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in the fracture areas stimulated osteoblast activity which 
repaired the bone fractures in aged mice. Thus, our study 
revealed that miR-142-5p plays a crucial role in healing frac-
tures by maintaining osteoblast activity, and provided a new 
molecular target therapeutic strategy for bone healing.
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Introduction

Skeletal fractures, as a major social health issue, contrib-
ute to disability and morbidity especially in aged popula-
tions [1]. Approximately 1.5 million individuals experience 
bone fractures secondary to skeletal diseases annually [2, 
3]. Nearly 5–10  % of fractures heal improperly, includ-
ing delayed union or nonunion [4, 5]. The rate of bone 
repair is progressively reduced with aging [6]. Delayed 
healing results in an increased duration of immobiliza-
tion and increased risk of joint stiffness. Bone healing is 
a complex regenerative process initiated in response to a 
fracture, with the final aim of restoring skeletal function. 
During this process, maintenance of osteoblast differentia-
tion and activity is crucial [7]. The bone formation in frac-
tured areas involves proliferation of osteogenic committed 
mesenchymal stem cells and their differentiation to mature 
osteoblasts, which is accompanied by synthesis of osteoid 
extracellular matrix proteins such as collagen type I, bone 
sialoprotein, osteocalcin, and osteopontin followed by 
matrix mineralization [8]. However, the capacity for repair 
declines with age; this has been determined in humans [9], 
rats [10, 11], and mice [12]. Aging was associated with 
decreased bone formation, delayed remodeling, and altered 
expression of genes involved in repair and remodeling [13].
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MicroRNAs (miRNAs) are noncoding single-stranded, 
approximately 22-nucleotide RNAs that are involved in the 
regulation of various biological processes [14]. They play a 
critical role as posttranscriptional regulators of gene expres-
sion through binding to specific sequences in target genes. 
Recently, a growing number of novel miRNAs have been 
verified to control the complex process of osteogenic dif-
ferentiation and osteoblastic bone formation [15–18]. Our 
previous studies also identified two new miRNAs (miR-
2861/3960 cluster) in mouse osteoblasts that promoted 
osteoblast differentiation by repressing histone deacetylase 
5 (HDAC5) and homeobox A2 (Hoxa2) expression at the 
posttranscriptional level [19, 20]. Additionally, miR-214 has 
been shown to target activating transcription factor 4 (ATF4) 
to inhibit osteoblast activity and bone formation both in vitro 
and in  vivo [21]. Inhibition of miR-92a enhanced fracture 
healing via promotion of angiogenesis in a model of stabi-
lized fracture in young mice [22]. However, the role of miR-
NAs in osteogenesis during fracture healing is still unclear.

MiR-142-5p has been shown to be overexpressed in 
many pathological contexts, such as gastric cancer [23], 
small bowel inflammation [24], simian immunodeficiency 
virus encephalitis [25] and atherosclerosis [26]. Remark-
ably, an alteration in miR-142-5p level was observed dur-
ing bone development and the pathogenesis of bone dis-
eases. The expression of miR-142-5p was downregulated 
in osteosarcomagenesis, as a miRNA signature defining 
the expression identity of osteosarcoma [27]. On the other 
hand, miR-142-5p expression increased during the differ-
entiation and mineralization of osteoblasts [18, 28]. Specif-
ically, the levels of alkaline phosphatase, Runx2, JunB, and 
osteocalcin increased on miR-142-5p agonist treatment, 
and decreased in the antagonist group. However, the role of 
miRNA-142-5p in bone healing remains unexplored.

In this study, we identified a significant upregulation of 
miR-142-5p correlated with active osteoblastogenesis dur-
ing the bone healing process. We also found that the levels 
of miR-142-5p in the callus were lower in aged mice than in 
young mice and were closely associated with the age-related 
delay of bone healing. MiR-142-5p also promoted osteo-
blast activity and matrix mineralization by targeting the gene 
encoding WW-domain-containing E3 ubiquitin protein ligase 
1 (WWP1). Thus, we postulate that a primary function of 
miR-142-5p in bone healing is to maintain osteoblast activity.

