
Dai and Gao  Cancer Cell Int          (2021) 21:145  

https://doi.org/10.1186/s12935-020-01686-x

PRIMARY RESEARCH

Inhibition of cancer cell-derived 
exosomal microRNA-183 suppresses cell 
growth and metastasis in prostate cancer 
by upregulating TPM1
Yanping Dai1,2,4 and Xiaoqin Gao1,3,4* 

Abstract 

Background: Emerging evidence continues to highlight the significant role of microRNAs (miRNAs) in the regula-

tion of cancer growth and metastasis. Herein, the current study aimed to elucidate the role of exosomal miR-183 in 

prostate cancer development.

Methods: Initially, public microarray-based gene expression profiling of prostate cancer was employed to identify 

differentially expressed miRNAs. The putative target gene TPM1 of miR-183 was subsequently predicted, followed by 

the application of a luciferase reporter assay and examination of the expression patterns in prostate cancer patients 

and cell lines. The effects of miR-183 and TPM1 on processes such as cell proliferation, invasion and migration were 

evaluated using in vitro gain- and loss-of-function experiments. The effect of PC3 cells-derived exosomal miR-183 was 

validated in LNCaP cells. In vivo experiments were also performed to examine the effect of miR-183 on prostate tumor 

growth.

Results: High expression of miR-183 accompanied with low expression of TPM1 was detected in prostate cancer. Our 

data indicated that miR-183 could target and downregulate TPM1, with the overexpression of miR-183 and exosomal 

miR-183 found to promote cell proliferation, migration, and invasion in prostate cancer. Furthermore, the tumor-pro-

moting effect of exosome-mediated delivery of miR-183 was subsequently confirmed in a tumor xenograft model.

Conclusions: Taken together, the key findings of our study demonstrate that prostate cancer cell-derived exosomal 

miR-183 enhance prostate cancer cell proliferation, invasion and migration via the downregulation of TPM1, highlight-

ing a promising therapeutic target against prostate cancer.
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Background

Prostate cancer remains the most prevalent cancer 

among males as well as a leading cause of cancer related 

death in countries worldwide [1]. �e greater majority of 

prostate cancer cases remain dormant for long periods 

of time, but metastatic progression can rapidly worsen 

patient prognosis and lead to death [2]. Moreover, pros-

tate cancer has been well documented to display high 

avidity for bone metastasis, which represents a cen-

tral contributing factor of morbidity and mortality in 

advanced prostate cancer [3]. Metastatic prostate cancer 

remains largely incurable in spite of the recent identifica-

tion of novel drug therapy, highlighting the urgent need 
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to develop alternative treatments [4]. Accumulating evi-

dence has been presented emphasizing the correlation 

between prostate cancer metastasis and microRNAs 

(miRNAs) [4–6]. Moreover, the dysregulation of exoso-

mal miRNAs has been implicated in metastatic prostate 

cancer [7]. �us, exosomal miRNAs represent promising 

potential biomarkers for the development of metastatic 

treatment for prostate cancer.

It is widely accepted that exosomes secreted by tumor 

cells emerge as a promising biomarker for tumor diagno-

sis on account of their unique composition and function 

[8]. Crucially, a significant amount of research attention 

has been recently drawn to exosomal miRNAs owing to 

their potential as biomarkers for cancer investigation 

including exosomal miR-129 and miR-375 in castration-

resistant prostate cancer [9]. miRNAs represent a class 

of small, endogenous non-coding RNA that have been 

shown to negatively regulate gene expression by means 

of suppressing translation and facilitating the degrada-

tion of target mRNA [10]. miRNAs have been reported to 

possess the ability to influence a wide variety of biological 

pathways [11]. miRNAs have been reported to play a role 

in various cellular processes such as cell-cycle regulation, 

differentiation, apoptosis, and migration, whose altera-

tion has been implicated in the development and pro-

gression of various cancers [12]. Findings obtained from 

a study suggests an under-expressed miRNA, micro-

RNA-183 (miR-183) contributes to the regulation of zinc 

homeostasis whose decrease was a feature of prostate 

cancer [13]. �erefore, it might be possible that miR-183 

may ultimately contribute to pathogenesis of prostate 

cancer.

Moreover, miR-183 has been reported to be differen-

tially expressed and capable of targeting TPM1 in pros-

tate cancer was verified in our study. Existing literature 

has provided evidence verifying the role of miR-183 as an 

oncogenic role in esophageal squamous cell carcinoma 

by targeting PDCD4 [14]. Furthermore, Tropomyosin-1 

(TPM1) has been demonstrated to function as a tumor 

suppressor gene in tongue squamous cell carcinomas 

[15]. Hence, we asserted the notion that miR-183 con-

tributes to the metastatic progression of prostate cancer 

cells by targeting TPM1. Based on the exploration of pre-

vious studies, we hypothesized that the transfer of miR-

183 via prostate cancer-derived exosomes could enhance 

cell proliferation invasion and migration in prostate can-

cer, with the objective of identifying a novel therapeutic 

strategy for the treatment of prostate cancer.

Materials and methods

Ethics statement

�e current study was conducted with the approval of 

the Ethics Committee of Guizhou Medical University. All 

experiments involving animals were performed in strict 

adherence with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National 

Institutes of Health.

Datasets and bioinformatics analysis

Prostate cancer-associated miRNA (GSE14857 and 

GSE64318) and mRNA (GSE30994) expression profiles 

were retrieved in the Gene Expression Omnibus (GEO) 

database (https ://www.ncbi.nlm.nih.gov/geo). Differ-

entially expressed miRNA and mRNA were analyzed 

using the limma package and identified using |log2 fold 

change (FC)| > 2.0 and p value < 0.05 as the threshold. 

