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Abstract. Atrophic non-union is a serious complication of 
fractures. The underlying biological mechanisms involved 
in its pathogenesis are not yet completely understood. 
MicroRNAs (miRNAs or miRs) are a type of endogenous small 
non-coding RNA, which participate in various physiological 
and pathophysiological processes. In this study, differentially 
expressed miRNAs were screened in patients with atrophic non-
union. In total, 4 miRNAs (miR‑149*, miR‑221, miR‑628-3p 
and miR‑654-5p) were upregulated and 7 miRNAs (let-7b*, 
miR‑220b, miR‑513a-3p, miR‑551a, miR‑576-5p, miR‑1236 and 
kshv-miR‑K12-6-5p) were downregulated at the fracture sites 
in patients with atrophic non-union. Among the upregulated 
miRNAs, miR‑628-3p and miR‑654-5p expression was found 
to be persistently decreased during osteoblast differentiation, 
indicating their possible inhibitory effect on osteogenesis. 
Gain-of-function experiment demonstrated that miR‑628-3p, 
but not miR‑654-5p, attenuated osteoblast differentiation. 
Further, in silico analysis revealed that runt-related transcription 
factor 2 (RUNX2), the master transcript factor for osteoblast 
differentiation, was the target of miR‑628-3p, which had two 
binding site-condense regions in the 3' untranslated region. 
The exact binding site of miR‑628-3p was further identified 
with luciferase reporter assay. In addition, the overexpression 
of miR‑628-3p appeared to be associated with the suppression 
of RUNX2 expression at both the mRNA and protein level, 
suggesting that miR‑628-3p inhibits osteoblast differentiation 
via RUNX2. On the whole, the findings of this study provide 

evidence of the upregulation of miR‑628-3p in patients with 
atrophic non-union and that miR‑628-3p may exert an inhibi-
tory effect on osteogenesis via the suppression of its target 
gene, RUNX2. The study provides valuable insight into the 
pathogenesis of atrophic non-union and suggests new potential 
therapeutic targets for the treatment of this disorder.

Introduction

According to the US Food and Drug Administration, non-
union is established when a minimum of 9 months have elapsed 
since injury, and no signs of progression of fracture healing 
are demonstrable for 3 consecutive months. Non-union is also 
defined as the failure of a broken bone to heal at 6 months 
following fracture. The diagnosis of non-union is made upon 
the radiographic finding of a persistent radiolucent gap at the 
fracture site. Approximately 5-10% of all fractures are compli-
cated by delayed union or non-union (1). Despite the substantial 
progress made in the understanding of the mechanisms involved 
in fracture healing (2), non-union continues to be a challenge 
for orthopedic surgeons. In particular, atrophic non-union can 
be recalcitrant, resulting not only in chronic pain, but also in 
severe functional impairment (3).

The cause of atrophic non-union appears to be multi-
factorial and is the subject of intensive ongoing research. 
The factors associated with the development of non-union, 
include local factors, such as excessive mobility at the fracture 
site, fracture displacement, an impaired blood supply, open 
fractures, soft tissue interposition and infection, we well as 
systemic factors, such as osteoporosis, malnourishment, 
genetic predisposition, the administration of pharmacological 
agents (e.g., non-steroidal anti-inflammatory drugs), smoking 
and alcohol consumption (4).

Fracture healing is a dynamic physiological process 
involving a complex interplay of cells, mediators and growth 
factors. The healing process involves cellular recruitment, 
proliferation and differentiation under the guidance of signaling 
molecules, and the deposition of extracellular matrix compo-
nents, that serve as a foundation for a successful bone healing 
response. The underling cellular and molecular mechanisms of 
this process are complex and are not yet completely understood. 
The disruption of any of the involved processes may lead to 
an impaired healing response, manifesting as delayed healing 
or non-union. The unraveling of the molecular mechanisms 
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responsible for non-union fractures will pave the way for the 
development of novel therapeutic modalities.