Materials and methods

Fracture model

All procedures involving mice were approved by the Cen-
tral South University Animal Management Committee. The 
mice femur fracture model was constructed as previously 

described [29]. Mice were given an intraperitoneal injection 
of chloral hydrate for anesthesia. We prestabilized the right 
femur by placing a needle in the marrow space. A 15-mm 
skin incision was made along the vertical axis of the right 
femur, and muscles were split to expose the femur. Then, 
the mid-diaphysis of the femur was fractured with a nip-
per. Mice were euthanized at different time points, and the 
limbs were harvested for further analysis. All bones were 
assessed during surgery and during harvesting by radiog-
raphy. If the fracturing procedure did not produce a stable 
transverse fracture or if there was evidence of the develop-
ment of deep infection, the mouse was excluded from the 
study.

Administration of miR‑142‑5p in mice

Eighteen-month-old C57BL/6 mice were used in all experi-
ments and were housed under specific pathogen–free con-
ditions (22  °C, 12-h light/12-h dark cycles, and 50–55 % 
humidity) with free access to food pellets and tap water. 
After the femur fracture model had been constructed, these 
mice received once a week for 4  weeks either agomir-
142-5p or negative control agomir (agomir-NC) at a dose 
of 2 nmol or a comparable volume of phosphate-buffered 
saline (PBS; 50 μl) via periosteal injection at the fracture 
site. Four weeks after the first injection, mice were eutha-
nized. Bone samples were harvested for further analy-
sis. Agomir-142-5p and agomir-NC were synthesized by 
Guangzhou RiboBio.

Cell culture and in vitro osteoblastic differentiation

The mouse preosteoblast cell line (MC3T3-E1) was cul-
tured in minimum essential medium  α (Gibco), supple-
mented with 10 % fetal bovine serum, penicillin at 100 U/
ml, and streptomycin at 100  μg/ml at 37  °C with 5  % 
CO2. For the experiments, confluent cells were removed 
with use of 0.25  % trypsin containing 10  mM EDTA, 
resuspended in antibiotic-free growth medium, and plated 
onto 24-well plates. To induce osteoblastic mineraliza-
tion, MC3T3-E1 cells were seeded in 24-well plates with 
medium containing minimum essential medium  α sup-
plemented with ascorbic acid at 50 mg/L (Invitrogen) and 
10 mM β-glycerophosphate (Sigma, St Louis, MO, USA) 
in a humidified 5 % CO2 atmosphere at 37 °C. Then ago-
mir-142-5p (200 μM) was transfected into the cells with 
use of Lipofectamine 2000 (Invitrogen) or antagomir-
142-5p (200 μM) was directly added to the medium, and 
the medium was changed every 3  days. Agomir-142-5p, 
antagomir-142-5p, and their corresponding controls were 
purchased from Guangzhou RiboBio. At day 21, cells 
were treated with alizarin red to visualize mineralized 
nodules. Cells were fixed in 70 % ethanol for 1 h at room 



J Bone Miner Metab	

1 3

temperature and stained with 1 % alizarin red S for 10 min. 
Cell preparations were washed with PBS to eliminate non-
specific staining. The stained matrix was assessed with a 
Nikon Diaphot inverted microscope and photographed with 
a Nikon camera.

Quantitative reverse transcription PCR analysis

Quantitative reverse transcription PCR was done per-
formed with a LightCycler (Roche), which is a combined 
thermal cycler and fluorescence detector with the ability to 
monitor the progress of individual PCRs optically during 
amplification. Total RNA from cultured cells or tissues was 
extracted as described previously [30]. Briefly, specimens 
were pooled for calluses harvested on days 0, 7, 14, 21, 
and 28. All specimens include 3 mm of bone, cartilage, or 
granulation tissue proximal and distal to the fracture site. 
Total RNA from harvested cells or tissues was isolated with 
TRIzol reagent (Invitrogen), and reverse transcription was 
performed with 1.0 µg total RNA and SuperScript II (Inv-
itrogen). Amplification reactions were set up in 25-μl reac-
tion volumes containing amplification primers and SYBR 
Green PCR master mix (PE Applied Biosystems). A 1-µl 
volume of complementary DNA was used in each amplifi-
cation reaction. Preliminary experiments were conducted to 
optimize the primer concentrations. Primer sequences are 
listed in Tables S1 and S2.

