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Abstract: Objective: We hypothesized that miR-132-3P could target HMGA2 to affect vascular endothelial growth 
factor (VEGF) signaling pathway and serum bone markers during fracture healing in rats. Methods: The targeting 
relationship between miR-132-3p and HMGA2 was verified by dual luciferase reporter assay. After the overexpres-
sion of miR-132-3p or the knockdown of HMGA2 in bone fracture rats, the levels of procollagen type 1 N-terminal 
propeptide, bone alkaline phosphatase and osteocalcin were significantly increased; the HMGA2 gene expression 
level was significantly decreased; the VEGF and bone morphogenetic protein 2 gene expression levels were signifi-
cantly elevated. Results: Trabecular bone remodeling was in relatively high speed and fracture healing in rats was si-
multaneously promoted. In miR-132-3p mimic + siRNA-HMGA2 group, the aforementioned effects were enhanced. 
Conclusion: miR-132-3p could target and regulate the expression of HMGA2, activate VEGF signaling pathway, 
improve the levels of bone markers, and thus promote fracture healing in rats.
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Introduction

Bone fracture refers to continuous complete or 
partial break of the bone structure, and often 
clinically occurs in orthopedics [1]. Children and 
the elderly are the main vulnerable population, 
and fractures still exist among young and mid-
dle-aged people [2]. A bone fracture might be 
caused by direct or indirect strong stress or 
cumulative strain. Severe pain is the most pro- 
minent symptom presenting in patients with 
ongoing fracture; a severe case will cause 
necrosis in the fracture site and thus trigger 
neurological dysfunction if not treated in time 
[3-5]. Therefore, strong attention should be 
paid to the fracture healing.

Fracture healing is a complex, highly regulated 
biological process that involves a variety of 
cytokines and gene expression [6]. MicroRNAs 
(miRs) are non-coding single-stranded RNA 

molecules that play important roles in regulat-
ing cell proliferation, apoptosis, migration, and 
differentiation after binding with target mRNAs 
[7, 8]. MicroRNAs such as miR-26a, miR-133, 
miR-135, miR-29, miR-141 and iniR-200a have 
been proved to be closely related to bone for-
mation [9-12]. MiR-132, located on chromo-
some 17 of the human body, consists of two 
homologous miRNAs (hsa-miR-132-5p, hsa-
miR-132-3p). It has been studied in many tis-
sues and diseases, such as osteosarcoma, 
neural cell differentiation, and inflammation 
[13]. Moreover, miR-132, as one of endothe- 
lial cell-specific miRNAs, plays an important 
role in angiogenesis by acting on stimulating 
factor of neovascularization [14]. And it is well 
known that microRNA mainly acts by binding  
to target genes. As a result, we in this study 
explore for the first time that high-mobility 
group protein AT-hook 2 (HMGA2) is a potential 
target gene of miR-132-3p.
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HMGA2 is a non-histone chromosomal high-
mobility group protein, which may play an im- 
portant role in promoting epithelial-mesenchy-
mal transformation and maintaining the diffe- 
rentiation potential and self-renewal ability of 
stem cells. Furthermore, the vascular endothe-
lial growth factor (VEGF) pathway is closely 
related to the role of HMGA2, which was one of 
many signaling pathways that HMGA2 partici-
pates in biological processes in vivo. Reversely, 
HMGA2 indirectly regulates the expression of 
VEGF and other proteins by increasing the ac- 
tivity of the transcription factor activator pro-
tein 1 (AP1) complex.

VEGF has become the focus of research, as it 
has a strong effect on angiogenesis. Moreover, 
angiogenesis is an important biological part for 
fracture repair. As a result, VEGF is considered 
to play an essential role in the process of bone 
formation and fracture healing [15]. A study 
found that VEGF was positively expressed in 
the whole process of fracture healing, and the 
expression peak of VEGF presented at day 7 to 
28 after fracture, which was highly consistent 
with the vascular reconstruction stage in the 
process of tissue healing [16].

This article explores the role of miR-132-3p 
combined with VEGF in fracture healing for the 
first time, hoping to bring up a new way for the 
treatment of bone fracture, thereby benefiting 
the majority of fracture patients.

