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�� Bone Fracture

microRNA- 136- 5p from bone marrow 
mesenchymal stem cell- derived 
exosomes facilitates fracture healing by 
targeting LRP4 to activate the Wnt/β-
catenin pathway

aims
Exosomes derived from bone marrow mesenchymal stem cells (BMSCs) have been reported 
to be a promising cellular therapeutic approach for various human diseases. The current 
study aimed to investigate the mechanism of BMSC- derived exosomes carrying microRNA 
(miR)- 136- 5p in fracture healing.

Methods
A mouse fracture model was initially established by surgical means. Exosomes were isolated 
from BMSCs from mice. The endocytosis of the mouse osteoblast MC3T3- E1 cell line was analyz-
ed. CCK- 8 and disodium phenyl phosphate microplate methods were employed to detect cell 
proliferation and alkaline phosphatase (ALP) activity, respectively. The binding of miR- 136- 5p 
to low- density lipoprotein receptor related protein 4 (LRP4) was analyzed by dual luciferase re-
porter gene assay. HE staining, tartrate- resistant acid phosphatase (TRAP) staining, and immu-
nohistochemistry were performed to evaluate the healing of the bone tissue ends, the positive 
number of osteoclasts, and the positive expression of β-catenin protein, respectively.

results
miR- 136- 5p promoted fracture healing and osteoblast proliferation and differentiation. 
BMSC- derived exosomes exhibited an enriched miR- 136- 5p level, and were internalized by 
MC3T3- E1 cells. LRP4 was identified as a downstream target gene of miR- 136- 5p. Moreover, 
miR- 136- 5p or exosomes isolated from BMSCs (BMSC- Exos) containing miR- 136- 5p activated 
the Wnt/β-catenin pathway through the inhibition of LRP4 expression. Furthermore, BMSC- 
derived exosomes carrying miR- 136- 5p promoted osteoblast proliferation and differentia-
tion, thereby promoting fracture healing.

conclusion
BMSC- derived exosomes carrying miR- 136- 5p inhibited LRP4 and activated the Wnt/β-caten-
in pathway, thus facilitating fracture healing.
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article focus
�� Mechanism by which bone marrow mesen-

chymal stem cell (BMSC) exosomes carrying 
miR- 136- 5p facilitate fracture healing.

Key messages
�� microRNA (miR)- 136- 5p promotes frac-

ture healing, osteoblast proliferation, and 
differentiation, both in vivo and in vitro.

�� miR- 136- 5p- containing BMSC- Exospromote  
osteoblast proliferation and differentiation, 
thereby promoting fracture healing.

Strengths and limitations
�� The paracrine transfer of miRs presents a 

promising novel approach towards miR- 
based therapy in fracture healing.
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�� The unclear clinical application is a limitation.

Introduction
The incidence of life- threatening fractures of long bones 
has increased dramatically as a consequence of the 
increase in motor transport, particularly in developing 
countries.1 Bone fractures are under- investigated injuries, 
with little known about their frequency, risk factors, and 
locations, in spite of their debilitating consequences that 
impede the rehabilitation.2 Thus, a deeper understanding 
of the mechanisms underpinning the process of frac-
ture healing is crucial for avoiding post- fracture adverse 
events. Fortunately, unlike other tissues, bones display a 
significant capacity for healing, a complex and multistep 
process involving various genes and other molecules.3,4

Exosomes, containing various entities including lipids, 
nucleic acids, proteins, and signalling molecules,5 were 
initially discovered as exfoliated membrane vesicles in 
1981.6 More recently, exosomes have been defined as 
cellular organelles that are released by various tissues or 
cells and can be taken up by recipient cells via endocy-
tosis.7 Recent evidence has been presented demonstrating 
the ability of exosomes to stimulate the regeneration 
and repair of tissue and organs.8 Moreover, endocytosis 
of exosomes can facilitate the absorption of proteins, 
messenger RNAs (mRNAs), and microRNAs (miRNAs or 
miRs), thereby affecting target cells.9 Moreover, bone 
marrow mesenchymal stem cells (BMSCs) represent an 
optimal progenitor cell source that plays a role in facili-
tating bone repair. The current study aimed to elucidate 
the role of exosomes derived from BMSCs in bone frac-
ture healing.

miRNAs represent a class of noncoding RNAs modu-
lating gene expression on a post- transcriptional level, and 
have been implicated in various biological processes such 
as stem cell self- renewal and metabolism.10 Accumulating 
evidence continues to highlight the potential of molec-
ular therapy using miRNAs as a treatment for impaired 
fracture healing due to their differential expression 
patterns.11 Through base pairing in the 3’-untranslated 
region (3’-UTR) of target mRNAs, miRNAs commonly 
suppress the expression of their targets.12 In addition to 
the activity of miRNAs reported in MSCs, osteoblasts, or 
osteoclasts,13,14 the role of miRNAs has been further impli-
cated in the process of osteogenic differentiation, such as 
inhibiting MSC differentiation into osteoblasts.15,16

Members of the low- density lipoprotein receptor- 
related protein (LRP) gene family, especially lipoprotein- 
related protein 4 (LRP4), have been reported to play a role 
in the physiology of bone via the Wnt/β-catenin (Wnt) 
signalling pathway.17 The Wnt pathway represents a topic 
of particular research interest with studies highlighting its 
role in various physiological processes and crucial activity 
in bone development, as well as bone healing and regen-
eration following injury.18 Wnt ligands can accelerate 
bone growth and thus indicate the potential fracture 
healing- promoting effects of the Wnt pathway.19

Hence, based on the exploration of the aforemen-
tioned literature, we set out to elucidate the role of 
BMSC- derived exosomes in bone fracture healing with 
an emphasis on relevant functional miRNAs and common 
signalling pathways, such as the Wnt pathway.

Methods
ethics statement. All animal experiments were performed 
with the approval of the Animal Ethics Committee of our 
hospital and in strict adherence with the Guide for the 
Care and Use of Laboratory Animals published by the USA 
National Institutes of Health. Extensive efforts were made 
to ensure minimal animal suffering and number of ani-
mals included in the experiments.
establishment of mouse fracture models. Male C57BL/6 J 
mice, aged seven to ten weeks with body weight around 
19.66 g (standard deviation (SD) 2.21), were housed 
in specific pathogen- free (SPF) animal rooms. Fracture 
models were established using the aforementioned mice 
following an acclimation period of two weeks based on 
previously described methods:20,21 C- shaped instruments 
with three- point bending were applied to create trans-
verse femoral fractures. The right knee was exposed via 
the lateral parapatellar approach, with the medial patel-
la subsequently dislocated. The femoral intercondylar 
groove was fully flexed and exposed to the knee joint, 
after which a burr hole with a diameter of 0.5 mm was 
made in the centre of the intercondylar groove. In order 
to avoid any significant displacement of the fracture, and 
to keep the fracture site neat and stable, a 24 mm needle 
with a diameter of 0.5 mm was inserted into the burr hole 
in the centre of the intercondylar sulcus. Following min-
imal lateral exposure, a thin cut 3 mm deep on the cen-
tral axis was made while avoiding complex fractures. The 
right femur of each animal was fractured using the afore-
mentioned three- point bending method, after which the 
muscle fascia and skin were sutured. Finally, micro- CT 
scan was used to verify successful model establishment.

Regarding tissue preparation, eight weeks after the 
operation the mice were anaesthetized and whole blood 
samples were collected through cardiac puncture. After 
being incubated at room temperature for 30 minutes, 
the blood samples were centrifuged at 5,000 rpm for 
ten minutes, and then serum was separated for bone 
marker detection. The mice were further anaesthetized 
to death followed with the tibia being removed and 
fixed overnight. Some specimens were directly buried in 
plastic, and the rest of the samples were fully decalcified 
with 10% ethylenediaminetetraacetic acid and made into 
paraffin- embedded sections.
experimental animal grouping and treatments. The mice 
were divided into eight groups: sham group (mice re-
ceiving sham operation), model group (fractured mice 
without further treatment), model+ agomir- negative 
control (NC) group (fractured mice injected with agomir- 
NC), model+ miR- 136- 5p group (fractured mice inject-
ed with miR- 136- 5p agomir), model+ NC- mimic- Exos+ 
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overexpression (oe)- NC group (fractured mice injected 
with exosomes from NC- mimic- transfected BMSCs and oe- 
NC plasmids), model+ NC- mimic- Exos+ oe- DKK1 group 
(fractured mice injected with exosomes from NC- mimic- 
transfected BMSCs and DKK1 (a Wnt/β-catenin pathway 
inhibitor) overexpression plasmids), model+ miR- 136- 5p 
mimic- Exos+ oe NC group (fractured mice injected with 
exosomes from miR- 136- 5p mimic- transfected BMSCs 
and oe- NC plasmids), and model+ miR- 136- 5p mimic- 
Exos+ oe- DKK1 group (fractured mice injected with ex-
osomes from miR- 136- 5p mimic- transfected BMSCs and 
DKK1 overexpression plasmids). There were ten mice per 
group and 80 mice in total.

