drug 
resistance, invasive and metastasis through the trans-
port of tumor-related molecules to target cells and have 
been detected at high levels in fluid samples from various 
cancer cell types [13]. miRNA in EV have been reported 
to play an essential role in the tumor microenvironment 
by being associated with fibroblast proliferation, differ-
entiation, migration, and angiogenesis [14, 15]. Recent 

studies have shown that EV-miRNA has the potential as 
a diagnostic, prognostic, and therapeutic biomarker with 
abnormal expression in urine and blood-based samples 
from patients with prostate cancer compared with that in 
healthy donors. However, its clinical role in CRPC devel-
opment remains unclear [16, 17].

In this study, cancer-specific high-purity EVs and EV-
miRNAs were isolated from the plasma of patients with 
CRCP according to their response to endocrine therapy. 
The roles and mechanisms of differentially expressed 
miRNAs were evaluated as potential biomarkers for the 
diagnosis and prognosis of plasma EV-miRNAs associ-
ated with CRPC.

Methods
Clinical samples
Blood samples were obtained from patients with prostate 
cancer (n = 17) diagnosed with CRPC, at Korea Univer-
sity Anam Hospital, Seoul, Republic of Korea, between 
2016 and 2022 (Table 1). Responses to endocrine therapy 
(abiraterone or enzalutamide) were categorized as partial 
response (PR), stable disease, or progressive disease (PD) 
according to the Prostate Cancer Clinical Trials Working 
Group 3 criteria [18]. Paired samples of the baseline (pre-
treatment) and at the time of response evaluation were 
collected and stored until analysis.

Samples obtained from healthy volunteers (n = 5) who 
had never been diagnosed with cancer were used as 
controls. All samples were collected and analyzed after 
obtaining written informed consent. Ethics approval for 
all procedures was obtained from the Korea University 
Anam Hospital (Approval no: 2016AN0287; October 24, 
2016).

Isolation of plasma from blood samples
Blood samples from patients with cancer and healthy 
donors were collected in tubes containing K2-EDTA, 
Na+-citrate barrier gel, or no additive. These tubes were 
centrifuged at 2,500  rpm for 7  min. The supernatant 
was then centrifuged at 16,000  rpm for 10  min at 4 ℃. 
Plasma was immediately stored in aliquots at –80 ℃ until 
analysis.

Isolation of CD63+ extracellular vesicles from the plasma
Approximately 500 μL of plasma was subjected to three 
steps of pretreatment; first, samples were centrifuged at 
1,200 × g for 20  min at 4 ℃. Then, the supernatant was 
re-centrifuged at 10,000 × g for 30  min at 4 ℃. Finally, 
the supernatant was filtered using a 0.2  μm syringe fil-
ter to remove large vesicles. EVs were isolated from pre-
treated samples using NeutraRelease kit according to the 
manufacturer’s protocol (SOL Bio, Inc., Seoul, Repub-
lic of Korea). Pretreated samples were mixed with the 
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immunomagnetic beads immobilized with a calcium-
binding protein conjugated with a capture antibody spe-
cific to CD63 [19] by a roller at RT for 2 h, eluted with 
elution buffer, and used immediately or stored at –80 ℃ 
until further use.

Nanoparticle tracking analysis (NTA)
Nanoparticle tracking analysis (NTA) (NanoSight LM10, 
Malvern Panalytical, Malvern, UK) was used to confirm 
particle size distribution. EV samples were diluted 1:10 in 
PBS and loaded into a 1 mL syringe while avoiding bub-
ble formation. The syringe was then loaded into the inlet 
port of the examination chamber. Subsequently, the laser 
was turned on, and the sample was captured by turn-
ing on the camera. The focus was adjusted according to 
the sample size. Three different frames were recorded, 
each consisting of 60 frames. The Batch Process option 
in the software was used to analyze the three different 
acquisitions.

Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed 
at the Korea Basic Science Institute (Chungcheongbuk-
do, Republic of Korea). Plasma-derived EVs were layered 
onto a thin carbon foil-coated copper grid. The sample 
on the grid was contrasted with a UranyLess EM stain 
(Electron Microscopy Sciences, Pennsylvania, US) for 

15 s. The grids were then washed with distilled water and 
dried. The sample images were acquired using a JEM-
1400Plus electron microscope (JEOL, Tokyo, Japan).

RNA extraction from EVs
RNA was isolated from EVs using the Total Exosome 
RNA and Protein Isolation Kit (Invitrogen, Carlsbad, CA, 
USA) per the manufacturer’s instructions with minor 
modifications. The extracted RNA was eluted with 30 μL 
of elution buffer. The quantity and quality of the result-
ing total RNA were measured using a nanodrop ND-1000 
spectrophotometer (Thermo Fisher Scientific, Wilming-
ton, DE, USA).

