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Abstract. Previous studies have reported that the expres‑
sion levels of microRNA (miR)‑28‑3p are downregulated in 
prostate cancer (PCa) compared with those in adjacent normal 
tissues. However, to the best of our knowledge, the func‑
tion and underlying mechanisms of miR‑28‑3p in PCa have 
not been reported. The present study aimed to explore the 
role of miR‑28‑3p and its mechanism in the development of 
PCa. In the present study, miR‑28‑3p and ADP‑ribosylation 
factor 6 (ARF6) expression levels were analyzed using reverse 
transcription‑quantitative PCR (RT‑qPCR). Cell proliferation, 
colony formation, apoptosis, migration and invasion were 
determined using Cell Counting Kit‑8, colony forming, flow 
cytometry and Transwell assays, respectively. The association 
between miR‑28‑3p and ARF6 was investigated using a dual 
luciferase reporter assay. ARF6, Rac1, Erk1/2 and phosphory‑
lated (p)‑Erk1/2 protein expression levels were analyzed using 
western blotting. The results of the present study revealed that 
miR‑28‑3p expression levels were downregulated, whereas 
ARF6 expression levels were upregulated in PCa cell lines 
(LNCaP, 22Rv‑1, PC‑3 and DU145) compared with those 
in the normal prostate line RWPE‑1. The overexpression of 
miR‑28‑3p promoted cell apoptosis, and inhibited cell prolif‑
eration, colony formation, migration and invasion. However, 
the knockdown of miR‑28‑3p exerted the opposite results. 
The results of the dual luciferase reporter assays, RT‑qPCR 
and western blotting indicated that ARF6 was a target gene 
of miR‑28‑3p. Finally, rescue experiments demonstrated that 
ARF6 overexpression attenuated the effects of the miR‑28‑3p 
mimic by upregulating Rac1 and p‑Erk1/2 expression in PCa 
cells. In conclusion, these findings indicated that miR‑28‑3p 

may inhibit the biological behaviors of PCa cells by targeting 
ARF6, and therefore may represent a novel therapeutic candi‑
date for PCa.

Introduction

Prostate cancer is the second most commonly diagnosed cancer 
and the sixth leading cause of cancer‑associated mortality 
among men worldwide, with an estimated 1,276,000 new pros‑
tate cancer cases and 359,000 deaths in 2018 (1). As PCa is an 
androgen‑dependent cancer, where endocrine therapy (castra‑
tion and antihormone therapy) is one of the main methods 
used to treat the disease (2). The majority of patients with 
PCa are initially responsive to androgen‑deprivation therapy; 
however, this treatment not only increases the risk of dementia, 
but it may also induce PCa‑related androgen receptor muta‑
tions (3,4), which renders PCa difficult to treat. At present, to 
the best of our knowledge, the pathogenesis of PCa remains 
poorly understood. An enhanced understanding of the mecha‑
nisms involved in the occurrence and development of PCa will 
be of significant value to the early diagnosis, treatment and 
monitoring of the disease (5).

MicroRNAs (miRNAs/miRs) are a class of small 
non‑coding RNAs that target specific mRNA sequences 
to inhibit protein translation (6). It has been reported that 
miRNAs are involved throughout the entire tumorigenesis 
process, where they have been closely associated with tumor 
cell proliferation, differentiation, invasion and metastasis (7). 
It has also been extensively reported that the expression levels 
of miRNAs in human cancer tissues are dysregulated (8). In 
fact, miRNAs have been proposed as alternative biomarkers 
and therapeutic tools for PCa prognosis and diagnosis (9). 
For example, miR‑15a and miR‑16 have been reported to 
function as tumor suppressors in PCa by inhibiting cell 
proliferation and invasion (10). In another study, miR‑449a 
induced PCa cell cycle arrest by targeting histone deacety‑
lase 1 (11). Furthermore, inhibitors of miR‑346, miR‑361‑3p 
and miR‑197 were found to significantly inhibit PCa migration 
and invasion (12).

Previously, Fuse et al (13) identified 56 downregulated 
miRNAs in PCa tissues in comparison to that in adjacent 
non‑PCa tissues, including miR‑28‑3p. To the best of our 
knowledge, the role of miR‑28‑3p in PCa has not been 
reported. A previous study demonstrated that the knockdown 
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of ADP‑ribosylation factor 6 (ARF6) may exert an inhibitory 
effect on the hormone‑independent PCa cell line, PC‑3, and 
the molecular mechanisms associated with these changes 
were suggested to be due to the downregulation of phosphory‑
lated (p)‑Erk1/2 and Rac1 expression (14). In addition, the stable 
overexpression of the androgen driver tetraspanin 1 markedly 
promoted cell migration and upregulated the expression of 
ARF6 (15). However, it remains unclear whether miRNAs can 
target ARF6 in PCa.

The present study aims to explore the role of miR‑28‑3p 
and its mechanism in the development of PCa. miR‑28‑3p and 
ARF6 expression was quantified in both PCa tissues and cell 
lines. Based on these previous findings, the role of miR‑28‑3p 
and ARF6 in relation to the biological behaviors of PCa cells 
was investigated.

