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Abstract. Bone loss is a disease that is highly associated
with aging. This deleterious health condition has become
a public concern worldwide, and there is an urgent need to
discover more novel therapeutic strategies for the develop‑
ment of age‑associated osteoporosis. The present study aimed
to explore the association between proprotein convertase
subtilisin/kexin type 5 (PCSK5) and microRNA(miR)‑338‑3p
in bone‑formation and bone‑loss processes. Western blot‑
ting assay and reverse transcription‑quantitative PCR were
employed to analyze PCSK5 and miR‑338‑3p expression levels
in bone mesenchymal stem cells (BMSCs). Dual‑luciferase
reporter and RNA pull‑down assays were used to determine
the target. For osteoblastic differentiation verification, alkaline
phosphatase activity, osteocalcin secretion detection, bone
formation‑related indicators (osterix, runt‑related gene 2,
osteopontin and bone sialoprotein), hematoxylin and eosin
staining and Alizarin Red S staining were performed. The
findings of the present study indicated that the expression
level of PCSK5 was higher in BMSCs from young rat samples,
whereas the expression level of miR‑338‑3p was higher in
BMSCs from samples of old rats. Experimental results also
revealed that unlike miR‑338‑3p, downregulation of PCSK5
inhibited osteoblastic differentiation and osteogenesis by inhib‑
iting alkaline phosphatase, osteocalcin, osterix, runt‑related
transcription factor 2, osteopontin, bone sialoprotein and
mineralized nodule formation. Overall, the results suggested
that miR‑338‑3p could suppress age‑associated osteoporosis
by regulating PCSK5.
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Introduction
Age‑associated osteoporosis can be referred to as a systemic
impairment of bone formation and enhancement of bone
marrow fat accumulation (1,2). Bone mesenchymal stem cells
(BMSCs) can differentiate into osteoblasts or adipocytes and
promote bone regeneration (3‑5). Tissue regeneration and
repair via the differentiation of BMSCs has been a popular
topic in regenerative medicine. At the molecular level, the
interactions between hormones and transcription factors
control mesenchymal stem cell differentiation into osteocytes.
The major transcription factors that play a key role in BMSCs
differentiation into osteocytes include runt‑related tran‑
scription factor 2 (RUNX2) and osterix (OSX) (6). Besides,
previous studies have used several indicators to detect osteo‑
genic differentiation of BMSCs, such as alkaline phosphatase
(ALP), osteocalcin (OCN) secretion, RUNX2, OSX, bone
sialoprotein (BSP) and osteopontin (OPN) (7,8).
Although BMSCs gradually lose their capacity to differen‑
tiate into osteoblasts, they tend to differentiate into adipocytes
in the aging process (9‑11). As a result, the ability to form bone
declines with age. This association between bone formation and
aging is the main cause of the high incidence of age‑associated
osteoporosis (12,13). Osteoporosis symptoms usually result in
fragile bones, thus causing the elderly to experience mobility
problems (14). More troubling is that the elderly tend to be
more vulnerable to suffer from bone fracture from accidental
falls, which increases the financial and emotional burden of
family members (15‑17). Thus, the treatment of age‑associated
osteoporosis is of great concern in society. This public health
issue has attracted a great deal of attention among medical
staff as well as researchers. The purpose of the present study
was to gain further insights into the mechanism of bone
formation and the occurrence of age‑associated osteoporosis
using cellular and molecular methods.
Proprotein convertase subtilisin/kexin (PCSK) enzymes
are responsible for activating a wide variety of hormones and
protein precursors, ranging from growth factors to extracel‑
lular pathogens (18). These enzymes cleave and convert their
immature target proproteins into an active functional form.
One of the important members belonging to this enzyme
family is PCSK5, which plays an essential role in a number
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of cell activities. As described in a bioinformatics analysis,
different Notch signaling components, such as PCSK5, are
differential expression factors in osteogenic‑differentiation
progression (19). In another study, silencing PCSK5 in mice
led to severe malformations, bone morphogenic defects
and early embryonic lethality, with the absence of growth
differentiating factor 11 (20). Based on these previous data,
it was speculated that PCSK5 could be a putative therapeutic
factor for age‑associated osteoporosis. However, no study has
comprehensively demonstrated the role of PCSK5, thus the
present study was designed to understand how PCSK5 exerts
its function in age‑associated osteoporosis using BMSCs.
Previous studies have explored the role of miR‑338‑3p
(microRNA‑338‑3p) in osteoclast formation. A study inves‑
tigated the expression profile of miR‑338‑3p in BMSC
differentiation, which found that the expression level of
miR‑338‑3p declined as the osteoblast underwent differentia‑
tion (21). Thus, miR‑338‑3p has the potential to participate in
the suppression of osteoclast formation and the acceleration
of age‑associated osteoporosis. Moreover, another study
reported that miR‑338‑3p overexpression in osteoclast
precursor cells restricted osteoclast formation (22). Similarly,
a study concerning the function of miR‑338‑3p in osteoclast
differentiation and activation demonstrated that miR‑338‑3p
was markedly downregulated during this process (23). In the
present study, the mechanism of miR‑338‑3p in osteoclast
formation and the role of the PCSK5 gene in age‑associated
osteoporosis was explored.