Heatmaps were plotted using heatmap package in R lan-

guage. �e Venn online analysis tool (Calculate and draw 

custom Venn diagrams) (http://bioin forma tics.psb.ugent 

.be/webto ols/Venn/) was employed to construct a Venn 

map of differential miRNAs from two miRNA data-

sets followed by an analysis of the intersecting region. 

�e target gene candidates for miR-183 were predicted 

using the database including miRDB (http://www.mirdb 

.org/), miRDIP (http://ophid .utoro nto.ca/mirDI P/) and 

miRWalk (http://mirwa lk.umm.uni-heide lberg .de/). �e 

intersection between the predicted target genes and the 

top 100 most significantly downregulated mRNAs from 

the GSE30994 dataset was obtained. �e expression of 

TPM1 in prostate cancer based on �e Cancer Genome 

Atlas (TCGA) and in normal samples was analyzed by 

GEPIA (Gene Expression Profiling Interactive Analysis) 

(http://gepia .cance r-pku.cn/index .html).

Cell culture and transfection

Normal prostate epithelial cell line RWPE-1(ATCC 
® CRL-11609™), androgen-dependent (LNCaP) and 

androgen-independent (PC3) human prostate cancer cell 

lines (ATCC ® CRL-1740™) were obtained from ATCC 

(Manassas, VA, USA). �e cell lines were cultured with 

modified Dulbecco’s Modified Eagle Medium (DMEM; 

Invitrogen, Carlsbad, CA, USA) supplemented with 10% 

fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 

100 U/mL penicillin and streptomycin at 37  °C with 5% 

 CO2. �e cells were subcultured upon reaching 80–90% 

confluence. �e cells exhibiting logarithmic growth were 

subsequently seeded into a 6-well plate at 4 ×  105 cells 

per well. LNCaP and PC3 cells were prepared for trans-

fection as per the instruction of the Lipofectamin2000 

kit (11668-019, Invitrogen, Carlsbad, CA, USA). Upon 

reaching 80% confluence, the LNCaP cells were trans-

fected with miR-183 mimic, miR-183 inhibitor, small 

interfering RNA targeting TPM1 (si-TPM1), TPM1 

overexpression plasmid (oe-TPM1) or their negative 

controls (mimic-NC, inhibitor-NC, si-NC and oe-NC). 

�e PC3 cells were transfected with miR-183 mimic, 

https://www.ncbi.nlm.nih.gov/geo
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.mirdb.org/
http://www.mirdb.org/
http://ophid.utoronto.ca/mirDIP/
http://mirwalk.umm.uni-heidelberg.de/
http://gepia.cancer-pku.cn/index.html
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miR-183 inhibitor, mimic-NC or inhibitor-NC. All afore-

mentioned transfection plasmids were purchased from 

Shanghai GenePharma Co., Ltd (GenePharma, Shanghai, 

China).

Dual-luciferase reporter gene assay

�e TPM1 3′-untranslated region was identified to 

contain the miR-183 predicted targeted binding sites. 

Dual-luciferase reporter gene assay was subsequently 

performed to determine whether TPM1 is a direct target 

of miR-183. TPM1 3′-untranslated region (3′UTR) was 

artificially synthesized and inserted into psiCHECK-2 

vector (Promega, Madison, WI, USA) via SpeI and Hind 

III sites. Site-directed, mutagenesis, complementary 

sequence was performed on the basis of the TPM1 wild 

type (WT) sequence. �e target segment was inserted 

into psiCHECK-2 plasmid via T4 DNA ligase, followed 

by restriction enzyme digestion. Two recombinant plas-

mids namely, TPM1-WT, and TPM1 mutant (TPM1-

MUT) were co-transfected into cells with miR-183 

mimic and the negative control (NC) of miR-183, respec-

tively. �e cells were then lysed following a 48 h period of 

transfection. Luciferase activity was measured using the 

Luminometer TD-20/20 (Promega, Madison, WI, USA) 

using dual-luciferase reporter assay system kit (Promega, 

Madison, WI, USA).

Cell counting kit-8 (CCK-8) assay

LNCAP and PC3 cell suspension were seeded into a 

96-well plate at a density of 100 µL/well with the cell cul-

ture plate placed into an incubator at 37 ℃ with 5%  CO2. 

CCK-8 solution was added to each well following 1–4 h 

culture. �e control group was set by adding medium 

only. After 48 h, 20 µL of 5 mg/mL CCK-8 solution was 

added for an additional 4  h culture. In the presence of 

an electron-coupled reagent, water-soluble tetrazolium 

salt-8 (WST-8) is reduced to orange-yellow formazan by 

dehydrogenase in the mitochondria. A darker hue was 

considered to be indicative of faster rate of cell prolifera-

tion. �e absorbance (A) was determined at a wavelength 

of 450 nm using an automatic microplate reader.

Transwell assay

Transwell assay was employed to evaluate cell migration. 

Plasmid DNA was transfected into cells for 24  h, after 

which the cells were digested for detachment purposes, 

with the single cell suspension diluted to a concentra-

tion of 1 ×  106 cells/mL by culture medium containing 

1% FBS. Complete medium containing 10% FBS was sub-

sequently added to the bottom of a 24-well plate at 600 

µL per well. �e Transwell chamber was placed on the 

24-well plate after which 100 µL of cell suspension was 

added into the chamber and cultured at 37  ℃. After 

24  h, the Transwell chamber was removed. �e culture 

medium with cells that failed to exhibit any migration 

inside the chamber was removed using a cotton swab. 

�e Transwell chamber was washed twice with phos-

phate buffered saline (PBS), fixed with formaldehyde and 

acetic acid (3:1) for 15–30 min, and then stained with 1% 

gentian violet for 15 min. �e migrated cells were tallied 

under a microscope (TE2000, Nikon, China).

