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A B S T R A C T

Background: Mesenchymal stem cells (MSCs) are promising targets for therapeutic use in regenerative medicine
and tissue engineering. In the previous study, we have found that MSCs could be reverted to a primitive stem cell
population after in vitro induction of osteogenic and de-osteogenic differentiation (de-osteogenic differentiated
MSCs, De-Os-MSCs). De-Os-MSCs showed improved cell survival and osteogenic potential. However, the under-
lying mechanism and its potential effect on fracture healing has not been explored.
Methods: MSCs were isolated from the rat bone marrow. MicroRNAs were cloned into lentiviral vectors and
transduced into MSCs to observe the effects on osteogenesis. The expression levels of marker genes were eval-
uated by quantitative RT-PCR. Ectopic bone formation model was used to evaluate the bone regeneration ability
of mir-92b transduced MSCs in vivo. An open femur fracture model was established, and MSCs or De-Os-MSCs
were administrated to the fracture sites. Histological, biomechanical and microCT analysis were used to eval-
uate the quality of bone.
Results: In the present study, we found that mir-92b was significantly increased in the secretions of De-Os-MSCs.
And mir-92b could promote the osteogenic differentiation potential of MSCs by activating pERK and JNK
signaling pathways. The ectopic bone formation assay showed that MSCs overexpressing mir-92b formed more
bone like tissues in vivo. Most importantly, we found local administration of De-Os-MSCs could accelerate fracture
healing using an open femur fracture model in rats. The quality of bone property was much better as shown by
microCT and biomechanical testing.
Conclusion: Taken together, our study demonstrated that mir-92b promoted osteogenesis of MSCs, which was
partially accounted for the enhanced osteogenic differentiation potential of De-Os-MSCs. And De-Os-MSCs had
shown better regenerative capacity in accelerating fracture healing when they were locally given.
The translational potential of this article: De-Os-MSCs could be used to accelerate fracture healing, and reduce the
occurrence of delayed unions and non-unions.
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Introduction

Fractures are very common large-organ, traumatic injuries in humans
[1]. In general, the fracture healing is a complex biological process pre-
cisely organized by hormones, cytokines, chemokines, growth factors
and other regulators in each stage. Four stages have been found to be
involved in fracture healing, including inflammatory response, soft callus
formation, hard callus formation and bone remodeling [2]. Although
bone has intrinsic regeneration capacity in response to injuries, there are
still about 10–20% of fractures result in impaired or delayed healing [3].
Therefore, tissue engineering approach has been developed to favor the
regeneration of new functional tissues [4]. And it is extremely necessary
to develop therapeutic strategies to accelerate bone regeneration during
fracture healing.

Mesenchymal stem cells (MSCs) have been demonstrated as prom-
ising targets for therapeutic use in regenerative medicine and tissue en-
gineering, which are characterized by the potential to differentiate into
multiple lineages and the ability to be easily expanded ex vivo while
retaining their original lineage differentiation commitment [5]. How-
ever, the harsh ischemic microenvironment in the fracture sites, infil-
trated by the inflammatory and immune cells, provides a significant
challenge to the transplanted MSCs. Low cell survival rate and differen-
tiation in vivo are the two main problems hindered the effectiveness of
transplanted MSCs [6–9]. Interestingly, it has been found that MSCs are
extremely plastic in that they can cross oligo-lineage boundary and
trans-differentiate into cells of unrelated lineages, including neurons,
hepatocytes and epithelial-like cells under specific conditions [10–13].
Recent studies from both our group and others have demonstrated that
dedifferentiation is a prerequisite for MSCs to enhance their capacities
[14–17]. However, the underlying molecular mechanisms are largely
unknown. Up to now, accumulating evidence has indicated that stem cell
fate and function are regulated at the epigenetic level as we learned from
pluripotent stem cells [18–20].