RNA preparation and miRNA microarray assay
Total RNA, containing miRNAs, in EVs were isolated 
from the baseline plasma of patients with prostate can-
cer (PD: progressive disease; n = 5; PR: partial response; 
responder: n = 5) and sex-, age-, and race- matched 
healthy volunteers (control, CT; n = 5). The isolated 
total EV-RNAs were sent for miRNA microarray to 
Biocore (Seoul, Republic of Korea). RNA quality was 
assessed using the agilent 2100 BioAnalyzer (Agilent 
Technologies, Santa Clara, California, USA). No sam-
ples were excluded due to low RNA quality. The total 
RNA (10 ng) was labeled using the FlashTag Biotin RNA 
Labeling Kit (Affymetrix Inc., Santa Clara, CA, USA, Lot 

Table 1  Clinicopathologic characteristics of CRPC patients

CRPC castration-resistant prostate cancer, PD progressive disease, PR partial response, PSA prostate-specific antigen, TNM tumor node metastasis

PR PD

Baseline Follow up Baseline Follow up

Total number 10 7

age at the time of CRPC and specimen draw, 
median (range)

74.1 (67–89) 75 (68–90) 76.1 (65–83) 76.6 (66–83)

Treatment Enzalutamide 6 3

Abiraterone 4 4

PSA at diagnosis, ng/ml, median (range) 20.7 (1.6–41.9) 3.33 (0.031–10.21) 34.9 (1.39–151) 201.8 (2.79–1051)

Bone metastasis Disseminated 4 5

Oligo 4 2

N 2 None

Lymph node invasion Y 3 4

N 7 3

Gleason score at diagnosis  ≤ 6 2 1

7 2 None

 ≥ 8 5 6

unknown 1 None

TNM stage at diagnosis IV 10 7

Visveral metatstasis Liver None 1

Lung None None

Brain None None
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No.K19117HSR3) and hybridized to GeneChip miRNA 
4.0 microarrays (Affymetrix Inc., Santa Clara, CA, USA) 
in the Affymetrix GeneChip Hybridization Oven accord-
ing to the protocols provided by the manufacturer. 
Arrays were stained and washed in the Affymetrix Gene-
Chip Fluidics Station 450 using the FS450_0002 fluidics 
protocol. All arrays were scanned with the Affymetrix 
GeneChip Scanner 3000 and raw analysis performed 
with Transcriptome Analysis Console™ (TAC) software 
to generate CEL files, which contained measure intensi-
ties for each probe on the array. The RMA-DABG algo-
rithm was applied for data normalization. The Affymetrix 
miRNA 4.0 microarray contains 30,434 Total mature 
miRNA probe sets on the array, including 1,908 Mouse 
mature miRNA probe sets, while 2,578 are human (Data 
Sheet: GeneChip miRNA 4.0 and Affymetrix miRNA 4.1 
Arrays.pdf ). Affymetrix miRNA Arrays are designed to 
contain all miRNA in miRBase Release 20. The annota-
tion file was obtained from the manufacturer’s web site. 
(https://​www.​therm​ofish​er.​com/​order/​catal​og/​produ​ct/​
902412).

Microarray data analysis
Fifteen  CEL files (ten experimental and five controls) 
were imported into the Gene Expression Workflow in 
GeneSpring GX version 14.9.1 (Agilent Technologies 
Inc.,). Background correction, log2 transformation, and 
probeset summarization were performed using default 
settings in GeneSpring software. Differential expression 
(DE) between PD group (experimental) and CT group 
(control) was predicted at the gene-level (probesets sum-
marized into transcript clusters/genes). Also, Analysis of 
another group, i.e. PR group and CT group (control) is 
performed in same way. Unpaired t-test was respectively 
used to compare the individual gene expression data 
with respect to PD group versus control, and PR group 
versus control. DEGs were defined based on an absolute 
fold change equal to or greater than 1.3. A heatmap was 
generated using the R Studio software. ANOVA was per-
formed for each group (CT, PD, and PR) among the 2578 
genes. miRNAs (n = 12) were selected with an absolute 
fold change equal to or greater than 1.3. A p < 0.01 was 
considered a significant difference.

Reverse transcription quantitative real‑time polymerase 
chain reaction (RT‑qPCR)
The complementary DNA synthesis was performed 
using the TaqMan MicroRNA Reverse Transcription kit 
(Applied Biosystems, Foster City, California, USA), and 
specific retro-transcription primers for miRNA were 
obtained from the TaqMan microRNA assay kit (Applied 
Biosystems). TaqMan RT-qPCR was conducted per the 
manufacturer’s instructions (Applied Biosystems). Each 

sample and miRNAs were analyzed in triplicates. The 
TaqMan assay used was has-miR-6880-5p (assay ID 
467246_mat). The expression of miR-6880-5p was nor-
malized to that of U6 small nuclear RNA.