Cell invasion was assessed using a Matrigel coated 

Transwell chamber (356234, Corning Incorporated, NY, 

USA) diluted with pre-cooled serum-free DMEM. 100 

µL of Matrigel (356234; Corning, USA) was added to the 

Transwell chamber. �e Transwell chamber was then 

placed into a 24-well plate and incubated at 37 ℃ for 

at least 4–5  h. �e basement membrane was hydrated 

after which the Matrigel was washed using a serum-

free medium. �e cells were treated with trypsin and 

washed for 3 times with the medium. �e cells were sub-

sequently resuspended to a final density of 1 ×  105 cells/

mL in medium containing with 1% FBS. A total of 600 

µL medium containing 5 µg/mL fibronectin was added 

to the basolateral chamber and 100 µL of cell suspen-

sion was added to the apical chamber. �e cells were 

then cultured for 20–24  h at 37 ℃. �e cells failing to 

migrate from the chamber were removed using a cotton 

swab. �e membrane was removed and stained with 500 

µL of 1% crystal violet. �e membrane was immersed 

in the medium for 30 min at 37 ℃. Four replicate wells 

were set in each group, which were repeated 3 times. �e 

number of stained cells was counted under a microscope. 

Four fields of view were selected under a microscope. �e 

stained cells were finally counted and recorded.

Isolation and identi�cation of prostate cancer cells-derived 

exosomes

PC3 cells were cultured in a 15  cm culture dish. After 

reaching 80% confluence, the cells were washed 3 times 

with 20  mL PBS and incubated with exosome-free cul-

ture medium (10% exosome-depleted FBS + RMPI1640) 

for 2 days. �e cell medium was then collected and cen-

trifuged at 3000×g for 15  min at 4  °C. �e supernatant 

was concentrated via centrifugation at 5000g at 4 ℃ for 

50  min. �e concentrate was added to ExoQuick exo-

some extract at a 1:1 ratio overnight at 4 °C. �e follow-

ing day, the mixture was centrifuged at 1500g for 30 min 

at 4 °C. After removal of the supernatant, the precipitate 

was collected and washed using sterile PBS, and then 

stored at − 80 °C.

The morphology of the exosomes was assessed by 

transmission electron microscopy and the particle size 

of the exosomes was measured by a dynamic light scat-

tering (DLS) (Mastersizer 3000, Malvern Panalytical). 

Western blot analyses were developed to determine the 
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extracted exosome and the expression of the protein 

markers HSP70 (1:1000, ab2787, abcam, Cambridge, 

UK) and CD63 (1:1000, ab216130, abcam, Cambridge, 

UK), as well as calnexin protein that was negatively 

expressed in exosomes but positively expressed in cells 

in the supernatant after exosome isolation.

The content of the exosome surface marker CD63 

was detected by flow cytometry. Briefly, the exosomes 

were isolated from PC3 were resuspended in 1  mL 

PBS containing 1% BSA and incubated at room tem-

perature for 30  min in order to block non-specific 

antigen. Centrifugation was performed at 1000  rpm 

for 5 min, after which the supernatant was discarded, 

with the exosomes subsequently resuspended with 

200  L/EP tube PBS. CD63-PE antibody was added to 

each exosome and incubated at room temperature for 

30 min. The samples without any antibody added were 

employed as the blank control and anti-human IgG 

labeled by PE as homotype control. After centrifuga-

tion at 1000 rpm for 5 min, the exosomes were resus-

pended with 1  mL PBS containing 1% BSA followed 

by flow cytometry analysis using Guava easyCyte™ 

system.

Co-culture of PC3 cells-derived exosomes with LNCAP cells

In order to inhibit exosomal release from the PC3 

cells, PC3 cells were treated with the exosome inhibi-

tor GW4869 with PBS treatment as control. PC3 cells 

were plated in a 6-well plate at 1 ×  106 cells per well. 

Upon confluence reaching 80–90%, cells were treated 

with 10% of GW4869 (D1692-5MG, Sigma-Aldrich, St. 

Louis, MO, USA), and the control group was treated 

with 0.005% dimethyl sulphoxide (DMSO). Both the 

cells and the supernatant were collected after 24  h of 

treatment.

�e PC3 cells were transfected with mimic-NC, 

miR-183-mimic, inhibitor-NC, or miR-183-inhibitor. 

�e LNCAP cells were transfected with si-TPM1 or 

si-NC and subsequently seeded into a 24-well plate. 

When the cell confluence had reached approximately 

60%, the transfected LNCAP cells co-cultured with the 

exosomes derived from the transfected PC3 cells for 

48 h.

�e CFSE dye (ab113853, abcam, Cambridge, UK) 

was added in a 1:1000 dilution to 20  µg of the exoso-

mal suspension derived from the transfected PC3 cells 

and cultured at 37 °C for 15 min. �e mixture was then 

added to PBS, washed and centrifuged at 100,000g for 

70  min.  Finally, CFSE-tagged exosomes  were co-cul-

tured with LNCAP cells. �e uptake of exosomes by the 

LNCAP cells was observed under a fluorescence micro-

scope after 24 h of coculture.

Reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR)

�e total RNA from the tissues was extracted using Tri-

zol reagent (Invitrogen, Carlsbad, CA, USA). Reverse 

transcription was performed according to the instruc-

tions of TaqMan™ MicroRNA Reverse Transcrip-

tion Kit (4366596) and High-Capacity cDNA Reverse 

Transcription Kit (4368813) both from �ermo Fisher 

Scientific (Waltham, MA, USA) in order to generate 

cDNA. Real-Time Quantitative fluorogenic PCR assay 

was developed in accordance with the instructions 

of the  SYBR®Premi × Ex TaqTM (Tli RNaseH Plus) 

kit (RR820A, TaKaRa, Japan) using PCR instrument 

(ABI7500, �ermo, Waltham, MA, USA). �e primers 

for miR-183 and TPM1 were synthesized by Sangon Bio-

tech Co. Ltd (Shanghai, China). �e relative expression of 

the target genes was measured using the  2−ΔΔCt method 

normalized to GAPDH or U6 (Invitrogen, Carlsbad, CA, 

USA) mRNA levels. Sequences for primers are listed in 

Table 1.