Bone‑specific alkaline phosphatase and osteocalcin 
ELISA analysis

For the bone-specific alkaline phosphatase (BALP) and 
osteocalcin ELISA analysis, conditioned medium was col-
lected and stored at −80 °C until use. The BALP and oste-
ocalcin concentration were measured with an ELISA kit 
according to the manufacturer’s instructions (USCN Life 
Science).

Western blot

To investigate the expression of target proteins in cells, 
Western blot was performed. The protein concentra-
tions were determined by a Bradford protein assay. For 
this, 100 µg protein from each sample was loaded onto a 
7.5  % polyacrylamide gel. After electrophoresis, the pro-
teins separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis were transferred to a poly(vinylidene 
difluoride) membrane (Millipore). The membrane was 
blocked with 5 % nonfat milk in PBS and then incubated 
with anti-WWP1, anti-Runx2, anti-JunB, anti-osteocalcin 
(Abcam), or anti-β-actin (Abcam) in PBS overnight. Then 
the membrane was reprobed with appropriate secondary 
antibodies conjugated with horseradish peroxidase for 1 h. 

Blots were processed with an enhanced chemiluminescence 
kit (Santa Cruz Biotechnology), and exposed to the film.

Radiological assessment

X-ray scans of the fractured legs were serially taken at day 
28 after fracture. This procedure was done with the mouse 
under anesthesia with the mouse supine and with both 
limbs fully extended. Fracture union was identified by the 
presence of bridging callus on two cortices. Radiographs 
were taken independently and blindly reviewed by three 
orthopedic surgeons. Radiographic images were scored as 
previously described [22]: grade 1, no apparent hard cal-
lus; grade 2, slight intramembranous ossification; grade 3, 
hard callus without bridging of the fracture gap, fracture 
line apparent; grade 4, hard callus with bridging of the frac-
ture gap, fracture gap noticeable; grade 5, unclear boundary 
between the newly formed hard callus and existing cortical 
bone; and grade 6, remodeling.

The intact and fractured right femurs of each mouse 
were fixed with 4 % paraformaldehyde for 24 h and sub-
sequently washed with 1X PBS. Twenty-four  hours later, 
micro-CT scanning was performed with an eXplore Locus 
SP system (GE Healthcare). This machine is a cone-beam 
scanning system used to examine small animal specimens 
in  vitro. Volumetric density (mg hydroxyapatite/cm3) of 
the mineralized tissue of the proximal femur was measured 
as a fraction of the mineralized tissue within the callus, 
excluding the original femur shaft.

Histological assessment

Mice were euthanized on day 28 by cervical disloca-
tion. Femurs were harvested, fixed in 10  % formalin, 
and embedded in paraffin. Sections were stained with 
hematoxylin–eosin.

Selection of potential target genes

We used TargetScan (http://www.targetscan.org/vert_50/) 
to predict the potential targets of miR-142-5p. We screened 
out 415 potential targets and searched PubMed with the 
keyword “osteogenesis.” We selected the 11 genes mostly 
involved in PubMed-related articles. We ranked these 11 
genes by total context score, which indicates the relevance 
of miR-142-5p in TargetScan (Table S3).

Wwp1 3′ untranslated region cloning and luciferase 
reporter assay

For functional analysis of miR-142-5p, a segment of the 
mouse Wwp1 3′ untranslated region (UTR) including the 
predicted miR-142-5p binding site was PCR amplified. 

http://www.targetscan.org/vert_50/
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The PCR product was purified and then inserted into 
the XbaI–FseI site immediately downstream of the stop 
codon in the pGL3 control luciferase reporter vector (Pro-
mega, Madison, WI, USA), resulting in wild-type pGL3–
Wwp1  3′  UTR. A QuikChange site-directed mutagenesis 
kit (Stratagene, La Jolla, CA, USA) was used to intro-
duce mutations into the seed region of mutant pGL3–
Wwp1  3′  UTR. Then, MC3T3-E1 cells were transfected 
with either wild-type or mutant pGL3–Wwp1  3′  UTR 
constructs, the pRL-TK Renilla luciferase plasmid (Pro-
mega), and agomir-142-5p or agomir-NC for 48 h. A Dual-
Luciferase reporter assay system (Promega) was used to 
quantify the luminescent signal with use of a luminometer 
(Glomax; Promega). Each value from the firefly luciferase 
assay was normalized to the Renilla luciferase value from 
the cotransfected phRL-null vector (Promega). The nucleo-
tide sequences of primers for wild-type and mutant reporter 
plasmids are shown in Table S4.