Cell culture
The normal prostate epithelial cell line RWPE-1 (RRID: 
CVCL_3791) was cultured in keratinocyte serum-free 
medium supplemented with 0.05 mg/mL bovine pituitary 
extract, 5 ng/mL epidermal growth factor and 1% penicil-
lin–streptomycin. Human prostate cancer cell lines PC3 
(RRID: CVCL_0035), DU145 (RRID: CVCL_0105), and 
LNCaP (RRID: CVCL_0395) cells were cultured in the 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum and 1% penicillin–streptomycin. These cells were 
cultured at 37 °C in 5% CO2 under a humidified atmos-
phere. The cell lines were a generous gift from Prof. 
Won Jong Rhee (RWPE-1; Incheon National University, 
Incheon, Republic of Korea) and Prof. Seong-Gyu Ko 
(PC3, DU145, and LNCaP; Kyung Hee University, Seoul, 
Republic of Korea).

miRNA isolation from cells
Total RNA, including small non-coding RNA, was 
extracted using the QIAzol reagent and the miRNeasy 
Mini kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. A Nanodrop ND-1000 spectro-
photometer (Thermo Fisher Scientific) was used to meas-
ure the concentration and purity of RNA obtained at an 
OD 260/280 ratio.

Cell transfection
MiR-6880-5p mimic, miR-6880-5p inhibitor, and nega-
tive control were purchased from Ambion (Thermo 
Fisher Scientific). Cells were seeded in 6-well plates. 
After reaching 60–70% confluence, cells were transfected 
with either a mimic (10 nM) or inhibitor (50 nM) for each 
negative control and miR-6880-5p using Lipofectamine 
RNAiMAX according to the manufacturer’s protocol 
(Invitrogen). Transfected cells were incubated at 37 ℃ for 
24 h before cells were lysed or sub-cultured.

MTT assay
Briefly, the transfected cells (2.5 × 105 cells/well) were 
seeded in 6-well plates and cultured for another 24, 48, 
and 72 h, and viable cell numbers were monitored using 
3-(4,5 dimethylthiazol-2-yl)-2,5-disphenyltetrazolium 
bromide (MTT) staining. Absorbance was measured at 
540  nm using a microplate reader (Bio-Rad, Hercules, 
CA, USA).

https://www.thermofisher.com/order/catalog/product/902412
https://www.thermofisher.com/order/catalog/product/902412


Page 5 of 14Lee et al. BMC Cancer          (2024) 24:909 	

Wound healing assay
The transfected cells (5 × 105 cells/well) were seeded into 
24-well plates and cultured overnight to assess the migra-
tion ability. The cell layer was scratched to create wounds 
using a sterile plastic pipette tip (200 μL) and washed 
in PBS. The cells were then cultured for 24  h. Wound 
images were acquired at different time points by optical 
microscopy.

Trans‑well assay
For invasion assays, we used a 24-well transwell cham-
ber (8  μm; Corning, NY, USA). The transfected cells 
(1 × 105 cells/well) were seeded in the upper chamber in 
200 μL serum-free medium, whereas 750 μL of complete 
medium was added to the lower chamber. The two cham-
bers were washed in PBS after 48 h, and the cells on the 
lower membrane surface were fixed with 4% paraform-
aldehyde and methanol and stained with 0.1% crystal 
violet. The upper membrane surface was removed using 
a cotton swab. Invasion images were acquired using an 
optical microscope and counted in four random fields.

RNA isolation, library preparation, and sequencing
Total RNAs were isolated from DU145 cells transfected 
with the miR-6880-5p (1 nM, 6880_mi) and NC mimics 
using TRIzol reagent (Invitrogen; 10,296–010), accord-
ing to the manufacturer’s protocol. Untreated DU145 
cells were used as controls. The isolated total RNAs were 
sent for RNA-Sequencing analysis to EBIOGEN, Inc. 
(Seoul, Republic of Korea). RNA quality was assessed by 
an Agilent 2100 bioanalyzer using the RNA 6000 Nano 
Chip (Agilent Technologies, Amstelveen, The Nether-
lands), and RNA quantification was performed using 
ND-2000 Spectrophotometer (Thermo Inc., DE, USA). 
The library construction for those RNAs was carried 
out using the QuantSeq 3’ mRNA-Seq Library Prep Kit 
(Lexogen, Inc., Austria) in compliance with the instruc-
tions offered by manufacturer. In brief, each 500 ng total 
RNA were prepared and an oligo-dT primer contain-
ing an Illumina-compatible sequence at its 5’ end was 
hybridized to the RNA and reverse transcription was 
performed. After degradation of the RNA template, sec-
ond strand synthesis was initiated by a random primer 
containing an Illumina-compatible linker sequence at 
its 5’ end. The double-stranded library was purified by 
using magnetic beads to remove all reaction components. 
The library was amplified to add the complete adapter 
sequences required for cluster generation. The finished 
library is purified from PCR components. High-through-
put sequencing was performed as a single-end 75, ~ 10 M 
read using NextSeq 500 (Illumina, Inc., USA).