The aim of the present study paper was to study the axis of
miR‑338‑3p targeting PCSK5 in bone formation by exploring
their roles in osteoblastic differentiation. The findings of the
present study will help to explore some novel therapeutic
methods for age‑associated osteoporosis.
Materials and methods
Bioinformatics analysis. The GEO profile (GSE35959) (24)
was downloaded from the National Center for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/). The dataset was
used to screen the downregulated differentially expressed
genes (DEGs) with P<0.05 and log2‑fold‑change (log2FC) <‑2.
Metascape (http://metascape.org/gp/index.html#/main/step1)
was subsequently used to enrich the biological processes of the
top 100 downregulated DEGs. Next, TargetScan Human v7.1
(http://www.targetscan.org/vert_71/), starBase v2.0 (http://star‑
base.sysu.edu.cn/index.php) and miRDB (http://mirdb.org/)
were applied to predict the miRNAs that bind to the PCSK5
3' untranslated region (UTR). The overlapping miRNAs
were identified using Venny 2.1 (https://bioinfogp.cnb.csic.
es/tools/venny/).
Hematoxylin and eosin staining (H&E). H&E staining was
employed to detect the morphology of the distal tibia in
rats. A total of 18 male rats, six in each group, were divided
into young group (3 months; 260±10 g), middle‑aged group
(12 months; 360±10 g) and old group (18 months; 450±10 g).
The Sprague‑Dawley rats were purchased from Nanjing Junke
Bioengineering (Jiangsu, China). Rats were kept on a 12‑h
light/dark cycle at 20‑25˚C with 60% relative humidity under
specific pathogen‑free conditions, and fed a non‑purified diet

with free access to water ad libitum. All animal procedures
were approved by the Animal Ethics Committee of Affiliated
Hospital of Jianghan University (approval no. JH‑20191014‑23;
Jiangan, China).
Rats were euthanized by CO2 asphyxiation (fill rate of
20% of the chamber volume/min with CO2), and the tibia was
harvested after the rats had no vital signs, such as lack of breath
and faded eye color. The tibia of the rats was subsequently fixed
in 10% formalin solution for 2 days at room temperature and
decalcified slowly with EDTA. Next, the tissue was dehydrated
at room temperature in gradient concentrations of ethanol (70,
80, 90, 95 and 100%) every 2‑5 min, embedded in paraffin and
then sliced to 5‑µm thick sections. The tissue sections were
subsequently stained with hematoxylin for 5 min and treated
with 1% hydrochloric acid ethanol solution for 5 sec at room
temperature. After that, a 1% ammonia solution was used
to reverse the blue, 1% eosin solution was used to stain the
cytoplasm for 3 min, and the sections were finally dehydrated
until translucent at room temperature. Finally, the images were
sealed with neutral resin and analyzed with IPP6.0 image
analysis software (Media Cybernetics, Inc.).
Cell culture and differentiation. BMSCs were obtained
from the femur and tibia of rats at the age of 3 (young), 12
(middle‑aged) and 18‑ (old‑aged) months. The procedure was
carried out as follows: i) firstly, the medullary cavity was
thoroughly flushed the using an α‑modified Eagle's medium
(αMEM; Invitrogen; Thermo Fisher Scientific, Inc.) without
ascorbic acid to collect the cells. The cells were then allowed
attach in complete αMEM with 10% FBS, 1% penicillin and
streptomycin (all from Gibco; Thermo Fisher Scientific, Inc.)
at 37˚C, 5% CO2 for 72 h. Following this step, BMSCs were
finally obtained by replacing the fresh culture medium. For the
induction of osteogenic differentiation, BMSCs were cultured
for 16 days in osteogenesis induction αMEM medium with
10% FBS, 300 ng/ml bone morphogenetic protein 2 (Gibco;
Thermo Fisher Scientific, Inc.), 50 µg/ml ascorbic acid (Gibco;
Thermo Fisher Scientific, Inc.) and 5 mM β‑glycerolphosphate
(Gibco; Thermo Fisher Scientific, Inc.).
Cell transfection. Small interference (si)RNA si‑PCSK5,
miR‑338‑3p mimic, miR‑338‑3p inhibitor and their
non‑targeting sequence negative controls (NC) were designed
by Genewiz, Inc. The corresponding sequences are listed in
Table SI. The transfection was performed in middle‑aged
rat‑derived BMSCs at the point of ~70% cell confluence using
Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
The densities of BMSCs seeded into 6‑, 12‑, 24‑ and 96‑well
plates were 2.5x10 6, 1x10 6, 5x105 and 5x10 4 cells per ml,
respectively. The transfection concentration of si‑PCSK5 was
2.5 µM, while that of miR‑338‑3p mimic, miR‑338‑3p inhibitor
and negative control was 50 nM. The untransfected BMSCs
were set as the CON group. After transfection for 48 h, the
transfection efficiency was detected using reverse transcrip‑
tion‑quantitative (RT‑q)PCR and the follow‑up experiments
were carried out.