Methods and materials

Animal modeling

A total of 115 8-week-old healthy male Spra- 
gue-Dawley rats weighing 180 g to 220 g were 
provided by the Laboratory Animal Research 
Center of Guangzhou University of Traditional 
Chinese Medicine. The rats were caged in a 
temperature-controlled room at 25°C, fed st- 
andard rat chow diet and water ad libitum, 
allowed unrestricted movement for two weeks 
of adaptive rearing before the experiment. Fif- 
teen rats were randomly selected as Normal 
group, and the rest were used for fracture mod-
eling [17]. The rest rats were intraperitoneally 
injected with 2% phenobarbital sodium (30 
mg/kg; H31020502, Shanghai New Asia Phar- 
maceutical Co., Ltd., China) for anesthesia. The 
knees were then bent at 90 degrees and fixed 
in supine position, and then longitudinal inci-

sion (about 1 cm) was made at the patella of 
the left knee joint. The tendinous tissue of the 
quadriceps femoris and joint capsule were cut 
open along the medial edge of the patella, fol-
lowed by further slowly bending the knee joint. 
After turning the patella outward, a stainless-
steel needle was inserted into the bone mar-
row, with the shank snipped off and needle end 
buried in the intercondylar fossa of femur. 
When the activity of knee joint is unaffected, 
the incision was sutured layer by layer. The 
treated rats were placed in supine position with 
the left thigh on an impact table, and a weight 
of 300 g was dropped from a height of 20 cm 
for establishing femoral fracture. After succe- 
ssful modeling, the rats were reared and fed  
in the aforementioned way. This study was 
approved by the Animal Ethics Committee of 
the First Affiliated Hospital of Jinzhou Medical 
University, and the rats were treated accord- 
ing to the national principles of laboratory ani-
mal care and management.

Animal grouping

The 50 nmol/L miR-132-3p mimic plasmid, mir-
132-3p inhibitor plasmid, and siRNA-HMGA2 
were rapidly centrifuged, respectively, followed 
by homogenization with 170 μL phosphate buff-
ered saline (PBS) each and standing for 5 min. 
Then 30 μL LipofectamineTM 2000 transfection 
reagents were added into the three mixtures, 
with standing for 20 min. Thus, three liposome 
complexes were prepared for later use. Plas- 
mids used in the study were all obtained from 
Shanghai GenePharma Co., Ltd., China.

The 15 normal rats without bone fracture were 
taken as Normal group. Ninety model rats were 
randomly divided into six groups: model group 
(without any treatment), negative control (NC) 
group (injected with 200 μL miR-132-3p nega-
tive-control liposome complex), miR-132-3p 
mimic group (injected with 200 μL miR-132-3p 
mimic liposome complex), miR-132-3p inhibitor 
group (injected with 200 μL miR-132-3 inhibitor 
liposome complex), siRNA-HMGA2 group (in- 
jected with 200 μL siRNA-HMGA2 liposome 
complex), and miR-132-3p mimic + siRNA-HM- 
GA2 group (injected with both miR-132-3p mi- 
mic and siRNA-HMGA2 liposome complexes), 
with 15 rats in each group. All the model rats 
received injection via caudal vein once a day for 
three consecutive days.
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Sample collection

At the 2nd, 4th and 8th weeks after modeling, 
five rats in each group were randomly selected 
at each time. After 12-hour fasting, 5 mL of 
blood sample through caudal vein was taken 
from each rat, with standing at room tempera-
ture for 2 h. Then the blood was centrifuged at 
4°C, 1,000 g for 15 min; the upper layer was 
pipetted out and stored at -80°C for subse-
quent ELISA detection. After that, the rats were 
anesthetized and sacrificed, followed by rapid 
removal of left femur head. The obtained femur 
head was fixed in 10% formaldehyde solution 
for 24 h, and decalcified in 10% ethylenedi-
amine tetra-acetic acid (CAS: 60-00-4; Beijing 
Zhongshan Golden Bridge Biotechnology Co., 
Ltd., China) solution for three weeks (the solu-
tion was changed every 5 days), then embed-
ded in paraffin, and stored at -20°C for subse-
quent HE staining and immunohistochemical 
analysis. The right femur heads of rats were 
taken with cartilaginous tissue removed, and 
then stored at -80°C for subsequent quanti- 
tative reverse transcription polymerase chain 
reaction (qRT-PCR) and Western blotting.

Bioinformatics analysis and dual-luciferase 
reporter gene assay

The target gene of miR-132-3p was analyzed 
using the biological prediction website, Target- 
scan.org. And dual-luciferase reporter gene 
assay was used to verify whether HMGA2 was 
the direct target gene of miR-132-3p. The full 
length of 3’-untranslated region (UTR) of HMG- 
A2 gene was cloned and amplified. The poly-
merase chain reaction (PCR) product was clon- 
ed into the multiple cloning sites in the down-
stream of the luciferase gene to the pmirGLO 
(E1330; Promega Corporation, Madison, WI, 
USA). Bioinformatics analysis software was uti-
lized to predict the binding sites of miR-132-3p 
on target gene, and site-directed mutagenesis 
was then carried out to construct the wild-type 
strain (HMGA2-Wt) harboring the luciferase 
reporter plasmid with target site in 3’UTR of 
HMGA2. And point mutation of complementary 
site of 3’UTR of HMGA2 and miR-132-3p was 
carried out for constructing luciferase plasmid 
containing S mutation sequence (HMGA2-Mut), 
with pRL-TK vector (TaKara Bio Company, USA) 
expressing Renilla luciferase as the internal 
control. HEK-293T cells (Cell Resource Center 