Sequencing data analysis
The assessment of data quality was based on the phred 
quality scores across all bases (sanger/ Illumina 1.9 
encoding). The quality of the generated sequences 
in FASTQ format was evaluated using the FASTQC 
(v0.11.8) program. The QuantSeq 3’ mRNA-Seq reads 
were aligned to the human reference genome (h19) 
using Bowtie2 (Langmead and Salzberg, 2012). Adap-
tor sequences and low-quality reads below Q20 were 
removed during trimming process. The align summary 
is shown in Supplementary Table  1. The alignment 
file was utilized for assembling transcripts, estimating 
their abundances, and identifying differential expres-
sion of genes. DEGs were determined based on counts 
from unique and multiple alignments using coverage 
in Bedtools (Quinlan AR, 2010). The RC (Read Count) 
data were processed based on TMM + CPM normali-
zation method using EdgeR within R (R development 
Core Team, 2020) through Bioconductor (Gentleman 
et  al.,2004). The ExDEGA software (EBIOGEN, Inc., 
Seoul, Republic of Korea) was applied to determine 
DEGs and gene ontology (GO) based on a 1.5-fold 
change and log2 > 4. Gene classification was performed 
based on database for annotation, visualization, and 
integrated discovery (DAVID; http://​david.​abcc.​ncifc​
rf.​gov/), Medline databases (http://​www.​ncbi.​nlm.​
nih.​gov/), kyoto encyclopedia of genes and genomes 
(KEGG) pathway (http://​www.​genome.​jp/​kegg/​tool/​
map_​pathw​ay2.​html), and search tool for the retrieval 
of interacting genes/proteins (STRING; http://​www.​
string-​db.​org/). Heatmaps were analyzed using the 
multiexperiment viewer software (MeV, V4.9.0). Stu-
dent’s t-test was utilized for determining DEGs. A p 
value less than 0.05 was deemed to indicate a signifi-
cant difference.

Statistical analysis
Data are presented as mean ± standard deviation (SD). 
A significance level of p < 0.05 was used to determine 
statistical significance. The statistically significant dif-
ferences among the means were assessed by the two-
tailed Student’s t-test or analysis of variance (ANOVA) 
followed by the Turkey test using GraphPad Prism soft-
ware (version 8.0.2, La Jolla, CA, USA).

Results
Characterization of isolated extracellular vesicles (EVs) 
from plasma
NTA and TEM were performed to confirm the charac-
teristics of the EVs isolated from plasma. NTA shows 
that the average size of EVs separated from plasma 
samples was 117 ± 48  nm (mean ± SD) (Fig.  1A). 

http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.genome.jp/kegg/tool/map_pathway2.html
http://www.genome.jp/kegg/tool/map_pathway2.html
http://www.string-db.org/
http://www.string-db.org/
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Visualization of EV morphology using TEM revealed 
membrane-bound spherical structures with a uniform 
appearance (Fig. 1B).

Therefore, we confirmed that EVs isolated from plasma 
showed a circular structure (size: 50–150 nM), which is 
consistent with previously observed characteristics of 
extracellular vesicles.

Discovery of differentially expressed miRNA in plasma EVs 
and castration‑resistant prostate cancer cells
First, we used miRNA microarrays to identify candi-
date miRNAs in the EVs associated with prostate cancer. 
The patients were classified according to their clinical 
response to second- generation endocrine therapy for 
CRPC. Microarray data showed that 12 miRNAs from 
2578 candidates were differentially expressed accord-
ing to clinical response (p < 0.01; Fig.  2A). Among the 
12 differentially expressed miRNAs, miR-6880-5p was 
significantly downregulated in patients in the PD group 
compared with the patients in the CT and PR groups 
(Fig. 2A). To validate the results from the miRNA micro-
array, RT-qPCR was performed to quantify miR-6880-5p 
expression in EVs from the plasma of healthy donors 
and patients with CRPC (Fig. 2B–D). The mean expres-
sion of EV-miR-6880-5p was significantly downregu-
lated in patients with CRPC (mean ± SD; 8.42 ± 19.91 vs. 
31.81 ± 16.61 in controls; p = 0.0336; Fig. 2B).

When the paired samples were analyzed accord-
ing to therapeutic response, the expression level of 

EV-miR-6880-5p in the PR group was higher in the fol-
low-up samples than in the baseline samples. However, 
the difference was not statistically significant (p = 0.2803, 
Fig.  2C). The expression levels of EV-miR-6880-5p in 
the PD group samples were downregulated in follow-up 
samples compared with the baseline samples; however, 
the difference was not statistically significant (p = 0.4356, 
Fig. 2D).