RNA isolation, cDNA synthesis and RT‑qPCR. A complete
RNA isolation was performed using the Cell Total RNA
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Isolation kit (ForeGene). Using RT Easy™ II (Fore Gene),
according to the manufacturer's protocol, cDNA synthesis was
performed. Following which, mRNA expression and miRNA
expression levels were measured by RT‑qPCR using the
Bio‑Rad CFX96 Touch system (Bio‑Rad Laboratories, Inc.)
and iTaq™ Universal SYBR GREEN Supermix (Bio‑Rad
Laboratories, Inc.). The RT‑qPCR thermocycling conditions
were: 50˚C for 2 min, at 95˚C for 30 sec, and then 40 cycles of
15 sec at 95˚C and 30 sec at 60˚C. Two reference genes U6 and
GAPDH were used to quantify miRNA and mRNA, respec‑
tively. To calculate mRNA expression, the 2‑ΔΔCq (25) method
was employed. The sequences of primers are listed in Table I.
Western blotting. For the collection of protein samples, the
cells were washed with cold PBS. The cells were then lysed
with radio immunoprecipitation assay lysis buffer (Roche
Diagnostics GmBH) containing 10 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% SDS, 1.0% Triton X‑100, 1% deoxycholate, 5 mM
EDTA, 1 mM sodium orthovanadate, 1 mM phenylmeth‑
ylsulfonyl fluoride and protease inhibitor cocktail on ice for
15 min. The cells were then transferred into pre‑cooled 1.5 ml
centrifuge tubes. After obtaining the supernatant (protein
samples), their concentrations were measured using a BCA
Protein Assay Reagent kit (Pierce; Thermo Fisher Scientific,
Inc.) Next, 30 µg protein sample was added into the wells of an
8% SDS‑PAGE gel for electrophoresis at 80 V for 20 min and
later 100 V for 1 h. The PVDF membrane was subsequently
used in the present experiment, and the transfer current was
set at 200 mA. Following this step, the protein membrane was
added to the prepared PBS solution and rinsed twice. The PBS
solution, which contained 5% skimmed milk powder, was
then added for a 60‑min blocking at room temperature. After
washing with PBS, anti‑PCSK5 (1:500; cat. no. 16470‑1‑AP)
and β ‑actin (1:1,000; cat. no. 20536‑1‑AP) (both from
Proteintech Group, Inc.) were added and incubated overnight
at 4˚C. HRP‑conjugated Affinipure goat anti‑rabbit IgG (H+L)
(1:5,000; cat. no. SA00001‑2; Proteintech, Group, Inc.) was
added to the membrane for incubation at room temperature
for 1 h. After the secondary antibody incubation, the product
was washed three times with PBS. The immunoreactive bands
were visualized using the ECL‑PLUS kit (Cytiva) according
to the manufacturer's manual. The results and the images were
analyzed with the Gel image analysis system and the Gel‑Pro
Analyzer 3.1 (Media Cybernetics, Inc.), respectively. The
gray value of the bands was analyzed by Image J2x software
(Rawak Software Inc.). In this procedure, β‑actin was used as
the reference gene.
ALP activity and osteocalcin secretion detection. BMSCs
(1x105 cells/well) were seeded onto a 24‑well plate with an
osteogenesis induction αMEM for 48 h. Using the colorimetric
ALP Activity Assay kit (Abcam), the cells were subjected to
lysis to detect ALP activity. More specifically, BMSCs were
harvested, washed with cold PBS, resuspended in 50 µl Assay
Buffer, and then homogenized with a Dounce homogenizer
(Thermo Fisher Scientific, Inc.) on ice. Subsequently, the
samples were centrifuged at 4˚C at 13,000 x g for 15 min in
a cold microcentrifuge. This step was performed to remove
any insoluble materials. Following that, the supernatant was
collected and transferred into a new tube. Next, 20 µl STOP
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Table I. Primer sequences for reverse transcription‑quantitative
PCR.