MicroRNAs (miRNAs or miRs) are small non-coding RNA 
molecules that consists are 21-25 nucleotides in length and 
are typically excised from 60-110 nucleotide foldback RNA 
precursors. These molecules negatively regulate gene expres-
sion at the post-transcriptional level in a sequence-specific 
manner either by mRNA decay (predominant mechanism in 
plants) or by translational repression (predominant mechanism 
throughout the animal kingdom (5). Diverse expression patterns 
of miRNAs and altered miRNA expression under certain 
physiological conditions appear to indicate a range of hitherto 
unknown functions. Over the past two decades, research has 
indicated that miRNAs play a critical role in various physi-
ological processes, such as development, cell proliferation, 
differentiation and apoptosis, as well as in many pathophysi-
ological processes, such as inflammation and oncogenesis (6). 
Approximately 2,000 human miRNAs have been identified 
which may target approximately 60% of total human mRNAs; 
however, only a fraction of the identified miRNAs have been 
studied thus far (7-9).

Previous studies have documented that numerous miRNAs 
are associated with orthopedic disorders. Many miRNA, such 
as the miR‑34 family, miR‑143, miR‑145 and miR‑200b/c 
are associated with osteosarcoma, whereas the ones associ-
ated with osteosarcoma progression and metastases include 
miR‑20a, miR‑181c, miR‑27a, miR‑183, miR‑93, miRNA‑33b 
and miRNA‑26a (10-17). Some miRNAs have been identified 
to have prognostic significance. For example, miR‑451 is an 
unfavorable prognostic factor for both overall and disease-free 
survival in osteosarcoma (18). Low serum levels of miRNA‑133b 
and miRNA‑206 are predictors of a poor prognosis, whereas 
the combined elevation of miRNA‑196a and miRNA‑196b is 
predictor of unfavorable prognosis in patients with osteosar-
coma (19,20). Apart from osteosarcoma, miRNAs have also 
been associated with other orthopedic disorders. miRNA‑210 has 
been shown to be involved in the regulation of post-menopausal 
osteoporosis (21). The expression of mature miR‑17-5p has been 
shown to be significantly lower in non-traumatic osteonecrosis 
samples (22). Studies have also indicated that several miRNAs 
are differentially expressed in patients with intervertebral 
disc degeneration (23), and are thought to participate in the 
pathological process. For instance, miRNA‑10b has been shown 
to promote nucleus pulposus cell proliferation by targeting 
HOXD10 in intervertebral disc degeneration (24). In addition, 
the knockdown of miR‑140 has been shown to be associated with 
osteoarthritis-like changes, while miR‑140 transgenic mice seem 
to develop resistance to joint damage due to osteoarthritis (25). 
Furthermore, miR‑124 and miR‑146a have been shown to be 
associated with rheumatoid arthritis; the administration of 
miR‑146a has been shown to protect the joints from inflamma-
tory damage in arthritic mice (26). Although the association 
between miRNAs and various other orthopedic disorders has 
also been investigated, the relevance of miRNAs in the patho-
genesis of atrophic non-union remains to be elucidated.

In this study, specimens from patients with atrophic non-
union or bone healing following fracture were obtained for 
microarray analysis to characterize the differential miRNA 
expression profiles. The differentially expressed miRNAs 
were further verified by quantitative-polymerase chain 

reaction (qPCR) and these miRNA expression patterns during 
osteogenesis were also explored. miR‑628-3p expression was 
high at the fracture site in patients with atrophic non-union, 
while it was decreased during osteoblast differentiation. 
Gain- of-function analysis revealed that miR‑628-3p inhibited 
the differentiation of MG63 osteoblasts. In addition, in silico 
analysis and molecular analyses revealed that runt-related 
transcription factor 2 (RUNX2), the master gene of osteoblast 
differentiation, was the target gene of miR‑628-3p, which 
strongly suggested the role of miR‑628-3p/RUNX2 in atrophic 
non-union.

Materials and methods

Screening for differentially expressed miRNAs in patients 
with atrophic non-union. After obtaining approval from the 
Medical Ethics Committee of the General Hospital of People's 
Liberation Army (no.  301 Hospital of People's Liberation 
Army), 3 samples from patients with atrophic non-union and 
3 samples from patients with normal fracture healing were 
collected and were stored at -80˚C until further testing. The 
samples were taken from the scar tissues of atrophic non-union 
and from the bony callus formed around the steel plate from 
fracture patients after healing. Written informed consent was 
obtained from each of the patients enrolled in this study.