Western blot analysis

Total protein from tissues and cells was extracted using 

radio-immunoprecipitation assay (RIPA) kit (Beijing 

Solarbio Science and Technology Co., Ltd, Beijing, 

China). Protein concentration was determined using 

a BCA protein assay kit (GBCBIO Technologies Inc., 

Guangzhou, China). �e proteins were subsequently 

separated using 10% sodium dodecyl sulfate-polyacryla-

mide gel electrophoresis (SDS-PAGE). Following separa-

tion, the proteins were transferred onto a polyvinylidene 

fluoride (PVDF) membrane (Merck Millipore, Billerica, 

MA, USA), and subsequently blocked for 2  h with Tris 

Buffered Saline with Tween (TBS/T) containing 5% 

skimmed milk. �e PVDF membranes were incubated 

with primary antibody β-Tubulin (ab210797, 1:1000, Rab-

bit), TPM1 (ab38898, 1: 1000, Rabbit), CD63 (ab216130, 

Table 1 Primer sequences for RT-qPCR

RT-qPCR reverse transcription quantitative polymerase chain reaction, miR-

183 microRNA-183, TPM1 tropomyosin-1, GAPDH glyceraldehyde-3-phosphate 

dehydrogenase, F forward, R reverse

Gene Primer sequence (5′-3′)

miR-183 Forward: 5′-CGC GGT ATG GCA CTG GTA GA-3′

Reverse: 5′-AGT GCA GGG TCC GAG GTA TTC-3′

TPM1 Forward: 5′-GTG GGG AAA ACA CAT ACA AAAAG-3′

Reverse: 5′-CTT CCT GTT GAC TCT ATC ATTGG-3′

GAPDH Forward: 5′-CCT GGC CAA GGT CAT CCA TG-3′

Reverse: 5′-GGA AGG CCA TGC CAG TGA GC-3′

U6 Forward: 5′-CTC GCT TCG GCA GCACA-3′

Reverse: 5′-AAC GCT TCA CGA ATT TGC GT-3′
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1:1000, Rabbit), HSP70 (ab181606, 1:1000, Rabbit), and 

Calnexin (ab22595, 1:1000, Rabbit) overnight at 4  °C. 

�e membrane was then incubated with the second-

ary antibody goat anti-rabbit immunoglobulin G (IgG) 

(ab150077, 1:1000, Abcam, UK) at room temperature. 

Enhanced chemiluminescence (ECL) was applied for vis-

ualization. �e image was subjected to gray scale analysis 

using Image J software.

Tumor xenografts in nude mice

Male athymic NCr-nu/nu mice (aged 6 weeks) were pro-

vided by the Experimental Animal Centre of Wuhan Uni-

versity and raised in laminar flow cabinets under specific 

pathogen-free (SPF) conditions. Indoor UV irradiation 

was performed on a regular basis. �e housing environ-

ment was maintained with room temperature at 24–26 °C 

and 40–60% relative humidity. �e mice were classi-

fied into two groups (n = 6): exo-inhibitor-NC group 

(injection of LNCaP + PC3 exo-inhibitor-NC) and exo-

miR-183-inhibitor group (injection of LNCaP + PC3 exo-

miR-183-inhibitor). Each mouse was then administered 

with a subcutaneous injection of 1 ×  106 LNCaP cells. 

Moreover, mice were injected with PBS, or exosomes 

derived from the PC3 cells transfected with inhibitor-NC 

or miR-183-inhibitor via the tail vein 5 days per week for 

30 days. Tumor growth indicators were recorded daily 

[16]. On the 30th day, the nude mice were anesthetized 

and euthanized using  CO2 and 50%  O2 mixed gas. �e 

volume and weight of tumor were measured.

Terminal deoxynucleotidyl transferase (TDT)-mediated 

dUTP-biotin nick end-labeling (TUNEL)

Cell apoptosis was assessed based on the instructions of 

the TUNEL Kit (Beyotime Institute of Biotechnology, 

Jiangsu, China). �e tissue sections were then dewaxed 

with xylene, gradient alcohol rehydrated, and immersed 

in 3% hydrogen peroxide  (H2O2) solution at room tem-

perature for 10 min. After the sections had been washed 

with PBS, the tissue proteins were removed following the 

addition of 50 µL of 20  µg/mL Proteinase K for 20  min 

at room temperature. After three PBS washes, the tissues 

were added citrate buffer for 30 min for antigen retrieval. 

�e tissues were incubated with 50 µL of TdT solution for 

1 h under conditions void of light. �e reactions without 

TdT were employed as the negative control. �e tissues 

were incubated with 50 µL peroxidase-labeled-anti-

digoxigenin at 37  °C for 30  min under dark conditions, 

followed by three PBS washes. DAB (ZSGB-BIO, China) 

was used to develop for 10 min. Following washing with 

PBS, the tissues were counterstained with hematoxylin 

and observed under a microscope (Nikon, Japan).

Statistical analysis

All experimental data were analyzed using SPSS 21.0 sta-

tistical software (IBM SPSS Statistics, Chicago, IL, USA). 

Measurement data were expressed as the mean ± stand-

ard deviation. Unpaired data obeying normal distribution 

and homogeneity between two groups were compared 

using an unpaired t-test. Comparisons among multi-

ple groups were performed by one-way analysis of vari-

ance (ANOVA) with the application of a Tukey’s post 

hoc test. Time-based measurements within each group 

was analyzed using repeated measurement ANOVA, fol-

lowed by a Bonferroni’s post-hoc test. A value of p < 0.05 

was considered to be indicative of statistically significant 

difference.

