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Exosomes derived from PC-3 cells suppress osteoclast
differentiation by downregulating miR-148a and
blocking the PI3K/AKT/mTOR pathway
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Abstract. Prostate cancer is a leading malignancy in men that
can also disrupt the bone tissue balance. Among all urological
cancers, prostate cancer is associated with the highest rate of
bone metastases, which can greatly reduce a patient's quality
of life. In recent years, cell-derived exosomes, which can
contain a wide range of biologically active molecules, have
been reported as a novel method of communication among
individual cells. However, the specific role that exosomes serve
in this disease has not been fully elucidated. The prostate
cancer cell line PC-3 were applied in the present study, where
its exosomes were isolated to explore their potential effects on
osteoclast differentiation. Exosomes are extracellular vesicles
secreted by cells. The size of exosomes is 30-150 nm. They
have double membrane structure and saucer-like morphology.
They contain rich contents (including nucleic acid, protein
and lipid) and participate in molecular transmission between
cells. The combined results of tartrate-resistant acid phos-
phatase staining (to identify osteoclasts obtained from
human peripheral blood mononuclear cells), reverse tran-
scription-quantitative PCR and western blotting showed that
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PC-3-derived exosomes attenuated osteoclast differentiation
by downregulating marker genes associated with osteoclastic
maturation, including V-maf musculoaponeurotic fibrosar-
coma oncogene homolog B, matrix metalloproteinase 9 and
integrin 3. microRNA (miR)-148a expression was also found
to be downregulated in osteoclasts by PC-3-derived exosomes.
In addition, the mTOR and AKT signaling pathways were
blocked after exposure to these PC-3 cell-derived exosomes.
Therefore, results from the present study suggest that miR-148a
mimics may be a new therapeutic approach for the prevention
of prostate cancer bone metastases.

Introduction

Prostate cancer (PC) is becoming one of the leading male
malignancies in a number of countries (1), which also has the
highest incidence of bone metastases among all urological
malignancies (2). The high probability of bone metastasis
associated with prostate cancer places the patient at risk of
pathological skeletal events, such as fractures (3). An osteolytic
response is characterized by the destruction of normal bone
due to osteoblast inactivation coupled with osteoclast recruit-
ment and activation in the tumor-bone microenvironment (4).
Osteolytic lesions are characterized by soft sections of
damaged bone resulting from an osteolytic response that can
cause bone pain and fractures (5).

Prostate cancer cells can produce substantial amounts of
exosomes, which can contain important physiological and
pathological information and can circulate around the human
body in the blood or urine (6,7). However, the specific role of
PC-derived-exosomes in the bone microenvironment remain
poorly understood. Exosomes are extracellular vesicles with
lipid bilayer membranes that are 30-150 nm in diameter and
are secreted by cells. They have been reported to be involved
in cell-cell communication, due to their ability to hold contain
DNAs, mRNAs, microRNAs (miRNAs) and proteins (8.9).
In particular, miRNAs are molecules that can encode infor-
mation that can be transferred among cells (10,11). These
findings provide evidence that exosomal miRNAs can be
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used as biomarkers for diagnosing various diseases, including
cancer (12). Numerous tumor types, including prostate, lung
and breast cancer, are particularly prone to bone metastasis
and maintain substantial crosstalk with bone cells in the bone
microenvironment (13). Colorectal cancer-secreted miR-25-3p
can be transferred to HUVECs via exosomes (14). The
promoting effect of exosomes on transendothelial migration
in cancer was previously found to be positively correlated
with miR-23a levels (15). However, it remains unknown
which molecules contained within exosomes secreted
by prostate cancer cells are involved in regulating bone
homeostasis.

