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Abstract More than 50% of prostate cancer (PCa) patients have bone metastasis with osteo-
blastic lesions. MiR-18a-5p is associated with the development and metastasis of PCa, but it
remains unclear whether it is involved in osteoblastic lesions. We first found that miR-18a-
5p was highly expressed in the bone microenvironment of patients with PCa bone metastases.
To address how miR-18a-5p affects PCa osteoblastic lesions, antagonizing miR-18a-5p in PCa
cells or pre-osteoblasts inhibited osteoblast differentiation in vitro. Moreover, injection of
PCa cells with miR-18a-5p inhibition improved bone biomechanical properties and bone
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mineral mass in vivo. Furthermore, miR-18a-5p was transferred to osteoblasts by exosomes
derived from PCa cells and targeted the Hist1h2bc gene, resulting in Ctnnb1 up-regulation
in the Wnt/b-catenin signaling pathway. Translationally, antagomir-18a-5p significantly
improved bone biomechanical properties and alleviated sclerotic lesions from osteoblastic me-
tastases in BALB/c nude mice. These data suggest that inhibition of exosome-delivered miR-
18a-5p ameliorates PCa-induced osteoblastic lesions.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Prostate cancer (PCa) is the most common cancer in men,
accounting for more than 1 in 5 new diagnoses.1 More than
half of PCa patients would develop bone metastasis,
especially in advanced stage.2,3 Although the 5-year rela-
tive survival rate for PCa combined diagnosed during 2009
through 2015 was 98%, many patients are presented with
metastatic cancer but they succumb to the disease despite
treatment. PCa metastases are an important cause of death
and could reduce patients’ quality of life.4 Patients with
PCa usually develop bone metastases with osteoblastic le-
sions, which cause severe pain, pathological fractures, and
spinal cord compression.5

The osteoblastic lesions of PCa bone metastasis are
mainly pathological bone formation, which involves
changes in bone biomechanical properties.6 PCa cells
secrete several osteoblast-stimulating factors to trigger
bone formation, such as cellular communication network
factor 3, transmembrane serine protease 2 to ETS-related
gene, endothelin-1 (ET-1), vascular endothelial growth
factor, bone morphogenetic protein 1 or 4, platelet derived
growth factor, insulin like growth factor 1, transforming
growth factor beta 1, plasminogen activator, kallikrein
related peptidase 3 and sonic hedgehog signaling mole-
cule.7e14 PC-3 cells belong to human PCa cells that could
cause osteolytic lesions,15 but recent studies found that PC-
3 cell-derived vesicles promote osteoblast differentia-
tion.12,16 In addition, PCa cells also indirectly induce oste-
oblastic lesions by inhibiting osteoclast differentiation or
acting on endothelial cells.17e19 Therefore, it is a common
feature that PCa cells lead to osteoblastic lesions. Although
previous studies reported multiple factors that contributed
to osteoblastic lesions of PCa bone metastasis, its patho-
genesis was complicated, and in-depth studies remains
required to realize its clinical treatment.

MiR-18a-5p is a conserved and multifunctional miRNA in
the miR-17-92 cluster and overexpressed in PCa.20e22 Lu’s
team showed that the expression of miR-18a-5p in PCa
tissue was significantly higher than that in normal prostate
tissues,20 and the expression of miR-18a-5p in patients with
PCa metastasis was significantly higher than that in non-
metastatic patients.22,23 In addition, inhibiting miR-18a-5p
could sensitize the effect of PCa radiotherapy.24 Thus, miR-
18a-5p might play an important role in the occurrence and
metastasis of PCa. Moreover, periodontal ligament stem
cells treated with bisphosphonate differentiate into oste-
oblasts and showed an increased expression of miR-18a-5p
in compared with the untreated group.25 Therefore, miR-
18a-5p may play an important role in osteoblastic lesions of
PCa bone metastasis.

In our study, we observed elevatedmiR-18a-5p expression
in human PCa bone metastases. Furthermore, we clarified
the molecular mechanism of osteoblastic lesions caused by
overexpression of miR-18a-5p in PCa cells, and finally found
that antagomir-18a-5p could safely and effectively treat
osteoblastic lesions in PCa bone metastases.

Materials and methods

Human bone metastasis specimens

This medical research was approved by the Ethics Com-
mittee of the Third Military Medical University (AF/SC-08/
1.0). The Xinqiao Hospital of the Third Military Medical
University stocks samples of bone metastasis lesions were
previously harvested from PCa patients from 2011 to 2020,
including 4 bone samples from PCa bone metastases and 3
samples of bone fractures (Table S1).

Cell culture

In this study, we used human PCa cell lines (PC-3 and C4-2B)
and normal immortalized cells from prostate (WPMY-1 cells).
PC-3, C4-2B, WPMY-1 and MC3T3-E1 clone 4 cell lines were
obtained from American Type Culture Collection (ATCC,
USA). PC-3, C4-2B, and WPMY-1 cells were cultured in H-
DMEM medium (HyClone, USA) containing 10% FBS. The
MC3T3-E1 clone 4 cell lines were maintained in a-MEM me-
dium (HyClone, USA) containing 10% FBS. Primary bone
marrow mesenchymal stem cells (BMSCs) from C57BL/6J
mice were cultured in a-MEM medium (HyClone, USA) con-
taining 10% FBS. The osteogenic inductionmedium contained
1% penicillin streptomycin, 10% FBS, 10 mmol/L b-sodium
glycerophosphate, 0.1 mmol/L dexamethasone and 50 mg/L
ascorbic acid. In the coculture experiment, osteoblasts were
cultured with 40% tumor cell supernatant. All culture media
were replaced with fresh medium every 3 days.