After the mouse models had been successfully 
grouped as mentioned previously, the oligonucleotide 
or plasmids described in each group were diluted with 
transfection reagent in accordance with the instructions 
of the animal transfection reagent (En- transter in vivo, 
Thermo Fisher Scientific, USA), and transferred into mice 
via tail vein injection once a day for three days. Mice of 
the Sham and Model groups were injected with 100 µl 
phosphate- buffered saline once a day for three days. All 
plasmids, sequencing identification, virus packaging, and 
titer testing were procured from Genechem (China).
cell culture. Mouse BMSCs (CP- M131; Procell Life 
Science&Technology Co., Ltd., China were cultured at 
37°C with 5% CO2. The cells at passage 4 to 6 were col-
lected and seeded into a six- well plate at a density of 1.0 
× 105 cells/well. The following day, the cells were washed 
with serum- free Dulbecco’s modified Eagle’s medium 
(DMEM) and cultured with serum- free DMEM (2 ml/
well) for another 48 hours. No spontaneous differentia-
tion was observed during the cultivation process. As per 
the instructions of the BMSC osteogenic differentiation 
(osteogenesis, adipogenesis) kit (CHEM- 200004/5/6, 
Shanghai Linmeng Biotechnology, China), alizarin red S 
and oil red O staining were performed to observe osteo-
genic and adipogenic differentiation ability of BMSCs, re-
spectively. Exosome- free serum was purchased from Sun 
Ran Biotechnology (EXO- FBS- 50A- 1- SBI; China). Besides, 
MLO- Y4 (CL- 0567, Procell Life Science&Technology Co., 
Ltd.), a murine long bone- derived osteocyte- like cell line 
(serving as controls to BMSCs and their exosomes),22 was 
stored in DMEM (Wako, Pure Chemical, Japan) contain-
ing 10% fetal bovine serum (FBS) and 1% penicillin and 
streptomycin solution (Nacalai Tesque, Japan).

Mouse osteoblast cell line MC3T3- E1 (CL- 0251, Procell 
Life Science&Technology Co., Ltd.) was cultured in α-min-
imal medium (Thermo Fisher Scientific, USA) containing 
10% FBS (PAA Laboratories, Germany), 1% penicillin/
streptomycin (Thermo Fisher Scientific) and 1% l- gluta-
mine (Biochrom, Germany). In order to trigger osteo-
genic differentiation, 10 mM β-glycerophosphate and 
0.2 mM ascorbic acid- 2- phosphate (both from Sigma- 
Aldrich) were added to the culture medium.
cell grouping and transfection. Cells were seeded (3 × 
105 cells/ml; 3 ml) into six- well plates upon reaching 80% 
to 90% confluence. Cell transfection was then conducted 

using Lipofectamine 2000 (11668- 019, Invitrogen, USA) 
according to protocols provided by the manufacturer.

To examine the effects of exosomes isolated from 
BMSCs (BMSC- Exos) on osteoblasts, MC3T3- E1 cells 
were cultured in medium containing BMSC- Exos or PBS 
or just medium, divided into BMSC- Exos+ MC3T3- E1, PBS 
+ MC3T3- E1, and Culture medium+ MC3T3- E1 groups.

To examine the effects of miR- 136- 5p on osteo-
blasts, MC3T3- E1 cells were transfected with plasmids 
expressing miR- 136- 5p mimic or inhibitor or corre-
sponding NC, signed as miR- 136- 5p mimic, NC- mimic, 
miR- 136- 5p inhibitor, and NC- inhibitor groups.

To investigate the role of miR- 136 to 5 p/LRP4 axis in 
fracture healing, MC3T3- E1 cells were transfected with 
the combination of plasmids expressing miR- 136- 5p 
mimic/NC- mimic with LRP4/NC overexpression plas-
mids, signed as NC- mimic+ oe NC, NC- mimic+ oe- LRP4, 
miR- 136- 5p mimic+ oe NC, miR- 136- 5p mimic+ oe- LRP4 
groups.

To evaluate the effects of miR- 136- 5p shuttled by 
BMSC- Exos on osteoblasts, METTL3 cells transfected with 
plasmids expressing miR- 136- 5p inhibitor or NC- inhibitor 
were cultured in medium containing BMSC- Exos or PBS, 
signed as BMSC- Exos+ miR- 136- 5p inhibitor, BMSC- Exos+ 
NC- inhibitor, and PBS + NC- inhibitor groups.

Further, to investigate the regulatory role of miR- 136- 
5p- carrying BMSC- Exos targeting LRP4 in fracture healing, 
METTL3 cells transfected with LRP4 or NC overexpression 
plasmids were cultured with Exos derived from BMSCs 
expressing miR- 136- 5p mimic or NC- mimic, divided 
into BMSC- Exos- miR- 136- 5p mimic+ oe- LRP4, BMSC- 
Exos- miR- 136- 5p mimic+ oe NC, BMSC- Exos- NC mimic+ 
oe- LRP4, and BMSC- Exos- NC mimic+ oe NC groups. All 
aforementioned plasmids and sequences were designed 
and constructed from the pcDNA3.1 vector by Genechem 
(China).
Isolation and identification of exosomes. After the BMSCs 
had reached 80% to 90% confluence, the exosomes were 
separated from the cell culture supernatant by means of 
ultra- centrifugation: the collected culture supernatant 
was centrifuged at 500 g for 15 minutes for cell debris 
removal purposes, followed by further centrifugation at 
2,000 g for another 15 minutes to remove both cell de-
bris as well as apoptotic bodies, and finally centrifuged 
at 10,000 g for 20 minutes to remove large vesicles. After 
being filtered and centrifuged, the pellet was collected 
and subsequently resuspended in PBS. The PBS resuspen-
sion solution was then further centrifuged at 110,000 g 
for 70 minutes, and then resuspended again in 100 μl of 
sterile PBS for future experiments. All ultracentrifugation 
steps were performed at 4°C using a Beckman (TL- 100) 
ultracentrifuge, TLS- 55 swinging bucket rotor. For the 
rest low- speed centrifugation, a Beckman Allegra X- 15R 
desktop centrifuge (USA) was used. The obtained ex-
osomes were stored at -80°C.

Identification of the cell exosomes by a transmission 
electron microscopy (TEM): 20 μl of cell exosomes was 
added in a dropwise manner onto a copper mesh and 
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rested for three minutes. Next, phosphotungstic acid 
solution (30 μl, pH = 6.8) was added for counterstaining, 
followed by TEM observation. Then, the size of exosomes 
was analyzed by nanoparticle tracking (NS300, Malvern 
Instruments, UK) and related surface markers were 
identified by Western blot. The protein content of the 
exosome suspension was determined with bicinchoninic 
acid (BCA) kit (23227, Thermo Fisher Scientific) and 
sodium dodecyl sulfate- polyacrylamide gel electropho-
resis (SDS- PAGE) was performed followed by transfer to 
a membrane. The expression of exosome- specific marker 
protein was detected with western blot: tumour suscep-
tibility gene 101 (TSG101) (ab30871, 1: 1,000), CD63 
(ab68418, 1: 1,000), CD81 (ab109201, 1: 2,000), and 
GRP94 (ab3674, 1: 3,000). Ponceau red was employed as 
the loading Sham. The aforementioned antibodies were 
all from Abcam (Cambridge, UK).
exosome uptake of cells. The purified BMSC- Exos were 
labelled with PKH67 Green Fluorescence Kit (PKH67GL- 
1KT, Sigma- Aldrich) and then were resuspended in 1 ml 
Diluent C solution, which was added with 4 μl of PKH67 
ethanol dye solution for the preparation of dye solution 
(4 × 10-6 M). Subsequently, Exos suspension (1 ml) was 
mixed with the dye solution for five minutes and then 
2 ml of 1% bovine serum albumin (BSA) was added for 
one minute of incubation for staining termination pur-
poses, followed by ultracentrifugation, PBS washing, 
and resuspending.

MC3T3- E1 cells were incubated with PKH67- labelled 
exosomes at 37°C for 12 hours followed by fixation with 
4% paraformaldehyde. The nuclei were subsequently 
stained using 4',6- diamidino- 2- phenylindole (DAPI) 
and the cell membrane was stained red with Diluent 
C (C1036, Beyotime Biotechnology, China). A fluores-
cence microscope (Zeiss LSM 800, Carl Zeiss, Germany) 
was used to observe and analyze the uptake of Exos 
labelled by MC3T3- E1.