Materials and methods

Cell lines and culture. Four human PCa cell lines (LNCaP, 
22Rv‑1, PC‑3 and DU145) and normal prostate cells (RWPE‑1) 
were purchased from The Cell Bank of Type Culture Collection 
of The Chinese Academy of Sciences. PCa cell lines were 
cultured in RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.). RWPE‑1 cells were cultured 
in serum‑free RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) containing bovine pituitary extract (50 µg/ml; 
Thermo Fisher Scientific, Inc.) and epidermal growth factor 
(5 ng/ml, Invitrogen; Thermo Fisher Scientific, Inc.). All cells 
were maintained in a humidified atmosphere with 5% CO2 
at 37˚C.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using 0.5 ml NucleoZOL reagent (Gene 
Company, Ltd.) from LNCaP, 22Rv‑1, PC‑3, DU145 and 
RWPE‑1 cells, according to the manufacturer's protocol. 
Total RNA was reverse transcribed into cDNA using a Prime 
Script™ RT reagent kit (cat. no. DRR037A; Takara Bio, Inc.). 
The reverse transcription temperature protocol was as follows: 
37˚C for 15 min and 85˚C for 5 sec. qPCR was subsequently 
performed using a SYBR Green Real‑Time PCR Master mix 
(Thermo Fisher Scientific, Inc.). The following thermocycling 
conditions were used for qPCR: 50˚C for 2 min, initial dena‑
turation at 95˚C for 10 min, followed by 40 cycles of 95˚C for 
30 sec, 55˚C for 1 min and 72˚C for 30 sec. The following 
primer sequences were used for qPCR: miR‑28‑3p forward, 
5'‑CGC GCA CTA GAT TGT GAG CT‑3' and reverse, 5'‑AGT 
GCA GGG TCC GAG GTA TT‑3'; U6 forward, 5'‑CTC GCT 
TCG GCA GCA CAT ATA CT‑3' and reverse, 5'‑ACG CTT CAC 
GAA TTT GCG TGT C‑3'; ARF6 forward, 5'‑GCG GCA TTA 
CTA CAC TGG GA‑3' and reverse, 5'‑CCT GGA TCT CGT GGG 
GTT TC‑3'; and GAPDH forward, 5'‑GTC AAG GCT GAG AAC 
GGG AA‑3' and reverse, 5'‑AAA TGA GCC CCA GCC TTC 
TC‑3' miR‑28‑3p expression was normalized to U6 expression 
levels, whereas ARF6 expression was normalized to GAPDH 
expression levels. Relative gene expression was calculated 
using the 2‑ΔΔCq method (16).

Cell transfection. The miR‑28‑3p mimic (5'‑CAC UAG AUU 
GUG AGC UCC UGG A‑3'), mimic negative control (NC; 

5'‑UCU ACU CUU UCU AGG AGG UUG UGA ‑3'), miR‑28‑3p 
inhibitor (5'‑UCC AGG AGC UCA CAA UCU AGU G‑3') 
and inhibitor NC (5'‑UCU ACU CUU UCU AGG AGG UUG 
UGA ‑3') were obtained from Shanghai GenePharma Co., Ltd. 
The ARF6 gene was synthesized and then cloned into the 
pcDNA3.1 vector (Thermo Fisher Scientific, Inc.). To construct 
the pcDNA‑ARF6 recombinant plasmid. Transfection of the 
empty vector pcDNA3.1 was used as negative control (pcDNA). 
DU145 cells were seeded at a density of 1x105 cells/well in 
24‑well plates. Transfection of each oligonucleotide or plasmid 
into DU145 cells was performed using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. Briefly, 5 µl Lipofectamine 2000 was 
incubated in 250 µl serum‑free RPMI‑1640 medium for 5 min 
at 37˚C. An appropriate amount of miR‑28‑3p mimic (25 nM), 
miR‑28‑3p inhibitor (50 nM), mimic NC (25 nM), inhibitor 
NC (50 nM), pcDNA (2 µg) or pcDNA‑ARF6 (2 µg) was 
added and incubated for a further 20 min at room temperature. 
Following the incubation, the final mixture was added to each 
well and incubated at 37˚C with cells for 48 h. Subsequently, 
cells were used for the follow‑up experiments.

Cell Counting Kit‑8 (CCK‑8) assay. Cell proliferation 
was analyzed using CCK‑8 reagent (Beyotime Institute of 
Biotechnology). Briefly, cells were seeded into 96‑well plates 
at a density of 1x103 cells/well and cultured for 0, 24, 
48, 72 or 96 h. Following the incubation, 10 µl CCK‑8 solution 
was added to each well and further incubated for 2 h at 37˚C. 
The absorbance was measured at a wavelength of 450 nm 
using a microplate reader.

Colony formation assay. Cell proliferation was also analyzed 
using a colony forming assay. Briefly, transfected cells in the 
logarithmic growth phase were collected, and 800 cells/well 
were plated into a 6‑well plate and incubated at 37˚C. The 
state of the cells was observed until the number of cells in 
the majority of the individual colonies in the well was ≥50. 
Following the incubation, the cells were fixed with 4% parafor‑
maldehyde at 4˚C for 1 h and stained with clean, impurity‑free 
0.1% crystal violet dye solution for a further 2 min at room 
temperature. Images of colonies were captured with a digital 
camera and counted.

