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a b s t r a c t

Tissue-engineering technology employing genetically-modified mesenchymal stem cells combined with
proper scaffolds represents a promising strategy for bone regeneration. Elucidating the underlying
mechanisms that govern the osteogenesis of mesenchymal stem cells will give deeper insights into the
regulatory patterns, as well as provide more effective methods to enhance bone regeneration. In this
study, miR-135 was identified as an osteogenesis-related microRNA that was up-regulated during the
osteogenesis of rat adipose-derived stem cells (ADSCs). Gain- and loss-of-function experiments using a
lentiviral expression system showed that Homeobox A2 (Hoxa2) was negatively regulated by miR-135,
and luciferase reporter assay further indicated that miR-135 repressed Hoxa2 expression through
binding to the 30-untranslated region (30-UTR) of the Hoxa2 mRNA. In vitro analyses showed that the
overexpression of miR-135 significantly enhanced the expression of bone markers and extracellular
matrix calcium deposition, whereas the knockdown of miR-135 suppressed these processes. Transduced
ADSCs were then combined with poly(sebacoyl diglyceride) (PSeD) scaffold to repair a critical-sized
calvarial defects in rats. The results showed that the overexpression of miR-135 significantly promoted
new bone formation with higher bone mineral density (BMD) and number of trabeculae (Tb.N), as well as
larger areas of newly formed bone and mineralization labeled by tetracycline, calcein and alizarin red. In
contrast, the knockdown of miR-135 attenuated these processes. Additionally, immunohistochemical
analyses showed that transduced ADSCs participated in new bone formation and a miR-135/Hoxa2/
Runx2 pathway might contribute to the regulation of ADSC osteogenesis and bone regeneration.
Taken together, our data suggested that miR-135 positively regulated the osteogenesis and bone
regeneration of ADSCs both in vitro and in vivo. Thus, the combination of miR-135-modified ADSCs and
the PSeD scaffold may serve as a promising and effective method to repair critical-sized bone defects.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Mesenchymal stem cells (MSCs) are a population of self-
renewing multipotent cells that have been widely used experi-
mentally for tissue engineering due to their strong potential to
differentiate into multiple cell types, such as osteoblasts, chon-
drocytes and adipocytes [1e3]. MSCs derived from various tissues
(i.e., bone marrow, adipose tissue and umbilical cord blood [4e6])
have significant clinical potentials based on a series of experiments
), fanxq@sh163.net (X. Fan).
that demonstrated their potential as prospective candidates for the
treatment of diseases and injuries including diabetes, graft-versus-
host disease, myocardial infarction and spinal cord injury [7e10].
Adipose-derived mesenchymal stem cells (ADSCs) are prospective
seed cells for bone regeneration owing to their multi-lineage dif-
ferentiation potential [11,12]; ADSCs are extensively used due to
their abundant sources and easy access. Thus, the application of
ADSCs in bone regeneration is a promising strategy to cure various
bone-related diseases and repair bone defects.

MicroRNAs (miRNAs) are a group of endogenous non-coding
single-stranded RNAs that are approximately 22 nucleotides in
length. miRNAs have emerged as important regulators of versatile
physiological and pathological processes. They have been reported
to function at the post-transcriptional level by negatively regu-
lating the translation of their target mRNAs through incomplete
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complementarily binding to the 30-untranslated region (30-UTR)
[13]. Recent studies have revealed that miRNAs are involved in
various biological processes. For example, the down-regulation of
miR-205 and miR-31 confers resistance to chemotherapy-induced
apoptosis in prostate cancer cells, and let-7b represses prolifera-
tion but promotes neuronal and glial differentiation of retinal
progenitor cells [14,15]. Recently, a number of miRNAs have been
reported to be differentially expressed in MSCs during osteogenic
differentiation, and the regulatory roles of these osteogenesis-
related miRNAs have drawn a lot of attention. For instance, miR-
34 inhibits osteoblast proliferation and differentiation by target-
ing SATB2, miR-138 is down-regulated during osteoblast differen-
tiation and negatively regulates the osteogenesis of human
mesenchymal stem cells (hMSCs), miR-141 and miR-200a are
involved in pre-osteoblast differentiation through regulation of
their common target Dlx5, and miR-31 attenuates the osteogenesis
of hMSCs by directly targeting SATB2 [16e19]. miR-135 has been
first detected to be down-regulated in C2C12 cells (a mouse
myoblast cell line) during a short-term (16 h) BMP-2 induced
osteogenic differentiation process, and miR-135 attenuates the
osteogenic differentiation of C2C12 cell line by affecting Smad5
[20]. However, the expression pattern of miR-135 in primary ADSCs
during the osteogenesis process remains unclear, and the expres-
sion profiles and osteogenic regulatory functions of miRNAs might
be different in diverse cells and species [16,21e23]. Elucidating the
molecular mechanisms by which miRNAs govern the osteogenesis
of MSCs and clarifying the in vivo regulatory role of miRNAs in new
bone formation will provide deeper insights into the regulation of
MSC osteogenic differentiation and allow for the development of
more effective methods for bone regeneration through manipula-
tion of potential key molecules. Therefore, the role of miR-135 in
the osteogenesis of ADSCs requires further investigation, and the
regulatory mechanisms involved should also be explored.

A three-dimensional microenvironment is important in tissue
engineering. Various scaffolds made of biodegradable synthetic
polymers (i.e., PLGA and PGS) and inorganic materials (i.e., coral,
hydroxyapatite (HA) and b-tricalcium phosphate (b-TCP)) have
been applied experimentally for tissue regeneration [24e28]. Ac-
cording to our previous study, poly(sebacoyl diglyceride) (PSeD) is a
new functional polymer bearing free hydroxyl groups that utilizes
epoxide ring-opening polymerization as the key synthetic step
instead of the traditional polycondensation. PSeD has been
demonstrated to possess a defined structure composed mostly of a
linear backbone and free hydroxyl groups, with a higher molecular
weight and lower polydispersity. Additionally, PSeD shows satis-
factory in vitro and in vivo biocompatibility and facilitates cell
attachment, proliferation and extracellular matrix calcium depo-
sition [29]. Therefore, PSeD scaffolds were used as the loading-
carrier of ADSCs in our in vivo studies.

In this study, we systematically analyzed the effects of miR-135
on the osteogenesis of ADSCs through transductionwith a lentiviral
expression system, and investigated the mechanism underlying
miR-135's enhancement of ADSC osteogenesis. Additionally, we
evaluated miR-135's role in bone regeneration by using the com-
posite of miR-135-modified ADSCs and PSeD scaffold to repair
critical-sized calvarial defect in a rat model. Our results provide
improved understanding of miR-135's role in the in vivo regulation
of bone regeneration.

2. Methods and materials

2.1. Isolation, culture and tri-lineage differentiation of rat ADSCs

All animal procedures were approved by the Animal Experi-
mental Ethic Committee of the Ninth People's Hospital affiliated
with the Shanghai Jiao Tong University School of Medicine (HKDL
[2014]101). ADSCs were isolated according to a previously reported
protocol [30]. Briefly, fat pads were obtained from the inguinal area
of 8-week-old male Sprague Dawley (SD) rats (Shanghai Animal
Experimental Center, China). Minced fat tissues were digested with
0.1% collagenase solution (SigmaeAldrich Corp., St. Louis, MO, USA)
and incubated at 37 �C with gently shaking for 12 h. Then, the
digested tissues were resuspended in a-MEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% FBS (Invitrogen) and 100 units/
mL of penicillin and streptomycin (Invitrogen) and incubated at
37 �C with a 5% CO2 humid atmosphere. Passage 3 (P3) ADSCs were
used for the following experiments, because P3 ADSCs are usually
considered to possess high potential of committing lineage differ-
entiation. For the tri-lineage differentiation induction of ADSCs, the
osteo-, adipo- and chondro-inductive medium (all from Invitrogen)
was added respectively as previously reported [31].