RNA was extracted using TRIzol reagent  (Life 
Technologies, Carlsbad, CA, USA) as per the manufacturers' 
instructions. The samples were grinded to a fine powder 
under liquid nitrogen. The RNA quality was assessed using 
a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, 
CA, USA). miRNA expression profiling was carried out by 
KangChen Bio-tech (Shanghai, China) utilizing the Sanger 
miRBase 11.0 which contains 1,700 probes.

Cell culture, induction of differentiation and transfection. 
Human osteoblastic MG63 cells  (American Type Culture 
Collection, Rockville, MD, USA) were routinely maintained 
in Dulbecco's modified Eagle's medium (DMEM) high glucose 
(Life Technologies) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS; HyClone, Logan, UT, USA) at 37˚C 
in a humidified atmosphere of 5% CO2. The culture medium 
was changed every other day. For differentiation, the culture 
medium was replaced by differentiation medium containing 
bisphosphonates (alendronate 50 µM, pamidronate 50 µM and 
zoledronate 50 mΜ) for 7 days, as described elsewhere (27). 
Cells cultured in a normal medium were used as a control. Cell 
transfection was performed using Lipofectamine 2000 (Life 
Technologies) as per the manufacturer's instructions. The cells 
were seeded in 6-well plates and cultured to 70-80% confluence 
in antibiotic-free fresh medium. The cells were washed twice 
with DMEM prior to transfection. Subsequently, a mixture 
of Lipofectamine 2000 (Life Technologies) and miR‑628-3p 
miRNA mimics or miR-654-5p mimics or miRNA mimic 
negative controls (Genepharma, Shanghai, China) were added 
followed by incubation for 6 h. miRNA mimics negative control 
were used as a negative control (NC).

Detection of alkaline phosphatase (ALP) activity. ALP activity 
was measured using the alkaline phosphatase assay kit (Beyotime, 
Hangzhou, China) as per the manufacturer's instructions. 
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Total protein was extracted using radioimmuno‑precipitation 
assay (RIPA) lysis buffer. Following centrifugation of the cell 
lysate at 14,000 x g for 5 min at 4˚C, the total protein concentra-
tion in the lysate was determined by bicinchoninic acid assay. 
Equal volumes of substrate and cell lysate were added to each 
well of the 96-well plate and incubated for 10 min. Following 
the addition of stop solution, ALP activity was evaluated by 
measuring the absorbance of the mixture with a test wavelength 
of 405 nm using an automicroplate reader (Infinite M200; Tecan, 
Grödig, Austria).

Alizarin Red S staining. The cells in the 6-well plate were 
washed with phosphate-buffered saline (PBS) and fixed with 
4%  paraformaldehyde. After washing with PBS 3  times, 
Alizarin Red staining solution (Sigma-Aldrich, St. Louis, MO, 
USA) was added followed by incubation for 30 min. The cells 
was washed for another 3 times with PBS, and images were 
recorded using a Nikon CoolPix 950 digital camera (Nikon 
Instruments Inc., Shanghai, China).

3' Untranslated region (3'UTR) luciferase reporter assay. The 
3'UTR luciferase reporter constructs of RUNX2 were made by 
cloning the 3'UTR region of the RUNX2 mRNA into the pGL3-
promoter vector (Promega, Madison, WI, USA). The primers for 
RUNX2 3'UTR-1 were 5'-acgtctagaagcatgaaatgctggagtga-3' (sense) 
and 5'-gatcatatgctgggtggcctacaaaggt-3' (antisense); for RUNX2 
3'UTR-2 were 5'-acgtctagatggtccttctcaaacccacctt-3' (sense) and 
5'-gatcatatgttcgttttctaaaaacaaca-3' (antisense); for RUNX2 
3'UTR-1-mut were 5'-caaggggctgtggagtttggtgtcctagcttgtgtatgaattt 
gagctaga-3' (sense) and 5'-tctagctcaaattcatacacaagctaggaca 
ccaaactccacagcccc-3' (antisense); and for RUNX2 3'UTR-2-mut 
were 5'-gtcttactactactgtggaaccatgctagcattcctgggaattaaaat-3' and 
5'-accacgctattttaattcccaggaatgctagcatggttccacagtagtagtaagac-3'. 
All the constructs were confirmed by sequencing analysis. 
293 cells (ATCC, Manassas, VA, USA) were co-transfected with 
the luciferase reporter plasmid and the miR‑628-3p mimics. After 
24 h, the luciferase activities were measured using the Dual-
Luciferase reporter assay system (Promega) according to the 
manufacturer's instructions.