Statistical analysis

Data are presented as the mean ± standard deviation, and 
all experiments were performed at least three times. Statis-
tical analyses were performed with SPSS 16.0. Differences 
between the two groups were compared by the unpaired 
Student’s t test, whereas more than two groups were com-
pared by one-way analysis of variance between groups, and 
P values less than 0.05 were considered to be statistically 
significant.

Results

Identification of miR‑142‑5p involved 
in osteoblastogenesis during the bone healing process

To determine the levels of miRNAs during bone fracture 
healing, we screened 49 miRNAs that had previously been 
shown to be involved in osteogenic differentiation, bone 
development, and bone formation [15–18]. We identified 
11 miRNAs differently expressed during the fracture heal-
ing process. The expression of miR-142-5p, miR-181a, 
miR-140-3p, miR-205, miR-125b, and miR-135a was 
upregulated. In constract, the expression of miR-130a, 
miR-143, miR-106a, miR-92, and miR-338 was down-
regulated (Fig.  1a). As the most dramatically activated 
miRNA, miR-142-5p was selected and we investigated its 
function in fracture healing. As shown in Fig.  1a, miR-
142-5p was highly expressed during the whole fracture 
period. At 21  days after fracture, miR-142-5p expres-
sion had increased more than tenfold, and then slightly 
declined, coinciding with the most active part of endochon-
dral ossification in the callus. Furthermore, the change in 

miR-142-5p expression was consistent with the osteocalcin 
messenger RNA (mRNA) level, indicating miR-142-5p 
might be involved in osteoblastogenesis during fracture 
repair (Fig. 1b).

MiR‑142‑5p stimulated osteoblast activity and matrix 
mineralization in vitro

To investigate the role of miR-142-5p in regulating osteo-
blast activity, we treated MC3T3-E1 cells with either ago-
mir-142-5p (a miR-142-5p agonist) or antagomir-142-5p 
(a miR-142-5p inhibitor). MiR-142-5p levels in cultured 
cells were upregulated by agomir-142-5p transfection and 
markedly downregulated by antagomir-142-5p treatment 
(Fig.  2a). Functionally, the levels of secreted BALP and 
osteocalcin were markedly higher in the agomir-142-5p 
treatment group and lower in the antagomir-142-5p treat-
ment group compared with the control (Fig. 2b). In addi-
tion, agomir-142-5p promoted mineralized nodule for-
mation, whereas antagomir-142-5p treatment reduced 
mineralized nodule formation in 21-day cultures (Fig. 2c).

All of these results suggested that miR-142-5p stimu-
lates osteoblast activity and matrix mineralization.

MiR‑142‑5p directly targeted Wwp1

It has been demonstrated that miRNAs execute regulatory 
function by binding the 3′ UTR of target gene mRNA [14]. 
To gain further insight into the mechanism by which miR-
142-5p regulates osteoblast activity, we used TargetScan 
[31] to predict the potential targets of miR-142-5p. More 
than 400 potential targets were screened out. Among these 
candidate target genes, we selected 11 osteogenesis-rele-
vant genes. Wwp1 is one of the commonly reported genes, 
and is a negative regulator of osteoblast differentiation, 
containing a miR-142-5p binding site in the 3′  UTR [32] 
(Fig. 3a).

To test whether miR-142-5p can directly regulate Wwp1, 
we constructed luciferase reporters that had either a wild-
type Wwp1 3′ UTR or a Wwp1 3′ UTR containing mutant 
sequences of the miR-142-5p binding site. We introduced 
luciferase reporters with agomir-142-5p into MC3T3-E1 
cells and measured the level of luciferase enzyme activ-
ity to determine the effects of miR-142-5p on luciferase 
translation. Overexpression of miR-142-5p suppressed the 
luciferase activity through binding to the wild-type Wwp1 
3′  UTR and inhibiting its expression (Fig.  3b). However, 
unrecognized mutant Wwp1 3′ UTR abolished this repres-
sion, confirming the specificity of the action (Fig. 3b).