Next, we investigated whether there was differential 
expression of miR-6880-5p in prostate cancer cells with 
different degrees of malignancy and hormone sensitiv-
ity (RWPE-1: normal prostate epithelial cell line; LNCaP: 
hormone-naïve cell line; PC3 and DU134: CRPC cell 
lines) and observed that miR-6880-5p expression was 
significantly downregulated in prostate cancer cell lines 
compared with the normal prostate cell lines. The lowest 
expression of miR-6880-5p was observed in both CRPC 
cell lines (p < 0.001; Fig. 2E).

Expression of miR‑6880‑5p significantly suppresses CRPC 
cell proliferation, migration, and invasion
The biological function of miR-6880-5p in CRPC cells 
(PC3 and DU145) was evaluated after transient miRNA 
expression (Fig. 3A, B).

The MTT assay showed that cell proliferation was sig-
nificantly abrogated by the miR-6880-5p mimic in the 
PC3 and DU145 cell lines at 72 h compared with the NC 
mimic. The means of relative cell proliferation for the 
miR-6880-5p mimic compared with the NC mimic were 

Fig. 1  Characterization of extracellular vesicles (EVs) isolated from the plasma sample. Extracellular vesicles (EVs) were isolated from the plasma 
samples. A Nanoparticle tracking analysis (NTA) of 10 × diluted EVs from normal (noncancerous) plasma samples. B Transmission electron 
microscopy (TEM) image showing the phenotype of EVs isolated from plasma. The bars represent 100 nm
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0.95 vs. 1.42 (PC3) and 0.83 vs. 1.67 (DU145) at 72  h, 
respectively (p < 0.001). However, the means of relative 
cell proliferation for the miR-6880-5p inhibitor compared 
with the NC inhibitor were 1.79 vs. 1.71 (PC3) and 2.11 
vs. 2.2 at 72 h, respectively (Fig. 3C, D).

In the wound healing assay, compared with the NC 
mimic, the miR-6880-5p mimic showed a significant 
inhibitory effect on cell migration (mean ± SD: 16.5 ± 1.6% 
vs. 33.9 ± 6% in the NC mimic (PC3); p < 0.05; 6.7 ± 1% vs. 
52.6 ± 5.3% in the NC mimic (DU145); p < 0.01). However, 
the miR-6880-5p inhibitor increased the closed wound 
area (mean ± SD: 31.4 ± 2% vs. 20.5 ± 3.5% in the NC 
inhibitor (PC3); p < 0.05; 84.7 ± 5.1% vs. 78.2 ± 4.2% in the 
NC inhibitor (DU145); ns) (Fig. 3E, F).

Furthermore, the results of the transwell assay showed 
that miR-6880-5p regulates the invasion of DU145 and 
PC3 cells through the overexpression or inhibition of 
their expression. The number of invasive cells remark-
ably increased in the miR-6880-5p inhibitor (mean ± SD: 
343 ± 143 vs. 284 ± 57 cells in the NC inhibitor (PC3); 
p = ns; 1036 ± 92 vs. 325 ± 25 cells in the NC inhibitor 
(DU145); p < 0.001), whereas that in the mimic signifi-
cantly abrogated (mean: 3 ± 2 vs. 69 ± 5 cells in the NC 
mimic (PC3); p < 0.001; 14 ± 6 vs. 318 ± 17 cells in the NC 
mimic (DU145); p < 0.001) (Fig. 3G, H).

Overall, miR-6880-5p overexpression suppressed 
cell proliferation, migration, and invasion, whereas the 
inhibition of miR-6880-5p promoted cell proliferation, 
migration, and invasion. These data indicated that miR-
6880-5p has a tumor-suppressive function in CRPC.

Comparison of DEGs through transcriptome analysis 
regulated by miR‑6880‑5p
Since the overexpression of miR-6880-5p abolished cel-
lular functions, such as proliferation, migration, and 
invasion, global transcriptome changes due to the over-
expression of miR-6880-5p were further investigated 
using transcriptome analysis (Fig. 4A).

Principal component analysis revealed a different 
gene expression distribution within each sample group 
(Fig. 4B). In addition, the expression of genes upregulated 
and downregulated by two-fold or more due to the miR-
6880-5p mimic (6880_mi), shown in a Volcano plot, com-
pared with the control and negative control (Fig. 4C). A 
total of 418 genes showed significant differential expres-
sion in the miR-6880-5p mimics compared with that in 
the control and 206 genes were significantly differentially 
expressed compared with the NC.

Overall, there were more downregulated genes (356 
genes) among the differentially expressed genes than the 
upregulated genes (162 genes) (Fig. 4D).