of the Shanghai Institutes for Biological Sci- 
ences of the Chinese Academy of Sciences) 
were cultured in a 24-well plate; and when the 
cell confluence reached 80% to 90%, correctly 
sequenced luciferase reporter plasmids, HM- 
GA2-Wt and HMGA2-Mut were co-transfected 
with miR-132-3p NC and miR-132-3p mimic, 
respectively, into HEK-293T cells. Dual-lucife- 
rase reporter gene assay was conducted acco- 
rding to the operations provided by Promega.

ELISA

The levels of serum bone markers, procollagen 
type 1 N-terminal propeptide (P1NP), bone 
alkaline phosphatase (BAP) and osteocalcin 
(OC) in all rats were determined by ELISA. All 
determinations for the serum P1NP, BAP and 
OC levels were carried out according to the 
instructions of the corresponding ELISA kits 
(Wuhan Huamei Biotech Co., Ltd., China). After 
the determinations, the optical density (OD)  
at 450 nm of each well was read by the Bio- 
TekTM SynergyTM 2 multi-mode microplate read-
er (USA). The standard curve was drawn with 
the concentration of standard as abscissa and 
the OD value as ordinate.

Hematoxylin and eosin staining

Paraffin sections of femoral tissues in each 
group were taken continuously at a thickness 
of 5 µm, and incubated at 60°C overnight, fol-
lowed by conventional dewaxing, hydration, and 
rinsing with distilled water twice, 2 min each 
time. Then the sections were dyed with hema-
toxylin (Shanghai Bogoo Biotechnology Co., 
Ltd., China) for 3 min, rinsed with tap water, 
placed in ethanol solution containing 1% hydro-
chloric acid for 5 s, and rinsed with tap water 
until the sections changed to blue. After that, 
the sections were dyed with eosin (Shanghai 
Bogoo Biotechnology Co., Ltd., China) for 5  
min, followed by conventional gradient alco- 
hol dehydration, and sealed by neutral resin. 
Callus thickness and maturity were measured 
under Olympus microscope (Shanghai Fairy 
Optical Technology Co., Ltd., China).

Immunohistochemical assay

Paraffin sections of femur heads of rats were 
taken continuously at 5 μm thickness. After 
conventional slice-baking, dewaxing, hydration, 
and antigen retrieval, sections were incubated 
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with 5% hydrogen peroxide for 20 min, and 
sealed with 5% normal goat serum for 1 h. Th- 
en the sections were incubated with rabbit an- 
ti-mouse HMGA2 primary antibody (1:1,000; 
Abcam, UK) overnight at 4°C, followed by in- 
cubation with goat anti-rabbit IgG (1:2,000; 
Abcam, UK) at 37°C for 1 h, and then with 
diaminobenzidine solution (Sigma Corporation, 
USA) for 4 to 5 min at room temperature in a 
dark place. After the incubations, the sections 
were counterstained with hematoxylin (Shang- 
hai Bogoo Biotechnology Co., Ltd., China) for 3 
min, followed by conventional dehydration to 
transparency, and sealed by neutral resin. The 
treated sections were visualized by Olympus 
microscope (Shanghai Fairy Optical Technology 
Co., Ltd., China). PBS was used in the immuno-
histochemical assay instead of primary anti-
body for negative control. The positive expres-
sion rate of HMGA2 was determined by the 
depth and quantity of positive staining. Cyto- 
plasm or nucleus stained yellow brown indicat-
ed positive expression.

Quantitative reverse transcription PCR

Total RNA was extracted from fracture tissues 
in each group by RNA extraction kit (Invitrogen 
Company, United States). Primers were design- 
ed by Primer Premier 5.0, and synthesized by 
Shanghai Sangon Biotech Co., Ltd., China. The 
primer sequences are shown in Table 1. Then 
the RNA was reversely transcribed into cDNA 

phogenetic protein-2 (BMP-2) was glyceralde-
hyde-3-phosphate dehydrogenase (GADPH), 
and the expression levels of miR-132-3p, HM- 
GA2, VEGF and BMP-2 were calculated by 2-ΔΔCt 
method.