Gene
miR‑338‑3p
U6
PCSK5
OSX
RUNX2
OPN
BSP
GAPDH

Primer sequences (5'→3')
Forward: TCCAGCATCAGTGATTTTGTTG
Reverse: GTGCAGGGTCCGAGGT
Forward: GCTTCGGCAGCACATATA
Reverse: CGCTTCACGAATTTGCGT
Forward: CAACACACATCCTTGCCAGTC
Reverse: ATGTTCTTCCCCGTGTAGCC
Forward: CCTCCTCAGCTCACCTTCTC
Reverse: GTTGGGAGCCCAAATAGAAA
Forward: GACCAGTCTTACCCCTCCTACC
Reverse: CTGCCTGGCTCTTCTTACTGAG
Forward: CAGTTGTCCCCACAGTAGACAC
Reverse: GTGATGTCCTCGTCTGTAGCATC
Forward: GAATGGCCTGTGCTTTCTCAA
Reverse: TCGGATGAGTCACTACTGCCC
Forward: GCTGGTCATCAACGGGAAA
Reverse: CGCCAGTAGACTCCACGACAT

miR‑338‑3p, microRNA‑338‑3p; PCSK5, proprotein convertase
subtilisin/kexin type 5; OSX, osterix; RUNX2, Runt‑related gene 2;
OPN, osteopontin; BSP, bone sialoprotein.

Solution was added to sample background control wells to
terminate ALP activity in these samples. Next, 50 µl pNPP
solution (5 mM) was added to each well containing sample
and background sample controls. After that, 10 µl ALP
enzyme solution was added to each pNPP standard well for
an incubation period of 60 min at 25˚C in the dark. The reac‑
tion was halted by adding 20 µl STOP Solution. The optical
absorbance was finally measured at 450 nm using a microplate
reader (Thermo Fisher Scientific, Inc.).
In order to detect osteocalcin secretion, BMSCs (treated
with 0.25% trypsin) were first mixed with PBS and then trans‑
ferred into single‑cell suspension repeatedly. The cells were
later crushed completely by repeated freeze‑thaw at ‑20˚C.
After ensuring cell suspension was centrifuged for 20 min
at 1,667 x g and 4˚C, the supernatant was collected. The
osteocalcin secretion was later detected with the Osteocalcin
ELISA Detection kit (cat. no. AC‑11F1; Immunodiagnostic
Systems, Ltd.).
Alizarin Red S staining. Alizarin Red S staining was
performed to evaluate mineralization deposition in BMSCs,
which had been cultured in a 6‑well plate with osteogenesis
induction medium for 21 days. The cells were incubated with
1 ml 10% formaldehyde for 10 min at room temperature. After
which, the cells were washed twice with PBS. Then, 1 ml
2% Alizarin Red S solution (pH was adjusted to ~4.5 with
0.5% ammonium hydroxide) was added to the cells for 15 min
cellular staining at 25˚C. Following the staining, the stained
cells were thoroughly washed with double‑distilled water
(ddH 2O). The stained cells in each well were subsequently
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Figure 1. Screening of key genes and miRNAs associated with the effect of age on BMSCs. (A) Skeletal system development was demonstrated by Metascape
analysis to be the key biological process involving eight genes. Metascape was the online tool that was used for the enrichment of top 100 downregulated
differentially expressed genes from GSE35959. (B) TargetScan, starBase, and miRDB were the databases that were used to predict miRNAs binding to
proprotein convertase subtilisin/kexin type 5; a total of six miRNAs were overlapped. miRNA, microRNA; BMSCs, bone mesenchymal stem cells.

captured by an optical microscope (Olympus Corporation)
at x200 magnification. Following which, the positively
stained area (red) was observed in Image Pro Plus 6.0 (Media
Cybernetics, Inc.).
Dual‑luciferase reporter assay. The binding site of
miR‑338‑3p to PCSK5 3'UTR was ‘AUGCUGG’, which was
also the sequence of PCSK5 wild type (PCSK5 WT). To
generate PCSK5 mutant type (PCSK5 MUT), ‘AUGCUGG’
was replaced by ‘UACGACC’. Next, the pmiR‑GLO reporter
vector with PCSK5 WT (100 ng) or MUT (100 ng) was
co‑transfected with miR‑338‑3p mimic (50 nM) or mimic NC
(50 nM) using Lipofectamine 3000 reagent. The pmiR‑GLO
reporter vector, miR‑338‑3p mimic and mimic NC were all
purchased from Promega Corporation. BMSCs were subse‑
quently seeded in a 96‑well plate for an incubation period of
48 h after the co‑transfection. The relative luciferase activity,
which could be a strong reference for the association between
miR‑338‑3p and its target gene PCSK5, was measured using a
dual‑luciferase reporter assay system (Promega Corporation).
Renilla luciferase acted as an internal control to normalize the
luciferase activity.
RNA pull‑down. The pull‑down assay with biotinylated
miRNA was performed according to the methodology used in
a previous study (26). BMSCs were seeded into a 6‑well plate.
Following which, 100 nM biotinylated miR‑338‑3p mimic
(Bio‑miR‑338‑3p) or biotinylated negative control (Bio‑NC)

(Guangzhou RiboBio Co., Ltd.) was transfected into BMSCs.