Uptake of BMSC- Exos carrying Cy3- miR- 136- 5p by 
MC3T3- E1: BMSCs were transfected with Cy3- miR- 136 
to 5 p lentivirus in serum- free medium (GenePharma, 
China) using lipo3000 kit (Invitrogen, L3000001) 
for six hours. The culture medium was subsequently 
replaced by 10% exosome- free serum and cultured for 
an additional 48 hours. BMSC- Exos from the collected 
cell supernatant were resuspended with PBS as per the 
above- mentioned Exos centrifugal step, followed by 
addition into MC3T3- E1. The cells were then fixed with 
4% paraformaldehyde, washed with PBS, and stained 
in the same manner. A fluorescence microscope (Zeiss, 
LSM710) was used to observe the uptake of Exos- 
carrying Cy3- miR- 1365p (red light) of MC3T3- E1.
cell counting kit-8 assay. The cell proliferation ability 
was detected using CCK- 8 kit (CA1210- 100, Solarbio, 
China). Cells exhibiting logarithmic growth were then 
seeded into 96- well plates (5 × 103 cells/well) for three- 
day incubation. The testing was initiated after seeding 
the cells. Upon detection, 10 μl of CCK- 8 solution was 
added into each well and the plate was further incubated 

for two hours. The optical density (OD) at a wavelength 
of 450 nm at different timepoints (0 hrs, 24 hrs, 48 hrs, 
72 hrs) was measured using a microplate reader (BIO- 
RAD 680, Bio- Rad Laboratories, USA). Finally, cell prolif-
eration curves were drawn.
alkaline phosphatase activity measurement. The activity 
of ALP (bone formation marker) of serum or cell culture 
supernatant was detected using Disodium phosphate 
microplate method as per the instructions provided by 
the manufacturer (G5610, Solarbio). A fully automat-
ic biochemical analyzer (UniCel DxC 800 Synchron 
Clinical Systems; Beckman Coulter, USA) was used for 
analysis.
Western blot. The total protein was extracted from cells 
or tissues using pre- cooled radioimmunoprecipitation 
assay (RIPA) lysis buffer (R0010, Solarbio) containing phe-
nylmethylsulphonyl fluoride (PMSF) at 4°C. The protein 
concentration of each sample was then measured using 
a BCA kit (C503021- 0500, Sangon Biotech, China). The 
sample volumes were adjusted according to their protein 
concentration, with the total amount of protein for each 
sample loaded accordingly. After separation using SDS- 
PAGE, the protein was transferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore, USA) via the wet 
transfer method, followed by blockade with 5% BSA at 
room temperature for one hour. The membrane was sub-
sequently incubated with the following diluted primary 
antibodies at 4°C in a shaker overnight: rabbit anti- LRP4 
(DF9610, Affinity Biosciences), Wnt4 (ab91226, 1: 1,000), 
GSK3β (ab3239, 1: 5,000), phosphorylated (p)- GSK3β 
(Tyr216) (ab75745, 1: 1,000), β-catenin (ab32572, 1: 
5,000), p-β-catenin (ab27798, 1: 500), proliferating cell 
nuclear antigen (PCNA; ab92552, 1: 2,000), Runt- related 
transcription factor 2 (Runx2; Ab23981, 1: 1,000), osteo-
genic marker gene osteocalcin (OCN; ab93876, 1: 500), 
and osteopontin (OPN; ab8448, 1: 1,000). After three 
Tris- buffered saline Tween- 20 (TBST) washes (ten mins 
for each wash), the membrane was incubated with horse-
radish peroxidase (HRP)- labelled goat anti- rabbit second-
ary antibody IgG (ab6721, 1: 5,000) at room temperature 
for one hour. Following another TBST wash (ten mins 
× 3), the membrane was developed with HRP substrate 
ECL luminescent liquid (WBKLS0050; Shanghai Lianshuo 
Biotechnology, China). Finally, with glyceraldehyde- 3- 
phosphate dehydrogenase (GAPDH) (ab8245, 1: 5,000) 
employed as the internal reference, the gel imaging anal-
ysis system (GIS- 500, Beijing Qianming Gene Technology, 
China) and Image J software (National Institutes of Health, 
USA) were used to analyze the relative expression of pro-
teins of interest. The aforementioned antibodies were all 
purchased from Abcam.
reverse transcription quantitative polymerase chain reac-
tion. All callus tissues were separated, lyophilized with 
liquid nitrogen, and subsequently ground in a mortar, 
after which total RNA was extracted from the isolated 
callus tissues, cells, and exosomes with TRIzol reagents 
(15596- 018, Solarbio) based on the manufacturer’s in-
structions. According to the instructions of miRNA reverse 
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transcription kit (B532451, Sangon Biotech) and cDNA re-
verse transcription kit (B532445, Sangon Biotech), cDNA 
was obtained, after which the gene fragment was ampli-
fied in the fluorescence quantitative PCR instrument (ABI 
ViiA 7, Da An Gene of Sun Yat- Sen University, China) with 
the miR- 136- 5p reverse transcription primers purchased 
from RiboBio (Guangdong, China). The remaining gene 
primers were synthesized by Dalian Takara (Liaoning, 
China) (Supplementary Table i), which was analyzed 
using a fluorescence quantitative PCR kit (AQ101- 02, 
TransGen Biotech, Beijing, China). GAPDH was regarded 
as an internal reference for the loading control. In regard 
to the miRNA, U6 served as an internal reference. The rel-
ative transcription level of a target gene was calculated 
using 2-△△CT method.
Dual luciferase reporter gene assay. The online website 
TargetScan23 was employed to predict the targeting re-
lationship between the 3’-UTR of LRP4 mRNA and miR- 
136- 5p, with a luciferase reporter gene assay used to 
further verify the predicted results. The dual luciferase 
reporter gene vector of both the wild type and mutated 
target gene LRP4 were constructed respectively: pGLO- 
LRP4- wild type (WT) and pGLO- LRP4- mutant type 
(MUT) with mutations on the predicted binding site of 
miR- 136- 5p. HEK293 cells were cotransfected with ei-
ther reporter plasmid with miR- 136- 5p mimic and the 
internal reference plasmid expressing Renilla luciferase 
(pRL- TK). At 48 hours post- transfection, the cells were 
collected, after which a dual luciferase report analysis 
system (E1910; Promega Corporation, USA) was used to 
determine the relative luciferase activity. Relative lucif-
erase activity = firefly luciferase activity/renin luciferase 
activity.
Haematoxylin-eosin staining. The preserved tissue sam-
ple section was deparaffinized, stained with haematoxy-
lin for five minutes, and eosin for 15 seconds. Then, the 
slides were dehydrated and sealed for observation.
tartrate-resistant acid phosphatase staining. Tissue sec-
tions were dewaxed with xylene, hydrated, and incu-
bated at 37°C with tartrate- resistant acid phosphatase 
(TRAP) staining solution for 30 minutes under conditions 
void of light. The sections were subsequently stained 
with methyl green for five minutes and dehydrated with 
gradient alcohol. The sections were then washed with 
toluene, and sealed with neutral balsam. All chemical 
reagents used in this experiment were purchased from 
Chuandong Chemical Company (Chongqing, China). 
The section was photographed, with the number of 
TRAP- positive cells in five random areas counted.
Immunohistochemistry. Paraffin specimens were sliced 
into 4-μm- thick sections, dewaxed, hydrated, and then 
immunostained with primary antibody against Wnt4 
(ab91226, 1: 200, Abcam) and secondary antibody 
against IgG (ab150083, 1: 100, Abcam). Non- specific 
normal IgG was employed as a NC. The staining results 
were obtained by randomly selecting five lesion areas 

under 200 or 400 magnifications and counting the num-
ber of positively stained cells in the view area. The results 
were expressed as the positive cell value with standard 
deviation (SD), with statistical analyses performed.
Statistical analysis. SPSS 21.0 (IBM, USA) was applied 
for data analysis. Measurement data were expressed as 
mean and SD from three independent tests. The compar-
ison of normally distributed data between two groups 
was analyzed using an unpaired t- test. Data comparisons 
among multiple groups were performed using one- way 
analysis of variance (ANOVA) with a Tukey’s post hoc test. 
Data comparison among groups at different timepoints 
was performed using repeated measures of ANOVA with 
Bonferroni’s post hoc test. A p- value < 0.05 was consid-
ered to be reflective of statistical significance.

results
mir-136-5p facilitates osteogenic differentiation in vivo 
and in vitro. In order to ascertain whether miR- 136- 5p 
plays a key role in the pathology of bone fracture and 
whether upregulation of miR- 136- 5p expression may pro-
mote fracture healing, we initially successfully surgically 
established a fracture mouse model, and subsequently 
conducted treatment with miR- 136- 5p overexpression ol-
igonucleotides. RT- qPCR was subsequently performed to 
detect the expression of miR- 136- 5p in callus tissues, and 
the results indicated that relative to the sham group, the 
miR- 136- 5p expression was significantly reduced in the 
callus tissues of mice in the model group and model + 
agomir NC group (p = 0.031, one- way ANOVA). In addi-
tion, compared with the model + agomir NC group, the 
callus tissues of mice in the model + miR- 136- 5p group 
had elevated miR- 1365p expression (p = 0.014, one- way 
ANOVA) (Figure 1a).