Animal models

Animal experiments were approved by the Laboratory Ani-
mal Welfare and Ethics Committee of the Third Military
Medical University (AMUWEC20211686). Male BALB/C nude
mice (6e8 weeks old) were obtained from SIPEIFU Biology
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(Beijing, China) and reared adaptively in a constant hu-
midity and temperature environment for 2e4 weeks for
experiments. PCa cells (1 � 105) were suspended in w25 mL
of phosphate buffer saline (PBS) and injected into the right
tibia of nude mice with an insulin syringe. PBS was injected
into the left tibia of nude mice as an internal control. In
vivo imaging was performed for tumor detection at 4 weeks
after treatment. The mice were sacrificed by overdose in-
jection of chloral hydrate solution at 4 weeks or 5 weeks
after treatment, and the tibias were obtained for biome-
chanical testing or fixed them in 4% paraformaldehyde. As
for the therapeutic experiments, the antagomir-18a-5p was
diluted to 1 mg/mL with PBS (Table S2). Each nude mouse
was injected with 0.1 mg antagomir-18a-5p intraperitone-
ally, and the control group was injected with an equal
volume of PBS once every two weeks, twice in total. Four
weeks after treatment, the mice were sacrificed by over-
dose injection of chloral hydrate solution, and then ob-
tained the liver, kidney and tibia for biomechanical testing
or fixed them in 4% paraformaldehyde.

qPCR

Total RNA was extracted from cells using TRIzol. Then, the
total RNA was reversely transcribed into cDNA with the
reverse transcription Kit (Takara, Japan) strictly followed
the instructions of the manufacturer. Subsequently, the
SYBR Green qPCR Kit (Takara, Japan) was used for qPCR,
and the mRNA expressions were calculated using Gapdh as
internal reference. MiRNA was extracted with a miRNA
Purification Kit (CWBIO, China) and then a miRNA cDNA
Synthesis Kit (CWBIO, China) and miRNA qPCR Assay Kit
(CWBIO, China) were used for qPCR-based measurement of
the expression levels of miRNA. U6 or cel-miR-39 was used
as control. Table S3 listed the qPCR primers used in this
study.

Western blot

RIPA lysate containing 1% protease inhibition was used to
lyse cells and extract protein. Protein concentration was
detected by BCA Protein assay kit (Beyotime, China). Exo-
somes (EXO) (10 mg) or proteins (30 mg) extracted from cells
were diluted 1:4 (v/v) in a loading buffer (Beyotime,
China), heated at 95 �C for 10 min, loaded onto 10% gels
(CWBIO, China), electrophoresed at 110 V for 60e70 min,
and transferred to membranes by using the PVDF (Merck,
USA) 120 min program. For all subsequent antibody-incu-
bation and washing steps, a rocking platform was used.
After blocking with blocking buffer for 2 h, the membranes
were incubated with primary antibodies at 4 �C overnight,
washed in TBST, incubated with secondary antibodies at
room temperature for 90 min, washed with TBST, and then
exposed to a detection reagent (Biosharp, China) for visu-
alization. The primary antibodies were as follows: CD9
(BIOSS, China, 1:1000), CD63 (CST, USA, 1:1000), TFIIB (CST,
USA, 1:1000), H3 (BIOSS, China, 1:1000), Runx2 (Affinity,
USA, 1:1000), Col1 (Abcam, USA, 1:1000), Gapdh (BIOSS,
China, 1:1000), Sp7 (Affinity, USA, 1:1000), Bglap (Affinity,
USA, 1:1000), Hist1h2bc (ABCEPTA, China, 1:1000) and
Ctnnb1 (Affinity, China, 1:1000).
Micro-CT analysis

Micro-CT analysis was performed with a resolution of
6.6 mm. The micro-CT files were reconstructed by NRecon
software, and 3D images were generated by CTVox. The
micro-CT analyzer software was used for data analysis, and
the parameters of bone mineral density (BMD) and bone
volume per tissue volume (BV/TV) were quantified. BMD
changes and BV/TV changes referred to the changes in the
right tibia compared with the corresponding left tibia
(control) in the same nude mice. The specific calculation
method was as follows (R for right tibia, L for left tibia):

BMD Change Z 100)(BMDR�BMDL)/BMDL

BV/TV Change Z 100)(BV/TVR�BV/TVL)/BV/TVL

Biomechanical test

The biomechanical test was performed by the vertical
compression method, and the loading force (F) and the
deformation distance (OI) were recorded. The maximum
displacement was set to 6 mm, and the loading speed was
set at 0.01 mm/s. The diameter (d) and length (I0) of the
tibia were measured with a vernier caliper. The maximum
stress was the ultimate load. The stress (s) and elastic
modulus (Y, Young’s modulus) were calculated as follows (R
for right tibia, L for left tibia):

s Z F/S Z F/(p(d/2)2)

Ultimate load change Z 100)(sR�sL)/sL

Yang’s modulus Z Stress/strain Z s/(OI/I0)

Yang’s modulus change Z 100)(YR�YL)/YL
Histological analyses

The specimens were fixed in 4% paraformaldehyde, decal-
cified rapidly, and embedded in paraffin wax. Subse-
quently, specimens were sectioned at 5-mm thickness with
a tissue slicer (Leica, Germany). Finally, HE (Solarbio,
China), Sirius red (Solarbio, China), Masson (Solarbio,
China), and TRAP staining (Wako, Japan), RNA in situ hy-
bridization (BOSTER, China) and immunohistochemistry
(Solarbio, China) were performed according to the manu-
facturer’s instructions. In immunohistochemistry, the
diluted concentration of prostate-specific antigen (PSA)
antibody was 1:100 (BIOSS, China, 1:100).