RNA quantification. Total RNA was extracted from the tissues 
or cultured cells using TRIzol reagent (Life Technologies) as 
per the manufacturer's instructions. A total of 1.5 µg of RNA 
was used for reverse transcription. qPCR was performed using 
an ABI 7500 real-time PCR system and was executed using 
the SYBR-Green PCR master mix (both from Applied 
Biosystems, Foster City, CA, USA) with 2 µl cDNA template 
in a 40 µl final reaction mixture (95˚C for 15 min; 95˚C for 
15 sec, 56˚C for 30 sec, 68˚C for 30 sec, 40 cycles). The average 
threshold cycle (Ct) for each gene was determined from tripli
cate reactions; the relative expression level of mRNA or miRNAs 
was normalized to that of the internal controls, glyceraldehyde 
3-phosphate dehydrogenase  (GAPDH) or U6, using the 
2-ΔΔCt method. The primers for ALP were 5'-ctaactccttagt 
gccagag-3' (sense) and 5'-catgatgacattcttagccac-3' (antisense); 
for collagen, type  I, α1 (COL1A1) were 5'-gtgctaaaggtgcc 
aatggt-3' (sense) and 5'-ctcctcgctttccttcctct-3' (antisense); for 
osteocalcin (OC) were 5'-ctcacactcctcgccctattg-3' (sense) and 
5'-cttggacacaaaggctgcac-3' (antisense); for GAPDH were 
5'-tcagtggtggacctgacctg-3' (sense) and 5'-tgctgtagccaaattcgttg-3' 

(antisense); for miR‑149* were 5'-agggagggacgggggctgtgc-3' 
(sense) and 5'-gcgagcacagaattaatacgac-3' (antisense); for miR‑221 
were 5'-agctacattgtctgctgggtttc-3' (sense) and 5'-gcgagcacagaa 
ttaatacgac-3' (antisense); for miR‑628-3p were 5'-tctagtaagagt 
ggcagtcga-3' (sense) and 5'-gcgagcacagaattaatacgac-3' (antisense); 
for miR‑654-5p were 5'-tggtgggccgcagaacatgtgc-3' (sense) and 
5'-gcgagcacagaattaatacgac-3' (antisense); and for U6 were 
5'-cgcttcggcagcacatatacta-3' (sense) and 5'-cgcttcacgaatttg 
cgtgtca-3' (antisense).

Western blot analysis. The cells were harvested and lysed with 
RIPA lysis buffer. Equal amounts of protein were loaded and 
separated via 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis  (SDS-PAGE). Separated proteins were 
transferred onto 0.4-µm polyvinylidene difluoride (PVDF) 
membranes. After blocking with 5% skim milk for 3 h, the 
PVDF membranes were incubated overnight with primary 
antibody against RUNX (H00000860-M06) or GAPDH 
(H00002597-M01) (1:1,000; Abnova, Taipei, China) diluted in 
blocking solution. Subsequently, the membranes were washed 
3  times with Tris-buffered saline (TBS) with Tween-20 
(TBST) [50  mM Tris-HCl (pH  7.5), 150  mM NaCl, and 
0.05%  Tween‑20] and horseradish peroxidase-conjugated 
secondary antibodies (ZB-2305; ZSGB-BIO, Beijing, China) 
were incubated with the membranes for 1 h at room tempera-
ture. The membranes were washed twice with TBST and once 
with TBS, and soaked in enhanced chemiluminescence (ECL) 
reagent. Protein bands were visualized using the Western 
Blotting Systems ECL kit (Amersham, Piscataway, NJ, USA). 
Data obtained from western blot analysis were analyzed using 
Bio-Rad Quantity One  1-D Analysis software  (Bio-Rad, 
Hercules, CA, USA).