MicroRNAs (miRNAs) are small noncoding regulatory
RNA molecules that are ~22 nucleotides long and are encoded
by plants, animals and certain types of viruses (16). MiRNAs
are considered to be important regulators of bone metabolism
and have differential expression profiles between patients with
cancer and healthy individuals (17-19). According to a previous
study, miRNAs remain relatively stable in clinical samples
of plasma and serum (17). Circulating miRNAs identified in
human primary osteoporosis, have also been implicated in
supporting the progression of bone metastases in different
tumors, such as PC, breast and non-small-cell lung cancer,
esophageal squamous cell carcinoma and multiple myeloma,
suggesting that these miRNAs can trigger the homing of
cancer cells to the bone (19). In particular, miR-148a-3p was
demonstrated to be significantly upregulated in osteoporotic
human samples compared with non-osteoporotic human
samples, where the increased miR-148a levels observed in
the serum of patients with osteoporosis appears to be associ-
ated with the aforementioned miRNA upregulation observed
in bone tissue of patients with osteoporosis (20). The func-
tional role of miR-148a-3p in the bone suggests that this
miRNA may serve as a viable biomarker for postmenopausal
osteoporosis (21,22). Furthermore, exosomal miR-148a has
been reported to serve a positive regulatory role in osteoclast
differentiation, where V-maf musculoaponeurotic fibrosar-
coma oncogene homolog B (MafB) was found to be the target
of miR-148a in osteoclast differentiation (23). Therefore, MafB
was considered to be the marker of osteoclastic differentiation
in the present study.

The PI3K/AKT/mTOR signaling pathway has been docu-
mented to regulate the migration and invasion of prostate
cancer, which is also mentioned frequently as the signaling
pathway that can be explored in other malignant tumors,
such as breast cancer and B-cell lymphoproliferative disor-
ders (24,25). Although previous findings found targeting
this pathway to be an option the prevention and treatment
of bone metastasis caused by prostate cancer (26-28), the
potential connection between PC-derived exosomes and the
PI3BK/AKT/mTOR signaling pathway remain unclear.

In the present study, the possible function of exosomes
derived from prostate cancer on the bone microenvironment
and MafB expression in osteoclasts was examined. Exosomes
isolated from the prostate cancer cell line PC-3 were cocul-
tured with pre-osteoclast cells from volunteers. The present
study investigated the inhibitory effect of PC-3-derived
exosomes on osteoblast differentiation, which was detected
by western blotting and reverse transcription-quantitative
(RT-q)PCR.

Materials and methods

PC-3 cell culture. The human prostate cancer epithelial cell line
PC-3 (cat. no. CRL-1435; American Type Culture Collection)
was used in this study. PC-3 cells were cultured in RPMI-1640
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10%
FBS (Biological Industries), 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco; Thermo Fisher Scientific, Inc.) and incu-
bated at 37°C in 5% CO,. The cell culture medium was changed
every 2-3 days. At 80% confluence, the cell culture medium was
replaced by RPMI-1640 medium with exosome-depleted serum
(Thermo Fisher Scientific, Inc.) for 48 h at 37°C before the cell
culture medium was collected for exosome isolation.

Exosome isolation. The current ‘gold standard’ for the puri-
fication of a subset of exosomes is differential centrifugation,
which typically consists of low-speed centrifugation to remove
cells and large vesicles and high-speed ultracentrifugation to
pellet exosomes (29). To isolate exosomes, the cell culture
medium (CCM) were collected. Briefly, any detached and
dead cells were removed from the CCM by serial centrifuga-
tion at 300 x g for 10 min at 4°C and 2,000 x g for 20 min
at 4°C. A further centrifugation procedure was performed
at 10,000 x g at 4°C for 30 min to remove any cell debris.
Supernatants were then collected and filtered through 0.22 mm
filters (Merck KGaA) to remove any contaminating apoptotic
bodies, microvesicles and cell debris. The clarified CCM was
then centrifuged in a Beckman Coulter Optima™ L-80XP
Ultracentrifuge at 100,000 x g at 4°C for 70 min with a Type
32.8 Ti rotor to pellet the exosomes. The supernatant was
carefully removed and the resulting exosome pellet was resus-
pended in 100 1 PBS. Protein concentration in the exosomes
was determined by using a bicinchoninic protein assay.

Exosome characterization. According to the manufacturer's
guidelines, we determined the number and size distribution of
the exosomes with a NanoSight LM10 (Malvern Panalytical).
In total, 1 ml sample was injected into the sample chamber
using a sterile syringe. After that, the morphology of exosomes
was observed by transmission electron microscopy (TEM).
Sample (1:1,000) was dropped onto a carbon-coated 200-mesh
copper grid for a 1-min incubation in 2.5% glutaraldehyde
fixing solution at room temperature. Any extra liquid was
absorbed gently using a filter paper around the border of the
grids. The sample was stained with 2% aqueous solution of
phosphotungstic acid for 30 sec at room temperature. Extra
liquid was absorbed again by filter paper. The grids were
examined using an H-7650 TEM (Hitachi, Ltd.) at 80 kV. After
the sample was heated for 1 min at room temperature and
embedded in epoxy resin at 37°C for 12 h, particle morphology
was observed. Additionally, nanoparticle tracking analysis was
performed to assess the size distribution of PC-3 exosomes
using the NanoSight LM10 (Malvern Panalytical).