2.2. Flow cytometry

Flow cytometry was conducted according to a previous study
[32]. ADSCs were typsinized, washed and suspended in phosphate
buffered saline (PBS), then incubated with mouse anti-rat CD11b,
CD29, CD34, CD45, CD90, CD105 (BD Biosciences, San Jose, CA, USA)
for 1 h at 4 �C, followed by staining with a fluorescein isothiocya-
nate (FITC)-labeled secondary antibody (BD Biosciences) for 30 min
at room temperature (RT). The samples were resuspended in Con's
tube (BD Biosciences) containing 200 ml PBS/1% bovine serum al-
bumin (BSA) and analyzed using a flow cytometer (FACSan Becton
Dickinson, NJ, USA) which counts 10,000 cells per sample.

2.3. Lentiviral construction and transduction

The lentiviral expression system expressing rno-miR-135 was
termed as Lenti-miR-135. The target gene sequences were directly
synthesized as listed in Table 1 (stem loop region was bold and
underlined) and cloned into the pLenti-Ubi-EGFP plasmid (Gen-
echem Technology Co., Ltd, China). The lentiviral expression system
expressing the reverse complementary sequence of mature miR-
135 was termed as the Lenti-miR-135 inhibitor. The oligonucleo-
tide containing the stem-loop structure (bold and underlined) was
synthesized as listed in Table 1 and cloned into the pLenti-hU6-
EGFP plasmid (Genechem). The empty lentiviral expression sys-
temwithout any insertion was termed as Lenti-miR-NC and served
as the control. 293T cells were transfected with the expression
plasmids listed above and packing plasmids including Gag-Pol and
VSV-G (Genechem). Forty-eight hours after transfection, superna-
tants containing virus particles were collected, filtered and
concentrated with a Centricon Plus-20 filter device (Millipore
Corporation, Billerica, MA, USA). For lentiviral transduction, the cell
medium was replaced with Opti-MEM (Invitrogen) supplemented
with 5 mg/ml polybrene (GeneChem); then, an optimal volume of
concentrated viral supernatant was added. ADSCs were treated
with either normal medium (a-MEM supplemented with 10% FBS
and 100 units/mL of penicillin and streptomycin) or osteo-inductive
medium containing 0.1 mM dexamethasone, 10 mM b-glycerol
phosphate and 50 mM ascorbic acid after lentiviral transduction
[33].

2.4. Reverse transcription and quantitative polymerase chain
reaction (qPCR)

All procedures were performed as previously reported [34].
Total RNA was extracted from each sample using the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA), and first-strand complementary
cDNAwas synthesized using a PrimeScript™ RT reagent kit (Perfect



Table 1
Constructed sequences used in this study.

Name Sequence (50e30)

miR-135 gaattccgtgttagcctaaaatgttctttaatgtagcatgaaatgattggttggcttggaaatggttttgaagtcgtgtgaagaaaataagttttacatccggcca
agataaattcactctagtgctttatggctttttattcctatgtgatcgtaataaagtctcatgtagggatggaagccatgaaatacattgtgaaaattcatcaactaagaaggg
gccatcagaatagagaactagagcctctggaacgtgctggagacgtgagctagtggacagctctgctaccctctttggtgttccttgaattc

miR-135 inhibitor aattcaaaaatatggctttttattcctatgtgaccggtcacataggaataaaaagccatatttttg
Hoxa2-30UTR-wt tctagatgccttcttttattccgggagttgattttcgttctattctcttctcgatctacccctgttctcttaaatgttcaggactttctgttttacacccagtttgaaagccatctcttccaaatgatgtt

ggcgttctaagtgttttacaccgaacccaacaagcttctatgtgattttcctgaaaacaaaacacgaggcctgcaagaaagtgtctaga
Hoxa2-30UTR-mut tctagatgccttcttttattccgggagttgattttcgttctattctcttctcgatctacccctgttctcttaaatgttcaggactttctgttttacacccagtttgctctaacactcttccaaatgatgttgg

cgttctaagtgttttacaccgaacccaacaagcttctatgtgattttcctgaaaacaaaacacgaggcctgcaagaaagtgtctaga
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Real Time, TaKaRa, Dalian, China). The resulting cDNAswere diluted
20-fold in nuclease-free water (Invitrogen) and used as templates
for qPCR. qPCR was performed in a 20-ml solution containing 10 ml
reaction mixture, 2 ml cDNA, and 300 nM gene-specific primers
(listed in Table 2). The qPCR was conducted using a 7500 Real-Time
PCR Detection System (Applied Biosystems, Irvine, CA, USA) and
activated at 95 �C for 10 min, followed by 40 cycles of amplification
(15 s at 95 �C and 1 min at 60 �C). The efficiency of the reactionwas
measured with primers using serial dilutions of the cDNA (1:1, 1:5,
1:25, 1:125, 1:625 and 1:3125). For miRNA qPCR, total RNA was
extracted using the RNeasy Mini Kit (Qiagen), and then 1 mg of total
RNA was reverse-transcribed using stem-loop primers from a Bio-
TNTmiRNA qPCR Detection Primer Set (BioTNT Biotechnologies Co.,
Ltd. China). Each sample was tested in triplicate. The relative mRNA
and miRNA gene expression levels were analyzed using the Pfaffl
method [35] with GADPH and U6B as the endogenous normaliza-
tion controls.
2.5. Western blotting analysis

Western blotting analysis was performed according to a previ-
ously described method [19]. Confluent ADSCs were lysed with
RIPA lysis buffer (Beyotime Institute of Biotechnology, China) sup-
plemented with 1 mM PMSF (Invitrogen), and then the collected
protein content was determined using a BCA protein assay kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Proteins were
separated by 10% SDS-PAGE electrophoresis and electro-blotted
onto a PVDF membrane (Millipore Corporation, Billerica, MA,
USA). The membranes were blocked in TBS with 5% BSA and
incubated with an optimal concentration of the following primary
antibodies: anti-Hoxa2 (1:1000, Abcam, Cambridge, MA, USA),
anti-Runx2 (1:1000, Abcam), anti-OPN (1:1000, Abcam), anti-Ocn
(1:1000, Abcam), anti-BSP (1:1000, Abcam), anti-Col1a1 (1:1000,
Abcam) and anti-b-actin (1:3000, Abcam). Immunoreactive bands
were detected with an anti-rabbit (1:5000) or anti-mouse (1:5000)
fluorescein-conjugated secondary antibody (Abcam) and visualized
by Odyssey V3.0 image scanning. All of the procedures were per-
formed three times, and the bands were selected from three indi-
vidual results.
Table 2
Primers used for qPCR.

Genes Accession no. Forward (50e30) Reverse (50e3

Runx2 NM_053470.1 tcttcccaaagccagagcg tgccattcgaggt
Ocn NM_013414.1 cagtaaggtggtgaatagact ggtgccatagatg
BSP NM_012587.2 tggagatgcagagggcaaggct agttggtgctggt
OPN NM_012881.2 ttggctttgcagtctcctgcgg aggcaaggccga
Hoxa2 NM_012581.2 ttgagcagaccattcccagc gccgccttcttctc
GAPDH NM_017008.3 aagaaaccctggaccacccagc tggtattcgagag
2.6. ALP, ARS staining and semi-quantitative analyses

Transduced ADSCs were treated with osteogenic medium for 14
days prior to the procedures. ALP and ARS staining were performed
as previously described [19]. Briefly, the cells were washed and
fixed in 4% polyoxymethylene for 10 min. ALP staining was per-
formed using a BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime) according to the manufacturer's instructions, with
the cells were incubated at 37 �C for 30 min. Semi-quantitative
analysis of ALP activity was performed as previously reported
[25], the cells were lysed using RIPA lysis buffer (Beyotime), and the
total concentration of protein content was measured using a BCA
protein assay kit (Thermo). Using p-nitrophenyl phosphate (p-NPP)
(Sigma) as the substrate, ALP activity was measured from the
absorbance reading at 405 nm with a spectro-photometer
(Thermo). For semi-quantitative analysis of ARS, the stain was
desorbed using 10% cetylpyridinium chlorid (Sigma) for 1 h. The
solutionwas collected and distributed at 100 ml per well on 96-well
plate for absorbance reading at 590 nmwith a spectro-photometer
(Thermo). The ALP and ARS levels were normalized to the total
protein content (absorbance index).