After the 48‑h transfection, the cells were washed with PBS
and then lysed using a specific lysis buffer containing 20 mM
Tris, pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 0.05% Igepal,
60 U/ml Superase‑In (cat. no. AM2694; Invitrogen; Thermo
Fisher Scientific, Inc.), 1 mM DTT (cat. no. 3483‑12‑3; EMD
Millipore), and protease inhibitors. Streptavidin magnetic
beads 100 µl (Invitrogen; Thermo Fisher Scientific, Inc.)
were subsequently used to pull down the biotin‑coupled RNA
complex after incubating the samples for 4 h. Next, the beads
were attracted by a magnetic grate (Invitrogen; Thermo Fisher
Scientific, Inc.). The abundance of PCSK5 was eventually
evaluated using RT‑qPCR.
Statistical analysis. Three independent experiments were
performed, and quantitative data were presented as the
mean ± standard deviation (SD). Statistical significance was
determined by employing Student's unpaired t‑tests or one‑way
ANOVA with Dunnett's multiple comparisons test or Tukey's
multiple comparisons test. P<0.05 was considered to indicate a
statistically significant difference.
Results
PCSK5 and miR‑338‑3p are key regulators of BMSCs. The
222 downregulated DEGs were first screened out from
GSE35959 with P<0.05 and log2FC <‑2. The top 100 down‑
regulated DEGs were subsequently uploaded to Metascape
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Figure 2. PCSK5 contributes to osteoblastic differentiation of BMSCs. (A) Representative images of the proximal tibial metaphysis from rats of the Y,
M and O groups detected by staining with hematoxylin and eosin. Magnifications, x40 and x200. n=6. (B) Expression of PCSK5 mRNA in BMSCs from
rats in Y, M and O groups using RT‑qPCR. n=6. (C) Expression of PCSK5 protein in BMSCs of rats in Y, M and O groups using western blot assay. n=6.
(D) Inhibitory efficiency of si‑PCSK5 in BMSCs by RT‑qPCR. (E) Inhibitory efficiency of si‑PCSK5 in BMSCs using western blot analysis. (F) Analysis of
ALP activity after the transfection of si‑PCSK5 or NC into BMSCs induced for osteoblastic differentiation for 48 h. (G) OCN secretion detection after the
transfection of si‑PCSK5 or NC into BMSCs induced for differentiation for 48 h. mRNA expression detection of (H) OSX, (I) RUNX2, (J) OPN and (K) BSP
after the transfection of si‑PCSK5 or NC into BMSCs induced for differentiation for 48 h. (L) Representative images of Alizarin Red S staining of BMSCs
after osteoblastic differentiation for 21 days. Magnification, x200. Data are presented as the mean ± SD. Statistical significance was determined using one‑way
ANOVA. n=3. *P<0.05 and **P<0.001 vs. control group. BMSCs, bone mesenchymal stem cells; PCSK5, proprotein convertase subtilisin/kexin type 5; Y,
3‑month‑old young rats; M, 12‑month‑old middle‑aged rats; O, 18‑month‑old aged rats; OPN, osteopontin; RT‑qPCR:, reverse transcription‑quantitative PCR;
si‑PCSK5, small interfering RNA targeting PCSK5; NC, negative control siRNA; ALP, alkaline phosphatase; OCN, osteocalcin secretion; OSX, osterix;
RUNX2, runt‑related gene 2; OPN, osteopontin; BSP, bone sialoprotein; CON, normal control.

for enrichment analysis. As shown in Fig. 1A, the skeletal
system development was identified as the key biological
process involving eight genes: FGFR2, NFIB, PCSK5,

RPL38, SFRP2, COL14A1, WASF2 and ANKRD11. In
one study, PCSK5 was reported to be responsible for bone
development (27). Besides, mice lacking PCSK5 exhibit bone
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Figure 3. PCSK5 is a target of miR‑338‑3p. (A) Expression of miR‑338‑3p in BMSCs from rats in groups Y, M and O by RT‑qPCR. (B) PCSK5‑WT or
PCSK5‑MUT without or with the binding sequence of miR‑338‑3p. (C) Transfection efficiency of miR‑338‑3p mimic in BMSCs was detected by RT‑qPCR.
(D) The association between miR‑338‑3p and PCSK5 was detected using dual‑luciferase reporter assay. (E) The target association of miR‑338‑3p with PCSK5
was detected with RNA pull‑down assay system. (F) Inhibitory efficiency of miR‑338‑3p inhibitor in BMSCs by RT‑qPCR. (G) Expression of PCSK5 protein
was measured using western blotting when miR‑338‑3p was silenced by the miR‑338‑3p inhibitor. Data are presented as the mean ± SD. Statistical significance
was determined with unpaired Student’s t‑test or one‑way ANOVA. n=3. **P<0.001 vs. control group; ##P<0.001 vs. si+inhibitor group. PCSK5, proprotein con‑
vertase subtilisin/kexin type 5; miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; Y, 3‑month‑old young rats; M, 12‑month‑old middle‑aged
rats; O, 18‑month‑old aged rats; BMSCs, bone mesenchymal stem cells; Bio‑NC, biotinylated negative control; bio‑miR‑338‑3p, biotinylated miR‑338‑3p
mimic; CON, normal control; NC, negative control; si‑PCSK5, small interfering RNA targeting PCSK5; inhibitor, miR‑338‑3p inhibitor; UTR, untranslated
region; WT, wild‑type; MUT, mutant.