It has been well documented that MSCs exert therapeutic effects by
differentiating into reparative or replacement cell types, as well as
secreting cytokines or chemokines or microRNAs that could potentially
repair injured tissues [21–23]. These cytokines/chemokines and
RNAs/microRNAs are usually encapsulated in microvesicles or exosomes
secreted by MSCs. More than 200 proteins have been identified in the
secretion of MSCs, which have the potential to act as paracrine modu-
lators of tissue repair [24]. Our previous study has shown that secretion
factors from umbilical cord-derived mesenchymal stem cells can initiate
osteogenesis and promote bone repair [25]. Another kind of predominant
contents in exosome is microRNAs which play important roles in regu-
lating the functions of MSCs or other cellular processes. For example,
mir-126 has been found in stem cell-released exosomes, and mir-126
overexpressed MSCs-derived exosomes could promote angiogenesis in
the diabetic rats [26]. It has been revealed that exosomes from MSCs can
transfer mir-125b to vascular smooth muscle cells to inhibit the prolif-
eration and migration [27].

Our previous study have shown that after in vitro induction of oste-
ogenic differentiation, MSCs could be reverted to a primitive stem cell
population (de-osteogenic differentiated MSCs, De-Os-MSCs) with
improved cell survival, colony formation, migratory capacity, as well as
osteogenic potential. In the present study, following our previous study,
we asked whether De-Os-MSCs could accelerate fracture healing, as well
as the underlying mechanism. We found mir-92b was increased in the
secretions of De-Os-MSCs. And overexpression of mir-92b in MSCs could
promote osteogenesis. Mechanistically, we found mir-92b could activate
the pERK and JNK signaling pathways. Finally, we have demonstrated
that De-Os-MSCs could accelerate fracture healing when they were
directly injected in the fracture sites using the open femur fracturemodel,
which have promising application potential in bone regeneration.
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Materials and methods

Culture of rat MSCs

All experiments were approved by the Animal Research Ethics Com-
mittee of the authors’ institution and carried out in accordance with the
approved guidelines. SD rat and GFP transgenic rat were used in the
study. Rat bone marrow MSCs were isolated and expanded as previously
described [28]. The MSCs were cultured in α-MEM medium supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100
mg/mL streptomycin, and 2 mM L-glutamine (all from Invitrogen Cor-
poration, Carlsbad, CA) and cultured at 37 �C, 5% CO2.

Induction of osteogenic differentiation and de-differentiation

MSCs obtained from the GFP transgenic rat were used. To initiate
osteogenic differentiation, MSCs at p3-p8 were transferred to osteogenic
induction media (OIM) containing basal media with 1 nM dexametha-
sone, 50 μM ascorbic acid, and 20 mM β-glycerolphosphate (all from
Sigma–Aldrich) for 7–10 days (Os-MSCs). After osteogenic induction,
osteogenic media was replaced with basal media and allowed to grow for
another 7–10 days (De-Os-MSCs).

Preparation of MSCs secretion and microRNA microarray analysis

The De-Os-MSCs and normal MSCs were cultured in T75 flasks and
cultured in α-MEM supplemented with 10% FBS and 1% antibiotics. Then
the culture medium was then changed to a plain α-MEM medium that
contained no FBS, penicillin/streptomycin, or phenol red. At day 3, 10
mL conditioned serum free medium was collected and filtered with a 0.2
μm filter. Finally, the solution was lyophilized and stored in powder form
at �80 �C. For the microarray analysis, 100 μg powder of secretion was
dissolved in 1 mL PBS, respectively. The microRNA microarray analysis
was performed by the Annoroad Gene Technology Corporation (Beijing,
China).

Plasmid construction and lentivirus production

To generate pre-mirs expressing plasmids, the oligonucleotides
encoding pre-mir-92b, pre-let-7e, pre-mir-10b, pre-mir-20a, pre-mir-92b,
pre-mir-371 and pre-mir-373 were amplified and cloned into the XhoI
site of pLL3.7 under the control of U6 promoter. Scrambled control
plasmid was also constructed according to the method used by Splinter
et al. [29]. Pseudo-lentivirus was produced by transient transfection of
293FT packaging cells (Invitrogen, USA) using the calcium phosphate
method. Culture supernatants were harvested at 48 and 72 hour after
transfection and lentiviral particles were concentrated using PEG6000
[30]. For transduction, 1 � 105 cells were seeded into 6-well plate and
incubated with lentivirus and 8 μg/mL polybrene in the incubator for 24
hour.