Alkaline phosphatase (ALP) and Alizarin red S
staining

For ALP staining, osteoblasts were stained with a BCIP/NBT
Kit (CWBIO, China) after 7 or 14 days of osteogenic induc-
tion. For Alizarin red S staining, osteoblasts were stained
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with an Alizarin red S Kit (Solarbio, China) after 7 or 14 days
of osteogenic induction. ALP and Alizarin red S staining
were performed according to the manufacturer’s
instructions.
Lentivirus transfection

Lentiviral plasmids encoding miR-18a-5p-mimic, miR-18a-
5p-inhibition and a negative control were constructed by
HANBIO (Shanghai, China) (Table S2). C4-2B, PC-3, MC3T3-
E1 and BMSC cells were transfected with the lentivirus at a
multiplicity of infection of 10, after which selection was
performed in 7.5 mg/mL puromycin for 1 week. Lentiviral
plasmids encoding Hist1h2bc-mimic, Hist1h2bc-siRNA and
their negative control were constructed by HANBIO
(Shanghai, China). MC3T3-E1 cells were transfected with
the lentivirus at a multiplicity of infection of 10, after
which selection was performed in 10 mg/mL blasticidin for 1
week.
Transcriptome sequencing

Collect MC3T3-E1 cells transfected with miR-18a-5p-mimic
lentivirus and negative MC3T3-E1 cells. RNA extraction and
transcriptome sequencing were conducted by a commercial
service (BGI, China). The raw readings were collected with
a DNBSEQ-T7 (BGI, China) platform. The DESeq2 package
was used for differential gene analysis. We screened for
differential gene analysis by using these criteria: |log2
(FC)| > 1 (FC: fold-change) and P < 0.05. Transcriptional
sequencing data could be obtained in the Sequence Read
Archive (SRA) database, accession to cite for these SRA
data: PRJNA735584.
Exosome isolation and identification

EXO were isolated from cell culture supernatants with 10%
exosome-depleted FBS (HyClone, USA) through differential
centrifugation. After 48 h of culture, when cells were 90%
confluent, the supernatant was harvested and centrifuged
at 300�g for 10 min, 3000 � g for 10 min, 10, 000 � g for
30 min, and then 40, 000 � g for 30 min. Next, the su-
pernatant was centrifuged at 110, 000 � g for 2 h (Hitachi,
Japan). The pellet was resuspended in PBS, and the sam-
ple was purified with a 0.2 mm filter. A BCA protein assay
kit (Beyotime, China) was used for exosome quantifica-
tion, and exosome morphology was analyzed by trans-
mission electron microscopy (Tecnai, USA). To examine
exosome size distribution, Dynamic Light Scattering (DLS)
was performed with a ZetaPALS instrument (Brookhaven,
USA).26
Statistical analyses

Statistics data were expressed as mean � SD or SEM. Ana-
lyses were performed by GraphPad Prism version 8.0.
Paired data were analyzed by paired t-test. Unpaired data
were analyzed by unpaired t-test. P < 0.05 was indicated
statistical significance.
Results

MiR-18a-5p was highly expressed in osteoblastic
lesions of PCa bone metastasis

Previous study showed that the abundance of miR-18a-5p
was higher in the prostate tissues and serum of metastatic
PCa patients than that in non-metastatic patients,20,22,23

but it was unknown in the bone microenvironment of PCa
bone metastasis. Four bone specimens were collected from
patients with PCa bone metastasis, and three cases of
fracture were collected as the control group (Table S1).
Immunohistochemical studies showed that prostate-specific
antigen (PSA) was positive in clinical bone specimens
(Fig. 1A). Pathological results showed that young bone was
formed in the bone metastasis site of patients (Fig. 1B).
However, in the same position in Figure 1B, osteoclast ac-
tivity was not enhanced (Fig. 1C). We detected the abun-
dance of miR-18a-5p in clinical bone specimens. In situ
hybridization results showed that miR-18a-5p exhibited
higher expression in the osteoblastic lesions microenviron-
ment of PCa patients than that in control group (Fig. 1D).

We found that miR-18a-5p was significantly increased in
two classical PCa bone metastasis cells compared with
normal immortalized prostate cells (WPMY-1) (Fig. 1E). In
the process of PCa bone metastasis, C4-2B cells showed
osteoblastic phenotype in the early stage,27 but showed
osteoblastic and osteolytic phenotype in the late stage.28

PC-3 cells are considered to induce osteolytic phenotype,28

but it is unclear whether PC-3 cells cause osteoblastic
phenotype in the early stage. Therefore, PCa cells were
implanted into the right tibia of nude mice, and an equal
volume of phosphate buffer saline (PBS) was implanted into
the left tibia as an internal control group (Fig. 1F). The PCa
bone metastatic model was confirmed by intravital imaging
after implantation into the tibia for 4 weeks (Fig. 1G).
Micro-CT analysis showed that PC-3 cells were associated
with severe osteolytic lesions and decreased bone mineral
density (BMD) of cortical bone, but PC-3 cells caused slight
osteoblastic lesions and formed bone spur alike on the
surface of bone (Fig. 1H). C4-2B cells caused an associated
severe intramedullary osteoblastic phenotype and
increased BMD of cortical bone (Fig. 1H). We detected the
abundance of miR-18a-5p in bone microenvironment of
nude mice model. In addition, both osteoblastic phenotype
and osteolytic phenotype were demonstrated to reduce the
mechanical properties of bone.6 However, C4-2B increased
bone mechanical properties in osteoblastic phenotype
(Fig. 1I, J), which may lead to osteosclerosis. In situ hy-
bridization results showed that miR-18a-5p exhibited high
expression in the bone microenvironment of the nude mice
model with PCa bone metastasis (Fig. 1K). These results
suggested that miR-18a-5p might be involved in PCa bone
metastatic osteoblastic lesions.