Furthermore, the expression of exosome markers was
measured by flow cytometry using an Accuri C6 flow
cytometer (BD Biosciences).

Exosome labeling. PKH fluorescent dyes, which label cell
membranes by the insertion of their aliphatic chains into the
lipid bilayer, have been widely used to label exosomes based
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on their intense signal and long half-life (30,31). PC-3-derived
exosomes were labeled with PKH26 according to the
manufacturer's protocol (Umibio Science and Technology
Group; cat. no. UR52302). Briefly, the fluorescent stain solu-
tion contained 9 ul Diluent C and 1 ul PKH26. The exosome
suspension made as aforementioned was mixed with the stain
solution and incubated for 10 min at 37°C protected from
light. After coculturing exosome (50 ng/1x10%cells) with
preosteoclasts (1x10°) at 37°C for 12 days, the culture media
were removed before the cells were fixed with 4% parafor-
maldehyde at room temperature for 5 min and washed with
PBS three times. The cells were then blocked with 5% BSA
(Beyotime Institute of Biotechnology) for 10 min at room
temperature and the nuclei were stained with 5 yg/ml DAPI for
5 min at room temperature. Images of the cells were acquired
using a fluorescence microscope (x100; magnification;
Leica-DMi8; Leica Microsystems GmbH).

Human osteoclast induction. To induce osteoclasts, human
peripheral blood mononuclear cells (PBMCs) were obtained
from the peripheral blood of six healthy male donors (age,
25-29 years; mean age, 26.7 years) who have signed informed
consent forms on August 10, 2019, in Zhujiang Hospital
Outpatient Blood Sampling Center (Guangzhou, China),
where the samples were collected into centrifuge tubes
with 1,000 U/ml heparin under a protocol approved by the
Committee of Clinical Ethics of Zhujiang Hospital (Guangzhou,
China). The human peripheral blood samples were diluted
with an equal volume of PBS and centrifuged in a centri-
fuge tube containing the same volume of Histopaque-1077
(Sigma-Aldrich; Merck KGaA) at 500 x g for 30 min at 25°C
with slow deceleration. After centrifugation, PBMCs located
at the interface between the plasma and Histopaque-1077 were
collected and washed with PBS twice, followed by centrifuga-
tion at 250 x g for 10 min at 25°C. The isolated PBMCs were
suspended and incubated in complete RPMI-1640 medium
containing 50 ng/ml macrophage colony-stimulating factor
(M-CSF; Sino Biological, Inc.) in six-well plates at a density
of 1x10° cells/ml per well in 5% CO, at 37°C for 3 days. Any
non-adherent cells were then washed away with PBS to obtain
adherent mononuclear cells. To stimulate osteoclast differ-
entiation, 100 ng/ml receptor activator of nuclear factor kB
ligand (RANKL; Sino Biological, Inc.) was added to complete
exosome-free serum RPMI-1640 medium after removing
non-adherent cells in the absence (control) or presence of PC-3
exosomes at three different concentrations (10, 30 and 50 ng
per 1x10° cells seeded) in 5% CO, at 37°C for 12 days. The
culture medium was replaced every 3 days with fresh media
supplemented with the aforementioned reagents [RPMI-1640
containing 50 ng/ml macrophage colony-stimulating factor
and 100 ng/ml receptor activator of nuclear factor-kB ligand
and different concentrations of PC-3 exosomes (10, 30 and
50 ng per 1x10° cells seeded)]. Tartrate-resistant acid phospha-
tase (TRAP) staining was used for osteoclast staining whereas
western blotting and reverse transcription-quantitative PCR
were used to demonstrate how osteoclast differentiation
changed among these concentrations of PC-3 exosomes.