Western blotting

The right femur heads of rats prepared before 
were pulverized in liquid nitrogen, then ground 
into homogenate on ice after addition of 1 mL 
tissue lysis buffer (Beijing Solarbio Science & 
Technology Co., Ltd., China), followed by lysis  
at 4°C for 30 min with protein lysis buffer 
(Shanghai Beyotime Biotechnology Co., Ltd., 
China). After centrifugation at 10,000 g and 
4°C for 20 min, the supernatant was collected. 
The protein concentration in each sample was 
determined according to the instructions of 
QuantiProTM BCA Assay Kit (Sigma, USA) for pro-
tein. After bathing in water at 100°C for 10 min 
for lysis, the supernatant samples were pipet-
ted into wells, and the total proteins were elec-
trophoretically separated in 10% sodium do- 
decyl sulfate (SDS)-polyacrylamide gel (Shang- 
hai Chem Biomedical Co., Ltd., China), and after 
120 min the samples were transferred from the 
gel to nitrocellulose membrane. The membra- 
ne was then immersed in 1×TBST (a mixture of  
tris-buffered saline and Polysorbate 20) buffer 
containing 5% skimmed milk powder and gently 
shaken at room temperature for 1 h. After being 
sealed, the membrane was rinsed with TBST 3 

Table 1. List of primer sequences for quantitative re-
verse transcription polymerase chain reaction
Genes Primer sequences
miR-132-3p Forward: 5’-ACACTCCAGCTGGGTAACAGTCTACAG-3’

Reverse: 5’-CTCAACTGGTGTCGTGGA-3’
HMGA2 Forward: 5’-CCAAACGTGCTGGGCAGCTCCGG-3’

Reverse: 5’-CCCCTCTTGATTCCTAGGTCT-3’
VEGF Forward: 5’-ACCAGCGCAGCTATTGCCGT-3’

Reverse: 5’-CGCCTTGGCTTGTCACA-3’
BMP-2 Forward: 5’-GATTGACTCCATTGGCCCTA-3’

Reverse: 5’-GGCTAGTTTCTGGGCAGTTG-3’
U6 Forward: 5’-GGTCGGGCAGGAAAGAGGGC-3’

Reverse: 5’-GCTAATCTTCTCTGTATCGTTCC-3’
GADPH Forward: 5’-GTTTCTTACTCCTTGGAGGCCAT-3’

Reverse: 5’-TGATGACATCAAGAAGTGGTGAA-3’
Note: HMGA2: high-mobility group AT-hook 2; VEGF: vascular endo-
thelial growth factor; BMP-2: bone morphogenetic protein-2; GADPH: 
glyceraldehyde-3-phosphate dehydrogenase.

using PrimeScript RT kit (TaKaRa, Ja- 
pan). The volume of reverse transcrip-
tion system was 10 μL, and the reac- 
tion mixture were incubated at 70°C for 
5 min, followed by ice bath for 2 min, 
and incubation at 42°C for 50 min and 
70°C for 8 min. The cDNA was tempo-
rarily stored at -80°C. The operations of 
quantitative fluorescence PCR were car-
ried out according to the instructions  
of SYBR® Premix Ex TaqTM II kit (TaKaRa, 
Japan) using Bio-Rad iQTM5 Real-Time 
PCR Detection System (Bio-Rad, Her- 
cules, CA, USA). The reaction conditions 
were as follows: pre-denaturation at 
95°C for 30 s, followed by 40 cycles of 
denaturation at 95°C for 10 s, anneal-
ing at 60°C for 20 s, and lastly exten-
sion at 70°C for 10 s. The internal con-
trol gene for miR-132-3p was U6, and 
that of HMGA2, VEGF and bone mor- 
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times for 5 min each time. Then the membrane 
was incubated with primary antibodies, rabbit 
anti-mouse HMGA2 (1:1,000; Abcam Com- 
pany, UK), VEGF (1:1,000; Abcam, UK), BMP-2 
(1:1,000; Abcam, UK) and GAPDH (1:1,000; 
Abcam, UK) overnight at 4°C. The blotting 
membrane was rinsed with TBST (3 times, 5 
min each time) to remove the remaining pri- 
mary antibodies, and then immersed in sec-
ondary antibody, HRP-labeled goat anti-rabbit 
IgG (1:2,000; Abcam, UK) at room temperature 
for 1 h. After being rinsed with TBST (3 times, 5 
min each time), the membrane was immersed 
in the reaction solution containing electrogen-
erated chemiluminescence (ECL) regent (bat- 
ch number 210452, Bio-Rad Company, United 
States) at room temperature for 1 min. After 
pipetting out the reaction solution, the mem-
brane was soaked with an appropriate amount 
of DAB color-developing filling liquid, sealed in 
plastic wrap and then exposed to an X-ray film 
in a dark room. GAPDH was used as internal 
control, and the amount of target protein was 
shown by the ratio of target band gray value to 
the internal control band gray value (Image-Pro 
plus 6.0, Media Cybernetics, USA).