HE staining was applied to observe bone healing, 
with the results demonstrating normal TRAP and intact 
femoral staining in the sham group, while distinct frac-
ture lines were identified in the model group and model 
+ agomir NC group mice, with fibrous callus formation, 
discontinuous appearance of the cortical bone, ambig-
uous neonatal trabecular structure, as well as less new 
bone formation. Relative to the model + agomir NC 
group, the mice in the model + miR- 136- 5p group exhib-
ited the diminished fracture ends, formation of fibrous 
callus, the increased neonatal trabecular structure, as 
well as an increase in new bone mass, indicative of supe-
rior fracture healing (Figure  1b). TRAP staining, which 
was used to calculate the number of positively stained 
osteoclasts, revealed that compared with the sham 
group, the number of TRAP positively stained osteoclasts 
was significantly reduced in the model group and model 
+ agomir NC group (p < 0.001, one- way ANOVA). Mean-
while, compared with the model + agomir NC group, 
the number of TRAP- positive stained osteoclasts was 
markedly elevated in the model + miR- 136- 5p group (p 
< 0.001, one- way ANOVA) (Figures 1b and 1c). The ALP 
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Fig. 1

miR- 136- 5p overexpression promotes osteogenic differentiation in vivo and in vitro. a) Reverse transcription quantitative polymerase chain reaction 
(RT- qPCR) detection of the expression of miR- 136- 5p in callus tissues of mice in each group; b) haematoxylin & eosin (HE) staining (× 200) and tartrate- 
resistant acid phosphatase (TRAP) staining (× 400) of bone healing situation of mice in each group; c) quantitative TRAP analysis of the number of positively 
stained osteoclasts in mice in each group; d) the disodium phenyl phosphate microplate method detection of the activity of alkaline phosphatase (ALP) 
in serum of mice in each group; e) RT- qPCR detection of the expression of microRNA (miR)- 136- 5p in MC3T3- E1 cells overexpressing miR- 136- 5p; f) Cell 
counting kit (CCK)- 8 detection of the proliferation rate of MC3T3- E1 cells overexpressing miR- 136- 5p; g) Western blot detection of the protein expression 
of proliferating cell nuclear antigen (PCNA), Runt- related transcription factor 2 (Runx2), osteocalcin (OCN), osteopontin (OPN), and glyceraldehyde- 3- 
phosphate dehydrogenase (GAPDH) in MC3T3- E1 cells overexpressing miR- 136- 5p. * indicates p < 0.05 compared with sham group or NC -mimic group and 
# indicates p < 0.05 compared with Model + agomir- NC. Measurement data were presented as mean and standard deviation. Unpaired t- test was used for 
data comparison between two groups. Data comparisons among multiple groups were performed using one- way analysis of variance (ANOVA) with Tukey’s 
post hoc test. Data comparison among groups at different timepoints was performed by repeated measures ANOVA with Bonferroni’s post hoc test. N = 10. 
The experiment was repeated three times.

activity in the serum was detected using the disodium 
phenyl phosphate microplate method, with the results 
suggesting that compared with the sham group, the ALP 
activity of the model and model + agomir NC groups 
was significantly increased (p < 0.001, one- way ANOVA). 
Meanwhile, the ALP activity was much higher in the 
model+ miR- 136- 5p group than the model + agomir NC 
group (p < 0.001, one- way ANOVA) (Figure 1d).

In an attempt to further elucidate the associated 
mechanism, osteoblast MC3T3- E1 cells were used to 
conduct the in vitro experiments. MC3T3- E1 cells were 
transfected with miR- 136- 5p mimic, after which RT- qPCR 
was performed to detect the expression of miR- 136- 5p. 
Evidence was obtained indicating that compared to the 
NC- mimic group, the expression of miR- 136- 5p in the 
miR- 136- 5p mimic group was significantly increased (p < 
0.001, unpaired t- test) (Figure 1e).

In addition, CCK- 8 assay was conducted to examine 
the proliferation ability of MC3T3- E1 cells in each group, 
the result of which indicated that compared with the 
NC- mimic group, the proliferation of MC3T3- E1 cells in 
the miR- 136- 5p mimic group was increased (p < 0.001, 
repeated measures of ANOVA) (Figure 1f). Finally, Western 
blot was performed to detect the expression of proteins 
related to cell proliferation (PCNA) and bone formation 
(Runx2, OCN, and OPN) in each group, with results illus-
trating that compared with the NC- mimic group, the 
protein expression of PCNA, Runx2, OCN, and OPN was 
increased significantly in the miR- 136- 5p mimic group ( 

pPCNA = 0.004, pRunx2 = 0.002, pOCN = 0.001, pOPN < 0.001, 
unpaired t- test) (Figure 1g).

Overall, the aforementioned results indicate that over-
expression of miR- 136- 5p promotes the proliferation and 
differentiation of osteoblasts, thereby promoting fracture 
healing.
mir-136-5p is highly expressed in BMScs and BMSc-derived 
exosomes. In view of the data suggesting that miR- 13- 5p 
was highly expressed in BMSC exosomes, BMSCs were 
cultured in vitro, and the growth morphology of BMSCs 
P4, as well as their osteogenic and adipogenic differentia-
tion ability, were observed under an optical microscope. 
The results exhibited that BMSCs P4 cells were fusiform- 
like and grew in a parallel arrangement or in a swirl shape. 
The BMSCs were able to differentiate into osteoblasts un-
der induction culture of the osteogenic differentiation; 
BMSCs are also capable of differentiating into adipocytes 
under induction culture of the adipogenic differentiation 
(Figure 2a). The BMSCs were confirmed to have been suc-
cessfully cultured.

Furthermore, the exosomes derived from MLO- Y4 
cells were regarded as the control for exosomes derived 
from BMSCs for subsequent experiments. Observation of 
the morphology of exosomes by transmission electron 
microscopy revealed that most of the exosomes were 
round or elliptical with varying sizes with a diameter of 
30 nm to 150 nm (Figure 2b). Nanosight particle tracking 
analysis detected the size and number of exosomes, the 
result of which indicated that the collected exosomes 
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Fig. 2

miR- 136- 5p is highly expressed in bone marrow mesenchymal stem cells (BMSCs) and their exosomes. a) Morphological characteristics of BMSCs at passage 4 
and alizarin red S and oil red O staining results of osteogenic as well as adipogenic differentiation observed under an optical microscope (× 200); b) exosome 
structure diagram observed under a transmission electron microscope after stained by phosphotungstic acid solution (scale bar = 100 nm); c) nanosight 
particle tracking analysis of the size and number of exosomes; d) Western blot detection of the protein expression of TSG101, CD63, CD81, and GRP94 in 
MLO- Y4, BMSCs, and their exosomes; e) reverse transcription quantitative polymerase chain reaction (RT- qPCR) detection of the expression of miR- 136- 5p 
in MLO- Y4, BMSCs and exosomes; * indicates p < 0.05. Measurement data were presented as mean and standard deviation. Unpaired t- test was used for 
data comparison between two groups. Data comparisons among multiple groups were performed using one- way analysis of variance (ANOVA) with Tukey’s 
post hoc test. Data comparison among groups at different timepoints was performed by repeated measures ANOVA with Bonferroni’s post hoc test. The 
experiment was repeated three times.

were generally distributed between 10 nm and 150 nm 
(Figure  2c). In addition, Western blot was performed 
to detect the expression of exosome- specific marker 
proteins (CD63, CD81, and TSG101) and endoplasmic 
reticulum markers (GRP94). It was found that compared 
with MLO- Y4 and BMSCs themselves, the expression 
of TSG101, CD63, and CD81 protein was significantly 
increased while GRP94 protein was scarcely expressed 
in MLO- Y4- Exos and BMSC- Exos (p < 0.001, one- way 
ANOVA) (Figure 2d).