TRAP staining. TRAP staining was used to confirm the shape
of osteoclasts according to the manufacturer's protocol (Sigma

Aldrich; Merck KGaA). CCM was first removed before the
osteoclasts (1x10°) in six-well plates were washed twice with
PBS. Osteoclasts were fixed with Fixative Solution (a combi-
nation of 25 ml citrate solution, 65 ml acetone and 8 ml 37%
formaldehyde) for 30 sec at room temperature. The samples
were then rinsed with deionized water three times. At the same
time, 0.5 ml Fast Garnet GBC base solution and 0.5 ml sodium
nitrite solution were mixed for 30 sec and added into a 10-ml
beaker containing 0.5 ml naphthol AS-BI phosphate solution,
2 ml acetate solution and 1 ml tartrate solution. Next, the osteo-
clasts were immersed in this mixture, incubated at 37°C for 1 h
and rinsed with distilled water three times. TR AP-positive cells
appeared red or purple, where each of them had > three nuclei.

miRNA mimic/inhibitor transfection. miR-148a mimics,
miR-148a inhibitor and corresponding negative controls (NC)
were purchased from Shanghai GenePharma Co., Ltd. Their
sequences were as follows: miR-148a mimic sense, 5'-UCA
GUGCACUACAGAACUUUGU-3' and anti-sense, 5AAA
GUUCUGUAGUGCACUGAUU-3"; miR-148a inhibitor,
5'-ACAAAGUUCUGUAGUGCACUGA-3'; inhibitor NC,
5'-CAGUACUUUUGUGUAGUACAA-3" and mimic NC,
5'-UUGUACUACACAAAAGUACUG-3'. All NCs are
non-targeting sequences. Cells transfected with the mimic NC
and inhibitor NC are designated as control groups. PBMCs
were transfected with 5 yl miR-148a mimic, inhibitor, mimic
NC or inhibitor NC by using the RFect siRNA transfection
reagent (cat. no. BIOG-11014; Changzhou EMI Biotechnology
Co.,Ltd.) in six-well plates when cells reached 80% confluence.
After transfection for 6 h, the PBMCs were induced to undergo
osteoclast differentiation by M-CSF + RANKL treatment in
5% CO, at 37°C for 12 days with the medium composition as
aforementioned.

Total RNA Extraction and RT-gPCR. RNA was isolated
by TRIzol® extraction (Thermo Fisher Scientific, Inc.) and
reverse-transcribed using an Evo M-MLV RT kit with gDNA
Clean for qPCR at 42°C for 2 min and stored at 4°C (Accurate
Biotechnology Co., Ltd.; cat. no. AG11705). Primers for gPCR
were designed by Sangon Biotech Co.,Ltd. as follows: miR-148a
forward, 5'-GCGCGTCAGTGCACTACAGAA-3' and reverse,
5'-AGTGCAGGGTCCGAGGTATT-3"; U6 forward, 5'-AGA
GAAGATTAGCATGGCCCCTG-3' and reverse, 5'-AGT
GCAGGGTCCGAGGTATT-3"; MafB forward, 5-AGAAGC
GGCGGACCCTGAAG-3' and reverse, 5'-GCTGCTCCA
CCTGCTGAATGAG-3"; MMP-9 forward, 5-"TCCTCTTAT
GCCTGCCTGTCTCC-3' and reverse, 5'-CTTGGTCCACCT
GGTTCAACTCAC-3' and integrin 3 (If3) forward, 5'-GTG
ACCTGAAGGAGAATCTGC-3' and reverse, 5'-CCGGAG
TGCAATCCTCTGG-3". U6 and GAPDH (forward, 5'-CCG
CATCTTCTTTTGCGTCG-3' and reverse, 5'-CCCAATACG
ACCAAATCCGTTG-3') were used as internal references.
qPCR was performed in triplicate using the SYBR Green
Premix Pro Taq HD qPCR kit (cat. no. AG11721; Accurate
Biotechnology Co., Ltd.). PCRs were run and analyzed
using the Applied Biosystems StepOnePlus™ Real-Time
PCR System (Thermo Fisher Scientific, Inc.). The reaction
conditions were pre-heating at 95°C for 3 min, followed by
40 cycles of denaturation at 95°C for 30 sec and annealing
at 60°C for 30 sec. Gene expression was represented as
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Figure 1. Characterization of PC-3-derived exosomes. (A) Electron microscopic images of exosomes isolated from PC

-3 cells. Scale bars, 200 nm.

(B) Nanoparticle tracking analysis of the isolated exosomes. (C) Flow cytometric analysis of the expression of exosome surface markers CD63 and CDSI.
(D) Uptake of PC-3-derived exosomes by preosteoclasts. Red, PKH26-labeled exosomes; blue: DAPI-stained nuclei. Scale bars, 100 ym. NC, negative control.

ACq=C(gene~Cliegerence> and the multiplication ratio was obtained
using the 2244 method (32).