Pathway analysis shows the DEGs of miR‑6880‑5p in CRPC 
cells based on KEGG
All significant DEGs were classified into 14 GO catego-
ries using the ExDEGA software. Most of these genes 
were downregulated to elucidate the functional asso-
ciation of cells with differentially expressed genes. In 
particular, pathways for angiogenesis (6880_mi/Con: 
5.06%, 10 genes; 6880_mi/NC: 2.85%, 8 genes) and cell 
migration (6880_mi/Con: 2.74%, 22 genes; 6880_mi/NC: 

Fig. 2  EV-miR-6880-5p expression is significantly lower in castration-resistant prostate cancer (CRPC). A A heatmap representing the differential 
miRNA expression in exosomes derived from the plasma of five healthy volunteers and 10 prostate cancer patients. Red indicates high relative 
expression, and blue indicates low relative expression. In the row annotation bar, the closer to the black color, the more statistically significant 
the difference in expression levels between the three groups. B The reliability of the EV-miRNA microarray was validated using RT-qPCR, assessing 
the average fold decrease of EV-miR-6880-5p in the 17 prostate cancer patients. C–D The graphs show the fold change of targeted EV-miRNAs 
grouped according to therapeutic responses in patients. E miR-6880-5p expression was detected using RT-qPCR from multiple prostate cell lines. 
A t-test was used to determine significance. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 3  Transfection of a mimic or inhibitor of miR-6880-5p; each negative control was performed for cell function study in PC3 and DU145 cells. 
Expression of miR-6880-5p in (A) PC3 and (B) DU145 cells after transfection for 24 h with the mimic (10 nM) and the inhibitor (50 nM) compared 
with negative control. The effect of overexpression and inhibition of miR-6880-5p on cell proliferation in (C) PC3 and (D) DU145 cells was assessed 
using the MTT assay for 24, 48, and 72 h. Cell migration was assessed using a wound-healing assay. Images were captured at 0 and 24 h 
of incubation of transfected (E) PC3 and (F) DU145 cells. ImageJ was used to measure the percentage of closed wound areas. Cells were stained 
with crystal violet and counted manually in the transwell invasion assay. (G) PC3 cells. (H) DU145 cells *p < 0.05; **p < 0.01; ***p < 0.001 vs. negative 
control
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2.15%, 16 genes) accounted for a high proportion, with 
a large number of downregulated genes compared with 
that in the control and NC groups (Fig. 5A, B). Further 
analysis revealed that the expression of genes associated 
with angiogenesis or cell migration was downregulated in 
the miR-6880-5p mimic group compared with that in the 
control and NC groups (Fig. 5C).

Moreover, we analyzed the transcriptomes using the 
KEGG pathway database to identify the signaling path-
ways of the DEGs associated with miR-6880-5p overex-
pression in detail. KEGG pathways primarily addressed 
overlapping pathways compared with the control and 
NC. The eight major pathways of DEGs in the downregu-
lated genes were associated with the Ras signaling path-
way, MAPK signaling pathway, pathway in cancer, drug 
metabolism, cellular senescence, ErbB signaling pathway, 
EGFR tyrosine kinase inhibitor (TKI) resistance, and 
AMPK signaling pathway (Fig. 5D). Conversely, the nine 
major pathways of the DEGs in the upregulated genes 
were associated with the cell cycle, autophagy, FoxO 
signaling pathway, pathway in cancer, Hippo signaling 
pathway, ferroptosis, mitophagy, HIF-1 signaling path-
way, and cellular senescence (Fig.  5E). Network analysis 
revealed the interaction of eight major pathways through 
downregulated genes in the miR-6880-5p mimic group 

compared with the control and NC groups (Fig.  5F). 
Using the same method, we examined the interaction of 
the nine major pathways through the upregulated genes 
in the miR-6880-5p mimic group compared with the con-
trol and NC groups (Fig. 5H). Heatmap analysis revealed 
the expression of genes between the groups (Fig. 5G, I).

Overall, we found that the pathways downregulated 
by miR-6880-5p overexpression were closely related to 
tumor-promoting pathways, whereas the upregulated 
pathways were related to cell proliferation and apoptosis 
regulation. These results indicate that miR-6880-5p may 
function as a tumor suppressor.

Clinical significance of miR‑6880‑5p among the patients 
with prostate cancer in the TCGA database
We assessed whether the expression of miR-6880-5p 
in primary prostate cancer would have clinical sig-
nificance using The Cancer Genome Atlas of Pros-
tate Adenocarcinoma (TCGA-PRAD). The average 
miR-6880-5p (PRAD_Y) expression was higher in 
primary PC tissues than in normal tissues (PRAD_N) 
(Fig.  6A). Among the 477 samples, the expression 
of miR-6880-5p was undetectable in the majority 
(n = 457). However, 20 samples showed a high level 
of expression (Fig.  6B). Among the patients with 

Fig. 4  Analysis of differentially expressed genes (DEGs) from three libraries. A Schematic representation of transfection, RNA isolation, sequencing, 
and RNA-Seq analysis. Control (Con), untreated; negative control (NC); 6880_mi, transfection of the miR-6880-5p mimic. B Principal component 
analysis (PCA) results. miR-6880-5p mimics (6880_mi), Con, and NC show different distributions. C Total gene expression of 6880_mi compared 
with the Con (left) and NC (right) groups. D Venn diagram analysis between 6880_mi/Con (blue) and 6880_mi/NC (yellow)
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low-miR-6880-5p-expressing tumors, 450 patients sur-
vived and 7 died. However, all 20 patients with high 
tumor expression levels survived (Fig. 6C, D). The dif-
ference in overall survival was not statistically signifi-
cant in the log-rank test because of limited data in the 
TCGA dataset (p = 0.59).