Results

miR-183 is upregulated in prostate cancer

�e dataset GSE14857 of miRNA expression in tumor 

tissue and normal adjacent tissue with untreated prostate 

carcinoma, the dataset GSE64318 of miRNA expression 

in prostate cancer-derived tumor and adjacent normal 

tissues and the dataset GSE30994 of prostate cancer-

specific gene expression in tissue of patients with pros-

tatic hyperplasia were retrieved from the GEO database. 

�ere were 8 miRNAs that were significantly upregulated 

(p < 0.05) in addition to 16 miRNAs significantly down-

regulated (p < 0.05) in prostate cancer among GSE14857; 

38 miRNAs significantly upregulated (p < 0.05) and 

29 miRNAs significantly downregulated (p < 0.05) 

in GSE64318; 1223 mRNA significantly upregulated 

(p < 0.05) and 1777 mRNA significantly down-regulated 

(p < 0.05) in GSE30994. An expression heat map was con-

structed to display the top 55 miRNAs or mRNAs among 

the GSE64318 and GSE30994 profiles (Fig. 1a, b). In order 

to further screen the prostate cancer-associated miRNAs, 

all differential miRNAs in the GSE14857 and GSE64318 

profiles were selected for Venn analysis (Fig.  1c). �e 

results indicated that only miR-183 was present in both 

GSE14857 and GSE64318 profiles. Moreover, miR-183 

was highly expressed in prostate cancer samples of the 

two profiles (Fig. 1d). �ese results were consistent with 

previous literature [13, 17].

Overexpression of miR-183 promotes cell proliferation, 

invasion, and migration in prostate cancer cells

Next, to explore the functional role of miR-183 in pros-

tate cancer cells, overexpression or inhibition of miR-

183 was conducted in two prostate cancer lines LNCaP 

and PC3 exhibiting higher levels of miR-183 expression 

relative to the RWPE-1 normal line (p < 0.05; Fig. 2a). As 

expected, miR-183 mimic transfection was accompanied 

with an increased expression of miR-183 and miR-183 
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inhibitor transfection resulted in a reduction, as depicted 

by the RT-qPCR findings (p < 0.05; Fig. 2b). Overexpres-

sion of miR-183 led to a marked increase in the viability 

of prostate cancer cells, while the cell viability was signifi-

cantly reduced by the miR-183 inhibitor (p < 0.05; Fig. 2c). 

�us, the results obtained demonstrate that miR-183 may 

play a role in the proliferation of prostate cancer cells.

A Transwell assay was performed to assess the effect of 

miR-183 on migration and invasion of PC3 and LNCaP 

cells. �e results obtained illustrated that the migra-

tion of both PC3 and LNCaP cells was notably elevated 

following miR-183-mimic transfection while decreased 

by miR-183-inhibitor transfection (p < 0.05; Fig.  2d, e). 

Similar results were seen in the transwell invasion assay 

(Fig. 2f, g). Altogether, the data obtained suggested that 

miR-183 promotes prostate cancer cell migration and 

invasion.

miR-183 targets TPM1 in prostate cancer

To further clarify the miR-183’s downstream gene tar-

gets, we predicted target genes of miR-183 using miRDB, 

mirDIP and miRWalk databases. Venn analysis was 
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Fig. 1 The differentially expressed miRNAs in GSE14857 and GSE64318 profiles. a Heat map of differentially expressed miRNAs in prostate cancer 

in GSE64318 profile, the X axis indicates the sample number, the Y axis indicates the miRNA name. The upper bar indicates the type of sample, the 

blue refers to normal sample, and the red refers to tumor sample. The histogram at the upper right indicates the color gradation, red refers to high 

expression, and green refers to low expression. The left tree indicates miRNA expression clustering, each rectangle in the figure refers to one sample 

expression value of a miRNA. b Heat map of differentially expressed genes in prostate cancer among GSE30994 profile, the X axis indicates the 

sample number, the Y axis indicates the gene name. The upper bar indicates the type of sample, the blue refers to normal sample, and the red refers 

to tumor sample. The histogram at the upper right indicates the color gradation, red refers to high expression, and green refers to low expression. 

The upper tree indicates sample expression clustering, the left tree indicates gene expression clustering, each rectangle in the figure refers to one 

sample expression value of a gene. a PPI network of DEGs in bladder cancer. c Venn analysis of differentially expressed miRNAs in GSE14857 and 

GSE64318 profiles, blue indicates differentially expressed miRNAs in GSE14857 profile, red indicates differentially expressed miRNAs in GSE64318 

profile, the middle part indicates the intersection of the two profiles, and the figure indicates the number of differentially expressed miRNAs. d High 

expression of miR-183 in prostate cancer, X axis indicates sample type, Y axis indicates normal sample, and tumor indicates prostate cancer sample
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conducted to analyze the predicted result as well as 

the top 100 most significantly downregulated genes in 

mRNA profile GSE30994 (Fig. 3a). �e results indicated 

that five genes including NTN4, N4BP2L1, FRMD6, 

CACNB4, and TPM1 were present in the overlapping 

region across all four sets of data. In contrast to miR183 

expression, the expression of TPM1 in prostate cancer 

was distinctly lower than that in the normal samples 

from the GEPIA database (Fig. 3b), supporting our earlier 

in silico prediction.

�e biological prediction website indicated the pres-

ence of a binding site between the seed sequence of 

miR-183 and the 3′UTR end of TPM1 (Fig. 3c). To exper-

imentally confirm TPM1 as a direct target of miR-183, 

we performed dual-luciferase reporter gene assay. �e 

results suggested that in comparison to the LNCaP cells 

transfected with the mimic-NC, the luciferase activ-

ity of the WT-TPM1 3′UTR was significantly decreased 

in LNCaP cells transfected with the miR-183-mimic 

(p < 0.05); whereas there was no significant difference in 

luciferase activity of mutant-TPM1 3′UTR in the LNCaP 

cells transfected with miR-183-mimic (p < 0.05; Fig. 3d).