Statistical analysis

All the data were analyzed using the SPSS 21.0 
software (SPSS Inc., Chicago, II, USA). The mea-
surement data were expressed as mean ± 
standard deviation (

_
x  ± sd). The comparisons 

oup, siRNA-HMGA2 group, and miR-132-3p 
mimic + siRNA-HMGA2 group, with 15 rats in 
each group. Rats in all the groups except mo- 
del group were injected with corresponding 
complex via caudal vein. The success rate of 
postoperative modeling was 92.00% (92/100).

Target relationship between miR-132-3p and 
HMGA2

According to analysis from Targetscan.org, bin- 
ding site of miR-132-3p on HMGA2 mRNA was 
identified, and HMGA2 was the target gene of 
miR-132-3p. Dual-luciferase reporter gene as- 
say showed that compared with NC group, lu- 
ciferase activity in 3’UTR of wild-type miR-132-
3p could be inhibited by miR-132-3p (P < 0.05), 
while that of mutant miR-132-3p was not in- 
hibited. This indicates that miR-132-3p can 
specifically bind HMGA2 3’UTR and downregu-
late HMGA2 gene expression after transcrip-
tion. See Figure 1.

Levels of serum bone markers, P1NP, BAP and 
OC

At the 2nd, 4th and 8th weeks after model- 
ing, compared with Normal group, serum P1NP, 
BAP and OC levels in other groups were raised 
significantly (all P < 0.05). Compared with Mo- 
del group, serum P1NP, BAP and OC levels in 
miR-132-3p mimic group, siRNA-HMGA2 group, 
and miR-132-3p mimic + siRNA-HMGA2 group 

Figure 1. Target relationship between miR-132-3p and HMGA2. A. The pre-
dicted binding site of miR-132-3p on HMGA2; B. The results of dual-lucif-
erase reporter gene assay. Compared with NC group, *P < 0.05. HMGA2: 
high-mobility group AT-hook 2; Wt: wild-type strain (HMGA2-Wt) harboring 
the luciferase reporter plasmid containing target site in 3’UTR of HMGA2; 
Mut: luciferase plasmid containing S mutation sequence (HMGA2-Mut).

among multiple groups were 
conducted using one-way an- 
alysis of variance, and the dif-
ference between two groups 
was compared by Bonferroni 
post-hoc test. P values < 0.05 
were considered statistically 
significant.

Results

Animal modeling

Of the 100 model rats, 8 rats 
died after the surgery, and 90 
of the survived rats were ran-
domly selected for follow-up 
experiments. The 90 model 
rats were randomly divided in- 
to six groups: Model group,  
NC group, miR-132-3p mimic 
group, miR-132-3p inhibitor gr- 
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Figure 2. Levels of serum bone markers, P1NP, BAP and OC in rats of all groups. A. Serum level of P1NP of rats in all 
groups; B. Serum level of BAP of rats in all groups; C. Serum level of OC of rats in all groups. Compared with normal 
group, *P < 0.05; compared with model group, #P < 0.05; compared with miR-132-3p mimic group, &P < 0.05. P1NP: 
procollagen type 1 N-terminal propeptide; BAP: bone alkaline phosphatase; OC: osteocalcin.

Figure 3. Callus thickness and maturity of femur of rats in all groups observed through HE staining (400×). A. HE 
staining of femoral tissue; B. Histogram of callus thickness of rats in each group. Compared with normal group, *P < 
0.05; compared with model group, #P < 0.05; compared with microRNA-132-3p mimic group, &P < 0.05.
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were elevated significantly (all P < 0.05), while 
those in miR-132-3p inhibitor group were sig-
nificantly decreased (all P < 0.05). There were 
no statistical differences in the levels of the 
serum bone markers between NC group and 
Model group (all P > 0.05). Compared with miR-
132-3p mimic group, serum P1NP, BAP and OC 
levels in miR-132-3p mimic + siRNA-HMGA2 
group were significantly elevated (all P < 0.05), 
and those in mir-132-3p inhibitor group were 
decreased (all P < 0.05). There were no signifi-
cant differences in the three bone marker lev-
els between siRNA-HMGA2 group and miR-132-
3p mimic group (all P > 0.05). The serum levels 
of P1NP, BAP and OC in all the six modeling 
groups at the 4th and 8th weeks after model- 
ing were significantly lower than those at the 

Figure 4. Immunohistochemical results of rats in all groups. A. Microscopic image of immunohistochemical stain-
ing (400×); B. Positive expression rate of HMGA2 protein in all groups. Compared with normal group, *P < 0.05; 
compared with model group, #P < 0.05; compared with miR-132-3p mimic group, &P < 0.05. HMGA2: high-mobility 
group AT-hook 2.