2.7. Dual luciferase reporter assay

To predict the target genes of rno-miR-135, we used the scien-
tifically sanctioned miRNA target prediction databases TargetScan
(www.targetscan.com) and miRanda (www.microrna.org). To
construct the luciferase reporter vector, the 175-bp fragment of the
Hoxa2 (NM_012581) 30-UTR containing the predicted miR-135
binding site (positions 157e164) and its mutant sequences were
synthesized by GeneChem (listed in Table 1, binding sites were bold
and underlined); then, the fragments were cloned into the pGL3-
control plasmid (Promega (Beijing) Biotech Co., Ltd, China). The
pRL-TK plasmid expressing Renilla luciferase was obtained from
Promega as a normalizer. A total of 0.4 mg of pGL3-control plasmid
containing either the wild type or mutant miR-135 binding site,
0.3 mg of the pRL-TK plasmid containing the Renilla luciferase re-
porter gene, 0.3 mg of the miR-135 expression plasmid and the
negative control were co-transfected into 293T cells using the
Lipofectamine 2000 Reagent (Invitrogen). The cells were harvested
48 h after transfection and assayed for firefly and Renilla luciferase
activity using the Dual-Glo™ Luciferase Assay System (Promega).
0) Annealing temperature (�C) Product size (base pairs)

ggtcg 60 154
cgcttg 60 172
gccgttga 60 137
acaggcaaa 60 106
cttcat 60 163
aagggaggg 60 187

http://www.targetscan.com
http://www.microrna.org
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Firefly luciferase activity was normalized to Renilla luciferase
activity.

2.8. Plasmids and siRNA transfection

To construct a Hoxa2 overexpressing plasmid, the cDNA of
Hoxa2 (NM_012581) was directly purchased from GeneChem and
then inserted into a pcDNA3.1 vector (Invitrogen), termed as p-
Hoxa2. Small interfering RNA (siRNA) were designed and synthe-
sized by Biomics (Biomics Biotechnologies, Shanghai, China) to
specifically degrade the mRNAs of Hoxa2 (NM_012581), termed as
si-Hoxa2, sense: gacaguccuguagauauuudtdt, antisense: aaauau-
cuacaggacugucdtdt. The transfection was conducted in Opti-MEM
(Invitrogen), and the transfection mix was composed of 3 mg of
each plasmid and an optimal volume of Lipofectamine 2000 Re-
agent (Invitrogen). After 8 h of transfection at 37 �C in a humidified
environment containing 5% CO2, themediumwas changed and cells
were incubated for another 48 h. The siRNAs were transfected into
ADSCs using the same method at a final concentration of 50 nM
[19].

2.9. CLSM and SEM imaging

Cellular immunofluorescence was conducted as previously
described [36]. ADSCs were fixed in 4% paraformaldehyde (Sigma)
and permeabilized with 1% Triton X-100 (Invitrogen). The cells
were incubated with an optimal concentration of rabbit anti-Hoxa2
antibody, anti-BSP antibody, anti-Ostrix antibody and anti-Runx2
antibody (1:500, all from Abcam) overnight at 4 �C, incubated
with an anti-rabbit Alexa Fluor 546 secondary antibody (1:2000,
Invitrogen) and subsequently rinsed five times with PBS. Cell Nu-
cleus was stained with Hoechst (Invitrogen) prior to confocal laser
scanning microscopy (CLSM) imaging on a Leica TCS SP8 micro-
scope (Leica Microsystems, Germany). Images were constructed
using the Leica LAS AF software (Leica). Scanning electron micro-
scopy (SEM) imaging was conducted as previously described [11].
Briefly, samples were fixed in 2.5% glutaraldehyde at 4 �C for at least
24 h, then dehydrated in a graded ethanol series, air-dried and
finally gold sputtered with a JFC-1200 fine-coater (JEOL, Tokyo,
Japan) for 70 s at 30 mA under high vacuum. The specimens were
examined with a JEOL JSM 5600LV SEM operating at 15 kV under
high vacuum mode.

2.10. Surgical procedure

Surgical procedures were performed on Sprague Dawley (SD)
rats (8-week-old, female, weight: 150e180 g) according to a pre-
viously reported method [37]. Briefly, the animals were anes-
thetized by intra-peritoneal injection of pentobarbital (Nembutal,
3.5 mg/100 g). A 2 cm sagittal incision was made on the scalp, and
the critical-sized calvarial defect (CSD) was created using an 8 mm
diameter trephine (Nouvag AG, Goldach, Switzerland), and a
composite of PSeD (thickness: 1 mm, diameter: 8 mm) and trans-
duced ADSCs or empty PSeD scaffold were used to repair the CSD of
rats. Twenty-four rats were randomly allocated into the following
groups: (1) PSeD with ADSCs/Lenti-miR-135 (n ¼ 6), (2) PSeD with
ADSCs/Lenti-miR-135 inhibitor (n ¼ 6), (3) PSeD with ADSCs/Lenti-
miR-NC (n ¼ 6), and (4) PSeD alone as the Control (n ¼ 6). The
constructs were implanted into the defects and the incisions were
closed in layers using 4-0 resorbable sutures.

2.11. Micro-CT measurement

The specimens were harvested at 8 weeks postoperatively, and
the skulls were scanned using a micro-CT system (mCT-80, Scanco
Medical, Bassersdolf, Switzerland) [38]. The slice thickness was
20 mm and the threshold value was 225. Then, a three-dimensional
histomorphometric analysis was produced using the auxiliary
histomorphometric software (Scanco Medical AG, Switzerland) as
reported [37]. The parameters of bone volume fraction (BV/TV),
number of trabeculae (Tb.N), and bonemineral density (BMD) were
compared in this study.

2.12. Sequential fluorescent labeling

Polychrome sequential labeling of the mineralizing tissues was
performed as previously described [39]. The animals were serially
subjected to intraperitoneal injection of fluorochromes as follows:
tetracycline (1 mg/kg of body weight) 2 weeks post-operation,
calcein (1% in 2% sodium bicarbonate solution, 5 ml/kg of body
weight) 4 weeks post-operation and alizarin red (3% in 2% sodium
bicarbonate solution, 0.8 ml/kg of body weight) 6 weeks post-
operation (all from Sigma).

2.13. Histological observation

All of the procedures were performed according to the methods
in a previous report [11]. The skulls were dehydrated in ascending
concentrations of alcohols (from 75% to 100%) and embedded in
polymethylmethacrylate (PMMA). The sagittal section of the cen-
tral area of each defect was cut and polished to a final thickness of
approximately 40 mm. The fluorescent labeling of the sections were
observed using excitation/emission wavelengths of 405/
560e590 nm (tetracycline, yellow), 488/500e550 nm (calcein,
green), and 543/580e670 nm (alizarin red, red) on a Leica TCS SP8
microscope (Leica). Next, the sections were stained with van Gie-
son's picrofuchsin for observation of new bone formation. The
measurement of areas of newly formed bonewas quantified using a
personal computer-based image analysis system (Image Pro 5.0,
Media Cybernetic, Silver Springs, MD, USA).