Flow cytometric analysis of apoptosis. Flow cytom‑
etry was performed to detect cell apoptosis using an 
Annexin V‑fluorescein isothiocyanate apoptosis measurement 
kit (BD Biosciences). Briefly, following transfection, the cells 
(1x106/m) were washed twice with cold PBS, and stained 
with 5 µl Annexin V and 10 µl PI for 15 min in the dark at 
room temperature. Apoptotic cells were analyzed using a 
BD FACSVerse™ flow cytometer (BD Biosciences) and data 
were analyzed with the FlowJo software Version 10 (FlowJo 
LLC). The percentage of early and late apoptotic cells was 
calculated.

Transwell assays. The migratory and invasive abilities of 
cells were analyzed using Transwell assays. For the migration 
assays, cells were seeded into 24‑well plates, before 1x105 cells 
suspended in serum‑free RPMI‑1640 medium were added to 
the upper chambers of Transwell plates (Corning, Inc.), whilst 
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RPMI‑1640 medium supplemented with 20% FBS was added 
to the lower chamber. After 24 h of incubation at 37˚C, the 
cells remaining in the upper chamber were removed with 
a cotton swab, while cells that had migrated to the lower 
chamber were fixed with 4% paraformaldehyde for 0.5 h 
at room temperature and stained with 0.5% crystal violet 
for 15 min at room temperature. Migratory cells from each 
group were visualized and counted in three randomly selected 
fields of view using a light microscope (magnification, x400; 
Olympus Corporation). The percentage migrated area was 
calculated with Image Pro Plus 6.0 (Media Cybernetics, Inc.).

For the cell invasion assays, the upper chambers of the 
24‑well Transwell plates were precoated with standard 
Matrigel (BD Biosciences) diluted 1:8 in serum‑free medium, 
and were air‑dried at 4˚C and thoroughly solidified at 37˚C for 
30 min. Subsequently, 100 µl cells from each group suspended 
in serum‑free medium were plated at a density of 1x105 cells/ml 
into the upper chambers of. The remaining steps are consistent 
with those aforementioned for the migration assay.

Vector construction and dual luciferase reporter assay. To 
determine potential target genes of miR‑28‑3p, TargetScan 7.2 
(http://www.targetscan.org/vert_72/) was used. According to 
the sequence of the ARF6 3'‑untranslated region (UTR) found 
in GenBank (accession no. NM_001663.4), primers were 
designed and ARF6 was amplified (The template cDNA was 
obtained from 293T cells) using PrimerSTAR® Max DNA 
Polymerase (cat. no. R045A; Takara Biotechnology Co., Ltd.) 
and cloned into the psiCHECK™‑2 dual luciferase reporter 
vector (Promega Corporation) to construct a wild‑type 
(WT) dual‑luciferase recombinant plasmid (ARF6‑WT). 
The following primer sequences were used for amplified: 
forward, 5'‑CCT CGA GTG ACT TCC AGC AGA TGG GAT 
G‑3' and reverse, 5'‑ATT TGC GGC CGC ACA TAC TGA GGT 
GCA ACT GGA ‑3'. The following thermocycling conditions 
were used for qPCR: Initial denaturation at 95˚C for 5 min, 
denaturation at 95˚C for 30 sec, followed by 32 cycles of 55˚C 
for 30 sec, 72˚C for 45 s and 72˚C for 10 sec. ARF6‑Mut were 
synthesized by Universal biological systems (Anhui) Co., 
Ltd. (https://www.generalbiol.com/) by mutating the specific 
binding sequence for miR‑28‑3p in the 3'‑UTR of ARF6. 
293T cells purchased from The Cell Bank of Type Culture 
Collection of The Chinese Academy of Sciences and were 
cultured in DMEM (Invitrogen; Thermo Fisher Scientific, 
Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C under 5% CO2. 293T cells (1x106) 
were cultured in 12‑well plates for 24 h at 37˚C. Subsequently, 
20 µM miR‑28‑3p mimic or miR‑28‑3p inhibitor and 50 ng 
ARF6‑WT or ‑Mut reporter plasmids were transfected into 
the cells using Lipofectamine® 2000 at 37˚C. Cells transfected 
with 20 µM mimic NC or inhibitor NC and 50 ng ARF6‑WT 
or ‑Mut reporter plasmids were used as control groups. A 
total of 48 h post‑transfection, a Dual Luciferase Reporter 
assay system (Promega Corporation) was used to measure 
the relative luciferase activity. Firefly luciferase activity was 
normalized to Renilla luciferase activity.