Western Blotting. Osteoclasts were lysed in RIPA lysis
buffer (CoWin Biosciences) containing phosphatase (CoWin
Biosciences) and protease inhibitors (CoWin Biosciences). The
cell lysates were centrifuged at 12,000 x g at 4°C for 15 min
and the protein concentration collected from the supernatant
was determined using a bicinchoninic acid Protein Assay
kit. 60 ug of protein samples (80 pg) were separated by 8%
SDS-PAGE and then transferred onto PVDF membranes. The

membranes were blocked in 5% nonfat dry milk diluted in
tris-buffered saline containing 0.1% Tween 20 (TBST) at room
temperature for 1 h. Afterwards, the membranes were incu-
bated with primary rabbit monoclonal antibodies against the
following antigens at 4°C overnight: MafB (1:1,000; Zen-bio;
cat. no. 862796), MMP-9 (1:1,000; Abcam; #EP1254), Ip3
(1:1,000; Cell Signaling Technology, Inc.), AKT, phosphory-
lated (p)-AKT, mTOR, p-mTOR and GAPDH (all 1:2,000; all
Wuhan Boster Biological Technology, Ltd.). After washing,
the membranes were incubated with goat anti-rabbit IgG
secondary antibody (cat. no. BA1040, 1:10,000; Wuhan Boster
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Figure 2. PC-3-derived exosomes inhibit osteoclast differentiation. (A) Tartrate-resistant acid phosphatase staining of osteoclasts treated with 0, 10, 30 or
50 ng exosomes/1,000 cells. Scale bar, 100 zm. (B) Relative expression levels of miR-148a, MafB, MMP-9 and If33 in osteoclasts treated with 0, 10, 30,
or 50 ng exosomes/1,000 cells. (C) Western blotting of MafB, MMP-9 and 183 in osteoclasts after treatment with 0, 10, 30 or 50 ng exosomes/1,000 cells.
“P<0.05, ""P<0.001, “"P<0.0001 0 vs. 10; #P<0.01, #*P<0.001, “*#P<0.0001 10 vs. 30; *4P<0.01, *4¢P<0.001 30 vs. 50 ng). MafB, V-maf musculoaponeurotic
fibrosarcoma oncogene homolog B; MMP, matrix metalloproteinase; I3, integrin $3; miR, microRNA; exo, exosome.

Biological Technology, Ltd.) at room temperature for 1 h and
washed with TBST three times. Proteins were visualized using
a Tanon 4200 SF automated fluorescence chemiluminescence
image analysis system (Tanon Science and Technology Co.,
Ltd.) using an ECL kit (KeyGEN Biotech; cat. no. KGP1121).
The image lab software (v3.0; Bio-Rad Laboratories, Inc.) was
used to analyze the results of western blotting.

Statistical Analysis. All data are presented as the
mean + standard deviations. Comparisons were made using
unpaired Student's t-test and one-way ANOVA followed by

the Tukey's post hoc test with GraphPad Prism version 8.0
(GraphPad Software, Inc.). P<0.05 was considered to indicate
a statistically significant difference. All experiments were
repeated > three times.

Results

Characteristics of PC-3 Exosomes. To investigate the specific
effect of the exosomes from PC-3 cells on osteoclast differ-
entiation, ultracentrifugation was used to collect exosomes
from the PC-3 prostate cancer cells that were incubated
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with exosome-free serum. The exosomes were examined
by TEM and nanoparticle tracking analysis. According to
the TEM results, the isolated exosomes appeared as round
or oval membrane vesicles (Fig. 1A) with sizes within the

characteristic diameter range of 45-150 nm. The average size
of the exosomes from PC-3 cells was 176.5 nm and the peak
diameter was 136 nm (Fig. 1B). These exosomes were verified
further by detecting the exosome-specific markers CD81 and
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Figure 4. PC-3-derived exosomes block the AKT and mTOR pathways by miR-148a downregulation. (A) Western blotting of p-AKT, AKT, p-mTOR and
mTOR in osteoclasts treated with 0, 10, 30 or 50 ng exosomes/1,000 cells. (B) Western blotting of p-AKT, AKT, p-mTOR and mTOR in osteoclasts transfected
with miR-148a mimic, inhibitor, mimic NC or inhibitor NC after induction with M-CSF and RANKL. (C) Semi-quantification of western blot analysis of
p-AKT/AKT and p-mTOR/mTOR. “P<0.01, ““P<0.001, “P<0.0001 0 vs. 10; *P<0.001, “*P<0.0001 10 vs. 30; ““4¢P<0.0001 30 vs. 50 ng. p-, phosphoryla-
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CD63 by flow cytometry, which were expressed at 76.6 and
73.8%, respectively (Fig. 1C).