2.14. Immunohistochemistry

Specimens from each group were decalcified in 18% EDTA for 1
month. After embedding in paraffin, serial coronal cross sections
were generated. Immunohistochemistry was performed as previ-
ously described [40] using the Histostain-SP Kit (Invitrogen). Pri-
mary antibodies against GFP (Abcam), Hoxa2 (Abcam) and Runx2
(Abcam) were directly purchased. Stained slides were observed
under a Leica TCS SP8 microscope, and cell counts were performed
within the newly formed bone area. The relative expression levels
of Hoxa2 and Runx2 were calculated by dividing the numbers of
Hoxa2-and Runx2-positive cells to the total number of GFP-positive
cells in the wound sites.

2.15. Statistical analysis

The results represent the average of three experiments, and the
data are presented as the mean ± SD. Each experiment was per-
formed at least three times unless otherwise specified. Statistical
significance was determined by unpaired Student's t-test, and a
value of *P < 0.05 was considered to be statistically significant.

3. Results

3.1. miR-135 negatively regulated Hoxa2 expression

To investigate the surface markers of rat ADSCs, flow cytometry
analysis was performed, and the results revealed that the ADSCs
were negative for CD34 (2.0 ± 0.45%), CD45 (0.5 ± 0.13%), CD11b
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(0.7 ± 0.26%), and positive for CD29 (96.7 ± 1.37%), CD90
(95.5 ± 1.95%), and CD105 (97.0 ± 2.23%), representing the char-
acteristic phenotype of MSCs (Supplementary Fig. 1A). In addition,
induction of osteogenesis, adipogenesis and chondrogenesis was
performed to analyze ADSC tri-linage differentiation potentials.
qPCR analysis revealed that the expression levels of adipogenic
specific genes as AdipoQ and FABP4 increased gradually under
adipogenic induction; osteogenic specific genes such as OPN and
Ocnwere also observed to increase under the osteogenic induction;
similarly, chondrogenic specific genes such as Sox9 and Col2A1
exhibited a time-dependent elevation when ADSCs were treated
with chondro-inductive medium (Supplementary Fig. 1B). Taken
together, these results demonstrated that rat ADSCs had MSC-
specific phenotype characteristics, and possessed tri-lineage dif-
ferentiation potentials to form osteogenic, adipogenic and chon-
drogenic lineage cells.

ADSCs were induced to commit to osteogenic differentiation
using osteogenic inductive medium for up to 14 days. The expres-
sion levels of miR-135 and Hoxa2 were detected at different time
points during the osteogenesis process. qPCR showed that the miR-
135 level was elevated in a time-dependent manner, reaching
almost 8-fold on day 14 (Fig.1A). Western blot analysis showed that
Hoxa2 protein levels decreased gradually during osteogenic dif-
ferentiation and exhibited a negative correlation with miR-135
levels (Fig. 1B). Target gene prediction databases such as TargetS-
can (www.targetscan.com) andmiRanda (www.microrna.org) have
predicted that Hoxa2 might be one of miR-135's potential targets.
To test whether miR-135 affected Hoxa2 expression, gain- and loss-
of-function approaches were used to validate the relationship be-
tween miR-135 and Hoxa2. Three lentiviral expression systems
were constructed and named as follows: Lenti-miR-135 to over-
express rno-miR-135; Lenti-miR-135 inhibitor to knockdown
intracellular miR-135 by expressing the complementary sequence
of the mature rno-miR-135; and Lenti-miR-NC that constitutes the
lentiviral systemwithout the insertion of any expression sequences
for use as the control. Western blot analysis performed on day 0, 4,
7 and 14 showed that the Hoxa2 protein level exhibited a time-
dependent decrease in Lenti-miR-135-transduced ADSCs, but was
elevated in Lenti-miR-135 inhibitor-transduced ADSCs when
compared with Lenti-miR-NC (Fig. 1C). Seven days after the trans-
duction of the ADSCs with the lentiviral systems, cellular immu-
nofluorescence was imaged by confocal laser scanning microscope
(CLSM) (Fig. 1D). As shown in Fig. 1E, 62.7 ± 2.87% of Lenti-miR-NC-
transduced ADSCs expressed Hoxa2, and Hoxa2-positive cell ratio
of Lenti-miR-135-transduced ADSCs (45.75 ± 4.52%) was signifi-
cantly lower than Lenti-miR-NC (p < 0.05), while Hoxa2-positive
cell ratio of Lenti-miR-135 inhibitor-transduced ADSCs
(83.32 ± 4.6%) was markedly higher than Lenti-miR-NC (p < 0.05).
But our qPCR analyses detected no significant changes in the levels
of Hoxa2 mRNA (Fig. 1F), suggesting that miR-135 might regulate
the expression of Hoxa2 at post-transcriptional level.

To further validate whether miR-135 directly interacted with
Hoxa2 30-UTR and subsequently interfered with the translation
process, we searched miRanda and found out that positions
157e164 in the Hoxa2 30-UTR (NM_012581) might be one of miR-
135's binding sites (Fig. 1G). To test this binding site, a luciferase
reporter systemwas constructed with 175 bp fragments containing
either the wild type or mutant binding site inserted downstream of
the firefly luciferase coding sequence (Fig. 1H; termed as Hoxa2 30-
UTR-wt and -mut, respectively). The miR-135 expression plasmid
and its control plasmid (referred to as miR-135 and miR-NC,
respectively) were co-transfected with the firefly luciferase re-
porter plasmids. The co-transfection of miR-135 and Hoxa2 30-UTR-
wt significantly decreased the luciferase activity comparedwith the
Hoxa2 30-UTR-mut, whereas miR-NC had no impact on either
Hoxa2 30-UTR-wt or -mut (Fig. 1I). Above all, our data showed that
the miR-135 and Hoxa2 expression levels exhibited a reciprocal
relationship during ADSC osteogenesis. The overexpression of miR-
135 suppressed Hoxa2, whereas the knockdown of miR-135 pro-
moted Hoxa2 expression. Furthermore, the luciferase reporter
assay showed that positions 157e164 of the Hoxa2 30-UTR repre-
sented a miR-135 binding site. Taken together, our data suggested
that Hoxa2 expression was negatively regulated by miR-135.

Previous study has demonstrated that Hoxa2 is a repressor of
Runx2 [41]. To investigate the effects of Hoxa2 on Runx2 expression
in rat ADSCs, a Hoxa2 overexpression plasmid (p-Hoxa2) and small
interfering RNA (si-Hoxa2) were individually transfected into
ADSCs. qPCR (Supplementary Fig. 3A) and western blot
(Supplementary Fig. 3B) results showed that the transfection of p-
Hoxa2 significantly repressed Runx2 expression, while the knock-
down of Hoxa2 by si-Hoxa2 greatly increased Runx2 expression
when compared with the control. Our data suggested that Hoxa2
negatively regulated Runx2 expression in ADSCs.