To directly test the validity of the putative target, 
MC3T3-E1 cells were transfected with agomir-142-5p or 
antagomir-142-5p. We found no change in Wwp1 mRNA 
levels for different treatment times (data not shown), but 
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WWP1 protein levels were downregulated after agomir-
142-5p treatment, whereas antagomir-142-5p treatment 
increased WWP1 protein expression (Fig. 3d).

Since WWP1 promotes the degradation of Runx2 and 
JunB in bone marrow stromal cells, we investigated Runx2 
and JunB mRNA and protein levels in this process. Rela-
tive to the control, agomir-142-5p treatment induced higher 
levels of Runx2 and JunB mRNA and protein. In contrast, 
antagomir-142-5p treatment downregulated both Runx2 
and JunB mRNA and protein levels (Fig.  3c, d). These 
results suggest that Wwp1 is a potent target of miR-142-5p 
during fracture healing.

MiR‑142‑5p expression significantly decreased in aged 
mice and treatment with agomir‑142‑5p rescued bone 
formation and bone healing

It has been reported that aging is associated with a delay in 
fracture healing [12]. Here, we built femoral fracture repair 

mice models at either 10 weeks or 18 months of age. The 
osteocalcin and Runx2 levels decreased, whereas the WWP1 
level increased in fractured areas from aged mice compared 
with young mice at 7, 14, 21, and 28 days after fracture, indi-
cating impaired osteoblast activity (Fig.  4a). MiR-142-5p 
levels in fracture sites from young mice increased and 
reached a peak at 21 days after fracture (Fig. 4b). However, 
in aged mice, miR-142-5p levels were significantly reduced 
in intact bone tissue and in the entire period of the fracture 
repair process compared with those in young mice (Fig. 4b).

To examine whether agomir-142-5p treatment could 
compensate for the delayed fractures that occur in aged 
mice, agomir-142-5p was injected into the fracture site of 
18-month-old mice once a week between day 1 and day 28 
after fracture, and these mice were compared with aged 
mice that received agomir-NC or PBS injections.

Radiographs (Fig. 4c) showed that the callus from ago-
mir-142-5p-treated aged mice (18-month-old mice) were 
calcified and mostly bridged at 28 days after fracture. The 

Fig. 1   miR-142-5p expression pattern during the bone healing pro-
cess. a MicroRNA (miRNA) levels in callus at different time points 
(days 7, 14, 21, and 28 after fracture) were determined by quantita-
tive reverse transcription PCR and normalized to the ratio of U6, then 
expressed as a value relative to the mean intensity at the intact femur 
(nonfractured; day 0); six mice per group. b Bglap (osteocalcin gene) 

messenger RNA (mRNA) levels were determined by quantitative 
reverse transcription PCR, and the acquired band intensities were nor-
malized to the ratio of the internal standard β-actin and expressed as a 
value relative to the mean intensity at the intact femur (nonfractured; 
day 0); six mic per/group. Data are shown as the mean ±  standard 
deviation
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boundary between the newly formed hard callus and cor-
tical bone became obscure. However, the callus from ago-
mir-NC-treated aged mice and vehicle-treated aged mice 
was partly bridged and the gap remained. Histological anal-
ysis at 28 day after fracture showed that fractures in aged 
mice treated with agomir-142-5p had reduced cartilage 
and increased bone compared with fractures in agomir-
NC-treated and vehicle-treated aged mice (Fig. 4d). Callus 
bone mineral density (Fig. 4e) as well as the levels of oste-
ocalcin, Runx2, and JunB significantly increased, whereas 

the WWP1 level decreased in agomir-142-5p-treated aged 
mice (Fig.  4f). The findings revealed that agomir-142-5p 
treatment resulted in improved bone formation and fracture 
repair in aged mice.

Discussion

Bone fracture healing is a complex regenerative process 
in which there are major events of bone matrix synthesis 