Antagonizing miR-18a-5p in PCa cells inhibited
osteoblasts differentiation and osteoblastic lesions

To investigate the effect of miR-18a-5p expressed by PCa
cells on osteoblasts, lentivirus containing miR-18a-5p inhi-
bition was transfected into PCa cells (C4-2B and PC-3)



Figure 1 MiR-18a-5p was overexpressed in osteoblastic lesions of PCa bone metastasis. (AeD) Bone specimens of PCa patients
with bone metastasis. (A) Immunohistochemical labeling of PSA (brown represents positive). (B) Masson staining (blue represents
young bone, red represents old bone). (C) TRAP staining (purple represents positive). (D) In situ hybridization of miR-18a-5p (brown
represents positive). (E) The miR-18a-5p expression in prostate cells and PCa bone metastasis cells. (F) Schematic diagram of the
PCa bone metastasis model in nude mice (L represents left tibia; R represents right tibia). (G) In vivo imaging of nude mice
implanted with PBS or PCa cells for 4 weeks. (HeK) Tibia specimens of PCa bone metastasis in nude mice after PCa cells im-
plantation for 4 weeks. (H) Representative micro-CT 3D-reconstruction models illustrating in tibia (red arrows indicates an oste-
oblastic lesion; blue arrows indicate an osteolytic lesion). (I) The ultimate load of tibia implanted with C4-2B cells. (J) The Young’s
modules of tibia implanted with C4-2B cells. (K) In situ hybridization of miR-18a-5p (brown represents positive). The data are
represented as mean � SEM or SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05.
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(Fig. S1A, B) and set as the inhibition group, while empty
vector-transfected PCa cells were established as the con-
trol group. C4-2B cell supernatant without intervention was
set as cell supernatant (CS) group, and equal volume PBS
was set as normal control (NC) group. Osteogenic-induced
MC3T3-E1 cells were cocultured with the collected super-
natant. After 7-d osteogenic induction, C4-2B cell super-
natant promoted the expression of osteogenic marker
protein, while miR-18a-5p-inhibited C4-2B cell supernatant
inhibited the expression of osteogenic marker protein
(Fig. 2A). The ALP staining results showed that the miR-18a-
5p-inhibited PCa cell supernatant inhibited osteoblasts ac-
tivity (Fig. 2B). Finally, the results of Alizarin red S staining
showed that mineralization was inhibited by the miR-18a-
5p-inhibited PCa cells supernatant (Fig. 2C). These studies
indicated that antagonizing miR-18a-5p in PCa cells could
significantly inhibit osteoblast differentiation.

In the inhibition group (n Z 10), C4-2B cells transfected
with miR-18a-5p inhibition were implanted into the right
tibias of the nude mice; in the control group (n Z 9),
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normal C4-2B cells were implanted into the right tibias of
the nude mice, while the corresponding left tibias of all
nude mice were implanted with an equal volume of PBS as
an internal control group (Fig. 1F). Tibia specimens were
collected after implanting for 4 weeks. C4-2B cells highly
expressed PSA.29 Immunohistochemical results showed that
PSA was positive in PCa cells resident in the bone micro-
environment (Fig. 2D), which indicated that C4-2B cells
were successfully implanted there. Micro-CT analysis
showed that bone hyperplasia was significant in the control
group, while osteoblastic lesions were decreased in the
inhibition group (Fig. 2E). Further study showed that the
BMD change in inhibition group was significantly lower than
that in control group (Fig. 2F). The results showed that the
bone volume per tissue volume (BV/TV) change was
significantly lower in inhibition group than that in control
group (Fig. 2G). Then, HE, Sirius red and Masson staining
showed that the osteoblastic lesions were significantly
lower in inhibition group than in control group (Fig. 2H).
Moreover, TRAP staining showed that miR-18a-5p-inhibited
C4-2B cells did not affect osteoclastic activity (Fig. 2I).
Similar to C4-2B cells, miR-18a-5p-inhibited PC-3 cells
decreased osteoblastic lesions (Fig. 2J). However, PC-
3 cells still had high osteolytic ability (Fig. 2K). In short,
these results suggested that antagonizing miR-18a-5p in
PCa cells could inhibit osteoblastic lesions.