Transient transfection

MSCs (1 � 105 cells) were seeded into the wells of a 12-well plate,
incubated overnight, and then transfected with miR-92b antagomir
(RiBOBIO, China), or negative control using Lipofectamine 3000 (Invi-
trogen) according to the manufacturer’s instructions.

Ectopic bone formation

In vivo studies were performed with the approval of the Animal
Experimentation Ethics Committee of The Chinese University of Hong
Kong. After anesthesia, an incision was made on the dorsum and a
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subcutaneous pocket was created. 2.5 � 106 MSCs or mir-92b over-
expressing MSCs were seeded onto sterilized Skelite® resorbable Si-TCP
bone graft substitute. Then they were transplanted into the same mice.
The wound was then closed in layers. At week 8, the scaffolds with cells
were harvested and fixed in 10% buffered formalin. Finally, the samples
were decalcified, embedded in paraffin and sectioned for histological
staining.

Quantitative real time RT-PCR (qRT-PCR)

The cells were harvested and homogenized for RNA extraction with
RNeasy mini kit (Qiagen, Hilden, Germany). The mRNA was reverse-
transcribed to cDNA by the PrimeScript First Strand cDNA Synthesis
Kit (Takara). 5 μl of total cDNA of each sample were amplified in a final
volume of 25 μl of reaction mixture containing Platinum SYBR Green,
qPCR SuperMix-UDG ready-to-use reaction cocktail and specific primers
using the ABI StepOne Plus system (all from Applied Biosystems, CA,
USA). The expression of target gene was normalized to that of β-actin
gene which was shown to be stable in this study. Relative gene expression
was calculated with the 2-△CT formula. The sequences of the primers
were shown in Supplementary Table 1. To detect the expression of
microRNAs, the RNAs were reverse-transcribed to cDNA with the
microRNA reverse transcription system (TIANGEN BIOTECH, China).
The expression levels of microRNAs were analyzed by qPCR using the
miRNAs Quantification Kit (TIANGEN BIOTECH, China). U6 was used as
an internal control.

Western blot

Equal proteins were loaded onto 10% Tris/glycine gels for electro-
phoresis and then transferred to a PVDF membrane (Millipore). Anti-
β-catenin (BD, 1:1000), anti-ERK1/2 (BD, 1:2000), anti-phospho-ERK1/2
(BD, 1:1000), anti-phospho-JNK/SAPK (Thr183/Tyr185) (CST, 1:1000),
anti-JNK1 (CST, 1:1000) or anti-GAPDH (Santa Cruz, 1:1000) antibodies
were used in this study. After washing in TBST, the membrane was
incubated with horseradish peroxidase-linked secondary antibodies
(anti-mouse or anti-goat) for 1 hour at room temperature. Following
TBST washes, protein was detected with the enhanced chem-
iluminescence blotting reagents (Amersham Biosciences) according to
the manufacturer’s instruction. The intensity of bands was quantified
with Image J software (Image J, National Institutes of Health, USA) and
compared statistically.

Fracture healing model and analysis

SD rats were anesthetized with ketamine and xylazine intraperito-
neally. The open fracture model was established as previously reported
[31]. Briefly, the rats were anaesthetized with ketamine and xylazine. An
incision was made over the right femur, then the femur was exposed. The
sagittal saw was used to make a mid-femoral transverse osteotomy. An
intramedullary 1.2 mm Kirschner wire was inserted to fix the femur.
Then the wire was cut and the incision was closed with suture.
De-Os-MSCs or normal MSCs were locally injected into fracture sites of
SD rat at 7 days after fracture (n ¼ 10). The healing was monitored
radiographically using digital x-ray machine. Rats were sacrificed at 3
and 8 weeks after fracture surgery. Femurs were harvested for microCT
analysis, and then fixed in 4% buffered formalin, decalcified in 9% formic
acid and embedded in paraffin for sectioning. For microCT analysis, the
femurs were scanned by vivaCT 40 (Scanco Medical) using our previ-
ously established protocols [32]. The scan range covered 3 mm proximal
and 3 mm distal to the fracture line with a resolution of 10.5 μm. Low-
and high-density mineralized tissues were reconstructed using different
thresholds (low attenuation ¼ 160, high attenuation ¼ 350) using our
established evaluation protocol with small modification [33]. The
high-density tissues represented the newly formed highly mineralized
callus and the old cortitces, while the low-density tissues represented the
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newly formed callus. To assess the mechanical properties of the fractured
femur, mechanical test was performed as reported by our department
[34]. The sections were subjected to HE or Safranin O staining or
immohistochemical staining of OCN as described previously [35].
GFP-labeledMSCs were detected by immunohistochemical analysis using
anti-GFP antibody (Santa Cruz).