Western blotting. Total protein was extracted from collected 
cells in RIPA buffer (Sigma‑Aldrich; Merck KGaA) 
containing 1 mM PMSF (Sigma‑Aldrich; Merck KGaA) 

and total protein concentration was quantified using a BCA 
assay (Beyotime Institute of Biotechnology). In total, 20 µg 
proteins were separated by 10% SDS‑PAGE and subsequently 
transferred onto a PVDF membrane (EMD Millipore), which 
was blocked with 5% bovine serum albumin (Sigma‑Aldrich; 
Merck KGaA) diluted in TBS‑0.1% Tween‑20 buffer at room 
temperature for 2 h. The membranes were then incubated with 
the following primary antibodies (all 1:1,000) at 4˚C overnight: 
Anti‑ARF6 (Abcam; cat. no. ab226389), anti‑Rac1 (Abcam; 
cat. no. ab155938), anti‑Bcl‑2 (Abcam; cat. no. ab194583), 
anti‑Bax (Abcam; cat. no. ab263897), anti‑Erk1/2 (Abcam; 
cat. no. ab17942), anti‑p‑ERK1/2 (Abcam; cat. no. ab214362) 
and anti‑β‑actin (Abcam; cat. no. ab213262). Following the 
primary antibody incubation, the membranes were washed 
with TBST and incubated with a HRP‑conjugated secondary 
antibody (Abcam; cat. no. ab6721; 1:5,000) at room tempera‑
ture for 2 h. Protein bands were visualized using SuperSignal™ 
West Pico PLUS Chemiluminescent Substrate (Thermo Fisher 
Scientific, Inc.; cat. no. 34080) on a VersaDoc™ gel imaging 
system (Bio‑Rad Laboratories, Inc.). Densitometric analysis 
was performed using the Image J software (version 1.51; 
National Institutes of Health).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism software version 5.0 (GraphPad Software, 
Inc.) and data are presented as the mean ± SD. Statistical 
differences between groups were analyzed using a one‑way 
ANOVA followed by a Tukey's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference. All 
experiments were repeated three times.

Results

Expression levels of miR‑28‑3p and ARF6 in human PCa 
cell lines. To investigate the role of miR‑28‑3p and ARF6 
in human PCa cell lines, miR‑28‑3p and ARF6 expression 
levels were analyzed in four PCa cell lines (LNCaP, 22Rv‑1, 
PC‑3 and DU145). Compared with those detected in RWPE‑1 
cells, the expression levels of miR‑28‑3p were significantly 
downregulated in the four PCa cell lines (Fig. 1A), and DU145 
cells exhibited the greatest decrease in miR‑28‑3p expres‑
sion. Conversely, the mRNA expression levels of ARF6 were 
significantly upregulated in the four PCa cell lines compared 
with those in RWPE‑1 cells (Fig. 1B), and DU145 cells had 
the highest expression levels of ARF6. Therefore, DU145 cells 
were selected for use in subsequent experiments, including 
the establishment of miR‑28‑3p mimic‑/inhibitor‑transfected 
cells.

Transfection efficiency of miR‑28‑3p inhibitor and mimic 
in DU145 cells. To determine the role of miR‑28‑3p in PCa 
cells, the human PCa cell line, DU145, was transfected 
with the miR‑28‑3p mimic, which is a chemically synthe‑
sized double‑stranded oligonucleotide that mimics the 
endogenous mature function of miR‑28‑3p, or a miR‑28‑3p 
inhibitor, which is a modified antisense oligonucleotide 
that inhibits miR‑28‑3p function. Cells transfected with the 
mimic NC or inhibitor NC were used as controls. A total of 
48 h post‑transfection, the expression levels of miR‑28‑3p 
were determined using RT‑qPCR. The results revealed that 
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transfection with the miR‑28‑3p mimic upregulated the expres‑
sion levels of miR‑28‑3p by ~30‑fold, whereas transfection 
with the miR‑28‑3p inhibitor downregulated the expression 
of miR‑28‑3p in DU145 cells compared with those in cells 
transfected with the respective NCs (Fig. 2). These results 
indicated that the miR‑28‑3p mimic and inhibitor were able 
to effectively regulate miR‑28‑3p expression levels in DU145 
cells.

Effect of miR‑28‑3p on the proliferation of DU145 cells. 
The effects of miR‑28‑3p on the proliferation of DU145 cells 
were determined using a CCK‑8 assay. The results demon‑
strated that the proliferation of miR‑28‑3p mimic‑transfected 
cells was significantly decreased compared with the mimic 
NC‑transfected cells (Fig. 3A). Conversely, the knockdown 
of miR‑28‑3p expression in cells significantly increased the 
proliferation compared with the inhibitor NC‑transfected 
cells (Fig. 3A). To further analyze cell proliferation, colony 
formation experiments were performed. The results revealed 
that the number of colonies was significantly decreased in 
the miR‑28‑3p mimic group compared with that in the mimic 
NC group (Fig. 3B and C). Compared with the inhibitor NC 
group, the number of colonies was significantly increased in 
the miR‑28‑3p inhibitor group.

Effect of miR‑28‑3p on the apoptosis of DU145 cells. A total of 
48 h post‑transfection with the miR‑28‑3p mimic or inhibitor, 
cell apoptosis was determined by flow cytometry. The results 
revealed that the apoptotic rate was significantly increased 
in the miR‑28‑3p mimic group compared with that in the 
mimic NC group (Fig. 4A). Compared with the inhibitor NC 
group, the apoptotic rate was significantly decreased in the 
miR‑28‑3p inhibitor group. In addition, the ratio of Bcl‑2/Bax 
was detected by western blotting. The results revealed that 
miR‑28‑3p overexpression reduced the Bcl‑2/Bax ratio, which 
may aggravate apoptosis, whereas inhibition of miR‑28‑3p 
expression upregulated the Bcl‑2/Bax ratio, which could 
inhibit apoptosis (Fig. 4B).