morphogenic defects (20). PCSK5 was, therefore, identified as
the gene of interest to be investigated in the present study. To
identify the key miRNAs that could target PCSK5, starBase,
miRDB and TargetScan were applied. Finally, six overlap‑
ping miRNAs were found by Venny 2.1.0 (Fig. 1B); they
included hsa‑miR‑29a‑3p, hsa‑miR‑29b‑3p, hsa‑miR‑29c‑3p,
hsa‑miR‑338‑3p, hsa‑miR‑577 and hsa‑miR‑664b‑3p. Based
on a previous study, miR‑338‑3p required further investigation
due to its downregulation during osteoblast differentiation (21).
PCSK5 contributes to osteoblastic differentiation of BMSCs.
H&E staining was first used to examine the morphology of the
proximal tibial of 3‑month‑old young rats (Y), 12‑month‑old
middle‑aged rats (M) and 18‑month‑old aged rats (O). Findings
revealed that with aging, obvious bone defects existed in the
metaphysis of the proximal tibial. More specifically, the osteoid
content decreased, and the fracture and separation of the trabec‑
ular meshwork appeared (Fig. 2A). Next, mRNA and protein
expression of PCSK5 in BMSCs harvested from rats of different
age stages was measured, including 3‑month‑old young rats (Y),
12‑month‑old middle‑aged rats (M) and 18‑month‑old aged rats

(O). It was observed that both mRNA and protein expression of
PCSK5 declined as the age of the rats increased (Fig. 2B and C).
More specifically, the mRNA expression of PCSK5 in the M
group was 60% of the Y group, while the O group was only 30%
of the Y group (Fig. 2B). The protein expression of PCSK5 in
the M group was 70% of the Y group, whereas the O group was
only 40% of the Y group (Fig. 2C). To obtain an improved under‑
standing of the role of PCSK5 in age‑associated osteoporosis
progression, si‑PCSK5 was synthesized to knock down PCSK5,
and was transfected into BMSCs derived from middle‑aged rats.
The results of RT‑qPCR showed that si‑PCSK5 could notably
decrease the mRNA expression of PCSK5 by ~70% compared
with the control group (Fig. 2D). Western blotting results also
showed that the protein expression of PCSK5 was reduced by
si‑PCSK5 by ~65% compared with the control group (Fig. 2E).
These results demonstrated that si‑PCSK5 could successfully
decrease the expression of PCSK5 at both mRNA and protein
levels. Therefore, si‑PCSK5 was employed in the subsequent
experiments.
To comprehensively unravel the role of PCSK5 in osteo‑
blastic differentiation, si‑PCSK5 or its NC was transfected
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Figure 4. miR‑338‑3p inhibits osteoblastic differentiation of BMSCs by targeting PCSK5. (A) ALP activity was evaluated after the transfection of si‑PCSK5,
miR‑338‑3p inhibitor or si‑PCSK5 plus miR‑338‑3p inhibitor in BMSCs. (B) OCN secretion was detected after transfection with si‑PCSK5, miR‑338‑3p
inhibitor or si‑PCSK5 plus miR‑338‑3p inhibitor in BMSCs. (C) OSX mRNA expression was measured after transfection with si‑PCSK5, miR‑338‑3p inhibitor
or si‑PCSK5 plus miR‑338‑3p inhibitor in BMSCs. (D) RUNX2 mRNA expression was evaluated after transfection with si‑PCSK5, miR‑338‑3p inhibitor
or si‑PCSK5 plus miR‑338‑3p inhibitor in BMSCs. (E) OPN mRNA expression was measured after transfection with si‑PCSK5, miR‑338‑3p inhibitor or
si‑PCSK5 plus miR‑338‑3p inhibitor in BMSCs. (F) BSP mRNA expression was measured after transfection with si‑PCSK5, miR‑338‑3p inhibitor or si‑PCSK5
plus miR‑338‑3p inhibitor in BMSCs. (G) Alizarin Red S staining was measured after transfection with si‑PCSK5, miR‑338‑3p inhibitor or si‑PCSK5 plus
miR‑338‑3p inhibitor in BMSCs. Magnification, x200. Data are presented as the mean ± SD. Statistical significance was determined using one‑way ANOVA.
n=3. *P<0.05 and **P<0.001 vs. control group; #P<0.05 and ##P<0.001 vs. si+inhibitor group. PCSK5, proprotein convertase subtilisin/kexin type 5; BMSCs,
bone mesenchymal stem cells; miR, microRNA; OSX, osterix; ALP, alkaline phosphatase; OCN, osteocalcin; OSX, osterix; RUNX2, Runt‑related gene 2;
OPN, osteopontin; BSP, bone sialoprotein; CON, normal control; NC, negative control; inhibitor, miR‑338‑3p inhibitor; si‑PCSK5, small interfering RNA
targeting PCSK5.