Screening for target genes. we used the online software 
program, microRNA.org, to identify the candidate target 
genes of miR‑628-3p. This was carried out by typing the name 
of microRNAs in the search bar.

Statistical analysis. All data are expressed as the means ± stan-
dard deviation (SD). Statistical analyses were performed with 
SPSS (version 15.0; SPSS Inc., Chicago, IL, USA). The normality 
of distribution of all variables was verified before conducting 
the data analyses. Upon performing the Kolmogorov-Smirnov 
test, no significant differences were detected in the variance 
between the groups (F test). A one-way ANOVA was performed 
to detect statistically significant differences between more than 
2 groups. Otherwise, a two-tailed Student's t-test was used to 
evaluate the differences between 2 groups. A P-value of <0.05 
was considered to indicate a statistically significant difference.

Results

Screening for differentially expressed miRNAs in patients 
with atrophic non-union. Scar tissue from the 3  patients 
with atrophic non-union, and tissues from the bony callus 
from 3 patients with healed fractures were collected. The 
differentially expressed miRNAs were screened with miRNA 
microarray. A total of 4  miRNAs  (miR‑149*, miR‑221, 
miR‑628-3p and miR‑654-5p) were was found to be signifi-
cantly upregulated, whereas 7 miRNAs (let-7b*, miR‑220b, 
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miR‑513a-3p, miR‑551a, miR‑576-5p, miR‑1236 and kshv-
miR‑K12-6-5p) were found to be downregulated in the patients 
with atrophic non-union (Fig. 1A).

The upregulation of miRNAs in the patients with atrophic 
non-union was verified by qPCR, which reconfirmed that the 
expression of the 4 miRNAs (miR‑149*, miR‑221, miR‑628-3p 
and miR‑654-5p) was increased in the scar tissues of patients 
with atrophic non-union (Fig. 1B).

Expression patterns of miRNAs upregulated in patients with 
atrophic non-union during osteoblast differentiation. To 
assess the association between the 4 upregulated miRNAs 
and osteoblast differentiation, we detected alterations in the 
expression levels of these miRNAs during the differentiation 
of MG63 osteoblasts. As shown in Fig. 2, miR‑149* expression 
was consistent during the differentiation of MG63  osteo-

blasts; miR‑221 expression was increased at the beginning 
of differentiation (on day 3), but was decreased at the end of 
differentiation (on day 7); the expression of both miR‑628-3p 
and miR‑654-5p was found to be persistently downregulated 
during the differentiation process. These results suggest that 
miR‑628-3p and miR‑654-5p may have an inhibitory regula-
tory function in osteoblast differentiation.

miR‑628-3p, but not miR‑654-5p, attenuates osteoblast 
differentiation. To clarify the exact roles of miR‑628-3p 
and miR‑654-5p in the differentiation of osteoblasts, both 
miR‑628-3p and miR‑654-5p mimics were introduced into the 
MG63 cells and osteoblast differentiation was assessed. The 
expression levels of osteoblastic-related genes, including ALP, 
COL1A1 and OC were significantly upregulated following 
culture in osteoblastic differentiation medium (Fig. 3A). Under 
the differentiation-inducing conditions, transfection with 
miR‑628-3p mimics markedly attenuated the increased expres-
sion of ossification-related genes, whereas the miR‑654-5p 
mimics had no effect on the expression of these marker genes, 
compared with the group transfected with miRNA mimics 
negative control (induction + NC). Further results revealed that 
ALP activity in the differentiated MG63 cells was inhibited by 
transfection with miR‑628-3p mimics, but not by miR‑654-5p 
654-5p mimics (Fig. 3B). The results of in vitro cell mineral 
characteristics, as assessed by Alizarin Red S staining, were 
in line with the results mentioned above; namely transfection 
with miR‑628-3p, but not miR‑654-5p, mimics diminished 
MG63 mineralization induced by osteoblastic differentia-
tion (Fig. 3C).