Effect of miR‑28‑3p on the migration and invasion of DU145 
cells. Whether miR‑28‑3p regulated human PCa cell migration 

and invasion was investigated in the PCa cell line, DU145, 
following transfection with the miR‑28‑3p mimic, miR‑28‑3p 
inhibitor, mimic NC or inhibitor NC. The results revealed that 
the migratory and invasive abilities of DU145 cells were signif‑
icantly decreased in the miR‑28‑3p mimic group compared 
with those in the mimic NC group (Fig. 5). By contrast, the 
migration and invasion were significantly increased in the 
miR‑28‑3p inhibitor group compared with those in the inhib‑
itor NC group (Fig. 5). These results indicated that miR‑28‑3p 
may be a negative regulator of PCa migration and invasion.

ARF6 is a direct target gene of miR‑28‑3p. TargetScan was 
used to predict the potential gene target of miR‑28‑3p. The 
3'‑UTR of ARF6 was identified to contain a complementary 
site for the seed region of miR‑28‑3p (Fig. 6A). To further 
validate whether miR‑28‑3p targeted ARF6, a dual lucif‑
erase reporter assay was used to determine the relationship 
between miR‑28‑3p and ARF6 in the 293T cell line. As 

Figure 1. Relative miR‑28‑3p and ARF6 expression levels in PCa cell lines. Expression levels of (A) miR‑28‑3p and (B) ARF6 in PCa cell lines were analyzed 
using reverse transcription‑quantitative PCR. miR‑28‑3p expression was significantly downregulated, whereas ARF6 expression was significantly upregulated 
in PCa cell lines compared with those in the RWPE‑1 cells. *P<0.05, **P<0.01, ***P<0.001 vs. RWPE‑1 cells. miR, microRNA; ARF6, ADP‑ribosylation factor 
6; PCa, prostate cancer.  

Figure 2. Establishment of miR‑28‑3p‑knockdown and ‑overexpressing 
DU145 cells. Reverse transcription‑quantitative PCR analysis revealed that 
the miR‑28‑3p mimic significantly upregulated the expression of miR‑28‑3p, 
whereas the miR‑28‑3p inhibitor significantly downregulated miR‑28‑3p 
expression. ***P<0.001. miR, microRNA; NC, negative control.  
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illustrated in Fig. 6A, transfection with the miR‑28‑3p mimic 
significantly decreased the relative luciferase activity of the 
ARF6‑WT 3'‑UTR compared with that in cells following the 
transfection of mimic NC. Transfection with the miR‑28‑3p 
inhibitor significantly increased the relative luciferase activity 
of the ARF6‑WT 3'‑UTR compared with that in cells after 
the transfection of inhibitor NC. Furthermore, these effect 
was abolished when the nucleotides in the seed binding site 
of the ARF6 3'‑UTR were mutated. Moreover, the effect of 
miR‑28‑3p on the expression levels of ARF6 was analyzed 
using RT‑qPCR and western blotting. The results revealed 
that overexpression of miR‑28‑3p significantly downregu‑
lated the mRNA expression levels of ARF6 in DU145 cells 
compared with those in the mimic NC‑transfected cells 

(Fig. 6B). Conversely, knockdown of miR‑28‑3p significantly 
upregulated the mRNA expression levels of ARF6 compared 
with those in the inhibitor NC‑transfected cells (Fig. 6B). In 
addition, overexpression of miR‑28‑3p significantly down‑
regulated the protein expression levels of ARF6 in DU145 
cells compared with those in the mimic NC‑transfected cells, 
whereas knockdown of miR‑28‑3p significantly upregulated 
the protein expression levels of ARF6 compared with 
those in the inhibitor NC‑transfected cells (Fig. 6C). These 
results suggested that ARF6 may be a direct target gene of 
miR‑28‑3p.

Effect of ARF6 and miR‑28‑3p overexpression on DU145 
cells. The transfection efficiency of pcDNA‑ARF6 was 

Figure 3. Proliferation of DU145 cells following transfection with miR‑28‑3p mimic or inhibitor. (A) Cell Counting Kit‑8 assay was performed to determine 
the effect of the miR‑28‑3p inhibitor or mimic on cell proliferation. (B) Colony forming assays were performed to observe the formation of cell colonies. 
(C) Semi‑quantification of the results from (B). Compared with the respective NC group, the miR‑28‑3p mimic inhibited the formation of cell colonies, whereas 
the miR‑28‑3p inhibitor significantly increased the formation of colonies. ++P<0.01 and +++P<0.001 vs. mimic NC; $$$P<0.001 vs. inhibitor NC; **P<0.01, 
***P<0.001. microRNA; NC, negative control; OD, optical density.  
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validated using RT‑qPCR (Fig. 7A). As expected, the 
expression levels of ARF6 in cells transfected with 
pcDNA‑ARF6 were significantly upregulated compared 
with those in the pcDNA‑transfected cells. To investigate 
the effect of ARF6 on the miR‑28‑3p mimic‑transfected 
DU145 cells, pcDNA‑ARF6 was transfected into miR‑28‑3p 
mimic‑transfected DU145 cells. The results of the CCK‑8 
assay demonstrated that the overexpression of ARF6 signifi‑
cantly attenuated the miR‑28‑3p mimic‑induced inhibitory 
effect on cell proliferation (Fig. 7B), which was consistent 
with the results of the cell colony formation assay (P<0.05; 
Fig. 7C and D).