Fig. 2   MiR-142-5p stimulated osteoblast activity and matrix min-
eralization in  vitro. a MC3T3-E1 cells were treated with agomir-
142-5p, antagomir-142-5p, or the corresponding controls for 48  h. 
MiR-142-5p levels were detected by quantitative reverse transcrip-
tion PCR. b ELISA analysis of the amount of bone-specific alkaline 
phosphatase (BALP) and osteocalcin in the supernatant of MC3T3-E1 
cells after treatment with agomir-142-5p, antagomir-142-5p, or the 
corresponding controls for 48  h. c Microscopic view of the effects 

of miR-142-5p on matrix mineralization in MC3T3-E1 cells. Rep-
resentative microscopic views at a magnification of ×200 of cells 
transfected with miR-142-5p, agomir-142-5p, antagomir-142-5p, or 
the corresponding controls after 21  days of culture are shown. All 
data are the mean ± standard deviation from five independent experi-
ments. Agomir-NC, negative control agomir, antagomir-NC, negative 
control antagomir, asterisk P < 0.05, scale bar 500 μm
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and mineralization by osteoblasts [33–35]. In this study, we 
clarified that miR-142-5p promoted bone repair by stimu-
lating osteoblast activity. Moreover, miR-142-5p expres-
sion significantly decreased in aged mice with delayed 
fracture healing, and treatment with agomir-142-5p at 
fracture sites promoted bone formation and bone healing. 
Hence, this study identified miR-142-5p as an important 
stimulator of osteoblast activity and bone repair under both 
physiological and pathophysiological conditions.

Multiple miRNAs act as important regulators of oste-
oblast-related gene expression at the posttranscriptional 
level [36–40]. They might regulate gene expression either 
by increasing mRNA decomposition or by repressing pro-
tein translation. There are many examples that miRNAs 
downregulate protein accumulation without influencing 
the levels of mRNA [41, 42], suggesting that translation is 
inhibited after its initiation [43]. This provides an explana-
tion for unchanged Wwp1 mRNA and upregulated WWP1 

protein levels in our study, indicating that miR-142-5p 
affects WWP1 translation rather than mRNA itself.

So far, the existing evidence has confirmed the essential 
roles of miRNAs in bone development and homeostasis. 
Deregulation of miRNA-mediated mechanisms is emerging 
as a vital pathological factor in skeletal disorders. However, 
few reports are available concerning miRNAs that modu-
late fracture healing or therapeutic approaches using miR-
NAs to promote fracture healing.

In our study, we found a dramatic activation of miR-
142-5p expression in osteoblasts, whereas downregula-
tion of miR-142-5p expression reduced the mRNA levels 
of Runx2, JunB, and osteocalcin, suggesting miR-142-5p 
enhanced osteoblast activity and matrix mineralization dur-
ing the bone healing process. The pattern of miR-142-5p 
expression was positively correlated with the expression 
of bone formation marker genes. Thus, our study revealed 
that miR-142-5p promotes fracture healing via activation of 

Fig. 3   MiR-142-5p directly targeted Wwp1. a The miR-142-5p puta-
tive target site in the mouse Wwp1 3′ untranslated region (UTR) and 
alignment of miR-142-5p with wild-type and mutant 3′ UTR regions 
of Wwp1 showing the complementary pairing. The three mutated 
nucleotides are underlined. b The effect of agomir-142-5p, antag-
omir-142-5p, or the corresponding controls on luciferase activity in 
MC3T3-E1 cells transfected with either the wild-type Wwp1 3′ UTR 
or the mutant Wwp1 3′ UTR. Firefly luciferase values normalized for 
Renilla luciferase are presented. The effect of agomir-142-5p, antago-

mir-142-5p, or the corresponding controls on Wwp1, Runx2, and Junb 
messenger RNA (mRNA) levels (c) and the amount of WW-domain-
containing E3 ubiquitin protein ligase 1 (WWP1), Runx2, and JunB 
(d) in MC3T3-E1 cells. The cells were harvested after treatment with 
200 μM agomir, antagomir, or the corresponding controls for 48 h. 
All data are the mean ±  standard deviation from five independent 
experiments. AgomiR-NC, negative control agomir, antagomiR-NC, 
negative control antagomir, CDS coding DNA sequence, Mut, MUT 
mutant, WT wild type, asterisk P < 0.05
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osteoblast activity, and is an important regulator of osteo-
blast function. To our knowledge, these results are the first 
to demonstrate the role of miR-142-5p in fracture healing. 
Our data highlight the role of miRNAs in osteogenesis 
and emphasize their potential therapeutic values for bone 
abnormalities.