3.2. miR-135 positively regulated ADSC osteogenesis

To investigate miR-135's role in the regulation of ADSC osteo-
genesis, Lenti-miR-135, Lenti-miR-135 inhibitor and Lenti-miR-NC
were transduced into ADSCs, and osteo-inductive medium was
added. qPCR was performed on day 0, 1, 4, 7, 10 and 14. The mRNA
expression levels of the bone markers Runx2, Ocn, BSP and OPN
were significantly promoted by Lenti-miR-135 but repressed by
Lenti-miR-135 inhibitor compared with Lenti-miR-NC (Fig. 2A).
Western blotting was also performed on day 0, 1, 4, 7, 10 and 14 to
detect the protein levels of bone markers as Runx2, OPN, Col1a1,
BSP and Ocn. These markers were greatly promoted by Lenti-miR-
135 but significantly repressed by the transduction of Lenti-miR-
135 inhibitor compared with Lenti-miR-NC (Fig. 2B). Alkaline
phosphatase (ALP) and alizarin red s (ARS) staining were also
performed to generally observe miR-135's effects on ALP activity
and mineralization of extracellular matrix (ECM). ALP (Fig. 2C) and
ARS (Fig. 2E) staining performed on day 7 and 14 showed that
Lenti-miR-135 significantly enhanced both ALP activity and calcium
deposition, while the Lenti-miR-135 inhibitor greatly attenuated
these processes compared with Lenti-miR-NC. The semi-
quantitative analysis showed that ALP activity in Lenti-miR-135
group was 1.74-fold greater than the control group on day 7 and
1.77-fold greater than the control group on day 14, while the ALP
activity in Lenti-miR-135 inhibitor was 0.64-fold lower than the
control group on day 7 and 0.47-fold lower than the control group
on day 14 (Fig. 2D). In addition, the semi-quantitative analysis of
ARS exhibited similar patterns with the results for ALP (Fig. 2F). In
addition, after the transduced ADSCs underwent osteogenic in-
duction for 14 days, cellular immunofluorescencewas performed to
test the cellular expression levels of BSP, Ostrix and Runx2 (Fig. 3A).
As shown in Fig. 3BeD, respectively, 53.92 ± 3.36% of Lenti-miR-
NC-transduced ADSCs expressed BSP, 41.19 ± 1.99% of cells
expressed Ostrix and 40.98 ± 2.37% of cells expressed Runx2. The
ratios of immune-positive BSP-, Ostrix- and Runx2-expressing cells
were significantly higher (87.77 ± 1.37%, 61.42 ± 4.85% and
56.19 ± 4.02%, respectively) (p < 0.05) in Lenti-miR-135-transduced
ADSCs, but significantly lower (36.35 ± 3.07%, 30.97 ± 1.77 and
27.22 ± 3.89%, respectively) (p < 0.05) in Lenti-miR-135 inhibitor-
transduced ADSCs. Thus, the expression levels of bone markers
were promoted by the overexpression of miR-135, but repressed in
Lenti-miR-135 inhibitor-transduced ADSCs compared with Lenti-
miR-NC.

To investigate the singular effects of miR-135 on ADSC osteo-
genesis in the absence of osteo-inductive medium, transduced
ADSCs were also cultured in normal medium. qPCR results revealed
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Fig. 1. miR-135 negatively regulated Hoxa2 expression. (A) qPCR showed that miR-135 expression was up-regulated gradually during ADCS osteogenesis. (B) Hoxa2 protein levels
decreased gradually during the osteogenic differentiation process. (C) Western blot analysis showed a time-dependent decrease in Hoxa2 expression by miR-135 and increase of
Hoxa2 expression by the miR-135 inhibitor. (D, E) CLSM imaging was performed 7 days post-transduction, depicting that Hoxa2 expression was repressed by miR-135 but increased
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that the mRNA expression levels of Ocn, OPN, BSP and Runx2 were
greatly promoted by Lenti-miR-135, but significantly down-
regulated by Lenti-miR-135 inhibitor when compared with Lenti-
miR-NC (Supplementary Fig. 2A). Western blot results showed
similar phenomenon that both BSP and Runx2 were enhanced by
Lenti-miR-135 while repressed by Lenti-miR-135 inhibitor
(Supplementary Fig. 2B). In addition, ALP, ARS staining and semi-
quantitative analysis revealed that the overexpression of miR-135
increased ALP activity (Supplementary Fig. 2C and D) and extra-
cellular matrix calcium deposition (Supplementary Fig. 2E and F),
while the knockdown of miR-135 attenuated them. Our data
showed that the effects of miR-135 on ADSC osteogenesis in normal
medium exhibited similar pattern as those in osteo-inductive me-
dium. Collectively, our data suggested that miR-135 was a positive
regulator of ADSC osteogenesis.
3.3. miR-135 regulated the in vivo bone formation of ADSCs

Imaging of the micro-structure of the PSeD scaffold by SEM
showed that the PSeD scaffold provided sufficient superficial area
for cell attachment and growth. After transduction of the ADSCs
with lentiviral expression systems that included the co-expression
of GFP for cell tracing, the cells were seeded onto the PSeD scaffold.
After transduced ADSCs seeded on PSeD scaffold for 7 days, SEM
images showed that cells attached to the surface of the scaffold and
existed in close proximity to one another amidst great numbers of
fibril networks of the extracellular matrix (Fig. 4A). GFP-positive
cells were imaged using CLSM to evaluate the proliferative capac-
ity of the transduced ADSCs on the PSeD scaffold. The transduced
ADSCs exhibited a favorable proliferative capacity on the PSeD
scaffold (Fig. 4B). Next, the PSeD scaffold was cut into sections of
8 mm in diameter and 1 mm thick and the critical-sized calvarial
defect (CSD) in rats could be completely filled with the PSeD scaf-
fold seeded with genetically-modified ADSCs (Fig. 4C).

To investigate whether miR-135 regulated in vivo bone forma-
tion by ADSCs, the compounds (PSeD with ADSCs/Lenti-miR-135,
PSeD with ADSCs/Lenti-miR-135 inhibitor, PSeD with ADSCs/
Lenti-miR-NC or the Control (PSeD alone)) were implanted into
the CSD in rats. The morphology of new bone formation was
reconstructed using micro-CT at 8 weeks postoperatively, which
showed that new bone formationwas observed in all groups within
the dashed circle (representing the 8 mm CSD prior to filling with
the implants) from both the coronal and sagittal views. However,
new bone formation in the Lenti-miR-135 group, Lenti-miR-135
inhibitor group and Lenti-miR-NC group was greater than the
Control group respectively, and new bone regeneration in Lenti-
miR-135 group was promoted when compared to Lenti-miR-NC
group, while it was attenuated in Lenti-miR-135 inhibitor group
when compared to Lenti-miR-NC group (Fig. 5A). A quantitative
analysis of the micro-CT showed that the bone volume fraction (BV/
TV) in the Lenti-miR-135 group (50.53 ± 4.45%) was significantly
higher than the Lenti-miR-NC group (38.13 ± 4.45%) (p < 0.05),
while the BV/TV in the Lenti-miR-135 inhibitor group
(23.07 ± 2.60%) was lower than the Lenti-miR-NC group (p < 0.05),
the Control group (10.52 ± 1.25%) was significantly lower than the
other groups (p < 0.05) (Fig. 5B). Additionally, the bone mineral
density (BMD) of newly formed bone in the Lenti-miR-135 group
(0.0165 ± 0.0012 g/cc), Lenti-miR-135 inhibitor group
by the miR-135 inhibitor. (F) qPCR analyses detected no significant changes in the levels of H
miR-135 located in the Hoxa2 30-UTR. (H) Schematic diagram showing the constructed lucifer
(I) Dual luciferase reporter assay demonstrated that co-transfection of miR-135 and the wild
had no effects on the mutated binding site. All data represent averages from three independe
activity. **P < 0.01, ***P < 0.001.
(0.0077 ± 0.0007 g/cc), Lenti-miR-NC group (0.0115 ± 0.0015 g/cc)
and Control group (0.0045 ± 0.0007 g/cc) showed the same pattern
as for the BV/TV levels (Fig. 5C). Number of trabeculae (Tb.N)
analysis in the four groups (0.3352 ± 0.0529 in Lenti-miR-135
group, 0.1682 ± 0.0548 in Lenti-miR-135 inhibitor group,
0.2417 ± 0.048 in Lenti-miR-NC group and 0.0765 ± 0.0238 in
Control group) exhibited similar results as BV/TV and BMD analysis
(Fig. 5D). Above all, these data suggested that PSeD was a suitable
scaffold for the attachment and growth of transduced ADSCs, and
that miR-135 positively regulated in vivo bone regeneration of
ADSCs.
3.4. Histological and fluorochrome-labeling analysis of bone
regeneration