2nd week, and the decrease in the 8th week 
was more obvious (all P < 0.05). See Figure 2.

Callus thickness and maturity of rats in each 
group

Trabeculae, osteoblasts and chondrocytes we- 
re abundant in Normal group. At the 2nd week 
after modeling, trabecular formation was rare 
in Model group, NC group and miR-132-3p 
inhibitor group, with more mononuclear ma- 
crophages and multinucleated giant cells. The 
miR-132-3p mimic group, siRNA-HMGA2 group 
and miR-132-3p mimic + siRNA-HMGA2 group 
presented more trabeculae, osteoblasts and 
chondrocytes. At the 4th week, small amount  
of bone trabeculae and bone cells formed in 
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Model group, NC group and miR-132-3p inhibi-
tor group with a low maturity of callus. The tra-
beculae of miR-132-3p mimic group, siRNA-
HMGA2 group and miR-132-3p mimic + siRNA- 
HMGA2 group began to physically connect wi- 
th each other, and some trabeculae fused into 
one piece. At the 8th week, some bone trabe- 
culae fused in Model group, NC group and miR-
132-3p inhibitor group with a low maturity of 
callus. The trabecular bones of miR-132-3p mi- 
mic group, siRNA-HMGA2 group and miR-132-
3p mimic + siRNA-HMGA2 group were reshap- 
ed, and more osteoclasts were observed as 
well. At the 2nd, 4th and 8th weeks, model 
group, NC group and microRNA-132-3p inhi- 
bitor group were inferior to microRNA-132-3p 

Figure 5. Expression levels of miR-132-3p and microRNAs of HMGA2, VEGF and BMP-2. A. Histogram of miR-132-3p 
expression of rats in all groups; B. Histogram of HMGA2 mRNA expression of rats in all groups; C. Histogram of VEGF 
mRNA expression of rats in all groups; D. Histogram of BMP-2 mRNA expression of rats in all groups. Compared 
with normal group, *P < 0.05; compared with model group, #P < 0.05; compared with miR-132-3p mimic group, &P < 
0.05. HMGA2: high-mobility group AT-hook 2; VEGF: vascular endothelial growth factor; BMP-2: bone morphogenetic 
protein-2.

mimic group, siRNA-HMGA2 group and microR-
NA-132-3p mimic + siRNA-HMGA2 group in  
callus thickness (all P < 0.05). Furthermore, 
microRNA-132-3p mimic + siRNA-HMGA2 gr- 
oup was superior to microRNA-132-3p mimic 
group and siRNA-HMGA2 group in callus thick-
ness (both P < 0.05). See Figure 3.

Positive expression rate of HMGA2 protein in 
femur tissue

At the 2nd, 4th and 8th weeks after modeling, 
compared with Normal group, the positive ex- 
pression levels of HMGA2 protein in fracture 
tissues of rats in other 6 groups were increas- 
ed significantly (all P < 0.05). Compared with 
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Figure 6. Protein expression levels of HMGA2, VEGF and BMP-2. A. HMGA2 protein imprint and its histogram of 
rats in all groups; B. VEGF protein imprint and its histogram of rats in all groups; C. BMP-2 protein imprint and its 
histogram of rats in all groups. Compared with normal group, *P < 0.05; compared with model group, #P < 0.05; com-
pared with miR-132-3p mimic group, &P < 0.05. HMGA2: high-mobility group AT-hook 2; VEGF: vascular endothelial 
growth factor; BMP-2: bone morphogenetic protein-2.

Model group, the levels of HMGA2 protein in 
fracture tissues of miR-132-3p mimic group, 

siRNA-HMGA2 group and miR-132-3p mimic + 
siRNA-HMGA2 group were decreased signifi-
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cantly (all P < 0.05). In miR-132-3p inhibitor 
group, however, there was a significant decline 
in the positive expression level of HMGA2 pro-
tein in fracture tissues (P < 0.05), and there 
was no significant difference between the mo- 
del group and NC group (P > 0.05). Compared 
with miR-132-3p mimic group, the positive 
expression level of HMGA2 protein in fracture 
tissues of miR-132-3p mimic + siRNA-HMGA2 
group was significantly decreased (P < 0.05), 
and the level of miR-132-3p inhibitor group was 
significantly elevated (P < 0.05). There was no 
significant difference between siRNA-HMGA2 
group and miR-132-3p mimic group (P > 0.05). 
At the 4th and 8th weeks, the positive expres-
sion levels of HMGA2 protein in the fracture tis-
sues of rats in groups except Normal group 
were significantly lower than those at the 2nd 
week, and the decrease in the 8th week was 
more obvious (P < 0.05). See Figure 4.