Discussion
Recent advance in treatment modalities for patients with 
CRPC have revolutionized treatment, and some treat-
ment options have improved patient survivability [4, 
20]. However, patients with CRPC show heterogeneous 
prognoses according to various clinical factors, including 

Fig. 5  Identification pathway analysis of mRNA and miR-6880-5p interaction based on KEGG. The distribution of total significant DEGs in 14 
GO categories in the transfected miR-6880 mimic (6880_mi) compared with the (A) control (con) and (B) negative control (NC) groups. 
C Heatmap analysis of downregulated genes associated with cell migration or angiogenesis compared with the control or NC. D Enriched KEGG 
pathways in the downregulated miR-6880-5p mimics compared with the control and NC. E Upregulated pathways. F GO result showing genes 
and pathways downregulated by miR-6880-5p mimics compared with the NC based on KEGG using STRING and Cytoscape. G Heatmap analysis 
of genes associated with downregulated pathways in miR-6880-5p mimics compared with the NC. H GO result showing genes and pathways 
upregulated by miR-6880-5p mimics compared with the NC based on KEGG using STRING and Cytoscape. I Heatmap analysis of genes associated 
with upregulated pathways in miR-6880-5p mimics compared with the NC
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performance status, symptoms, and laboratory findings 
[18]. To accurately predict the diagnosis and prognosis 
of patients with CRPC, additional tests should be devel-
oped that integrate serum PSA levels with existing clini-
cal pathological parameters.

In this study, EVs were isolated using CD63+ magnetic 
beads from plasma of patients with CRPC. miRNAs iso-
lated from EVs were evaluated as potential prognostic 

biomarkers based on the clinical response of patients 
with CRPC. Among the candidate miRNAs, miR-
6880-5p showed significantly lower expression in the 
plasma EVs of patients with CRPC than in healthy vol-
unteers using RT-qPCR. Furthermore, in vitro functional 
studies using CRPC cell lines supported the potential 
biological role of miR-6880-5p. Overexpression of miR-
6880-5p in CRPC cells downregulated pathways related 

Fig. 6  The Cancer Genomic Atlas Prostate Adenocarcinoma (TCGA-PRAD) database analysis of miR-6880-5p. A miR-6880-5p levels between normal 
tissue (PRAD_N) and prostate tissue (PRAD_Y). B A volcano plot showing the differential expression of miR-6880-5p in prostate cancer. C Kaplan–
Meier analysis of overall survival based on tissue expressing miR-6880-5p in TCGA database. D Scatterplots of survival analysis by miR-6880-5p levels
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to tumor promotion and upregulated pathways related to 
tumor suppression. Our results suggest that miR-6880-5p 
in EVs may serve as a sensitive miRNA suppressor for 
CRPC diagnosis.

Researchers have found that EVs in body fluids contain 
tumor characteristics, such as proteins, lipids, DNA, and 
RNA in various cancer types, suggesting vast opportuni-
ties for cancer diagnosis [12]. Many methods have been 
used to isolate EVs, including ultracentrifugation (UC), 
exosome precipitation, density gradients, and size-exclu-
sion chromatography. However, these methods could be 
limited to exclusively isolating cancer-specific EVs due to 
the complex mixture of EVs and other components of the 
extracellular space [21]. In this study, we used a unique 
immune-isolation method developed by magnetic beads 
binding the calcium-binding protein conjugated with the 
capture antibody specific to CD63 after pretreatment 
using a 0.2  μm filter and UC. CD63, a surface marker 
of EVs, is upregulated in various carcinomas, including 
prostate cancer [22]. A previous study found that EVs 
isolated using this method can be used to diagnose early-
stage malignant melanoma [19]. The isolated EVs were of 
high purity, adequate size, and morphology. EVs isolated 
using this method can be used to discover tumor-specific 
diagnostic and prognostic biomarkers in clinical samples.