Antagonizing miR-18a-5p in pre-osteoblasts
inhibited osteoblast differentiation

Next, we explored whether pre-osteoblasts transfected
with miR-18a-5p inhibition can inhibit osteoblast differen-
tiation. During the osteogenic differentiation of normal
MC3T3-E1 cells, the expression of miR-18a-5p was up-
regulated (Fig. 3A). Then, lentivirus containing miR-18a-5p
inhibition was transfected into MC3T3-E1 cells (Fig. S1C)
and set as the inhibition group, while empty vector-trans-
fected MC3T3-E1 cells were established as the control
group. After 7 or 14 d of osteogenic induction, the mRNA
expression of osteogenic differentiation marker genes was
lower than that in control group (Fig. 3B, C). Similar results
were observed in primary mouse bone marrow mesen-
chymal stem cells (BMSCs) transfected with lentivirus as
MC3T3-E1 cells (Fig. S1D). After 14 or 21 d of osteogenic
induction of BMSCs, the expression of the osteogenic dif-
ferentiation marker proteins was lower than that in control
group (Fig. 3D). After 14 or 21 d of osteogenic induction of
MC3T3-E1 or BMSCs, the ALP staining showed that osteo-
blast activity was inhibited in both the inhibition groups
(Fig. 3E). After 21 d of osteogenic induction, Alizarin red S
staining also showed that reduced mineralization in both
the inhibition groups (Fig. 3F). In conclusion, antagonizing
miR-18a-5p in pre-osteoblasts could inhibit osteoblast dif-
ferentiation and activity.

MiR-18a-5p targeted the Hist1h2bc gene to up-
regulate Ctnnb1 expression

In fact, the exact molecular mechanism underlying miR-
18a-5p promotes osteogenic differentiation remains un-
clear. Lentivirus containing miR-18a-5p mimic was
transfected into MC3T3-E1 (Fig. S1C) and set as the mimic
group, lentivirus containing miR-18a-5p inhibition was
transfected into MC3T3-E1 and set as the inhibition group,
while empty vector-transfected MC3T3-E1 were established
as the control group. We performed transcriptome
sequencing analysis on MC3T3-E1 transfected with lenti-
virus containing miR-18a-5p mimic, and found that 88 genes
were up-regulated and 77 genes were down-regulated
(Fig. 4A), and the accuracy of sequencing data was verified
by qPCR (Fig. S2A). The bioinformatics analysis of the miR-
18a-5p target gene revealed none common gene between
the down-regulated genes and the miR-18a-5p target genes
in the TargetScan database (7.2 version) (Fig. S2B).30 The
possible miR-18a-5p target genes from 77 down-regulated
genes were manually screened by Clustal Omega,31 and the
results showed that miR-18a-5p might target the 30UTR of
the Hist1h2bc (H2bc4) gene (Fig. 4B). Then, results from
the dual-luciferase reporter assay suggested that miR-18a-
5p targeted Hist1h2bc (Fig. 4C). After 7 d of osteogenic
induction of MC3T3-E1, the Hist1h2bc gene mRNA expres-
sions were lower in mimic group than those in control
group, but were up-regulated in inhibition group compared
with control group (Fig. 4D). Finally, during the osteogenic
differentiation of MC3T3-E1 cells, the expression of
Hist1h2bc was down-regulated (Fig. 4E), and the expression
trend was approximately opposite with miR-18a-5p
(Fig. 3A). These results suggested that miR-18a-5p targeted
Hist1h2bc gene during osteoblast differentiation.

Wnt/b-catenin signaling pathway plays an important
role in osteoblast differentiation and PCa bone meta-
stasis.32e35 Therefore, we explored whether miR-18a-5p
activates Wnt/b-catenin signaling pathway. Firstly, qPCR
results showed that the mRNA expression of the key gene b-
catenin (Ctnnb1) and the downstream gene myelocytoma-
tosis oncogene (Myc) was higher in mimic group than that in
control group but was down-regulated in inhibition group
compared with control group (Fig. 4G). Similarly, nucleus
proteins and cytoplasmic proteins were detected respec-
tively, Western blot results showed that the expression of
the key protein Ctnnb1 and the downstream protein Myc
was higher in mimic group than that in control group but
was down-regulated in inhibition group compared with
control group (Fig. 4F). These results suggested that miR-
18a-5p activated Wnt/b-catenin signaling pathway.
Furthermore, we found that the expression of hist1h2bc
was approximately opposite to that of Ctnnb1 (Fig. 4F).
Subsequently, MC3T3-E1 were co-transfected with mimic or
inhibition/siRNA of miR-18a-5p and hist1h2bc. After 7 d of
osteogenic induction, qPCR results showed that the up-
regulation of Ctnnb1 expression by miR-18a-5p was rescued
by the hist1h2bc-iRNA (Fig. 4H). All of these results suggest
that miR-18a-5p up-regulate the expression of Ctnnb1 by
targeting hist1h2bc, thereby activating the Wnt/b-catenin
signaling pathway.
MiR-18a-5p overexpressed by PCa was transferred
to pre-osteoblasts via exosomes

Exosomes (EXO) were an efficient vector for intercellular
material transportation. Next, we investigated whether
miR-18a-5p secreted by PCa cells was transferred to pre-