MicroRNA expression levels of miR-132-3p, 
HMGA2, VEGF and BMP-2

At the 2nd, 4th and 8th after modeling, com-
pared with Normal group, the mRNA expression 
levels of miR-132-3p, VEGF and BMP-2 in other 
groups were decreased (all P < 0.05), along 
with increase in the level of HMGA2 (all P < 
0.05). Compared with Model group, miR-132-
3p mimic group and miR-132-3p mimic + siR-
NA-HMGA2 group presented increases in miR-
132-3p expression level and mRNA expression 
levels of VEGF and BMP-2, and decrease in 
mRNA expression level (all P < 0.05). Compar- 
ed with Model group, siRNA-HMGA2 group pre-
sented no difference in miR-132-3p expression 
level (P > 0.05), but decrease in mRNA expres-
sion level of HMGA2, and increases in mRNA 
expression levels of VEGF and BMP-2 (all P < 
0.05). Compared with Model group, miR-132-
3p inhibitor group presented decreases in miR-
132-3p expression level and mRNA expression 
levels of VEGF and BMP-2, and increase in 
mRNA expression level of HMGA2 (all P < 0.05). 
The differences between Model group and  
NC group were not significant (all P > 0.05). 
Compared with miR-132-3p mimic group, siR-
NA-HMGA2 group presented significant decre- 
ase in miR-132-3p expression level (P < 0.05), 
but with no significant differences in the mRNA 
expression levels of HMGA2, VEGF and BMP-2 
(all P > 0.05). Compared with miR-132-3p mi- 
mic group, miR-13-2-3p mimic + siRNA-HMGA2 

group presented significant decrease in HM- 
GA2 expression level (P<0.05), and significant 
increases in mRNA expression levels of VEGF 
and BMP-2 (all P < 0.05), but with no significant 
difference in miR-132-3p expression level (P > 
0.05). Compared with miR-132-3p mimic gr- 
oup, miR-132-3p inhibitor group presented de- 
creases in miR-132-3p expression level and 
mRNA expression levels of VEGF and BMP-2, 
and increase in mRNA expression level of 
HMGA2 (all P < 0.05). Compared with the 2nd 
week, all the six modeling groups, at the 4th 
and 8th weeks, showed increases in miR-132-
3p expression level and mRNA expression lev-
els of VEGF and BMP-2, and decrease in mRNA 
expression level of HMGA2 (all P < 0.05), and 
the decrease or increase in the 8th week was 
more obvious (all P < 0.05). See Figure 5.

Protein expression levels of HMGA2, VEGF and 
BMP-2

Compared with Normal group, at the 2nd, 4th 
and 8th weeks after modeling, protein expres-
sion level of HMGA2 in other groups was elevat-
ed, while the protein expression levels of VEGF 
and BMP-2 were both decreased (all P < 0.05). 
Compared with Model group, HMGA2 protein 
expression levels in miR-132-3p mimic group, 
siRNA-HMGA2 group and miR-132-3p mimic + 
siRNA-HMGA2 group were decreased, while 
VEGF and BMP-2 protein expression levels we- 
re both increased (all P < 0.05). While in the 
miR-132-3p inhibitor group, the results were 
quite the opposite. There were no significant 
differences between Model group and NC 
group (all P > 0.05). There were no significant 
differences in protein expression levels of HM- 
GA2, VEGF and BMP-2 between siRNA-HMGA2 
group and miR-132-3p mimic group (all P > 
0.05). Compared with miR-132-3p mimic gr- 
oup, protein expression level of HMGA2 in miR-
132-3p mimic + siRNA-HMGA2 group was sig-
nificantly decreased (P < 0.05), while the pro-
tein expression levels of VEGF and BMP-2 were 
both significantly increased, and mir-132-3p in- 
hibitor group had the opposite results (all P < 
0.05). Compared with the 2nd week, at the 4th 
and 8th weeks, the protein expression levels  
of all the six modeling groups were decreased, 
while the protein expression levels of VEGF and 
BMP-2 were both increased (all P < 0.05), and 
the decrease or increase at the 8th week was 
more obvious (all P < 0.05). See Figure 6.
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Discussion

Fracture healing is a spontaneous self-repair 
process. Despite the strong regenerative ability 
of bones, fracture nonunion rate is still as hi- 
gh as 5-10%. According to statistics, there are 
nearly 70 million osteoporosis patients exist- 
ing in China. Traditional methods for fracture 
treatment require long-time healing with rela-
tively poor effect. Therefore, it is necessary to 
find an efficient and alternative modality for 
fracture healing.