Histological analysis based on Gieson staining of the sections
supported the micro-CT findings that new bone formation in the
Lenti-miR-135 group, Lenti-miR-135 inhibitor group and Lenti-
miR-NC group was greater than the Control group respectively.
New bone formation in Lenti-miR-135 group was promoted when
compared to Lenti-miR-NC group, while it was reduced in Lenti-
miR-135 inhibitor group when compared to Lenti-miR-NC group
(Fig. 6A). The area of newly formed bone in Lenti-miR-135 group
(820.4 ± 77.3 mm2) was significantly larger than Lenti-miR-NC
group (553.7 ± 71.2 mm2) (p < 0.05), but the new bone area in
Lenti-miR-135 inhibitor group (382.7 ± 29.5 mm2) was smaller
than Lenti-miR-NC group (p < 0.05); the area of newly formed bone
in Control group (274.9 ± 43.76 mm2) was significantly lower than
the other groups (p < 0.05) (Fig. 6B). Additionally, the percentage of
newly formed bone in the total area of bone tissue was also
calculated for each group: Lenti-miR-135 group (40.13 ± 1.94%),
Lenti-miR-135 inhibitor group (23.02 ± 1.42%), Lenti-miR-NC group
(31.51 ± 1.89%) and Control group (7.11 ± 1.16%), which showed the
same pattern as new bone area (Fig. 6C). Furthermore, new bone
formation and mineralization were determined by fluorochrome-
labeling histomorphometrical analysis using tetracycline, calcein
and alizarin red (Fig. 7A). The area of fluorochrome-labeled newly
formed bone was imaged and calculated based on CLSM imaging
(Fig. 7B). The area of tetracycline-labeling in the Lenti-miR-135
group (92.84 ± 25.24 mm2) was larger than the Lenti-miR-NC
group (67.65 ± 10.73 mm2) (p < 0.05), while the area of
tetracycline-labeling in the Lenti-miR-135 inhibitor group
(17.71 ± 6.62 mm2) was smaller than the Lenti-miR-NC group
(p < 0.05); the area of tetracycline-labeled bone in the Control
group (8.40 ± 1.75 mm2) was significantly lower than the other
groups (p < 0.05). The area of calcein-labeled bone in the Lenti-
miR-135 group (119.04 ± 15.21 mm2), Lenti-miR-135 inhibitor
group (33.74 ± 16.71 mm2), Lenti-miR-NC (62.98 ± 10.13 mm2) and
Control group (8.17 ± 2.33 mm2) were observed to show the same
pattern observed for tetracycline, as were the alizarin red-labeled
bone in the Lenti-miR-135 group (89.11 ± 9.63 mm2), Lenti-miR-
135 inhibitor group (31.25 ± 13.02 mm2), Lenti-miR-NC group
(67.53 ± 8.62 mm2) and Control group (8.44 ± 2.89 mm2). Thus, our
data indicated that miR-135 could effectively enhance bone for-
mation by ADSCs, while the knockdown of miR-135 attenuated
ADSC ossification.
oxa2 mRNA. (G) Schematic diagram showing the wild type and mutant binding sites of
ase reporter system containing either the wild type or mutant binding sites of miR-135.
type binding site significantly reduced luciferase activity, whereas miR-135 expression
nt experiments. The firefly luciferase activity data were normalized to Renilla luciferase



Fig. 2. miR-135 promoted ADSC osteogenesis. (A) qPCR was used to detect that mRNA expression levels of bone markers Runx2, Ocn, BSP, and OPN. The expression levels of these
markers were elevated by miR-135 but repressed by miR-135 inhibitor. (B) Western blotting showed that protein levels of the bone markers Runx2, OPN, Col1a1, BSP, and Ocn were
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Fig. 3. Cellular immunofluorescence of bone marker genes on day 14. (A) Cellular immunochemistry imaged by CLSM showed that the expression levels of BSP, Ostrix and Runx2
were promoted by miR-135 but repressed by the miR-135 inhibitor. Scale bars: 50 mm. Positive cell ratios of BSP (B), Ostrix (C), and Runx2 (D) were determined by dividing the
number of immune-positive cells to the number of nuclei stained with Hoechst. A total of 700e1000 cells were counted in random fields for each group. All data represent averages
from three independent experiments. *P < 0.05, ***P < 0.001.
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3.5. Immunohistochemical analysis of newly formed bone

To evaluate the fate of implanted ADSCs in the defect sites,
immunohistochemical analysis of GFP was performed because all
the lentiviral expression vectors (Lenti-miR-135, Lenti-miR-135
inhibitor and Lenti-miR-NC) encoded enhanced green fluorescent
protein (EGFP). As shown in Fig. 8A and B, GFP was positively
stained in the new bone matrix or fibrous tissue in the Lenti-miR-
135 group (45.75 ± 2.97%), Lenti-miR-135 inhibitor group
(47.4 ± 6.28%) and Lenti-miR-NC group (44.48 ± 4.59%) 8 weeks
after the operation, while negative staining was observed in Con-
trol group. Immunohistochemistry also displayed Hoxa2 and Runx2
staining both in cells and bone matrix in samples transduced with
Lenti-miR-135, Lenti-miR-135 inhibitor and Lenti-miR-NC, whereas
no obvious positive staining was observed in the Control group
(Fig. 8A, line 2e3). To investigate the role of miR-135 in new bone
regeneration, the relative expression levels of Hoxa2 and Runx2
were calculated by dividing the number of Hoxa2- and Runx2-
positive cells to GFP-positive cells respectively. Concerning that
positive staining of GFP, Hoxa2 and Runx2 were hardly observed in
the Control group, statistical analyses about the relative expression
levels of Hoxa2 and Runx2 were conducted between Lenti-miR-
135, Lenti-miR-135 inhibitor and Lenti-miR-NC groups. The ratio
of Hoxa2-positive cells (normalized to GFP-positive cells) in the
Lenti-miR-135 group (6.44 ± 1.17%) was significantly lower than
that in the Lenti-miR-NC group (9.99 ± 2.24%) (p < 0.05), while
Hoxa2 relative expression level in the Lenti-miR-135 inhibitor
group (13.78 ± 1.52%) was higher than Lenti-miR-NC group
promoted by miR-135 but repressed by the miR-135 inhibitor. (C) ALP staining and (D) semi
while the miR-135 inhibitor decreased it. (E) ARS staining and (F) semi-quantitative ARS a
deposition, whereas the miR-135 inhibitor attenuate it. All data represent averages from th
(p < 0.05) (Fig. 8C). In contrast, Runx2 relative expression level in
the Lenti-miR-135 group (11.79 ± 1.69%) was higher than the Lenti-
miR-NC group (6.67 ± 0.89%) (p < 0.05), while the ratio in the Lenti-
miR-135 inhibitor group (2.91 ± 0.51%) was lower than the Lenti-
miR-NC group (p < 0.05) (Fig. 8D). These data indicated that
transduced ADSCs seeded onto the PSeD scaffold participated in
new bone formation; furthermore, miR-135 regulated in vivo bone
formation by ADSCs by repressing Hoxa2 and promoting Runx2
expression.