Histology and immunohistochemistry

Immunohistochemical staining was performed as previously
described [36]. The scaffold without and with cells were washed in PBS,
fixed in 4% paraformaldehyde, decalcified dehydrated and embedded in
paraffin. Sections were cut at a thickness of 5 μm and were stained with
H&E after deparaffination. Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide for 20 minutes at room tempera-
ture. Antigen retrieval was then performed with citrate buffer at 80�C for
10minutes. Primary antibodies against GFP (1:100; Santa Cruz, CA, USA)
and osteocalcin (1:100; Santa Cruz, CA, USA) were used. Donkey
anti-goat IgG horseradish peroxidase (HRP)-conjugated secondary anti-
body and goat anti mouse horseradish peroxidase (HRP)-conjugated
secondary antibody (1:200) was then added for an hour, followed by 3, 3’
diaminobenzidine tetrahydrochloride (DAKO, Glostrup, Denmark) in the
presence of H2O2 for signal detection. Afterward, the sections were
rinsed, counterstained in hematoxylin, dehydrated with graded ethanol
and xylene, and mounted with p-xylene-bis-pyridinium bromide (DPX)
permount (Sigma Aldrich, St Louis, MO, USA). Primary antibody was
replaced with blocking solution in the negative controls. All incubation
times and conditions were strictly controlled. The sections were exam-
ined under light microscopy (DMRXA2, Leica Microsystems Wetzlar
GmbH, Germany).

Data analysis

Data were presented as mean � SD. Comparison of two independent
groups was done using Mann–Whitney U test. All the data analysis was
done using SPSS (version 16.0; SPSS Inc, Chicago, IL). p < 0.05 was
regarded as statistically significant.

Results

Mir-92b was increased in the secretions of De-Os-MSCs

We have previously reported that after in vitro osteogenic differen-
tiation and de-differentiation, MSCs exhibited enhanced cell survival and
osteogenic differentiation potential. As microRNAs have been found to
be important regulators of MSCs fate determination, which promoted us
to know whether microRNAs are involved in the de-differentiation pro-
cess. In the present study, the secretions from De-Os-MSCs and normal
cultured MSCs were collected for microarray analysis to identify the
differentially expressed microRNAs. The top three up/down regulated
microRNAs in De-Os-MSCs as found by microarray analysis were listed in
Fig. 1A. And the expression levels of these microRNAs were also verified
by qPCR analysis (Fig. 1B).

Mir-92b promoted osteogenesis of MSCs

Then we have cloned and overexpressed let-7e, mir-10b, mir-20a,
mir-92b, mir-371 and mir-373 in MSCs with lentiviruses. The trans-
fection efficiency was above 80% as confirmed by fluorescence imaging
of GFP expression (Supplementary Fig. 1). And the expression level of
each microRNA was checked by qPCR analysis (Fig. 1C). The infected
MSCs were induced to undergo osteogenic differentiation for 10 days,
then the calcium deposits were stained with Alizarin Red S (ARS). The
ARS staining and quantification results showed that mir-92b was the
most efficient one to promote osteogenesis among the selected six
microRNAs (Fig. 1D&E), implying that mir-92b might be one of the main