Initially, through analysis by Targetscan.org, a 
binding site between miR-132-3p and high-
mobility group AT-hook 2 (HMGA2) was found, 
that is, HMGA2, which is the target gene of  
miR-132-3p. A previous study has found that 
miR-132-3p plays a negative regulatory role in 
osteogenic differentiation by affecting acetyla-
tion and protein activity [18]. HMGA2, belong-
ing to the high mobility group protein A (HMGA) 
family, can not only activate or inhibit the activ-
ity of transcription factors to regulate the tran-
scription of certain genes, but also maintain 
the differentiation potential and self-renewal 
ability of stem cells and participate in the re- 
gulation process of multiple biological events 
[19]. A study reported that HMGA2 was highly 
expressed in embryonic tissues and malignant 
tumors, and its higher expression indicates the 
lower survival rate of the patients [20]. In this 
study, it was found that miR-132-3p could 
downregulate HMGA2 gene expression after 
binding to specific sites in 3’UTR of HMGA2 
gene.

Afterwards, it was found that the targeting in- 
hibition of HMGA2 expression by miR-132-3p 
activates VEGF pathway. As everyone knows, 
VEGF is the most potent and specific angio- 
genic factor at present; angiogenesis plays an 
important role in osteogenesis, bone regenera-
tion and repair, and serves as an important link 
in the process of fracture healing [21, 22]. 
HMGA2 indirectly regulates the expression of 
VEGF and other proteins by enhancing the ac- 
tivity of transcription factor AP1 complex and 
increasing the binding affinity of AP1 to Etal 
family proteins. The VEGF pathway is one of the 
many signaling pathways that HMGA2 partici-
pates in biological processes in vivo [23]. VEGF 
promotes vascular endothelial cell proliferation 
and angiogenesis by binding with specific re- 
ceptors on vascular endothelial cells, thus pro-

viding oxygen and nutrients to fracture seg-
ments, and transporting metabolites, as well 
as providing a microenvironment necessary for 
bone regeneration [24]. Meanwhile, VEGF also 
participates in callus transformation and other 
links. The expression levels of VEGF mRNA and 
protein are gradually elevated with time during 
the healing process [25]. In this study, com-
pared with the 2nd week after fracture model-
ing, the mRNA and protein expression levels of 
VEGF and BMP-2 in model group, NC group, 
miR-132-3p mimic group, miR-132-3p inhibitor 
group, siRNA-HMGA2 group and miR-132-3p 
mimic + siRNA-HMGA2 group were all elevated 
at the 4th and 8th weeks, which was consis- 
tent with the aforementioned findings. Here, 
BMP is an induced osteogenic factor, which 
plays an important role in the formation and  
differentiation of bones and cartilages. Toge- 
ther with VEGF, BMP is usually considered to be 
an important factor in promoting osteogenesis 
[26]. The results in this study showed that the 
expression of HMGA2 was negatively correlat-
ed with the expression of VEGF. Inhibition of 
HMGA2 might activate the expression of VEGF 
through different pathways, and VEGF’s expres-
sion could promote the formation of new blood 
vessels, thus leading to the enhancement of 
bone regeneration and repair ability.

Moreover, after miR-132-3p targeting HMGA2 
and activating VEGF pathway, the levels of bone 
markers like P1NP, BAP and OC are improved. 
P1NP reflects the deposition of type I collagen 
in the blood, and its concentration serves as a 
specific indicator reflecting osteoblast activity 
and bone formation within a certain range [27]. 
BAP directly reflects the activity or functional 
status of osteoblasts and is one of the recog-
nized markers of bone formation [28]. OC, syn-
thesized and secreted by osteoblasts, is the 
main and the most abundant non-collagenous 
protein in human bone, functioning as an indi-
cator of bone metabolism; and its concentra-
tion can directly reflect osteoblast activity and 
bone formation [29].

In summary, the targeting inhibition of HMGA2 
expression by miR-132-3p can activate VEGF 
pathway and thus accelerate angiogenesis in 
fracture sites. miR-132-3p plays a vital role in 
inducing activation of VEGF pathway, and can 
be regarded as an important factor involved in 
fracture healing, which brings up a new idea for 
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fracture treatment. However, this study was 
carried out on the rat models, and whether miR-
132-3p is suitable for human requires further 
research. Moreover, the role of miR-132-3p and 
its targeted gene, HMGA2, in fracture healing is 
studied for the first time. So, it is hard to com-
pare the results with the findings in other stud-
ies, and there is also a lack of strong evidence 
existing from relevant studies. Additionally, due 
to easy recurrence of fracture and its complex-
ity in healing, multiple targets can be taken into 
account to improve fracture healing when es- 
tablishing a treatment protocol. Either way, we 
still need to continue exploring the methods for 
treating bone fracture.
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