Western blot analysis results demonstrated that the 

expression of TPM1 in RWPE-1, LNCaP and PC3 cell 

lines decreased (p < 0.05; Fig.  3e). �e expression of 

TPM1 was significantly diminished in the setting of over-

expressed miR-183 in LNCaP cells. However, silenced 

miR-183 led to an increase in TPM1 expression (p < 0.05; 
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Fig. 2 Overexpression of miR-183 promoted cell proliferation and invasion in prostate cancer. a Determination of miR-183 expression in prostate 

cancer by RT-qPCR assay, showing high expression of miR-183 in RWPE-1, LNCAP, and PC3 cells. *p < 0.05 vs. RWPE-1 cells, #p < 0.05 vs. LNCAP 

cells. b Determination of miR-183 expression following overexpression and inhibition of miR-183 in LNCAP and PC3 cells by RT-qPCR assay. c Cell 

viability examined by MTT assay. d, e Transwell assay for the detection of the effect of miR-183 on cell migration, blue indicates the migrated cells. f, 

g Transwell assay for the detection of the effect of miR-183 on cell invasion, blue indicates the invaded cells *p < 0.05 vs. mimic-NC group, #p < 0.05 

vs. inhibitor-NC group. The miR-183-mimic group, miR-183-inhibitor group, mimic-NC group, and inhibitor-NC group referring to LNCaP or PC3 cells 

respectively transfected with miR-183 mimic, miR-183 inhibitor, mimic-NC, inhibitor-NC. Cell experiments were repeated three times

(See figure on next page.)

Fig. 3 miR-183 targets and negatively regulates the expression of TPM1 in prostate cancer. a Prediction of miR-183 downstream target genes, 

blue, red, and green indicates prediction results of miRDB, mirDIP and miRWalk database respectively, yellow indicates the top 100 significantly 

downregulated genes in GSE30994 profile, the region of number 5 referring the intersection of 4 data sets. b Expression of TPM1 in prostate cancer 

and normal tissues in GEPIA website. c The binding sites of miRNA and TPM1-3′UTR predicted by the software. d The interaction between miR-183 

and TPM1 assessed by dual-luciferase reporter gene assay. e The expression of TPM1 in RWPE-1, LNCaP and PC3 cell lines measured by Western blot 

analysis. *p < 0.05 vs.. RWPE-1 cells, #p < 0.05 vs. LNCAP cells. f The expression of TPM1 measured by Western blot analysis. *p < 0.05 vs. mimic-NC, 
#p < 0.05 vs. inhibitor-NC group. The miR-183-mimic group, miR-183-inhibitor group, mimic-NC group, and inhibitor-NC group refer to LNCaP cells 

respectively transfected with miR-183 mimic, miR-183 inhibitor, mimic-NC, inhibitor-NC, respectively. Cell experiment was repeated three times
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Fig. 3f ). �e aforementioned results indicated that TPM1 

was poorly expressed in prostate cancer, while miR-183 

targeted TPM1 expression in prostate cancer cells, which 

may contribute to its diminished expression.

Exosomes derived from PC3 cells can be delivered 

into prostate cancer cells

Existing literature has emphasized cancer cell-derived 

exosomes as a crucial source of miR-183 (Jian, Wei, Yan, 

et al.). �us, we isolated the exosomes from prostate can-

cer cells. Round or elliptical membranous vesicles with 

identical morphology were examined under an electron 

microscope (Fig.  4a). DLS was employed to examine 

the size of the exosomes with a diameter of 30–120 nm 

(Fig. 4b). �e protein expression of the HSP70 and CD63 

were measured by Western blot analysis. �e results indi-

cated that the exosomes expressed CD63 and HSP70, but 

not Calnexin (Fig. 4c). Flow cytometry findings indicated 

that the expression of exosome surface marker CD63 was 

significantly higher in isolated exosomes versus control 

(p < 0.05; Fig. 4d).

In order to ascertain whether the exosomes derived 

from PC3 cells are taken up by LNCaP cells is examined 

in our study. PC3 cell-derived exosomes labeled by CFSE 

(green) were incubated with LNCaP cells for 24  h and 

observed under a laser confocal microscopy. Our find-

ings indicated that green signal-labeled vesicles were 

observed to have adhered to the LNCaP cell membrane 

and fusing inside the cell membrane (Fig. 4e), suggesting 

uptake of PC3 cells derived exosomes by LNCaP cells.

PC3 cell-derived exosomes carry miR-183 

that downregulates TPM1

After the PC3 cells were treated with GW4869 for 24 h, 

the secreted exosomes were observed under an electron 

microscope. �e results highlighted an inhibition of exo-

some secretion in the PC3 cells after GW4869 treatment 

(Fig. 5a). �e exosomes were collected, and the contents 

of HSP70 and CD63 in the exosomes were detected by 

Western blot analysis to quantify the exosomes. �e 

results demonstrated that the secretion of exosomes in 

PC3 cells was notably reduced following the introduction 
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mean ± standard deviation. Comparison between two groups was analyzed by unpaired t-test. Each experiment was repeated three times
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of the exosome inhibitors (Fig.  5b). �e expression of 

miR-183 and TPM1 in PC3 cells was evaluated by RT-

qPCR assay. �e results demonstrated that blocking exo-

some secretion did not affect the expression of miR-183 

and TPM1 in PC3 cells (Fig. 5c).

Next, exosomes derived from PC3 cells by miR-183-

mimic or miR-183-inhibitor transfection were extracted 

and evaluated by RT-qPCR assay. �e results demon-

strated that the expression of miR-183 in the exosomes 

derived from miR-183-mimic-transfected PC3 cells was 

notably higher than that in mimic-NC. �e expression 

of miR-183 was significantly lower in exosomes derived 

from miR-183-inhibitor transfected PC3 cells compared 

with exosomes derived from PC3 cells transfected by 

inhibitor-NC (p < 0.05; Fig. 5d).