RUNX2 is a target gene of miR‑628-3p. Osteogenesis is a 
complex biological process involving multiple transcription 
factors. To identify the target gene by which miR‑628-3p abates 
osteoblast differentiation potential, we searched the candidate 
target genes of miR‑628-3p using the miRNA gene prediction 
software, microRNA.org. The master transcription factor of 
osteoblast differentiation, RUNX2, was predicted as a target 
gene of miR‑628-3p. Two pairing regions were identified in the 
RUNX2 3' non-coding region, named RUNX2-3'UTR-1 and 
RUNX2-3'UTR-2 (Fig. 4A). To verify whether miR‑628-3p can 
bind to these regions, luciferase reporter vectors (pGL3‑RUNX2-
3'UTR-1 and pGL3-RUNX2-3'UTR-2) were constructed. 
In addition, the control vector were also generated with the 
mutated binding region  (pGL3-RUNX2‑3'UTR-1-mut and 
pGL3-RUNX2-3'UTR-2-mut) (Fig. 4B). miR‑628-3p mimics 
were transfected into 293 cells with either the reporter vector 
or control vector. The results revealed that luciferase activity 
specifically weakened in the cells transfected with miR‑628-3p 
mimics and pGL3-RUNX2-3'UTR-1, but not in other group, 
indicating that miR‑628-3p can specifically bind to RUNX2-
3'UTR-1 and may play a role in the suppression of RUNX2 
expression (Fig. 4C and D).

To verify this hypothesis, we examined the RUNX2 protein 
level following transfection with miR‑628-3p mimics. The 
results exhibited a markedly decreased RUNX2 expression 
as compared with the control group. We further detected the 
effects of miR‑628-3p on the RUNX2 mRNA levels, which 
demonstrated that miR‑628-3p decreased the RUNX2 mRNA 
levels (Fig. 4E).

Figure 1. Screening for differentially expressed miRNAs between patients with 
atrophic non-union and patients with normally healing fracture. (A) Heatmap 
of the differentially expressed miRNAs in the scar tissue or the bony callus 
between patients with bone fracture non-union and patients with healed bone 
fractures. miRNAs were detected by microarray. The heatmap was generated 
from the average of normalized log-transformed fluorescent intensity for each 
data set. (B) The upregulated miRNAs in patients with atrophic non-union 
were verified by qPCR. Relative quantification was performed using the 2-ΔΔCt 
method with bony callus sample as a calibrator. Total RNA was poly-A tailed, 
reverse transcripted and then qPCR was performed. ΔCT values obtained 
from qPCR were subjected to a paired t-test (ΔCT = CT miR ‑ CT U6). The 
expression levels of miR‑149*, miR‑221, miR‑628-3p and miR‑654-5p at the 
site of bone non-union was significantly higher than those of bony callus tis-
sues. *P<0.05 and **P<0.01 compared with controls.
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Figure 2. Expression pattern of atrophic non-union upregulated miRNAs during osteoblast differentiation. MG63 osteoblasts that were cultured in basal medium 
and osteogenic induction medium, respectively, for 1, 3, 5 and 7 days. The miRNA levels were assayed by qPCR and expressed as the fold of the control group. 
*P<0.05 compared to the control group.

Figure 3. miR‑628-3p, but not miR‑654-5p, attenuates osteoblast differentiation. (A) Effect of miR‑628-3p and miR‑654-5p on the expression of osteogenesis 
differentiation marker genes during osteoblast differentiation. MG63 cells that were treated under different conditions (basal medium and osteogenic induction 
medium). There were other 3 groups which were transfected by NC (miRNA mimics negative control), miR‑628-3p and miR‑654-5p mimics before being 
cultured in osteogenic induction medium. The mRNA levels were assayed by qPCR and expressed as the fold of the control group. (B) Effects of miR‑628-3p 
and miR‑654-5p on the activity of alkaline phosphatase (APL) in the differentiated MG63 cells. The activity of APL was expressed as the fold of the control 
group. (C) Effects of miR‑628-3p and miR‑654-5p on the mineralization of the differentiated MG63 cells. Mineralized matrix of the MG63 cells was examined 
by Alizarin Red S staining. *P<0.05 and **P<0.01 compared with the control group; #P<0.05 compared with the NC group.
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Discussion

In this study, we demonstrated the differential expres-
sion of miRNAs between patients with atrophic non-union 
and patients with bone healing following fracture through 
screening with miRNA microarray. A total of 4 upregulated 
and 7 downregulated miRNAs were identified. Amongst the 
upregulated miRNAs, miR‑628-3p and miR‑654-5p expression 
was decreased persistently during osteoblast differentiation. 
miR‑628-3p mimics, but not miR‑654-5p mimics, attenuated 
the osteogenic differentiation of MG63 cells. Furthermore, 
RUNX2 was predicted as a candidate target gene by in silico 
analysis. Further results verified that miR‑628-3p decreased the 
RUNX2 level at both the protein and mRNA level.