Apoptosis was further determined by f low cytom‑
etry and western blotting after co‑transfecting cells with 
miR‑28‑3p mimic and pcDNA‑ARF6 for 48 h. The results 
revealed that the apoptotic rate was significantly decreased 

(Fig. 8A) and the ratio of Bcl‑2/Bax was markedly elevated 
(Fig. 8B) following co‑transfection compared with that in the 
miR‑28‑3p mimic‑transfected group; however, the apoptotic 
rate was not completely recovered to the same levels as the 
control. Finally, migratory and invasive abilities were deter‑
mined using Transwell assays. The results showed that the 
overexpression of ARF6 in miR‑28‑3p mimic‑transfected 
cells promoted both migration (P<0.01) and invasion 
(P<0.01) compared with those in the miR‑28‑3p mimic group 
(Fig. 9). These findings suggested that AFR6 may attenuate 
miR‑28‑3p mimic‑induced inhibitory effects.

Effect of miR‑28‑3p overexpression and knockdown on 
p‑Erk1/2 and Rac1 expression. To further determine the 
molecular mechanism of the miR‑28‑3p‑mediated biological 
functions, the effect of miR‑28‑3p overexpression and 

Figure 4. Apoptosis of DU145 cells following transfection with miR‑28‑3p mimic or inhibitor. (A) Flow cytometry was used to detect cell apoptosis. Compared 
with the mimic NC group, the miR‑28‑3p mimic significantly increased the apoptotic rate, whereas the miR‑28‑3p inhibitor significantly inhibited apoptosis. 
(B) Western blotting was used to detect the expression of protein related with cell apoptosis. miR‑28‑3p mimic reduced the Bcl‑2/Bax ratio, whereas miR‑28‑3p 
inhibitor upregulated the Bcl‑2/Bax ratio. *P<0.05, **P<0.01, ***P<0.001. miR, microRNA; NC, negative control.  
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knockdown on p‑Erk1/2 and Rac1 expression was analyzed. 
The results demonstrated that the overexpression of 
miR‑28‑3p significantly downregulated the protein expres‑
sion levels of p‑Erk1/2/Erk1/2 and Rac1 in DU145 cells 
compared with those in the mimic NC‑transfected cells, but 
exerted no effect on Erk1/2 expression (Fig. 10). Meanwhile, 
the knockdown of miR‑28‑3p significantly upregulated 

the protein expression levels of p‑Erk1/2/Erk1/2 and Rac1 
compared with those in the inhibitor NC‑transfected cells, 
but had no effect on Erk1/2 expression.

Effect of ARF6 and miR‑28‑3p overexpression on p‑Erk1/2 
and Rac1. To further determine the mechanism by which 
miR‑28‑3p and ARF6 affected the biological functions of PCa 

Figure 5. Migration and invasion of DU145 cells following transfection with miR‑28‑3p mimic or inhibitor. (A) Cell migration and (B) invasion were measured 
using Transwell assays. Compared with the respective NC group, the miR‑28‑3p mimic significantly inhibited the migratory ability of DU145 cells, whereas 
the miR‑28‑3p inhibitor increased cell migration. The invasion of the miR‑28‑3p mimic group was significantly decreased compared with that in the mimic NC 
group, whereas the miR‑28‑3p inhibitor significantly enhanced cell invasion compared with the inhibitor NC group. Magnification, x400. **P<0.01, ***P<0.001. 
miR, microRNA; NC, negative control. 
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cells, the effect of the overexpression of these two factors on 
p‑Erk1/2 and Rac1 expression was investigated. As shown in 
Fig. 11, the results revealed that transfection with the miR‑28‑3p 
mimic significantly downregulated the protein expression 
levels of Rac1 and p‑Erk1/2/Erk1/2, without altering total 
Erk1/2 expression. Notably, the co‑overexpression of ARF6 
partially reversed the effects of the miR‑28‑3p mimic on Rac 
and p‑Erk1/2 expression. Thus, miR‑28‑3p and ARF6 may 
mediate the Erk signaling pathway.

Discussion

PCa is a malignant epithelial tumor that occurs in the pros‑
tate (17). Numerous miRNAs, such as miR‑1, miR‑21, miR‑106b, 
miR‑141, miR‑145, miR‑205, miR‑221 and miR‑375 (18), have 
been reported to be implicated in PCa progression. Among 

them, miR‑28‑3p was discovered to play a major role in several 
tumor types. For example, the overexpression of miR‑28‑3p 
increased the migration and invasion of colorectal cancer cells 
in vitro (19). Another previous study found that the expres‑
sion levels of miR‑28‑3p were significantly upregulated in 
esophageal squamous cell carcinoma (ESCC) tissues and 
it was therefore suggested to be a potential novel serum 
miRNA marker to screen for ESCC (20). In addition, some 
miRNAs in urine supernatants, including miR‑28‑3p, were 
found to be potential noninvasive markers for bladder cancer 
diagnosis (21). Fuse et al (13) screened 56 downregulated 
miRNAs in PCa tissues in comparison to non‑PCa tissues and 
discovered that miR‑222 and miR‑31 inhibited the prolifera‑
tion, invasion and migration of the hormone‑independent PCa 
cell lines, PC3 and DU145. Nevertheless, to the best of our 
knowledge, the role of miR‑28‑3p in PCa remains unclear.