Fig. 1. Mir-92b promoted osteogenesis in
MSCs (A–B) The top three up/down-
regulated microRNAs in De-Os-MSCs were
listed, and verified by qPCR (B) (C–E) The
scrambled control, let-7e, mir-10b, mir-20a,
mir-92b, mir-371 and mir-373 were trans-
duced into MSCs with lentiviruses. The
overexpression of each microRNA was veri-
fied by qPCR (C). The infected MSCs were
induced to undergo osteogenic differentia-
tion for 10 days, then the calcium deposits
were stained with Alizarin Red S (D), and
quantified (E) (F) Total RNA was extracted
from MSCs infected with mir-92b or scram-
bled control. The mRNA expression levels of
Osterix, Runx2, OPN and ALP were detected
by qPCR. β-actin was used as an internal
control. The data was expressed as mean �
SD (n ¼ 3). *p < 0.05 (G–I) Total proteins
were extracted from MSCs transduced with
scrambled control or mir-92b. Then the
proteins were analyzed by western blot using
indicated antibodies. The protein levels of
pERK (H) and pJNK (I) was normalized to
ERK and JNK1 respectively. All the data
represent mean � SD of three independent
experiments. *p < 0.05 (J–K) The mir-92b
antagmir was transfected into MSCs, then
the cells were treated with osteogenic in-
duction medium for 10 days, the calcium
deposits were stained with Alizarin Red S
(J), the changes of osteogenesis-related
genes was checked by qPCR (K).
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factors leading to increased osteogenic differentiation potential of De-Os-
MSCs. We then further evaluated the mRNA expression levels of genes
related to osteogenesis by quantitative real time PCR. As shown in
Fig. 1F, the expression of ALP (alkaline phosphatase), Osterix and OPN
were markedly increased in MSCs overexpressing mir-92b. In addition,
we also checked the Wnt and ERK signaling pathways governing the
osteogenesis of MSCs. The result showed that the level of β-catenin was
not changed by mir-92b, but the levels of phosphorylated ERK and JNK
were significantly increased (Fig. 1G–I), meaning that mir-92b might
promote osteogenic differentiation by activating ERK and JNK signaling
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pathways. On the other hand, we also mir-92b antagmir to inhibit the
function of mir-92b, and found it could suppress the formation of calcium
deposits as well as the expression of osteogenesis-related genes
(Fig. J&K). These in vitro results demonstrated that up-regulated mir-92b
was accounted for the enhanced osteogenic differentiation potential of
De-Os-MSCs.
Mir-92b promoted ectopic bone formation

To further evaluate the promoting effect of mir-92b on osteogenic
Fig. 2. Overexpression of mir-92b in MSCs pro-
moted ectopic bone formation. MSCs transduced
with scrambled/GFP or mir-92b/GFP were
loaded onto sterilized porous calcium phosphate
restorable granules, and then implanted subcu-
taneously into the dorsal surfaces. The trans-
plants were harvested 8 weeks later for
histological examination (A) The sections were
stained with routine hematoxylin and eosin,
amorphous osteoid matrix could be seen (arrow
head). At: adipose tiusse; ft: fibrous tissue. Scale
bar ¼ 400 μm (B) Quantification of osteoid ma-
trix showed that there was more osteoid matrix in
mir-92b overexpressing group. Five microscopic
fields from each sample were used for measure-
ment. Results are presented as mean � SD, *p <

0.05.
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differentiation of MSCs in vivo, the cells were loaded onto sterilized Si-
TCP bone graft substitutes and implanted subcutaneously at the dorsal
sides of nude mice. The transplants were harvested 8 weeks later and
subjected to histological examination with HE staining to detect the
distribution of osteoid. The results showed that MSCs overexpressing
mir-92b were superior to GFP transduced MSCs in ectopic bone forma-
tion in vivo (Fig. 2).
De-Os-MSCs accelerated fracture healing

Finally, we used open femur fracture model to determine whether De-
Os-MSCs could accelerate bone fracture healing. De-Os-MSCs and normal
MSCs were locally injected into the fracture sites at 7 days after fracture.
At 3 weeks after fracture, the callus from rats that received De-Os-MSCs
injection showed larger areas of cartilage as demonstrated by HE and
Safranin O staining, indicating that the fracture repair in those rats
proceeded through an endochondral ossification process much faster
than those in the control groups (Fig. 3A&B). In addition, a larger number
of GFP-labeled MSCs were found in the sites of fracture as shown by
immunohistochemistry staining (Fig. 3A&C).