We subsequently set out to further investigate whether 

the PC3 cells-derived exosomal miR-183 affects the 

expression of TPM1 in LNCaP cells. Following co-

incubation of exosomes derived from differently treated 

PC3 cells with LNCaP cells, the expression of TPM1 in 

LNCaP cells was assessed by RT-qPCR and Western 

blot assay. �e results demonstrated that the expres-

sion of TPM1 was significantly decreased in LNCaP 

cells co-cultured with miR-183-mimic-transfected PC3 

cells-derived exosomes compared with those co-cultured 

with exosomes derived from PC3 cells by miR-183-NC 

transfection. �e expression of TPM1 was significantly 

increased in LNCaP cells co-cultured with exosomes 

derived from miR-183-inhibitor transfected PC3 cells 

compared with those co-cultured with exosomes derived 

from miR-183-NC transfected PC3 cells (Fig.  5e, f ). In 

conclusion, PC3 cells-derived exosomal miR-183 nega-

tively regulates the expression of TPM1 in LNCaP cells.

Inhibition of prostate cancer exosomes carrying miR-183 

inhibits prostate cancer development by promoting TPM1 

expression

�e change of TPM1 expression in LNCaP cells was 

detected by Western blot analysis. Following the over-

expression (oe) or knockdown (si) of TPM1 in cells and 

treatment with exosomes, the results revealed that TPM1 

expression was significantly increased by oe-TPM1 or 

exo-miR-183-inhibitor but was reduced by si-TPM1. In 

the presence of exo-miR-183-inhibitor, si-TPM1 caused 

decline of TPM1 expression (Fig.  6a). �us, exosomes 

derived from PC3 cells carrying miR-183 regulates the 

expression of TPM1 in LNCaP cells.
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CCK-8 and Transwell assay were performed in order 

to assess the proliferation, migration, and invasion of the 

LNCaP cells. �e results demonstrated that cell viabil-

ity was decreased by oe-TPM1 or exo-miR-183-inhibitor. 

However, cell viability was augmented by si-TPM1, which 

was annulled by further treatment with exo-miR-183-in-

hibitor (p < 0.05; Fig.  6b). Similar results were obtained 

in relation to the migration and invasion assay findings 

whereby the silencing of TPM1 abolished the exosome 

mediated reduction in migration and invasion (p < 0.05; 

Fig.  6c, d). Altogether, a lower expression of TPM1 was 

found to play a stimulatory role on proliferation, migra-

tion, and invasion of prostate cancer cells; co-incubation 

with exosomes decreased the expression of miR-183 and 

increased the expression of TPM1, thereby inhibiting the 

proliferation, migration and invasion in LNCaP cells.

24 48 72 96
0.0

0.5

1.0

1.5

2.0

a b

c d
C

e
ll 

v
ia

b
ili

ty
 (

O
D

 4
9

0
 n

m
)

oe-NC

oe-TPM1

si-NC

si-TPM1

exo-miR-183-inhibitor + si-NC

exo-miR-183-inhibitor + si-TPM1

Time (hour)

*

#
#

*

*

#

#
##

&

&
&

N
u

m
b

e
r 

o
f 

m
ig

ra
ti
o

n
n

 c
e

lls

0

100

200

300

400

#

*

&

#

N
u

m
b

e
r 

o
f 

in
v
a

s
iv

e
 c

e
lls

0

50

100

150

200

*

#

&

#

oe-NC

oe-TPM1

si-NC

si-TPM1

exo-miR-183-inhibitor + si-NC

exo-miR-183-inhibitor + si-TPM1

oe-NC

oe-TPM1

si-NC

si-TPM1

exo-miR-183-inhibitor + si-NC

exo-miR-183-inhibitor + si-TPM1

oe-NC

oe-TPM1

si-NC

si-TPM1

exo-miR-183-inhibitor + si-NC

exo-miR-183-inhibitor + si-TPM1

0.0

0.5

1.0

1.5

2.0

R
e
la

ti
v
e

e
x
p
re

s
s
io

n
o
f

T
P

M
1

p
ro

te
in

*

&

# #
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Inhibition of PC3 cells-derived exosomal miR-183 

diminished prostate tumorigenesis in vivo

We set out to further investigate the effect of PC3 cells-

derived exosomal miR-183 on subcutaneous tumor 

growth in nude mice. �e tumor volume (Fig.  7a) and 

final tumor weights (Fig.  7b) of mice injected with 

exosomes carrying miR-183-inhibitor were markedly 

decreased (p < 0.05). �e results demonstrated that treat-

ment of the tumors in the nude mice with PC3 cell-

derived exosomes carrying inhibited miR-183 impeded 

tumor growth.

�e expression of miR-183 and TPM1 in tumor tis-

sues of nude mice was examined by RT-qPCR assay. �e 

results displayed that the expression of miR-183 was 

significantly decreased in tumor tissues of mice after 

treatment of exosomes carrying inhibition of miR-183 

(p < 0.05) while the expression of TPM1 was significantly 

increased (Fig. 7c).

�e TUNEL assay results revealed that the number of 

apoptosis in mice injected with exosomes derived from 

inhibitor-NC transfected-LNCaP cells was significantly 

increased (Fig. 7d), suggesting that exosomes with inhib-

ited miR-183 promoted the apoptosis of tumor cells. In 

summary, inhibition of the exosomal miR-183 could 

inhibit the development of prostate tumors.

Discussion

A significant society health care burden exists due to 

the high rate of prostate cancer morbidity and mortal-

ity, and fortunately, continued research has identified 

the involvement of miRNAs in the development and 

progression of prostate cancer [18]. Cancer-cells derived 

exosomes possess the capacity to transfer aberrantly 

expressed miRNAs and participate in process of invasion 

within tumor microenvironment [19]. �us, the associa-

tion between exosomal miRNA and occurrence of pros-

tate cancer has increasingly become an area of significant 

research interest [9, 20]. More importantly, miR-183 has 

been highlighted to possess tumor-promoting proper-

ties in prostate cancer [21]. Hence, the current study 
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was designed to explore the regulatory role of exosomal 

miR-183 in cell proliferation, migration, and invasion of 

prostate cancer. Previous well-established evidence has 

indicated the role of exosomal miR-183 as a contribu-

tor to cell proliferation and metastasis in prostate cancer 

with the involvement of TPM1.