Atrophic non-union is triggered by multiple causes. 
Impaired blood circulation is considered to be the most impor-
tance factor (28). However, with the progress in research on 
macrovascular techniques, this view has been challenged in 
recent years. Multiple studies have indicated that blood supply 

is not reduced in atrophic non-union and angiogenesis also 
seems unimpaired. In a study by Santavirta et al (29), pathology 
specimens from 10 patients with non-union did not reveal any 
evidence of decreased vascular density. Besides, in another 
study, the blood supply in atrophic non-union was reported as 
being more than adequate, when compared with hypertrophic 
non-union (30). Increasingly, researchers are accepting the 
opinion that insufficient osteogenesis plays a crucial role in 
non-union. Bone fracture healing involves hematoma forma-
tion and its filling in by a fibrin network; subsequently, cells 
grow along a fibrin meshwork to from procallus and fibrocar-
tilaginous callus, followed by the deposition of calcium salt 
that converts the fibrocartilaginous callus into the spongy bone 
that is characteristic of the bony callus. In the final step, the 
bony callus remodels into a normal shape. During this process, 
impaired osteogenic capability results in atrophic non-union. 
Many factors and/or signaling pathways involved in osteogen-
esis seem to improve bone healing (30). The transplantation of 
pluripotent stem cells, such as mesenchymal stem cells, which 

Figure 4. Runt-related transcription factor 2 (RUNX2) is a target gene for miR‑628-3p. (A) Predicted duplex formation between miR‑628-3p and the tar-
geted RUNX2-3' untranslated region (3'UTR)-1 or RUNX2-3'UTR-2; (B) The sequences of RUNX2-3'UTR-1, RUNX2-3'UTR-2, RUNX2-3'UTR-1mut, and 
RUNX2-3'UTR-2mut. RUNX2-3'UTR-1mut and RUNX2-3'UTR-2mut sequences were identical to the wild-type sequences, except for a 6 bp substitution; 
(C and D) miR‑628-3p targets the 3'UTR-1 (C), but not 3'UTR-2 (D), of RUNX2 mRNA. pGL3m-RUNX2-3'UTR reporter plasmids or mutation plasmids were 
co-transfected into 293 cells with NC or miR‑628-3p mimics. Luciferase activity was normalized to Renilla luciferase expression. ##P<0.01 compared with 
corresponding NC group. (E) Effect of miR‑628-3p on RUNX2 expression at both protein and mRNA levels. RUNX2 protein was measured in MG63 cells by 
western blot analysis at 48 h following transfection with synthetic miR‑628-3p mimics. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an 
internal loading control. **P<0.01 compared with the control group.
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can undergo osteogenic differentiation, has an obvious thera-
peutic benefit in patients with non-union (31). As shown in this 
study, miR‑628-3p is highly expressed in atrophic non-union 
and can inhibit osteogenesis, indicating its negative role in atro-
phic non-union modulated via the suppression of osteogenesis.