WWP1 belongs to the C2-WW-HECT subfamily of 
ubiquitin E3 ligases [32]. Previous studies have reported 
that TNF-induced effects on mesenchymal colony 

formation, osteoblast differentiation, and JunB ubiquitina-
tion were abolished in Wwp1−/− mice [44]. These stud-
ies demonstrated that Wwp1−/− mice developed increased 
bone mass as they aged, associated with increased bone 
formation rates and normal bone resorption parameters. 
They indicated WWP1 is a negative regulator of osteoblast 
differentiation. Our data demonstrated that the change in 
miR-142-5p level results in an alteration in the expression 
of WWP1. MiR-142-5p stimulates osteocalcin and Runx2 

Fig. 4   Age-related bone healing delay was associated with bone cal-
lus miR-142-5p. a Total RNA was harvested from fracture callus in 
young and aged mice on days 7, 14, 21, and 28 after fracture. WW-
domain-containing E3 ubiquitin protein ligase 1 (WWP1), Runx2, and 
osteocalcin levels were determined by Western blot, and the acquired 
band intensities were normalized to the ratio of the internal standard 
β-actin and expressed as a value relative to the mean intensity at the 
intact femur (nonfractured; day 0) from young mice. b The miR-
142-5p level was determined by quantitative reverse transcription 
PCR in callus at different time points (days 0, 7, 14, 21, and 28 after 
fracture) from young and aged mice with stabilized femoral frac-
tures, and the acquired band intensities were normalized to the ratio 
of the internal standard U6 and expressed as a value relative to the 
mean intensity at the intact femur (nonfractured; day 0). c Repre-
sentative radiographs and radiographic scores of vehicle-treated aged 
mice, negative control agomir (agomir-NC)-treated aged mice, and 
agomir-142-5p-treated aged mice at 28 days after fracture. d Repre-
sentative hematoxylin–eosin-stained sections of vehicle-treated aged 

mice, agomir-NC-treated aged mice, and agomir-142-5p-treated aged 
mice at 28  days after fracture shown (scale bar 100 μm). e Three-
dimensional micro-CT quantification of volumetric density (mg 
hydroxyapatite/cm3) of the mineralized tissue (BMD), expressed 
as a fraction of mineralized tissue within the callus, excluding the 
original tibia shaft in aged mice into which agomir-142-5p (aged 
mice+agomir), agomir-NC (aged mice+agomir-NC) or phosphate-
buffered saline (PBS; aged mice+PBS) was injected at day 28 after 
fracture. f Western blot analysis of WWP1, Runx2, JunB, and oste-
ocalcin in the callus at day 28 from aged mice into which agomir-
142-5p (aged mice+agomir), agomir-NC (aged mice+agomir-NC), 
or PBS (aged mice+PBS) was injected. The acquired band intensi-
ties were normalized to the ratio of the internal standard β-actin 
and expressed as a value relative to the mean intensity at the callus 
(day 28) from the PBS group (aged mice+PBS). All data are the 
mean ± standard deviation from five independent experiments. Aster-
isk P < 0.05
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expression by targeting Wwp1. Furthermore, our experi-
mental evidence strongly suggests that Wwp1 is a func-
tional target of miR-142-5p, mediating the regulation of 
the effect of miR-142-5p on osteoblast function. This is the 
first report identifying Wwp1 as a negative target of miR-
142-5p during the fracture healing process. We plan to test 
the effect of miR-142-5p in Wwp1-deficient conditions. 
Additionally, we will test the involvement of other target 
genes in the miR-142-5p-mediated bone healing process.

The capacity for bone repair declines with age. Previous 
studies of fracture healing in rats have shown that osteo-
blast activity, bone formation, and accretion of mineral into 
the callus decreased in elderly animals. In this study, we 
found that miR-142-5p concentrations in the callus of aged 
mice were lower than those in the callus of young mice and 
directly correlated with the age-related delay in bone heal-
ing. Notably, local upregulation of miR-142-5p expression 
caused by agomir-142-5p restored the impaired osteoblast 
activity and fracture repair in aged mice. These data sug-
gest that the lower miR-142-5p levels in the callus contrib-
ute to the delayed fracture healing in aged mice. Agomir-
142-5p treatment could potentially be a promising way 
of experimentation to develop novel therapies for treating 
patients with delayed fracture healing.

Thus, our study provides a new finding that the activa-
tion of miR-142-5p during bone fracture promotes osteo-
blast activity in vitro and in vivo, and this specific miRNA 
could be targeted to improve fracture healing in the aging 
process.
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