Figure 2 Antagonizing miR-18a-5p in PCa cells inhibited osteogenic differentiation and osteoblastic lesions. CS, PCa cells without
intervention; Control, PCa cells with empty virus; Inhibition, PCa cells with miR-18a-5p inhibition; NC, Equal volume PBS. Oste-
ogenic-induced MC3T3-E1 cells cocultured with PCa cells supernatant. (A) Osteogenic-induced 7 d, the expression of osteogenic
differentiation marker proteins. PCa cells were C4-2B. (B) Osteogenic-induced 14 d, ALP staining. (PCa cells were C4-2B or PC-3).
(C) Osteogenic-induced 21 d, Alizarin red S staining. (PCa cells were C4-2B or PC-3). (DeI) After 4 weeks of C4-2B implantation, the
tibia specimens of PCa bone metastasis nude mice model. (D) PSA Immunohistochemistry (brown represents positive). (E)
Representative 3D-reconstruction images of tibia. (F) BMD analysis. (G) BV/TV analysis. (H) HE, Sirius red (red represents bone) and
Masson staining (blue represents bone). (I) TRAP staining (purple represents positive). (J, K) After 4 weeks of PC-3 implantation,
the tibia specimens of PCa bone metastasis nude mice model. (J) Representative 3D-reconstruction images of tibia. (K) TRAP
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Figure 3 Antagonizing miR-18a-5p in pre-osteoblasts inhibited osteoblasts differentiation. Control, pre-osteoblasts with empty
virus; Inhibition, pre-osteoblasts with miR-18a-5p inhibition. Pre-osteoblasts were MC3T3-E1 or BMSCs. (A) The expression of miR-
18a-5p during osteogenic differentiation of MC3T3-E. (B, C) After 7 or 14 d of osteogenic induction of MC3T3-E1, the mRNA
expression of osteogenic differentiation marker genes. (D) After 14 or 21 d of osteogenic induction of BMSCs, the expression of
osteogenic differentiation marker protein. (E) After 7 or 14 d of osteogenic induction of MC3T3-E1 or BMSCs, ALP staining. (F) After
21 d of osteogenic induction of MC3T3-E1 or BMSCs, Alizarin red S staining. The data are represented as mean � SEM or SD.
*P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05.
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osteoblasts via EXO. EXO were isolated from WPMY-1, C4-
2B, and PC-3 cells by ultracentrifugation. The morphology
of EXO was identified with transmission electron micro-
scopy (Fig. 5A). Moreover, the examination of the size dis-
tribution of EXO by using Dynamic Light Scattering (DLS)
revealed that the majority of the population was in the
w150 nm range (Fig. 5B). Western blot analysis showed that
the exosome markers (CD63 and CD9) were both positive in
exosomes derived from WPMY-1 cells (WPMY-1-EXO), exo-
somes derived from C4-2B cells (C4-2B-EXO), and exosomes
derived from PC-3 cells (PC-3-EXO), but the nucleoprotein
TFIIB was negative (Fig. 5C). MC3T3-E1 cells were treated
with C4-2B-EXO. After 7 or 14 d of osteogenic induction, the
expressions of marker proteins of osteogenic differentia-
tion were higher in C4-2B-EXO group than those in NC group
(Fig. 5D), and the ALP staining showed its activity was
staining (purple represents positive). The data are represented a
P > 0.05. The dotted green line indicates a range of 5%, which wa
higher in C4-2B-EXO group than that in NC group (Fig. 5E).
After 21 d of osteogenic induction, Alizarin red S staining
also showed promoted calcification in C4-2B-EXO group
(Fig. 5F). Moreover, it has been proved that PC-3 cell-
derived vesicles promote osteoblast differentiation.12,16

These results indicated that C4-2B-EXO promoted osteo-
blast differentiation.

Next, qPCR was used to detect the abundance of miR-18a-
5p in different periods of the transfer from C4-2B cells to
MC3T3-E1. Compared with the normal prostateWPMY-1 cells,
miR-18a-5p showed high abundance in C4-2B cells, cell su-
pernatants and EXO (Fig. 5G). The miR-18a-5p abundance in
MC3T3-E1 cells increased significantly after cocultured with
C4-2B cell supernatant (Fig. 5G).GW4869was apotent neutral
sphingomyelinases inhibition, which prevented the formation
of intraluminal vesicles to further block EXO production and
s mean � SEM or SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns
s considered to be normal.



Figure 4 MiR-18a-5p targeted the Hist1h2bc gene to promote osteoblast differentiation. (A) Differential genes heat map for
transcriptome sequencing between mimic group and control group. (B) Schematic diagram of miR-18a-5p targeting the Hist1h2bc
gene. (C) Dual-luciferase reporter assay of miR-18a-5p targeting the Hist1h2bc gene (WT represents wild-type Hist1h2bc, Mut
represents the Hist1h2bc mutant, mimic represents miR-18a-5p mimics, and NC represents the miR-18a-5p negative control). (D)
MC3T3-E1 transfected with miR-18a-5p mimic or inhibition were osteogenic-induced for 7 d, the mRNA expression of Hist1h2bc
gene. (E) Hist1h2hc gene expression during osteoblast differentiation. (F, G) MC3T3-E1 transfected with miR-18a-5p mimic or
inhibition were osteogenic-induced for 7 d. (F) mRNA qPCR. (G) Nucleus proteins and cytoplasmic proteins Western blot. (I) After
7 d osteogenic induction of MC3T3-E1 cells with miR-18a-5p or Hist1h2hc, mRNA qPCR. The data are represented as mean � SEM or
SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05.
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release in numerous cell types.36 MC3T3-E1 cells were treated
with PCa cell supernatant (CS), PCa cell supernatant with
GW4869 (CS-GW4869), PCa-EXO (C4-2B-EXO or PC-3-EXO)
respectively, and set equal volume of PBS as a control. After
3 h of treatment, in situhybridization results showed lowmiR-
18a-5p abundance in MC3T3-E1 treated with PBS or CS-
GW4869, while high abundance of miR-18a-5p was found in
MC3T3-E1 cells treated with CS or PCa-EXO (Fig. 5H). In
conclusion,miR-18a-5p overexpressed byPCawas transferred
to MC3T3-E1 cells via EXO.