into BMSCs for 48 h, which were induced to differentiate
into osteoblasts. Since OCN, ALP, OSX, RUNX2, OPN and
BSP are popular markers for osteoblastic differentiation, these
markers were detected to investigate the process of osteoblastic
differentiation. After testing for ALP activity and osteocalcin
secretion, it was found that si‑PCSK5 restrained ALP activity
by 30% compared with the control group (Fig. 2F) and that it
suppressed osteocalcin secretion by ~35% compared with the

control group (Fig. 2G). The mRNA expression levels of OSX,
RUNX2, OPN and BSP (Fig. 2H‑K) were also examined. The
findings indicated that the mRNA expression levels of OSX
and OPN decreased by ~40%, whereas the mRNA expression
levels of RUNX2 and BSP decreased by ~60% (Fig. 2H‑K).
Furthermore, Alizarin Red S staining was performed after a
21‑day induction of osteoblastic differentiation. The images
showed that si‑PCSK5 suppressed mineralized nodule
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formation in BMSCs (Fig. 2L). Taken together, the results
demonstrated that PCSK5 contributes to the osteoblastic
differentiation of BMSCs.
PCSK5 is a target of miR‑338‑3p. To explore the mechanism
of PCSK5 in the regulation of age‑associated osteoporosis, the
targets upstream of PCSK5 were investigated. The literature
has established that a number of genes are mediated by various
miRNAs. Hence, TargetScan was used to predict the potential
miRNAs that could bind to PCSK5 3'UTR. Venny 2.1 analyses
revealed that miR‑338‑3p could target PCSK5 (Fig. 1B). To
confirm this, RT‑qPCR was used to examine the mRNA expres‑
sion of miR‑338‑3p in BMSCs from the Y, M and O groups of
rats. The results showed that the expression of miR‑338‑3p in
the M group was upregulated 2.5 times as much as the Y group
(Fig. 3A). However, the expression of miR‑338‑3p in the
O group was found to be significantly upregulated 4 times as
much as the Y group. This outcome was completely opposite to
that of PCSK5 (Fig. 3A). Next, a dual‑luciferase reporter assay
kit was utilized to verify whether PCSK5 was the exact target
gene of miR‑338‑3p. The wild‑type (PCSK5‑WT) and mutant
type (PCSK5‑MUT) of PCSK5 were first generated (Fig. 3B)
and then co‑transfected with miR‑338‑3p mimic or mimic
NC into BMSCs. Following transfection with miR‑338‑3p
mimic, RT‑qPCR demonstrated that the expression level of
miR‑338‑3p increased by ~3 times compared with the mimic
NC group (Fig. 3C). Following co‑transfection, as illustrated
in Fig. 3D, the group of PCSK5‑WT plus miR‑338‑3p mimic
suppressed luciferase activity by 40% compared with the
group of PCSK5‑WT plus mimic NC. Luciferase activity was
not influenced in the mutant group, meaning miR‑338‑3p could
bind to PCSK5 3'UTR; this was further confirmed by the
RNA pull‑down assay. As depicted in Fig. 3E, the expression
of PCSK5 was dramatically enriched in the Bio‑miR‑338‑3p
group by >6 times compared with the Bio‑NC group. This result
suggested that miR‑338‑3p could target PCSK5. Subsequently,
miR‑338‑3p inhibitor was applied to silence miR‑338‑3p. The
inhibitory efficiency detected using RT‑qPCR showed that
miR‑338‑3p inhibitor successfully decreased the expression
of miR‑338‑3p to a level that was 30% of the control group
(Fig. 3F). The expression of PCSK5 protein was detected
by western blotting, following transfection with si‑PCSK5,
miR‑338‑3p inhibitor or si‑PCSK5 plus miR‑338‑3p inhibitor
in BMSCs. The results indicated that the expression of PCSK5
protein was suppressed by si‑PCSK5 by 60%, while it was
enhanced by the miR‑338‑3p inhibitor by 50% compared with
the control group (Fig. 3G). The expression of PCSK5 protein,
which was suppressed by si‑PCSK5, could even be reversed
by the miR‑338‑3p inhibitor. These results revealed that the
expression of PCSK5 protein could be increased if miR‑338‑3p
was silenced. Given that miR‑338‑3p could suppress PCSK5 on
the protein level, miR‑338‑3p could target PCSK5.
miR‑338‑3p inhibits osteoblastic differentiation of BMSCs.