Figure 6. ARF6 is a direct target gene of miR‑28‑3p. (A) Prediction of miR‑28‑3p binding sites in the 3'‑untranslated region of the ARF6 gene was performed 
using TargetScan. Dual luciferase reporter gene assay was used to verify the miR‑28‑3p target gene. Transfection with the miR‑28‑3p mimic reduced the WT 
luciferase activity, whereas transfection with the miR‑28‑3p inhibitor significantly increased the WT luciferase activity. The luciferase activity of the Mut 
cells was not significantly altered from that of the inhibitor NC or mimic NC groups. (B) Reverse transcription‑quantitative PCR was used to analyze the 
expression levels of ARF6 in DU145 cells following transfection with the miR‑28‑3p mimic or inhibitor. (C) Western blotting was used to analyze the effects 
of miR‑28‑3p on ARF6 protein expression levels. *P<0.05, **P<0.01, ***P<0.001. ARF6, ADP‑ribosylation factor 6; miR, microRNA; WT, wild‑type; Mut, 
mutant; NC, negative control.  



EXPERIMENTAL AND THERAPEUTIC MEDICINE  22:  1205,  2021 9

In the present study, the expression levels of miR‑28‑3p 
were found to be downregulated in PCa cells compared 
with those in RWPE‑1 cells; thus, it was hypothesized that 
miR‑28‑3p may play a role in the development of PCa. To 
confirm this hypothesis, miR‑28‑3p‑overexpressing and 
‑knockdown models were established in PCa cells, and 
miR‑28‑3p overexpression was discovered to inhibit the cell 
proliferation, migration and invasion, and induce the apoptosis 
of PCa cells. miR‑28‑3p knockdown was found to promote the 

cell proliferation, migration and invasion, whilst inhibiting the 
apoptosis of PCa cells. These results indicated that miR‑28‑3p 
may serve as a tumor suppressor in PCa and could represent a 
target for PCa treatment.

To further investigate the mechanism of miR‑28‑3p in PCa, 
potential targets of miR‑28‑3p were predicted using bioinfor‑
matics software and ARF6 was identified as a candidate target 
gene of miR‑28‑3p. Subsequently, ARF6 was confirmed as 
a direct target of miR‑28‑3p using a dual luciferase reporter 

Figure 7. Proliferation of DU145 cells following transfection with the miR‑28‑3p mimic and ARF6 overexpression vector. (A) Relative expression levels of 
ARF6 in DU145 cells transfected with pcDNA‑ARF6 were detected using reverse transcription‑quantitative PCR. ***P<0.001 vs. pcDNA. (B) Cell Counting 
Kit‑8 assay was performed to determine the effect of miR‑28‑3p and ARF6 on cell proliferation. &&P<0.01, and &&&P<0.001 vs. mimic NC; *P<0.05, **P<0.01, 
and ***P<0.001 vs. miR‑28‑3p mimic + pcDNA. (C) Colony forming assay was used to detect the formation of cell colonies. (D) Semi‑quantification of the 
results from (C). *P<0.05. Colony formation was inhibited in the miR‑28‑3p mimic group compared with that in the mimic NC group, whereas colony forma‑
tion was promoted in the miR‑28‑3p mimic + pcDNA‑ARF6 group compared with that in the miR‑28‑3p mimic + pcDNA group. miR, microRNA; ARF6, 
ADP‑ribosylation factor 6; NC, negative control; OD, optical density; pcDNA, pcDNA3.1. 
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assay, RT‑qPCR and western blotting. ARF6 is a small 
GTPase that mainly regulates membrane trafficking and actin 
remodeling (22). Previous studies have shown that the upregu‑
lated expression of ARF6 may be closely associated with 
the invasion, migration and metastasis of multiple malignant 
tumor types (23), such as glioma (24), melanoma (25), breast 
cancer (26), lung cancer (27) and PCa (28). Shan et al (14) also 
reported that the knockdown of ARF6 effectively inhibited 
the proliferation, migration and invasion of PC‑3 cells. Thus, 
miR‑28‑3p was hypothesized to affect PCa cell behavior 
via targeting ARF6 expression. In the present study, rescue 
experiments revealed that ARF6 overexpression could reverse 
the effect of the miR‑28‑3p mimic on proliferation, apoptosis, 
migration and invasion. These data indicated that ARF6 may 
be involved in miR‑28‑3p‑mediated PCa progression.