Figure 5 Exosome-transported miR-18a-5p was expressed by PCa cells. (A) Representative transmission electron microscopy
images of PCa-EXO. (B) Average size distribution of PCa-EXO by using DLS. (C) Western blot detection of exosome marker proteins.
(DeF) Osteogenic-induced MC3T3-E1 treated with C4-2B-EXO. (D) The expression of osteogenic differentiation marker proteins. (E)
ALP staining. (F) Alizarin red S staining. (G) The mRNA abundance of miR-18a-5p in C4-2B cells, C4-2B cells supernatants (CS), C4-
2B-EXO, and MC3T3-E1 cells cocultured with C4-2B cell supernatant, respectively. (H) In situ hybridization of miR-18a-5p in MC3T3-
E1 cells by treated with CS, CS-GW4869 or EXO from PCa cells. Set PBS as control group, (brown represents positive). The data are
represented as mean � SEM or SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns P > 0.05.
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Antagomir-18a-5p alleviated osteoblastic lesions in
PCa bone metastasis

We studied the treatment of osteoblastic lesions in PCa
bone metastasis with antagomir-18a-5p. Firstly, we
evaluated the safety of the antagomir-18a-5p in BALB/c
nude mice. In the antagomir group (n Z 3), healthy
male nude mice were intraperitoneally injected with
antagomir-18a-5p once every 2 weeks. The control group
(n Z 3) was treated with equal volume of PBS. All nude
mice were sacrificed 4 weeks later. In the antagomir
group and the control group, no abnormality was
observed in the liver, kidney or tibia by HE staining
analysis (Fig. 6A; Fig. S3A), and no difference in osteo-
clast activity was observed in TRAP staining (Fig. S3B).
These results suggested that the antagomir-18a-5p was
safe in nude mice.

The model of PCa bone metastasis was established by
implanting C4-2B cells into the right tibia of nude mice, and
an equal volume of PBS was implanted into the left tibia.
After C4-2B cells implantation for 1 week, the antagomir
group (n Z 9) was intraperitoneally injected with the



Figure 6 Antagomir-18a-5p treated osteoblastic lesions caused by PCa bone metastasis. (A) Safety evaluation of the liver and
kidney in normal nude mice treated with antagomir-18a-5p or PBS for 4 weeks, HE staining. (B) Schematic diagram of the anta-
gomir-18a-5p in the treatment of PCa bone metastases in nude mice. (CeJ) Tibia specimens of PCa bone metastasis nude mice
model after treatment for 4 weeks (control represents PBS treatment, antagomir represents antagomir-18a-5p treatment). (C) PSA
immunohistochemistry (NC represents normal tibia microenvironment; brown represents positive). (D) Representative 3D-recon-
struction images of tibia (red arrow indicates osteoblastic lesions). (E) The ultimate load changes. (F) Young’s modulus change. (G)
The BMD changes. (H) The BV/TV change. (I) HE, Sirius red (red represents bone) and Masson staining (blue represents bone). (J)
TRAP staining (purple represents positive). The data are represented as mean � SEM or SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns
P > 0.05. The dotted green line indicates a range of 5%, which was considered to be normal.
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antagomir-18a-5p, and the control group (n Z 9) was
treated with PBS once every 2 weeks. Tibia specimens were
collected after treatment for 4 weeks (Fig. 6B). The
immunohistochemical results showed that PSA was positive
in the tibia microenvironment of nude mice with PCa bone
metastasis in the antagomir group and the control group
(Fig. 6C). In situ hybridization showed miR-18a-5p expres-
sion of the tibia microenvironment was lower in antagomir
group than that in control group (Fig. S4). Subsequently,
micro-CT analysis showed that the osteoblastic lesions
caused by C4-2B cells was particularly severe after PBS
treatment, while the lesions presented a mildly osteo-
blastic phenotype after antagomir-18a-5p treatment
(Fig. 6D). Biomechanical analysis of vertical compression
showed that the ultimate load change and Young’s modulus
change in the control group was greater than that in
antagomir group (Fig. 6E, F). Further results showed that
the BMD change and BV/TV change in the control group
were significantly greater than those in the antagomir
group (Fig. 6G, H). Finally, the pathological analysis of the
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tibia was performed. HE, Sirius red and Masson staining
indicated that there were more serious osteoblastic lesions
in the control group, while the antagomir group had the
slight osteoblastic lesions (Fig. 6I). The TRAP staining
showed no significant difference in osteoclast activity be-
tween the antagomir group and the control group (Fig. 6J).
In a word, these results indicated that the antagomir-18a-
5p could effectively treat osteoblastic lesions caused by
PCa bone metastasis.
Discussion

The progress against cancer reflected large declines in
mortality for PCa. As of 2017, the death rate has dropped
from its peak for PCa by 52% (since 1993).1 However, the
number of patients with bone metastases from PCa have
been not decreased. The bone metastasis was observed in
up to 70% of patients with PCa and mainly manifested as
osteoblastic lesions, which were very painful for patients.
Unclear pathogenesis was the main difficulty in treating
PCa bone metastasis. Recent studies demonstrated that
miR-18a-5p promotes the proliferation of PCa cells,
whereas inhibition of miR-18a-5p expression attenuated
the growth.23,37,38 Furthermore, our study found that miR-
18a-5p was overexpressed in the bone metastasis micro-
environment of PCa patients. In addition, this study also
found that the expression of miR-18a-5p was increased
during osteoblasts differentiation. Moreover, in vitro
antagonizing miR-18a-5p in PCa cells, MC3T3-E1 cells, and
BMSCs proved that inhibited osteoblastic differentiation,
Figure 7 The molecular mechanism and therapeutic strategy of
tasis. PCa-EXO transports miR-18a-5p into osteoblasts, where miR-
expression, thereby positively regulating the Wnt/b-catenin signali
5p could effectively alleviated osteoblastic lesions.
and in vivo experiments showed that antagomir-18a-5p
ameliorated PCa-induced osteoblastic lesions (Fig. 7).
These results indicated that miR-18a-5p played an
important role in the development of osteoblastic lesions
in PCa bone metastasis and miR-18a-5p might be a po-
tential target for the treatment of osteoblastic lesions in
PCa cells.