Pre-osteoclasts uptake PC-3-derived exosomes. The present
study then investigated if the PC-3-derived exosomes can
be taken up by the pre-osteoclasts. The exosomes were first
labeled with the fluorescent dye PKH26 and then added into
the culture medium of preosteoclasts. After 12 h, the preosteo-
clasts exhibited efficient uptake of the PC-3-derived exosomes,

as indicated by the presence of red fluorescence staining in
these cells (Fig. 1D).

PC-3-derived exosomes inhibit osteoclast differentiation.
According to the results of TRAP staining, marked differ-
ences in osteoclast differentiation were found among the
groups of PBMCs exposed to three different concentrations
of PC-3 exosomes after coculturing for 10 days with M-CSF
and RANKL (Fig. 2A). The differentiation of osteoclasts
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decreased when the concentration of exosomes increased.
The most notable inhibition was observed in the group
treated with 50 ng/1,000 cells (Fig. 2A). It was also found
that PC-3-derived exosomes reduced the expression level of
miR-148a and inhibited the differentiation of osteoclasts by
decreasing the protein and mRNA expression of osteoclastic
markers, including MMP-9 and Ip3-3 and increasing the
protein and mRNA expression of V-maf musculoaponeurotic
fibrosarcoma oncogene homolog B (MafB) (Fig. 2B and C).

Downregulation of miR-148a inhibits the differentiation of
osteoclasts. To further investigate if miR-148a serves a role
during osteoclast differentiation, PBMCs were transfected
with miR-148a mimic, miR-148a inhibitor, mimic NC or
inhibitor NC. First, osteoclasts were subjected to TRAP
staining (Fig. 3A). Transfection with the miR-148a mimic
increased the differentiation of osteoclasts and formed more
large particles of purplish red positive staining cells compared
with that the mimic NC group, whilst the miR-148a inhibitor
reduced osteoclast differentiation compared with that in the
inhibitor NC group. The expression level of miR-148a and
osteoclastic markers MafB, MMP-9, I3 were also measured
by RT-qPCR among the four groups, where miR-148a, MMP-9
and IP3 expression in the mimic group were significantly
higher compared with that in the mimic NC group, whilst
expression in the inhibitor group were significantly lower
compared with that in the inhibitor NC group (Fig. 3B). MafB
expression levels in the mimic group were lower than in the
mimic NC group, and higher in the inhibitor group compared
with inhibitor NC. From western blotting, MafB expression
was markedly upregulated, whereas MMP-9 and Ip33 expres-
sion were markedly downregulated after transfection with
the miR-148a inhibitor compared with those in osteoclasts
transfected with inhibitor NC (Fig. 3C). By contrast, transfec-
tion with the miR-148a mimics resulted in the opposite effects
compared with the observations in the miR-148a inhibitor
groups (Fig. 3B and C). Therefore, inhibiting the expres-
sion of miR-148a in PBMCs attenuated differentiation into
osteoclasts, whilst upregulating the expression of miR-148a
promoted differentiation into osteoclasts.

PC-3-derived exosome downregulates the AKT and mTOR
pathways. To further investigate the underlying mechanism,
activities of the AKT and mTOR signaling pathways were
focused upon. The protein levels of AKT, p-AKT, p-mTOR and
mTOR were first measured in osteoclasts cultured with various
concentrations of PC-3-derived exosomes. The phosphoryla-
tion of AKT and mTOR were significantly suppressed by
PC-3-derived exosomes in a concentration-dependent manner
(Fig. 4A). However, the total AKT and mTOR levels remain
unchanged. Subsequently, the effect of miR-148a on the AKT
and mTOR signaling pathways were investigated. The levels
of p-mTOR, mTOR, p-AKT, and AKT were measured in the
miR-148a mimic, inhibitor, mimic NC and inhibitor NC groups.
The levels of AKT and mTOR phosphorylation were significantly
increased in the miR-148a mimic group compared with those in
the mimic NC group (Fig. 4B). By contrast, their levels were
significantly lower in the miR-148a inhibitor group compared
with those in the inhibitor NC group (Fig. 4B). Furthermore,
miR-148a overexpression and inhibition exerted no effects on

total mMTOR and AKT expression levels (Fig. 4B). These results
suggest that PC-3-derived exosomes can block the mTOR and
AKT signaling pathways by miR-148a downregulation.