Previous studies have been suggested that miR-183 is 

overexpressed in prostate cancer cells and plays crucial 

role in carcinogenesis [13, 17], which was largely consist-

ent with our initial findings whereby miR-183 exhibited 

high levels of expression in prostate cancer cells. Accu-

mulating evidence continues to highlight the ability of 

miR-183 to donate to malignant tumor progression and 

various metastatic processes. For example, the upregula-

tion of miR-183-3p has been shown to facilitate lymph 

node metastasis in lung adenocarcinoma [22]. Besides, 

similar findings have been previously asserted highlight-

ing the upregulation of miR-183-5p as an oncogenic ele-

ment in non-small cell lung cancer [23]. Additionally, the 

downregulation of miR-182, a member of miR-183 fam-

ily, inhibits invasion while promoting apoptosis in mela-

noma [24]. In an attempt to further elucidate the effect 

of miR-183 on prostate cancer cell proliferation, inva-

sion and migration, gain- and loss-of-function experi-

ments was conducted using mimics and inhibitors. �e 

results obtained demonstrated that the overexpression 

of miR-183 promoted the proliferation, invasion and 

migration while inhibition of miR-183 suppressed pro-

liferation, invasion and migration in cancer cells. Our 

data further emphasized the oncogenic role of miR-183 

in prostate cancer. Crucially, a previous report concluded 

that miRNA-183 inhibits apoptosis and enhances prolif-

eration in esophageal cancer by targeting PDCD4 [14]. In 

present study, it was predicted that miR-183 was able to 

target TPM1 gene which was further verified by the dual-

luciferase reporter gene assay results. A key observation 

made during the current study indicated that TPM1 as 

a tumor suppressor gene was poorly expressed in pros-

tate cancer cells. Emerging research has revealed that 

TPM1 may function as a tumor suppressor, highlighting 

its potential role in tumorigenesis as well as the devel-

opment of a wide variety of malignancies. For instance, 

under-expressed TPM1 was identified in colorectal 

cancer and TPM1 exerts inhibitory role development 

of colorectal cancer cells [25]. TPM1 exhibits low lev-

els of expression and has been reported to suppress cell 

proliferation and migration in addition to inducing the 

apoptosis of intrahepatic cholangiocarcinoma cells [26]. 

Moreover, TPM1 was conductive to restrain cell prolifer-

ation, angiogenesis and metastasis in renal cell carcinoma 

[27]. Collectively, the aforementioned findings in addi-

tion to the current study results highlight the inhibitory 

effect of TPM1 on tumorigenesis.

Accordingly, we considered the possibility that miR-

183 may contribute to tumor growth and metastasis 

acceleration in prostate cancer via the downregulation 

of TPM1. Existing literature has suggested that miR-

183 exerts pro-tumorigenic effects via targeting some 

tumor suppressor gene. For example, miR-183-5p has 

been reported to facilitate tumor metastasis and tumor 

growth in non-small cell lung cancer via downregulat-

ing PTEN [23]. Additionally, miR-183 may act to reduce 

the expression of the tumor suppressor gene AKAP12 in 

hepatocellular carcinomas [28]. Moreover, miR-183 has 

been further emphasized in previous investigations as an 

oncogenic factor that regulates 2 tumor suppressor genes 

including EGR1 and PTEN in synovial sarcoma, rhabdo-

myosarcoma, and colon cancer [29]. �ese findings were 

partially consistent with our results, whereby miR-183 

was found to play a tumor-promoting role by targeting 

TPM1 in prostate cancer cells.

Moreover, our study results demonstrated that trans-

fer of miR-183 by prostate cancer cells-derived exosomes 

promoted prostate cancer cell growth. Evidence has been 

previously presented suggesting that exosomal miRNA 

plays a key role in communication between cell and cell 

in cancer [30]. In our co-culture system, it was verified 

that miR-183 could be delivered into LNCaP cells by PC3 

cells-derived exosomes. Furthermore, the transfer of 

miR-183 from PC3 cells-derived exosomes led to increase 

in proliferation, migration, and invasion in LNCaP cells. 

Consistent with our findings, exosomal miR-423-5p has 

been previously reported to enhance the sensitivity of 

breast cancer cells to DDP [31]. Also, exosomal miR-

20a-5p has been demonstrated to accelerate bone metas-

tasis of breast cancer [32]. At the same time, inhibition of 

exosomal miR-183 inhibited the proliferation, migration 

and invasion of prostate cancer cells. Additionally, we 

further confirmed that inhibition of exosomal miR-183 

restrained tumor growth in nude mice.

Conclusions

Taken together, the key findings of the present study 

collectively evidence that exosomal miR-183 derived 

from PC3 cells facilitates prostate cancer LNCaP cell 

proliferation, migration, and invasion via downregulat-

ing TPM1 (Fig. 8). Furthermore, the inhibition of exo-

somal miR-183 was found to impede cell proliferation, 

migration, and invasion in prostate cancer through the 

upregulation of TPM1. �e results of our study high-

light the oncogenic role of miR-183 in prostate can-

cer, presenting a potential target for novel therapy to 

curb the carcinogenesis in prostate cancer. However, 

the application of this strategy may face certain limi-

tations including lack of effective exosome extraction 

techniques. Moreover, the optimal dose and number 



Page 14 of 15Dai and Gao  Cancer Cell Int          (2021) 21:145 

of injections of exosomes remain relatively unknown. 

�erefore, further investigations are required to iden-

tify such details.
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