4. Discussion

Surgeons worldwide are frequently confronted with challenges
to repair large bone defects caused by trauma, resection of tumors,
or debridement of infections. Various bone substitutes have been
applied to repair these bone defects, including the gold standard
autogenous bone grafts, allografts and metallic implants. However,
all these techniques have multiple limitations [42e44]. Recent
studies demonstrated that tissue-engineering employing mesen-
chymal stem cells (MSCs) represents a promising therapeutic
strategy for bone regeneration [12,45,46]. Adipose-derived
mesenchymal stem cells (ADSCs) have received tremendous
attention in the field of tissue engineering due to their availability
in large quantities and their easy access, which make them prom-
ising candidate seed cells for tissue regeneration [47]. Efforts have
been made by many researchers to promote ADSC osteogenic
differentiation through genetic modifications. However, the com-
plex intracellular regulatory networks involved still need further
-quantitative ALP analysis at day 7 and 14 showed that miR-135 increased ALP activity,
nalysis at day 7 and 14 revealed that miR-135 promoted extracellular matrix calcium
ree independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.



Fig. 4. Evaluation of the PSeD scaffold. (A) SEM scanning showed the pore structure of the PSeD scaffold and the scaffold seeded with ADSCs. Cells were seen attached to the surface
of the scaffold and grew tightly adjacent to each other within the abundant fibril networks of the extracellular matrix. (B) CLSM imaging detected that GFP-positive ADSCs seeded in
the PSeD scaffold exhibited a favorable proliferative capacity. (C) PSeD scaffold cut into sections 8 mm in diameter and 1 mm thick shown along with the 8 mm critical-sized
calvarial defect in rats. The defect was filled with the PSeD scaffold seeded with genetically-modified ADSCs.
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investigation. Hence, elucidating the molecular mechanism that
governs ADSC osteogenesis may provide more efficient method for
promoting bone regeneration using ADSCs. In recent years,
microRNAs (miRNAs) have emerged as key regulator of diverse
processes by mediating translational inhibition and altering the
levels of critical regulators of diverse biological pathways [48e51].
Furthermore, miRNAs have also been reported to participate in the
regulation of MSC osteogenesis and bone regeneration [52,53]. In
present study, the role of miR-135 in ADSC osteogenesis and bone
regeneration was investigated. Our study showed that miR-135
up-regulated during ADSC osteogenic differentiation and the
overexpression of miR-135 promoted ADSC osteogenesis, whereas
the knockdown of miR-135 attenuated it. miR-135 negatively
regulated the expression of Hoxa2, a key regulator of osteogenic
differentiation, through binding to the 30-UTR of the Hoxa2 mRNA.
In vivo analyses showed that the overexpression of miR-135
significantly improved the repair of rat critical-sized calvarial de-
fects, while the knockdown of miR-135 repressed it. miR-135might
participate in the promotion of ADSC osteogenesis and new bone
formation by repressing Hoxa2 and promoting Runx2 expression.

A cohort of miRNAs is differentially expressed in MSCs during
the osteogenic differentiation process and they regulate the
osteogenesis of MSCs through multiple mechanisms [16,20,54].
Notably, miR-135 has been reported to be down-regulated in C2C12
cell line during a short-term BMP-2 induced osteoblast differenti-
ation [20], but the expression pattern of miR-135 during long-term
osteogenic induction in rat ADSCs is unclear, and its osteogenic
regulatory function in ADSCs requires further investigation. In our



Fig. 5. Micro-CT evaluation of the repaired critical-sized calvarial defect 8 weeks post-operation. (A) The 3D reconstruction images depicted the different reparative effects of PSeD
seeded with ADSCs/Lenti-miR-135, ADSCs/Lenti-miR-135 inhibitor, and ADSCs/Lenti-miR-NC and the Control group (PSeD alone). (B, C, D) Analysis of the bone volume/total volume
(BV/TV), bone mineral density (BMD), and number of trabecular (Tb.N) in the respective groups. *P < 0.05.
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study, miR-135 was up-regulated in a time-dependent manner
during the osteogenic differentiation of ADSCs, indicating that miR-
135 might participate in the regulation of ADSC osteogenesis. Pre-
vious studies have indicated that the expression level of miR-100
varies at different time phase during the osteogenic induction,
and the expression profile of miR-181a during osteogenic differ-
entiation in mouse osteoblasts and human BMSCs exhibit opposite
tendency [5,16,21]. These findings might partly explain the
discrepancy of miR-135's expression patterns in our study and
previous study, and further present the diversification and
complexity of miRNA expression during the osteogenic differenti-
ation process in different cells and species. To investigate the effects
of miR-135 on the regulation of ADSC osteogenesis, we performed
gain- and loss-of function analyses. The overexpression of miR-135
significantly promoted the expression levels of several bone
markers, and increased the mineralization of extracellular matrix
(ECM), whereas the knockdown of miR-135 attenuated these pro-
cesses. Additionally, to further test the singular effects of miR-135
on ADSC osteogenesis in the absence of osteo-inductive medium,
transduced ADSCs were also cultured in normal medium and our
results showed that miR-135 exhibited similar effects in regulating
the osteogenesis. Our data indicated that miR-135 acted as a posi-
tive regulator of ADSC osteogenesis.

Various studies have indicated that miRNAs regulate MSC
osteogenesis through affecting key molecules controlling the
osteogenic differentiation [11,16,55]. Homeobox A2 (Hoxa2) has
been reported to function as a negative regulator of osteogenesis
and bone formation; indeed, branchial bone formation was
observed to be inadequate in Hoxa2 transgenic embryos [56]. In
present study, Hoxa2 protein expression levels exhibited a negative
correlation with miR-135, indicating that the down-regulation of
Hoxa2 might owe to the impact of miR-135. MicroRNA target gene
prediction databases such as TargetScan and miRanda predicted
that Hoxa2 is one of miR-135's potential targets. Therefore, we
hypothesized that miR-135 might target Hoxa2 to regulate ADSC
osteogenesis. To test our hypothesis, gain- and loss-of-function
analyses were performed and our data revealed that the over-
expression of miR-135 repressed Hoxa2 protein level without
affecting the mRNA level. miRNAs have been considered to regulate
target genes at a post-transcriptional level by incompletely
complementarily binding to the 30-untranslated region (30-UTR) of
target mRNAs and interfere with the translation process, thus
inhibiting protein synthesis. Therefore, to investigate the regula-
tory pattern of miR-135 on Hoxa2, we identified a putative binding
site of miR-135 located at positions 157e164 of the Hoxa2 30-UTR
[57]. Luciferase reporter assay revealed that co-transfection of miR-
135 and luciferase reporter plasmid containing the wild-type
binding site potently repressed luciferase expression level. Collec-
tively, our data suggested that Hoxa2 was one of miR-135's targets
and that miR-135 repressed Hoxa2 by specifically binding to posi-
tions 157e164 of the Hoxa2 30-UTR.