Wnt/b-catenin signaling plays a key role in bone tissue
by determining the differentiation of stem cells into mature
osteoblasts. It up-regulates the expression of osteoblast
markers (such as Runx2, Sp7 and Bglap) and enhanced
ossification.39 In contrast, antagonist of Wnt/b-catenin
signaling pathway inhibited the formation and differentia-
tion of osteoblasts to induce the osteolytic phenotype.34,40

PCa cells secrete ET-1 whose concentration is elevated in
the plasma of patients with advanced PCa.9 Clines et al
confirmed that ET-1 stimulated the Wnt/b-catenin signaling
pathway by inhibiting DKK1 to promote osteoblast differ-
entiation for the formation of new bone.10 Therefore, it is
believed that the Wnt/b-catenin signaling pathway may
play an important role in PCa metastasis-induced osteo-
blastic lesions. Of course, Mitani et al reported that the
activation of Wnt/b-catenin signaling pathway promoted
the proliferation of PCa cells.4 Additionally, our study
confirmed that miR-18a-5p expressed by PCa cells was
transferred via EXO to pre-osteoblasts, and then miR-18a-
5p up-regulated the Ctnnb1 gene in osteoblasts by targeting
the Hist1h2bc gene. Ctnnb1, a key gene of Wnt/b-catenin
signaling pathway, promoted osteoblastic differentiation.
Chen et al reported b-catenin protein promotes bone for-
mation.41 This result is consistent with our study. The
miR-18a-5p mediating osteoblastic lesions in PCa bone metas-
18a-5p targets the Hist1h2bc gene and promotes Ctnnb1 gene
ng pathway and leading to osteoblastic lesions. Antagomir-18a-
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Hist1h2bc gene encoded a replication-dependent histone
which was a member of the histone H2B family and involved
in the assembly of chromosomal nucleosome and cell dif-
ferentiation.42,43 However, there were few studies about
the Hist1h2bc gene.44 These studies revealed the molecular
mechanism of PCa cells mediating miR-18a-5p to induce
osteoblastic lesions.

EXO have been studied as an important transport vector
in PCa bone metastasis.45e48 However, there were still
different views on the function of PCa-EXO on osteo-
blasts.12,16,47,49 PCa cell-derived exosomes stimulate miR-
141-3p to suppress DLC1 gene expression in osteoblasts,
thereby activating the p38-MAPK pathway and promoting
osteoblast differentiation.50 Sato et al revealed that miR-
940 secreted by PCa cells through exosomes promoted
osteogenic differentiation of MSCs by targeting ARHGAP1
and FAM134A.27 Our findings miR-18a-5p overexpressed by
PCa was transferred to pre-osteoblasts via EXO. It means
that the goods of PCa-EXO play an important role in oste-
oblastic lesions.

PCa cells such as C4-2B cells induced hard osteoblastic
lesions, which might lead to spinal cord compression and
even hematopoietic dysfunction. Although another PCa
cells PC-3 were mainly osteolytic lesions, the abnormal
formation of bone spur alike induced by PC-3 cells might be
one of the important causes of bone pain. At present, drugs
for cancer bone metastasis in clinical applications or under
development mainly focus on the treatment of osteolytic
lesions,51e54 while there are few drugs for the treatment of
osteoblastic lesions. This study finally explored the treat-
ment of osteoblastic lesions in PCa bone metastasis. Anta-
gomir have been used in the treatment of tumor bone
metastases or bone lesions in vivo.55e57 In this study, we
confirmed that the antagomir-18a-5p was safe in vivo.
Subsequently, antagomir-18a-5p was used to treat nude
mice with PCa bone metastases, and the results showed
that the biomechanical properties, BMD and BV/TV were all
significantly improved, and osteoblastic lesions were alle-
viated, which suggested that the antagomir-18a-5p had
excellent therapeutic effect on PCa bone metastasis. It was
speculated that antagomir-18a-5p had a prospect in pre-
venting osteoblastic lesions in patients with PCa or early
PCa bone metastasis. It would avoid bone sclerosis, spinal
cord compression and alleviate bone pain. Although clinical
trials of miRNA drugs encountered difficulties,58 engineer-
ing exosomes for targeted drug delivery would help to
improve the safety and target ability of miRNA drugs.59 In
brief, the study provided important data supporting for the
application of antagomir-18a-5p in the treatment of PCa
bone metastasis.

In conclusion, this study elucidated the molecular
mechanism and explored therapeutic strategies for osteo-
blastic lesions in PCa bone metastasis. It was showed that
miR-18a-5p overexpressed by PCa bone metastatic cells
was released into the bone microenvironment via EXO and
incorporated into osteoblasts. MiR-18a-5p targeted the
Hist1h2bc gene, thereby up-regulated the expression of
Ctnnb1 in the Wnt/b-catenin signaling pathway, resulting in
promoting the differentiation of pre-osteoblasts towards
osteoblasts. It was found that antagomir-18a-5p was safe
and effective for the treatment of osteoblastic lesions in
PCa bone metastasis in vivo.
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