miRNAs control osteoblastogenesis. A general null muta-
tion of Dicer has been shown to prevent the formation of a 
normal vertebrate body plan at gastrulation, suggesting a crit-
ical role of miRNAs in the formation of bone. Furthermore, the 
knockdown of Dicer and Drosha using lentiviruses expressing 
shRNAs, has been shown to inhibit the osteogenic differentia-
tion of human multipotent stromal cells (32). Multiple miRNAs 
regulate osteoblast differentiation, with some of them exerting 
an inhibitory effect. For instance, miR‑34s inhibit osteoblast 
proliferation and differentiation in mice by targeting SATB 
homeobox 2 (SATB2) (33). Furthermore, miRNA‑100 regu-
lates the osteogenic differentiation of human adipose-derived 
mesenchymal stem cells by targeting bone morphogenetic 
protein receptor type  II  (BMPR2)  (34). miR‑214 targets 
activating transcription factor 4 (ATF4) to inhibit bone forma-
tion (35). The miR‑93/Sp7 function loop mediates osteoblast 
mineralization in osteogenesis (36). Other microRNAs have 
been shown to have a strengthening function. For instance, the 
upregulation of miR‑22 promotes osteogenic differentiation by 
repressing histone deacetylase (HDAC)6 protein expression in 
human adipose tissue-derived mesenchymal stem cells (37), 
and the overexpression of miR‑2861 promotes osteoblast differ-
entiation by suppressing HDAC5 in primary osteoblasts (38). In 
this study, miR‑628-3p was a found to be involved in osteoblast 
differentiation.

Until now, studies investigating the function of miR‑628-3p, 
have been exceedingly rare, with only a few studies investi-
gating a possible association between this miRNA and human 
diseases. Cui et  al reported a marked alteration of serum 
miR‑628-3p levels in patients with hand-foot-and‑mouth 
disease, suggesting its potential value as a candidate molecular 
marker to differentiate patients with enterovirus infections from 
healthy individuals (39). Another recent study highlighted the 
potential of this miRNA for helping distinguish sera of patients 
with pancreatic cancer from those of healthy persons (40). 
Furthermore, another study indicated that miR‑628-3p in 
platelets may influence mRNA processing in patients with 
diabetes mellitus (41). In the present study, we demonstrated 
that miR‑628-3p expression was increased in the scar tissue 
of patients with atrophic non-union, and that its expression 
was downregulated during osteoblast differentiation. Further 
experiments proved that this miRNA suppresses osteoblast 
differentiation. To the best of our knowledge, this is the first 
study to profile the functional aspects of miR‑628-3p.

The master transcription factors, such as RUNX2 
and SP7‑Osterix, have autonomous effects on osteoblast 
differentiation. The protein coding sequence of RUNX2 is 
approximtely 1,500 nucleotides, whereas, its 3'UTR is much 
longer (of the order of 3,000 nucleotides), which make this 
gene the common targeting gene for miRNAs regulating osteo-
genesis. With the established 3'UTR sequence of RUNX2, 
Zhang et al identified >11 miRNAs binding to the 3'UTR 
of RUNX2, i.e.,  miR‑23a, miR‑30c, miR‑34c, miR‑133a, 
miR‑135a, miR‑137, miR‑204, miR‑205, miR‑217, miR‑218 
and miR‑338. All these miRNA differ in their expression level 

in osteogenic and non-osteogenic cells, and exhibit a regula-
tory function in osteoblast differentiation (42). Some of these 
miRNAs were also identified in parallel studies (43-46). Apart 
from these 11 miRNAs, it has also been demonstrated that 
RUNX2 is also controlled by other miRNAs. For example, 
miR‑204 has been shown to regulate RUNX2 protein levels 
in mesenchymal progenitor cells, while miRNA‑103a acts as a 
mechano-sensitive miRNA suppressing Runx2 to inhibit bone 
formation (47). This study demonstrated that the binding of 
miR‑628-3p to the RUNX2 3'UTR region suppressed RUNX2 
expression, thus adding a new member to the growing list of 
miRNAs that regulate RUNX2 expression.

A major limitation of this study was the fact that we did not 
verify the function of miR‑628-3p in vivo, and, whether this 
miRNA has a potential therapeutic role in atrophic non-union. 
Whether the overexpression of RUNX2 can reverse the inhibi-
tory effects of miR‑628-3p on osteoblast differentiation also 
needs to be verified. In addition, the functions of the miRNAs 
found to be downregulated in atrophic non-union also need to 
be assessed further.

In conclusion, to the best of our knowledge, the present 
study is the first to elucidate the role of miRNAs in the patho-
logical process of atrophic non-union. We identified an miRNA 
i.e., miR‑628-3p, which was upregulated in patients with atro-
phic non-union and exerted an inhibitory effect on osteogenesis 
through the suppression of its target gene, RUNX2. The findings 
of our study may provide insight into the development of novel 
therapeutic targets for the management of atrophic non-union.
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