A three-dimensional scaffold to carry the seed cells is essential
in the field of tissue engineering. A numbers of scaffolds (i.e., PGS,
coral, hydroxyapatite (HA) and b-tricalcium phosphate (b-TCP))



Fig. 6. Histological evaluation of the newly formed bone 8 weeks post-operation. (A) The sliced specimens were stained red with van Gieson's picrofuchsin. Significant differences
in reparative effects were observed between the Lenti-miR-135, Lenti-miR-135 inhibitor, and Lenti-miR-NC groups by analyzing the newly formed bone area (B) and percentage of
newly formed bone to total bone area (C). *P < 0.05, **P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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have been applied experimentally in tissue regeneration [25,28,58].
As we previously reported [29], poly(sebacoyl diglyceride) (PSeD) is
a new functional polymer bearing free hydroxyl groups that ex-
hibits satisfactory bio-compatibility. In our study, miR-135-
modified ADSCs were seeded onto a porous PSeD scaffold. Scan-
ning electron microscope (SEM) and confocal laser scanning mi-
croscope (CLSM) imaging showed that lentiviral-transduced ADSCs
attached well to the surface and grew vigorously on the PSeD
scaffold, thereby suggesting that the PSeD scaffold provided an
admirable microenvironment for transduced ADSCs. Then, the
implants were transplanted to repair 8 mm critical-sized calvarial
defects (CSD) in rats. The combination of transduced ADSCs and
PSeD scaffold exhibited better reparative effects than PSeD scaffold
alone, which was consistent with previous studies that MSC-
seeded scaffold improves the healing of CSD in comparison with
empty scaffold [32,39]. Micro-CT and histological analyses showed
that the overexpression of miR-135 significantly enhanced new
bone regeneration in the CSD, whereas the knockdown of miR-135
attenuated it. In addition, fluorochrome-labeling analyses using
tetracycline, calcein and alizarin red agreed with the above results
that significantly larger areas of fluorochrome-labeled newly
formed bone andmineralized ECMwere observed in Lenti-miR-135
group, but new bone formation and ECM mineralization were
attenuated in Lenti-miR-135 inhibitor group. Overall, our data
demonstrated that miR-135 significantly enhanced in vivo bone
formation by ADSCs, which is in accordance with our in vitro
analysis of miR-135's role in regulating osteogenic differentiation.
Taken together, these results indicated that miR-135 regulated
osteogenesis and bone formation by ADSCs both in vitro and in vivo.

Hoxa2 has been shown to negatively regulate the essential
osteogenic transcription factor Runx2, thereby repressing
the osteoblast differentiation process [56,59]. In present study,
the transfection of a Hoxa2 overexpression plasmid into ADSCs
repressed Runx2 mRNA and protein levels, whereas the knock-
down of Hoxa2 using small interfering RNA (siRNA) promoted
them, suggesting that Hoxa2 negatively regulated Runx2



Fig. 7. Fluorochrome-labeling analysis of new bone formation and mineralization 8 weeks post-operation. (A) Row 1 (yellow) showed tetracycline-labeled newly formed bone at
week 4, row 2 (green) showed calcein at week 6, row 3 (red) showed alizarin red at week 8, row 4 represented merged images of the three fluorochromes and row 5 represented
merged images with a light microscope. Scale bars: 500 mm. (B) Analysis of the fluorochrome-labeled new bone area showed significant differences between the Lenti-miR-135,
Lenti-miR-135 inhibitor, and Lenti-miR-NC groups. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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expression in ADSCs. Furthermore, Runx2 directly binds to the
promoters of bone-specific markers such as OPN, BSP and Ocn and
regulates their expression [60]. Therefore, combined with our data
that miR-135 repressed Hoxa2, we speculated that the elevation of
bone marker genes by miR-135 was most likely the consequence of
miR-135's repressive effects on Hoxa2. Thus, our data suggested
that miR-135might function as an important osteogenic facilitating
factor, which could be considered as a new target for cell-based
tissue engineering.

Previous study has indicated that implanted BMSCs could be
traced through a labeled gene such as green fluorescent protein
(GFP) [39]. Since all the lentiviral expression vectors encode GFP,
positively stained GFP by immunohistochemistry in newly formed
bone might represent bone formation originated from transduced
BMSCs [40]. In our study, immunohistochemical analyses of newly
formed bone showed similar results that GFP was apparently
observed around cell nucleus and bone matrix in the wound site.
Considering that GFP was co-expressed with miR-135 or miR-135
inhibitor, we evaluated miR-135's effects on Hoxa2 during new
bone regeneration by analyzing the relative expression level of
Hoxa2, which was calculated by dividing the number Hoxa2-
positive cells to total GFP-positive cells. Our results showed that
Hoxa2 relative expression level in the Lenti-miR-135 group was
significantly lower than that in the Lenti-miR-NC group, while the
level in the Lenti-miR-135 inhibitor group was higher, suggesting
that miR-135 might continuously repress Hoxa2 during new bone
formation. As for Runx2, the relative expression level of Runx2
exhibited an opposite pattern observed with Hoxa2, indicating that
changes in Hoxa2 expression might also affect Runx2 expression
in vivo, which was in line with both our in vitro results and previous
studies that Hoxa2 was a negative regulator of Runx2 expression
[54,56]. Taken together, our in vitro and in vivo data indicated
that miR-135 post-transcriptionally regulated Hoxa2 through
binding to the 30-UTR of its mRNA, then changes in Hoxa2



Fig. 8. Immunohistochemical analysis of newly formed bone 8 weeks post-operation. (A) Cells with positively-stained cytoplasm were observed as brown nodes, while the cell
nuclei were observed as blue nodes. GFP-staining was used to trace the origin of the newly formed bone and was also used as a normalizer. Hoxa2 expression was repressed in the
Lenti-miR-135 group but promoted in the Lenti-miR-135 inhibitor group compared with the Lenti-miR-NC group. Runx2 expression levels were increased in the Lenti-miR-135
group but decreased in the Lenti-miR-135 inhibitor group compared with the Lenti-miR-NC group. Scale bars: 100 mm. (B, C) Relative expression levels of Hoxa2 and Runx2 in
newly formed bone were determined by dividing the number of Hoxa2-or Runx2-positive cells by the number of GFP-positive cells. Arrows were pointed to the immuno-positive
cells in the newly formed bone. *P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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expression subsequently led to the alteration of Runx2, an impor-
tant regulator of the osteogenesis, thus affecting a series of
downstream bone markers and bone regeneration, which further
suggested that a miR-135/Hoxa2/Runx2 pathway might contribute
in the regulation of the osteogenic differentiation and bone for-
mation of ADSCs.

The difficulty in repairing critical-sized bone defects motivates
the development of bone tissue engineering [11,32,39]. Our data
suggested that the overexpression of miR-135 promoted ADSC
osteogenesis, and the combination of miR-135-overexpressed
ADSCs and PSeD scaffold significantly enhanced bone regenera-
tion. Thus, the combination of genetically-modified stem cells with
proper scaffolds holds great potential in repairing large bone de-
fects. Besides, miRNAs are considered valuable potential cellular
targets for the development of specific and innovative therapeutic
interventions [61e65]. Our study demonstrated that the knock-
down of miR-135 attenuated osteogenesis of ADSCs, and this
finding might serve as promising therapeutic target in treating
diseases of ectopic bone formation such as fibrodysplasia ossificans
progressive (FOP) and trauma-induced heterotopic ossification.
However, the development of miRNA-based therapeutics must
require a more in-depth understanding of the multi-target nature
of miRNAs in gene regulation. Nevertheless, preliminary studies
have shown promising results in either promoting or repressing
bone formation by manipulation of the expression of miRNAs
[11,46], suggesting that this therapeutic strategy holds great po-
tentials in clinical practice.

5. Conclusion

In summary, the results of this study showed that: (1) miR-135
was one of the osteogenesis-related miRNAs that positively regu-
lated the osteogenic differentiation of ADSCs based on the elevation
of bone markers and increase of extracellular matrix calcium
deposition, whereas the knockdown of miR-135 repressed it. In
addition, miR-135-modified ADSCs combined with PSeD scaffold
could significantly enhance or attenuate bone regeneration
compared with control ADSCs. (2) Our data suggested a novel miR-
135/Hoxa2/Runx2 pathway that might contribute to the regulation
of osteogenesis and bone formation of ADSCs, thereby providing
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new and deeper insights into the regulatory mechanisms under-
lying the effects of miR-135 on both osteogenesis and bone
regeneration. (3) Our data suggested that the composite of miR-
135-modified ADSCs and PSeD scaffold represented a promising
and effective strategy for repairing critical-sized bone defects.
These results provided preclinical data supporting the potential
application of ADSCs engineered with miR-135 in curing bone
related diseases.
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