Finally, RT- qPCR was performed to identify the expres-
sion of miR- 136- 5p in MLO- Y4, BMSCs, as well as their 
exosomes. The expression of miR- 136- 5p in BMSCs was 
higher than that of the MLO- Y4. In addition, compared 
with MLO- Y4- Exos, the expression of miR- 136- 5p in 
BMSC- Exos increased significantly (p < 0.001, one- way 
ANOVA) (Figure 2e). The aforementioned results demon-
strated that miR- 136- 5p is highly expressed in BMSCs and 
their exosomes.
Delivery of mir-136-5p from BMSc-exos to Mc3t3-e1 pro-
motes the proliferation and osteogenic differentiation 
of Mc3t3-e1. In order to evaluate whether BMSC- Exos 
could enter MC3T3- E1, BMSC- Exos were labelled with 
PKH67 and added into MC3T3- E1 cell culture, and then 
the uptake of Exos by MC3T3- E1 was observed under 
the fluorescence microscope. The results exhibited no 
green fluorescence in the PBS + MC3T3- E1 group or the 
culture medium+ MC3T3- E1 group, while strong green 
fluorescence was detected in the cytoplasm of the BMSC- 
Exos + MC3T3- E1 group. In addition, the laser confocal 

microscope at greater magnification indicated that the 
uptake of BMSC- Exos had been successfully endocytosed 
by the MC3T3- E1 cells (Figure 3a). In addition, miR- 136- 
5p in BMSC- Exos was labelled with Cy3, and then the 
uptake of Exos by MC3T3- E1 was observed under the 
fluorescence microscope via the content of Cy3- miR- 136- 
5p in each group. No red fluorescence was found in the 
PBS + MC3T3- E1 group and culture medium + MC3T3- E1 
group (no Cy3- miR- 136- 5p). Meanwhile, more than 60% 
of cells in the BMSC- Exos + MC3T3- E1 group exhibit-
ed red fluorescence (Cy3- miR- 136- 5p content is high) 
(Figure  3b), indicating that BMSC- Exos can carry miR- 
136- 5p to MC3T3- E1 cells.

Furthermore, the expression of miR- 136- 5p in 
MC3T3- E1 cells in each group was detected by RT- qPCR. 
No significant difference in the miR- 136- 5p level was 
detected between the PBS + MC3T3- E1 group and the 
culture medium + MC3T3- E1 group. Compared with 
the culture medium + MC3T3- E1 group, the expression 
of miR- 136- 5p in the BMSC- Exos + MC3T3- E1 group 
was significantly increased (p = 0.002, one- way ANOVA) 
(Figure  3c). In addition, the results of CCK- 8 assay 
revealed there to be no significant difference in relation 
to the proliferation ability of the MC3T3- E1 cells between 
the PBS + MC3T3- E1 group and the culture medium + 
MC3T3- E1 group. Yet, compared with the culture medium 
+ MC3T3- E1 group, the proliferation rate of MC3T3- E1 
cells was increased in the BMSC- Exos + MC3T3- E1 group 
(p < 0.001, one- way ANOVA) (Figure  3d). The expres-
sion of proliferation related proteins (PCNA) and bone 
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Fig. 3

miR- 136- 5p- containing bone marrow mesenchymal stem cell (BMSC)- Exos translocate to MC3T3- E1 and promote its proliferation and osteogenic 
differentiation. a) BMSC- Exos were labelled with PKH67, and the uptake of BMSC- Exos by MC3T3- E1 was observed under a fluorescence microscope (× 500). 
The Diluent C labelled cell membrane exhibit red fluorescence, the nuclei exhibit blue fluorescence, and PKH67 labelled Exos exhibit green fluorescence; b) 
fluorescence microscope observation of the content of Cy3 labelled miR- 136- 5p in BMSC- Exos in each treatment group with Cy3 exhibiting red fluorescence 
(× 200); c) reverse transcription quantitative polymerase chain reaction (RT- qPCR) detection of the expression of miR- 136- 5p in MC3T3- E1 cells treated 
with BMSC- Exos; d) cell counting kit (CCK)- 8 detection of the proliferation rate of MC3T3- E1 cells treated with BMSC- Exos; e) Western blot detection of the 
protein expression of proliferating cell nuclear antigen (PCNA), Runt- related transcription factor 2 (Runx2), osteocalcin (OCN), osteopontin (OPN), and 
glyceraldehyde- 3- phosphate dehydrogenase (GAPDH) in MC3T3- E1 cells treated with BMSC-Exos; f) alkaline phosphatase (ALP) activity in supernatant of 
MC3T3- E1 cells treated with BMSC- Exos detected by disodium phosphate microplate method; # indicates p < 0.05, and non- significant (NS) represents 
p > 0.05. Measurement data were presented as mean and standard deviation. Unpaired t- test was used for data comparison between two groups. Data 
comparisons among multiple groups were performed using one- way analysis of variance (ANOVA) with Tukey’s post hoc test. Data comparison among 
groups at different timepoints was performed by repeated measures ANOVA with Bonferroni’s post hoc test. The experiment was repeated three times. NS, 
non- significant; PBS, phosphate- buffered saline.

formation- related proteins (Runx2, OCN, and OPN) in 
MC3T3- E1 cells in each group was detected by Western 
blot, which failed to exhibit any notable difference in 
terms of the expression of PCNA, Runx2, OCN, and OPN 
between the PBS + MC3T3- E1 group and the culture 
medium + MC3T3- E1 group. However, when compared 
to the culture medium + MC3T3- E1 group, the expres-
sion of PCNA, Runx2, OCN, and OPN was upregulated in 
the BMSC- Exos + MC3T3- E1 group (pPCNA < 0.001, pRunx2 
< 0.001, pOCN < 0.001, pOPN < 0.001, one- way ANOVA) 
(Figure 3e). Besides, the activity of ALP in cell superna-
tant detected by disodium phenyl phosphate microplate 
method displayed no notable difference between the PBS 
+ MC3T3- E1 group and the culture medium+ MC3T3- E1 
group. Consistent with the findings of the other assays, 
relative to the culture medium + MC3T3- E1 group, the 
ALP activity was enhanced in the BMSC- Exos + MC3T3- E1 
group (p < 0.001, one- way ANOVA) (Figure 3f). Collec-
tively, the above results demonstrated that BMSC- 
Exos could translocate miR- 136- 5p to MC3T3- E1, thus 
promoting MC3T3- E1 proliferation and osteogenic 
differentiation.
mir-136-5p inhibits LrP4 expression to activate the Wnt/
β-catenin pathway. The downstream target genes of miR- 
136- 5p were predicted in connection with the TargetScan 

website, which revealed the presence of miR- 136- 5p 
binding sites in the 3’-UTR of LRP4 mRNA (Figure  4a). 
In addition, LRP4 has been documented to inhibit bone 
formation and the proliferation as well as differentiation 
of bone cells.24 Therefore, we suspected that miR- 136- 5p 
can inhibit LRP4 expression. Dual luciferase reporter gene 
assay was subsequently performed to verify the predicted 
targeting between miR- 136- 5p and LRP4. Compared with 
the NC- mimic group, the luciferase signal of LRP4- WT 
was markedly diminished in the miR- 136- 5p mimic group 
(p < 0.001, unpaired t- test), while that of LRP4- MUT had 
no changes (p = 0.852, unpaired t- test) (Figure 4a), indi-
cating that miR- 136- 5p can specifically bind to the LRP4 
3’-UTR.