Discussion

In the present study, the results suggest that exosomes from the
PC-3 prostate cancer cell line suppressed the differentiation
of osteoclasts. The osteoclastic maturation markers 133 and
MMP-9 were found to be attenuated while MafB was upregu-
lated, where miR-148a expression was also downregulated.
In addition, the mTOR and AKT signaling pathways were
suppressed by exosomes from PC-3 cells. Combining these
results and the previous findings that osteoblastic bone metas-
tases in prostate cancer are caused by tumor-derived factors,
which lead to osteoblast proliferation, differentiation and bone
formation (33), suggest that prostate cancer bone metastases
are mainly osteoblastic (34). The present study explored
whether miR-148a has a role in prostate cancer bone metas-
tases. It was shown that upregulating miR-148a expression
promoted differentiation of osteoclasts, whilst downregulation
of miR-148a suppressed osteoclast differentiation, thus this
may be a novel treatment method.

Torrealba et al previously suggested that the
PIBK/AKT/mTOR pathway is an important therapeutic target
and a viable option as a predictive biomarker for the onset,
behavior and progression of PC after prostatectomy (35).
Therefore, the present study mainly aimed to investigate activi-
ties of the mTOR and AKT pathways following treatment with
PC-3-derived exosomes in prostate cancer bone metastases.
Reduced expression of miR-148a inhibited the mTOR and
AKT pathways in the present study. It is therefore possible
that targeting miR-148a could be a new therapeutic strategy
to protect the bone from damage by prostate cancer metas-
tasis. Previously, miR-181b-5p upregulation was reported to
suppress the proliferation, migration and invasion of prostate
cancer cells by targeting oncostatin M to modulate RAW264.7
preosteoclast cell osteoclast differentiation (36). Another
study previously suggested that hsa-miR-143 in exosomes
and trefoil factor 3 are associated with the development of
prostate cancer (37). According to the findings aforemen-
tioned, prostate tumor cells interact closely with osteoblasts
and osteoclasts (38). However, multiple myeloma cell-derived
exosomes can directly induce the expression of specific
osteoclast markers and modulate the secretion of proteases
involved in bone resorption (39). In summary, these aforemen-
tioned studies indicated that different kinds of cancer-derived
exosomes have different effects on bone; the present study
suggested that exosomes from the PC-3 prostate cancer cell
line suppressed the differentiation of osteoclasts.

Furthermore, this present study showed that PC-3-derived
exosomes significantly repressed the expression of miR-148a
in osteoclasts, which is consistent with the finding that down-
regulating miR-148a attenuated osteoclast differentiation by
upregulating MafB (23). Exosomes can deliver cytokines,
including receptor activator of nuclear factor-xB (RANK)
and its ligand RANKL and microRNAs, including miR-218
and miR-148a, to modulate osteoclast differentiation during
bone resorption (23). Therefore, miR-148a mimics may reduce
the progression of PC bone metastases. However, additional
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studies are necessary to investigate the detailed mechanism of
miR-148a-mediated regulation of osteoclastogenesis. Further
flow cytometry analysis for the characterization of cell surface
markers is also required (40). In addition, changes in osteoblast
physiology and its surrounding microenvironment following
prostate metastasis to be bone would require further analysis.

Overall, the present study aimed to explore the effect of
PC-3-derived exosomes on the differentiation of osteoclasts.
However, it remains incomplete due to the limitations of not
identifying the specific molecules within the exosomes and
not determining the effect of osteoblasts on bone homeostasis
following PC-3-derived exosomes treatment. In addition,
the present study was only performed in vitro. Therefore,
experiments in vivo and on clinical specimens would also need
to be performed.

In the present study, PC-3-derived exosomes downregu-
lated the expression level of miR-148a and differentiation of
osteoclasts by blocking the PI3K/AKT/mTOR signaling
pathway. According to these findings, downregulating
miR-148a in prostate cancer may serve as a new therapeutic
strategy to prevent PC bone metastases. In future studies, the
effect of prostate cancer on osteoblast physiology and under-
lying mechanism would be assessed. Regarding the limitations
of the study, since only the PI3K pathway was studied, the next
step would be to explore the IKB pathway.
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