Erk1/2 is a member of the mitogen‑activated protein 
kinase signaling pathway, and Erk1/2 phosphorylation has 
been found to promote the proliferation, migration and inva‑
sion of PCa cells (29). Rac1, one of the best‑characterized 
members of the small GTPase family, has been reported to 
be involved in the organization of the actin cytoskeleton, cell 
proliferation, tumorigenesis and metastasis (30). ARF6 has 
also been identified as a potent modulator of Erk and Rac1 
activity. Hu et al (31) reported that ARF6 regulated glioma 
cell migration and invasion via a Rac1‑dependent pathway. 
Tague et al (32) revealed that ARF6 promoted melanoma cell 
invasion by enhancing Erk1/2 phosphorylation. In hepatocel‑
lular carcinoma cells, the knockdown of ARF6 inhibited cell 
migration and invasion by decreasing Erk1/2 phosphorylation 
levels and Rac1 activity (33). In PC‑3 PCa cells, the knockdown 

Figure 8. Apoptosis of DU145 cells following transfection of the miR‑28‑3p mimic and ARF6 overexpression vector. (A) Flow cytometry was used to assess 
apoptosis. The apoptotic rate was significantly increased in the miR‑28‑3p mimic group compared with that in the mimic NC group, whereas the miR‑28‑3p 
mimic + pcDNA‑ARF6 group exhibited significantly inhibited apoptosis levels compared with the miR‑28‑3p mimic group. (B) Western blotting was used 
to detect the expression of protein related with cell apoptosis. The ratio of Bcl‑2/Bax was markedly elevated in miR‑28‑3p mimic + pcDNA‑ARF6 group 
compared with that in the miR‑28‑3p mimic + pcDNA group. *P<0.05, ***P<0.001. miR, microRNA; ARF6, ADP‑ribosylation factor 6; pcDNA, pcDNA3.1; 
NC, negative control.  
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of ARF6 inhibited proliferation, migration and invasion by 
downregulating p‑Erk1/2 and Rac1 expression (14). Thus, the 
present study sought to determine whether miR‑28‑3p regu‑
lated p‑Erk1/2 and Rac1 expression by targeting ARF6 in PCa. 
Western blotting showed that transfection with the miR‑28‑3p 
mimic downregulated p‑Erk1/2 and Rac1 protein expression 
levels, indicating that miR‑28‑3p may suppress p‑Erk1/2 and 
Rac1 in PCa. Furthermore, rescue experiments revealed that 
the overexpression of ARF6 attenuated the inhibitory effects 

of the miR‑28‑3p mimic on p‑Erk1/2 and Rac1. Taken together, 
these results suggested that miR‑28‑3p may suppress p‑Erk1/2 
and Rac1 expression, at least partly, by targeting ARF6 in PCa.

In conclusion, the present results suggested that miR‑28‑3p 
may act as a tumor suppressor gene in PCa and may be involved 
in PCa by targeting ARF6 to downregulate the expression of 
p‑Erk1/2 and Rac1. Therefore, miR‑28‑3p may represent a 
novel target for the treatment of PCa. However, this study has 
its own limitations. For example, the effect of miR‑28‑3p in 

Figure 9. Migration and invasion of DU145 cells following transfection with the miR‑28‑3p mimic and pcDNA‑ARF6 were measured using Transwell 
assays. The migratory and invasive abilities of cells in the miR‑28‑3p mimic group were significantly inhibited compared with those in the mimic NC 
group, whereas the migration and invasion of cells in the miR‑28‑3p + pcDNA‑ARF6 group were significantly increased compared with those in the 
miR‑28‑3p mimic group. Magnification, x400. **P<0.01, ***P<0.001. miR, microRNA; pcDNA, pcDNA3.1; ARF6, ADP‑ribosylation factor 6; NC, negative 
control.  
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Figure 10. Effect of miR‑28‑3p overexpression and knockdown on p‑Erk1/2 and Rac1. (A) Western blotting was performed to determine the effect of miR‑28‑3p 
overexpression and knockdown on p‑Erk1/2 and Rac1 expression. Protein expression levels of (B) Rac1, (C) Erk1/2 (molecular weight at 44 and 42 kDa, 
respectively) and (D) p‑Erk1/2 (molecular weight at 44 and 42 kDa, respectively) in DU145 cells following transfection with the miR‑28‑3p mimic or inhibitor. 
**P<0.01, ***P<0.001. miR, microRNA; p‑, phosphorylated; NC, negative control.  

Figure 11. Effect of miR‑28‑3p and ARF6 overexpression on p‑Erk1/2 and Rac1 expression. (A) Western blotting was performed to analyze the effect of 
miR‑28‑3p and ARF6 overexpression on p‑Erk1/2 and Rac1 expression. Protein expression levels of (B) Rac1, (C) Erk1/2 (molecular weight at 44 and 42 kDa, 
respectively) and (D) p‑Erk1/2 (molecular weight at 44 and 42 kDa, respectively) in DU145 cells after transfection with miR‑28‑3p mimic and pcDNA‑ARF6. 
*P<0.05, **P<0.01, ***P<0.001. miR, microRNA; NC, negative control; pcDNA, pcDNA3.1; ARF6, ADP‑ribosylation factor 6; p‑, phosphorylated. 
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PCa was only explored in PCa DU145 cells and will need to 
be investigated in different cell lines in the future to verify the 
current findings.
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