Furthermore, the relationship between miR- 136- 5p 
and LRP4 was investigated in MC3T3- E1 cells. Firstly, 
MC3T3- E1 cells were transfected with miR- 136- 5p mimic 
or inhibitor with their transfection efficiency evaluated 
by RT- qPCR. The results obtained provided verification 
confirming that miR- 136- 5p mimic and miR- 136- 5p inhib-
itor had indeed been successfully expressed in the cells (p 
< 0.001, unpaired t- test) (Figures 4b and 4c). Additionally, 
Western blot analysis illustrated that the overexpression 
of miR- 136- 5p inhibited the protein expression of LRP4 
while silencing of miR- 136- 5p promoted the expression 
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Fig. 4

MicroRNA (miR)- 136- 5p activates the Wnt/β-catenin pathway by targeting low- density lipoprotein receptor related protein 4 (LRP4). a) miR- 136- 5p binding 
sites in the LRP4 3’-untranslated region (3’-UTR) predicted by the TargetScan website, and binding of miR- 136- 5p to LRP4 confirmed by dual luciferase 
reporter gene assay in HEK293 cells; b) reverse transcription quantitative polymerase chain reaction (RT- qPCR) detection of the transfection efficiency of 
miR- 136- 5p mimic in MC3T3- E1 cells; c) RT- qPCR detection of the transfection efficiency of miR- 136- 5p inhibitor in MC3T3- E1 cells; d) Western blot detection 
of the protein expression of LRP4 in MC3T3- E1 cells with miR- 136- 5p overexpression or silencing; e) RT- qPCR detection of the expression of miR- 136- 5p in 
MC3T3- E1 cells transfected with miR- 136- 5p mimic, oe- LRP4, or both; f) Western blot detection of the expression of LRP4 and Wnt/β-catenin pathway related 
proteins in MC3T3- E1 cells transfected with miR- 136- 5p mimic, oe- LRP4, or both; g) RT- qPCR detected the expression of miR- 136- 5p in MC3T3- E1 cells 
treated with BMSC- Exos or in combination with miR- 136- 5p inhibitor; h) Western blot detection of the expression of LRP4 and Wnt/β-catenin pathway related 
proteins in MC3T3- E1 cells treated with BMSC- Exos or in combination with miR- 136- 5p inhibitor. # indicates p < 0.05, and non- significant (NS) represents p 
> 0.05. Measurement data were presented as mean and standard deviation. Unpaired t- test was used for data comparison between two groups while data 
comparisons among multiple groups were performed using one- way analysis of variance (ANOVA) with Tukey’s post hoc test. Data comparison among 
groups at different timepoints was performed by repeated measurement ANOVA with Bonferroni’s post hoc test. The experiment was repeated three times. 
MUT, mutant; PBS, phosphate- buffered saline; WT, wild type.

of LRP4 (p < 0.001, one- way ANOVA) (Figure 4d). Taken 
together, the above results suggested that miR- 136- 5p 
could target LRP4 and inhibit its expression.

LRP4 has been previously suggested to negatively 
regulate the Wnt/β-catenin pathway.17 Consistent with 
previous results indicating the ability of miR- 136- 5p 
to inhibit the expression of LRP4, we set out to subse-
quently determine whether miR- 136- 5p could activate 
the Wnt/β-catenin pathway by targeting LRP4. Overex-
pression of miR- 136- 5p and upregulation of LRP4 were 
conducted on MC3T3- E1 cells, and then RT- qPCR as 
well as Western blot was used to detect the expression 
of miR- 136- 5p, LRP4, and Wnt/β-catenin pathway- related 
proteins. Compared with the NC- mimic + oe NC group, 
no difference in the miR- 136- 5p expression was found in 
the NC- mimic + oe- LRP4 group, while the expression of 

Wnt4, pGSK3β (Tyr216), and β-catenin was decreased 
significantly (p LRP4 = 0.001, p p-β- catenin < 0.001, p Wnt4 = 
0.016, p p- GSK3β (Tyr216) < 0.001, pβ-catenin < 0.001, one- way 
ANOVA). However, besides miR- 136- 5p, expression of 
Wnt4, pGSK3β (Tyr216), and β-catenin was increased 
significantly in miR- 136- 5p mimic + oe NC group with 
notably decreased LRP4 expression and β-catenin phos-
phorylation extent (p miR- 136- 5p < 0.001, p LRP4 = 0.007, p 

p-β- catenin = 0.009, p Wnt4 = 0.003, p p- GSK3β (Tyr216) = 0.001, pβ-cat-

enin < 0.001, one- way ANOVA). Compared with the miR- 
136- 5p mimic + oe NC group, miR- 136- 5p expression 
did not exhibit any distinct changes in the miR- 136- 5p 
mimic + oe- LRP4 group, while LRP4 level and β-catenin 
phosphorylation extent were increased significantly with 
decreased Wnt4, pGSK3β (Tyr216), and β-catenin expres-
sion (p LRP4 = 0.003, p p-β- catenin = 0.013, p Wnt4 = 0.006, p 



VOL. 10, NO. 12, DECEMBER 2021

MICRORNA- 136- 5P FROM BONE MARROW MESENCHYMAL STEM CELL- DERIVED EXOSOMES FACILITATES FRACTURE HEALING 753

Fig. 5

miR- 136- 5p- containing bone marrow mesenchymal stem cell (BMSC)- Exos regulate low- density lipoprotein receptor related protein 4 (LRP4)/Wnt/β-catenin 
axis to promote MC3T3- E1 proliferation and osteogenic differentiation. a) Reverse transcription quantitative polymerase chain reaction (RT- qPCR) detection of 
the transfection efficiency of LRP4 overexpression in MC3T3- E1 cells; MC3T3- E1 cells were treated with exosomes from miR- 136- 5p mimic- transfected BMSCs, 
or in combination with oe- LRP4. b) RT- qPCR detection of the expression of miR- 136- 5p in MC3T3- E1 cells; c) Western blot detection of the expression of LRP4 
and Wnt/β-catenin pathway related proteins in MC3T3- E1 cells; d) cell counting kit (CCK)- 8 detection of the proliferation rate of MC3T3- E1 cells; e) Western 
blot detection of the protein expression of proliferating cell nuclear antigen (PCNA), Runt- related transcription factor 2 (Runx2), osteocalcin (OCN), and 
osteopontin (OPN) in MC3T3- E1 cells; f) alkaline phosphatase (ALP) activity of the supernatant of MC3T3- E1 cells detected by disodium phenyl phosphate 
microplate method. * and # indicate p < 0.05, and NS represents p > 0.05. Measurement data were presented as mean and standard deviation. Unpaired 
t- test was used for data comparison between two groups. Data comparisons among multiple groups were performed using one- way analysis of variance 
(ANOVA) with Tukey’s post hoc test. Data comparison among groups at different timepoints was performed by repeated measures ANOVA with Bonferroni’s 
post hoc test. The experiment was repeated three times. mRNA, messenger RNA; NS, non- significant.

p- GSK3β (Tyr216) < 0.001, pβ-catenin < 0.001, one- way ANOVA) 
(Figures 4e and 4f).

Finally, the MC3T3- E1 cells were treated with PBS, 
NC- inhibitor, BMSC- Exos, and miR- 136- 5p inhibitor, 
respectively. The results of RT- qPCR and Western blot 
demonstrated that relative to the PBS + NC- inhibitor 
group, the expression of miR- 136- 5p, Wnt4, and β-catenin 
along with GSK3β (Tyr216) phosphorylation extent was 
increased, while that of LRP4 and β-catenin phosphoryla-
tion extent were decreased significantly in the BMSC- Exos 
+ NC- inhibitor group (p miR- 136- 5p < 0.001, p LRP4 < 0.001, 
pp-β- catenin < 0.001, pWnt4 < 0.001, pp- GSK3β (Tyr216) = 0.036, pβ-cat-

enin = 0.013, one- way ANOVA). Meanwhile, the expression 
of miR- 136- 5p, Wnt4, and β-catenin along with GSK3β 
(Tyr216) phosphorylation extent in the BMSC- Exos + miR- 
136- 5p inhibitor group was significantly lower than that 
of the BMSC- Exos + NC- inhibitor group; however, LRP4 
expression and β-catenin phosphorylation extent were 
increased significantly (pmiR- 136- 5p = 0.008, pLRP4 = 0.002, 
pp-β- catenin = 0.009, pWnt4 = 0.045, pp- GSK3β (Tyr216) = 0.037, pβ-cat-

enin = 0.043, one- way ANOVA) (Figures 4g and 4h). There 
was no statistically significant difference in the expres-
sion of GSK3β among all the groups. The above results 
demonstrate that miR- 136- 5p activates the Wnt/β-catenin 
pathway by inhibiting LRP4 expression, and furthermore, 
miR- 136- 5p- containing BMSC- Exos also play a similar role 