Given that PCSK5 is a potential target of miR‑338‑3p, whether
or not miR‑338‑3p exerted the opposite effect to PCSK5 on
osteoblastic differentiation of BMSCs was verified. To confirm
this, BMSCs were transfected with si‑PCSK5, miR‑338‑3p
inhibitor, si‑PCSK5 plus miR‑338‑3p inhibitor, and NC. Similar
to the exploration of PCSK5, ALP activity, OCN secretion, OSX,

RUNX2, OPN and BSP mRNA expression and Alizarin Red S
staining were conducted in BMSCs. As shown in Fig. 4A, the
miR‑338‑3p inhibitor increased ALP activity by 40% compared
to the control group, and it compromised the inhibitory effect of
si‑PCSK5 on ALP activity. Compared with the control group,
the secretion of OCN was enhanced by 60% when miR‑338‑3p
was inhibited (Fig. 4B). Also, the braking effect of si‑PCSK5 on
osteocalcin secretion was restored by the miR‑338‑3p inhibitor
(Fig. 4B). Compared with the control group, miR‑338‑3p
inhibitor increased the mRNA expression of OSX, RUNX2,
OPN and BSP by ~2.3, 3, 2 and 2.5 times, and it weakened
the inhibition of si‑PCSK5 on OSX, RUNX2, BSP and OPN
mRNA expression (Fig. 4C‑F). Alizarin Red S staining showed
that mineralized nodule formation was facilitated in BMSCs
with the miR‑338‑3p inhibitor (Fig. 4G) and that the miR‑338‑3p
inhibitor could reverse the effect of si‑PCSK5. Overall, these
results demonstrated that miR‑338‑3p inhibited osteoblastic
differentiation of BMSCs, thereby playing an opposite role of
PCSK5 in age‑associated osteoporosis.
Discussion
In the present study, the regulatory mechanism of miR‑338‑3p
and its target gene PCSK5 on osteogenic differentiation was
investigated in vitro using BMSCs. The aim was to gain more
insights into the effects of miR‑338‑3p and its target gene
PCSK5 on the osteogenesis process, as well as understanding
their roles in age‑associated osteoporosis. The experimental
results showed that miR‑338‑3p inhibited osteogenic differ‑
entiation, while its target gene PCSK5 accelerated osteogenic
differentiation. Therefore, miR‑338‑3p may be a potential regu‑
lator that inhibits osteogenesis and promotes age‑associated
osteoporosis, even though its target gene PCSK5 had the oppo‑
site effect. A previous study reported that PCSK5 was localized
in bone tissues and expressed in osteoblasts and osteocytes (28).
The detection of mRNA and protein expression of PCSK5 in
BMSCs in the present study at different stages of the aging
process confirmed that PCSK5 had an inverse relationship with
age. Thus, PCSK5 was suspected to be involved in the regula‑
tion of bone formation. A previous study suggested that PCSK5
was a putative regulator in skeletal development (27). Similarly,
the present identified PCSK5 as an essential regulatory factor in
bone formation by contributing to osteoblastic differentiation.
As osteogenesis is a process that highly involves osteoblastic
differentiation (29), the promotional effect of PCSK5 on osteo‑
blastic differentiation reflected its positive role in osteogenesis.
Bone deterioration is even caused by a decrease in osteogenesis
function (30). Based on this, it is proposed that PCSK5 is
crucial in protecting against age‑associated osteoporosis.
In addition, the role of miR‑338‑3p in osteoblastic differen‑
tiation was illustrated in the present study. To be more specific,
it was verified that miR‑338‑3p could target PCSK5. The find‑
ings revealed that miR‑338‑3p showed an opposite trend of
expression in BMSCs with age and exerted negative functions
on PCSK5, thereby limiting bone formation. Several studies
also reported that an increasing number of miRNAs could
regulate BMSC differentiation (31‑33). In the present study,
increased expression of miR‑338‑3p was observed in BMSCs of
older rat samples, which indicated a counter‑productive role of
miR‑338‑3p in osteogenesis. Furthermore, it was demonstrated
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that the enrichment of miR‑338‑3p resulted in the reduction
of osteoblastic differentiation in BMSCs. The present results
were consistent with an in vitro analysis that showed that
miR‑338‑3p inhibited the expression of osteoblastic differen‑
tiation markers, such as OSX, which suppressed osteoblastic
differentiation (21). Playing an inhibitory role in osteoblastic
differentiation, miR‑338‑3p could also be an inducer of bone
loss and age‑associated osteoporosis.
According to previous studies, several factors contribute to
promote bone formation and suppress bone resorption (34‑36).
In the present study, experiments were not designed that were
relevant to investigate the crosstalk among miR‑338‑3p or
PCSK5. Future research may focus on this process and explain
the underlying mechanism of miR‑338‑3p or PCSK5 in osteo‑
genesis as well as age‑associated osteoporosis.
In summary, the experiments carried out in the present
study demonstrated that PCSK5 targeted by miR‑338‑3p could
restrict the process of age‑associated osteoporosis by contrib‑
uting to osteogenesis. Thus, PCSK5 and its upstream target
miR‑338‑3p could be valuable biomarkers for the prevention
and healing of age‑associated osteoporosis.
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