At 8 weeks after fracture, the femurs were collected for micro-CT and
histological analysis. The newly formed bone (low density bone) in the
fracture sites of rats administrated with De-Os-MSCs was higher than the
control group, as demonstrated by quantitative data of microCT showing
BVl/TV (Fig. 4A&B), while no differences in BVt/TV and BVh/TV (Fig. 4
C&D), suggesting an enhanced bone formation process.

The HE and Safranin O staining as well as immunohistological
staining with OCN antibody also showed that more bone formation in the
fracture sites of rats transplanted with De-Os-MSCs (Fig. 5A). Through
defining the region of interest, we calculated the relative area of bone
and cartilage region according to the histological staining. The result
showed that only very less cartilage area were seen in the callus of the De-
Os-MSCs group (Fig. 5B), while the percentage of bone in callus of rats
transplanted with De-Os-MSCs was higher than that of control MSCs
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group (Fig. 5C).
At last, to confirm functional recovery of the fractured bones,

biomechanical evaluation by a four-point bending test was performed.
The result showed the percentage ratios of mechanical properties
(including ultimate load, energy to failure and stiffness) in the fractured
femur vs. the contra-lateral intact femur were significantly higher in the
De-Os-MSCs group than that of the control group (Fig. 6A–C).

Discussion

In our previous study, we observed the differences in osteogenesis
between MSCs and De-Os-MSCs, and found that epigenetic regulations
are probably involved in the dedifferentiation-mediated reprogramming
of MSCs. In the present study, we found that mir-92b was responsible for
the elevated osteogenic potential of De-Os-MSCs. Most importantly, local
administration of De-Os-MSCs in the fracture sites could accelerate bone
fracture healing. These results indicated that dedifferentiation could be
an important strategy to reinforce the potential therapeutic benefits of
MSCs, which could have great impact on the application of MSCs in
regenerative medicine.

MicroRNAs are noncoding small RNAs, 21–25 nt in length, encoded
in the genome, which can regulate the gene expression by targeting 3’
untranslated region (UTR) of mRNAs at posttranscriptional level.
Emerging evidence has indicated that miRNAs play important roles in
skeletal development and homeostasis [37–39]. The pattern change of
miRNAs could be the potential targets for clinical intervention and
numerous of studies characterizing miRNAs function in relation to their
targets during osteoblast or osteoclast differentiation [40,41]. One of the
most studied microRNAs, miR-21, is recognized as a versatile miRNA
which involved in lots of biological process, including osteogenesis [42].
Our recent study also demonstrated that mir-21 overexpressing mesen-
chymal stem cells could accelerate fracture healing in a rat closed femur
fracture model [43]. Mir-92b-5p has recently been demonstrated to
modulate melatonin-mediated osteogenic differentiation of mouse bone
Fig. 3. De-Os-MSCs increased the cartilaginous
content in callus at 3 weeks after fracture (A) At 3
weeks after fracture, the femurs were collected
for histological analysis. Longitudinal sections of
callus were subjected to HE, Safranin O staining
and immunohistochemical analysis using GFP
antibody (B) The relative cartilaginous area in the
callus was measured according to the Safranin O
staining (C) The number of locally injected MSCs
in callus was counted (n ¼ 3). The data repre-
sented mean � SD. *p < 0.05.



Fig. 4. Micro-CT analysis of fracture callus. At 8 weeks after fracture, the femurs were collected for micro-CT analysis (A) Representative 3D images generated from
micro-CT analysis of femur fracture healing in rats transplanted with De-Os-MSCs and normal MSCs (B–D) The bone volume density-BVt/TV and BVl/TV was analyzed
by micro-CT. TV: Total tissue volume; BVt: Total bone volume; BVh: Volume of high-density bone; BVl: volume of low-density bone. *p < 0.05, n ¼ 4.