in activating the Wnt/β-catenin pathway by inhibiting 
LRP4 expression.
BMSc-exos-carried mir-136-5p targets LrP4/Wnt/β-
catenin axis to promote the proliferation and osteo-
genic differentiation of Mc3t3-e1. Since BMSC- Exos- 
carried miR- 136- 5p was found to regulate the LRP4/
Wnt/β-catenin pathway, we subsequently investigated 
whether miR- 136- 5p- containing BMSC- Exos could pro-
mote the proliferation and osteogenic differentiation of 
MC3T3- E1 by targeting the LRP4/Wnt/β-catenin axis. 
The RT- qPCR results confirmed successful transfection 
of LRP4 overexpression in MC3T3- E1 cells (p < 0.001, 
unpaired t- test) (Figure 5a). Moreover, MC3T3- E1 cells 
were treated with BMSC- Exos- NC mimic, BMSC- Exos- 
miR- 136- 5p mimic, oe- NC, and oe- LRP4, respectively. 
RT- qPCR data revealed that compared with the BMSC- 
Exos- NC mimic + oe NC group, no distinct difference 
in terms of miR- 136- 5p expression was identified in 
the BMSC- Exos- NC mimic + oe- LRP4 group while the 
expression of LRP4 and β-catenin phosphorylation ex-
tent were significantly increased, along with decreased 
expression of Wnt4, and β-catenin along with GSK3β 
(Tyr216) phosphorylation extent (pLRP4 = 0.001, pp-β- catenin 
< 0.001, pWnt4 = 0.015, pp- GSK3β (Tyr216) < 0.001, pβ-catenin = 
0.027, one- way ANOVA). However, the expression of 
miR- 136- 5p, Wnt4, and β-catenin along with GSK3β 
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(Tyr216) phosphorylation extent was all markedly in-
creased, with the expression of LRP4 and β-catenin 
phosphorylation extent significantly reduced in the 
BMSC- Exos- miR- 136- 5p mimic + oe NC group, com-
pared with BMSC- Exos- NC mimic + oe NC group (pLRP4 
= 0.002, pp-β- catenin < 0.001, pWnt4 < 0.001, pp- GSK3β (Tyr216) < 
0.001, pβ-catenin = 0.002, one- way ANOVA). In compar-
ison with the BMSC- Exos- miR- 136- 5p mimic + oe NC 
group, the BMSC- Exos- miR- 136- 5p mimic + oe- LRP4 
group showed no changes in the expression of miR- 
136- 5p, increased LRP4 expression and β-catenin phos-
phorylation extent, and decreased Wnt4 and β-catenin 
expression along with GSK3β (Tyr216) phosphorylation 
extent (pLRP4 = 0.001, pp-β- catenin < 0.001, pWnt4 < 0.001, 
pp- GSK3β (Tyr216) < 0.001, pβ-catenin = 0.003, one- way ANOVA) 
(Figures 5b and 5c).

In addition, CCK- 8 assay revealed that relative to the 
BMSC- Exos- NC mimic + oe NC group, the proliferation 
of MC3T3- E1 cells in the BMSC- Exos- NC mimic + oe- LRP4 
group was inhibited, while an opposite trend was 
observed in the miR- 136- 5p mimic + oe NC group (p < 
0.05). Treatment with BMSC- Exos- miR- 136- 5p mimic and 
overexpression of LRP4 could inhibit the proliferation of 
MC3T3- E1 cells (p < 0.001, repeated measures of ANOVA) 
(Figure 5d). Moreover, the protein expression of PCNA, 
Runx2, OCN, and OPN in the BMSC- Exos- NC mimic 
+ oe- LRP4 group was significantly decreased (pPCNA < 
0.001, pRunx2 < 0.001, pOCN = 0.001, pOPN < 0.001, one- way 
ANOVA) when compared to the BMSC- Exos- NC mimic + 
oe NC group, while a contrasting result was obtained in 
relation to the BMSC- Exos- miR- 136- 5p mimic + oe- LRP4 
group relative to the BMSC- Exos- miR- 136- 5p mimic + oe 
NC group (pPCNA < 0.001, pRunx2 < 0.001, pOCN < 0.001, pOPN 
< 0.001, one- way ANOVA) (Figure 5e).

Compared with the BMSC- Exos- NC mimic + oe NC 
group, ALP activity was significantly decreased in the 
BMSC- Exos- NC mimic + oe- LRP4 group, while it was 
significantly increased in the BMSC- Exos- miR- 136- 5p 
mimic + oe NC group (p < 0.001, one- way ANOVA). Addi-
tionally, in comparison to the BMSC- Exos- miR- 136- 5p 
mimic + oe NC group, the ALP activity was significantly 
decreased in BMSC- Exos- miR 136- 5p mimic + oe- LRP4 
group (p < 0.001, one- way ANOVA) (Figure 5f). No statis-
tically significant difference was detected in regard to the 
expression of GSK3β among all the groups. The afore-
mentioned results indicate that BMSC- Exos- carried miR- 
136- 5p can target and regulate the LRP4/Wnt/β-catenin 
axis to promote the proliferation and osteogenic differen-
tiation of MC3T3- E1 cells.
BMSc-exos-carried mir-136-5p targets LrP4 and activates 
the Wnt/β-catenin pathway to promote fracture heal-
ing. The effect of miR- 136- 5p- containing BMSC- Exos on 
regulation of LRP4/Wnt/β-catenin axis, and additionally 
on the fracture healing, was subsequently investigated 
in vivo. The MC3T3- E1 cells were transfected with DKK1 
overexpression plasmids with RT- qPCR employed to ver-
ify whether DKK1 could be successfully overexpressed in 
MC3T3- E1 cells (p < 0.001, unpaired t- test) (Figure 6a). 

Subsequent results from RT- qPCR and Western blot 
demonstrated that compared to the model + NC- mimic- 
Exos + oe NC group, Wnt4 and β-catenin expression along 
with GSK3β (Tyr216) phosphorylation extent was dimin-
ished significantly in the model + NC- mimic- Exos + oe- 
DKK1 group, whereas β-catenin phosphorylation extent 
was augmented (p < 0.001, one- way ANOVA). However, 
no significant difference in terms of the expression of 
miR- 136- 5p was detected between these two groups. 
Meanwhile, the expression of miR- 136- 5p, Wnt4, and 
β-catenin along with GSK3β (Tyr216) phosphorylation 
extent was increased significantly, while the expression 
of LRP4 and β-catenin phosphorylation extent was signif-
icantly decreased in the model + miR- 136- 5p mimic- Exos 
+ oe NC group when compared with the model + NC- 
mimic- Exos + oe NC group (p < 0.001, one- way ANOVA). 
In addition, the expression of Wnt4, pGSK3β (Tyr216), 
and β-catenin was significantly reduced, and the β-cat-
enin phosphorylation extent was elevated (p < 0.001, 
one- way ANOVA) in the model + miR- 136- 5p mimic- Exos 
+ oe- DKK1 group with no significant difference observed 
in terms of the expression of miR- 136- 5p and LRP4, com-
pared with the model + miR- 136- 5p mimic- Exos + oe NC 
group (Figures 6b and 6c). There was no statistically sig-
nificant difference in terms of the expression of GSK3β 
among all the groups.

Moreover, immunohistochemical detection of β-cat-
enin positive expression found that compared with the 
model+ NC- mimic- Exos + oe NC group, the positive 
expression rate of β-catenin protein was reduced in the 
model + NC- mimic- Exos + oe- DKK1 group, which was 
reversed in the model + miR- 136- 5p mimic- Exos + oe 
NC group (p < 0.001, one- way ANOVA). Meanwhile, the 
β-catenin protein positive rate was significantly decreased 
(p < 0.001, one- way ANOVA) in the model + miR- 136- 5p 
mimic- Exos + oe- DKK1 group, compared with the model 
+ miR- 136- 5p mimic- Exos + oe NC group (Figure  6d). 
Analysis of HE staining on bone healing suggested that 
compared with the model + NC- mimic- Exos + oe NC 
group, fracture healing was notably slowed in the model 
+ NC- mimic- Exos + oe- DKK1 group, but it was better in the 
model + miR- 136- 5p mimic- Exos + oe NC group. Mean-
while, compared with the model+ miR- 136- 5p mimic- 
Exos + oe NC group, the model + miR- 136- 5p mimic- Exos 
+ oe- DKK1 group exhibited a slower rate of fracture 
healing (p < 0.001, one- way ANOVA) (Figure 6e). Further, 
TRAP staining revealed a smaller number of TRAP posi-
tively stained osteoclasts in the model + NC- mimic- Exos + 
oe- DKK1 group, while a greater number was detected in 
the model + miR- 136- 5p mimic- Exos + oe NC group than 
the model + NC- mimic- Exos + oe NC group (p < 0.001, 
one- way ANOVA). Meanwhile, compared with the model 
+ miR- 136- 5p mimic- Exos + oe NC group, the number of 
TRAP positively stained osteoclasts was decreased in the 
model + miR- 136- 5p mimic- Exos + oe- DKK1 group (p < 
0.001, one- way ANOVA) (Figure 6f).