miRNAs, a type of non-coding small RNA reported 
to have extensive biological effects, are known to be 
associated with tumor development [23]. For exam-
ple, miR-665 is upregulated in EVs from the serum in 
hepatocellular carcinoma [14]. miR-21, widely studied 
in malignant tumors, is highly expressed and can pro-
mote cell proliferation and invasion in prostate cancer 
by inhibiting the expression of PTEN, a tumor suppres-
sor gene [17]. In patients with CRPC, miR-423-3p, miR-
1290, and miR-375 in plasma EVs have to be upregulated 
and associated with poor prognosis in previous stud-
ies [16, 24]. However, the mechanism underlying the 
effect of miRNAs on tumor biology in CRPC and their 
implementation mechanism as a biomarker in clinical 
practice remain unclear. In this study, we used microar-
ray analysis to discover differentially expressed miRNAs 
in EVs isolated from the plasma of patients with CRPC 
compared to healthy volunteers. To validate the micro-
array results, RT-qPCR was conducted. The expression 
of miR-6880-5p in patients with CRPC was significantly 
lower than that in the CT group. Patients who did not 
respond to endocrine therapy (PD group) showed a lower 
expression of miR-6880-5p than those in the PR and 
healthy volunteer groups at baseline. With treatment, the 
expression of miR-6880-5p increased in patients show-
ing a clinical response; however, statistical significance 
was not reached. The miR-6880-5p expression levels in 
the cell lines were also observed according to the order 

of endocrine sensitivity, in line with clinical observations; 
CRPC cell lines (DU145 and PC3 cells) exhibited the 
lowest miR-6880-5p expression compared with the hor-
mone-naive (LNCaP cells) and normal (RWPE-1 cells) 
cell lines. These data suggest the potential to predict the 
grade of prostate cancer and the response to endocrine 
therapy based on miR-6880-5p expression.

miR-6880-5p decreased in the sera of patients with 
pancreatic and biliary tract cancers compared with the 
healthy controls [25]; however, its biological effect on 
cancer cells remains unclear. Herein, we showed that 
the overexpression of miR-6880-5p in CRPC cell lines 
significantly abrogated cell proliferation, migration, and 
invasion. Further analysis of the miRNA-mRNA regula-
tory network using miR-6880-5p-overexpressed DU145 
cells was performed. Among the 14 GO categories, dif-
ferentially expressed genes were significantly associated 
with angiogenesis and cell migration. Angiogenesis is 
associated with cell migration, invasion, and prolifera-
tion [26]. These results are consistent with that of our 
in  vitro functional studies (Fig.  4). Functional annota-
tion analysis revealed that downregulated pathways were 
associated with tumorigenesis and progression, whereas 
upregulated pathways were associated with tumor sup-
pressor genes. In downregulated pathways, the Ras and 
MAPK signaling pathways have been reported to play 
pivotal roles in the development of metastatic prostate 
cancer by losing the function of PTEN and activating 
the PI3K pathway [27]. The ErbB signaling pathway has 
been reported to promote tumor growth by reactivating 
androgen receptor expression in patients with CRPC. It 
has been observed that lapatinib addition, an EGFR and 
ErbB2 inhibitor, significantly improved the response 
to abiraterone in CRPC [28]. The pathway upregulated 
by miR-6880-5p overexpression included pathways 
(FoxO signaling pathway, ferroptosis, autophagy, and 
mitophagy) associated with apoptosis and anti-tumor 
immunity [29, 30], although there are pathways that pro-
mote tumors. FoxO is a tumor suppressor gene associ-
ated with cell differentiation, apoptosis, cell cycle arrest, 
and DNA damage and repair [31]. Previous studies have 
shown that FoxO1 inhibits the androgen-independent 
activation of AR in prostate cancer [32]. Mitophagy acts 
as a tumor promoter or suppressor and largely depends 
on the status and subtype of the cancer cells [33]. How-
ever, our data showed that mitophagy is related to the 
pre-apoptotic pathway.

Our research has some limitations. This study is an 
exploratory pilot study rather than one based on statisti-
cal hypotheses. Therefore, the small sample size may not 
adequately reflect the influence of intervening factors. 
This means that the identified EV-miR-6880-5p needs to 
be validated in larger-scale clinical trials so that it can be 
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used more clearly to diagnose CRPC patients and pre-
dict endocrine sensitivity. In addition, longer follow-up 
samples are required in future studies on response evalu-
ation after treatment. Further, follow-up is needed to 
determine how the expression of our selected miRNAs 
changes with patient status after additional treatment. 
Lastly, to find out more about the prognostic value of 
CRPC, it is necessary to determine the expression levels 
of other miRNA markers or genetic parameters, in addi-
tion to miR-6880-5p.

Conclusions
In conclusion, we found that miR-6880-5p in EVs isolated 
from the plasma acts as a suppressor miRNA in patients 
with CRPC. These novel findings suggest diagnostic 
and prognostic targets of liquid biopsies for patients 
with CRPC and provide novel insights into the underly-
ing mechanisms of CRPC. However, further research is 
needed, including higher-quality investigations that fol-
low standardized guidelines for the research design.
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