Fig. 5. Histological staining of fracture callus. At 8 weeks after fracture, the femurs were collected for histological analysis (A) Representative images of Safranin O,
HE staining and immunohistological staining of OCN in femur fracture callus of rats transplanted with De-Os-MSCs and normal MSCs (B&C) The relative cartilaginous
area and newly formed bone in the callus was measured according to the staining. The data represented mean � SD. *p < 0.05.
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marrow mesenchymal stem cells by targeting ICAM-1 (intracellular
adhesionmolecule-1) which is an inhibitor of osteogenesis [44]. Our data
is consistent with this finding that mir-92b plays an important role in
regulating osteogenesis of bone marrow-derived MSCs. Furthermore, we
also found Ezh2 is a potential target of mir-92b by bio-informatics
analysis (data not shown). Ezh2 is the catalytic subunit of the Poly-
comb Repressive Complex 2 (PRC2) and catalyzes tri-methylation of
histone H3 at lysine 27 (H3K27me3) to silence target genes. As we have
found decreased H3K27me3 and increased promoter accrual of acti-
vating histone marks, including H3K4me3 and H4ac on Oct4 gene pro-
moter [17], we believed that down-regulation of Ezh2 mediated by
mir-92b might be the underlying mechanism responsible for the
30
changes of histone modifications. However, the bio-informatics analysis
also showed many other target genes of mir-92b, we cannot conclude the
function of mir-92b is solely mediated by Ezh2. On the other hand, we
found pERK and JNK signaling pathways were activated by mir-92b,
which could finally lead to the enhanced osteogenesis of MSCs since
these pathways are well-known for their function in determining the fate
of MSCs [45,46].

Fractures are very common injuries in humans, and about 10–20% of
fractures are impaired or delayed during the healing process. So it be-
comes extremely necessary to develop therapeutic strategies to accel-
erate bone regeneration during fracture healing. In the present study, we
have transplanted De-Os-MSCs to the facture sites to observe whether



Fig. 6. Mechanical test analysis of fracture callus. At 8 weeks after fracture, the femurs were collected for mechanical test analysis (A–C) Mechanical properties of the
fractured bones by four-point bending test. The mechanical properties (including ultimate load, energy to failure and stiffness) in the fractured femur were normalized
with contra-lateral intact femur (in percent). The data represented mean � SD. *p < 0.05, n ¼ 5.
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they could accelerate fracture healing with normal MSCs as control. The
results of micro-CT quantitatively exhibited a greater bone volume
density in the De-Os-MSCs group compared to that of the control group.
The biomechanical evaluation indicated that the percentage ratios of
mechanical properties in the fractured femur vs. the contra-lateral intact
femur were higher in the De-Os-MSCs group than that of control group. In
addition, according to the histological staining, we found that the per-
centage of bone in callus of rats transplanted with De-Os-MSCs was
higher than that of the control MSCs group. These data demonstrated that
local administration of De-Os-MSCs could accelerate bone fracture
healing. The number of MSCs is an important determinant influencing
the effect of MSCs on fracture healing [47], at 3 weeks after fracture we
observed that more MSCs were found in the callus in the De-Os-MSCs
group.

Taken together, following our previous study showing De-Os-MSCs
are superior than normal MSCs in terms of osteogenesis, cell survival
and other properties, we have demonstrated that mir-92b was elevated in
the secretions of De-Os-MSCs, and mir-92b could regulate osteogenesis
by activating ERK and JNK signaling pathways. This finding was
consistent with our previous report that epigenetic regulation of Oct4
and Nanog was responsible for the biological differences of De-Os-MSCs.
Finally, in an open femur fracture model, we have demonstrated local
administration of De-Os-MSCs in the fracture site could accelerate bone
fracture healing.

Conclusion

These findings suggest with easy culture manipulation, the dediffer-
entiation strategy provides a feasible approach to enhance therapeutic
efficacy in bone regeneration, which could minimize the occurrence of
non-unions.
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