Western blot further demonstrated that in the frac-
ture tissues of mice in the model + NC- mimic- Exos + 
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Fig. 6

Bone marrow mesenchymal stem cell (BMSC)- Exos- carried miR- 136- 5p inhibits LRP4 expression and activates the Wnt/β-catenin pathway to facilitate 
fracture healing. a) Reverse transcription quantitative polymerase chain reaction (RT- qPCR) detection of the transfection efficiency of DKK1 overexpression in 
MC3T3- E1 cells; mice were treated with oe- DKK1, exosomes from miR- 136- 5p mimic- transfected BMSCs, or both. b) RT- qPCR detection of the expression of 
miR- 136- 5p in mouse fracture tissues; c) Western blot detection of the expression of LRP4 and Wnt/β-catenin pathway related proteins in the mouse fracture 
tissues; d) immunohistochemistry analysis of β-catenin protein in the mouse fracture tissues; e) haematoxylin and eosin staining of the bone healing degree 
in mouse fracture tissues (× 200); f) tartrate- resistant acid phosphatase (TRAP) staining analysis of positively stained osteoclasts in mouse fracture tissues; g) 
Western blot detection of the protein expression of proliferating cell nuclear antigen (PCNA), Runt- related transcription factor 2 (Runx2), osteocalcin (OCN), 
and osteopontin (OPN) in the mouse fracture tissues; h) alkaline phosphatase (ALP) activity in the serum of mice detected by disodium phenyl phosphate 
microplate method. * and # indicate p < 0.05, and NS represents p > 0.05. Measurement data were presented as mean and standard deviation. Unpaired 
t- test was used for data comparison between two groups. Data comparisons among multiple groups were performed using one- way analysis of variance 
(ANOVA) with Tukey’s post hoc test. Data comparison among groups at different timepoints was performed by repeated measures ANOVA with Bonferroni’s 
post hoc test. N = 10. The experiment was repeated three times. mRNA, messenger RNA; NS, non- significant.

oe- DKK1 group, the expression of PCNA, Runx2, OCN, 
and OPN was downregulated but an opposite result was 
yielded in the model + miR- 136- 5p mimic- Exos + oe NC 
group as compared with the model + NC- mimic- Exos + 
oe NC group (p < 0.001, one- way ANOVA). In addition, 
when compared to the model + miR- 136- 5p mimic- Exos 
+ oe NC group, a decline was noted in the expression 
of PCNA, Runx2, OCN, and OPN in the model + miR- 
136- 5p mimic- Exos + oe- DKK1 group (p < 0.001, one- way 
ANOVA) (Figure  6g). Furthermore, compared with the 
model + NC- mimic- Exos + oe NC group, the ALP activity 
was significantly decreased in the model + NC- mimic- 
Exos + oe- DKK1 group while it was significantly increased 
in the model+ miR- 136- 5p mimic- Exos + oe NC group (p 
< 0.001, one- way ANOVA). In addition, the ALP activity 
was markedly lower in the model + miR- 136- 5p mimic- 
Exos + oe- DKK1 group than in the model + miR- 136- 5p 
mimic- Exos + oe NC group (p < 0.001, one- way ANOVA) 

(Figure  6h). All the above results indicated that miR- 
136- 5p- containing BMSC- Exos inhibited the expression 
of LRP4 and activated the Wnt/β-catenin pathway to 
promote fracture healing (Figure 7).

Discussion
The osteogenic differentiation of human BMSCs is a 
central issue in fracture healing, with miRNAs recently 
emerging as crucial participants in this process.25,26 
During the current study, we set out to explore the 
mechanism by which exosomes derived from mouse 
BMSCs carry miR- 136- 5p in relation to fracture healing. 
The key findings indicated that miR- 136- 5p shuttled by 
BMSC- derived exosomes had the potential to inhibit the 
expression of LRP4 gene and subsequently activated 
the Wnt/β-catenin pathway, hence potentiating osteo-
genic proliferation and differentiation, which ultimately 
facilitated the fracture healing process.
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Fig. 7

Mechanical graph of microRNA (miR)- 136- 5p from bone marrow mesenchymal stem cell (BMSC)- derived exosomes facilitates fracture healing by targeting 
LRP4 to activate the Wnt/β-catenin pathway. LRP4, low- density lipoprotein receptor related protein 4; OCN, osteocalcin; OPN, osteopontin; PCNA, 
proliferating cell nuclear antigen; Runx2, Runt- related transcription factor 2.

miR- 136- 5p was initially identified to promote osteo-
genic proliferation and differentiation in vivo and in 
vitro, which was manifested by an increased expres-
sion of PCNA, Runx2, OCN, and OPN proteins. Runx2 
is known to be required for the proliferation of osteo-
blast progenitors.27 OPN has been demonstrated in 
a previous study to regulate the cell proliferation of 
certain types of cancer cells, while other literature has 
highlighted its involvement in wound healing as well as 
bone remodelling.28–30 OCN represents an osteogenic 
marker protein31 with its expression, when upregu-
lated, shown to be a useful aid in relation to the promo-
tion of osteoblast differentiation.32 As a proliferation 
marker, PCNA and its elevated expression has been 
highlighted as a hallmark of accelerated proliferation of 
osteoblasts in osteoporosis rats.33 The aforementioned 
evidence highlights the capability of miR- 136- 5p to 

promote osteogenic proliferation and differentiation. 
In addition, a previous study concluded that miR- 
136- 3p could target phosphatase and tensin homolog 
deleted on chromosome ten (PTEN) in both human 
umbilical vein endothelial cells (HUVECs) and BMSCs, 
thus substantially enhancing vascularization and osteo-
genic differentiation and ameliorating alcohol- induced 
osteopenia.34 A key observation made during our study 
suggested that miR- 136- 5p- containing exosome treat-
ment induced the activation of osteoclastogenesis 
during bone fracture healing. In view of the homology 
of miR- 136- 3p and miR- 136- 5p, we suspected that miR- 
136- 5p may also play a key role similar to that of miR- 
136- 3p in the regulation of vascularization as well as 
bone formation.

Moreover, our data indicated that the overexpression 
of miR- 136- 5p occurred in BMSCs and BMSC- derived 
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exosomes. Consistent with our finding, previous litera-
ture has also demonstrated that miR- 136- 5p is expressed 
at high levels in exosomes derived from BMSCs.20 Addi-
tionally, a notable finding of the present study revealed 
that BMSC- derived exosomes could deliver miR- 136- 5p 
to MC3T3- E1 cells and subsequently promotes the 
proliferation and differentiation of MC3T3- E1 cells. 
BMSCs can package miRNAs into exosomes, and these 
engineered exosomes can systemically deliver these 
miRNAs to recipient cells.35 Consistent with our data, 
exosomes derived from BMSCs have been reported to 
possess the capacity to enhance osteogenic proliferation 
and differentiation in vitro, as well as markedly acceler-
ating bone regeneration during distraction osteogenesis 
in older rats.36 BMSC- derived exosomal miR- 136- 5p was 
found to promote chondrocyte migration in vitro and 
reduce cartilage degeneration in vivo, thus inhibiting 
osteoarthritis pathology.37 Therefore, miR- 136- 5p deliv-
ered by BMSC- derived exosomes may play an integral 
role during bone fracture repair, and represents a prom-
ising therapeutic target to improve the fracture healing 
process.

Furthermore, we substantiated that LRP4 is targeted 
and reversely regulated by miR- 136- 5p. Previous research 
has suggested that miRNAs may modulate gene expres-
sion post- transcriptionally by interacting with the 3’-UTR 
of specific target mRNAs, resulting in the inhibition 
of mRNA degradation or translation.38 LRP4 has been 
confirmed to be a target gene of another miRNA, miR- 
490- 3p, in skeletal muscle cells.39

Another key observation made during the current 
study indicated that miR- 136- 5p inhibited LRP4 expres-
sion to activate the Wnt/β-catenin pathway. LRP4 has 
been reported to be a susceptibility genetic locus 
for osteoporotic fracture in postmenopausal Chinese 
women.40 The ability of LRP4 to exert suppressive 
effects on bone formation and proliferation, as well as 
differentiation of bone cells, has been emphasized in 
previous work.30 Moreover, LRP4 negatively regulates 
the Wnt/β-catenin pathway during osteoblastic differen-
tiation.41 Accumulating evidence continues to demon-
strate that the Wnt/β-catenin pathway can promote the 
proliferation and differentiation of bone cells, and bone 
formation, thereby facilitating fracture healing.21,42 Thus, 
we reasoned that exosome- encapsulated miR- 136- 5p 
from BMSCs may promote the osteogenic proliferation 
and differentiation by targeting the LRP4/Wnt/β-catenin 
signalling axis.

Taken together, the current study presents evidence 
demonstrating that miR- 136- 5p delivered via exosomes 
from BMSCs may potentially promote fracture healing, 
whereby miR- 136- 5p activates the Wnt/β-catenin 
pathway via LRP4 inhibition, and consequently enhances 
osteogenic proliferation and differentiation. This para-
crine transfer of miRs may represent a new approach 
towards miR- based therapy in fracture healing.

Supplementary material
  Table of primer sequences for reverse transcrip-

tion quantitative polymerase chain reaction and 
ARRIVE checklist.
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